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Editorial

Authors often inquire as to the policy and practice of the Journal of Chromato
graphy concerning the review process for submitted articles. The primary aim of the
editors and staff is to ensure that the articles published in the journal satisfy the
journal's standards for quality of content and presentation. With regard to the qual
ity of the content of an article, this implies that it should significantly contribute to
the development of the field. With regard to the quality of presentation, this means
that the published work should be as clear, complete and accurate as possible. At the
same time, efforts should be made to minimize excessive verbiage and to avoid repeat
ing facts which are well known or contained in the prior literature. Authors should
use the recommended chromatographic terminology, and preferably SI units and the
generic names of drugs, avoiding commercial names. Also sorbents should be de
scribed chemically -at least to some degree. The journal also encourages authors to
strive for a writing style that is interesting and 'readable'. To the degree that authors
attain these goals, the final paper should be of maximum value to our readers, in turn
reflecting credit on the authors.

When an article is first received for publication, it is normally sent to two
outside reviewers. The accompanying review forms request both a summary opinion
of the paper ("acceptable as is", "after minor revision", etc.) as well as detailed
comments where these are applicable. Reviewers are selected on the basis of both
general and specific expertise, with "difficult" papers being sent to reviewers who
have specialized in the subject of the paper. Articles that pass the review process
without serious questions or problems are usually accepted at this point for publi
cation. However, authors are nevertheless expected to respond in detail to each issue
raised by the reviewers.

Some articles will be returned by the reviewers with the recommendation that
the paper be accepted only after major revision -or not at all. In these cases, when the
author feels that the work still meets the standards of the journal, it is necessary to
consider all points raised by the reviewers, and to both (I) modify the article as
appropriate and (2) provide a detailed response to the reviewers' comments. In the
absence of a satisfactory response to major questions raised by the reviewers, it will be
necessary to reject a manuscript. Authors who believe that their work has not re
ceived a competent or fair appraisal from the initial reviewers can request additional
reviews by other reviewers. The editors and staff of the journal also attempt to main
tain an evenhanded review process.

Rapid publication of results is in the interest of the authors and the journal.
Authors are therefore requested to return the revised version of a manuscript as soon
as possible. If a revised version is submitted more than six months after the request
for revision was communicated to the author, it will generally be regarded as a new
submission and be refereed again, because a similar work may have been published in
the meantime. Ifa revised version is not submitted within a year, it is assumed that the
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author is no longer interested in publication in the journal, and the file will be closed.
The field of chromatography continues to expand at a rapid rate, with a corre

sponding increase in the amount and quality of related research activities. With every
passing year, the standards by which we judge research articles will be more demand
ing. Unhappily, this also means an increasing rejection rate for articles submitted to
this and other research journals. However, this is the inevitable price of progress. We
ask for understanding on the part of both our authors and readers in these changing
times.
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Isotachophoresis with two leading ions and migration
behaviour in capillary zone electrophoresis

I. Isotachophoresis with two leading ions

J. L. BECKERS* and F. M. EVERAERTS

Laboratory oj Instrumental Analysis, Eindhoven University oj Technology, P.O. Box 513, 5600 M B Eind
hoven (The Netherlands)

(First received Dectlmber 1st, 1989; revised manuscript received January 22nd, 1990)

SUMMARY

A mathematical model for isotachophoresis with two leading ions is presented
and, based on this model, computer programs are set up for the calculation of the
parameters of the different zones. With this model it is possible to calculate at what
level a second leading ion may be present, e.g., carbonate ions in the separation of
anions at a high pH, without disturbing the isotachophoretic separation.

Calculated values of the specific zone resistance and response values are com
pared with values experimentally obtained showing good agreement. Calculations
with this model show that with the presence of a second leading ion the zone lengths
elongate (higher values of the response factor) and at a certain concentration ratio of
the two leading ions, also dependent on the effective mobilities of the ions, the iso
tachophoretic condition is lost and isotachophoresis changes into zone electrophore
sis.

INTRODUCTION

Sometimes disturbances in isotachophoretic (ITP) separations can occur as
a result of the presence of an (unwanted) second leading ion in the leading electrolyte
(e.g., carbonate ions in the separation of anions at high pH). Mikkers and Everaerts 1

mentioned earlier that ITP with two leading ions can be applied. In this paper,
a previously described mathematical model for the steady state in ITP2,3 is extended
for the use ofleading electrolytes with two leading ions in order to establish the level at
which a second leading ion can be present without disturbing the ITP separation.
Calculations with this model show that at a certain concentration ratio of the two
leading ions, also dependent on the effective mobilities of these ions, the ITP condition
is lost. At that point, ITP changes into zone electrophoresis (ZE).

With this model, it can be understood why sometimes extremely high plate
numbers can be obtained in capillary zone electrophoresis (CZE), as will be explained
in Part II.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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Using a mathematical model for the description of the steady state in ITP, the
reduced number of parameters is always four in all zones, viz., [Llt or [All> [B](, E and
pH. For all zones always four known parameters and/or equations are necessary, by
means of which all parameters can be calculated. For the leading zone the known
parameters are generally [L]( and [B]( and the equations are Ohm's law and the
electroneutrality (EN). For all other zones the four available equations are the EN,
Ohm's law, the buffer equation and the isotachophoretic condition (Ie).

Considering a leading electrolyte with two leading ions (a so-called 2L system),
the reduced number of parameters will be five for all zones. For the leading electrolyte
the parameters are [LIlt, [L21(, [Bll> E and pH, where LI is the leading ion with the
highest and L2 that with the lowest effective mobility. For the sample zones the
parameters will be [All> [L21l> [Bl(, E and pH, under the assumption that L2 will remain
behind and will form a mixed zone with the sample ions. Consequently, five known
parameters and/or equations are needed for the calculations, viz., for the leading zone
[L11l> [L21l> [Bll> Ohm's law and the EN and for the sample zones the EN, Ohm's law,
the buffer balance, the L2 balance and the IC.

For the use of the last equation, the crucial question is whether a component
migrates in the ITP mode, because in principle it is not essential that a sample zone
must follow the Ll zone owing to the presence of a second leading ion partially
remaining behind in the proceeding zone.

If the amount of L2 remaining behind LI is sufficient to form a terminating L2
zone without any sample ionic species and if this terminating L2 zone has an E gradient
smaller than that of a sample zone, the IC is no longer valid. In fact, the ITP mode
changes into a ZE mode, whereby that sample zone migrates in a ZE way in the
terminating L2 zone.

. In our treatment, we assume that a sample ion migrates in the ITP mode if the
calculated value of the specific zone resistance4 at 25°C (SZR2S ) or the E are smaller
than those of the terminating L2 zone. For the terminating L2 zone the reduced
number of parameters is only four, viz., [L21l> [Bll> E and pH. Only four equations are
needed for the calculations, viz., the EN, Ohm's law, the buffer equation and the L2
balance.

The mathematical model is therefore extended in two ways, viz., for the
calculation of parameters for a terminating L2 zone and for sample zones in a 2L
system.

Mathematical model for the terminating L2 zone in a 2L system
At known pH, the concentrations of all ionic forms of a substance A with

a charge of z - i can be expressed as the total concentration of A by3

i

TIKj

[N-1l = [Nl [~:~+li = [Al(

i

TIKj
j~ 1

[H 30+]i
i

n TIKj

I + i~l [~:~+li

(I)



ITP WITH TWO LEADING IONS. I. 5

where Kj are the concentration equilibrium constants for the n protolysis reactions.
Tiselius 5 pointed out that a substance that consists of several forms with

different mobilities in equilibrium with each other will generally migrate as a un'iform
substance with an effective mobility given by

n n

m= L(f.imi = L[N-i]mz_;/[A]t
i;O i;O

(2)

For simplicity, the effect of the ionic strength is not considered in this equation. In the
computer programs, however, a correction is made for this effect using the
Debye-Hiickel-Onsager relation.

Substituting eqn. I into eqn. 2, we can write for the effective mobility of an ionic
species A

(3)

n TIKj

I + i~l [~:~+f

Although in these general descriptions of the equilibria and effective mobility of
a substance, no differences exist between the leading, sample, terminating and buffer
ionic species, we shall distinguish between them using the symbols L, A, T and B.

In addition to the general descriptions of the equilibria and effective mobilities of
ionic species, we further need the principle of electroneutrality, the modified Ohm's
law, the mass balance of the buffer and the mass balance of the leading ion L2 with the
lowest effective mobility to describe the "steady-state" for the terminating L2 zone in
ITP for two leading ions.

The principle of electroneutrality. In accordance with the principle of electro
neutrality (EN), the arithmetic sum ofall products of the concentration ofall forms for
all ionic species and the corresponding valences, present in each zone, must be zero.
For the electroneutrality of a zone we can write

nA no

[H 30+] - [OH-] + L (z - i) [N- i
] + L (z - i) [BZ- i

] = 0
i;O i;O

Modified Ohm's law. Working at a constant current density:

(5)

a Arbitrarily the contribution of a sample ion A and a buffer ion B are given. Of course, for the
leading zone in an L2 system the contribution of Ll, L2 and B and for the terminating L2 zone the
contribution of L2 and B have to be taken into account.
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(6)

must be zero.
The overall electric conductivity (J of a zone is the sum of the values c/mzlF and

consequently

nA ,. "8

E{[H 30+]/mHI + [OH-]lmOHI + L [AZ-i]lmz_i(z - i)1 + L [BZ-i]lmz_i(z - i)1}
i=O i=O

in all zones is constant.
Mass balance of the buffer. With the mass balance of the buffer (Ohm's law and

the principle ofelectroneutrality must also be obeyed), the leading zone determines the
conditions of the proceeding zones. For the mass balance of the buffer, the following
equation (SA) can be derived (see Fig. 1).

""1
i"l ~ i
I I

A"""",:~__"I"" C"'"!i!: I"-T= 0

I I

: ""2 :
, ~ I '

Fig. 1. Migration paths of the buffering counter ionic species over a zone boundary between a leading zone
with two leading ions Ll and L2 and the terminating L2 zone.

The zone boundary between the leading electrolyte consisting of Ll and L2 and
the terminating zone with L2, present at t = 0 at point e, moves in unit time to point
B at t = lover a distance Be of EL!mLl,d. The buffer ionic species at time t =

opresent at the zone boundary e will reach point D at t == 1. The distance from e to
D will then be ETlmB,TI. The buffer ionic species at t = 0 present at point A will just
reach the boundary in B at t = 1. The distance from A to B is then EdmB,d.

This means that all buffer ionic particles present in the leading zone between
A and e with a concentration [B]t,L at time t = 0 (,11) will be present in the terminating
zone with a concentration [B]t,T between Band D at t = 1 (,12). Therefore, the buffer
mass balance will be

(SA)

a See footnote on p. 5.
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or

7

(88)

Mass balance of L2. The zone boundary between the leading electrolyte
consisting of Ll and L2 and the terminating zone with L2 present at t = 0 at point
E (see Fig. 2) moves in unit time to point Bat t = lover a distance EB ofEdmLl ,d. The
leading ionic species L2 (and terminating ionic species at the same time!) at time t =
opresent at point F will just reach C at t = 1. The distance from F to C will then be
ETlmLZ,TI. The leading ionic species L2 at t = 0 present at point D will reach point A at
t = 1. The distance from D to A is then EdmL2,d.

This means that all ionic particles L2 present between D and F (partially in the
leading and partially in the terminating zone) at time t = 0 (AI) will be present
between C and A at t = 1(A2). The mass balance for ionic species L2 will therefore be

or

(98)

It can be seen that if [L2]t.L is zero, this balance changes into the isotachophoretic
condition

(lOA)

or

(lOB)

Calculation procedure. If a pHL is assumed, then [H 30+] and [OH-] can be
calculated. If[Lllt.L, [L2]t,L and [B]t,L are known, all ionic concentrations of the ionic

III P'l
, ,

D ' E F '_--+---.,...--.,..T=O

~-~---~----l-,T= 1A , B : C ,
" ,
:EL ImL2LI : EL ImL1).-! ET ImL2.~ :
" ,:ll ! B III ~I

,
,
"

Fig. 2. Migration paths for the ionic species L2 over a zone boundary between a leading zone with two
leading ions Ll and L2 and the terminating L2 zone.
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pH" IS ASSUMED

t
CALCULATION OF:

FROM THE pH: [H'] AND [OWl
EON. 1: ALL IONIC

CONCENTRATIONS
EON. 4: THE VALUE OF EN EON.

MUST BE ZERO

ITEAATI()I\,l BETWEEN A
HIGH Af"O LOW pI-l lNTlL

EN EO\l IS ZERO

J.L.BECKERS,F. M.EVERAERTS

Fig. 3. Calculation procedure for the leading zone in ITP with two leading ions if the total concentrations of
both the leading and buffering counter ionic species are known.

species can be calculated and by iterating between a low and high pHL until the EN
equation is met, the right pHL can be obtained (see Fig. 3). For the calculation of the
terminating L2 zone, first a pHT is assumed (see Fig. 4), then the ratio ETIEL is
assumed. From the buffer equation the buffer concentration and from the L2 balance
the L2 concentration can be obtained. Using eqn. 1, all ionic concentrations can be
obtained. Iterating, at the chosen pHT, between a low and high ETIEL value the correct
ETIEL value can be obtained using the EN. The correct pHT can be found iterating
between a low and high pHT value using Ohm's law (see Fig. 4).

Mathematical model for the consecutive zones in a 2L system
The calculation of the parameters for the leading zone for a leading electrolyte

with a known composition is similar to that for the foregoing model (see Fig. 3).
For the calculation of the sample zones in a 2L system, five equations are needed.

The EN equation and Ohm's law are identical with those in the foregoing model,
substituting the contribution of the ionic species L2 and A in these equations. The
other three equations are the isotachophoretic condition and the mass balances of the
buffer and L2 ions.

The isotachophoretic condition. In the steady state, all zones move with a velocity
equal to that of the leading zone. This velocity is determined by the velocity of the L1
ion in the leading zone, and therefore

(11)

Mass balance of the buffer. The mass balance of the buffer can be obtained by



ITP WITH TWO LEADING IONS. I.

pHT IS ASSUMED

I

CALCULATION OF :
FROM pH : [H') AND [OH"]
EON. 3 : ALL EFFECTIVE

MOBILITIES

I
I

E.,IEL IS fSSUMED

CALCULATION OF :
EQN. 8 : [B)" : EQN. 9 : [L2]"

EON. 1 : IONIC CONCENTRATIONS
EQN.4 : EN EQN. MUST BE ZERO

ITERATIOl\l BETWEEN A
HIc:.H AI'D LOW E/~

VALUE UNTIL EN
IS ZERO

EON. 6 : RFO MLST BE ZERO

ITERATION BETWEEN A
HIGH AND LOW pH

UNTIL RFO IS ZERO

Fig. 4. Calculation procedure for the terminating L2 zone in ITP with two leading ions.

9

exchanging all parameters of the terminating zone by those of the A zone in eqn. 8. The
mass balance will be

(12)

£2 balance. In a similar way to that described for the buffer balance, the L2
balance can be obtained by exchanging the T indices with A indices in eqns. 9. The L2
balance will be

(13A)

or

(13B)

Calculation procedure. Ifa pHA is assumed (see Fig. 5), then [H+] and [OH-] can
be calculated and with eqn. 3 the effective mobilities can be calculated. With the Ie
(eqn. II) the ratio EA/EL can be obtained. With the buffer balance the [BkA and with
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pH. IS ASSUMED

t
CALCULATION OF :

FROM pH : [H·j AND [OH-J
EON. 3 : ALL EFFECTIVE

MOBILITIES
EON. 1 1 : E/E,
EON. 12 : [BJ~

EON. 13B : [L2J~

EON. 4 : [A)~

EON. 1 : IONIC CONCENTRATIONS
EON. 6 : RFO MUST BE ZERO

ITERATION BETWEEN A
HIGH AJ'.O LOW pH

lJ',ITIL RFQ is ZERO

Fig. 5. Calculation procedure for the sample zones in ITP with two leading ions.

the L2 balance the [L2]t,A can be calculated. With the EN [A]t,A can be obtained. The
correct pHA can be found iterating between a low and high pH using Ohm's law.

EXPERIMENTAL

In the first instance, computer programs are set up for the calculation of
parameters of the sample and terminating L2 zones with leading electrolytes consisting
of two leading ions.

In Table I all ionic mobilities and pK values used in the calculations are given. In
Table II some characteristic calculated parameters for the leading, sample and
terminating L2 zone are given using these computer programs, viz., the concentrations

TABLE I

pK VALUES AND IONIC MOBILITIES (m) FOR THE IONIC SPECIES USED IN THE CALCULA
TIONS

Ionic species m x 105 pKA

(cm 2 jV's)

Acetic acid -42.4 4.76
Formic acid -56.6 3.75
Histidine +29.7 6.03
Hydrochloric acid -79.1 -3.00
MES -28.0 6.10
Propionic acid -37.1 4.87
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TABLE II

CALCULATED VALUES OF THE TOTAL CONCENTRATIONS OF THE SAMPLE IONS ([Al,)
AND U ([Ul,), pH, SPECIFIC ZONE RESISTANCE AT 25°C (SZR 25 ), RE AND RF FOR THE
LEADING ZONE, SAMPLE ZONES AND TERMINATING U ZONE FOR SEVERAL COMPOSI-
TIONS OF THE LEADING ELECTROLYTE AT A pH OF 6

Zone [Al, [L2l, pH SZR25 RE RF
(mol/I) (mol/I) (Q m) (lOs C/mol)

Leading: 0.01 Mer + aM MES at pH 6:
Leading L1/L2 0 6.0 10.33 1.00 1.30
70/3 0.0097 0 6.02 11.73 1.14 1.35
60/3 0.0092 0 6.04 13.76 1.33 1.42
50/3 0.0086 0 6.06 16.63 1.61 1.52
40/3 0.0078 0 6.10 21.01 2.03 1.67
30/3 0.0068 0 6.16 28.48 2.76 1.92
20/3 0.0053 0 6.27 43.93 4.26 2.46
Terminating L2 0.0065 6.42 43.21 4.18

Leading: 0.01 Mer + 0.005 M MES at pH 6:
Leading L1/L2 0.0050 6.0 9.33 1.00 1.45
70/3 0.0094 0.0052 6.02 10.60 1.14 1.54
60/3 0.0086 0.0054 6.04 12.43 1.33 1.69
50/3 0.0075 0.0058 6.08 15.04 1.61 1.94
40/3 0.0058 0.0067 6.13 19.02 2.04 2.51
30/3 0.0020 0.0096 6.24 25.74 2.76 7.43
20/3 No real values
Terminating L2 0.0115 6.29 27.76 2.98

Leading: 0.01 M C/- + 0.01 M MES at pH 6:
Leading L1/L2 0.0100 6.00 8.51 1.00 1.60
70/3 0.0092 0.0103 6.02 9.68 1.14 1.74
60/3 0.0080 0.0108 6.04 11.36 1.33 1.99
50/3 0.0064 0.0117 6.08 13.75 1.62 2.52
40/3 0.0036 0.0135 6.14 17.39 2.04 4.50
30/3 No real values
20/3 No real values
Terminating L2 0.017 6.22 20.90 2.45

Leading: 0.01 Mer + 0.015 M MES at pH 6:
Leading LI /L2 0.0150 6.00 7.84 1.00 1.75
70/3 0.0090 0.0155 6.02 8.92 1.14 1.95
60/3 0.0074 0.0162 6.05 10.48 1.34 2.35
50/3 0.0052 0.0176 6.09 12.69 1.62 3.37
40/3 0.0013 0.0205 6.16 16.06 2.05 14.02
30/3 No real values
Terminating L2 0.0215 6.18 16.93 2.16

Leading: 0.01 M C/- + 0.02 M MES at pH 6:
Leading L1/U 0.0200 6.00 7.28 1.00 1.90
70/3 0.0087 0.0206 6.02 8.27 1.14 2.17
60/3 0.0069 0.0216 6.05 9.72 1.34 2.77
50/3 0.0040 0.0234 6.09 11.78 1.62 4.72
40/3 No real values
30/3 No real values
Terminating U 0.0265 6.15 14.30 1.96
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of the sample ions A and L2, the pH of the zones, the specific zone resistances at 25°C
(SZR 25 ), the RE values and the RFvalues4

. The leading electrolytes consisted of 0.01
M CI- (L1) and different concentrations of MES (L2), at a pHL of 6 by adding the
buffer histidine. For the sample ionic species a pK of 3 was assumed and ionic
mobilities varying from -70 to - 20 . 10- 5 cm2/V . s. A sample ionic species denoted
by 30/3 has a pK value of 3 and an anionic mobility of 30' 10- 5 cm2/V . s.

It can be concluded from Table II that wi'th increasing concentration of L2 in the
leading zone for all sample zones the SZR25 values decrease (increasing conductivity),
the R E values are nearly constant (according to the IC) but the RE value of the
terminating L2 zone decreases rapidly to low values, implying that a growing number
of sample ions with low effective mobility will be passed by the terminator and
consequently will not migrate in the ITP mode. In Fig. 6 the relationship between the
calculated R E values and the anionic mobility is shown. The arrows indicate the R E

value of the terminating L2 zone for a specific concentration of L2 in the leading
electrolyte.

Ionic species with R E values smaller than those of the terminating L2 zone will
migrate in a proper ITP mode and ionic species with higher RE values will migrate in
a ZE mode. Further, the RFvalues of the sample ions increase at the same time because
the sample ion concentrations are decreasing.

As a check on these mathematical models, we measured the RF values for
formate, acetate and propionate in leading 2L systems, consisting of 0.01 M CI- and
different concentrations of MES at a pHL of 6 by adding the counter ionic species
histidine. In Table III all calculated and experimentally determined RF and SZR25

0.005

0.015

~ 0.010

80

Ui 70
>
::'
E 60U..,
0 50

>. 40
~
:c
0
:E 30

1\
I 20
I
I
I
I 10

0
0 2 3 4

0.000

5

-----> RE

Fig. 6. Relationship between calculated RE values and anionic mobility ofionic species for ITP systems with
0.01 M Cl- and various concentrations of MES as leading ions at a pHL of 6. The arrows indicate the
calculated RE values of the terminating MES zone. The numbers represent the concentration ofMES (in M)
in the leading electrolyte.



ITP WITH TWO LEADING IONS. I. I3

TABLE III

CALCULATED AND EXPERIMENTALLY DETERMINED SZR25 VALUES (Q m) AND RFVALUES (105
C/mol) FOR THE ZONES IN A 2L SYSTEM WITH 0.0 I M CI- AND DIFFERENT MES CONCENTRAnONS
AS LEADING IONS AT A pH L OF 6

Value Leading Calc. Exptl. Formate Acetate Propionate Terminating
{MESj
(M) Calc. Exptl. Calc. Exptl. Calc. Exptl. Calc. Exptl.

SZR25 0.000 10.33 10.33 14.67 14.61 20.50 20.49 23.78 23.76 43.21 39.55
0.005 9.33 9.51 13.27 13.34 18.52 18.70 21.45 21.39 27.76 26.29
0.010 8.51 8.45 12.12 11.91 16.94 16.61 19.60 19.02 20.90 19.76

Formate Acetate Propionate

Calc. Exptl. Calc. Exptl. Calc. Exptl.

RF 0.000 1.45 1.41 1.62 1.61 1.72 1.71
0.005 1.76 1.80 2.41 2.71 3.15 3.68
0.010 2.13 2.25 4.07 5.00 10.81 12.20

values are given. It can be concluded that the experimentally determined SZR25 and
RF values fit the calculated values, although for high concentrations of MES in the
leading electrolyte the experimentally determined RFvalues are too high. Possibly the
steady state was not reached because very long zones with small differences in SZR25

values were the result.
In addition to the strong shift in RF values, another interesting point was the

decreasing effect of the RE values of the terminating L2 zone. For systems with 0.01
M CI- and MES concentrations varying from 0 to 0.02 M in the leading electrolyte, the
RE values of the terminating L2 zone changed from 4.18 to 1.96. It can be assumed,
however, that at relative higher concentrations ofL2 in the leading zones this effect will
be even greater.

In Table IV the results of the calculations are given for leading electrolytes with
0.01 M MES and Cl- concentrations varying from 0 to 0.01 M for the sample ionic
species formate, acetate and propionate. The column mode indicates whether the ionic
species really migrate in the ITP or CZE mode during experiments.

In Fig. 7 all electropherograms with the sample ionic species formate (F), acetate
(A) and propionate (P) are shown, obtained using different leading electrolytes at
pHL 6 by adding the buffer histidine. The terminating zones are indicated with L2, the
starting point of the analyses with an arrow and the leading electrolyte with two
numbers indicating the concentrations of CI- and MES of the two leading ions. The
experiments were carried out in a laboratory-made ITP apparatus with a conductivity
detector (I.D. 0.4 mm)2. The electric current was 70 J-lA and the paper speed was 10
mm/min for all experiments. In order to see the ITP zones, large amounts of the sample
have to be introduced. The sample consists of a mixture of 0.01 M formate, 0.01
M acetate and 0.01 M propionate. In this instance the zone electrophoretic zones are
very broad and small because the amplification of the signals was the same as in the
ITP experiments. Further, the rear sides of the zone electrophoretic peaks are sharp
because the effective mobilities of the sample anions are higher than that of the anion
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TABLE IV

CALCULATED VALUES OF THE CONCENTRATIONS OF SAMPLE IONS ([All) AND U ([Ult),
THE MIGRATlON MODE, THE SPECIFlC ZONE RESISTANCE AT 25°C (SZR 2S ), RE AND RF
FOR THE LEADING ZONE, SAMPLE ZONE AND TERMINATING L2 ZONE FOR SEVERAL
COMPOSITIONS OF THE LEADING ZONE AT A pH L OF 6

Zone {AJ, {UJ, Mode SZR2S RE RF
(mol/I) (mol/I) (Q m) (105 C/mol)

Leading: 0 M cr + 0.01 M MES:
Leading Ll/L2 0.01 42.35 1.00
Formate No real values Zone
Acetate No real values Zone
Propionate No real values Zone

Leading: 0.002 M CI- + 0.01 M MES:
Leading Ll/L2 0.01 23.26 1.00
Formate 0.00029 0.011 ITP? 32.94 1.42 19.7
Acetate No real values Zone
Propionate No real values Zone
Terminating L2 No real values

Leading: 0.004 M cr + 0.01 M MES:
Leading Ll /L2 O.oJ 16.12 1.00
Formate 0.0021 O.oJ II ITP 22.87 1.42 3.95
Acetate No real values Zone
Propionate No real values Zone
Terminating L2 0.0126 ITP 29.34 1.82

Leading: 0.007 M CI- + 0.01 M MES:
Leading Ll/L2 0.01 11.11 1.00
Formate 0.00481 0.0111 ITP 15.79 1.42 2.53
Acetate 0.00152 0.0133 ITP 22.01 1.98 8.00
Propionate No real values Zone
Terminating L2 0.0146 ITP 24.34 2.19

Leading: 0.01 M C/- + 0.01 M MES:
Leading Ll/L2 0.01 8.51 1.00
Formate 0.00752 O.oJ II ITP 12.11 1.42 2.13
Acetate 0.00394 0.0133 ITP 16.94 1.99 4.07
Propionate 0.00148 0.0152 ITP 19.6 2.30 10.81
Terminating U 0.0165 ITP 20.90 2.45

of the background electrolyte (self-correcting boundary) where the fronts are diffuse.
However, some interesting conclusions can be drawn (see also Table IV). In the

ITP experiment with the leading ion CI- at a concentration of0.01 M (0.01/0, injected
sample volume 4 Ill), all sample ions migrate in the ITP mode. Using the leading ions
0.Ql M Cl- and 0.Ql M MES (injected sample volume 3 Ill), the sample ions also
migrate in the ITP mode, although a relatively strong elongation of the propionate can
be observed. In the system 0.007/0.01, formate and acetate migrate in the ITP mode
(injected sample volume 2 Ill; note the elongation of the acetate zone), whereas
propionate migrates in the ZE mode. In the system 0.004/0.01 (injected sample volume
2 Ill) only formate migrates in a proper ITP mode. In the system 0.002/0.01 (injected
sample volume 2 Ill), formate migrates just (or just not?) in the ITP mode and in the
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Fig. 7. Electropherograms for the separation of formate (F), acetate (A) and propionate (P) in different
electrolyte systems. The leading electrolytes contain two leading ions, CI- (L I) and MES (L2), at a pHL of
6 adjusted by adding the buffer histidine. The numbers refer to the leading ion concentrations Ll and U,
e.g., 0.002/0.01 means that the concentrations of Cl- and MES are 0.002 and 0.01 M, respectively. The
terminator was 0.0 I M MES. It can clearly be seen that ITP changes into ZE at lower CI- concentrations. All
experiments were carried out at an electric current of 70 IlA and a paper speed of 10 mm/min with an ITP
apparatus with a capillary tube of 0.4 mm I.D. and a conductivity detector.

system 0/0.01 (injected sample volume 2 J.ll) all sample ions migrate clearly in the ZE
mode.

It is clear that it is possible to obtain in one electropherogram several different
modes 1, e.g., first sample ions migrating in the ZE mode (if their effective mobilities are
larger than that of the leading ion), followed by ionic species migrating in the ITP
mode, followed by sample ions again migrating in the ZE mode (if their mobilities are
smaller than that of the terminating ion).
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The mathematical model for the steady state in ITP has been extended for the use
of leading electrolytes with two leading ionic species. Experimentally obtained values
for RE and RF confirm the validity of this model. The interesting point in the use of 2L
systems is that RFvalues increase in the presence ofa second leading ion L2, with a low
effective mobility, through which the detection limit can be lowered. This may be the
reason for too high RF values in anionic systems at higher pHL values, owing to the
presence of unwanted (hydrogen)carbonate in the leading electrolyte. Further, this
model shows that using a second leading ion L2, the RE value of the terminating L2
zone decreases strongly and the ITP mode changes into a ZE mode for many sample
IOns.

SYMBOLS

A
B
E
F
K
L
L1
L2
m
m
n
T
z
ex
(J

First subscripts
A, B, T and L
t

sample ionic species A
buffering counter ionic species B
electric field strength (Y1m)
Faraday constant (Cjequiv.)
concentration equilibrium constant
leading ionic species L
leading ionic species with the highest mobility in a 2L system
leading ionic species with the lowest mobility in a 2L system
mobility at infinite dilution (m 2/Y' s)
effective mobility (m 2/Y' s)
number of protolysis steps
terminating ionic species
charge of an ionic species (equiv./mol)
degree of dissociation
zone conductivity (Q-1m- 1)

according to substance A, B, T and L
total

Second subscripts
A, B, T and L in the zone of substance A, B, T and L

Superscripts
z

Examples
[B]I,A
ImB,AI

maximum charge of an ionic species
to the ith degree

total concentration of substance B in zone A
absolute value of the effective mobility of substance B in the zone of
substance A
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response factor (CJmo!)
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SUMMARY

During a zone electrophoretic analysis, components can migrate in the iso
tachophoretic mode. If, for example in anionic separation in capillary zone electro
phoresis an anion with a high effective mobility is present in the sample at a very high
concentration, it migrates forwards into the background electrolyte, separates from
the other components and forms an isotachophoretic system with two leading ions
together with the anion of the background electrolyte. Some of the sample compo
nents will therefore migrate in the isotachophoretic mode for the greater part of the
analysis time. Because in the isotachophoretic mode the zone lengths are constant,
very small sample zone lengths will give extremely high plate numbers. Of course,
migration times will vary strongly depending on the composition of the sample.

INTRODUCTION"

Electrophoretic techniques can be divided in four main types, viz., isotacho
phoresis (ITP), zone electrophoresis (ZE), moving-boundary electrophoresis (MB)
and isoelectric focusing (IEF). The apparatus needed for all these techniques is
identical in essence and consists of modules, viz., separation, injection, detection and
electrode modules. The only difference in order to carry out an experiment in a specific
mode is the choice of the electrolytes in the different parts of the apparatus. If, for
example an ITP analysis has to be performed, the separation module has to be filled
with a leading electrolyte the anion (cation) of which has an effective mobility higher
than any of the sample anions (cations), whereas the effective mobility of the anion
(cation) of the terminating electrolyte must be lower. In ZE the whole apparatus
generally will be filled with one background electrolyte.

" Symbols and abbreviations follow those defined in Part I.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers BY
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If these requirements are not met, disturbances in· the separation can be
expected. If in an ITP mode a sample ion is present with an effective mobility higher
than that of the leading ion, this ion will migrate into the leading zone and will migrate
there in a ZE mode. Analogously, a sample ion with a lower effective mobility than that
of the terminator will migrate in a ZE mode in the terminator zone. It will be clear that
often one can hardly distinguish between the four main types of electrophoresis as
several electrophoretic modes can exist in a single experiment.

Recently, Verheggen et al. 1 reported on the phenomenon that extremely high
plate numbers could be obtained in the anionic ZE analysis of, e.g., uric and hippuric
acid in serum. Schoots et al. 2 recognized the fact that these high plate numbers are due
to the presence of the large amount of chloride in the samples and noted the analogy
with the solvent effect in chromatography. Plate numbers of over 106 could easily be
obtained by adding large amounts of chloride to a sample.

Using the concept of plate numbers3
,4, generally maximum numbers of 106 can

be obtained theoretically. Extremely high plate numbers can only be explained if
sample ions were to migrate in the ITP mode during a ZE analysis. Because in ITP the
zone lengths are constant and the zones are sharp owing to the self-correcting effect of
the ITP zones, very small sample zone lengths will give very high plate numbers. The
question is, however, why an ITP procedure can exist in a CZE procedure and whether
it leads to a steady state. Mikkers and EveraertsS mentioned earlier that ITP with two
leading ions can be applied.

In Part 16
, we gave a mathematical model for isotachophoresis with a leading

electrolyte with two leading ions. Calculations showed that at a certain concentration
ratio of the two leading ions, also dependent on the effective mobilities of these ions,
the terminating zone, consisting of the leading ion with the lowest effective mobility,
has a smaller E gradient than that of a specific sample ion, i.e., that this ionic species
will migrate in a CZE mode. Isotachophoresis changes into CZE. A close relationship
exists in this way between ITP and CZE, as often the first stage in the CZE separation is
a moving-boundary procedure followed by a non-steady-state ITP separation. Later in
the separation procedure a CZE procedure is the result.

The idea was now that in the first instance the large amount ofchloride separates
from the other components, migrates forwards into the background electrolyte and
hence will create an ITP separation mode with a leading electrolyte with two leading
ions, viz., the chloride ions and the anions of the background (MES). By this means,
some other sample ions will migrate in an ITP mode behind the two leading ions (see
Part I), showing extremely high plate numbers.

Because it is not possible with our apparatus to follow the migration procedure
with detectors at the injection point, simulations are used to show these migration
phenomena in the first stage of CZE separations.

THEORY

A typical difference between electrophoretic and chromatographic techniques is
that in electrophoresis at any point the situation is determined by the initial conditions.
Kohlrausch formulated this in 1897 by his "regulation function". This means that in
electrophoresis the concentration of the injected sample adapts to the initial
concentration of the background electrolyte migrating in the separation capillary tube.



ITP WITH TWO LEADING IONS. II. 21

Very dilute samples will be concentrated. Using electromigration injection, this
concentration effect occurs directly during the injection by a moving-boundary
migration. In that event, no representative aliquot will be introduced. The quality of
the CZE separation depends for the greater part on this concentration effect.
Parameters such as mobilities and concentrations ofall ions present in the system play
an important role.

In order to illustrate the effect of these parameters, simulations of the CZE
process are carried out by means of a numerical solution of the basic transport
equation:

oc
Ot (I)

where c is the concentration of the ionic species and x is the position in the
separation tube. The electric field strength E was calculated from the electric current
density i by

i = E}; cjmjFz
j

(2)

whereby F is the Faraday constant and j represents the summation over all ionic
particles.

The diffusion constant D was calculated using the equation

D = mkT/ze (3)

where k is the Boltzmann constant, Tis the absolute temperature and ze is the charge of
the ionic species.

Concentration effect of the sample
During the first stage of CZE, the sample ionic species in diluted samples will be

concentrated. In Fig. I this effect is shown by a simulation for the introduction of
a dilute sample consisting of two anions. The conditions for the simulation of the zone
electrophoretic separation are given in Table I. The sample is introduced into the
separation chamber between the positions I and 2 mm. After 0.01 s the sample anion
I is partially concentrated at the original boundary between leading ion and sample
ions (see Fig. IA 2 mm) to about 0.0016 M and shows a diffuse front. At the same time
sample anion 2 shows a similar behaviour but shows also an increase in concentration
at the rear side (see Fig. IB). There it is partially separated from sample anion I and its
concentration is adapted to the orginal total concentration of both sample anions. If
sample anion I were to be present at a higher concentration, this effect would also be
much stronger. The background anions do not pass the sample ions (not shown in the
figures) because their mobility is lower than those of the sample anions. In fact, at the
rear side the anions migrate in the ITP mode. Further, it can be noted that at the
injection point the E gradient is very high because of the low concentration of the
sample ions. Owing to this very high E gradient between positions I and 2 mm, the
concentration effect occurs very quickly.
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Fig. I. Concentration profiles for the simulation of a zone electrophoretic separation of two anions. (A)
Concentration profiles of anion I and (B) those of anion 2 after a separation time of(--) 0.01 s, (---)
0.04 s, (--) 0.1 s, (" .... ) 0.3 sand (----) I s. On the horizontal axis the position in the separation tube
is given in mm. The sample introduction was between I and 2 mm.

After 0.04 s the concentration effect is completed and the concentration of
sample anion I is about 0.0022 M and that of sample anion 2 is 0.0033 M. The peaks
are very sharp. The simulation at 0.1, 0.3 and I s show that in the first stage of the ZE
separation the effect of the zone broadening is very strong.

Effect of two leading ions ,in ITP
In Fig. 2 the simulation is given for an anionic ITP separation using two leading

ions after 15 s. In Table II the conditions for this simulation are given. In the simulation
it is clearly shown that sample anion I migrates in the ITP mode and follows the
leading zone Ll/L2 whereas sample anions 2 and 3 migrate in the ZE mode with peaks
broadening in time.

The original injection point was between I and 2 mm and at t= 15 s the
terminating L2 zone is still adapted to the original concentrations of the sample anions.

TABLE I

CONDITIONS FOR THE SIMULATION OF AN ANIONIC ZONE ELECTROPHORETIC SEPA
RATION

Electric current, 20 J1.A; capillary J.D., 0.2 mm.

Species Concentration Ionic mobility x 105

(M) (cm 2/V' s)

Background anion O.oJ -20
Counter ion O.oJ +15
Sample anion 1 0.0001 -75
Sample anion 2 0.0001 -50



ITP WITH TWO LEADING IONS. II. 23

L2

I"------ "I
I , I 'I

I
I

I I
,

I
I "I I' I

I
I,'

I

I I

I I
I I L 1/L2I

,
I I

, I \

I I
\ I 1
I I
\ I
I I

3I I
I I
I I, I 2'I

1/

~f\0.000

012345678910111213

0.020

~
Z 0.0150
j::::
<a:
I-
Z
W 0.0100
Z
0
0

A
I 0.005I
I
I
I

- - - - - > POSITION (mm)

Fig. 2. Concentration profiles for the simulation ofa separation of three anions in ITP with two leading ions.
Sample anion I migrates in the ITP mode behind the leading ions Ll and L2. The sample anion 2 and
3 migrate in the ZE mode.

Effect of an excess of one of the sample ions in ZE
In Figs. 3 and 4 the simulations are given for an anionic ZE separation of

a sample containing one of the components in a large excess. The conditions for the
simulation are given in Table III. The original injection point was between I and 2 mm.

In Fig. 3 the concentration profiles of the four components after 4,7, 10, 13, 16

TABLE II

CONDITIONS FOR THE SIMULATION OF AN ANIONIC ITP SEPARATION USING TWO
LEADING IONS

Electric current, 20 IlA; capillary J.D., 0.2 mm.

Species Concentration Ionic mobility x lOS
(M) (cm 2(V. s)

Leading electrolyte:
Leading Ll O.ot -75
Leading L2 0.01 -IS
Counter 0.02 +15

Terminating electrolyte:
Terminating L2 O.ot -15
Counter 0.01 +15

Sample anions:
Sample anion I 0.002 -50
Sample anion 2 0.002 -30
Sample anion 3 0.002 -20
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Fig. ~. Concentration profiles for the simulation of a ZE separation of four anions. The anion I with the
highest mobility is present in excess in the sample. In A, B, C and D the concentration profiles are given for
the sample anions 1,2,3 and 4, respectively, at separation times of 4,7, 10, 13, 16 and 18 s.

and 18 s are shown. In Fig. 3A it can clearly be seen that the rearside of the component
present in a large excess in the sample is sharp and that the component diffuses into the
background electrolyte. This component forms together with the anion of the
background an ITP leading electrolyte with two leading ions. The concentration of this
component in this leading electrolyte decreases with time, as a result of which only the
most mobile of other components will ultimately migrate in the ITP mode. This can be
seen in Fig. 3B, where the most mobile of the sample ions migrates ultimately in the
ITP mode and shows nearly no peak broadening with time. From Fig. 3C and D it can
be concluded that these anions migrate from 13 and 10 s, respectively, in the CZE mode
(zone broadening).

In Fig. 4 the concentration profiles ofall sample components are given after 18 s.
In Fig. 4 the concentration of the component in excess is ten times higher as indiated.
The similarity with the ITP separation with two leading ions in Fig. 2 can clearly be
seen. In Fig. 2, sample anion 1migrates in the ITP mode behind the leading zone with
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two leading ions (Ll and L2) where as in Fig. 4 the anion 2 migrates in the ITP mode
behind the leading zone consisting of the anion of the background electrolyte and
anion 1, the sample anion present in the sample in excess. The other two sample anions
migrate in the ZE mode and show lower concentrations and zone broadening.

TABLE III

CONDITIONS FOR THE SIMULATION OF AN ANIONIC ZONE ELECTROPHORETICAL
SEPARATION OF A SAMPLE CONTAINING A LARGE EXCESS OF ONE SAMPLE COM
PONENT

Electric current, 20 J1.A, capillary 1.0., 0.2 mm.

Species Concentration Ionic mobility x 105

(M) (cm 2/V's)

Background electrolyte:
Anion 0.01 -20
Counter ion 0.01 +15

Sample anions:
Sample anion I 0.02 -75
Sample anion 2 0.0001 -50
Sample anion 3 0.0001 -40
Sample anion 4 0.0001 -30



26

CONCLUSIONS

J. L. BECKERS, F. M. EVERAERTS

If in ITP the leading electrolyte contains two leading ions, some sample
components will migrate in the ITP mode and others in the CZE mode (see Part I). Ifin
CZE a sample is analysed with a large amount of, e.g., chloride, in first instance the
ions separate and if the separation is (partially) completed the chloride ions migrate in
front of the other sample ions. The chloride ions migrate from the injection position
into the background electrolyte and will form in first instance an ITP system with two
leading ions. Depending on the concentrations and the effective mobilities, some
sample ions will migrate in the ITP and others in the CZE mode. The composition of
the two leading ion system changes continuously because chloride migrates through
the background electrolyte. This means that the concentration ratio Ll/L2 of the 2L
system decreases with time and more components will finally migrate in the CZE
mode. If the capillary tube is long enough, all components will ultimately migrate in
the CZE mode.

The number of plates strongly depends on this procedure. A component
migrating all the time in the CZE mode will show plate numbers determined by the
CZE migration behaviour. A component migrating (nearly) all the time in the ITP
mode will show extremly high plate numbers, because the zone lengths are constant.
This means that the use of the traditional concept of plate numbers often will be not
useful. The separation capacity is often determined by the ITP behaviour. The use of
migration times can also be troublesome, especially when working in the electro
osmostic flow (EOF) mode. Further investigations are needed to decide what the
effects are of sampling, sample composition and the use of EOF on separation
capacity, plate numbers and migration times. It is extremely important to report
sufficient experimental conditions in papers concerning CZE experiments.
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SUMMARY

The influence of the coupling factor between the adsorption isotherms of the
two components of a binary mixture on the elution profiles of their bands in liquid
chromatography, on their retention times and on the resolution between these bands
is discussed using a perturbation approach.

INTRODUCTION

The elution of the components of a complex mixture through a chromatographic
column is easily described in linear chromatography. The migration ofeach band and
its progressive broadening are independent of the migration and broadening of the
other component bands. The chromatogram of the mixture is the superimposition of
the chromatograms obtained with each of the individual components injected pure,
successively, in the same amount as is in the sample mixture. A series of Gaussian
bands is obtained, provided that there is a single retention mechanism involved and the
kinetics of mass transfer between and across phases are fast enough. Obviously, some
of these bands may interfere, but these interferences result merely in the addition of the
detector signals corresponding to each band profile. The local concentrations of the
two or more component whose bands interfere remain independent.

A different situation arises when the sample size is not negligible. Then, the
chromatogram of the mixture is not the sum of the chromatograms of all the
components of the mixture, and the chromatographic phenomenon becomes non
linear. This happens because the equilibrium isotherms of at least some of the
components (the main ones) are not linear and because the equilibrium isotherms of
most of these components depend on the concentrations of all or almost all the other
components.

Several recent studies have been published on the behavior of the bands of
a binary mixture at high concentrations involving the use of numerical solutions
calculated with a computer l

-
6

. When samples of large or very large sizes are injected,

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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the non-linear behavior of the equilibrium isotherm is the main source of band
broadening and is, in fact, the factor which controls the band profile. The shock and
shock layer theories 7 and the semi-ideal model 8 account very well for the band profiles
obtained in elution and displacement chromatography, for the progressive separation
of these bands and for their interference when separation is incomplete.

More fundamental approaches have been tried. The characteristic method has
been extremely useful in providing an accurate description of the phenomena involved
in the migration of the high-concentration bands and in explaining their profiles 7 ,9, 1o.
The shock theory is based on the results of this method 11. The hodograph transform
has been applied to the study of the elution band of a binary mixture and the results
have been explained by the characteristic theory 12.

A complementary approach, focusing on the phenomena that take place at the
onset of non-linear behavior, would be interesting. Of special importance is an
understanding of the various effects arising in analytical applications of chromato
graphy when columns are overloaded, such as in trace analysis. The approach of
Houghton 13

, who assumed a parabolic equilibrium isotherm and integrated a sim
plified mass balance equation, permits the investigation of the band profile at the
beginning of column overload. Lin et al. 14 have successfully applied the perturbation
theory to the same mass balance equation and predicted the progressive transition of
the band profile from a symmetrical Gaussian curve to a tailing profile.

The aim of this work was to extend this type of investigation to the case of
a binary mixture and to study how the bands of two closely eluted compounds begin to
interfere when the sample size is increased. The work was carried out within the
framework of the ideal model 10

-
12

.

MATHEMATICAL MODEL

We used the ideal model of chromatography, which assumes constant equilib
rium between the two phases of the chromatographic system during the migration of
a concentration signal. More specifically, we assume that the kinetics of mass transfers
between phases are infinitely fast and that the axial dispersion proceeds at a negligible
rate. Under these conditions the mass balances of the two components of a binary
mixture can be written as

aC2 F aq2 aC2 0
at + at + U ax =

(1)

(2)

We assume that the injection profile is a rectangular pulse of maximum concentrations
c? and c~ and width tp , and consequently that the initial condition is described by

and that the boundary condition is given by

x>O (3)

C2(O,t) = C~
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(4)

C l , CZ, ql and qz are the concentrations of components 1 and 2 in the mobile and the
stationary phases at time t and abscissa x, respectively; u is the mobile phase velocity
and F the phase ratio, i.e., Vs/Vm.

We have also assumed that the equilibrium isotherms of the two compounds
studied are given by the classical binary Langmuir isotherm equations:

alCl
(5)ql

1 + blCl + bzCz

azCz
(6)qz = I + blCl + bzCz

In eqns. 5 and 6, at> az, b l and bz are constants. They are the parameters of the
Langmuir isotherm. The considerable advantage of this equation is that the coupling
terms which are bzCz for the first component and b l C l for the second component, can
be determined directly from experimental results regarding the single compound
equilibrium isotherms of the pure components 1 and 2. No experiment involving
mixtures of the two compounds is required, which is a great simplification.

PERTURBATION ANALYSIS

Since ql and qz are both functions ofthe two concentrations, C 1 and Cz, we have
the following relationships between their partial differentials:

and

oqz oqz oCz oqz oC l
-=-"-+-"-
ot oCz ot oC l ot

(7)

(8)

The partial differentials of the concentrations in the stationary phase, ql and qz Can be
derived from eqns. 5 and 6:

(9)

(10)



30

Oql -albzCl
oCz (I +blCl +bzCz)Z

oqz -aZblCZ
aCl (l+blCl+bzCz)Z

B. LIN, S. GOLSHAN-SHIRAZI, G. GUIOCHON

(11)

(12)

As we are studying the changes in band profiles, retention times and resolution which
take place at the onset of column overloading with a binary mixture, we may assume
that the concentrations Cl and Cz are small and that the terms blCl and bzCz are
much smaller than unity. Then we may simplify eqns. 9-12 using the classical
approximation 1/(1 +x) ~ I-x:

(13)

(14)

(15)

(16)

Combination of eqns. 7, 8 and 13-16 with eqns. 1 and 2 gives the following equations,
which are first-order approximations of the mass balance equations:

and:

The principle of the perturbation method consists in assuming that the solutions of the
system of non-linear partial differential eqns. I and 2 are close to the solutions of the
corresponding system of linear equations, i.e., of the system of eqns. 1 and 2 in which
the isotherms ql and qz are merely proportional to C l and Cz, respectively. Then we
can write

(19)

(20)
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where ct and C~ are the solutions of the system of eqns. 1 and 2, where the two
isotherms are ql = al C l and qz = azCz instead and where C~ and Cz,which are both
functions of C l and Cz, are small.

ct and C~ are given by the following equations:

(l
oct oct

(21)+ Fal) a + U a = 0t x

(1
OC~ U oC~ = 0 (22)+ Faz) ----at + ox

Replacing C l and Cz in the left-hand side of eqns. 17 and 18 by their new expressions
(eqns. 19 and 20), subtracting eqns. 21 and 22 from eqns. 17 and 18, respectively, and
considering only the first-order terms, we obtain

Eqns. 23 and 24 are linear partial differential equations for the perturbation terms
C~ and Cz.They are still coupled, however, through the terms in their right-hand sides.

LAPLACE TRANSFORMS AND MOMENT ANALYSIS

In spite of the simplification made, it is still impossible to solve eqns. 23 and 24.
As they are linear, it is possible, however, to take their Laplace transform and to derive
the first moment of the band of each compound of the binary mixture. This permits the
calculation of the variation of the retention time with increasing sample size.

The Laplace transforms are

where

w = f: e-P'w(x,t)dt

(25)

(26)

(27)
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Eqns. 25 and 26 are first-order non-homogeneous differential equations. Their
solutions are

and

The two integration constants are 0, because C~ (x = 0) = C2(x = 0) = O. The first-order
moments, /1l,i, of the two compounds, i= 1,2, are related to the Laplace transform,

C;, by the following equation:

Let

/1l,i
_ lim 1 . dC;

p~o C; dp
(i = 1, 2) (30)

/1l,i = /1~,i + J1'l,i (31)

where /1L is the first moment, i.e., the retention time, of compound i under linear
conditions:

/1~,i = lim 1 . dC?
p~o C? dp

(32)

In the ideal model, we have no band broadening. Thus the retention time under linear
conditions is

L
tp +

Uzi

tp + to (1 + kjO) = tp + t~,i (33)

since the limiting velocity associated with an infinitely small concentration is u!O
+ Fai) = u!O + kjO). The second term of the right-hand side of eqn. 31, /1'l,i, is the
first-order perturbation term, which we shall now calculate.

The two perturbation terms corresponding to the first-order moments at the end
of the column (x = L) are given by

(34)
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and

--;;fOOo--· FaZ(bZ f foo Cfdtdx' + b l f foo C1C~dtdX')
Czdt U J0 0 J0 0
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(35)

As we assume the column to have an infinite efficiency (ideal model), the elution profile
in linear chromatography is identical with the injection profile and we have

(36)

(37)

and:

1f: cf dtdx' = C?\L

The elution profiles of both components are rectangles (see Fig. I). The difference
between the elution times of the rear of the first component profile and the front of the
second component profile (i.e., to - tc, see Fig. I) is

x' x' x'
L1 t = tp + - - - = tp - - (k'z° - k'?)

Uzl Uzz U
(38)

Complete separation is achieved when L1 t becomes zero and the migration distance in
the column is

(39)

A C B D
lime

Fig. I. Partially resolved band profiles in the case ofa rectangular injection in ideal chromatography. Elution
profiles at the position x' in the column. Retention times: A, tA = x'lud ; B, tB = tA + tp; C, tc = x'lu'2; D,
to = tc + tp . LIt = te - tc·
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The overlap integral gives

when LIt > 0 and x < X s and

f: C1C3dt = 0
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(40)

(41)

when LIt ~ O. Therefore, when the separation is incomplete, i.e., for

L < X s

we have

or

Inserting eqns. 36-42 into eqns. 34 and 35 gives

(43)

On the other hand, when the column length exceeds the critical value x., we have

(44)

Inserting eqns. 36, 37 and 44 in eqns. 34 and 35 gives

(45)

RESOLUTION

If the sample size is very small, we have fl.!,i = tRi , where tRi is the retention time
observed for the band of a finite amount of component i, and we can write, as a first
approximation,

(46)

If, as a first approximation, we assume that the band width does not increase with
increasing sample size at very low values 15, the resolution between the two bands
becomes
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(
tR2 - tRI) 2 ° 0.' , °R = 2 = . + [(fll,2 - fll,l) + (fll,2 - fll,l)] = R + LlR
al + a2 0"1 0"2

35

(47)

where RO is the resolution between these two bands under linear conditions. When the
column length is smaller than x" the decrease in resolution, LlR is given by

When the column length is larger than x" the two band profiles are resolved in linear
ideal chromatography. This is not necessarily so in non-linear, ideal chromatography.
The change in the resolution is now given by

From eqns. 48 and 49, it is clear that LlR is related to the parameters b l and b2 which are
at the origin of the non-linear behavior of the equilibrium isotherms and of the
coupling between these isotherms. Obviously, if b i = b2 = 0, then the chroma
tographic behavior is linear and LlR = O.

RESULTS AND DISCUSSION

The essential results derived above are eqns. 43, 45, 48 and 49. They illustrate
qualitatively the phenomena that take place when the sample size increases and
non-linear behavior begins to affect the band profiles and their retention times. The
most important effects are the following.

From eqns. 43 and 45, the variation of the first-order moment, i.e., of the
retention time of the band of each component of a binary mixture with increasing
sample size, depends on the value of both coefficients bl and b2 of the equilibrium
isotherms of these two compounds. If bl and b2 are both positive (such as with
competitive Langmuir isotherms, as in eqns. 5 and 6), fl'l,1 and Jl'l,2 are both negative.
Both retention times decrease with increasing sample size. The sign and the magnitude
of the variationofthe resolution between the bands depend on the relative value of the
coefficients bi of the isotherms and on the relative concentration of the feed.

If the isotherms are accurately approximated by equation similar to eqns. 5 and
6, with negative values for both coeffients bl and b2 (anti-Langmuir isotherms), the
retention times of both components increase with increasing retention times and the
resolution may increase or decrease, depending mainly on the relative composition of
the feed.

When eqns. 5and 6 are still valid, but with values of the two coefficients b l and b2

which have opposite signs, the retention times of the components of a binary mixture
can initially vary in either the same or the opposite direction, depending on the relative
magnitude of the terms in eqns. 43 and 45. Situations where the retention time of one
compound could remain constant are conceivable. Then the two terms in the
right-hand side of either eqn. 43 or 45 are equal and opposite in sign.
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The variation of the resolution between the two bands, JR, is given by eqns. 48
and 49. The magnitude of the effect is determined by the importance of the two terms.
If these two terms are close, the change in the resolution can be small. It would be better
if the resolution could increase with increasing sample size. This takes place if h1 is
positive and hz is negative, as seen in eqns. 48 and 49. This can be only an exceptional
case.
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SUMMARY

In the present study, we have optimized the use of a two nebulizer system for
solid-surface room-temperature phosphorescence (SSRTP) as a selective, permanent
record detector for high-performance liquid chromatography (HPLC). The chroma
tographic parameters and the analytical figures of merit of five well known phospho
rescent compounds were compared to those obtained by ultraviolet detection. Cali
bration curves with satisfactory linear dynamic ranges and limits of detection in the
nanogram and subnanogram level showed the feasibility of the SSRTP detector for
HPLC. In addition, overlapped compounds were individually identified demonstra
ting that the selectivity of the proposed detector can be a useful feature in case of
incomplete chromatographic separations of complex mixtures.

INTRODUCTION

Solid-surface room-temperature phosphorescence (SSRTP) has been developed
into a sensitive, selective and simple analytical tool for the determination of
compounds of diversified interest l- 5 . Among the solid supports investigated for
SSRTp6-9, cellulose, and particularly filter paper, appears to be the most suitable
substrate for the technique. The sensitivity of SSRTP can be improved by using
appropriate concentrations of heavy-atom salts. Thallium(I), silver(I), and lead(II)
cations and iodide are among the most common heavy-atom perturbers succesfully
used to perform qualitative analysis at the nanogram and subnanogram !eveI3,9,lo.
The reproducibility of the technique ranges from 5 to 15% and depends on the kind of
substrate, analyte, experimental conditions and experimentator's expertise10,l1. Since
cellulose is susceptible to moisture, special attention must be taken to avoid humidity
on the substrate12

. Quenching of the analyte signal by water will certainly affect the
precision and the sensitivity of the method. As a consequence, a drying step prior to
detection is usually performed by either placing the sample under an infrared lamp or

a Permanent address: Laboratoire des Sciences Analytiques, Universite de Lyon 1,69622 Yilleur
banne Cedex, France
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in an oven at high temperature. Quenching effects can also be caused by oxygen. Its
presence is usually avoided by performing the RTP measurements under a flow of dry
nitrogen.

The selectivity of the technique allows the qualitative and quantitative analysis
of multicomponent mixtures without previous separation 12

. When the desired
compound is the predominant phosphor of the mixture, the excitation and/or the
emission spectrum of the sample can be easily used for detection purposes13

,14. When
the sample contains several compounds with comparable phosphorescent intensity
signal, the similarity and/or overlapping ofphosphorescence bands usually interfere in
the characterization process. Many alternatives have been proposed to overcome this
problem including synchronous scanning15

, selective external heavy-atom pertur
bation1o

,16, and the combination of substrate and heavy-atom effects to preferentially
enhance the phosphorescent signal of the target compound 16

.

When dealing with complex matrices in various applications, previous separation
is usually necessary to eliminate possible interferences and therefore facilitate the
detection procedure. Several workers have proposed paper and thin-layer chromato
graphy as separation techniques for SSRTP detection 5,17,18. The unique possibility of
complete analysis ofcomplex mixtures using the same substrate turns this combination
into a relatively simple and useful tool for analytical purposes.

SSRTP has also been associated with high-performance liquid chromatography
(HPLC). Ford and Hurtubise19 used silica chromatoplates as solid substrates to
identify benzo[f]quinoline and phenanthridine in shale oil samples. The RTP spectra of
the HPLC fractions corresponding to the retention times of those two compounds
were compared to those obtained with the pure analytes. Filter paper discs were
utilized by Vo-Dinh 12 to quantitatively determine benzo[a]pyrene and benzo[e]pyrene
in coal liquid sales. In both cases12

,19, the HPLC fractions were manually collected and
spotted onto the substrates for SSRTP detection.

In two previous studies2o
,21, we reported the development of a two nebulizer

automatic system which eliminated the manual steps usually involved in SSRTP
analysis. In this report, the system is optimized as a selective detector for HPLC. To
our knowledge, this is the first time that SSRTP is employed as a detection technique
for HPLC analysis in a continuous automated mode. The chromatographic param
etersand the analytical figures of merit (AFOMs) of five well known phosphorescent
compounds of environmental interest were compared to the ones obtained by UV
detection. The versatility and selectivity of the SSRTP detector is demonstrated by
showing that overlapped compounds can be identified either from the SSRTP
chromatogram or from their RTP spectral characteristics. Quantitative determination
can be done by selecting the appropriate excitation and emission wavelengths of
measurement. A permanent record of the analyzed sample can then be obtained by
storing the substrate under proper conditions.

EXPERIMENTAL

Instrumentation
The HPLC system consisted on an Altex pump Model IIOA used with

a Rheodyne valve and a 20-lll sample loop. The Altex column was 15 cm x 4.6 mm
J.D., and filled with ultrasphere ODS (5 J.lm particle diameter). The UV detector was
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an Altex Model 153 with a cell volume of 8 pi, response time constant of 1 s and fixed
wavelength at 254 nm. The two nebulizer system for SSRTP detection has been
described in detail elsewere2o

.
21

. The eluent from the chromatographic column was
sprayed onto the moving filter paper strip by connecting, with a PTFE tube (0.25 mm
J.D.), the exit of the UV detector cell to the analyte nebulizer of the automatic system.
The PTFE tube was kept as short as possible ( < 15 cm) to minimize band broadening.
Prior to detection, the paper strip was irradiated by two infrared lamps to evaporate
continuously the solvent of the heavy-atom solution and the mOQi]e phase. The dry
substrate was then pulled into the detection unit by means of a Technicon
AutoAnalyzer continuous filter (Technicon, Tarrytown, NY, U.S.A.). The detector

. consisted of a Perkin-Elmer LS-5luminescence spectrofluorimeter driven by a Perkin
Elmer 3600 data station with a laboratory-constructed filter paper guide. All the
SSRTP measurements were performed under a flow of dry nitrogen with a delay time
of 0.03 ms and a gate time for collection of data of 9.0 ms. The excitation and the
emission slits were set to 10 nm and 5 urn, respectively.

Reagents and procedure
All chemicals were analytical-reagent grade and used as received. Carbazole was

purchased from Eastman Kodak; pyrene, benzo[e]pyrene, fluoranthene, phenanthrene
and thallium(I) acetate (TIOAc) were obtained from Aldrich. HPLC-grade methanol
(Fischer Scientific) and "nanopure" demineralized water (Barnsted Sybron) were used
throughout. S&S 2043-A filter paper (Schleicher and Schuell) was obtained as a 2.5 cm
wide x 24 m long filter paper roll and utilized as a substrate. Methanol-water solution
of different volume ratios were employed a solvents to prepare 200-pg(ml stock
solutions of carbazole and phenanthrene (80:20, v(v), and pyrene and fluoranthene
(70:30, v(v). The same mass of benzo[e]pyrene was dissolved in pure methanol. A 0.1
M solution ofTIOAc in methanol-water (50:50, v(v) was employed as a heavy-atom
enhancer and continuously sprayed onto the moving filter paper at a flow-rate
adjusted to deliver approximately 10 pI of solution per cm 2 of substrate. All the RTP
measurements were performed in a continuous mode with the use of a kinetic program
which permitted plotting the phosphorescent intensity as a function of time. While the
desired section of filter paper was passing through the sample compartment of the
spectrofluorimeter, the excitation slit was opened and the RTP emission at the selected
excitation and emission wavelengths was registered. The total sampling time was
chosen according to the separation time in the chromatographic column and a data
interval of 0.2 s was kept constant through all the experiments. For all the AFOMs,
a sampling time of 800 s was employed to obtain 4000 points per chromatogram. The
mobile phase drying process introduced a delay time of 330 s. This delay time in the
SSRTP chromatogram corresponded to the time spent by the analyte on the substrate
to "travel" from the nebulizer to the excitation slit of the spectrofluorimeter. Since the
time spent for the effluent to go from the UV detector to the analyte nebulizer was
negligible for all the flow-rates tested, the same delay time was observed through all the
experiments. The retention times in the SSRTP chromatograms were then corrected
with respect to the observed values (330 s).
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RESULTS AND DISCUSSION

Five well known phosphorescent compounds, carbazole, phenanthrene, pyrene,
benzo[e]pyrene (BeP) and fluoranthene, were selected to compare the UV and the
SSRTP system for HPLC detection. All of them strongly absorbed at 254 nm, at which
the UV measurements were performed. The 0.1 M TIOAc solution, chosen as
a heavy-atom perturber, was shown to be particularly efficient in the enhancement
signal of most of the probe analytes9

.

Fig. I shows a SSRTP chromatogram along with the corresponding classical UV
chromatogram of a mixture containing carbazole, phenanthrene, pyrene and BeP. In
order to simplify the measurement procedure, only two sets of detection wavelengths
were employed. The measurement wavelengths selected took into consideration the
relative phosphorescent intensity of the studied compounds. When necessary, the
chosen wavelength pair was set closer to the wavelengths for maximum RTP signal of
the weaker phosphor. The wavelength and chromatographic parameters are listed in
Table I.

Chromatographic band broadening
The peak efficiencies were obtained assuming Gaussian peaks and are listed in

Table I. The low efficiency obtained for carbazole (Nuv = 400, NRTP = 370) was not
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Fig. 1. UV (a) and SSRTP (b) chromatogram showing the separation of a mixture containing 200 pg of
phenanthrene and 500 pg of carbazole, pyrene and benzo[e]pyrene. Mobile phase: methanol; flow-rate:
0.443 ml/min; sample volume: 20 Ill.
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TABLE I

WAVELENGTH SETTINGS AND CHROMATOGRAPHIC PARAMETERS
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Retention volumes (VR) obtained with a flow-rate of 0.443 ml/min. Capacity factors (k') calculated for
a dead volume (Vo) of0.97 ml. Efficiencies calculated using N =4(VR/WO.6H )2 where WO.6H is the peak width
at 60% of the peak height expressed in volume units and N is the plate number; accuracy 20%.

Solute Excitation Emission VR k' Efficiency
wavelength wavelength (ml)
(nm)" (nm)" UV RTP

plates plates

Carbazole 290 (296) 470 (440) 1.95 1.00 400 370
Phenanthrene 290 (285) 470 (505) 2.66 1.73 1400 l300
Pyrene 343 (343) 585 (595) 3.10 2.18 3000 2400
Benzo[e]pyrene 343 (335) 585 (543) 4.34 3.45 3200 2800
Fluoranthene 343 (365) 585 (545) 2.92 2.00 3000 2400

a The values in parenthesis correspond to the wavelengths for maximum emission. The others are the
selected wavelengths for the SSRTP chromatogram.

surprising. Carbazole, or dibenzopyrrole, is an amino-containing basic compound.
The -NH amino group of the pyrrole ring has a high affinity for surface silanols of the
silica stationary phase. This affinity induces a peak tailing and low efficiency. The
relatively low efficiency measured for phenanthrene (Nvv = 1400, NRTP = 1300) may
be due to extra column band broadening effects apart from the detectors. We point out
that the chromatographic system was not optimized for maximum efficiency.
However, it is interesting to estimate the band broadening induced by the SSRTP
detector. A 15% efficiency loss was observed comparing the UV absorption to the
SSRTP values (Table I). The band broadening produced by the connecting tubing,
nebulizer and moving paper strip can be roughly quantified through variance
estimation using the equation (J2 = V~/N. Defining (JSSRTP and (Jvv from the SSRTP
and the UV absorption chromatograms, the difference (J~SRTP - (J~v corresponds to
the band broadening due to the SSRTP detector because variances are additive. The
estimated value was found to be approximately 900 ± 300 111 2 which corresponded to
a dead volume of 30 ± 15 III for the SSRTP detector. It is important to note that,
although the moving filter paper strip induced a 330-s response delay for drying and
reaching the observation window, it did not produce excessive band broadening. Since
the mobile phase and the solvent of the heavy atom solution were evaporated by
infrared lamps, the solutes were trapped into the cellulose fibers of the paper which
restrained their mobilities. By reducing the UV-SSRTP connecting tubing (16 Ill) and
using a micronebulizer, it should be possible to minimize the band broadening even
more.

Flow-rate effect
When a constant ratio between the HPLC flow-rate and the strip chart recorder

speed was maintained, we observed little variations of UV peak areas with the
flow-rate for fixed sample weight. Important variations of SSRTP peak areas were
observed with flow-rate changes. The phosphorescent intensity was very dependent on
the flow-rate of the mobile phase. Fig. 2 shows the chromatographic SSRTP response
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Fig. 2. SSRTP peak area (Jp) versus mobile phase flow-rate variations of carbazole's ("'), phenanthrene's
(0), pyrene's (0) and benzo[elpyrene's (*) signal with flow-rate variation of mobile phase (methanol).
Sample size: 200 pg of phenanthrene, 500 pg of others, injected volume 20 Itl.

(SSRTP peak area) versus flow-rate. It can be noticed that there is an optimum
flow-rate for maximum RTP signal and therefore for highest sensitivity. Several
parameters related to the flow-rate variation could be responsible for the observed
phenomenon. By keeping constant the filter paper speed, the amount of analyte
deposited per surface area ofsubstrate increased with the flow-rate. If a peak has abase
width of 1min, the corresponding paper length on which the analyte would be sprayed
was 21 em; if the peak has a base width of 10 s, the same amount ofanalyte would be
sprayed on 3.5 em and so on. Since the analyte was deposited on a shorter length of
substrate, it would be reasonable to expect higher phosphorescent signals at higher
flow-rates. However, by increasing the flow-rate of the mobile phase, a larger volume
of solvent per substrate length was also delivered. Since the filter paper speed was kept
constant, the drying time remained the same and was insufficient for complete drying
of the solvent. If this was the case, moisture could be responsible to some extent, for
quenching the phosphorescent signal. In addition, the increase in the flow-rate was
followed by an increase in the width of the sprayed area. Since the excitation slit of the
spectrofluorimeter was kept constant, a possible diffusion ofthe analyte to the edges of
the filter paper could also be responsible for the decrease observed in the phos
phorescence intensities. With the exception ofpyrene, all the other compounds showed
the strongest phosphorescent signals between 0.354 and 0.443 ml/min. Considering the
advantage of short analysis time, 0.443 mljmin was chosen as the optimum mobile
phase flow-rate resulting in a total analysis time of approximately 17 min per SSRTP
chromatogram.

AFOMs
Table II compares the AFOMs obtained with the UV absorption and the SSRTP

system for HPLC detection. It is important to mention that both detectors were
compared under experimental conditions for maximum SSRTP sensitivity and
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TABLE II

ANALYTICAL FIGURES OF MERIT OBTAINED FOR HPLC USING SSRTP AND UV AB
SORPTION DETECTION

All AFOMs were obtained under experimental conditions for maximum SSRTP sensitivity and
reproducibility. The values listed in parenthesis correspond to the AFOMs obtained with the UV detector.
Linear dynamic range (LDR) was estimated by dividing the upper linear concentration by the limit of
detection. The slope was calculated from the curve log phosphorescence intensity (absorbance) versus log
concentration. Signal-to-noise ratio = 3 and volumes of20 III (RTP) and 8 III (UV) were used to estimate the
limits of detection (LOD).

Solute LDR Slope Correlation LOD
coefficient (ng)

Carbazole 3.0 W (6.5· W) 1.06 (0.93) 0.983 (0.926) 0.77 (1.26)
Phenanthrene 3.3 W (2.5· W) 1.04 (0.86) 0.999 (0.999) 0.96 (0.98)
Pyrene 2.2· W (2.6· W) 0.95 (0.99) 0.985 (0.998) 5.24 (0.46)
Benzo[e]pyrene 3.6 W (3.4· W) 1.00 (0.98) 0.983 (0.998) 3.16 (4.62)

reproducibility. The HPLC system was not optimized for UV-absorption detection.
The limits of detection and the reproducibilities of measurements obtained with the
UV detector, however, were comparable with those commonly observed when these
kinds of devices are used for HPLC analysis. When measured by SSRTP, carbazole
and phenanthrene showed calibration curves with larger linear dynamic ranges.
Pyrene absorbed strongly in the UV and so had a low limit of detection with the UV
detector; the SSRTP calibration curves for pyrene had a shorter linear dynamic range.
In all cases, slopes close to unity and satisfactory correlation coefficients were obtained
with both systems. The limits of detection with the UV detector were calculated from
the equation LOD = 3/5(Ip _ p /m) where I p _ p is the peak-to-peak background noise and
m is the slope of the calibration curve22

. The SSRTP values were estimated by
multiplying the equation above by the factor AdAt, where Ai is the irradiated area in
the sample compartment and At is the total area of substrate on which the analyte has
been sprayed. With both detection systems, carbazole, phenanthrene and BeP showed
comparable limits of detection (LOD) in the nanogram range. The higher LOD value
obtained for pyrene with the SSRTP detector can be attributed to the weak
phosphorescence signal presented for this phoshor under the experimental conditions
employed in the study. The relative standard deviations obtained with the SSRTP
detector were within the reproducibility range of the technique (4-15%), and as
expected, were poorer than those obtained by UV-absorption detection (2-7.6%).

Special features
Although conventional UV-absorption detectors operated at fixed wavelengths

are able to discriminate between absorbing and non-absorbing species, they lack
versatility and selectivity for the determination of absorbing compounds. The
separation process in the chromatographic column has to be either complete or
performed in such a way that compounds with minimum overlapping reach the
detector. Most times this is a tedious procedure which usually involves either the
optimization of a volume ratio between two solvents or the search for a convenient
mobile phase. In addition, the detector wavelength does not usually coincide with the
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maximum absorbance peak of the desired compound, which restricts the sensitivity of
HPLC.

Commercially available UV-visible absorption detectors that consist of a scan
ning spectrometer or a photodetector array with grating optics offer the possibility to
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Fig. 3. Chromatograms showing the incomplete separation of fluoranthene and pyrene with methanol as
a mobile phase. (a) UV absorption detection. (b) SSRTP detection using 343/585 nm as measurement
wavelengths. (c) Selective SSRTP detection of fluoranthene employing 365/545 nm as measurement
wavelengths. Sample size: 200 ng of each compound, injected volume 20 Ill. Flow-rate: 0.443 ml/min.
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select the best wavelength for each analyte. If overlapped compounds reach the
detector, the selection ofan appropriate detection wavelength for a single compound is
often difficult due to the normally broad absorbance bands.

Even though broad molecular phosphorescence bands commonly overlap, it is
unusual for different compounds to have coincident spectra in such a way that neither
excitation nor emission wavelengths can be selected to measure a single component of
the mixture. This unique feature of SSRTP is responsible for the high selectivity of the
technique10

,12,15,16. Fig. 3 shows the UV chromatogram of a mixture containing
fluoranthene and pyrene along with the respective SSRTP chromatograms. The
chromatographic parameters of fluoranthene are listed in Table I. From the UV
chromatogram (Fig. 3a), it can be seen that complete resolution was not achieved by
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Fig. 4. (a) RTP emission (Ip) spectrum of the first eluted compound using lhe maximum excitation
wavelength offluoranthene (365 nm). (b) RTP emission spectrum offluoranthene obtained under the same
experimental conditions as (a).
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using pure methanol as a mobile phase. Although the UV-absorption detection of
either component is possible at these experimental condition, the example is useful to
illustrate the selectivity of the SSRTP detector. By exciting at 343 nm and registering
the phosporescent emission at 585 nm, the SSRTP chromatogram showed the presence
of both solutes (Fig. 3b). When the detection wavelengths were shifted to the maximum
excitation and emission offluoranthene, the phosphorescence ofpyrene was no longer
registered (Fig. 3c) and the single detection of fluoranthene was possible without the
presence of pyrene in the chromatogram. Further identification of fluoranthene was
then performed by stopping the filter paper strip at the maximum phosphorescent
intensity of the first eluted compound and comparing its emission spectrum with the
corresponding spectrum of fluoranthene (see Fig. 4). The spectral identification of
pyrene was done in a similar way. The substrate was stopped at the maximum
phosphorescent intensity of the second eluted compound, and the emission spectrum
was registered at the maximum excitation wavelength ofpyrene. A spectrum with the
same characteristics of the emission spectrum of pure pyrene was obtained (Fig. 5).
Spectral identification was also possible when both compounds were present at the
same level of concentration on the substrate. By stopping the filter paper strip at the
maximum phosphorescence intensity detected between the elution of the compounds,
and irradiating the substrate at the maximum excitation wavelength of pyrene, the
presence of both analytes was confirmed by registering two phosphorescence bands
with emission maxima at 545 nm (fluoranthene) and 592 nm (pyrene) (see Fig. 6a).
When the substrate was irradiated at the maximum excitation wavelength of
fluoranthene, the phosphorescence emission of pyrene was no longer detected (Fig.
6b). By comparing Figs. 5 and 6a, it can be noticed that even a weak phosphor like
pyrene could be spectrally identified in the presence of similar concentrations of
a strong phosphor like fluoranthene.

592

460 500 540

Wavelength lnml

580 620

Fig. 5. RTP emission (1p) of the second e.luted compound registered at the maximum excitation wavelength
of pyrene (343 nm).
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Fig. 6. RTP emission (lp) spectra of the substrate registered at the minimum· phosphorescence intensity
observed between the elution of the two compounds. (a) When excited at 343 nm, two emission bands
showed the presence of both compounds, fluoranthene (545 nm) and pyrene (592 nm). (b) When exited at
365 nm, only the phosphorescence emission of fluoranthene was observed.

CONCLUSIONS

In this report, we have shown the feasibility of using SSRTP as a detection
technique for HPLC. By using the two nebulizer automatic system, it was possible to
perform HPLC analysis in a continuous mode. The proposed detector has been
evaluated by comparing its performance to the classical UV-absorption detector under
the same experimental conditions. A 15% efficiency loss was observed in the SSRTP
chromatograms mainly due to the UV-absorption-SSRTP detector connecting tubing
(16 j11), nebulizer and moving filter paper strip. By reducing the length of the
connecting tubing and using a micronebulizer, it should be possible to minimize the
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observed band broadening. Comparable analytical figures of merit were obtained for
both detection modes. By selecting the appropriate excitation and emission wave
lengths of measurement, it was possible to characterize a single component of
a mixture partially resolved by HPLC. This special feature makes the SSRTP detector
a useful tool for liquid chromatographic operations. Complex systems can be
separated into simpler ones, and the individual components of a mixture can be
selectivily determined by choosing the appropriate set of measurement wavelengths.
The versatility of the new detector permitted identification of compounds either from
the retention times or from their RTP spectral characteristics, showing its potentiality
for qualitative purposes. The greatest versatility, however, would result with the use of
an intensified photodiode array detector. This instrument would allow phosphores
cence spectra to be recorded as the peaks elute permitting "impure" probes to be
resolved into individual components. We also believe that the SSRTP detector could
be very useful in areas such as forensic science, where a permanent record of the
analyzed samples would be extremely helpful. Compounds adsorbed on solid
substrates and stored under a nitrogen atmosphere for several weeks'have presented
constant phosphorescence intensity23,24. This offers the possibility of identifying the
constituents of a stored sample at any required time. By knowing the position ofevery
compound on the filter paper strip, a new chromatogram (phosphorescence versus
distance) can be obtained. If further identification is necessary, the substrate can then
be stopped at the maximum phosphorescence intensity of every compound to run its
excitation and emission spectra. Additional work, however, is necessary in the future
to optimize the storing conditions for compounds of forensic interest.
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SUMMARY

In anion chromatography, the influence of the dissociation equilibria on the
measured capacity factor of a sample is controlled by the capacity factors of species in
the sample, the dissociation constants and the pH of eluent. A method has been
developed for interpreting the elution behaviour by using the ratio of the capacity
factor of the sample to that of a standard anion with a fixed charge. The dissociation
constants and the ratios of the capacity factors of various species to that of the
standard were calculated. As a result, the elution behaviour of the sample at any
eluent concentration was numerically estimated and the estimated values agreed with
the measured values.

INTRODUCTION

Ion chromatography! is an effective method for the separation and determina
tion of many sample cations and anions. Although the eluent is limited in suppressed
(dual-column) ion chromatography!, many eluents have been used in developing of
non-suppressed (single-column) ion chromatography2. We have studied the effect of
the eluent on the elution mechanism of samples.

The elution behaviour of a sample ion is controlled by four factors: (1)
concentration of the eluent ion; (2) charge on the eluent ion; (3) charge on the sample
ion; and (4) pH of the eluent. Whereas factors 1-3 have already been investigated3

,

factor 4 has not yet been completely studied. '
Owing to changes in the eluent pH, the sample ion or eluent ion may be present in

several states having different charges, which complicates the analysis of elution
behaviour. Jenke and Pagenkopf4-8 studied the elution mechanism accompanying
changes in eluent charge, and Hoover9 studied variations in both eluent and sample
charges.

The eluent pH also changes the physical state of an ion-exchange resin and
changes the retention behaviour of the sample even if the charges of the sample and
eluent ions are fixed.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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In this work, we studied the influence of dissociation equilibria on the elution
behaviour of samples in anion chromatography by investigating the effect of the state
of the resin. It was found that this effect could be eliminated by using the ratio of the
capacity factor of the sample anion to that of a standard anion having a fixed charge.
As a result, we succeeded in interpreting the elution behaviour. Moreover, the
behaviour at any eluent concentration could be numerically estimated by using the
data obtained at a fixed eluent concentration.

THEORY

Elution behaviour of the sample anion
In anion chromatography, the measured capacity factor (k') of a sample A is

expressed by

k' = DAw/Vo
= ([A]R/[A])w/Vo (1)

where D A is the distribution coefficient of A, w is the weight of the resin, Vo is the dead
volume of the column, [A]R is the concentration ofA on the resin surface (ion-exchange
phase) and [A] is the concentration of A in the liquid phase. The k' value is
experimentally determined as follows:

(2)

where VR is the retention volume of A.

Influence of dissociation equilibria on the elution behaviour of the sample anion
In general, a sample anion is involved in the following dissociation equilibria:

(3)

(4)

where Ka; denotes dissociation constant of A(i-l)-. [A]R and [A] in eqn. I can be
represented as follows:

[A]R = L [Ai-]R
i

(5)

(6)

The ratios [N-]/[A] and [N-]R/[A]R are constant at a fixed eluent pH and the k' value is
obtained by substituting eqns. 5 and 6 for eqn. I as follows9

:
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= I (P;[N-]R/[N-])w!Vo
i

= I (PiDA;)w!Vo
i

where

k; = DAiW/VO

= ([N-]R/[N-])w/vo

and
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(7)

(8)

(9)

When the states i = 0 to i = q are equilibrated, the Pi are determined by using eqns. 4,
6 and 9 as follows:

(10)

provided Kao = 1, where the Pi are functions of Ka1 , Ka2 , ... , Kaq and [H+]. Therefore,
k' is determined only by ki, K ai and [H+], by substituting eqn. 10 for eqn. 7 as follows:

(11)

As a result, k' at any eluent pH can be calculated if the ki values are known.

Elimination of effect of eluent pH on resin
However, even if a fixed-charge eluent anion (En-, e.g., Cl-, Br-) is used, the

k; value changes depending on the eluent pH because the physical state of resin is
changed, accompanied by swelling.

The factor most influenced by pH is the column dead volume (Vo), as
follows 10,11:

V o = Vall - Vresin,w

Vall - (Vresin,d + a + bn) (12)

where Vall, Vresin,w and V,esin,d are the whole volume of the column, the wet resin
volume and the dry resin volume, respectively, and a and b are constants determined by
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the resin system; n is thermodynamic osmotic (swelling) pressure, which is determined
by the equivalent fractions and partial equivalent volumes of species in the eluent lO

.

When the eluent pH changes, the n value is also changed by an amount that is too large
to neglect.

To eliminate the effect of Vo on ki, the ratio of ki to kB(capacity factor of
a fixed-charge anion, Bm-, e.g., NO;) is introduced as follows:

ki/kB = (DAiW!VO)/(DBw!Vo)
= DAdDB (13)

In other words, ki/kBis constant at a fixed eluent anion concentration, regardless of the
eluent pH. Therefore, k' /kBis a function only of Pi, as follows:

k'/kB = L (PikD/kB
i

= I (Piki/kB)
i

(14)

Determination of ki/k's values using k'/k's values at fixed eluent concentration
From eqns. 9 and 10, Pi is a function of pH and pKai . Therefore, the ki/kBand

pKai values of sample A are determined by mathematical regression of eqn. 14 as
follows:

(1) Measure k'/kB(equal to the ratios of retention times) at several eluent pH
values and a fixed eluent concentration.

(2) Assume tentative pKai values successively at intervals of 0.01 within the
range of measured pH.

(3) Calculate tentative Pi values at measured pH by using tentative pKai values
obtained by process 2.

(4) Determine the tentative ki/kBvalues by the linear regression of k' /kBvs.
tentative Pi with using the least-squares method corresponding to tentative pKai

values.
Finally, only one set of pKai values, in which the correlation coefficient (r) of the

regression is the nearest to unity, is selected, and the values of ki/kBare determined by
these pKai values.

Prediction of k' /k's values at different eluent concentrations
There is the following correlation between ki or kBand the concentration of an

eluent anion En - (ref. 3):

ki = [En-r i/n . Ci
kB= [En-J-m/n . C

B

(15)
(16)

where Ci and CB are constants. k'o (ki with i = 0) is regarded as independent of [En-J.
By dividing eqn. 15 by eqn. 16, the relationship between ki/kBand [En

-] is as
follows:

ki/kB (17)
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In order to eliminate C;jCB, by dividing eqn. 17 by (kijkB)o at a fixed concentration
([En-]o), the following equation is obtained:

(18)

From eqns. 7 and 18,

(19)

EXPERIMENTAL

Analytical-reagent grade chemicals were used throughout.

Standard sample solutions
Stock standard solutions of 1000 Jlgjml (as anion) of sodium chloride, bromide,

iodate, sulphate, nitrate, nitrite, benzoate, acetate, propionate and hydrogenphos
phate, potassium arsenate, succinic acid and fumaric acid were prepared by dissolving
the chemicals in distilled water. Working standards solutions were obtained by
diluting the stock solutions to 20 Jlgjml (as anion) with distilled water.

Eluents
Chloride, bromide, sulphate (pKa2 = 1.99)12 and salicylate (pKa , = 2.98, pKa2 =

12.38)12 anions were used as the eluent anion. Stock solutions (1 M) of chloride,
bromide and sulphate were prepared by diluting concentrated hydrochloric acid,
hydrobromic acid and sulphuric acid, respectively. A stock solution (100 mM) of
salicylate was prepared by dissolving salicylic acid in dilute ammonia solution.

The reagents used for controlling the eluent pH were sodium hydroxide solution
(1 M) and ammonia solution (100 mM). These solutions were prepared by dissolving
sodium hydroxide in water or diluting concentrated ammonia solution.

The eluents were prepared by mixing and diluting the acidic solutions and the
basic solutions, and then these eluents were deaerated.

Apparatus
A Tosoh Model HLC-601 non-suppressed ion chromatograph equipped with an

anion-exchange column (50 mm x 4.6 mm I.D.) packed with TSKgel IC-Anion-PW
(particle size 10 ± 0.005 Jlm, capacity 0.03 ± 0.003 mequiv.jg) or TSKgel
IC-Anion-SW (particle size 5 ± 0.005 Jlm, capacity 0.4 ± 0.1 mequiv.jg) and a Tosoh
Model UV-8 II ultraviolet detector were used. HLC-601 instrument consisted of
a computer-controlled pump, conductivity detector, sample injector (100 Jll) and oven.
The flow-rate was maintained at 1.0 mljmin under a pressure of 20-40 kgjcm2. The
separation. column and a conductivity detector were placed in an oven regulated at
30°C. The data were recorded by a Shimadzu Chromatopac C-R IA recorder. An NEC
Model PC-9801 VM personal computer was used to calculate the above-mentioned
values.
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ki/kBvalues
In order to prove the constancy of ki/k'a, the relationship between k'/kNO,

(Bm
- = NO;, equal to ki/kN03 or k2.!kNO,) and eluent pH was investigated by using k'

values for several anions with a fixed charge under various conditions. As shown in
Fig. 1, the deviation of these k' /kN03 values was less than 5% and it was concluded that
this theoretical approach is suitable.

Determination ofpKai and ki/kBvalues
In anion chromatography, a low concentration of the sample anion exists with

relatively high concentrations of eluent anion and counter cation and flows
continuously. Hence the pKai values in the literature, which were obtained statically,
are not suitable. Therefore, it is necessary to determine the pKai values by using the
method outlined under Theory. Moreover, this method is very useful for determining
ki/k'a values, particularly when the difference between the pKai and pKa(i+ 1) values is
small.

Fig. 2 shows the k' /kN03 values for phosphate and arsenate anions obtained by
using 3 mM salicylate anion (charge -I) as the eluent. In Fig. 2a, the abscissa is the
eluent pH and in Fig. 2b it is Pz under the condition ofmaximum (nearest to 1) r value,
where the pKa, values are 7.36 for phosphate and 7.27 for arsenate. The lines in Fig. 2b
show the results of regression under the conditions mentioned above and expressed by
the following equations:

phospate:

1.0

0.5

0.0

k'/kN03 0.348 + 2.480 Pz
= 0.348 P 1 + 2.828 Pz

(a)

c •• -.--.-- ..... --- .... --.-----.- ••

-_ ...... __ ..... - - - .... __ ..... _a .... __ ..
~

o.z
~....
:.:

2.0

1.5

1.0

(b)

-- ...... -A- - ...--.- ....... -""IIIL-- .......

(20)

iii i I Iii i I I i I r i

2 3 4 5 6 7 8 9 4 5 6 7 8 9 10
pH pH

Fig.!. Relationship between k'lk~03 for solutes with a constant charge of (a) -lor (b) -2 and eluent pH.
Column: TSKgeIIC-Anion-SW (solid line); TSKgeIIC-Anion-PW (broken line). 0 = Sample bromide,
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Fig. 2. Relationship between k'/k~oJ for solutes with change in charge from -I to -2 and (a) eluent pH or
(b) P2 value obtained by using calculated pK" value. Sample: • = phosphate; 0 = arsenate. Eluent: 3 mM
salicylate. Column: TSKgel IC-Anion-PW.

arsenate:

k'/kN03 0.375 + 2.659 P2

0.375 PI + 3.034 P2 (21)

In both instances, PI + P2 = 1. The correlation coefficients were> 0.999. The values
ofk'dkN03 and k1./kNo3 for phosphate were 0.348 and 2.828 and those of arsenate were
0.375 and 3.034. The curves in Fig. 2a were obtained by converting the abscissa in
Fig. 2b to eluent pH.

Table I gives the pKai and ki/kBvalues for several anions calculated by using this
method. All the calculated correlation coefficients were > 0.999.

Comparison between numerically calculated and observed k' /kBvalues at different eluent
concentrations

By using eqn. 19, it is possible to establish the elution behaviour of sample
anions, provided that the following two assumptions are satisfied: (1) the pKai values of
the sample anion do not change with variation in the concentration of the eluent anion,
and (2) the k'o value of the sample (k; with i = 0) does not depend on the concentration
of the eluent anion.

Fig. 3 shows the results of numerically calculated and observed k' /kN03 values. In
Fig. 3a the sample is benzoate and the eluent is bromide. In 20 mM bromide eluent,
pKal was 4.21 and the k'/kN03 value was expressed as follows:

k'/kN03 = 2.777 Po + 1.383 PI (22)
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TABLE I

CALCULATED k;lk'B AND pK.i VALUES

Sa - = Salicylate anion.

Sample Eluent Columna B"'- k~/k~ k~/k~

Nitrite 10 mM Br- SW NO~ 0.042 0.797
20 mM CI- SW NO~ 0.006 0.829
20 mM Br- PW NO~ 0.321 0.626

Benzoate 20 mMCI- SW NO~ 0.149 1.747
20 mM Br- PW NO~ 2.777 1.383

Acetate 4 mM Sa- SW CI- 0.028 0.782
Propionate 4 mM Sa- SW CI- 0.059 0.796
Phosphate 3 mM Sa- PW NO~ 0.348
Arsenate 3 mM Sa- PW NO~ 0.375
Succinate 50 mMCl- PW NO~ 0.094 0.249
Fumarate 40 mMCI- PW NO~ 0.242 0.417

k~/k~

2.828
3.034
0.611
1.386

pKa,b pKa,'

2.98 (3.14)
2.92
3.22
3.82 (4.20)
4.21
4.56 (4.76)
4.69 (4.87)

7.36 (7.20)
7.27 (6.98)

3.93 (4.21) 5.43 (5.64)
2.35 (3.10) 4.20 (4.60)

a PW = TSKgel IC-Anion-PW; SW = TSKgel IC-Anion-SW.
b Literature values 12 in parentheses.

The k' /kN03 value at an arbitrary concentration of bromide was numerically calculated
by using eqn. 19 as follows:

k'/kN03 = 2.777 Po ([Br-]/(20 mM)} + 1.383 PI

and the observed k' /kNO, value agreed very well with the calculated value.

(23)
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Fig. 3. Comparison between calculated and observed k'/k~03 values. Broken curves: calculated from solid
curve. (a) Sample, benzoate; eluent, bromide [. = 5; • = 10; • = 15; 0 = 20; • = 25; " = 30 mMl;
column, TSKgel IC-Anion-PW. (b) Sample, fumarate; eluent, chloride [" = 20; • = 30; 0 = 40; • = 50;
• = 60 mMl; column, TSKgel IC-Anion-PW.
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o 2 3
calculated

Fig. 4. Correlation between calculated and observed k'lk~o, values. Data: • = solid points shown in
Fig. 3a; 0 = solid points shown in Fig. 3b.

In Fig. 3b, the sample is fumarate and the eluent is chloride. In 40 mM chloride
eluent, pKa • and pKa2 were 2.35 and 4.20, respectively, and the k'jkNO, value was
expressed as follows:

k'jkNO, = 0.242 Po + 0.417 Pi + 1.386 Pz (24)

The k' jkN03 value at an arbitrary concentration of chloride was calculated as follows:

k'jkN03 =0.242Po([Cl-Jj(40mM)} +0.417 Pi + 1.386Pz{(40mM)j[CI-J) (25)

and the observed k'jkN03 value agreed very well with the calculated value.
Fig. 4 shows the relationship between the calculated and observed k' jkN03 values

shown in Fig. 3a and b. The correlation coefficients of the observed to calculated
k' jkN03 are 0.999 in both instances. As mentioned above, it is concluded that this
numerical method is very accurate and precise.

CONCLUSION

A method for analysing the influence of dissociation equilibria on the elution
behaviour of sample anions in anion chromatography has been presented. In this
method, the ratio of the capacity factor (k') of the sample anion to that (k~) ofan anion
with a fixed charge is introduced in order to eliminate the change in physical state of the
resin resulting from the change in eluent pH. The method has been demonstrated to be
very useful for the analysis and numerical determination of sample anions involved in
dissociation equilibria. Further, the method is useful even when using a mixed solution
of water and an organic solvent as the eluent.
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SYMBOLS
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A
N-
Bm-

D A

DAi

DB
E"-
[E"-]o
i
K ai

k'
k;
k~

(k;/k~)o

m
n
Pi
Vo
Vall

Vresin,d

Vresin,w

w

n

sample anion
species A with charge - i
fixed-charge anion used for the calculation of the ratio of capacity factors
distribution coefficient of A
distribution coefficient of N-
distribution coefficient of Bm-
eluent anion
fixed concentration of E"
charge number of N
dissociation constant of A(i-lj

(measured) capacity factor of A
capacity factor of N-
capacity factor of Bm

-

ki/ki3 at a fixed concentration of E"
fixed charge of B
fixed charge of E
ratio of [A i

-] to total [A]
dead volume of the column
whole volume of the column
dry resin volume
wet resin volume
weight of the resin
osmotic (swelling) pressure
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SUMMARY

Nucleic acids were separated by ion-exchange chromatography on 30 x 4.6
and 100 x 4.6 mm columns packed with a micropellicular anion exchanger made of
3-flm rigid polystyrene-based non-porous microspheres with a covalently bound hy
drophilic layer and DEAE functional groups at the surface. The stationary phase
particles showed negligible swelling in methanol according to permeability measure
ments with water and methanol. Nucleic acids and their fragments including synthetic
single-stranded oligonucleotides, linear, nicked and supercoiled DNAs as well as
DNA restriction fragments were separated in less than 5 min, a time scale that is
much smaller than that of conventional high-performance liquid chromatographic
analysis for such samples. When only buffer and sodium chloride were used in the
eluent for the separation of double-stranded DNA restriction fragments pGEM-3Z/
Taq I, electrophoretic analysis of the effluent revealed the presence of smaller frag
ments in the bands of the larger ones. Upon addition of ethylenediaminetetraacetic
(EDTA) salt to the eluent, however, such contamination by shorter fragments was no
longer observed. In the absence of EDTA, magnesium chloride in the eluent at a
concentration of I mM precluded the separation of the restriction fragments under
otherwise identical chromatographic conditions.

INTRODUCTION

Rapid developments in recombinant DNA technology have created the need
for isolating and purifying nucleic acids. The standard methods to purify plasmid
DNA, DNA restriction fragments, and oligonucleotides are time consuming and
labor intensive. In the case of plasmid DNA, a cesium chloride gradient containing
ethidium bromide is frequently used. Although the supercoiled DNA can be separat-

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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ed from other types of DNA, it is often difficult to purify it from RNA 1. Excluding
the time and labor in processing the sample before and after centrifugation, it takes at
least 3 h to complete the centrifugation1. Restriction fragments are typically separat
ed by gel electrophoresis, which has excellent resolution but low loading capacity.
Preparative separation of DNA with high resolution requires extended time and
recovery is often problematic. Certain unidentified substances from the gel may ac
company the purified nucleic acid fractions and inhibit some enzymatic reactions;
therefore, the DNA recovered after gel electrophoresis has often to be further puri
fied.

Much of the importance of synthetic oligonucleotides derives from their in
creasingly widespread use in different areas, such as the site-specific mutagenesis2- 5

,

sequence-specific hybridization6
, priming of different enzymatic reactions7,8 and af

finity chromatography9. With an automated DNA synthesizer, oligonucleotides con
taining up to 60 bases can be made easily. The purity of a 60-mer thus obtained,
however, is only 54-60% and its purification is carried out by chromatography or gel
electrophoresis. Electrophoretic separation methods employing capillary tubes 1o,11
are expected to bring about improvements, yet the loading capacity of these tech
niques are believed to be very low. For those reasons there is a need to develop
appropriate high-performance liquid chromatographic (HPLC) methods, to comple
ment both slab and capillary electrophoresis.

Recent advances in HPLC, particularly the introduction of novel micropartic
ulate sorbents, have already extended the scope of its applications in nucleic acids
research. However, HPLC of DNA fragments has been hampered by low diffusivities
of the biopolymer molecules and their entrapment in the cavernous interior of con
ventional sorbents with the result of poor separation efficiency and low recovery.
Further developments are expected from the introduction of micropellicular sorbents
which are made of spherical, fluid-impervious support particles of a few microns in
diameter with an appropriate retentive coating at the surface. The lack of internal
pore structure offers advantages such as absence of significant intraparticulate diffu
sion resistances and good recovery12,13 and these sorbents have been successfully
used for rapid separation of proteins and peptides in different modes of chromatogra
phy14-18.

This report examines the potential of a polymer-based micropellicular ion
exchange sorbent in rapid analysis as well as micropreparative purification of nucleic
acids.. Micropellicular anion-exchanger with DEAE ligates was prepared with a
spherical, highly cross-linked polyaromatic support of 3.3 fIm particle diameter18 .
Thus the operating pH range of the column could be extended to alkaline eluents to
reduce inter- and intra-molecular interactions, which can impede DNA separa
tions19- 21 . Furthermore, the use of the polymeric support also allows cleaning of the
column with sodium hydroxide solution.

EXPERIMENTAL

Chemicals
Reagent-grade fuming nitric acid, granulated tin metal, sodium hydroxide and

sodium nitrite were purchased from Mallinckrodt (Paris, KY, U.S.A.). Acrylamide
and bisacrylamide, both electrophoresis grade, ammonium persulfate and
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N,N,N',N'-tetramethylethylenediamine were from Bio-Rad (Richmond, CA, U.S.A.).
Triglycidoxyglycerol was purchased from Polysciences (Warrington, PA, U.S.A.).
Trizma base [Tris(hydroxymethyl)aminomethane], ethidium bromide, and {i-lacto
globulin B were purchased from Sigma (St. Louis, MO, U.S.A.). Sodium chloride,
sulfuric acid, hydrochloric acid, EDTA, boric acid and N,N-dimethylformamide
were obtained from Fisher Scientific (Springfield, NJ, U.S.A.). Diethylethanolamine
was from Aldrich (Milwaukee, WI, U.S.A.) and the other solvents and salts were
purchased from J.T. Baker (Phillipsburg, NJ, U.S.A.).

Nucleic acids and enzymes
pGEM-3Z plasmid DNA was purchased from Promega (Madison, WI, U.S.A.)

and pXbs20l plasmid DNA was a gift by Dr. D. D. Brown of Carnegie Institution of
Washington (Baltimore, MD, U.S.A.). The plasmids were amplified in bacterial
strain DRI and purified by ultracentrifugation with cesium chloride gradient22

. Oli
gonucleotides, except the mixture of p(dT)12-18, which was purchased from P-L
Biochemicals (Milwaukee, WI, U.S.A.), were synthesized by the phosphoramidite
method on a Model 380B DNA synthesizer (Applied Biosystems, Foster City, CA,
U.S.A.) with reagents supplied by the manufacturer. The sequences of the SQl
and H3R-22 oligonucleotides were 5'-GTACTAGTGTCATCTAGTGTCA-3' and
5'-GCATCGCGTGTGCTTTCCGCCG-3', respectively. The single-stranded DNA
used in the study, which is a l2-mer, was also synthesized by the same syn
thesizer and the double stranded DNA was obtained by mixing equal molar amounts
of the pairing 12-mers at 3rC for 5 min and then cooled down to room temperature.
Restriction endonucleases, BamHI, RindIII, MspI, and TaqI, were purchased from
Promega and used according to the manufacturer's instructions. Cleaving of
pGEM-3Z with MspI yielded eleven fragments shown in Fig. 8A. Upon cleaving
pGEM-3Z with TaqI, five fragments were obtained but only the three major frag
ments containing 469, 763 and 1447 base-pairs were seen on electropherogram and
chromatogram (cf Figs. 6A-D). All enzymes were removed by phenol extraction
after cleaving.

Stationary phase
Highly cross-linked polyaromatic microspheres having a mean particle diame

ter of 3.3 Jim, as measured by electronmicroscopy, were prepared by suspension
polymerization of styrene and divinylbenzene18

. The particles were superficially ni
trated, reduced and then reacted with diethylethanolamine in the presence of glycid
oxyglycerol as described belows.

Nitration. A lO-g amount of dry polystyrene particles was dispersed in 50 ml of
N,N-dimethylformamide by sonication. A 60-ml volume offuming nitric acid and 20
ml of concentrated sulfuric acid were placed into a 300-ml three-neck flask equipped
with a stirrer and a thermometer and cooled by an ice bath. The suspension was
added slowly to the contents of the flask under stirring at 5-1O°C. Thereafter the
reaction mixture was stirred at that temperature for 3 h and subsequently heated at
60°C for 3 h. The nitrated product was filtered on a sintered-glass filter, washed with
water, 0.1 M sodium hydroxide, water and dimethylformamide.

Reduction. Air-dried particles from the above reaction were dispersed in 60 ml
of dimethylformamide by using the above reaction flask and cooled in an ice bath,
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and 4 g of granulated tin metal were added. From a dripping funnel 100 ml of
concentrated hydrochloric acid were added over 1 h. The reaction mixture was stirred
at room temperature for another hour, and subsequently heated at 90°C for 9 h. At
the end, the product was filtered, and washed with concentrated sodium hydroxide,
water and methanol. The particles were dried at 60°C for 2 h.

Diazotization and hydrolysis. A 360-ml volume of 16% (vjv) aqueous sulfuric
acid was placed in a I-I three-neck flask equipped with a stirrer and a thermometer.
Then, 100 ml of an aqueous suspension containing 10 g of the product from the
previous reaction step were added to the flask under stirring. Subsequently 400 ml of
cold water were added to the well-mixed mixture and the reaction flask was immersed
in an ice bath. After stirring for an additional 15 min, a cold solution of 70 ml water
and 36 g of sodium nitrite was added very slowly in about I h. The stirring was
continued for another 20 min in the ice bath and followed by stirring at 45°C for 2 h.
The product was filtered and washed in a sintered-glass filter with water and di
methylformamide. The particles were dried in the oven at 80°C for 5 h.

Reaction with diethylethanolamine and triglycidoxyglycerol. The product of pre
vious step was dispersed in a mixture of80 ml dimethylformamide, 50 ml diethyletha
nolamine and 20 ml triglycidoxyglycerol. The mixture was heated at 90°C for 18 h
with stirring. The suspension was filtered and washed with water and acetone. The
particles were dried in the oven at 60°C for 3 h.

The reproducibility of the surface treatment was measured by the chromatogra
phy of DNA fragments under conditions given in Fig. 8. Three out of five batches of
the stationary phase yielded essentially identical chromatograms. The permeability of
the columns with 20 mM Tris buffer as the mobile phase varied less than 5%.

Columns. In most instances 30 x 4.6 mm J.D. column made of Ij4 in. 316
stainless-steel tubing with 2-,um stainless-steel end frits were used. Some experiments
were carried out with a 100 mm long, otherwise identical column. All the columns
were slurry-packed at 850 bar by using an air-driven fluid pump Model DSHT-300
from Haskel (Burbank, CA, U.S.A.). Methanol was used for the slurry and also as
the packing fluid.

Chromatograph
HPLC was performed on a Hewlett-Packard (Palo Alto, CA, U.S.A.) 1090

liquid chromatography system equipped with an oven, an auto injector and a diode
array detector. The chromatograms were stored and evaluated by Hewlett-Packard
Model 9000-300 and 9153B data system.

Electrophoresis
The HPLC fractions, usually between 0.5 and ca. 1 ml, were collected manually

following the detector signal and adjusted to have 0.5 M sodium chloride. After
addition of two volumes of 95% aqueous ethanol the DNA precipitated and was
recovered by centrifugation. The DNA pellet was dried and resuspended in 10 ,ul of
loading solution containing 5% (vjv) glycerol, 10 mM EDTA (pH 8.0), 0.1 % (wjv)
sodium dodecyl sulfate and 0.01 % (wjv) bromophenol blue. The DNA solution was
subjected to electrophoresis at 10 Vjcm for 5 h by using a 20 cm long and 1.0 mm
thick 8% polyacrylamide gel slab made from acrylamide and bisacrylamide at il ratio
of37.5:1, 0.1 % (wjv) ammonium persulfate and 0.05% (vjv) N,N,N',N'-tetramethyl-
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ethylenediamine, a TBE buffer containing 89 mM Tris-borate, 89 mM boric acid and
2 mM EDTA. After electrophoresis, the gel was stained with 0.5 mgjml of aqueous
ethidium bromide solution for 10 min and photographed on an UV transilluminator
(UVP, San Gabriel, CA, U.S.A.).

RESULTS AND DISCUSSION

Characterization of the column
The permeability of the 30 x 4.6 mm J.D. column was investigated by mea

suring the pressure drop at various flow-rates of water and methanol as described
previouslyl8. It is seen from the results depicted in Fig. I that the pressure drop is a
linear function of the flow-rate at least at inlet pressures up to 300 bar. From the
Kozeny-Carman 18 equation with a particle diameter of 3.3 /lm, the interstitial poros
ity23 of the column was calculated as 0.375 and 0.342 in water and methanol, respec
tively. The decrease of specific permeability in contact with methanol corresponded to
only a 1.7% increase in particle diameter with respect to that in water. Perfusion of
the column alternatively with methanol and water did not have any untoward effect
on the column efficiency.

In order to estimate the loading capacity of the -30 x 4.6 mm J.D. micropellic
ular DEAE column for biopolymers, the adsorption isotherm of p-lactoglobulin B
was measured by frontal chromatography as described in the literature24.2s . The
experiments were carried out at room temperature with protein solutions in 20 mM
Tris . HCI buffer, pH 8.0, at a flow-rate of 0.15 mljmin. The saturation value of
p-lactoglobulin B was found to be about 9 mg per ml of stationary phase volume and
this compares to protein binding capacity of 40 and 20 mgjml for conventional po
rous particles having 250 and 550 Amean pore diameter, respectively26. Therefore
such micropellicular columns may also be used for preparative purification of pro
teins and nucleic acids.
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Fig. I. Plots of pressure drop versus flow-rate of water and methanol at 25'C. Column, 30 x 4.6 mm 1.0.
packed with 3.3-flm micropellicular anion exchanger.
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Fig. 2. Chromatograms of the crude products of p(dT)12-18 synthesis at column temperature of 25 and
60T. Column, 100 x 4.6 mm J.D. packed with 3.3-/lm micropellicular DEAE sorbent; f1ow·rate, 2.0
ml/min; buffer A, 20'mM Tris . HCl, pH 9.0; buffer B, 1 M NaCI in buffer A; linear gradient from 5 to 30%
buffer B in 1.5 min followed by 30 to 45% buffer B in 4.5 min; sample size, I /lg.

Synthetic oligonucleotides
Fig. 2 shows separations of a mixture of p(dT) oligonucleotides which contains

12 to 18 bases according to the supplier. The short separation time of less than 5 min
illustrates that columns packed with micropellicular sorbents offer a means to reduce
the time of such analysis to minutes from hours needed when using conventional
columns19

,27. As shown, the speed and efficiency of the separation can be further
increased by operating at 60°C. Comparison of the two chromatograms confirms the
predictions regarding the benefits of elevated temperatures in analytical HPLC of
biopolymers that have recently been discussed in the literature28

.

Solid-phase synthesis of oligonucleotides is widely carried out with automated
DNA synthesizers. The product must be purified preferably by HPLC in order to
remove various oligonucleotide side products which contaminate the main product.
Columns packed with micropellicular sorbents are very promising to bring about
such purification rapidly. Fig. 3 shows the chromatogram of an oligonucleotide mix
ture in which the main product is a 48-mer from an automated DNA synthesizer.

Despite the high resolving power of gel electrophoresis, it is difficult, if not
impossible to resolve by this technique DNA fragments that have the same chain
length even if they differ in base composition. On the other hand, such separations
can be readily performed by the use of the HPLC technique described here as il-
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Fig. 3. Chromatogram of a crude 48-mer synthetic oligonucleotide. Column, 30 x 4.6 mm 1.0.; flow-rate,
2.0 ml/min; buffer A, 20 mM Tris .HCl, pH 8.0; buffer B, 1 M NaCI in buffer A; linear gradient from 10 to
90% buffer B in 5 min; temperature, 60"C; sample size, II/g.
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lustrated in Fig. 4. The two 22-mer oligonucleotides of different base composition,
whose molecular weights are different only by 0.68%, are well resolved and the time
of separation is less than 2 min.

Single-stranded DNA is usually separated from double-stranded DNA by gel
electrophoresis or by liquid chromatography on a hydroxyapatite column. Fig. 5
shows a baseline separation of such a mixture on the micropellicular DEAE station
ary phase in less than 4 min.

7 SOl : 5'-QTACT AGTGT CATCT AGTGT CA-3'
H3H-22 : 5'-QCATC GCGTG TGCTT TCCGC CG-3'
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Fig. 4. Separation of two 22-mer oligonucleotides of different base composition. Chromatographic condi
tions as in Fig. 3, except linear gradient from 3 to 38% buffer B in 3 min; sample size. 0.5 Itg.
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Fig. 5. Separation of 12-mer single-stranded (SS) and double-stranded (OS) DNA. Column, 30 x 4.6 mm
1.0.; flow-rate. 2.0 ml/min; buffer A. I mM EDTA in 20 mM Tris· HC!. pH 8.0; buffer B, I M NaCI in A:
linear gradient from 10 to 15% buffer B in 5 min; temperature, 25'C; sample 0.2 J1g of each component.



Fig. 6. Separation of DNA fragments from the digest of pGEM-3Z DNA by TaqI endonuclease. (A)
Chromatogram was obtained under conditions as in Fig. 5 except linear gradient from 30 to 45% buffer B
in 0.5 min followed by 45 to 48% buffer B in 4.5 min was used; sample size, 2 /1g; bp = base pairs. (B)
Electropherograms of the fractions collected from (A). (C) Chromatogram obtained under conditions as in
(A) except no EDTA was added. (D) Electropherograms of the fractions collected from (C).

Restriction fragments
Enzymatic digestion of DNA with a restriction endonuclease yields a mixture

of well-defined DNA fragments. The purification of specific restriction fragments is
necessary for subcloning, DNA sequencing, and sequence-specific hybridization as
well as in many other studies. The separation of such mixture on the micropellicular
DEAE column is illustrated in Fig. 6A. It is seen that fragments containing less than
1500 base pairs can be readily separated in less than 5 min. In contradistinction,
similar separations may require hours with conventional ion-exchange chromatogra
phy on porous DEAE stationary phase29 or by reversed-phase ion-pair chromatogra
phy3o.
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The chromatogram of the pGEM-3Z/TaqI restnctlOn fragments in Fig. 6C
shows a reasonably good separation of the three major DNA fragments when Tris
buffer and NaCI were used in the eluents. However, analysis of the effluent fractions
by polyacrylamide gel electrophoresis in Fig. 60 shows that the peaks of the larger
fragments are contaminated by the lower-molecular-weight fragments. A similar phe
nomenon was observed in other chromatographic systems already and referred to as
"cross-contamination"30-32. We could not eliminate or reduce this "carry-over" of
shorter fragments by the larges ones upon varying the flow-rate, column temperature
and/or the eluent pH in the range from 6.0 to 9.0. On the other hand, with I mM of
EDTA in the mobile phase we obtained peaks that were electrophoretically pure as
shown in Fig. 68.

Addition of EDTA to the eluent in DNA chromatography is occasionally rec
ommended in the literature to protect the DNA from digestion by non-specific nucle
ases33 . It was suggested that "cross-contamination" was also due to the degrading
effect of ubiquitous nucleases which need metal for activity. In our case, however, this
explanation is highly unlikely. According to electrophoretic analysis shown in Fig. 68
the lower-molecular-weight fragments, present in the bands of the higher-molecular
weight fragments, appeared on the gel only at the same positions as the less retained
lower-molecular-weight fragments formed upon the action of the restriction enzyme.
Thus, no other fragments were generated in the course of chromatographic proce
dure.

It has been known that metal ions are released from the wetted steel parts of the
HPLC apparatus34 into the eluent and the adventitious heavy metal ions could facil
itate interactions between the various DNA fragments present in the digest. On the
other hand EDTA in the eluent may complex the adventitious meta~ ions and thereby
eliminate the observed "carry-over" phenomenon if it is due to binding of the smaller
fragments to the larger ones. In order to examine the effect of a divalent metal ion on
the chromatographic separation, experiments were carried out with added metal ions
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Fig. 7. Chromatogram ofpGEM-3Z/Taql fragments obtained with I mM MgCl z in the starting eluent and
c1ectropherograms of the fractions. (A) Chromatographic conditions as in Fig. 5 except buffer A. I mM
MgCl z in 20 mM Tris/HCI. pH 8.0; buffer B: I M NaCI in 20 mM Tris· HCI, pH 8.0: linear gradient from
50 to 100% Bin 5 min: sample size. 2 Jig. (B) Electrophoretic analysis of the fractions collected from (A).
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in the eluent. When 2 mM magnesium chloride was present in both the starting eluent
and the gradient former the pGEM-3ZJTaqI fragments were not eluted in a gradient
from 0 to 1.0 M of sodium chloride. When the starting eluent contained I mM
magnesium chloride and no magnesium chloride was added to the gradient former,
the DNA fragments eluted in the above gradient as a single broad peak without
resolution of the individual fragments as shown in Fig. 7A. Electrophoretic analysis
of the fractions collected from the beginning to the end of the peak confirmed, as seen
in Fig. 78, that all three components coeluted. These observations give further sup
port to the hypothesis that the carry-over could be the result of an aggregation of the
fragments via metal complexation. In this case the role of the EDTA in the eluent
would be to preclude such agglomeration by chelating adventitious metal ions in the
chromatographic system. Indeed the chromatographic separation of the restriction
fragment mixture pGEM-3ZJMspI obtained by digesting the same plasmid with an
other restriction enzyme in the presence of I mM EDTA in the eluent, yielded frac
tions that did not exhibit carry-over as shown in Fig. 88. Aggregation of DNA
mediated by multivalent ions has been reported previously35.

"Memory" peaks from the previous injection were reported in the litera
ture 31 .32 when some commercial columns were used for the chromatography of DNA
fragments. In order to examine the possible occurrence of such phenomenon with the
micropellicular column, a blank run was carried out immediately after the analysis of
pMEG-3ZJTaqI restriction fragments under conditions given in Fig. 6A. As no
"memory" or other ghost peaks appeared on the chromatogram, we conclude that
the micropellicular sorbent configuration offers excellent recoveries in such separa
tions in contradistinction to some conventional porous stationary phases. Further
more, the equilibration time after a gradient run is usually 2 to 5 min on the polysty
rene-based micropellicular DEAE column depending on the flow-rate. Thus column
regeneration can be performed in a much shorter time than that required for conven-
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Fig. 8. Separation of DNA fragments from the digest of pGEM-3Z plasmid by MspI endonuclease. (A)
Chromatogram obtained under conditions as in Fig. 5 except linear gradient from 33 to 40% buffer B in I
min followed by 40 to 47% buffer B in 4 min, sample size, I flg. (B) Electropherograms of the fractions
collected from (A).
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tional sorbents according to the literature3
!. This can be readily explained by the

rapid mass transfer facilitated by the particular structure of the micropellicular sta
tionary phase in which the thin retentive layer confined to the surface of a fluid
impervious support.

About the time when this manuscript was submitted a publication by Kato et
al. 36 described the use of another kind of micropellicular anion exchanger for the
separation of DNA restriction fragments. The authors observed no significant im
provement in the resolution upon increasing the temperature from 25 to 65°C. We
had similar experience in the chromatography of large double-stranded restriction
fragments in contradistinction to the effect of temperature on the separation of the
relatively small single-stranded oligonucleotides shown in Fig. 3.

Supercoiled DNA and its conformational isomers
After removal of high-molecular-weight cellular RNA and DNA, plasmid

DNA is further purified by separating its supercoiled and nicked forms. In experi
ments with porous ion-exchange stationary phases, it was noted that size-exclusion
effects interfered with the purification of supercoiled plasmid DNAs37 when the mean
pore size of the stationary phase was not larger than 2000 A. Therefore sorbents
having even larger pore dimensions would be needed to eliminate such size-exclusion
effects as well as entrapment of some sample components in the cavernous interior of
conventional stationary phase particles. Although sorbents having mean pore diame
ters of 4000 A are now commercially available, the non-uniformity of the pore size
distribution and the relatively poor mechanical stability of the support may limit their
use. On the other hand, non-porous sorbents are not plagued with such problems and
are, therefore, particularly suitable for the chromatography of megamolecules, i.e.,
molecules having molecular weights higher than 106 daltons. This is illustrated by the
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Fig. 9. Separation of linear and supercoiled DNA. Chromatographic conditions as in Fig. 6 except linear
gradient from 40 to 55% buffer B was used in 5 min; sample, pGEM-3Z and pGEM-3Z/HINDIII, 0.25 /lg
each.
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Fig. 10. Separation of nicked and supercoiled DNA. Chromatographic conditions as in Fig. 6 except linear
gradient from 45 to 50% buffer B in 5 min; sample size, 0.3 /lg each.
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chromatogram in Fig. 9 which shows a separation ofpGEM-3Z from linearized form
pGEM-3Z/HINDIII on the micropellicular DEAE column in 3 min. This is a rather
rapid separation since such HPLC analysis with conventional columns usually re
quire at least 30 min according to the literature31 ,33. Moreover, by using this ap
proach, the open circular, or nicked form, could also be rapidly separated from the
supercoiled form, as depicted by the chromatogram in Fig. 10.

CONCLUSIONS

The results of this study have demonstrated that polystyrene-based micropellic
ular DEAE ion exchangers are well suited for rapid, high-efficiency separation of
nucleic acids and their fragments and require very short postgradient column reequil
ibration. Their use therefore is associated with a considerable saving in time, eluent
consumption and instrument usage, which can be important in routine analysis
process monitoring and method development.

The microparticulate sorbent configuration also facilitates high recoveries of
the sample components so that "carry-over" and "memory" effects do not interfere
with the analysis and the efficiency of micropreparative work is enhanced.
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SUMMARY

The accurate determination of deoxyribonucleoside triphosphates in cells is
difficult owing to the high concentrations of interfering ribonucleoside triphosphates.
The latter can be degraded to their respective bases by periodate oxidation of cell
extracts. However, the large amount of bases so produced can interfere with sub
sequent high-performance liquid chromatographic (HPLC) analysis. The use of a
weak ion-exchange cartridge to partially purify and concentrate deoxyribonucleoside
triphosphates in periodate-treated cell extracts, prior to HPLC, thus allowing accu
rate determination is described. The recovery of the deoxyribonucleoside triphos
phates is > 95%, and > 90% of the interfering bases are removed.

INTRODUCTION

The measurement of nucleoside triphosphate pools in mammalian cells is of
importance in studies on aspects of DNA and RNA synthesis and regulation. Many
anticancer and antiviral drugs interfere with DNA and RNA precursors and with
DNA and RNA synthesis. High-performance liquid chromatography (HPLC) has
been used for the direct separation and quantification of nucleotides in cell extracts.
However, the determination of deoxyribonucleoside triphosphates (dNTP) in cell and
tissue extracts is difficult because ribonucleoside triphosphates (NTP), which normally
co-elute with dNTP, are present in concentrations several orders of magnitude higher
than those of dNTp 1

.

Attempts have therefore been made to remove NTP from cell extracts prior to
HPLC of dNTP. Boronate affinity chromatography has been used to retain NTP
selectively in cell extracts, but the procedure is lengthy and a lyophilization step is
required prior to HPLC of the dNTp2

.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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The selective degradation ofNTP to their cOTresponding bases by periodate and
methylamine has been used to remove interfering NTP prior to HPLC of the remaining
unaffected dNTp1 . The degradation ofNTP by the periodate oxidation procedure has
been used extensively. Although the method is rapid and efficient, we experienced
problems with the separation of the large amount of bases produced from the NTP in
the periodate oxidation (which eluted early in the chromatogram) from the dNTP of
interest.

The large amount of bases absorbed UV radiation, making accurate measure
ment of the small dNTP peaks difficult, and also shortened the life of the column.
Hence a method for removing these interfering bases and for purifying dNTP in
periodate-treated cell extracts prior to HPLC is required.

A number of different procedures for partially purifying dNTP in periodate
treated extracts prior to HPLC have previously been published. These include calcium
fluoride coprecipitation3

, acetonitrile precipitation3
, silica cartridge separation4 and

strong anion-exchange (SAX) cartridge separation3
. All these procedures give good

recoveries using standard aqueous solutions of nucleotides but, except for the SAX
cartridge procedure, give much poorer recoveries with periodate-treated cell extracts.
We have previously shown that the SAX cartridge procedure shows consistently high
recoveries of dNTP both using standard aqueous solutions and periodate-treated cell
extracts3

. Unfortunately, the procedure involved elution with I M hydrochloric acid,
which must therefore be quickly neutralized to avoid any acid hydrolysis of the dNTP.
A further disadvantage was that the elution volume was between 2 and 5 ml to achieve
100% recovery of the dNTP, which meant that a lyophilization step was necessary
prior to HPLC, which might affect the recovery. We have now investigated the use of
weak anion-exchange (aminopropyl) cartridges for the partial purification and
concentration of dNTP in periodate-treated cell extracts prior to HPLC. The results
show that dNTP in periodate-treated cell extracts can be quickly and simply partially
purified prior to HPLC using weak anion-exchange cartridges.

EXPERIMENTAL

Chemicals
All nucleotides were of the highest purity available and were purchased from

Sigma (St. Louis, MO, U.S.A.). The purity of the standard nucleotides was determined
by HPLC as described below. All standard nucleotides used were at least 98% pure.

Chromatographic equipment
All HPLC analyses were performed on a chromatograph from Waters Assoc.

(Milford, MA, U.S.A.). The absorbance at 254 and 280 nm was measured with
a Model 440 dual-wavelength absorbance detector. Integration of the peaks was
performed with a Shimadzu C-R3A integrator with an FDD-IA floppy disc drive.

Chromatographic procedure
Nucleotides were separated isocratically by ion-exchange HPLC using a strong

anion-exchange column (PartisillO SAX, 250 x 4.6 mm J.D.) (Whatman, Clifton, NJ,
U.S.A.). The mobile phase was 0.6 M KH2P04 adjusted to pH 3.25 with phosphoric
acid. A flow-rate of 2 ml/min was used.
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Cell extraction procedure
CEM cells (a human CD4 + lymphocyte cell line) were grown at 37°C in RPMI

medium supplemented with 10% heat-inactivated foetal calf serum in a humidified
atmosphere of 5% carbon dioxide in air. Cells (1 x 108

) were harvested by
centrifugation at 1000 g for 10 min. The medium was decanted and the pellet
completely drained by inversion on tissue paper for 30 s. A volume of cold 12%
trichloroacetic acid approximately equal to the volume of the cell pellet (600 fll) was
added to the pellet and the solution (total volume ca. 1.2 m!) was vortex mixed for 20 s.
The extract was kept on ice for 10 min, then mixed again. The precipitate was removed
by centrifugation at 1000 g for 10 min. The supernatant (volume ca. 1ml) was removed
and 1.1 volume of a freshly made 0.5 M solution of tri-n-octylamine in Freon was
added to neutralize the pH of the supernatants. The solution was vortex mixed for 20
s and then centrifuged at 1000 g for 2 min to separate the phases. The neutralized
aqueous phase (volume ca. I ml) containing the nucleotides extracted from 1 . 108 cells
was carefully decanted and frozen at - 20?C.

Periodate oxidation procedure
The ribonucleotides in the neutralized cell extracts were degraded to bases by the

periodate oxidation procedure developed by Garrett and Santi 1. A 40-fll volume of
a 0.5 M aqueous solution of sodium periodate was added to 1ml of neutralized extract
(containing nucleotides extracted from I x 108 cells) and the solution was gently
mixed. After incubation at 37°C for 3 min a 50-fll volume ofa 4 M aqueous solution of
methylamine (pH adjusted to 7 by addition of phosphoric acid) was added and the
solution gently mixed. The solution was incubated at 37°C for a further 30 min and the
reaction was then terminated by the addition of 10 fll of a I M aqueous solution of
rhamnose. The sample (volume ca. 1.1 ml) was then put on ice. The entire 1.1-ml
sample was applied to the cartridge in the next step.

Weak anion-exchange cartridge procedure
Weak anion-exchange cartridges (Sep-Pak and Sep-Pak Light aminopropyl

cartridges) were obtained from Millipore-Waters (Milford, MA, U.S.A.). The
cartridge was washed with 3 ml of water before the sample was applied. A I-ml volume
of a standard solution of deoxynucleotides in water (25 flM each of dATP, dGTP,
dCTP and dTTP) was then applied to the cartridge. For experiments with cell extracts,
1.1 ml of a periodate-treated extract from 1 . 108 cells was applied to the cartridge
instead. When the recovery of the deoxynucleotides was being measured, the cell
extract was "spiked" with a predetermined concentration of standard deoxynu
cleotides in excess of the intracellular concentration (50 flM each of dATP, dGTP,
dCTP and dTTP); otherwise, when the intracellular dNTP concentration ofCEM cells
was being measured the cell extracts were not "spiked". The cartridge was then rinsed
with 3 ml of water to remove unretained components. Finally, the cartridge was eluted
with 1ml of5 Msodiumchloride solution. A 100-fll volume of the 5 Msodium chloride
fraction was injected directly onto the HPLC column. The amounts of each dNTP
present were determined by integration of the peak at 254 nm and comparison with
that given by a known amount of a standard solution of each dNTP injected directly
onto the column without use of the cartridge. Peaks were identified by (a) retention
time, (b) ratio of absorbance at 280 nm to that at 254 nm and (c) spiking with known
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standards. A 300-J.d volume of the 3-ml water wash from the cartridge was also injected
to check that all the dNTP had been retained on the cartridge prior to the salt elution.
The recoveries of each dNTP were determined by calculating the total amount of
dNTP eluted in the I-ml 5 M salt fraction and comparing this with the known amount
applied to the cartridge in the standard aqueous solution or spiked cell extract. All
experiments were performed in triplicate and the mean results with the standard
deviations are quoted. The amount of bases present in the sample was determined
likewise by integration of the appropriate peaks.

RESULTS AND DISCUSSION

Weak anion-exchange cartridges were used to retain dNTP while the other
components of the periodate-treated cell extracts, including the bases that arise from
the periodate degradation of NTP, were eluted in the water wash. Only the triply
charged dNTP could be expected to have bound to this weak anion-exchange matrix.
The NTP cannot bind as they are known to be degraded to bases in the periodate
reaction 1. The dNTP were then eluted with 1 ml of 5 M sodium chloride and subjected
to HPLC.

The recoveries ofeach of the four dNTP in the I-ml salt fraction when applied to
the cartridge as an aqueous solution of known concentration and purity were as
follows (means of three determinations ± standard deviation): 97 ± 0.61 % for dATP;
96 ± 1.4% for dGTP; 98 ± 2.1 % for dCTP; and 98 ± 0.72% for dTTP. No dNTP was
detectable in the 3-ml water wash from the cartridge, indicating that all the dNTP was
retained by the cartridge prior to the salt elution. The recoveries of dNTP in the salt
fraction when periodate-treated cell extracts were spiked with known amounts of
standard dNTP were similar, indicating that there was no decrease in recovery of
dNTP when periodate-treated cell extracts were used instead of aqueous solutions.

Fig. I shows a typical chromatogram obtained with and without partial
purification of the periodate-treated cell extract with the ion-exchange cartridge.
Without use of the cartridge (Fig. la) the large amount of bases (produced from NTP
in the periodate degradation) eluted early in the chromatogram and obscured the
dNTP peaks. Only the dGTP peak at 14.4 min was accurately measured. After partial
purification of the periodate-treated cell extract with the ion-exchange cartridge (Fig.
Ib) most of the bases were removed and the peaks ofdCTP, dTTP, dATP and dGTP
could be clearly seen and accurately measured. The total absorbance at 254 nm of the
interfering bases eluting with the solvent front at 1-10 min (without use of the
cartridge, Fig. la) or at 1-5 min (after partial purification with the cartridge, Fig. Ib)
was determined by integration of the appropriate peaks and the values were compared
to determine how much of the interfering bases had been removed by use of the
ion-exchange cartridge. The results showed that 93 ± 6% (mean of three separate
determinations ± standard deviation) of the interfering bases eluting at the solvent
front were removed using the ion-exchange cartridge.

Attempts were made to reduce the salt concentration and volume required for
elution of the dNTP by the use of sodium chloride in phosphate buffer (0.6 M KHzP04

adjusted to pH 3.5 or 2.2 with phosphoric acid). Lowering the pH to 3.5 or 2.2 did not
decrease the salt concentration or volume significantly. However, the use of smaller
cartridges (Sep-Pak Light) with one third the amount of sorbent did permit a reduction
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Fig. l. Chromatogram obtained on injection of a periodate-treated cell extract (a) without further
purification and (b) after partial purification on a weak anion-exchange cartridge. Extracts from 2 . 107 cells
were injected in each instance. The absorbance at 254 nm was measured. The sensitivity was set at 0.01
a.u.f.s. dCTP, dTTP, dATP and dGTP eluted at 5.9, 7.8, 9.4 and 14.4 min, respectively.

in the elution volume. In this instance the elution volume could be reduced to 0.5 ml
without a decrease in recovery. This small volume allowed the concentration of the
dNTP in periodate-treated cell extracts and removed the need for lyophilization before
HPLC analysis.

Using these cartridges to partially purify the periodate-treated extract, the
dNTP content ofCEM cells in the late logarithmic phase was measured by HPLC. The
dNTP contents in pmol per 106 cells of a periodate-treated extract of CEM cells
measured by HPLC after partial purification on the ion exchange-cartridge were
found to be as follows: dATP, 22.8 ± 5.2; dGTP, 15.7 ± 1.1; dCTP, 3.1 ± 0.7; and
dTTP, 18.8 ± 5.7 (means of four determinations ± standard deviations).

In conclusion, it has been demonstrated that aminopropyl cartridges provide
a rapid and reliable means of partly purifying and concentrating dNTP in periodate
treated cell extracts at neutral pH prior to HPLC. The use of these cartridges removes
much of the bases produced in the periodate reaction and thus allows the accurate
measurement of the dNTP content of cell extracts by HPLC.

REFERENCES

1 C. Garrett and D. V. Santi, Anal. Biochern., 99 (1979) 268.
2 V. Srivastava, M. L. Pall and A. L. Schroeder, MUlat. Res., 200 (1988) 45.
3 J. Harmenberg, A. H. J. Karlsson and G. Gilljam, Anal. Biochem., 161 (1987) 26.
4 C. D. Lothrop and M. Uziet, Clin. Chern., 26 (1980) 1430.
5 S.-C. Chen, P. R. Brown and D. M. Rosie, J. Chrornatogr. Sci., 15 (1977) 218.





Journal of Chromatography, 508 (1990) 81-96
Elsevier Science Publishers B.V., Amsterdam - Printed in The Netherlands

CHROM. 22 322

Characterization of chemically synthesized human relaxin by
high-performance liquid chromatography

ELEANOR CANOVA-DAVIS*, IDA P. BALDONADO and GLEN M. TESHIMA

Analytical Chemistry Department, Genentech, Inc., 460 Point San Bruno Boulevard, South San Francisco,
CA 94080 (U.S.A.)

(First received June 13th, 1989; revised manuscript received January 2nd, 1990)

SUMMARY

Highly purified human relaxin, produced by combining chemically synthesized
A- and B-chains, was analyzed by reversed-phase high-performance liquid chromato
graphy, ion-exchange chromatography and tryptic mapping in order to ascertain
purity of the material, presence of uncleaved protecting groups, correctness of dis
ulfide linkages and presence of deamidated or oxidized variants. It was shown by a
variety of analytical methods that the product was of high purity; a minimum purity
level as judged by the most discriminating assay was greater than 98%. Components
of the relaxin preparation removed during the purification were identified to be var
iants containing deletions arising from incomplete coupling reactions in the solid
phase peptide synthesis and/or oxidized methionine residues.

INTRODUCTION

Recent elucidation of the primary structure of relaxin has revealed its homol
ogy to insulin essentially by its strikingly similar disulfide bond structure. The relaxin
and insulin molecules are each composed of two non-identical peptide chains linked
by two disulfide bridges with an additional intrachain disulfide bridge in the smaller
A-chain. The amino acid sequences of relaxin are known for a number of species
including porcine!, rat2

, sand tiger shark3
, spiny dogfish shark4

, humans
,6, skate7

,

minke whale8 and Bryde's whale8 . From protein sequencing data on the purified
ovarian hormones and nucleotide sequence analysis data of eDNA clones9

,1.O it ap
pears that the relaxins are expressed as single chain peptide precursors with the over
all structure: signal peptide-B-chain-C-peptide-A-chain. Since the sites of in vivo
processing of human preprorelaxln are not identified, they were postulated by anal
ogy to the processing of porcine and rat preprorelaxins6

. Hence, the human A-chain
was chemically synthesized by solid phase methods as a 24-amino acid polypeptide
and the B-chain as 33 amino acids in length.

The chemical synthesis of small polypeptide hormones has been extensively
described and shown to be invaluable for confirmation of proposed sequences and for

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.



82 E. CANOVA-DAVIS, I. P. BALDONADO, G. M. TESHIMA

structure-function studiesll . In particular, peptide synthesis has been shown to be a
very useful technique for studies of the chemical and biological properties of human
relaxin since it has not been possible to obtain the natural hormone from human
tissue l2 . However, the use of chemical synthesis as opposed to recombinant-DNA
techniques for the manufacture of small polypeptides (50 residues or less) for pharma
ceutical application is an area oflively debate l3 ,14. Examples to date include calcito
nin (32 amino acids), pentagastrin and tetracosa adrenocorticotropin peptidel3 . In
addition to considerations such as speed, cost, complexity of the technology and
yield, the requirement of high purity for human testing is an important aspect, as a
product of chemical synthesis has a variety of potential side reactions that are not
generated by a biosynthetic process; e.g., racemization, deletions and residual block
ing groups.

With the advent of biotechnology and the capability to produce recombinant
proteins in good yield with a high degree of purity, has come the requirement for
sensitive and varied analytical methods for product characterization15. Recommen
dations issued by the Federal Drug Administration for protein pharmaceuticals have
included a specification for the characterization of any variant present at the 1%
level. Therefore, this study was an attempt to characterize a chemically synthesized
protein in some detail, i.e., using various analytical methods in addition to the routine
amino acid and liquid chromatographic analyses generally employed12 to investigate
the relative merits of the two technologies. This is the first instance in which a chem
ically synthesized protein of the size of relaxin (57 amino acids) has been character
ized to conform with the Federal Drug Administration's requirements. Emphasis was
placed upon reversed-phase high-performance liquid chromatography (HPLC) anal
ysis as it is a widely accepted high-resolution procedure I6

- 19. In addition, the recent
technique of fast atom bombardment-mass spectrometry (FAB_MS)20-21 was uti
lized to more thoroughly examine the protein for any chemical modifications.

In recombinant DNA-derived protein pharmaceuticals, the potential variants
have typically been deamidated, oxidized, proteolytically degraded and aggregated
species. In addition to the possibility of these forms existing in a chemically syn
thesized protein, amino acid deletions, truncations, racemization, incomplete remov
al of blocking groups and re-acetylation or alkylation can also occur. These side
reactions inherent in a chemical synthesis become more significant as the length of the
synthesized peptide increases. Since the chemical synthesis method chosen involved
the use of tert.-butyloxycarbonyl amino acids, the probability of racemization occur
ring to any extent is minimized 22 . The following investigation is an in-depth study of
the chemical characteristics of such a prepared human relaxin molecule.

EXPERIMENTAL

Chemical synthesis of human relaxin
The A- and B-chains and a B-chain analogue of human relaxin were synthesized

in the Peptide Group at Genentech by the solid-phase synthesis method of Merri
field 23 using tert.-butyloxycarbonyl amino acid derivatives and a phenylacetamido
methyl resin. The side chain protecting groups were as follows: cysteine, 4-methylben
zyl; aspartic and glutamic acid, cyclohexyl; lysine, chlorocarbobenzoxy; asparagine
and glutamine, xanthyl; arginine, tosyl; serine and threonine, benzyl and tyrosine,
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2,6-dichlorobenzyl. The crude chains were purified, combined to form relaxin and the
resultant protein was isolated as previously described24. Briefly, the individual chains
were purified by reversed-phase HPLC using a Vydac C4 column with a 0.1 % trifluo
roacetic acid (TFA)-acetonitrile linear gradient. The isolated chains were subse
quently combined in a reaction mixture containing 100 mM glycine (pH 10.5), 1 mM
EDTA, 2.5 mM dithiothreitol (OTT), 3% n-propanol, 3% acetonitrile and 1 Murea.
The solution was stirred open to the air for 28 h at ambient temperature. This materi
al was then purified by reversed-phase HPLC using a SynChropak RP-C4 column
with a 0.05% TFA-acetonitrile linear gradient and finally by ion-exchange chroma
tography in the Process Development Group at Genentech. The purified material was
shown to be biologically active in the mouse pubic symphysis ligament in vivo bioas
say25 and the rat uterine contractility in vitro bioassay26.

Amino acid and amino terminal sequencing analyses
The acid hydrolysates of 6-8 Jig of relaxin preparations were analyzed using a

Beckman Model 6300 analyzer with the standard three-buffer elution system and
post-column ninhydrin detection. To analyze for cysteine, samples were treated with
performic acid according to Hirs27 prior to acid hydrolysis. Thioglycolic acid (7%)
was added to samples before acid hydrolysis in order to quantitate tryptophan.

The A-chain amino terminal of the relaxin molecule was deblocked by treat
ment with pyroglutamate aminopeptidase (Boehringer Mannheim) as described by
Podell and Abraham28. The treated protein was chromatographed by reversed-phase
HPLC on a Waters gradient liquid chromatography system (connected to a Nelson
Analytical 6000 data system) that consisted of two 510 pumps, a 720 controller, a
WISP injector and 440 absorbance detector with an extended wavelength module for
dual-wavelength detection (214 and 280 nm) fitted with a Vydac C4 column (250 mm
x 4.6 mm 1.0., 5 Jim, 300 A). An acetonitrile elution was begun with 15% aceto
nitrile containing 0.1 % TFA for 10 min followed by a 40 min linear gradient to 35%
acetonitrile. The recovered peptide-containing fractions were pooled and subjected to
Edman degradation using an Applied Biosystems 447A protein sequencer, with on
line phenylthiohydantoin detection (Applied Biosystems l20A analyzer).

Extinction coefficient
The ultraviolet spectrum of relaxin in 10 mM sodium citrate, pH 5.0, and

isotonic saline was obtained. The extinction coefficient was determined according to
Beaven and Holiday29 as modified by Wetlaufer30 for a 0.1 % solution of the protein
and found to be 2.04.

Size-exclusion chromatography
Gel filtration of relaxin (50 Jil) was conducted using a TSK G2000 SWXL

column (300 mm x 7.5 mm 1.0.) equilibrated with 10 mM sodium citrate, pH 5.0, in
0.25 M sodium chloride. The flow-rate was 0.5 ml/min and the protein was monitored
at 214 nm.

Hydrophobic interaction chromatography (HIe)
These separations were done using a Hewlett-Packard 1090M liquid chroma

tograph. This system consisted of an autoinjector with a 25-JiI sample loop and a
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photodiode array detector. Ultraviolet absorbance was monitored at 214 nm. The
TSK-phenyl-5 PW column was purchased from HP Genenchem. This column was 75
mm x 7.5 mm I.D. and was packed with a resin of lO-/1m particle diameter with an
average pore diameter of 1000 A. Buffer A consisted of 0.1 M potassium phosphate,
pH 7.0, containing 2 M ammonium sulfate. Buffer B was 0.1 M potassium phosphate,
pH 7.0. The column was equilibrated with 50% buffer A and 50% buffer B and a
decreasing linear salt gradient was generated to 100% Bin 50 min. The flow-rate was
maintained at I ml/min and the temperature was ambient. Relaxin concentrations
were adjusted to I mg/ml with buffer B; 50-/11 aliquots were injected.

Tryptic mapping
Human relaxin at a concentration of 0.5 mg/ml was digested with L-l-tosylami

do-2-phenylethyl chloromethyl ketone (TPCK)-treated trypsin (Cooper Biomedical)
at 37°C for 4 h in 10 mM Trisacetate, pH 7.3, 0.2 mM calcium chloride. Two aliquots
(10/11 each) of enzyme-substrate (1: 100, w/w) of trypsin were added: the first at zero
time, and the second after 2 h of digestion. Samples were frozen at - 20° if not
analyzed immediately. The peptide peaks collected manually from the Waters HPLC
system were characterized by amino acid analysis after acid hydrolysis and by FAB
MS. For FAB-MS the samples (0.5-1.0 nmol) were lyophilized to remove volatile
salts. They were then solubilized in a minimum volume of 0.1 % acetic acid and
analyzed by direct addition to glycerol on the sample probe of a two-sector lEOL
HXIIOHF mass spectrometer with a DA 5000 data system. Fast atom bombardment
was performed with 6 keY xenon atoms. Data were acquired over a mass range of
100--4300 daltons.

RESULTS AND DISCUSSION

Amino acid analyses
Typical analyses of relaxin and its composite A- and B-chains are shown in

Table I. Residues per mol were normalized to the sum of alanine and leucine. These
results demonstrate excellent correlation with the theoretical values6

. As can be seen
in this table, the cysteic acid determination for human relaxin is 87% of the expected
theoretical value. Humulin (recombinant human insulin) was analyzed at the same
time, as a control for these particular cystine linkages. The cysteic acid value ob
tained was 80% of the expected value. Amino acid analysis can be used for the partial
assessment of the primary structure of a polypeptide. With small peptides, such as
relaxin, it was a useful technique for the determination of purity31. At the very least,
this method served as a confirmation of the presence of the correct amino acids in the
proper ratios and suggested that the purified product contained minimal levels of
deletion peptides.

Amino terminal sequencing
Synthetic human relaxin was analyzed by Edman degradation to determine the

amino acid sequence at the N-termini of the two chains present in the molecule. Since
the A-chain contains an N-terminal pyroglutamic acid residue, sequence data could
be obtained only after treatment of the molecule with pyroglutamate aminopeptidase.
The expected sequences for the two chains were found (Table II). No other N-termi-
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TABLE I

AMINO ACID COMPOSITION OF HUMAN RELAXIN AND ITS COMPOSITE A- AND B
CHAINS

Amino Acid Composilion (residues/moll

Relaxin A-chain B-chain

CyA" 5.18 (6) 3.82 (4) 1.92 (2)
Asx 1.99 (2) 0.98 (I) 0.93 (I)
Thr' 1.97 (2) 1.00 (I) 0.98 (1)
Sere 5.83 (6) 1.97 (2) 3.90 (4)
Glx 5.02 (5) 0.98 (I) 3.97 (4)
Pro" 0(0) 0(0) 0(0)
Gly 3.00 (3) 1.02 (I) 2.01 (2)
Ala 4.96 (5) 2.95 (3) 2.02 (2)
Vald 2.93 (3) 0.98 (I) 1.94 (2)
Met 1.86 (2) 0(0) 1.82 (2)
Iled 2.74 (3) 0(0) 2.63 (3)
Leu 6.04 (6) 3.05 (3) 2.98 (3)
Tyr 0.98 (1) 0.97 (1) 0(0)
Phe 1.05 (I) 1.04 (1) 0(0)
His 0.99 (I) 1.00 (1) 0(0)
Lys 3.97 (4) 2.00 (2) 1.93 (2)
Trpe 2.01 (2) - (0) 2.03 (2)
Arg 4.98 (5) 2.01 (2) 2.90 (3)

" Performic acid oxidized sample.
b Theoretical values are in parentheses.
, Extrapolation to zero time of hydrolysis.
d After a 72-h hydrolysis.
e Determined in the presence of thioglycolic acid.

nal sequences were observed, again indicating the absence of any significant deletion
peptides arising from the chemical synthesis as present in the purified material. It was
possible to detect a secondary sequence in a B-chain preparation estimated to contain
5% des Aspl-B-chain by reversed-phase HPLC32

.

Size-exclusion chromatography
When the chemically synthesized relaxin preparation was chromatographed at

pH 5.0 at a concentration of 0.4 mg/ml or less it behaved as a monomer. The molec
ularweight of the monomer was determined by FAB-MS to be 6448.9 as compared to
a calculated value of 6449.6. However, when the chromatography was conducted at a
concentration of 2 mg/ml, it began eluting from the column as a dimer. This is
consistent with the data33 obtained from sedimentation equilibrium experiments
which demonstrated that human relaxin self associates in a reversible manner which is
concentration and pH dependent. Analysis with a monomer-dimer association mod
el34 results in an association constant of 38.2 l/g at pH 5.0.

Reversed-phase HPLC
Relaxin samples were analyzed by reversed-phase HPLC using a shallow gra

dient of acetonitrile. which resolved relaxin and its component A- and B-chains from
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TABLE II

AMINO-TERMINAL SEQUENCE ANALYSIS OF HUMAN RELAXIN AFTER TREATMENT
WITH PYROGLUTAMATE AMINOPEPTIDASE

Cycle number A-chain B-chain

Sequence Yield (pmol) Sequence

I Leu 120 Asp
2 Tyr 67 Sera
3 Sera Trp
4 Ala 110 Met
5 Leu 110 Glu
6 Ala 110 Glu
7 Asn 47 Val
8 Lys 61 lie
9 Cys· Lys

10 Cys· Leu
II His 2.4 Cys·
12 Val 32 Gly
13 Gly 28 Arg
14 Cys· Glu
15 Thr 4.4 Leu
16 Lys 23 Val
17 Arg II Arg
18 Ser" Ala
19 Leu 36 Gin
20 Ala 42 lie
21 Arg' Ala
22 Phe 30 lie
23 Cys' Cys'
24 Gly
25 Met
26 SeI""
27 Thr
28 Trp'
29 Sere
30 Lys'
31 Arg
32 Sere
33 Leu'

Yield (pmol)

64

49
76
57
84
75
79
62
86

56
15
36
68
50
II
66
33
49
89
49

32
28

4.0

3.7

a Identified as the dehydroalanine adduct of dithiothreitol with a concomitant peak in the Ser
position.

• Identified as the dehydroalanine adduct of dithiothreitol without a concomitant peak in the Ser
position.

, Not confirmed.

each other. Fig. 1 shows a typical profile of a relaxin preparation obtained before and
after reduction with DTT. Relaxin preparations that had been purified by reversed
phase HPLC and cation-exchange chromatography contained greater than 98% of
the total integrated area in the main peak when analyzed by reversed-phase HPLC.
Recovery from this column was quantitative as judged from the linear response of the
total integrated area of relaxin samples from 0-20 f..I.g. The later elution of B-chain as
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Fig. I. Reversed-phase HPLC chromatograms of human relaxin before and after reduction with OTT. The
chromatography was performed on the Waters HPLC system using a Vydac C4 column equilibrated with
18% acetonitrile containing 0.1% TFA. Elution was conducted isocratically for 20 min followed by a
linear gradient to 50% acetonitrile over 40 min and ending with a lO-min hold at 50% acetonitrile. The
flow-rate was I mlfmin, the protein was monitored at 214 nm, the analog output to the integrator was
scaled at 0.5 volts per absorbance unit and the column temperature was maintained at 35"C. An amount of
10 J.l.g of intact relaxin in 5% acetic acid was injected in 50 J.l.l. In addition, relaxin samples were routinely
reduced to their component A- and B-chains with 50 mM OTT, 4 M guanidine in 50 ruM Tris . HCl, pH
8.5, at ambient temperature. A sample (50 J.l.l) was injected directly onto the column.

compared to the intact hormone suggested greater hydrophobicity for the B-chain.
Calculations of the hydrophilicity of the A-chain, .the B-chain and relaxin itself yield
ed values of 1.18, 0.74 and 0.95, respectively35 consistent with this observation.

Hydrophobic interaction chromatography
Since Gooding et al. 36 claimed that substantial changes in retention times and

selectivity were seen under HIC conditions and little effect seen with reversed-phase
HPLC in analyzing ovalbumin and bovine serum albumin, the HIC of relaxin was
investigated. The profiles obtained for relaxin preparations showed less heterogeneity
than those that had been observed after reversed-phase chromatography (Fig. 1).
Hence, in this case, reversed-phase HPLC was a more discriminating technique than
HIC This is consistent with the recent work of Hoeger et af. 37 showing that reversed
phase HPLC is quite efficient in resolving closely related impurities from synthetic
polypeptides in the l500-4200-dalton molecular mass range.

Cation-exchange chromatography
Cation-exchange chromatography profiles of relaxin were generated in 0.05 M

potassium phosphate at pH 6.0, 6.5 and 7.0. At lower pH values, the protein bound
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Fig. 2. Comparison of the human DKA relaxin analogue (LysB-4 AlaB
-
25 relaxin) and relaxin by cation

exchange chromatography. The chromatography was performed on a polyaspartic acid (Poly CAT A)
column (200 mm x 4.6 mm I.D., 5 Jim, 300 A) purchased from the Nest Group. The buffer used was 0.05 M
potassium phosphate at pH 7.0 in 25% acetonitrile. A linear gradient was generated with this buffer
containing 0.5 M sodium chloride at a rate of 5mM sodium chloride/min. The flow-rate was maintained at
I ml/min, the protein was monitored at 220 nm (0.5 volts per absorbance unit), and the temperature was
kept at ambient. Relaxin concentrations were adjusted to 0.2 mg/ml with equilibration buffer; 50-It! ali
quots were injected.
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Fig. 3. Comparison of the human DKA relaxin analogue (LysB-4 AlaB
- 25 relaxin) and relaxin by reversed

phase chromatography. The chromatography was performed as described in legend to Fig. I.
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more strongly to the column as expected by virtue of the greater protonation of
relaxin at more acidic pH values (data not shown). In all cases, the main peak con
tained more than 99% of the material by peak area calculations.

An analogue of relaxin (DKA relaxin) was chemically synthesized whereby the
methionine residues in the B-chain were replaced by lysine and alanine at positions
B-4 and B-25, respectively. As can be seen in Fig. 2 the addition of a basic residue
such as lysine results in the elution of the analogue at later retention times. When this
analogue is analyzed by reversed-phase HPLC it elutes at an earlier retention time
than relaxin itself consistent with its more hydrophilic nature (Fig. 3).

As might be expected, the cation-exchange chromatography was capable of
detecting and resolving the charged variant better than reversed-phase chromatogra
phy. Cation-exchange chromatography was chosen as opposed to anion-exchange
since relaxin has an isoelectric point above 7 (pI 10.5) as calculated according to
Shire38

, in particular, polyaspartic acid cation-exchange columns were used since
they have been reported to be capable of resolving proteins with as little difference as
one amino acid 39

.

Since this method separates proteins on the basis of their ionic character40
, it is

a complementary technique to reversed-phase HPLC which resolves peptides primar
ily according to their hydrophobicity. Hydrophobic interaction and cation-exchange
chromatography were investigated in an attempt to find an analytical procedure that
would detect any variants that elude a reversed-phase HPLC step. This was partic
ularly important in view of the preparative reversed-phase HPLC step used to purify
the synthetic relaxin.

Tryptic mapping
Although synthetic relaxin was shown to be 98% pure by these different chro

matographic techniques it was still possible that deletion peptides could not be detect
ed due to any three dimensional structure of the hormone. Therefore, the tryptic map
was a key technique in this study as enzymatic digestion generated nine small peptides
that could be readily analyzed by reversed-phase HPLC. In addition, the trypsin
digestion could be carried out on the unreduced protein so that information could
also be gained concerning the disulfide linkages.

Digestion of the A-chain of human relaxin with trypsin can theoretically result
in the release of five fragments (T1 , AI-9; T 2 , AlO-17; T3 , A18; T4 , A19-22; Ts,
A23-24); that of the B-chain in the release of six fragments (T6, Bl-9; T 7, BlO-13; T8,

Bl4--17; T 9 , BI8-30; T 10 , B3l; T ll , B32-33). By analogy with the disulfide pairing
established for porcine relaxin41 peptide T 2 would be expected to be covalently bond
ed to T 7 and peptide T5 to T9, respectively, in human relaxin. A typical tryptic map
(digestion at pH 7.3) of relaxin is shown in Fig. 4. The peptide assignments were made
after analysis of the peaks by acid hydrolysis for amino acid composition (data not
shown) and confirmed by FAB-MS. The observed masses were within ± 0.7 a.m.u. of
the theoretical values. Non-tryptic-like cleavages were seen to occur in the T9 peptide.
These peptides were identified as: T9., B18-25; T 9b, B18-28; T9c, B26-30 as deter
mined by their amino acid composition. The expected atomic mass units were ob
served for the Ts- T9. peptide upon FAB-MS analysis. However, that expected for the
T9c peptide was low by 18 a.m. u., suggesting that a dehydration reaction had oc
curred. One possibility would be that a serine residue may have been converted to
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Fig. 4. Tryptic map of human relaxin following enzymatic digestion at pH 7.3. The digestion procedure was
conducted as described in the Experimental section. The resulting peptide mixture (200 Ill; 0.49 mg/ml) was
separated by reversed-phase HPLC and monitored at 214 nm (0.5 volts per absorbance unit). The column
was packed with Nucleosil CIS resin (ISO mm x 4.6 mm J.D., 51lm, 300 A). Elution was effected with a
linear gradient from 3 to 30% acetonitrile containing 0.08% TFA over 54 min then to 70% acetonitrile in
40 min. The flow-rate was I ml/min and the column temperature was controlled at 35°C. The tryptic
peptides are numbered sequentially from the amino termini of the A- and B-chains as described in the
Results and Discussion section.

dehydroalanine. Since the recovery of serine by amino acid analysis is at least 83% in
all cases and the FAB-MS spectrum of the intact B-chain shows no evidence for a
dehydroalanine-containing peptide (data not shown), it is possible that the T9c pep
tide'underwent dehydration during the FAB-MS analysis. The carboxy terminal ami
no acid of T9b was presumed to be tryptophan since the peptide T5-T9b had an
appreciable absorbance at 280 nm. This deduction was confirmed by FAB-MS.

No evidence for improperly formed disulfide bonds was found when the tryptic
digest was conducted at pH 7.3. However, if digestion was performed at the usual pH
of 8.2 additional peptides were observed (Fig. 5). The addition of iodoacetic acid to
the digestion reaction at pH 8.2 produced a profile similar to the one obtained when
the digestion was conducted at pH 7.3 (Fig. 4). This suggested that disulfide ex
changes were responsible for the extra peaks. These peaks were collected and identi
fied by both acid hydrolysis for amino acid composition (data not shown) and by
FAB-MS (Table III). It is apparent that a disulfide exchange is occuring during the
tryptic digestion at pH 8.2. Not only are new peaks (identified as mixed disulfides)
being observed, but the expected T2-T7 and T5-T9 peaks are decreasing. Dimers of
T2 and T 7 were also identified.

The cystine-containing peaks were isolated and reduced as described in the
legend to Fig. I before rechromatography by reversed-phase HPLC. In every instance
the two cysteine-containing peptides of the individual chains were observed (data not
shown). A comparison of the retention times observed for each cysteine-containing
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Fig. 5. Tryptic map of human relaxin following enzymatic digestion at pH 8.2. The procedure was conduct
ed as described in the Experimental section and in Fig. 4 legend.

peptide led to the assignment of the component peptides. The identification of the T2,

T5, T7 and T 9 peptide peaks was confirmed by amino acid analysis. These cystine
containing peaks were also oxidized by performic acid before amino acid analysis to
quantitate the cysteine levels. The correct composition was obtained for each of the
peptides indicating that the six cysteine residues are actually present in the intact
molecule.

These analyses not only confirmed the correct peptide sequence but also dem
onstrated the absence of significant coelutions. Thus, synthetic relaxin could be man
ufactured free of significant amounts of deletion peptides at the threshold of detection

TABLE III

MASS SPECTRAL ANALYSIS OF ADDITIONAL TRYPTIC PEPTIDES OF RELAXIN GENER
ATED AT pH 8.2.

Peak Theoretical Observed Assignment
mass

a 447.6 893.5 T7
b 1293.8" 1293.6 T 2-T7

1295.6
d 848.2" 848.2 T 2

1695.8
e 2242.1" 2243.2 T2-T9

1841.5 1842.1 T7~T9

" Molecular ions expected if the CysA-IO_CysA-15 intrachain disulfide bond is intact.
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Fig. 6. Reversed-phase HPLC chromatograms of human relaxin side fraction before and after reduction
with DTT. The chromatography was performed on a Vydac C4 column as described in legend to Fig. I.

in the tryptic map which is approximately 2_5%42. In addition, the following di
sulfide assignments were confirmed: T r T7 and T5-T9. This unequivocally establish
ed C ysA-24_CysB-2 3. The positions of the disulfides in Tr T7 will require further
analysis to confirm their homology to those of insulin43

.
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Fig. 7. Reversed-phase HPLC chromatograms of human relaxin preparation after incubation at 400C
before and after reduction with DTT. The chromatography was performed on a Vydac C4 column as
described in legend to Fig. I.
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Since deamidation of asparagine side chains is commonly seen in proteins44
,

that at position A-8 was of interest. The T 1 peptide was chemically synthesized with
an aspartic acid at position A-8. Its elution position in the tryptic map is as expected,
immediately following the T 1 Asn-containing peptide. No detectible amount of the
deamidated peptide is visible in the tryptic map of a purified relaxin preparation.

Evaluation of HPLC Techniques
In order to assess the ability of these HPLC methods to discriminate between

closely related relaxin molecules, two samples known to be heterogeneous were ob
tained. One sample was a by-product of the purification procedure. The first step in
the purification of relaxin after combination of the A- and B-chains is a reversed
phase HPLC isolation. The leading edge of the relaxin main peak is routinely re
moved in an effort to produce a homogeneous product. The second sample was
generated by incubating a purified relaxin sample at 40°C in 10 mM Tris, pH 7.5, and
isotonic saline for eight months. The analyses described above were performed on
these preparations. Both of these samples contained material which eluted earlier
than purified relaxin upon reversed-phase HPLC (Figs. 6 and 7). The profiles ob
tained from analysis of reduced material suggested that the differences were due to
variants of the B-chain.

Although both HIC and cation-exchange chromatography were not effective in
demonstrating any heterogeneity in the purified relaxin preparation, these methods
did yield profiles of the side fraction and intentionally degraded preparations that
consisted of multiple peaks (data not shown). These profiles were distinct from those
obtained by reversed-phase HPLC (Figs. 6 and 7) and from each other substantiating
the unique discriminating powers of these different chromatographic conditions.

The side fraction from the relaxin purification was also analyzed by tryptic
mapping in the manner as described above for the purified fraction. A methionine
sulfoxide was found at position B-4 in T6 and at B-25 in T9. In addition, four T6

peptides were' identified; namely, des Ser2 Met4 SO T6, des ASpl T6, des Ser2 T6 and
des (ASpl Ser2

) T6.

The intentionally degraded sample was analyzed similarly. The reversed-phase
HPLC profile suggested that the methionine residues may have been oxidized (Fig. 7).
As seen in the tryptic map (data not shown) of the side fractiol1 from the relaxin
purification a peptide eluted before the T 1 peptide and another just after it. These had
been identified as Met4 SO T6 and Ts-T9 Met2s SO, respectively, in the tryptic map
analysis of the side fraction. By analogy, these assignments were made for the pep
tides seen in the tryptic map of the degraded sample. An amino terminal sequence
analysis of the intact hormone confirmed that the methionine at position B-4 was
indeed oxidized. This analysis also revealed that the N-terminus of the B-chain was
intact. In addition, a peptide eluting after T6 was discerned and characterized as
Ts-T9 (BI8-29). No peaks which may have corresponded to deamidated peptides
were detected.

CONCLUSIONS

It has been possible to chemically synthesize and prepare a complex protein like
relaxin that is reproducibly more than 98% pure as judged by reversed-phase HPLC.



94 E. CANOVA-DAVIS, 1. P. BALDONADO, G. M. TESHIMA

Analytical methods including amino acid analysis, reversed-phase HPLC and FAB
MS were utilized during the synthesis of the individual chains to monitor any syn
thesis-related problems.

The synthesis of the A-chain was reported l2 to be relatively straightforward
compared to that of the B-chain. Not only was the B-chain difficult to synthesize l2 ,l4,
but it was also difficult to purify mainly due to its solubility characteristics which are a
reflection of its high pI (11.5) calculated according to Shire38 and extreme hydro
phobicity l2. Fortunately, the procedure of combining the A- and B-chains resulted in
a product that lacked many of the impurities present in the B-chain component. The
modifications of the B-chain shown to be present in the crude preparation such as
tert.-butyl Trp and benzyl Cys l4 were not detected in the purified relaxin; neither
were the B-chain deletions at Thr27, Cys23 and Gln l9 (ref. 14). The des Aspl truncat
ed peptide did combine with the A-chain to form relaxin, but it could be removed
during the reversed-phase HPLC purification step. A deletion at Ser2, which was not
previously reported, was also found in the combined relaxin, but was removed along
with the des Aspl peptide during reversed-phase HPLC used to purify crude relaxin:

Chain combination followed by an optimized recovery process led to a clean
profile upon reversed-phase HPLC. In order to demonstrate that this homogeneity is
in fact real, and not due to lack of resolution of the technique, a number of tests were
applied. The assays typically used for protein characterization, such as amino acid
composition and amino terminal sequencing reinforced the conclusion of high purity
as suggested by the reversed-phase chromatogram. In addition, degraded and chem
ically modified relaxin samples were identified in part by their altered retention times
upon reversed-phase chromatography. Other chromatographic methods such as HIC
and cation-exchange were not as effective as reversed-phase HPLC in detecting any
latent heterogeneity.

Since no deamidation at Asn8 in the A-chain was detected by tryptic mapping,
it is not surprising that the purity of relaxin preparations were seen to be higher when
determined by ion-exchange as opposed to reversed-phase chromatography. The lack
of evidence for deamidation of relaxin preparations is consistent with the absence of
Asn-Gly or Asn-Ser sequences45 in its primary structure (Table II). An ion-exchange
chromatography step was included in the purification procedure to guard against
such a possibility. Tryptic mapping, which was instrumental in characterizing the
oxidized and truncated forms, also suggested that the final product was quite pure.
Hence, it has been possible by the judicious choice of selected analytical techniques to
monitor the purity of a chemically synthesized relaxin molecule and to use this knowl
edge to devise a purification scheme leading to a relaxin preparation that is more than
98% pure.
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SUMMARY

Chromatography of rabbit glucocorticoid-receptor complexes in the absence of
sodium molybdate on a Mono Q anion-exchange column induces the transformation
of the receptor and allows the resolution of the transformed and non-transformed
molecular species. These abilities were used to design a new purification scheme for
the glucocorticoid receptor from rabbit liver in its transformed state. Microgram
amounts of receptor were obtained using this single-step procedure in less than 2 h.
The purification yield was 50-60%. Immunoblot experiments showed that the gluco
corticoid receptor was present as an M r ~ 94 000 polypeptide in these preparations
and represented 20-30% of the eluted proteins as determined by densitometric scan
ning analysis of silver-stained sodium dodecyl sulphate polyacrylamide gels. Finally,
the purified receptor was able to interact quantitatively with bulk DNA.

INTRODUCTION

Glucocorticoid hormone receptors are soluble proteins, present at low concen
tration in target cells (0.01-0.1%0 of total cytosolic proteins). Two main procedures
for glucocorticoid receptor purification have been used. Ligand affinity chromatogra
phy is based on the ability of the receptor to bind specifically its ligand (for a review,
see ref. I). The second technique is based on the capacity of the glucocorticoid recep
tor to be converted into a DNA-binding form following ligand binding and heat
treatment2. Sequential chromatography on phosphocellulose and DNA-cellulose has
been used to purify glucocorticoid-receptor complexes from rat liver3.4, porcine liv
ers and human HeLa S3 cells6

. The purified receptor preparations thus obtained have
been very useful, e.g., in raising polyclonal7 and monoclonal antibodies 8

, defining the

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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domain structure of the glucocorticoid receptor protein9 and studying the interaction
of the receptor with specific DNA sequences10- 13 .

The characterization and purification of glucocorticoid-receptor complexes
have mainly been performed using conventional low-pressure chromatographic tech
niques. More recently, high-performance liquid chromatographic methods have been
shown to have interesting preparative14.15 and analytical16- 19 applications. We re
port here on the use of high-performance ion-exchange chromatography (HPIEC) to
purify rapidly and efficiently the transformed glucocorticoid receptor. This new meth
od relied on two aspects: (i) the high resolution of HPIEC, allowing transformed and
non-transformed glucocorticoid-receptor complexes to be separated and (ii) the ma
trix-induced transformation of the immobilized receptor. Characterization of the
chromatographic eluates indicated that the purified receptor was a molecular mass,
M r ::::: 94 000 protein which was recognized by a monoclonal antibody and was able
to interact with DNA.

EXPERIMENTAL

Materials
[1, 2, 4(n)-3H]Dexamethasone (45 Ci/mmol) was obtained from the Radio

chemical Centre (Amersham, U.K.), unlabelled dexamethasone from Roussel
UCLAF (Romainville, France) and DEAE-Trisacryl M, ss DNA-Ultrogel A4R and
HA-Ultrogel from IBF (Villeneuve la Oarenne, France). All other chemicals were of
analytical-reagent grade from Sigma (St. Louis, MO, U.S.A.).

Preparation of cytosol
Cytosol from adrenalectomized rabbits was prepared in PO buffer [20 mM

potassium phosphate, 20% (v/v) glycerol, 20 mM 2-mercaptoethanol, pH 7.4] or in
POM buffer (10 mM sodium molybdate in PO buffer) as described 20

. Receptor was
labelled with 20 nM [3H]dexamethasone for 16 h at 4°C. Non-specific binding was
measured by a parallel incubation with a 1000-fold excess of unlabelled dexametha
sone and steroid-binding activity was determined according to Blanchardie et al. 20.

The starting cytosol contained ca. 3-4 pmol/ml of [3H]dexamethasone-binding sites
and 15 mg/ml of proteins.

High-performance ion-exchange chromatography
HPIEC was performed using a Beckman chromatographic system equipped

with a Model 420 gradient programmer controlling two Model 1lOA pumps. Samples
were chromatographed on a Mono QHR 5/5 column (Pharmacia, Uppsala, Sweden).
The flow-rate and the composition of the mobile phase were controlled by the gra
dient programmer. The buffers used were (A) 20 mM Tris-HCI-20 mM 2-mercap
toethanol-2% (v/v) acetonitrile-0.2 mM phenylmethylsulphonyl fluoride (PMSF)
(pH 7.4) and (B) 0.5 M sodium chloride-IO mM sodium molybdate in buffer A.
Acetonitrile appeared to accelerate significantly the removal of free dexamethasone
during the washing steps without affecting the ligand binding to the receptor (data
not shown). Further, it was helpful to dissolve the PMSF, used as a protease inhibitor
during the purification procedure. All samples and buffers were filtered through a
0.45-J.lm filter before use. The programme used to purify the transformed glucocorti
coid receptor from rabbit liver is detailed in Table I.
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TABLE I

PURIFICATION OF RABBIT LIVER GLUCOCORTICOID RECEPTOR
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Step

Sample+wash
Transformation
Elution

Time
(min)

0-->20
20-->65
65-->90

Buffer
B
(%)

50
o
0--> 100

NaCi
(mM)

250
o
0-->500

5
o
0--> 10

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS~PAGE)

Samples were prepared and electrophoresed under denaturing conditions ac
cording to Laemmli 21 as described in detail elsewhere22

. After electrophoresis, the
gels were silver stained23 and scanned on an LKB Ultroscan XL. Calibration was
performed using the following prestained standard proteins: myosin (M, ~ 200 000),
phospho~ylase b (M, ~ 92 000), bovine serum albumin (M, ~ 69 000) and carbonic
anhydrase (M, ~ 30000).

Protein immunoblot
Proteins separated by SDS-PAGE were transferred to nitrocellulose filters 22

.

Glucocorticoid receptor immunoreactivity was detected using the monoclonal anti
body No.7 raised against the transformed rat liver glucocorticoid receptorS followed
by reaction with goat anti-mouse immunoglobins labelled with horseradish perox
idase22

.

Separation ofglucocorticoid-receptor complexes
The DNA-binding activity of purified glucocorticoid-receptor complexes was

determined using a modification22 of the procedure described by Holbrook et al. 24
.

Briefly, three syringes containing 0.2 ml of DNA-Ultrogel (on the top), 0.2 ml of
DEAE-Trisacryl (in the middle) and 0.2 ml of HA-Ultrogel (on the bottom) were
connected to one other. Samples to be analysed were diluted 5-fold withPGM buffer
and loaded on the minicolumns. The gels were then washed with PGM buffer (ca. 20
ml) and counted. The results are expressed as the percentage of radioactivity retained
on each gel.

Miscellaneous
Quantification of proteins was performed according to the method of Brad

ford 25 using bovine serum albumin as a standard. Radioactivity was measured in a
Beckman LS 2800 liquid scintillation counter. The concentration of chloride ions was
determined using an Astra analyser (Beckman).

RESULTS

Binding capacity of receptor to the Mono Q column
We have previously shown that the non-transformed glucocorticoid receptor

from rabbit liver, stabilized by sodium molybdate, is retained on a Mono Q anion-
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exchange column 18
. In order to determine the capacity of this matrix, we incubated

batchwise increasing amounts of labelled liver cytosol (10 ,ul-I ml) with IO-mg ali
quots of stationary phase. Following incubation, unbound proteins and free ligand
were washed away, and the retained glucocorticoid-receptor complexes were eluted
with 0.5 M sodium chloride solution. The saturation curve obtained after determina
tion of the radioactivity eluted from the aliquots of gel is shown in Fig. IA. These
results were also analysed according to Scatchard26 as shown in Fig. IB. The number
of binding sites for glucocorticoid-receptor complexes on the matrix was calculated
to be 0.78 pmol per 10 mg of stationary phase. Similar results were obtained for
anion-exchange matrices used in conventional chromatography (data not shown).
Rabbit liver cytosol usually contains 0.2-0.3 pmol of glucocorticoid binding sites per
milligram of protein2o. We were then able to calculate that glucocorticoid-receptor
complexes from 8-10 ml of cytosol could be retained on a I-ml column (Mono QHR
5/5).

Induction of transformation by the anion exchanger
Chromatography on a Mono Qcolumn allows the complete resolution oftrans

formed complexes generated by heat or salt treatment and non-transformed complex
es18

. When labelled cytosol was chromatographed in the absence of molybdate, a less
negatively charged dexamethasone-binding species was eluted by a linear salt gra-

0.2 0.4 0.6 0.8

BOUND (pM)

Fig. I. (A) Binding of [3Hjdexamethasone-receptor complexes to the anion exchanger. Aliquots of cytosol
(10 /11-1 ml), labelled with eHjdexamethasone in the absence or presence of a 1000-fold excess of un
labelled dexamethasone, were incubated for 15 min at 4'C with 10 mg of solid phase from a Mono Q
column. The solid phase was recovered by centrifugation, washed with I ml of buffer A and retained
glucocorticoid-receptor complexes were eluted with 0.25 m! of buffer B. The amount of specific radio
activity contained in these eluates was determined by scintillation counting and the number of receptors
eluted was plotted against the amount of receptor applied on the gel. (B) Scatchard representation of the
experimental results.
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dient. This new receptor form, which was not detected when sodium molybdate was
included in all the buffers, has been identified as the transformed receptor (M, ;::;
100000 DNA-binding species18

).

We then tested the effect of different washing conditions on the yield of the
transformation of glucocorticoid-receptor complexes adsorbed on the stationary
phase. Labelled cytosol was loaded on the Mono Q column, which was washed with
molybdate-free buffer at 4 or 20°C. The [3H]dexamethasone-receptorcomplexes were
then eluted with a linear salt gradient and the two peaks were pooled separately and
assayed for radioactivity. The results obtained are shown in Fig. 2, where the percent
ages of transformation correspond to the ratio of the radioactivity in the peak of
transformed receptor to that in the two peaks. In all instances, the percentage of
transformation (i.e., the relative abundance of the more acidic species) increased with
the length of the washing step (Fig. 2). Half of the steroid-receptor complexes pre
pared in molybdate-containing buffer were in the transformed state after a I5-min
washing period with buffer A at 4°C (Fig. 2, closed squares). Heating the column at
20°C during the washing period considerably accelerated this phenomenon as 70% of
the complexes prepared in the presence of molybdate were transformed after only 5
min (Fig. 2, open squares). The same extent of transformation was obtained after
15-20 min when the cytosol applied to the column was prepared without sodium
molybdate and washed at 4°C (Fig. 2, closed circles).

Purification ofglucocorticoid receptor
While the proteins that were eluted from the Mono Qcolumn below ca. 0.25 M

sodium chloride in the presence of molybdate were washed away during the first step
of the purification protocol, the molybdate-stabilized non-transformed glucocorti
coid-receptor complexes, normally eluted with ca. 0.32 M sodium chloride 18

, were
still retained on the column. Interaction of these complexes with the cationic matrix in
the absence of molybdate was shown to induce their transformation, even when the
cytosol was prepared in molybdate-containing buffer (Fig. 2). Therefore, the recep
tors were converted to the more acidic species during the second phase of the puri
fication, i.e., when the column was washed with a mobile phase containing no salt and

100

~
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Fig. 2. Transformation of glucocorticoid-receptor complexes induced by the anion exchanger. Cytosol
prepared in (0) PG buffer or in (0, .) PGM buffer was incubated with 20 nM [3Hldexamethasone for 16
h. Samples (500 Ill) were loaded on a Mono Q column. After washing with buffer A for different times at
(0, .) 4"C or (0) 20°C, elution was carried out with a linear salt gradient (buffer A to buffer B in 25 min).
The amount of radioactivity contained in each peak was determined, and the ratio of radioactivity in the
peak of transformed receptor (first peak eluted) to total radioactivity eluted was calculated and plotted
against the length of the washing step.
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no molybdate. The retained proteins were finally eluted with a linear salt gradient
(Fig. 3B). An aliquot of each fraction was counted in order to localize glucocorticoid
receptor complexes (Fig. 3A, closed squares). Comparison with the elution profile of
proteins (Fig. 3A, open diamonds) indicated that the protein concentration in the
fractions containing the transformed receptors was very low. This was not surprising
as proteins which eluted below 0.25 M sodium chloride have been eliminated during
the first phase of the purification, and the final eluate contained exclusively proteins
for which the total negative charge had been greatly decreased by the elimination of
sodium molybdate during the washing step. It is interesting that the major peak of
protein, eluted at 0.3-0.4 M sodium chloride, contained large amounts of partially
purified M r ::::; 90000 heat-shock protein, hsp9022

•

Characterization of the purified receptor
The fractions corresponding to the first peak of eluted radioactivity were

pooled and the glucocorticoid receptor present in these preparations was character
ized by several criteria. The proteins contained in these fractions were precipitated
with trichloroacetic acid, dissolved in solubilization buffer and analysed by dena
turing PAGE. Following transfer to sheets of nitrocellulose, glucocorticoid receptor
was probed using the monoclonal antibody No.7 raised against the rat receptors. A
major band of immunoreactivity was detected on the filter corresponding to an M r ::::;

94000 protein (Fig. 4, lane 1). This value is in complete agreement with the reported
molecular weight determined under similar conditions for rat4, porcines and human
glucocorticoid receptor6

.

80 E
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20 D..
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Fig. 3. Chromatographic profile of a typical purification. Cytosol from rabbit liver was incubated with 20
nM [3H]dexamethasone for 16 h at 4°C and 8 ml were loaded on a Mono Q column washed with 50% of
buffer B for 20 min. The column was then washed with buffer A for 45 min and the elution was initiated.
Each fraction collected was assayed for (A, 0) protein content (A, iii) radioactivity and (B) chloride ion
concentration.
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Fig. 4. SOS-PAGE of purified receptor. Samples containing purified receptor (ca. 0.5 JJg) were analysed
under denaturing conditions. Lane I shows an immunoblot analysis of the eluate probed with the mono
clonal anti-glucocorticoid receptor antibody N. 7. A similar gel was silver stained (lane 2). Positions of
standard proteins are shown on the left (molecular weights x 10- 3). The arrows on the right indicate the
position of the glucocorticoid receptor.

When the polyacrylamide gel was silver stained, a band was clearly seen in the
region where the immunoreactivity was detected (Fig. 4, lane 2). Densitometric scan
ning analysis of such gels revealed that the M r ~ 94 000 receptor protein represented
20-30% of the eluted proteins (data not shown). Using this technique to determine
the purity of the preparation, and assuming one hormone-binding site per receptor
molecule, it was possible to calculate that the glucocorticoid-receptor complexes were
purified ca. 10000-fold by this single step (Table II). Two other proteins (Mr ~

140000 and M r ~ ISS 000) were seen on silver-stained gels. At present, there has
been no report indicating the presence of such high-molecular-weight proteins in the
non-transformed glucocorticoid receptor. It is- possible, however, that these proteins

TABLE II

PURIFICATION OF RABBIT GLUCOCORTICOID RECEPTOR

The binding activity of the cytosol was determined as described under Experimental. The purification was
performed using 8 ml of labelled cytosol as starting material.

Step Proteins Receptor Purity Purification Yield
(mg) (pmol) (%) (fold) (%)

Cytosol 146 38.5 0.0025" 100
MonoQ
Eluate 21.8 28.l b II 336 56.5

" Calculated assuming a molecular weight of 94 000.
b Determined by densitometric scanning analysis of SOS-PAGE after silver staining.
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Fig. 5. DNA-binding ability of purified glucocorticoid-receptor complexes. Purified samples eluted from
the Mono Q column were diluted with POM buffer and chromatographed on minicolumns as detailed
under Experimental. The retentions on (DNA) DNA-Ultrogel, (DEAE) DEAE-Trisacryl and (HA) HA
Ultrogel of purified complexes from four separate purifications are presented.

also associate with hsp90 to form complexes that are stabilized by sodium molybdate.
These complexes might have been dissociated when the Mono Q column was washed
with molybdate-free buffer, releasing the monomeric M r ~ 140000 and M r ~

155 000 proteins.
Characterization of the purified receptor was also performed under non-dena

turing conditions. The hydrodynamic parameters determined were similar to those
previously reported for the transformed receptor from rabbit liver 18

, i.e., a Stokes
radius of 5.0-5.2 nm, a sedimentation coefficient of ca. 4.5 S and a calculated molec
ular weight of ca. 100000 (data not shown). Hence, the receptor purified by this
procedure appeared to be in a monomeric form, as opposed to the dimeric state
recently reported by Wrange et al. 27

.

The property of DNA binding was studied by the minicolumn procedure origi
nally described by Holbrook et al. 24

. The results from four separate experiments are
presented in Fig. 5. It is clear from this diagram that most of the purified receptors are
present in a DNA-binding form, as expected for a receptor in a transformed state.

Conservation of the purified receptor
The stability of the purified receptor preparations was tested. The eluates were

supplemented with 10% (v/v) glycerol, 0.1 % (w/v) bacitracin and 10 nM (3H]dexa
methasone and stored at 40C or frozen at -70°C. At different times, the number of

6 8 10 12
TIME (DAYS)

Fig. 6. Ligand-binding stability of the purified receptor. Purified samples were supplemented with 10%
glycerol, 0.1 % (w/v) bacitracin and 10 nM [3H)dexamethasone. Aliquots were assayed for the presence of
glucocorticoid-receptor complexes after different times of storage at (.) 4°C or (j.) -70°C.
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ligand-binding sites remaining in the samples was determined using the hydroxylapa
tite assay28. The non-specific binding was measured after exposure of the eluates to
100°C for 10 min. At 4°C, the ligand-binding capacity of the purified receptors was
decreased to ca. 60% after 4 h, but then remained stable for as long as 11 days (Fig.
6). When the samples were stored at -70°C, no decrease in the ligand-binding capac
ity was seen (Fig. 6), and the purified receptor was still able to interact with DNA
(data not shown).

DISCUSSION

Transformation of the glucocorticoid receptor can be induced in vitro by a
variety of manipulations such as heat treatment, exposure to elevated ionic strength,
dilution, ATP or heparin (for a review, see ref. 29). The appearance of DNA-binding
activity appears to correlate with the dissociation of the dimer of hsp90 from the M r

94 000 receptor monomer30- 32 . This transformation also occurs when the receptor is
immobilized on an immunoaffinity matrix2.32 or on an anion exchanger15.18.33. The
nature of this phenomenon still remains to be elucidated. However, it seems to be well
established that most of the hydrodynamic and physico-chemical properties of the
non-transformed glucocorticoid receptor are related to the presence of a dimer of
hsp90 in the complex. This protein is highly negatively charged34.35 , which is prob
ably responsible for the behaviour of the molybdate-stabilized non-transformed glu
cocorticoid receptor on anion exchangers36- 38 . When the receptor is adsorbed on the
Mono Q column in the absence of molybdate, the hsp90 dissociates and the total
negative charge of the glucocorticoid-receptor complex dramatically decreases.

We combined the high resolution of HPIEC with this transformation process to
develop a new purification scheme. This protocol, as opposed to the purification
techniques routinely used (see Introduction and the references cited there), does not
rely on the properties of ligand and DNA binding of the receptor. The purified
receptor appeared to be intact as judged by its molecular weight determined under
denaturing conditions. It also contained the three functional domains first described
at the protein level by Carlstedt-Duke et al. 39. Thus, the C-terminal third of the
purified receptor was bound to the ligand, the DNA-binding domain was accessible
since the receptor could be retained on immobilized DNA and the purified protein
was recognized by a monoclonal antibody raised against the N-terminal "immunodo
minant" domain39 . The function of the glucocorticoid receptor is to regulate the
transcription of specific genes40. However, there has so far been no report describing
an in vitro transcription system that we could use to determine whether the glucocorti
coid receptor purified according to our procedure is functional or not. Finally, the
purified material was stable, especially at - 70°C, and the preparations could be
stored until further use.

The different sequences of the purification (washing with 0.25 M sodium chlo
ride and 5 mM sodium molybdate, washing with no salt and no molybdate, salt
gradient) were automatically controlled by the gradient programmer. No manual
operation was required after injection of the cytosolic preparation. The purified re
ceptor was eluted only ca. 70 min after the injection, and a new purification could be
performed every 90 min. Starting with 8-10 ml of rabbit liver cytosol, we routinely
obtained microgram amounts of purified receptor. Similar results were obtained us-
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ing triamcinolone acetonide-Iabelled rat liver glucocorticoid receptor as starting ma
terial41

. As 5- and 10-ml Mono Q columns are available larger amount of purified
receptor can be obtained using this protocol.

We also tried to extend this purification technique to other steroid hormone
receptors that are also found associated with the M r ::::; 90000 heat-shock protein in
cytosol42

. Preliminary experiments indicated that progesterone receptors from hu
man T47D cells and estrogen receptors from human MCF7 cells are also transformed
by interaction with the cationic matrix43

, and therefore can be purified using a similar
scheme. The purification protocol described here and its straightforward application
to other steroid hormone receptors would be of great convenience for experiments
requiring microgram amounts of potentially functional receptor.
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SUMMARY

C.L Reactive Blue 2 analogues were bonded onto an agarose support matrix by
a novel method which entailed immobilisation by the anthraquinone ring I-amino
group as opposed to the usual triazine ring coupling methods. Dyes with spacer arms
attached to the anthraquinone ring I-amino group were synthesised by reacting me
thoxytriazine analogues of C.L Reactive Blue 2 with chiaroacetyl chloride and ethyl
enediamine. Unlike the blue parent dyes, all C.L Reactive Blue 2 analogues with
derivatised anthraquinone ring I-amino groups were of a characteristic red colour.
This change of chromaticity was entirely expected since the anthraquinone ring l
amina group is an important component of the C.1. Reactive Blue 2 chromophore.
Chromatographic studies indicated that, in comparison to adsorbents comprising
triazine ring-immobilised dyes, adsorbents formed from C.I. Reactive Blue 2 ana
logues immobilised by the anthraquinone ring were better suited to the isolation of
horse liver alcohol dehydrogenase and other adenine nucleotide-requiring enzymes.
Similarities between C.L Reactive Blue 2 analogues immobilised by the anthraqui
none ring and N 6-(6-aminohexyl)adenine nucleotide derivatives could be identified
which may account for these observations. These studies confirm that highly effective
affinity ligands based on synthetic textile dyes can be designed in a rational manner.

a Present address: Affinity Chromatography Ltd., 307 Huntingdon Road, Girton, Cambridge CB3
OJX. U.K.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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INTRODUCTION

S. J. BURTON, C. V. STEAD, C. R. LOWE

Immobilised reactive textile dyes have been used to purify a vast number of
proteins by affinity chromatographyl-4. Despite the success of reactive dyes as affin
ity ligands, relatively little is known about the interaction of these compounds with
their complementary binding sites on proteins. One would surmise that a greater
understanding of the interactions between synthetic dyes and proteins could sub
sequently lead to the identification of dye ligands with improved binding selectivities.

In a previous publication 5,' the effect of modifications to the terminal amino
benzenesulphonate ring of G.I. Reactive Blue 2 on the interaction of the dye with
horse liver alcohol dehydrogenase was reported. Analogues of c.I. Reactive Blue 2
with various neutral, anionic and cationic groups located on the terminal phenyl ring
displayed large variations in affinity for the enzyme. However, the effects of these
modifications on the binding of alcohol dehydrogenase were masked when the C.I.
Reactive Blue 2 analogues were immobilised by the triazine ring moiety to an agarose
support matrix. This observation suggested that the method of dye immobilisation
did not promote optimal dye-protein interaction, despite the use of a spacer arm
coupling regime.

From X-ray crystallographic studies on the binding of c.I. Reactive Blue 2 by
horse liver alcohol dehydrogenase6 , it is apparent that the triazine ring of the dye is
bound within a deep cleft situated at the junction of the coenzyme and catalytic
domains of the enzyme. This region of the protein is normally associated with binding
the pyrophosphate bridge of NAD+ or NADH. Thus, for steric reasons, immobi
lisation of C.I. Reactive Blue 2 via the triazine ring is not conducive to optimal
interaction with horse liver alcohol dehydrogenase. The anthraquinone ring I-amino
group represents a more suitable point of dye attachment, since this group, like the
exocyclic adenine N 6-amino group of bound NAD+, is exposed to the exterior sol
vent6 ,7. Thus, the synthesis of affinity adsorbents composed of c.I. Reactive Blue 2
analogues immobilised by a spacer arm attached to the I-amino group of the anthra
quinone ring is reported here. These adsorbents displayed improved properties for the
purification of horse liver alcohol dehydrogenase and were found to be effective in
binding other adenine nucleotide-requiring enzymes.

EXPERIMENTAL

Materials
p-Dimethylaminobenzaldehyde, I, I'-carbonyldiimidazole (CDI), cyanogen

bromide (CNBr) and glucose 6-phosphate were purchased from Sigma (Poole, U.K.).
N-2-Hydroxyethylpiperazine-N'-2-ethanesulphonic acid (HEPES) and ethylenedi
aminetetraacetic acid (EDTA) were supplied by BDH (Poole, U.K.), whilst chloroa
cetyl chloride and ethylenediamine were obtained from Fisons (Loughborough,
U.K.).

The following biochemicals were purchased from Boehringer (Lewes, U.K.):
nicotinamide-adenine dinucleotide (NAD +); reduced nicotinamide-adenine dinucle
otide (NADH); nicotinamide-adenine dinucleotide phosphate (NADP+); phospho
enolpyruvate (PEP); adenosine 5'-diphosphate (ADP); adenosine 5'-triphosphate
(ATP); horse liver alcohol dehydrogenase (alcohol:NAD+ oxidoreductase; EC
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1.1.1.1; 2.7 U mg - I); yeast glucose-6-phosphate dehydrogenase (D-glucose-6-phos
phate: NADP+ I-oxidoreductase; EC 1.1.1.49; 140 U mg-i); rabbit muscle lactate
dehydrogenase (L-lactate:NAD+ oxidoreductase; EC 1.1.1.27; 550 U mg-i); yeast
hexokinase (ATP:o-hexose 6-phosphotransferase; EC 2.7.1.1; 140 U mg-I) and rab
bit muscle pyruvate kinase (ATP:pyruvate 2-0-phosphotransferase; EC 2.7.1.40; 200
Umg- i ).

The chromatographic materials Sepharose 4B and Sephadex LH-20 were ob
tained from Pharmacia (Milton Keynes, u.K.). Intermediates used in the synthesis of
C.I. Reactive Blue 2 analogues were donated by ICI Organics Division. All other
reagents and solvents were of analytical grade and purchased from the usual sources.

Synthesis of C.I. Reactive Blue 2 analogues with anthraquinone-linked spacer arms
Methoxylated c.r. Reactive Blue 2 analogues II-IV (Fig. 1) were synthesised, as

described previously8, by reacting l-amino-4-(4'-amino-3'-sulphoanilino)anthraqui
none-2-sulphonic acid with 2,4-dichloro-6-methoxy-s-triazine, followed by reaction
of the product with the relevant substituted phenylamine derivative.

Chloroacetylated c.1. Reactive Blue 2 analogues V-VIII (Fig. 1) weresyn
thesised by stirring a solution of the methoxylated dyes I-III (25 mmo]) in
dimethylformamide (DMF; 150 ml) with chloroacetyl chloride (250 mmol) for 30 min
at 20-25°C. The reaction end-point was established by analytical thin-layer chroma
tography (TLC), whereupon saturated NaCI solution (806 ml) was added and the red
chloroacetyl product filtered, washed with 10-15% (w/v) NaCI solution (300 ml),
re-suspended in acetone (1 I), filtered and dried under vacuum at 50°C.

Dyes with fJ-aminoethylaminoacetylamino spacer arms (VIII-X; Fig. 1) were
formed by reacting chloroacetyl dyes V-VII (15 mmol in 75 ml DMF) with ethylene
diamine (150 mmol) for 25 min at 20-2YC. The reaction end-point was determined
by analytical TLC, whereupon the mixture was diluted with saturated NaCI solution
(800 ml) and the product suspension adjusted to pH 7.0 with concentrated HCI. The
red precipitate was filtered, washed with 10% (w/v) NaCl solution (500 ml), acetone
(100 ml) and dried under vacuum at 50°C.

Analysis of C./. Reactive Blue 2 analogues
Analytical TLC was performed using silica foils (Schleicher & Schuell, Dassel,

F.R.G.) and a propan-2-01-ammonia-water (7:2: I, v/v/v) solvent. The presence of
dyes which contained a primary amine was confirmed by treating dried TLC foils
with Ehrlich's reagent, a solution of p-dimethylaminobenzaldehyde (I g) in metha
nol-concentrated HCI (9:1, v/v) (100 mI).

Visible absorption spectra of purified c.1. Reactive Blue 2 analogues were re
corded (800-400 nm) from 0.1 mM aqueous solutions in 10 mm path-length cells. The
dyes were purified to near homogeneity by lipophilic chromatography on Sephadex
LH-20 as described previously9. Infrared spectra were recorded from paraffin oil
mulls of purified dye.

Immobilisation of C.I. Reactive Blue 2 analogues to beaded agarose
Purified dyes VIII-X were immobilised to CDI-activated Sepharose 4B accord

ing to established procedures5
. Immobilised dye concentrations were determined by

acid hydrolysis and spectrophotometric estimation of the solubilised dye5 • For the
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purposes of immobilised dye determination, molar extinction coefficients of purified
dyes VIII-X were determined following the incubation of aqueous dye solution (0.2
mM; 100 Ill) with 5 M HCI (200 Ill) for 5 min at 60°C. The solution was neutralised by
adding NaOH (10 M; 100 Ill) and potassium phosphate buffer (I M; 600 Ill), whereup
on the absorbance of the solution was measured at 516 nm against a no-dye blank.

Trial immobilisations to CNBr-activated agarose were also performed. Activat
ed Sepharose 4B (2 g moist gel; synthesised according to Lowe10

) was added to a
solution of dye (25 mg) in sodium carbonate buffer, pH 9.5 (0.4 M; 5 ml) and tumbled
for 16 h at 4°C. Dyed gels were washed sequentially with water (100 ml), I M NaCI
solution (100 ml), water (100 ml),50% (v/v) dimethylsulphoxide (DMSO) solution
(20 ml), water (l00 ml) and stored in 0.02% (w/v) sodium azide solution WC) until
required.

Preparation of crude horse liver extract
A cell-free horse liver extract was prepared by a method based on a previous

report ll . All procedures were performed at 4°C.
Fresh horse liver (l kg) was washed with distilled water and ground in a meat

grinder. The liver pulp was stirred (16 h; 4°C) in 10 mM HEPES-NaOH buffer, pH
7.0 (500 ml) and debris removed by screening through a nylon mesh. The retained
liver pulp was re-slurried in 500 ml buffer and screened a second time. The crude
extracts were combined, centrifuged (4 h; 23 000 g; average distance from the centre
of rotation: 8.9 cm), the lipid layer was removed and the supernatant decanted to
yield 900 ml cell-free extract. The extract was dialysed (3 days) against 64 volumes
potassium phosphate buffer, pH 7.0 (20 mM) containing reduced glutathione (1 mM)
before use.

Affinity chromatography of horse liver alcohol dehydrogenase on immobilised C.I. Re
active Blue 2 analogues

The interaction of purified horse liver alcohol dehydrogenase with dyes VIII-X
immobilised to CDI-activated agarose was established by analytical affinity chroma
tography as described previously5. The enzyme was purified from a crude horse liver
extract as follows.

Glass columns (10 x 0.5 cm I.D.) were slurry packed with adsorbent (1.0 g
moist gel) and the gel bed was equilibrated with HEPES-NaOH buffer, pH 7.5 (20
mM) containing reduced glutathione (I mM). Horse liver extract was dialysed (16 h;
4°C) against 150 volumes equilibration buffer, and 2 ml (130 mg protein) were chro
rnatographed at a flow-rate of 30 ml h -1 cm - 2. The column was flushed with equili
bration buffer (10 ml) and bound enzyme eluted with equilibration buffer containing
I M KCI. Fractions (I ml) were collected throughout the procedure and 20-lll sam
ples removed for assay of enzyme activity and protein concentration.

Interaction ofadenine-nucleotide-binding proteins with immobilised C.I. Reactive Blue
2 analogues

The interaction of various dehydrogenases and kinases with immobilised c.1.
Reactive Blue 2 analogues was investigated by affinity chromatography at 4°C. Col
umns of adsorbent were equilibrated with HEPES-NaOH buffer, pH 7.5 (20 mM)
containing MgCI2 (5 mM), EDTA (0.4 mM) and 2-mercaptoethanol (2 1lM). Suspen
sions of pure enzyme were dialysed (16 h; 4°C) against 2000 volumes equilibration
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buffer, and 5-10 U were applied to the columns at a flow-rate of 30 ml h- 1 cm-z.
Buffer flow was interrupted for 10 min following which the adsorbent was washed
with equilibration buffer (6 ml) and bound enzyme displaced by a linear 0-1.0 M KCI
elution gradient. Fractions (1 ml) were collected, from which 20-J.lI samples were
removed for assay ofenzyme activity.

Enzyme and protein assays
Glucose-6-phosphate dehydrogenase was assayed by following the reduction of

NADP+ at 340 nm (2YC). In a total volume of 1 ml were: triethanolamine-NaOH
buffer, pH 7.6 (86 J.lmol); MgClz (6.6 J.lmol): glucose 6-phosphate (1.2 J.lmol); and
NADP+ (360 nmol). 1 U of activity is defined as the amount of enzyme required to
reduce 1 J.lmol NADP+ per min at 2Ye. Alcohol dehydrogenase was assayed as
described previouslys.

Hexokinase activity was followed with a glucose-6-phosphate dehydrogenase
linked assay. In a total volume of 3 ml were: triethanolamine-NaOH buffer, pH 7.6
(250 J.lmol); MgCIz (20 J.lmol); glucose (660 J.lmol); ATP (8.1 J.lmol); NADP+ (2.2
J.lmol); and glucose-6-phosphate dehydrogenase (50 J.lg; 2.5 U). I U of hexokinase
activity is defined as the amount of enzyme required to effect the reduction of 1 J.lmol
NADP+ per min at 25T.

Pyruvate kinase activity was determined with a lactate dehydrogenase-linked
assay. In a total volume of 3 ml were: triethanolamine-KOH buffer, pH 7.6 (0.26
mmol); MgS04 (7.5 J.lmol); KCI (30 J.lmol); PEP (1.6 J.lmol); ADP (14 J.lmol); NADH
(0.6 J.lmol); and lactate dehydrogenase (50 J.lg; 15 U). 1 U of pyruvate kinase activity is
defined as the amount ofenzyme required to promote the oxidation of I J.lmol NADH
per min at 25°e.

Alcohol dehydrogenase concentration was determined by absorbance at 280
nm (£Z80 = 0.455 ml mg- 1 cm- 1)12. Protein concentrations of crude mixtures were
determined by the method of Warburg and Christian13.

RESULTS

Triazine dyes are commonly immobilised to chromatographic support materi
als by direct reaction between the chlorotriazine group of the dye and nucleophilic
groups (frequently hydroxyl ions) on the surface of the matrix. To prevent a similar
reaction occurring with C.1. Reactive Blue 2 analogues possessing anthraquinone
linked spacer arms, unreactive methoxylated triazine dyes were synthesised (Fig. 1).
This was achieved by reacting the blue chromophore ofC.I. Reactive Blue 2 (1; Fig. 1)
with 2,4-dichloro-6-methoxy-s-triazine, a procedure which also eliminated any reac
tion between ethylenediamine and the triazine ring in the final stage of synthesis.

Three methoxylated C.I. Reactive Blue 2 analogues were produced which pos
sessed a-sulphonate, p-sulphonate and m-carboxylate groups on the terminal amino
benzene ring of the dye (Fig. 1). Reaction of dyes II-IV with chloroacetyl chloride
was accompanied by a colour change from royal blue to burgundy red. The reaction
occurred readily in DMF but did not occur in water or aqueous DMF mixtures.
Reaction of chloroacetyl dyes V-VIII with ethylenediamine also proceeded smoothly
in DMF, although appreciable product hydrolysis was observed if the reaction was
allowed to proceed for longer than 30 min. This was readily apparent since as a result
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of amide bond hydrolysis in the alkaline reaction mixture, the precursory blue me
thoxy dye was regenerated, thus causing the reaction mixture to darken.

Spectrophotometric analysis of purified dyes VIII-X (Table I; Fig. 2) revealed
maximal light absorption in the region of 520 nm. This represented a hypsochromic
shift of approximately 100 nm relative to the Amax of the o-sulphonate isomer of C.I.
Reactive Blue 2 (XI; Fig. 1). The shift in absorption maximum from 617 to 520 nm
was also accompanied by a reduction in extinction (Table I). These spectral changes
were entirely expected since the anthraquinone ring I-amino group is a principal
electron-donating group of the c.I. Reactive Blue 2 chromogen 14

•
15

. Consequently,
any alteration of the electronic distribution of the I-amino group will be manifested
as a change in the amount of energy required for electronic transition. Therefore the
wavelength and intensity of light absorption will be altered following reactions in
volving the anthraquinone ring I-amino group. Chloroacetyl dyes had a Amax margin
ally lower (approximately 10 nm) than dyes with fJ-aminoethylaminoacetylamino
spacer arms (Table I). This discrepancy may reflect differences in electronegativity
between chlorine and substituted nitrogen atoms.

Blue 1,4-diaminoanthraquinone dyes are readily protonated by mineral acids to
form quaternary amine salts15

,16. A large hypsochromic shift is associated with this
process. The visible absorption spectrum of the o-sulphonate terminal ring isomer of
c.I. Reactive Blue 2 (XI) recorded in 4.5 M HCI resembled the absorption spectra of
C.I. Reactive Blue 2 analogues with modified anthraquinoid I-amino groups (Fig. 2).
The absorption peak of the protonated dye was shifted 91 nm relative to the Amax of
the dye in distilled water (526 versus 617 nm). However the Amax of V in 4.5 M HCI was
very similar to that recorded in distilled water (502 versus 508 nm; Fig. 2). This
observation suggested that the I-amino group of chloroacetylated dyes was not sus
ceptible to protonation, presumably since this group had been derivatised. Additional
evidence of the formation of a I-chloroacetylamino group was obtained by infrared
spectroscopy. Dye V clearly showed the presence of an absorption peak at 1660 cm- 1

which is indicative of an amide carbonyl group. This peak was absent in the spectrum
of the blue precursor dye (II).

Successful coupling of chloroacetyl dyes to ethylenediamine was confirmed us
ing Ehrlich's reagent. Dye VIII rapidly turned an orange colour on exposure to
Ehrlich's reagent, confirming the presence of a primary amine. No reaction was ob
served with compound V, the chloroacetyl precursor of compound VIII.

TABLE I

SPECTRAL DATA DETERMINED FOR c.r. REACTIVE BLlJE 2 ANALOGUES

C.I. Reactive )~ma/ e b
l

Blue 2 analogue" (nm) (1 mor l em-I)

V 508 5800
VII 516 5500
IX 520 5400
X 520 4900
XI 617 12600

a For structures, see Fig. l.
b Data obtained from 100 11M aqueous solutions.
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c.1. Reactive Blue 2 analogues with anthraquinone-linked spacer arms were
rapidly hydrolysed in strongly alkaline solutions. A time-dependent reduction in ab
sorbance at 518 nm and a concomitant increase in absorbance at 618 nm was ob
served when compound VIII was treated with 0.1 M NaOH (Fig. 3). An isosbestic
point at 545 nm was clearly visible, indicating direct conversion ofcompound V to the
blue compound absorbing at 618 nm. Absorbance at 618 nm reached a steady maxi
mum after 4 h. Analysis of the hydrolysate by TLC revealed the blue species had an
identical RF value to precursor compound II. Thus, the initiall-aminoanthraquinone
dye is regenerated as a result of alkaline hydrolysis. The reaction was found to ob
serve typical pseudo-first-order kinetics with a first-order rate constant of 4.64· 10- 4

s-1 (Fig. 3).
Dyes with anthraquinone ring-linked spacer arms (VIII-X) were immobilised

to COl-activated Sepharose 4B to yield red gels. Dye hydrolysis in the mildly alkaline
coupling medium (pH 10.0) was not observed spectrophotometrically over a period
of 14 h at lYC. Immobilised dye concentrations were determined as described in the
Experimental section in an effort to account for potential acid-catalysed dye hydroly
sis during gel dissolution with 5 M HCl. However, under these conditions dye hydrol
ysis was limited. Determined 6515 values were 4600, 4600 and 4400 1mol- 1, cm - 1 for
compounds VIII, IX and X, respectively. A trial immobilisation of compound V to
COl-activated Sepharose 4B was also performed. As expected, a very weakly sub
stituted gel was produced (immobilised dye concentration 0.1 pmol g-l of moist gel),
the low level of coupling being attributable to reaction between the chloroacetyl
group of the dye and unsubstituted hydroxyl groups on the matrix.

A number of published reports describe the direct immobilisation of c.1. Reac
tive Blue 2 to activated matrices, supposedly by reactions involving the anthraqui
none ring I-amino group1 7-19. However, in view of our findings, we were surprised to
find no mention of a colour change upon immobilisation by this method. Thus, a
number of C.1. Reactive Blue 2 analogues were reacted with CNBr-activated Sepha
rose 4B, essentially as described by Jankowski et a/. 17

• Immobilised dye concentra
tions were determined by a previously reported methods. Purified II did not immobi
lise to CNBr-activated Sepharose 4B, whilst purified XI coupled to give a very weakly
substituted gel (Table II). However, significant immobilisation of the blue chromo
phoric base compound I and commercial-grade C.I. Reactive Blue 2 (supplied by ICI
Organics Division) was observed (Table II). In all instances blue gels were produced
as opposed to the characteristically red gels obtained when dyes VIII-X were immo
bilised. These findings suggested that c.1. Reactive Blue 2 does not couple directly to

TABLE II

IMMOBILISATION OF C.I. REACTIVE BLUE 2 ANALOGUES TO CNBr-ACTIVATED AGA
ROSE

C.J. Reactive
Blue 2 analogue

Pure I
Pure II
Pure XI
Crude c.l. Reactive Blue 2

Immobilised dye concentration
(J1.mol g - I of moist gel)

0.3
0.0
O. I
0.6
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activated matrices by the anthraquinone ring I-amino group. The low level of sub
stitution observed for compound XI is probably due to reaction of the chlorotriazine
ring with free hydroxyl groups on the matrix. Therefore, the higher level of sub
stitution observed for crude c.1. Reactive Blue 2 is most likely to be attributable to
immobilisation of chromophoric contaminants known to be present in commercial
dye preparations9

.

Affinity chromatography of pure horse liver alcohol dehydrogenase was per
formed using c.1. Reactive Blue 2 analogues VIII-X coupled to CDI-activated Se
pharose 4B (Fig. 4). All three dyes bound the enzyme, compound X exhibiting the
highest affinity (Table III). The concentration of NADH required to elute adsorbed
alcohol dehydrogenase correlated directly with the apparent dissociation constant
(Kd ) of the dye in free solution (determined by difference spectroscopy5 using me
thoxylated dyes II-IV). The concentration of NADH required for elution from im
mobilised X (Kd 0.27 /lM) was almost double that required for elution from immobi
Iised IX (Kd 5.7 /lM). When compound XI is immobilised to beaded agarose by a
1,6-diaminohexane spacer arm attached to the triazine ring of the dye, an unduly high
concentration ofNADH is required to displace bound horse liver alcohol dehydroge
nase5. Steric factors associated with terminal phenyl ring structure and the point of
spacer arm attachment were thought to be responsible. Elution of the enzyme from
immobilised VIII (which possesses an equivalent terminal ring structure to compound
XI) was achieved in a manner entirely consistent with the observed Kd of the dye in
free solution. This suggested that immobilisation ofC.1. Reactive Blue 2 analogues by
the anthraquinone ring I-amino group was advantageous when using analytical affin
ity chromatography to investigate the effects of terminal phenyl ring modifications on
enzyme binding.

Horse liver alcohol dehydrogenase was effectively purified from a crude liver
extract by affinity chromatography on anthraquinone ring-immobilised c.1. Reactive
Blue 2 analogues. A non-selective desorption technique was adopted (1 M KCI) so
that an indication of adsorbent specificity could be gained. On the basis of previous
work1

,2, one would predict that considerably higher degrees of purification would be
achieved by use ofa selective eluent such as NADH. Immobilised c.1. Reactive Blue 2
analogue VIII gave the highest degree of enzyme purification with a 1O.3-fold increase
in specific activity (Table IV; Fig. 5). Dye IX gave the lowest degree of purification, a

TABLE III

AFFINITY CHROMATOGRAPHY OF HORSE LIVER ALCOHOL DEHYDROGENASE ON 1MMOBILISED
c.1. REACTIVE BLUE 2 ANALOGUES

lmmobilised c.l. Kd (J-lMjb lmmobilised dye NADH concentration Activity
Reactive Blue 2 concentration required/or elution recovered
analogue (J-lmol g-l o/moist weight gel) (11M)" (%)

VIII 0.66 ± 0.05 2.1 108 87
IX 5.7 ± 0.5 2.2 68 91
X 0.27 ± 0.07 2.3 II3 69

a pH 7.5, 4T.
b Determined for the methoxylated precursor dyes II-IV.
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TABLE IV

PURIFICATION OF HORSE LIVER ALCOHOL DEHYDROGENASE FROM A CRUDE LIVER EXTRACT
BY AFFINITY CHROMATOGRAPHY ON IMMOBILISED c.1. REACTIVE BLUE 2 ANALOGUES

C.l. Reactive
Blue 2 analogue

VIII
IX
X
XIa

XI b

lmmobilised dye
concentration
(/lmol g-l o{moist gel)

2.1
2.2
2.3
2.1
2.2

Specific activity
ofapplied sample
(U mg- 1)

0.018
0.019
0.QI5
0.015
0.014

Specific activity
of eluted enzyme
(Umg- 1 )

0.185
0.058
0.085
0.065
0.103

Purification
({old)

10.3
3.1
5.6
4.3
7.3

Yield
(%)

86
36
74
87
84

a Direct coupling through chlorotriazine group.
b 6-Aminohexyl coupling.

possible reflection of the relatively low affinity of this analogue for horse liver alcohol
dehydrogenase. Similar purification experiments were also performed with adsor
bents composed of XI coupled directly to Sepharose 4B (synthesised according to
Lowe et af. 20) and 6-aminohexyl-XI coupled to CDI-activated Sepharose 4B (syn
thesised as described previouslyS). The method of dye immobilisation (Fig. 4) was
found to have a profound effect on adsorbent specificity (Table IV). The commonly
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Fig. 5. Purification of alcohol dehydrogenase from horse liver extract by affinity chromatography on
agarose-immobilised c.1. Reactive Blue 2 analogue VIII. Dialysed horse extract (2 ml; 130 mg protein) was
applied at a linear flow-rate of 30 ml min - 1 cm - 2 to a 10 cm x 0.5 cm I.D. glass column packed with 1.0 g
of adsorbent equilibrated in HEPES-NaOH buffer, pH 7.5 (20 mM) containing glutathione (1 mM). The
column was flushed with equilibration buffer (10 ml) and bound protein eluted with buffer containing I M
KCI. Fractions (1 ml) were collected and assayed for enzyme activity.
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Fig. 6. Affinity chromatography of dehydrogenases and kinases on immobilised C.I. Reactive Blue 2
analogue X. Glass columns (10 cm x 0.5 cm I.D.) containing Sepharose 4B-immobilised X (1.0 g moist gel;
total column volume, 2.2 ml) was equilibrated with HEPES-NaOH buffer, pH 7.5 (20 mM) containing
2-mercaptoethanol (211M), EDTA (0.4 mM) and MgCI 2 (5 mM). Dialysed enzyme [yeast hexokinase, IOU
(e); rabbit muscle pyruvate kinase, 10 U (6); horse liver alcohol dehydrogenase,S U (0); or yeast
glucose-6-phosphate dehydrogenase, 10 U (<»] was applied to the columns at a flow-rate of 30 ml h- 1

cm - 2 and incubated with the adsorbent for 10 min. The columns were flushed with equilibration buffer (6
ml) and adsorbed enzyme was eluted with a KCI gradient (0-1.0 M; 20 ml). Fractions (I ml) were collected
and samples (20 Ill) assayed for enzyme activity.

adopted direct immobilisation technique resulted in a low degree of enzyme puri
fication (4.3-fold). Spacer arm-coupled dyes gave notably higher degrees of puri
fication, linkage to the anthraquinone ring proving the most effective method of
immobilisation.

Investigations with immobilised nucleotides show that the point of spacer arm
attachment can dramatically affect the affinity of the immobilised ligand for nucleo
tide-binding proteins21

- 23 . Consequently, affinity chromatography was used to in
vestigate the interaction of selected dehy.drogenases and kinases with compounds X
and 6-aminohexyl-XII (synthesised as reported previously5), immobilised to CDI-

TABLE V

AFFINITY CHROMATOGRAPHY OF DEHYDROGENASES AND KINASES ON c.1. REAC
TIVE BLUE 2 ANALOGUES 1MMOBILISED TO SEPHAROSE 4B BY SPACER ARM COUPLING
TO THE ANTHRAQUINONE RING (X) OR THE TRIAZINE RING (6-AMINOHEXYL-XII)

Enzyme Concentration of KCI required for elution (M)

lmmobilised X lmmobilised XII

Horse liver alcohol dehydrogenase
Yeast glucose-6-phosphate dehydrogenase
Rabbit muscle pyruvate kinase
Yeast hexokinase

0.15
0.44
0.45

0.12
0.47
0.30

a Enzyme eluted in void volume.
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activated Sepharose 4B (Fig. 6). Rabbit muscle pyruvate kinase bound more tightly
-to compound X than to 6-aminohexyl-XII (as adjudged by the concentration of KCI
required for elution), whilst horse liver alcohol dehydrogenase and yeast glucose-6
phosphate dehydrogenase were bound by both adsorbents with approximately equal
affinity (Table V). Yeast hexokinase was unretarded by both adsorbents as might
have been deduced from previous dye-binding studies24

. Thus c.l. Reactive Blue 2
analogues immobilised by the anthraquinone ring I-amino group retain their ability
to interact with nucleotide-binding proteips. In he case of rabbit muscle pyruvate
kinase, binding is favoured by this method of immobilisation.

DISCUSSION

The interaction of affinity ligands with the ligand binding sites of proteins is
frequently enhanced by the provision of a spacer arm between the ligand and the
support matrix 1o. In addition, the orientation of the immobilised ligand can also
influence its affinity for proteins. Studies with immobilised nucleotides such as adeno
sine 5'-monophosphate (AMP) or NAD+ have shown that spacer arm linkage and
ligand orientation can have a profound effect on protein adsorption 21

-
23

. Rather
surprisingly, such considerations are seldom applied to reactive dye ligands, despite
the fact that these commonly used compounds have been applied to the purification
of a large number of nucleotide-binding proteins l

-
4

. The predominant immobilisa
tion technique adopted for reactive dyes, regardless of application, parallels the direct
reaction of chlorotriazine dyes with cellulose textiles4

.

From previous investigations on the interaction of c.1. Reactive Blue 2 ana
logues with horse liver alcohol dehydrogenase, we concluded that immobilisation by
the triazine ring was responsible for interferences with dye bindings. A more suitable
point of attachment appeared to be the anthraquinone ring I-amino group, since this
component is exposed to the exterior solvent when dye is bound to the enzymeS,6. We
find that immobilisation of c.1. Reactive Blue 2 analogues by a spacer arm linked to
the anthraquinone ring I-amino group, as opposed to the chiorotriazine ring, not
only increases the affinity of the immobilised analogues for horse liver alcohol de
hydrogenase, but also improves their specificity.

Previously, an immobilised c.l. Reactive Blue 2 analogue with an m-orientated
carboxyl group on the terminal phenyl ring of the dye (Kd 0.06 f.l.M) bound horse liver
alcohol dehydrogenase with an affinity such that 90 f.l.M NADH was required for
elutions. In this work, analogue X (which also possessed an m-orientated terminal
ring carboxyl group; Kd 0.27 f.l.M) immobilised by the anthraquinone ring, as opposed
to the triazine ring, bound the enzyme more tightly so that 113 f.l.M NADH was
required for desorption (Table III). Since both experiments were performed under
identical conditions, the results suggest that immobilisation by the anthraquinone
ring I-amino group promotes the interaction of c.l. Reactive Blue 2 analogues with
horse liver alcohol dehydrogenase. Presumably steric hindrance in the vicinity of the
triazine ring is reduced on immobilising the dye by the anthraquinone ring.

The increase in immobilised dye specificity was particularly marked for com
pound VIII. Following alcohol dehydrogenase purification from a crude liver extract,
a 2.4-fold increase in enzyme specific activity was achieved over the level of puri
fication obtained with essentially the same dye (XI) immobilised by direct coupling
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(Table IV). Enzyme recovery upon elution was virtually identical for both adsorbents
(86-87%). Spacer arm coupling, by the anthraquinone ring or the triazine ring, re
sulted in a higher degree of enzyme purification as compared to the performance of
directly coupled dyes (Table IV). Confirmation was provided by additional chroma
tographic data (not presented) determined for other immobilised C.1. Reactive Blue 2
analogues. This finding suggests that immobilisation of reactive dyes by a spacer arm
linkage may enhance selective dye-protein interactions at the expense of non-selec
tgive binding, thereby promoting an overall increase in adsorbent selectivity. Similar
conclusions may be reached from binding studies performed with blue dextran Sepha
rose. Human fibroblast and leucocyte interferons have greater affinity for Cibacron
Blue F3G-A immobilised by a dextran linker, as opposed to dye coupled direCtly to
beaded agarose17 . Conversely, rat brain hexokinase and pigeon liver NAD+ kinase
display a reduced affinity for blue dextran Sepharose24,25. Thus dye specificity may be
modulated by the use of spacer arm linkage regimes.

c.1. Reactive Blue 2 analogues immobilised by the anthraquinone ring I-amino
group were capable of interacting with a number of dehydrogenases and kinases (Fig.
6). Interestingly, the anthraquinonoid I-amino group of c.1. Reactive Blue 2 bound
to horse liver alcohol dehydrogenase is located in a similar position to the adenyl
N6-amino group of bound NAO+ 6 (ref. 6). Both NAO+ and AMP immobilised by a
hexyl spacer arm attached to the adenyl N6-amino group often provide very effective
adsorbents for the purification and resolution of dehydrogenases and kinases. There
fore, c.1. Reactive Blue 2 immobilised by the anthraquinone ring may bind a variety
of adenine nucleotide-requiring proteins, possibly with an affinity and specificity
greater than the conventionally immobilised dye.

Reaction of the c.1. Reactive Blue 2 anthraquinone ring I-amino group with
electrophiles is hindered due to the close proximity of the quinone oxygen and 2
sulphonate groups. In addition, the 2Pz electrons of the I-amino group conjugate
with the anthraquinone ring n electron cloud, causing a reduction in basicity of the
I-amino group. For these reasons, the I-amino group is not particularly reactive
towards electrophiles, accounting for its lack of reactivity with cyanuric chloride in
aqueous solution9

. However, reactivity of the I-amino group probably increases in
OMF due to suppression of anthraquinone-2-sulphonate group ionisation. This fac
tor, coupled with the absence of water, may allow reaction of the anthraquinone ring
I-amino group with chloroacetyl chloride to yield an amide bond.

Conjugation of the I-amino group 2Pz electrons with the electron cloud of the
anthraquinone ring gives rise to a charge-transfer absorption peak in the visible
region of the spectrum, brought about by 2Pz-n* transition14. Addition of a second
electron donor group in the 4-position causes a bathochromic shift and increase in
extinction 14,16. Thus, I-amino anthraquinone absorbs at 475 nm with a molar extinc
tion coefficient of 6300 I mol- 1 cm -1, whilst 1,4-diaminoanthraquinone absorbs at
550-590 nm with an extinction coefficient of 15 850 I mol- 1cm - 1(values determined
in methanoI)15,16. If the electron density of the amino groups are reduced in any way
(by acetylation for example), a hypsochromic shift and reduction in extinction are
observed14,26. Reactions involving the anthraquinone ring I-amino group will there
fore result in marked spectral changes.

The spectral perturbations observed upon chloroacetylation of c.1. Reactive
Blue 2 analogues (Fig. 2) are entirely consistent with the known bel)aviour of ami-
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noanthraquinone chromophores14,16. However, our findings are at odds with a num
ber of reports in the biochemical literature which infer that c.I. Reactive Blue 2 may
be coupled to activated matrices via the anthraquinone ring I-amino group without
significant changes of chromaticity17-19,25. We find that purified c.I. Reactive Blue 2
couples very poorly to CNBr-activated Sepharose, the coupling observed probably
being attributable to reaction of the chlorotriazine moiety with matrix hydroxyl
groups. Significant blue coloration was observed if impure dye was immobilised,
suggesting that chromophoric contaminants (probably compounds I and 2,4-dichlo
ro-s-triazin-6-yl-I) were immobilised on previous occasions and not c.I. Reactive
Blue 2. A possible consequence of this may be the reportedly low affinity of c.I.
Reactive Blue 2 towards protein when supposedly immobilised by the anthraquinone
ring I-amino group17-19,25. These findings have also been reported in several review
articles1,2,27. In fact, C.I. Reactive Blue 2 analogues genuinely immobilised by the
I-amino group are very effective affinity ligands. It is worthwhile noting that ana
logue X bound yeast glucose-6-phosphate dehydrogenase avidly, whereas an adsor
bent formed by reacting Cibacron Blue F3G-A with succinyl-polyacrylic hydrazide
agarose did not bind the enzyme18. Thus, great care must be exercised when in
terpreting chromatographic results obtained on using affinity adsorbents constructed
from heterogeneous commercial dye preparations.

As with most small affinity ligands, the protein binding selectivity of reactive
dyes is influenced by the immobilisation technique adopted and the point of attach
ment to the matrix. Such considerations should not be overlooked when designing
chromophoric ligands for the chromatographic purification of proteins. Optimally
immobilised biomimetic dyes, with structures designed to interact with selected pro
teins, should therefore have considerably improved specificities to conventional tex
tile dyes.
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SUMMARY

The retention behaviour ofNADH and NADP on an ODS-C18 reversed-phase
column was investigated by using a 0.05 M phosphate buffer (pH 6) containing IY.-, [J
or y-cyclodextrin (CD) as the mobile phase. Three reversible processes were assumed
and the partition coefficients, k 2 , of inclusion complexes and their stability constants,
K, were calculated. The value of k 2 is clearly dependent on the molecular weight of
the CD. It was established from the calculated values of K that NADH and NADP
are liable to form more stable inclusion complexes with [J-CD than C(- and y-CDs.
NADP has a higher stability constant than NADH owing to the formation of hydro
gen bonds between the phosphate moieties of NADP and the hydroxyl groups of
CDs.

INTRODUCTION

C(-, [J- and y-cyclodextrins (CDs) are cyclic oligosaccharides containing six, seven
and eight glucose units, respectively. Because of the dimensions of their non-polar
central cavities, CDs act as "hosts", forming stable inclusion complexes with a variety
of"guest" species. The formation ofan inclusion complex is based on the ability of the
CD to incorporate hydrophobic molecules in its cavity and to form hydrogen bonds
between hydroxyl groups at the entrance of the CD cavity and the hydrophilic moieties
of the guest molecule1~3. For example, a chiral molecule forms a hydrogen bond with
the 2-hydroxyl groups at the entrance of the CD cavity4,5. In addition, many other
factors such as Van der Waals force, dipole-dipole interactions and hydrophobic
interactions also play important roles in governing the stability of the complex6

.

In recent years, CD inclusion phenomena have been utilized in high performance
liquid chromatographic (HPLC) techniques in two ways: the use of CD-bonded
stationary phases as reported by Issaq7 and the use of CD as one component of the
mobile phase in reversed-phase liquid chromatography (RP-LC)8-11. Cline Love and
Arunyanart 12 dealt with the latter method and calculated the stability constants, K, of
benzene, phenol, 0, m- and p-nitrophenol, naphthalene and biphenyl with [J-CD.

This paper reports the results of further studies on the determinations of the

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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capacity factors, k'z, of inclusion complexes formed between NADH or NADP and
CDs, and their stability constants, K, based on a model consisting of three reversible
processesI3

,14. The elution behaviour of NADH and NADP in RP-LC was also
investigated by using a 0.05 M phosphate buffer (pH 6) containing a-, fJ- or ')I-CD as the
mobile phase.

EXPERIMENTAL

Reagents
NADP (nicotinamide adenine dinucleotide phosphate) and NADH (nicotin

amide adenine dinucleotide) were obtained from Sigma and a-, fJ- and ')I-CDs from
Tokyo Kasei. All the materials were used without further purification.

Apparatus and procedures
A Bionert LC system (Japan Spectroscopic) equipped with a Model 875-UV

Intelligent UV-VIS detector operating at 254 nm, an SIC Chromatocorder 12 and
a Model 880-PU Intelligent pump were employed. A Hitachi Gel 3056 ODS-CIS
reversed-phase column (150 x 4 mm J.D.; 5 /lm particle diameter) was used.

The CD mobile phase was prepared by dissolving the appropriate weight of CD
in 0.05 M phosphate buffer (pH 6) (NazHPOc NaHzP04 ) and filtering through
a poly(vinylidene fluoride) membrane filter (Millipore, pore size 0.65 /lm). All the
chromatographic experiments were carried out at a constant flow-rate of 1.0 ml/min
and at room temperature. A 3-/l1 sample volume containing 50 /lg/ml of solute was
injected into the column.

The void volume of the column with a mobile phase containing different
concentrations of the CDs was determined by using analytical-reagent grade
potassium nitrate l3

.

RESULTS AND DISCUSSION

The elution behaviour of NADH and NADP can be analysed by using a model
consisting of three reversible reactions: a reversible reaction of guest molecule A and
CD in the mobile phase to form an inclusion complex A . CD, and two reversible
adsorption processes of A and A . CD on the stationary phase of the ODS-CIS
column. A and A . CD adsorbed on the ODS-CIS column are represented by As and
A . CD., respectively.

K
A+CD¢A'CD

A~As

k
A'CD¢A'CDs

(I)

(2)

(3)

where Kis the stability constant of the inclusion complex A . CD and k 1 and k z are the
partition coefficients of A and A . CD, respectively, between the mobile phase and the
stationary phase.
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The capacity factors of A and A . CO, k'1 and k'z, are given as follows 15
:

, [A' COs]
k z = q>kz = q>[A' CD]
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(4)

(5)

where q>is the phase ratio, i.e., the ratio of the volume of the stationary phase, V., to the
void volume of the mobile phase, Vo, in the column.

The capacity factor k' of the guest molecule A, which is experimentally
determined, is represented by15

k' _ [As] + [ACOs]
- q> [A] + [ACO]

(6)

Combination of egns. 1,4, 5 and 6 yields the following expression for the capacity
factor:

, k'1 + k'zK[CO]
k = 1 + K[CO]

(7)

where [CD] is the molar concentration of CD. Egn. 7 is similar to that derived by
Uekama et al. 16 for the determination ofthe stability constants of the CD complexes of
various ionic species measured by ion-exchange chromatography.

If k'z is small enough to be ignored, the following expression is obtained:

k' k'1
= 1 + K[CO]

(8)

By taking the reciprocal of both sides of egn. 8 and plotting l/k' vs. [CD], one can
obtain a straight line and the value of the stability constant K is obtained as the
slope/intercept ratio.

If k'z cannot be neglected, egn. 7 can be linearized by a simple transformation:

k'1 - k'z = 1 K[CO]
k'-k'z + (9)

When one takes an appropriate value of k'z in egn. 9, the plot of (k'1 - k'z)/(k' - k'z) VS.

[CD] should be linear and the value of the stability constant K is obtained from the
slope of the line.

The retention volumes of NAOP and NAOH were measured at different
concentrations of a-, f3- or y-CO in the 0.05 M phosphate buffer (pH 6). The capacity
factor k' for each guest molecule was calculated from the retention data by using the
ratio (VR - Vo)/Vo, where VR is the elution volume of the guest molecule and Vo is the
void volume of the column. Therelationships between the capacity factor k' ofNAOP
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Fig. I. Relationships between the experimental capacity factors k' of (a) NADH and (b) NADP to the
concentrations of (D) a-CD, (e) P-CD and (.) y-CD in 0.05 M phosphate buffer (pH 6) mobile phase.

and NADH and the concentration of IX-, fJ- or y-CD in the mobile phase are shown in
Fig. 1. With increasing concentration of IX-, fJ- or y-CD, the k' values of NADH and
NADP are reduced. It is evident that IX-, fJ- and y-CD form inclusion complexes with
NADH and NADP. Addition of fJ-CD reduces the k' value more than addition of IX- or
y-CD, and the effect decreases in the order fJ-CD > IX-CD> y-CD. On the other
hand, the k' values of NADP are reduced more than those of NADH, NADP is
considered to form more stable complexes than NADH with CDs.

Fig. 2 shows the relationships between the reciprocal capacity factors of (a)
NADH and (b) NADP and the concentration of IX-, fJ- or )i-CD in the 0.05
M phosphate buffer (pH 6) mobile phase. The 11k' of NADH and NADP vs. [IX-CD]
plots satisfy a linear relationship. This shows that the value of k~ is adequately small
for IX-CD. The stability constant K for IX-CD was calculated from this plot as shown in
Table I. For fJ- and )i-CD, the plots of 11k' vs. [CD] were not linear, indicating that the
capacity factor k~ of fJ- and )i-CD cannot be neglected. Therefore, values of k~ were

0.4 3

(a) (b)
./a/ //0.3 /.-- 2 • a

J... • /a/k' 0.2 ~8/ .__ /./ .'~ .....-#..---- 1 a .....-
0.1 ~/ t~·""-
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Fig. 2. Relationships between the reciprocal capacity factor of (a) NADH and (b) NADP and the
concentration 01'(0) a-CD, (e) P-CD and (.) y-CD in the 0.05 M phosphate buffer (pH 6) mobile phase.
In the case of a-CD, the solid straight lines were obtained.



CHROMATOGRAPHY OF CD COMPLEXES OF NADH AND NADP 131

TABLE I

PARTITION COEFFICIENTS k l AND k 2 AND STABILITY CONSTANTS K(mmoll- 1
) OF NADH

AND NADP WITH IX-, {l- AND ]I-CD

Compound IX-CD {l-CD ]I-CD

K k 2 K k 2 K

NADH
NADP

34.86
7.73

0.0 2.80
0.0 4.36

34.86
7.73

2.96 4.42
0.18 7.15

34.86
7.73

5.48 2.37
0.58 3.10

assigned to give a linear relationship between (k'l - k~)/(k' - k~) and the concentra
tion of 13- or y-CD in the mobile phase accordingto eqn. 9. The resulting relationships
are shown in Fig. 3. The stability constants K for f3-CD and y-CD were determined
from the slopes.

The results are summarized in Table I. The k'l and k~ values are converted to the
k 1 and k 2 values, respectively, by using eqns. 4 and 5. The stability constants K of f3-CD
with NADP and NADH are large compared with those of (1.- and y-CD. This means
that NADP and NADH are liable to form stable inclusion complexes with f3-CD.
Moreover, the K value of NADP is always larger than that of NADH.

The formation of the inclusion complexes is due to the ability of CDs to
incorporate hydrophobic molecules in their cavities and to form hydrogen bonds
between the hydroxyl groups at the entrance of the CD cavity and the polar groups of
the guest molecule 1

-
s . It is considered that NADH and NADP form inclusion

complexes with CD by incorporating their adenine moiety in the CD cavity, as shown
schematically in Fig. 4. The cavity size of f3-CD matches well the size of the adenine
moiety, because the inner diameters of (1.-, 13- and y-CD are 0.57, 0.78 and 0.95 nm,
respectively17, and the lateral maximum size of the adenine moiety of NADH and
NADP was estimated from the bond length and bond angles of the adenine molecule to
be ca. 0.62 nm.

2

(b)

o'--~_-'--~_...J
o

6

7...------....,;:
: /:/
3 j./
2/~1/
1

20...-------,

~I··,.:.<
~~ 10

(a)

[ ~-CD]/mM [Y·CD]/mM

Fig. 3. Relationships between (k', - k~)/(k' - k~) and the concentrations of (a) {l-CD and (b) ]I-CD in the
mobile phase for (0) NADH and (.) NADP. Solid lines were obtained by plotting eqn. 9.
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Fig. 4. Schematic representation of the NADP-CD inclusion complex. The dashed lines represent the
hydrogen bonds.

The partition coefficients k 2 of y-CD complexes are larger than those of fJ-CD
complexes, and the partition coefficients k 2 of a-CD complexes are nearly zero in this
instance. The value ofk 2 is clearly dependent on the molecular weight of the CD and an
increase in the molecular weight enhances the hydrophobicity and therefore the
column affinity of CD complexes. Lastly, it can be noted that NADP forms hydrogen
bonds between its phosphate moiety and the hydroxyl groups of CD, as shown in Fig.
4, resulting in a larger stability constant K than for NADH.
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SUMMARY

The use of 2-(2,3-naphthalimino)ethyl trifluoromethanesulphonate in the prep
aration of 2-(2,3-naphthalimino)ethyl ester derivatives of carboxylic acids for ultra
violet and fluorescent detection in high-performance liquid chromatography is de
scribed. The reagent is easily synthesized in two steps from 2,3-naphthalenedi
carboxylic anhydride and is stable at least for 6 months at room temperature.
Reactions of carboxylate potassium salts (10 - 5 M) with a lO-fold equivalent excess
amount of the reagent proceed to completion within 10 min in acetonitrile at room
temperature in the presence of 18-crown-6 as a cataJyst. The derivatization procedure
with this reagent has been applied succesfully to the determination of some carboxylic
acids in mouse brain. The detection limits (signal-to-noise ratio = 3) with ultraviolet
and fluorescent detection are 100 fmol (at 259 nm) and 4 fmol (A.ex = 259 nm, Aem =

394 nm), respectively.

INTRODUCTION

Carboxylic acids are widely distributed in nature and play important roles as
nutritional substrates and metabolites in the living body. The carboxyl functional
group is only weakly chromophoric, so carboxylates with no other adequately
chromophoric structural feature must be derivatized for their sensitive detection by
high-performance liquid chromatography (HPLC). Of the detection methods cur
rently available for HPLC, fluorimetric detection is one of the most selective and
sensitive. Several fluorescent labelling agents, e.g., 4-bromomethyl-7-methoxycou
marin 1, l-bromoacetylpyrene2

, 9-aminophenanthrene3
, 9-anthryldiazomethane4 and

3-bromomethyl-6,7-dimethoxy-I-methyl-2(1 H)-quinoxalinone5 , have been develop
ed for the determination of carboxylic acids by HPLC. The reactions of carboxylic

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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acids with these reagents are slow and/or require elevated temperatures for complete
derivatiiation because of the poor reactivity of the carboxyl groups. Longer reaction
times at elevated temperatures are unfavourable not only for simplicity in the
derivatization procedures but for the determination of thermolabile substances such as
a-ketocarboxylic acids.

On the other hand, the powerful alkylating abilities of perfluoromethanesul
phonates are well known in the field of organic synthesis. Ingalls et al. 6 developed
4'-bromophenacyl trifluoromethanesulphonate as a highly reactive UV-Iabelling
agent for carboxylic acids for HPLC determination. This reagent can derivatize the
acids completely to the corresponding derivatives within 5 min in acetonitrile at room
temperature in the presence of N,N-diisopropylethylamine. Recently, we have also
reported the UV-Iabelling of carboxylic acids with 2-(phthalimino)ethyl trifluoro
methanesulphonate at room temperature7

•

°II
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~ \ ~I NCH,CH,OSCF3
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In this work, 2-(2,3-naphthalimino)ethyl trifluoromethanesulphonate (NE-On)
was developed as a highly reactive ultraviolet and fluorescent labelling agent for
carboxylic acids in HPLC. Myristic acid was chosen as a representative carboxylic acid
and the reactivity of NE-OTf towards the acid was investigated under various
conditions. An attempt was made to apply the reagent to small-volume biological
samples and some carboxylic acids in mouse brain were successfully determined.

EXPERIMENTAL

Apparatus
The HPLC system consisted of a JASCO 880-PU pump, a Rheodyne Model

7125 injector valve, a JAI Model 3702 UV detector operating at 259 nm or a Hitachi
F-lOOO spectrofluorimeter operating at 394 nm emission and 259 nm excitation and
a Shimadzu Chromatopac C-R6A integrator. Two types of analytical columns were
used, a Chemcosorb 5C8 (5 /lm; 150 x 4.6 mm J.D.) obtained from Chemco (Osaka,
Japan) for the analysis of mouse brain samples and a ,,\¥akosil 5C18-200T (5 /lm;
150 x 4.6 mm J.D.) obtained from Wako (Osaka, Japan) for all the other experiments.
A Hitachi 850 spectrofluorimeter and a Hitachi 304 spectrQphotometer were used for
the measurements of fluorescence and ultraviolet spectra. Melting points were
measured with a Yanaco melting point apparatus and were uncorrected. A Hitachi
05P-21 centrifuge and an NS-310E micro-homogenizer (Nichion Medical Instru
ments, Japan) were used in the preparation of mouse brain samples. An Erma
ERC-3510 degasser was utilized for continuous degassing of the mobile phase.

Reagents and materials
2,3-Naphthalenedicarboxylic anhydride was obtained from Tokyo Kasei
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(Tokyo, Japan). HPLC-grade methanol was purchased from Wako and used in the
preparation of the mobile phases. All other chemicals were ofspecial grade. Water was
purified with a Milli-Q water purification unit (Millipore, Bedford, MA, U.S.A.).
EppendorfSafe-Lock microcentrifuge tubes (2.0 m\) were used as reaction tubes. Male
ddy (7-8-week-old) mice were purchased from Shimizu Laboratory Supplies (Kyoto,
Japan).

Authentic 2-(2,3-naphthalimino)ethyl ester of myristic acid was prepared by
reaction between N-(2-hydroxyethyl)-2,3-naphthalimide and myristoyl chloride ac
cording to the literature method8 and identified by mass spectrometry, JR spectro
photometry and elemental analysis. This ester was used in spectrophotometric studies
and in optimization studies of derivatization reaction conditions as an external
reference standard.

Synthesis of NE-OTf
NE-OTf was prepared in two steps from commercially available precursors.

N-(Hydroxyethy\)-2,3-naphthalimide was synthesized by modifying the literature
method9

. Thus, in a 500-ml flask fitted with a water separator and a reflux condenser
were placed 9.9 g (0.05 mol) of 2,3-naphthalenedicarboxylic anhydride, 3.1 g
(0.051 mo\) of 2-aminoethanol and 300 ml ofdry toluene. The mixture was heated for
3 h under vigorous reflux on an oil-bath. After cooling, the solid product was filtered
off on a G-3 glass filter and washed with three 50-ml portions of cold water.
Recrystallization from ethanol gave transparent needles of the naphthalimide: yield,
85%; m.p., 192-195°C. Analysis: calculated for C14H llN03, C 69.71, H 4.56, N 5.81;
found, C 69.89, H 4.54, N 5.75.

To a solution of trifluoromethanesulphonic anhydride (5 g, 0.018 mol) in
dichloromethane (100 ml) was carefully added dropwise a mixture of pyridine (1.4 g,
0.018 mol) and the naphthalimide (3.9 g, 0.016 mol) suspended in warm dichloro
methane (100 m\) at a rate such as to keep the temperature of the reaction mixture
below - 5°C; the addition required about 1 h. After the addition, stirring was
continued for 2 h. The resulting solution was washed three times with cold deionized
water and then dried over anhydrous magnesium sulphate. After removing dichloro
methane under reduced pressure, the crude product was recrystallized twice from
a mixture of dichloromethane and tetracqloromethane. NE-OTf was obtained
as transparent flakes: yield, 53%; m.p., 138-140°C. Analysis: calculated for
ClsHIONSOsF3, C48.26, H 2.68, N 3.75; found, C48.06, H 2.68, N 3.74. JR, 1200 and
1400 cm- 1 (-O-SOz-); MS, m/z = 374 (MH+).

Derivatization procedure
A typical derivatization procedure was as follows. To 0.5 ml of a test solution of

fatty acids in acetonitrile placed in a reaction tube were added 0.1 ml of 18-crown-6
(10- 3 M) in acetonitrile and ca. 5 mg of anhydrous potassium fluoride. After vortex
mixing the tube slightly, 0.1 ml ofNE-OTf(10- 3M) in acetonitrile was combined with
it. The mixture was vortex mixed for 10 min at room temperature. The resulting
solution was allowed to stand for 30 s and an aliquot (10 JlI) of the supernatant was
injected directly into the chromatograph.
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Preparation of mice brain samples
To the cerebrum dissected from a mouse was added margalic acid (0.1 ml) as an

internal standard, and this sample was homogenized in methanol (3 ml) and
centrifuged for 10 min (5000 g). The supernatant was removed and the residual pellet
was rehomogenized in methanol. This extraction process was repeated three times. The
supernatants were combined and evaporated in vacuo, then the residue was dissolved in
acetonitrile (0.2 ml), followed by the above-mentioned derivatization procedure.

RESULTS AND DISCUSSION

It is well known that trifluoromethanesulphonate possesses an excellent
alkylating ability towards nucleophilic species. However, as far as we know, there only
one report has been published on the use of 4'-bromophenacyl trifluoromethanesul
phonate as a UV-labelling agent for the determination of carboxylic acids by HPLC.
This omission might be due to the difficulties in the synthesis and isolation of
trifluoromethanesulphonate-bearing substances suitable for HPLC detection. We
found that NE-OTf could be easily synthesized from commercially available materials
and is stable at room temperature.

Fluorescence properties of carboxylic acid derivatives
Fig. I shows the excitation and fluorescence spectra of the 2-(2,3-naphthal

imino)ethyl ester of myristic acid (NE-C 14 ester) in methanol-water (9:1). The
excitation and the emission maxima were at 259 and 394 nm, respectively. The effect of
water concentration on the fluorescence intensity was examined. The fluorescence
intensity of NE-C14 ester in aqueous methanol was almost constant at water
concentrations of0-30% (v/v), but decreased slightly with increasing water concentra
tion over 30%.

Optimization of derivatization reaction conditions
Potassium carbonate is frequently used to convert free carboxylic acids into their

200

Ex: 259nm

300 qOO 500
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Fig. 1. Fluorescence spectra of 2-(2,3-naphthalimino)ethyl myristate in methanol-water (9:1).
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carboxylate anions in derivatization systems using halogenoalkyl-type reagents.
Preliminary experiments indicated that the use of potassium carbonate caused many
endogenous peaks, some of which overlapped the derivative peaks of interest in
sensitive detection. Shimada et al. IO reported that potassium fluoride could be used in
place of the carbonate for the conversion of free carboxylic acids into the carboxylate
anions. We examined its use in the present derivatization system and found that the
appearance of the interfering peaks was suppressed. Potassium fluoride was therefore
adopted in this derivatization system.

We investigated some parameters that affect the rate of reaction and the
derivatization yield, such as the reaction time and the amounts of the reagent and the
catalyst. Myristic acid was chosen, owing to the suitable retention time of its
derivative, as a model monocarboxylic acid in the subsequent studies. The effect of the
reaction time on the derivatization yield was examined for the acid (10 - 5 M) both with
and without 18-crown-6 as a catalyst. The reaction was completed within 10 min at
room temperature with a lO-fold excess ofNE-OTfin the presence of 18-crown-6. On
the other hand, without 18-crown-6, it took 40 min to reach a derivatization yield of
96%. Hence a reaction time of 10 min in the presence of 18-crown-6 was adopted in the
subsequent experiments.

To optimize the amounts ofNE-OTfand 18-crown-6, the reactions were carried
out with various equivalent ratios of each to the acid. The reaction proceeded to
completion with a 5-fold excess of NE-OTf in the presence of a lO-fold excess of
18-crown-6. The effect of the relative concentrations ofNE-OTfto 18-crown-6 on the
derivatization yield was also examined, as shown in Fig. 2. A large excess ofNE-OTf
with respect to 18-crown-6 obviously brought about a decrease in the yield. On the
other hand, with a ratio of I: I, a complete derivatization yield was obtained even when
a 300-fold excess of NE-OTf with respect to the acid was used in the derivatization
reaction. It is therefore essential for this derivatization system to use equivalent or
excess amounts of 18-crown-6 with respect to NE-OTf.

The application of the method to the determination of saturated fatty acids
(C6-C I6) was examined. The results indicated good linearity for the determination of
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Fig. 2. Effect of concentration of NE-OTf relative to 18-crown-6 on the derivatization of myristic acid
(l0- 5 M). 0 = 18-Crown-6 concentration = NE-OTf concentration; /':, = 18-crown-6 concentration =
10- 4 M.
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Fig. 3. Typical chromatogram ofsix fatty acid derivatives. Each peak corresponds to 1.0 pmal ofa fatty acid.
Column, Wakosil 5CI8-200T; mobile phase, methanol-water (9:1); flow-rate, 1.0 ml/min; detection,
fluorescence ()." = 259 nm, A,m = 394 nm). Peaks: I = n-caproic acid; 2 = n-caprylic acid; 3 = n-capric
acid; 4 = lauric acid; 5 = myristic acid; 6 = palmitic acid.

each acid at seven different concentrations. The linear regression equation obtained
for C 14 acid, for instance, was y = 0.868x + 0.471 with a correlation coefficient
r = 0.9996 (2 . 10- 8-1.2 . 10- 7 M), where y and x are the peak area and the
concentration of the acid, respectively. A typical chromatogram of the derivatives of
the acids is shown in Fig. 3.

Determination of carboxylic acid in mouse brain
As an application of this reagent to the analysis of real samples, five carboxylic

acids in mouse brain were simultaneously determined according to the above
procedure (Table I). The recovery of these acids in the extraction process was estimated
from that of added margalic acid, which does not occur naturally in mouse brain, and

TABLE I

RESULTS OF THE DETERMINAnON OF CARBOXYLIC ACIDS IN MOUSE BRAIN

Acid

Docosahexaenoic acid
Arachidonic acid
Palmitic acid
Oleic acid
Stearic acid

Concentration
(nmol/g wet weight) a

18.1 ± 0.4
79.6 ± 1.4
36.2 ± 0.7
46.0 ± 1.0
75.4 ± 1.6

R.S.D.
(%)b

2.0
1.7
1.9
2.1
2.1

a Mean ± S.D. (n = 7).
b Relative standard deviation (n = 7).
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Fig. 4. Chromatogram for the determination ofcarboxylic acids in mouse brain. Column, Chemcosorb 5C8;
mobile phase, methanol-water (87: 13); flow-rate, 1.0 ml/min; detection as in Fig. 3; injection volume, 10 III
corresponding to 1/250 portions of the whole sample. Peaks: D = docosahexaenoic acid; A = arachidonic
acid; P = palmitic acid; 0 = oleic acid; M = margaric acid (internal standard); S = stearic acid.

was consistently 95%. These derivatives were well separated from each other within
20 min on the Cs column with methanol-water (87:13) as the eluent (Fig. 4). The
values obtained for the cerebrum (0.33 g wet weight) are summarized in Table I. All the
acids could be determined with relative standard deviations of ca. 2%.

Stability of the reagent
Solid NE-OTfwas stable for at least 6 months in a light-protected desiccator at

room temperature. The stability ofNE-OTfin acetonitrile (10- 2 M) was examined by
periodically chromatographing the solution. Half of the initial peak heights were lost
in 3 h at room temperature (32°C), but it was possible to keep the loss to 8% after
6 days by keeping the solution below - 20°C.

In conclusion, NE-OTf can be easily synthesized from commercially available
starting materials in two steps and is stable at room temperature. The labelling reaction
proceeds rapidly to completion simply by mixing the reagents at room temperature,
which also makes it possible to label thermolabile carboxylic acids without isomeriza
tion and decomposition. The resulting derivatives possess good chromatographic
properties, strong UV absorptivity (Amax = 259 nm, 8max = 62 000) and intense
fluorescence (Joex = 259 nm, Aem = 394 nm); the detection limits (signal-to-noise
ratio = 3) are 100 fmol with UV detection and 4 fmol with fluorescence detection.
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SUMMARY

A method for the determination of a-solanine and a-chaconine, two major
potato glycoalkaloids, in commercial potato products by high-performance liquid
chromatography (HPLC) was developed. The glycoalkaloids were extracted with
methanol and then purified using Sep-Pak CIS or Sep-Pak NHz cartridges. A Nucleo
sil 5-NHz column was employed for HPLC with acetonitrile-20 mM potassium di
hydrogenphosphate (75:25, v/v) as the mobile phase. The calibration graph was linear
in the range 1-50 f.l. g/ml for both a-solanine and a-chaconine. The average recoveries
were 82.4-92.6% for a-solanine and 86.5-97.4% for a-chaconine added to various
commercial potato products at a level of 5 mg per 100 g. The proposed method is
applicable to all commercially available potato products and potato starch.

INTRODUCTION

The two major glycoalkaloids present in potato tubers are the steroidal
triglycosides a-solanine and a-chaconine,which possess the same aglycone, solanidine,
but differ in their sugar moiety. They account for more than 95% of the total
glycoalkaloid content found in the potato tubers 1

•
z. They are haemolitically active like

saponin, fungitoxic 3 and highly toxic to humans. The toxicity ofpotato glycoalkaloids
(PGAs) generally involves gastrointestinal disturbances and neurological disorders4

•
5

.

Sprouted cull and green potatoes which contain over 20 mg of total PGAs per 100 g are
considerd toxic to humans6

. A few cases ofPGA intoxication have occurred and have
been reported7

•

Although increasing numbers of commercial potato products, such as potato
chips, fried potatoes and croquettes, are now on the market, very little information for
evaluating their quality is available. Therefore, there was a need to develop a simple
method for determining their PGA content in order to control the quality and evaluate
the safety of commercial potato products. .

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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A number of methods, such as spectrophotometry8, titrimetry9, thin-layer
chromatography I0, gas chromatographyll, high-performance liquid chromatogra
phy (HPLqI2-14 and enzyme-linked immunosorbent assay (ELISA)15, have been
used for the determination of individual or total PGAs in potato tissues. HPLC is now
becoming the most widely used method because it is rapid, accurate and reproducible
and can be used to determine both individual and total PGAs. However, most studies
have involved the detection of PGAs in fresh potato tissues and not in commercial
products, except for Bushway and Ponnampalam's LC method l2 . Their technique,
although of great value, included an ammonium precipitation clean-up step that was
complicated and very time consuming.

This paper proposes a more sophisticated HPLC method that is simple and
precise for the determination ofPGAs in commercial potato products using combined
Sep-Pak Cl8 and NH2 cartridges for the sample preparation procedure.

EXPERIMENTAL

Chemicals and reagents
A glycoalkaloid stock standard solution (1 mg/ml) was prepared by dissolving

10 mg of a-solanine and a-chaconine (Sigma, St. Louis, MO, U.S.A.) in 10 ml of
methanol. Working standarad solutions were prepared by dilution with methanol.

The HPLC mobile phase was prepared by mixing acetonitrile and 20 mM
potassium dihydrogenphosphate (KH2P04) buffer solution (75:25, v/v).

The clean-up columns were Sep-Pak C18 and Sep-Pak NH2 cartridges (Milli
pore, Milford, MA, U.S.A.). The Sep-Pak C18 cartridge was preconditioned by elution
with 10 ml of methanol and then 10 ml of water prior to use, and the Sep-Pak NH2
cartridge was conditioned with 10 ml of methanol and then 10 ml of acetonitrile.

Acetonitrile and methanol were ofHPLC grade (Kanto Kagaku, Tokyo, Japan).
Water was glass distilled and deionized. All other chemicals were of analytical-reagent
grade and used without further purification.

Apparatus
HPLC was carried out using a Shimadzu LC-6A system (Shimadzu, Kyoto,

Japan) equipped with a Model SPD-6A spectrophotometer. The analytical column
was Nucleosil 5-NH2 (250 mm x 4.6 mm LD.) (Machery, Nagel & Co., Duren,
F.R.G.). The mobile phase was run isocratically at 30°C at a flow-rate of 0.7 ml/min.
The detection wavelength and the sensitivity were set at 208 nm and at 0.04 a.u.f.s.,
respectively.

Sample preparation
Products with low lipid levels (potato tubers, mashed potato and potato starch).

A 5-g sample was homogenized with 30 ml ofmethanol for 2 min, followed by filtration
through a suction filter containing a Toyo Roshi No.4 filter-paper. The residue was
rinsed with ca. 10 ml of methanol and the rinsings were combind with the original
filtrate. The filtrate was brought to a final volume of 50 ml with methanol. A 5-ml
aliquot of the extract (when potato starch was treated, 50 ml of the extract were
concentrated to ca. 5 ml using a rotary evaporator) was mixed with 8 ml of water. The
mixture was applied to the Sep-Pak C18 cartridge, which was then washed with 5 ml of
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40% methanol, and was subsequently eluted with 15 ml of methanol. The eluate was
evaporated to dryness in vacuo, and the residue formed was dissolved in 1 ml of
methanol. An aliquot (20 Itl) of the solution was injected into the HPLC system.

Products with high lipid levels (potato chips,friedpotatoes, croquettes and potato
salad). A 5-g sample was treated in a manner similar to that already described. The
final I ml of methanol solution obtained was mixed with 19 ml of acetonitrile. The
mixture was applied to the Sep-Pak NHzcartridge, which was then washed with 5 ml of
acetonitrile, and was subsequently eluted with 10 ml of methanol. The eluate was
evaporated to dryness in vacuo and the residue was dissolved in 1 ml of methanol. An
aliquot (20 ,111) of the solution was injected into the HPLC system.

Calibration graph
A 20-1t1 volume of the PGA standard solution (1-50 Itg/ml each ofa-solanine and

a-chaconine) was injected into the HPLC system. A calibration graph was prepared by
measuring the peak heights of a-solanine and a-chaconine.

RESULTS AND DISCUSSION

Chromatographic conditions
As for the separation ofPGAs by HPLC, the use ofa reversed-phase column was

not appropriate, because a-solanine and a-chaconine have the same aglycone,
solanidine, in their structures. Although Carman et al. 14 separated PGAs by using an
ion-pair technique with a CiS column, the resolution was poor.

On the other hand, Bushway and co-workers 12
•
i3 employed an NHz column

with a mixture of tetrahydrofuran, acetonitrile and phosphate buffer as the mobile
phase. However, according to the method described by Carman et al. 14

, because of the
lack of inhibitors in HPLC-grade tetrahydrofuran, the formation of decomposition
products such as peroxides caused the background absorbance to become so high that
the solvent mixture was not usable.

Therefore, a mixture of acetonitrile and phosphate buffer without tetrahydro
furan was employed for the resolution ofPGAs with a Nuc1eosil 5-NHz column. The
parameters examined, which were varied in order to effect the required separation,
were the concentration of the KHzP04 and water in the mobile phase, its pH and the
column temperature.

Fig. lA shows the effect of the water concentration in the mobile phase on the
capacity factor (k'). The k' values of both a-solanine and a-chaconine decreased with
increase in the concentration of water (22-30%). This phenomenon suggested that the
PGAs were chromatographed in the normal-phase mode. A 25% water concentration,
approximately the middle of the range examined, was chosen for subsequent work.

The effect of the KHzP04 concentration in the mobile phase on the k' values is
shown in Fig. 1B, and revealed a convex shape for a-solanine and a-chaconine over the
range 5-50 mM KH zP04 . Relatively constant k' values were obtained in the range
20-30 mM. A symmetrical shape peak and a good baseline separation of the PGAs
were also observed in this range.

The k' values of the PGAs showed a dependence on the pH of the mobile phase,
as shown in Fig. 1C. A good baseline separation was achieved in the pH range 2-7. As
the pH of the acetonitrile-20 mM KHzP04 (75:25, v/v) mobile phase was ca. 6, no
additional pH adjustment was employed.
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Fig. 1. Effect of (A) water concentration, (B) KH 2P04 concentration, (C) pH of the mobile phase and (D)
column temperature on capacity factor of (e) oc-solanine and (0) oc-chaconine.

Preliminary experiments revealed that the column temperature affected the
reproducibility of the retention times of the PGAs and the stability of the baseline.
Therefore, the effect of the column temperature in the range 0-50°C on the k' values
were examined. The dependence on column temperature is illustrated in Fig. ID. The
k' values, especially for a-solanine, increased with increase in temperature. Above
30°C, the elution of a-solanine was markedly slower than that of a-chaconine.
Therefore, the column temperature was maintained at 30 ± 0.5°C in subsequent work.

The calibration graphs of peak height versus alkaloid concentration were linear
in the range 1.0-50.0 Jig/ml for both er:'-solanine and a-chaconine. The detection limit
was 20 ng (signal-to-noise ratio = 3) for each alkaloid at a sensitivity of 0.04 a.u.f.s.

Clean-up
Carman et al. 14 used a Sep-Pak CiS cartridge for the sample preparation

procedure. The Sep-Pak CiS cartridge was applied to potato tubers 16 and to the
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Fig. 2. Elution pattern of(.) a-solanine and (0) a-chaconine from the Sep-Pak NH 2 cartridge. Amounts of
200 J1.g of a-solanine and a-chaconine were applied to Sep-Pak NH 2 cartridge. Eluent: methanol.

various potato products, such as potato chips and fried potatoes. However, the
clean-up of the potato products was insufficient because of their high lipid contents.
The HPLC traces showed interferences from impurities, which may lead to a decrease
in the ability of the HPLC column to separate the compounds of interest.

Attempts were made to clean up samples using Sep-Pak NH2 cartridge, which
revealed an interaction in the normal-phase mode similar to that with the Nucleosil
5-NH2 column used for the HPLC analysis. When a methanolic solution of the PGAs
was placed on the Sep-Pak NH2 cartridge, the PGAs were not retained because of the
high polarity of the solvent. Addition of acetonitrile to the methanolic solution of the
PGAs in order to lower the methanol concentration below 10% resulted in good
retention of the PGAs. Fig. 2 shows the elution patterns ofa-solanine and a-chaconine

o
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Fig. 3. Typical chromatograms of a-solanine and a-chaconine from various potato products. Volumes of
20 J1.1 were injected into the chromatograph. (I) Potato starch (3.0 J1.g/ml of a-solanine, 6.0 J1.g/ml of
a-chaconine); (2) mashed potato (4.3 J1.g/ml of a-solanine, 5.3 Itg/ml of a-chaconine); (3) potato chips
(7.4 J1.g/ml of a-solanine, 13.I J1.g/ml of a-chaconine).
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TABLE I

RECOVERIES OF a-SOLANINE AND a-CHACONINE ADDED TO VARIOUS POTATO PROD
UCTS

Sample a

Potato tuber
Potato starch
Mashed potatoes
Potato chips
Fried potatoes
Croquettes
Potato salad

Recovery (%)"

a-Solanine

90.8 ± 3.5
91.9 ± 3.5
89.1 ± 3.1
92.6 ± 9.1
82.7 ± 3.2
89.2 ± 3.0
82.4 ± 1.8

a-Chaconine

93.8 ± 3.6
97.4 ± 7.7
94.2 ± 2.0
90.0 ± 8.3
86.5 ± 5.2
95.0 ± 2.2
90.0 ± 2.1

a a-Solanine and a-chaconine were added to each sample at the level of 5 mg per 100 g.
" Mean ± S.D. (n = 5).

from the Sep-Pak NH 2 cartridge with methanol as the eluent. All of the a-solanine and
a-chaconine were found in the first 10 ml of the eluate. Typical chromatograms are
shown in Fig. 3 for potato starch, mashed potatoes and potato chips after removal of
impurities.

TABLE II

CONTENTS OF a-SOLANINE AND a-CHACONINE IN VARIOUS POTATO PRODUCTS

Sample Content (mg per 100 g)

Potato starch A
Potato starch B
Potato starch C
Sweet potato starch
Wheat starch
Corn starch
Arrowroot starch
Potato chips D
Potato chips E
Potato chips F
Potato chips G
Potato chips H
Potato chips I
Fried potatoes
Frozen fried potatoes
Croquettes
Frozen croquettes
Mashed potatoes
Potato tuber J
Potato tuber K
Potato tuber L

a-Solanine

0.12
0.06
0.03
ND"
ND
ND
ND
1.5
0.6
1.6
1.3
0.5
0.5
1.7
1.5
0.9
2.7
0.9
1.9
0.9
0.7

a-Chaconine

0.23
0.12
0.08
ND
ND
ND
ND
2.6
l.l
3.8
2.4
0.6
0.9
1.6
1.6
1.5
4.0
1.1
2.1
1.3
1.0

Total PGAs a

0.35
0.18
0.11
ND
ND
ND
ND
4.1
1.7
5.4
3.7
1.1
1.4
3.3
3.1
2.4
6.7
2.0
4.0
2.2
1.7

a Total PGAs = a-solanine + a-chaconine.
" ND = not detected.
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Recovery study and analysis of commercial samples
Various commercial potato products fortified at a level of 5 mg per 100 g each of

a-solanine and a-chaconine were used for the recovery study. Table I demonstrates
that the mean recoveries were 82.4-92.6% for a-solanine and 86.5-97.4% for
a-chaconine. The detection limits of both PGAs by the proposed method were 0.02 mg
per 100 g for potato starch and 0.2 mg per 100 g for other potato products.

Table II shows that the total PGAs found in all commercial potato products and
three brands ofpotato starch varied from 0.11 to 6.7 mg per 100 g, all below the critical
level of 20 mg per 100 g which is used as the upper limit when screening new potato
varieties for human consumption. On the other hand, PGAs were found not to be
present in other kinds of starches such as wheat, sweet potato, corn and arrowroot.
The reason why PGAs were found only in the potato starch is thought to be due to their
imperfect purification during production of the starch from potato tubers. Therefore,
it is considered that the PGAs were contaminants in almost all potato starches
commercially available as foodstuffs.

CONCLUSIONS

The clean-up using Sep-Pak C1S and NHz cartridges gave excellent recovery,
sensitivity and reproducibility. The chromatograms were significantly cleaner than
those obtained by other HPLC methods. The determination of a-solanine and
a-chaconine can be evaluated in terms of quality control and safety assessment of
various potato products. Further, the proposed method can be applied as a confirma
tion method for a particular potato starch among the various kinds of starches by
monitoring the PGAs.
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SUMMARY

Technical e-caprolactam, used in the manufacture of polyamides, can be exam
ined using high-performance liquid chromatography on silica gel with acetonitrile as
the mobile phase and UV detection at 200 nm in order to determine organic impuri
ties that affect the quality of the final product. A linear correlation was found between
the adipimide content of the caprolactam samples, which acts as a measure of their
deterioration by oxidation, and the quality index "volatile basis" and also between
the aniline content and the so-called "permanganate extinction number". On the
basis of the proposed method, a thermo-oxidation value can be defined.

INTRODUCTION

e-Caprolactam is an important starting material in the production ofpolyamides
(Dederon, Perlon L, nylon 6, etc.). However, certain organic impurities in monomeric
e-caprolactam reduce the quality of the final products1,2. Partial thermo-oxidative
reaction of e-caprolactam during processing, storage and transport can also occur
forming oxidation products that have an adverse effect on the quality of the
polymerizate and the polyamide fibres (e.g., chain breakage, discoloration, em
brittlement).

Chemical characteristics are commonly determined, e.g., "permanganate ex
tinction number", "UV extinction" and "volatile bases,,3.

For the determination of the permanganate extinction number (PEZ), according
to ref. 3,20 g ofcaprolactam are dissolved in 25 ml of 0.5 M sulphuric acid and treated
with 1.00 ml of 0.02 M potassium permanganate solution at 25.0 ± OSc. The
extinction E at 545 nm is determined after 600 s, and the permanganate extinction
number is calculated as PEZ = Ef' 100, where f is the factor of the photometer
correction3. To determine the so-called volatile bases according to ref. 3, 20
g caprolactam are dissolved in 100 ml of distilled water and 100 ml of 1 M sodium
hydroxide solution are added. By means ofa special distillation assembly3, 10 ml of the
solution are distilled into a calibrated vessel containing 10 ml of 0.01 M hydrochloric

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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acid, 100 ml of distilled water and 5 droplets of methyl red-methylene blue indicator
mixture. The excess of the acid is titrated with 0.01 M sodium hydroxide and corrected
by a blank. The base number can be calculated as mequiv.jkg. However, in view of the
above, the determination of individual impurities in e-caprolactam is clearly of major
importance.

Chromatographic methods are particularly useful in identifying and deter
mining organic impurities in e-caprolactam, and especially gas chromatography has
often been applied4 - 15 . However, high-performance liquid chromatography (HPLC)
is in principle more promising for less volatile substances 16

. So far HPLC has only
been used to separate and identify cyclic oligomers of e-caprolactam17,18, and there
has also been a report on the determination ofe-caprolactam and its metabolites using
HPLC 19

.

The aim of this paper is to show the possibilities of using HPLC for determining
organic trace impurities in technical e-caprolactam. We mainly examined the
determination of aniline (the origin of which is discussed in ref. 20), cyclohexanone
oxime and adipimide. The last compound should also allow the determination of the
oxidative deterioration of e-caprolactam.

EXPERIMENTAL

Equipment
A Hewlett-Packard HP 1090 M liquid chromatography system with a diode

array detector and an 7999 A HPLC workstation, consisting of an HP 310 computer,
HP 9153 A Winchester disc drive, HP 2225 A ink-jet printer and HP 7440 plotter, was
used.

Solvents
Water was distilled and filtered over a G-4 frit prior to chromatography.

Acetonitrile, extra pure for UV spectroscopy (PCK, Schwedt, G.D.R.) with a water
content of 0.35% (wjw) was used.

Test substances, calibration solution and test mixture
The purity of the test substances used was determined by liquid chromato

graphy.
A stock solution of 7 mg of aniline, 42 mg of cyclohexanone oxime, 13 mg of

adipimide and 50 mg of octahydrophenazine in 100 ml of acetonitrile was used for the
determination of individual components. The stock solution was diluted 1:100 to give
a working standard solution.

The chromatographic separation system was optimized using a test mixture of40
mg of aniline, 65 mg of cyclohexanone oxime, 34 mg of adipimide, 70 mg of
octahydrophenazine, 65 mg ofn-valeramide, 25 mg ofe-methylcaprolactam, 250 mg of
N-methylcaprolactam, 300 mg of acetamide and 120 mg of e-caprolactam in 100 ml of
acetonitrile.

Samples
Original samples from various caprolactam manufacturers and also oxygen

impaired products prepared by aeration of pure molten caprolactam at 100°C were
used as solutions of 10 g of sample in 25 ml of acetonitrile.
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Chromatographic conditions
The separation columns were each 200 mm x 2 mm 1.0., containing ES-GeIIO

spherical silica (4 Jim) from Leuna-Werke (Leuna, G.O.R.). The column filling was
prepared by the balanced-density technique with dioxane and 1,2-dibromoethane. The
mobile phasea was acetonitrile-water (99: 1, v/v) at a flow-rate of 0.42 ml/min. The
column temperature was 40°C, detection wavelength 200 nm (band width 4 nm),
reference wavelength 550 nm (band width 100 nm) and injection volume 2 Jil (ca. 800
Jig of sample substance).

RESULTS AND DISCUSSION

Determination of a suitable separation system
At the start of the experiments reversed-phase (RP) systems were tested for their

suitability for the determination of impurities in caprolactam, based on RP-8 and
RP-18 materials with aqueous-organic mobile phases. The retention properties of the
test substances demonstrated the general suitability of such systems. In this manner,
for example, the adipimide from the thermo-oxidation of e-caprolactam is eluted
before the main component e-caprolactam and can be determined using an RP-8
column (200 x 4.6 mm 1.0.) and methanol-water (65:15 v/v) as the mobile phase with
a detection wavelength of 205 nm. However, the disadvantage of this system is that
some quality-affecting impurities, e.g., aniline and cyclohexanone oxime, are eluted
after the main component, which results in non-optimum conditions for the
determination of trace amounts.

The separation problem was solved by using silica gel and acetonitrile, with
which all the test substances examined eluted before the caprolactam peak. Th€
addition of ca. 1% of water to the acetonitrile was found to improve the
chromatographic resolution and analysis time (Fig. I). A further decrease in the water
content (e.g., down to 0.1 %) prolonged the analysis time. Occasionally, this can be
advantageous because changes in selectivity also occur. The retention values show
good reproducibility (relative standard deviation, R.S.O. = 0.5%).

The excellent separation selectivity of the chosen system is shown by the
chromatogram of a test mixture of possible caprolactam impurities in Fig. 2. Table
I gives the overall retention times (tR ) of several test substances. Some compounds
cannot be separated from each other. Aniline and cyclohexanone, for example, are
eluted together. Because of the considerably smaller molar absorptivity of cyclo
hexanone (e200 :::::: 40 I mol- l em-I) compared with that of aniline (e200 :::::: 31000
I mol- l em-I), the determination of aniline is only affected at a large excess of
cyclohexanone, which is not to be expected in pure caprolactam.

Examination of caprolactam samples
Fig. 3 shows the chromatogram ofe-caprolactam with a serious deterioration of

quality and a permanganate extinction number of zero. The size of the aniline peak
should be noted. Cyclohexanone oxime and adipimide were identified as further

a Contrary to the internationally accepted nomenclature, which is followed in the Journal of
Chromatography, the authors prefer the terms "compact phase" and "fluid phase". which correspond to the
accepted terms "stationary phase" and "mobile phase", respectively. They feel that the former are generally
applicable because the "stationary phase"is not always stationary but is moving during'some well-known
chromatographic processes, whereas the "mobile phase" does not have to be moved to realize the
chromatographic phenomenon 30, For further information, see ref 3I.
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Fig. 2. Chromatogram ofa test mixture ofcaprolactam impurities. Conditions: stationary phase, ES-Gell 0;
mobile phase: acetonitrile-water (99:1, v/v); two separation columns in series; flow-rate, 0.42 ml/min;
volume of test mixture, 0.5 Ill; other conditions as under Experimental. Peaks: I = aniline (0.2 Ilg);
2 = cyc1ohexanone oxime (0.33 Ilg); 3 = adipimidc (0.17 Ilg); 4 = octahydrophenazine (0.35 Ilg);
5 = n-valeramidc (0.33/Ig); 6 = e-mcthyl-e-caprolactam (0.13Ilg); 7 = N-methyl-r,-caprolactam (1.25 Ilg);
8 = acetamide (1.5 Ilg); 9 = r,-caprolactam (0.6 Ilg).
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TABLE I

RETENTION OF MODEL SUBSTANCES
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Compound

Nitrobenzene
Dicyclohexanone
Tetrahydrobenzofurazan
Dicyclohexanone oxime
Aniline
Cyclohexanone
Cyclohexanone oxime
Adipimide
Octahydrophenazine

2.51
2.52
2.55
2.59

(I) 2.73
2.78

(2) 2.98
(3) 3.21
(4) 4.96

Compound

n-Capronamide
n-Valeramide
N-n~Pentylacetamide

N-Isobutylacetamide
E- Methyl-E-caprolactam
N-Methyl-E-caprolactam
Acetamide
E-Caprolactam

5.12
(5) 5.46

5.47
5.69

(6) 6.38
(7) 8.30
(8) 9.37
(9) 11.73

a tR = Overall retention time. The numbers in parentheses refer to the peaks on the chromatograms.

impurities. A deviation from the baseline at a retention time of 3.8 min, visible in some
chromatograms, occurs when there are minor differences in the water content between
the mobile phase and the sample solution.

Fig. 4 shows the chromatogram of pure caprolactam with a permanganate
extinction number of 91. Only trace amounts of aniline and adipimide can be found.
Adipimide had previously been found in all caprolactam samples examined.

Various spectra recorded with the diode-array detector are shown in Figs. 5a-e.
Fig. 5a shows the reference spectrum of aniline, and Fig. 5d its spectrum recorded on
the sample peak in the chromatogram in Fig. 3.
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Fig. 3. Chromatogram of quality-reduced E-caprolactam. Conditions: stationary phase, ES-GeIIO; mobile
phase, acetonitrile-water (99: I, v/v); two separation columns in series: flow-rate, 0.42 ml/min; sample
volume, 2 III ofsolution from 109 of sample in 25 ml of acetonitrile; other conditions as under Experimental.
Peaks: 1 = aniline; 2 = cyclohexanone oxime; 3 = adipimide; 9 = E-caprolactam; X,-X4, X6 = unknowns;
Xs corresponds to C-methylcaprolactam.
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Fig. 4. Chromatogram of pure caprolactam. Conditions: stationary phase, ES-Gel 10; mobile phase,
acetonitrile-water (99: I, v/v); two separation columns in series; flow-rate, 0.42 ml/min; sample volume, 2 III
of solution from 10 g of sample in 25 ml of acetonitrile; other conditions as under Experimental. Peaks:
I = aniline; 3 = adipimide; 9 = e-caprolactam; X,-X4, X6 = unknowns; Xs corresponds to C-methyl
caproJactam.

Quantitative analysis
The external standard method was used to evaluate the chromatograms. In

Table II, the slope m of the linear calibration function and the limit of determination
em, measured as three times the noise level, are listed for some caprolactam impurities.
The calibration slope represents the response factor, dependent on the substance used.
If m is set to equal 1 for octahydrophenazine, the peak areas for equal amounts of
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Fig. 5. UV spectra using the diode-array detector for peak identification. Conditions as under Experimental.
(a) Peak I from Fig. 2 (aniline); (b) peak 3 from Fig. 2 (adipimide); (c) peak 4 from Fig. 2 (octahydro
phenazine); (d) peak I from Fig. 3.
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4

TABLE II

CONSTANTS OF THE CALIBRATION FUNCTION y = mx OF INDIVIDUAL IMPURITIES AND
THE MINIMUM AMOUNTS DETERMINED AFTER REGRESSION ANALYSIS 21

Substance m Limit of Correlation
(area/amount) determination, co~[ricient, r

Cm (ppm)

Aniline 21.4 0.1 0.998
Cyclohexanone oxime 3.4 0.5 0.999
Adipimide 6.6 0.5 0.999
Octahydrophenazine 2.0 1.0 0.999

octahydrophenazine, cyclohexanone oxime, adipimide and aniline are in the ratio
I: 1.6:3.5: 10.9. Some results for the determination of caprolactam impurities are given
in Table III. As can be seen from Fig. 6, the content of aniline correlates with the
permanganate extinction number according to ref. 3.

TABLE III

.QUANTITATIVE EXAMINATION OF CAPROLACTAM SAMPLES FROM DIFFERENT MAN
UFACTURERS (I-IV)

Sample Aniline Cyclohexanone Adipimide
(ppm) oxime (ppm)

(ppm)

Pure caprolactam I 0.1 <0.5 5.5
Pure caprolactam II 0.2 <0.5 3.4
Pure caprolactam III <0.1 <0.5 3.2
Pure caprolactam IV 0.8 0.6 6.3
Depolymerization caprolactam l.l <0.5 71.7

95

00

N 75
UJ
Q.

55 0

35 +-----~--~-----r---"L:,."
a

ppm Aniline

Fig. 6. Correlation between aniline content and permanganate extinction number (PEZ)3 for caprolactam
samples of different quality. Condition as under Experimental. Correlation coeffcient r = -0.9891;
probability P = 95.0%.
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Thermo-oxidative deterioration
c-Caprolactam is easily oxidized at high temperatures owing to its amide bond.

As commercially it is stored, transported and further processed in a molten form,
considerable attention must be paid to this point. Previous experiments showed that on
exposure to oxygen, caprolactam (I) is converted primarily to the N-vicinal
caprolactam hydroperoxide (II) and then to adipimide (III) (eqn. 1)22-28. Apart from
adipimide, numerous other oxidation products, e.g., valeramide, formyl-c-caprolactam
and cyclohexenecarboxylic lactam (1-[H]-7-oxo-4,5-dihydroazepine) can also be
formed 27

.

r C

\
~

r c\ -HP.
rc~

(CH2~ NH (CH)4 NH (CH2)4 NH

Let L~OH Lct
H

I II m

Gas chromatography has been applied to the characterization of thermo
oxidatively impaired c-caprolactam. Under the preferre"d, alkaline conditions how
ever, adipimide was not eluted and the degree of oxidation was concluded from the
existence of an "oxidation peak"6. The fluorescence of the compounds with
a ketoimide structure formed by thermo-oxidation of monomeric and polymeric
c-caprolactam has als been proposed as a measure of oxidative deterioration 29

. No
significant differences could be detected in the samples of pure caprolactam using the
latter method. The adipimide formed as the main product of thermo-oxidation of
c-caprolactam shows no fluorescence and so is not detected in this instance.
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Fig. 7. Chromatogram ofcaprolactam from depolymerization. Conditions: stationary phase, ES-GeIIO;
mobile phase, acetonitrile-water (99: I, v/v); one separation column; flow-rate, 0.21 ml/min; sample volume,
2 J.l1 of solution of 109 of sample in 25 ml of acetonitrile; other conditions as under Experimental. Peaks:
I = aniline; 3 = adipimide; 9 = e-caprolactam; other peaks unknowns.•
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Using the HPLC method with silica and acetonitrile, a rapid; simple and
sensitive means is available for measuring the oxidative deterioration of caprolactam.
The slightest contamination can be accurately evaluated (compare Table II and Fig 4).

Fig 7 shows the chromatogram of a depolymerization caprolactam. The high
adipimide content indicates a very strong oxidative action. The significant increase in
the content of adipimide and of volatile bases on aeration of pure caprolactam can be
seen in Table IV.

TABLE IV

RELATIONSHIP BETWEEN TIME OF AERATION, BASE NUMBER AND AMOUNT OF
ADIPIMIDE DURING THERMO-OXIDATIVE DETERIORATION OF E-CAPROLACTAM

Pure caprolactam was aerated at 100°C with 6.7 I/h of air.

Sample Aeration time
(h)

Pure caprolactam 0
Aerated samples 3

3.5
4
4
5

Base number3

(mmol/kg)

0.17
5.2
8.6
8.2
8.6

10.3

Adipimide
(ppm)

8.5
131.9
214.1
180.1
224.6
266.3

As further reaction products from the thermo-oxidation of e-caprolactam, in
addition to the key component adipimide, can be included in the determination of the
volatile bases, e_g., amines and ammonia of other origins, it \yas of interest to examine
the connection between the adipimide content and the base number according to ref. 3.
Fig. 8 shows that there is a linear correlation. The correlation was confirmed with
samples of pure caprolactam of different origins. This demonstrates that the base
number generally results from thermo-oxidative deterioration.
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Fig. 8. Correlation betweea adipimide content and base number for samples of thermo-oxidative
deteriorated E-caprolactam. Conditions as in Table IV. Correlation coefficient r = 0.9903; probability
P = 95.0%.
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The adipimide content determined by liquid chromatography can be defined as
the thermo-oxidation value (TOY). The TOY lies in the range 1-100, corresponding to
ppm or mg levels adipimide per kg of caprolactam.

CONCLUSIONS

This work has shown that HPLC on silica gel is well suited for the examination of
caprolactam samples for technically relevant impurities. The conditions were found to
be both simple and easily reproduced, and the previous history of the products can be
derived from the chromatograms.
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SUMMARY

A comprehensive investigation was carried out on the cyclohexane-soluble ex
tracts from three sediment samples. Elemental analysis of the residue after careful
removal of solvent showed that nitrogen was absent, sulphur accounted for 10--20%
of the residue and the carbon/chlorine ratio was high. Gas chromatography and gas
chromatography-mass spectrometry confirmed that a substantial fraction of the ex
tracts consisted of non-chlorinated long-chain alkenoic and alkanoic acids, terpenes
and plant steroids and that the free organochlorine compounds were dominated by
chlorinated long-chain alkanoic acids and chlorinated resin acids, whereas chloro
form, chemically bound phenolic compounds, and polychlorinated biphenyls made
only a small contribution. The chemical structures of constituents of the extractable
organic chlorine fraction and of the corresponding methanolic alkali extracts from
whole sediments were completely different; the former did not have a major contribu
tion from products originating in chlorinated guaiacyl-C3 residues. Only ca. 8% of
the organically bound chlorine could be accounted for in terms of known compounds
which originated in bleachery effluents. Three hypotheses may be put forward for the
nature of the unidentified components: they may not be constituents of bleachery
effluents, they may not hitherto have been characterized in such effluents or they may
be transformation products formed in the sediment phase. It was not possible in the
light of current evidence to access which of these was correct. It was concluded that
procedures used for characterization which rely heavily on gas chromatographic sep
aration must be substantially improved to enable an acceptable level of indentifica
tion to be attained.

INTRODUCTION

A wide range of structurally diverse chlorinated compounds1-5 is formed during
the production of bleached pulp by conventional processes. Ultimately, a substantial

0021-9673(90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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fraction of this organically bound chlorine reaches the aquatic environment even after
treatment. Considerable effort has therefore been directed to,eyaluating the impact of
such discharge on the biota6 . In addition, environmental mon{toring for exposure to
bleachery effluents has utilized sum parameters such as extractable organic chlorine
(EOClf,8 and analysis for specific compounds has been used in both field 9 and
laboratory studies 1o.

It is generally recognized that the persistence, the toxicity or the potential for
bioconcentration of a compound may present a potential environmental hazard 11

.

The bioconcentration potential is generally assessed from the octanol-water partition
coefficient or some suitable surrogate, so that compounds extractable with cyclo
hexane and therefore components of the EOCI fraction are clearly lipophilic and
putatively have a high bioconcentration potential. Substantial interest has therefore
centred on the nature of the compounds contained in this cyclohexane-extractable
fraction 12,13.

It has been shown, however, that at least as far as the sediment phase is
concerned, the total amount of cyclohexane-EOCI significantly exceeds the sum of the
concentrations of chloroguaiacols, chlorocatechols and chlorovanillins which can be
extracted from sediments, even using relatively aggressive procedures14

. On the basis
of the results of a comparison of various extraction methods, we have postulated that
a hitherto undetermined fraction of these compounds is bound to organic components
of the sediment phase and is not chemically, and probably not biologically,
accessible14

. It is therefore important to identify the compounds responsible for this
discrepancy.

As a prerequisite to achieving a realistic environmental hazard assessment of
compounds originating in bleachery effluents and subsequently entering the environ
ment, it is important to characterize the precise nature of the compounds in the EOCI
fraction of both sediments and biota. Characterization of the organochlorine
components of whole bleachery effluents have relied heavily, indeed almost exclusive
ly, on application of gas chromatographic (GC) and gas chromatographic-mass
spectrometric (GC-MS) procedures 1 ,2,15-17. Clearly, then, these should be applied to
the cyclohexane-EOCI fraction; this was the specific object of this investigation, which
was directed at sediment samples from areas in the neighbourhood of the discharge of
bleac;hery effluents. In this investigation, it was found that, in spite of considerable
effort, only ca. 8% of the EOCI could be identified in terms of known compounds, and
it is therefore suggested that attention be directed to analytical procedures that do not
depel1d exclusively on the use of Gc.

EXPERIMENTAL

Solvents and reagents
The solvents cyclohexane, benzene, methanol, acetonitrile, dichloromethane,

1,2-dichloroethane, carbon tetrachloride were obtained from LabScan (Stillorgan,
Ireland), tert.-butyl methyl ether, pentane and hexane from Burdick & Jackson Labs.
(Muskegon, MI, U.S.A.) and diethyl ether from Fisons (Loughborough, U.K.).

Octadec-9-enoic acid, octadec-9,12-dienoic acid, hexadec-7-enoic acid, glyceryl
trihexadecanoate, octadecanyl octadecanoate, cholesteryl octadecanoate, cholesterol,
lupeol and betulin were obtained from Sigma (St. Louis, MO, U.S.A.), abietic acid and
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dehydroabietic acid from K & K Labs. (Plainview, NY, U.S.A.), {j-sitosterol from
Serva (Heidelberg, F.R.G.), even-membered straight-chain alkanoic acids (C lO- ZZ )

from Alltech (Dearfield, IL, U.S.A.), tetrahydroabietic acid and pimaric acid from
Hercules Powder (Wilmington, DE, U.S.A.), acetic anhydride from Fluka (Buchs,
Switzerland), N-methyl-N-nitroso-p-toluenesulphonamide and boron tribromide
dimethyl sulphide complex from Janssen (Beerse, Belgium), hydrogen chloride in
methanol from Tokyo Kasai (Tokyo, Japan) and methoxamine hydrochloride in
pyridine and trimethylsilylimidazole (TMSI) from Pierce (Rockford, IL, U.S.A.).
Silica gel 60 (70-230 mesh, aluminium oxide (70-230 mesh), acidic and basic, and
sulphur (puriss. cryst.) were purchased from Merck (Darmstadt, F.R.G.). All other
reagents were of analytical-reagent grade.

Synthesis of reference compounds
7,8-Dichlorohexadecanoic acid and 9,1O-dichlorooctadecanoic acid were pre

pared by chlorination of hexadec-7-enoic acid and octadec-9-enoic acid with chlorine
in dichloromethane at room temperature. Solvent was removed to give a white,
low-melting waxy material whose methyl esters were > 99% pure (GC-MS). No
attempt was made to resolve the mixture of diastereoisomers. The mass spectra
[electron impact (EI)] of the methyl esters had extremely weak parent ions (m/z 338 and
366, corresponding to C17H320zClz and C19H360ZClz), which gave rise to daughter
ions with m/z 266 (M+ - 2 HCI) and 294 (M+ - 2 HCI).

9,10,12,13-Tetrachlorooctadecanoic acid was prepared in a similar way from
octadec-9,12-dienoic acid by chlorination with a stoichiometric amount of chlorine in
dichloromethane. Solvent was removed and the residue extracted several times with
hexane to give a white powder which was free from compounds other than the desired
product. The mass spectrum (EI) of the methyl ester had a weak parent ion (m/z 434,
corresponding to C19H340zCI4), which gave rise to a daughter ion with m/z 326
(M+ - 3 HCI).

9,10-Dibromooctadecanoic acid was prepared as for the corresponding chloro
compound. The mass spectrum (EI) of the methyl ester had an extremely weak parent
ion (m/z 454, corresponding to C19H360zBrz), which gave rise to a daughter ion with
m/z 295 (M+ - 2 HBr).

The synthesis of 12-chloro-, 14-chloro- and 12,14-dichlorodehydroabietic acid
has been described18, but in attempting to repeat this work we encountered two serious
problems: inclusion of the free-radical scavenger 2,3-dichloro-5,6-dicyanobenzo
quinone brought about ring dehydrogenations19 to products that were difficult to
remove, and separation of the two monochloro isomers through formation of the
amides was unreliable in our hands. The foIlowing modifications were therefore
adopted. Only the FeCI3-SiOz catalyst was used; the monochloro isomers were
prepared by chlorination in dichloromethane at OCC with slightly over one molar
equivalent of chlorine, and the products were separated by semi-preparative high
performance liquid chromatography (HPLC). A Nucleosil C 18 column (250 x 10 mm
1.0., particle size 5 /lm) (Jones Chromatography, U.K.) was used at a flow-rate of 4 ml
min -1, and the products were detected by their absorption at 280 nm. Two mobile
phases were prepared by mixing 6% (v/v) acetic acid with acetonitrile in the ratios
30:70 (system A) and 40:60 (system B). Purification of the chlorinated resin acids was
carried out first with system A and further purification of the product with system B.
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The mass spectra of the methyl esters had m/z 348, corresponding to C21H2902Cl. The
dichloro compound was prepared using excess ofchlorine in dichloromethane at room
temperature for 2 h and the product was purified by semi-preparative HPLC using
system A. The mass spectrum of the methyl ester had m/z 382, corresponding to
C21H2802Cl2.

The procedure for the synthesis of 5,6-dichloro-f3-sitosterol O-benzoate was first
evaluated using the more readily available cholesterol, which was benzoylated with
benzoyl chloride in pyridine20 . After the reaction was complete, potassium carbonate
solution (8 ml, 0.8 M) was added and the mixture shaken for 5min. The precipitate was
filtered and washed with hydrochloric acid and water. The dried product was
crystallized from tert.-butyl methyl ether, chlorinated with chlorine at ODC in carbon
tetrachloride and the product purified first by semi-preparative HPLC using
a Nucleosil C18 column with acetonitrile as the mobile phase and the detector set at 232
nm, and then finally recrystallized from acetonitrile. The direct probe mass spctrum
had m/z 560, corresponding to C341;Iso02Ch. Pure f3-sitosterol was benzoylated in the
same way, and the EI mass spectrum, which lacked a parent ion (typical of LIS-steroids)
had a principal peak at m/z 105 (C6H sCO +) which showed that benzoylation had
occurred. The O-benzoate was chlorinated at ODC in carbon tetrachloride, the solvent
removed and the product purified by semi-preparative HPLC on a Nucleosil C I8
column with 100% methanol (6 ml/min) as the mobile phase and with the detector set
at 232 nm. The direct-probe mass spectrum had a parent peak at m/z 588,
corresponding to C36Hs402Ch.

Source of sediments
All the samples were recovered from within 2 km of bleachery discharges,

samples A and B from the Gulf of Bothnia, Sweden, and sample C from Oslo Fjord,
Norway. Determinations of dry weight and ignition loss were carried out by
procedures already described IS.

Extraction procedures for EOCI
These were carried out by established procedures7

. The following experiment
was carried out to exclude the possibility of interference from inorganic chloride.
Cyclohexane was spiked with octadecanyl octadecanoate, glyceryl trihexadecanoate,
dehydroabietic acid (all at three concentrations, 25, 75 and 225 pg/ml) and cholesteryl
octadecanoate (5, 15 and 45 pg/ml), and chloride was added to the water-propan-2-01
phase to give a concentration of 0.7%. The extraction with cyclohexane was then
carried out by the standard procedure used for sediment samples and the organic phase
analysed for EOCI.

Elemental analysis
The extracts were evaporated to dryness in vacuo under a stream of nitrogen and

dried in a vacuum desiccator over phosphorus pentoxide. These residues were analysed
by ICI Agrochemicals (Jealotts Hill, U.K.).

Chemical treatment of samples
Analyses of polychlorinated biphenyls (PCBs) were carried out with extract

residues prepared as above for elemental analysis. The residues were dissolved in
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a small volume of n-hexane, chromatographed on silica gel deactivated with 5% (wjw)
water, the hexane eluates collected, elemental sulphur removed21, the extracts shaken
repeatedly with concentrated sulphuric acid, washed with water and finally chromato
graphed on a column of acidic alumina overlayered with basic alumina. The hexane
eluate was discarded and the PCBs were eluted with benzene, the extracts concentrated
and used for analysis.

the following chemical modifications were carried out with ca. 2 mg of residue:
(i) The sample was treated with sulphuric acid (85%, wjw) overnight at room

temperature, diluted with water and extracted twice with tert.-butyl methyl ether
hexane (1:1), the extracts dried (sodium sulphate), solvent removed and the residues
derivatized as below.

(ii) Alkali treatment was carried out with I M aqueous methanolic (I: I)
potassium hydroxide overnight at room temperature, the sample diluted with water,
acidified, extracted and derivatized as below.

(iii) Treatment with BBr3 . (Me2S) (100 mg) was carried out in 1,2-dichloro
ethane for I h at 80°C in a closed tube. Excess of reagent was destroyed by adding water
and the products were extracted with tert.-butyl methyl ether-hexane and derivatized
as below.

(iv) The residue was dissolved in tert.-butyl methyl ether, anhydrous sodium
methoxide added to give a final concentration of 0.2 M and the mixture was shaken
vigorously for I min, acidified with dilute hydrochloric acid and the organic phase was
used directly for analysis. Except for simple lipid esters, it was necessary to use
tert.-butyl methyl ether as solvent for the transesterification.

(v) The residue was treated with 3 M aqueous potassium hydroxide and CUS04
5H20 (300 mg) at 100°C for 1 h. The sample was acidified, extracted and analysed for
chlorophenolic compounds as described below.

(vi) The residue was dissolved in propan-2-ol, hydrobromic acid (0.1 ml, 48%)
was added and the mixture was heated for 1 h at 100°C, diluted, extracted with
tert.-butyl methyl ether-hexane and esterified as below.

Preparation of derivatives of standards and of EOCI extracts for GC and GC-MS
analysis

Acetylation of phenolic compounds was carried out by standard procedures14.
Free alkanoic acids were methylated with diazomethane or methanolic hydrogen
chloride and resin acids with diazomethane22

, and non-chlorinated sterols and
pentacyclic triterpenes were trimethylsilylated23 . For quantification in EOCI extracts,
these samples were used directly; for identification, however, they were first purified.
The derivatized samples were evaporated to dryness, dissolved in hexane and purified
by chromatography on a column of silica gel; the hexane eluate was discarded and the
desired compounds eluted with benzene. Benzoylation of EOCI extracts was carried
out as described for the synthesis of f3-sitosterol benzoate except that after destruction
of excess of reagent, the product was extracted with hexane (2 x 1.5 ml) and the
extracts were washed with hydrochloric acid and dried (sodium sulphate). The extracts
were chromatographed on silica gel and the product was eluted with benzene. Solvent
was removed, and the product rechromatographed twice by semi-preparative HPLC
as described for the synthesis of dichloro-f3-sitosterol benzoate.
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Gas chromatography-mass spectrometry
GC-MS analysis was carried out as described24 with the modifications that the

injector temperature was 260°C and the temperature programming was continued to
300°C and held for 20 min. For direct-probe analysis, the following temperature
programme was used: 50°C (30 s isothermal), increased at 150°C/min to 450°C, which
was maintained for 3 min.

Gas chromatography
Analysis of chlorophenolic compounds was carried out as described previous

ly14. For the analysis of chloroform, samples were extracted with pentane and the
following temperature programme was used: 35°C (6 min isothermal), increased at
lQoC/min to 265°C. Attention is drawn to serious interference in the analysis of
chloroform resulting from compounds released from PTFE-coated screw-cap liners,
the use of which must therefore be avoided.

Analysis of PCBs was carried out using splitless injection with a Varian 3700 gas
chromatograph fitted with an electron-capture detector, and the following tempera
ture programme: 50°C isothermal for 1min, increased at 4°C/min to 295°C, which was
held for 5 min. Quantification was carried out using authentic standards (JUPAC Nos.
28,31,40,52,53, 101, 105, 138, 153, 180 and 209).

Analysis of elemental sulphur was carried out by GC with electron-capture
detection (ECD) using the same temperature programme as for chlorophenolic
compounds described above.

For the analysis ofall other compounds, splitless injection was used with a flame
ionization detection (FlD) system and a Hewlett-Packard Model 5880 gas chromato
graph using the following temperature programme: 50°C (2 min isothermal), increased
at 15°C/min to 215°C, then at 8°C/min to 300°C, which was maintained for 30 min.
The injector temperature was 250°C and the detector temperature 275°C. A DB-5
fused-silica capillary column (30 m x 0.25 mm J.D., film thickness 0.25 .urn) (J & W
Scientific, Folsom, CA, U.S.A.) was used with a column head pressure of 70 kPa.
Quantification was carried out as follows: surrogate standards [dibromooctadecanoic
acid for the carboxylic and resin acids and cholesterol for the sterols (100 .ug of each)]
were added to the extracts (1.0 ml) and the extracts were evaporated to dryness under
nitrogen, esterified with diazomethane, again evaporated to dryness and silylated with
TMSJ. Hexane-tert.-butyl methyl ether (1:1) (1.0 ml) containing naphthalene (50
.ug/ml) as internal standard was added and the organic phase analysed as above.
Quantification was made using authentic standard compounds.

RESULTS AND DISCUSSION

General characteristics of the EOCI extract
In order to avoid confusion, it is important at the outset to appreciate that the

term EOCI (extractable organic chlorine) is, by itself, an imprecise specification. The
values obtained, together with the nature of the substances extracted, clearly depend
critically on the choice of solvent. Cyclohexane was originally selected not primarily on
account of its effectiveness as a solvent, but because it does not dissolve appreciable
amounts of water. In this way, interference from inorganic chloride during neutron
activation analysis of organic chlorine is minimized25 . Tn the following discussion, we
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TABLE I

LOSSES ON DRYING AND ON IGNITION OF DRIED SEDIMENT SAMPLES

165

Loss

Loss on drying (%)
Loss on ignition (%)

Sample

A

85
[5

B

67
6

C

52
6

use the term EOCI exclusively for the fraction obtained by extraction of a sediment
with propan-2-o1 followed by back-extraction with cyclohexane. However, as the
extracts contained high concentrations of non-chlorinated surface-active compounds,
it was imperative to eliminate conclusively the possibility that the EOCI analyses were
compromised by an artefact resulting from inadvertently introduced inorganic
chloride. The experiments using the three "model" substances clearly showed that
there was no interference from inorganic chloride.

The gross characteristics of the sediments are given in Table I and the elemental
analysis of the residues after evaporation of the solvent showed that they contained no
nitrogen and a high percentage of sulphur (Table II). GC and GC-MS confirmed the
sulphur analysis, and showed that it was in the form of elemental sulphur. Organic
nitrogen and sulphur compounds therefore made only a negligible contribution to the
organic components of the extracts.

Quantification of organochlorine compounds
There were two main types of chlorinated compounds whose GC relative

retention times and response factors are given in Table III.
The first consisted of a group of carboxylic acids. The concentrations obtained

by treatment with diazomethane are designated "free"; treatment with sodium
methoxide, however, which brings about transesterification of lipid esters26

, resulted
in the release of a further contribution from chloroalkanoic acids, designated
"bound", although not from the chlorinated resin acids (Table IV). In a separate
experiment, it was shown that the treatment with methoxide did not result in any
destruction of the chloroalkanoic acids, which were sensitive to treatment with
aqueous methanolic alkali. The latter reagent did not release concentrations of the
chlorinated resin acids exceeding those designated "free", so that it was assumed that
these resin acids occurred only in the free form. The quantification of these compounds

TABLE II

MEAN DUPLICATE ELEMENTAL ANALYSES FOR RESIDUES AFTER EVAPORATION OF
EOCI EXTRACTS

Sample

A
B
C

C (%) H (%) Cl (%) S (%)

65.3 9.5 1.87 [3.5
71.8 9.9 1.83 11.0
67.0 9.5 0.99 [ [.4
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TABLE III

RETENTION TIMES AND RESPONSE FACTORS OF CHLORINATED CARBOXYLIC ACID
METHYL ESTERS RELATIVE TO THAT OF 9,IO-DIBROMOOCTADECANOIC ACID METHYL
ESTER

Methyl ester

7,8-Dichlorohexadecanoic
9, I0-Dichlorooctadecanoic
9, 10,12, I3-Tetrachlorooctadecanoic
12-Chlorodehydroabietic
14-Chlorodehydroabietic .
12,14-Dichlorodehydroabietic

Relative retention
time

0.782
0.931
1.064
0.956
0.972
1.040

Relative response
factor

0.74
0.89
0.90
0.93
1.44
1.27

presented a technical problem as all of them have only low GC electron-capture
responses and quantification was carried out using an FID system. Quantification of
the chlorinated resin acids was carried out by both GC with FID and GC-MS
procedures, and the results were in excellent agreement.

The second group of compounds, consisting of chlorophenolic compounds in
the free form, constituted only a small fraction of the extracts, although this was
increased by chemical modification; these components are therefore designated
"bound" (Table V). There was also a minor contribution from chloroform, although
the precise value depends critically on the details of the extraction procedure, and in
particular the temperatures used during working up.

The chlorinated dehydroabietic acids and chlorinated octadecanoic acids, which
clearly accounted for the greater fraction of the identified organochlorine compounds
(Table VI), even though their total concentrations represented only a small fraction

TABLE IV

CONCENTRATIONS (mg/kg ORGANIC C) OF MAJOR ORGANOCHLORINE COMPONENTS OF
EOCI; THE VALUES IN PARENTHESIS ARE GIVEN IN mg CI/kg ORGANIC C

Compound Locality

A B C

9,10-Dichlorooctadecanoic acid:
Free 148 (28) 102 (20) 44 (8.3)
Bound 154 (30) 66 (13) 19 (3.6)

9, I0,12,13-Tetrachlorooctadecanoic acid:
Free 13 (10) 51 (14) 49 (16)
Bound <a 44 (14) 19 (6)

12-Chlorodehydroabietic acid 28 (6.4) 32 (15) 3I (5)
14-Chlorodehydroabietic acid 70 (9) 66 (8) 66 (7)
12,14-Dichlorodehydroabietic acid 350 (90) 181 (3 I) 35 (8.8)
Chloroform 1.5 (1.3) 1.8 (1.6) 0.6 (0.33)

EOCI (2180) (2260) (780)

a < = Lower than the limit of quantification.
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TABLE V

CONCENTRATIONS (mg/kg ORGANIC C) OF CHLOROPHENOLIC COMPOUNDS RELEASED
FROM EXTRACTS OF SAMPLE A AFTER CHEMICAL MODIFICATION

Modification Componenf

3,4,5-CG 3,4,5-CC TCG TCC 2,4,5-CP Penta-CP

Untreated 0.64 0.13 0.39 1.78 <b <
KOH 1.78 0.06 0.64 0.32 < 0.13
BBr3 (Me),S < 1.93 1.28 1.93 4.49 1.93

a CG = Chloroguaiacol; CC = chlorocatechol; CP = chlorophenol.
b < = Lower than the limit of quantification.

of the organically bound chlorine, are an environmentally important group of
compounds because even the non-chlorinated derivatives of dehydroabietic acids are
toxic2

7-29, and both groups of compounds were apparently persistent in the sediment
phase.

In addition, careful attention was directed to the possible presence of any
compound that had been identified in bleachery effluents, or that was suspected of
having a global distribution. Although a range of chlorinated thiophenes have been
identified in bleachery effluentsS

, and tetrachlorothiophene was the dominant
thiophene in an effluent from the same factory in the neighbourhood of which the
sediment sample was collected, none of these compounds could be identified in the
EOCI fraction in spite of their ready extractability with cyclohexane. Chlorinated
quinones, which have been putatively identified in bleachery effluents30 and which
might be environmental chemical modification products ofchlorinated catechols, were
also absent. An examination was also made for the presence of PCBs and other
pesticides, but the contribution of all of these was extremely low. The identity of the
PCB congeners was carried out by selected ion monitoring mass spectrometry of the
parent ions taking into account the characteristic chlorine isotope patterns, but the
only congener which occurred in sufficient concentration for conclusive identification
was 2,3,2',3'-tetrachlorobiphenyl (IUPAC No. 40), which occurred in samples Band
C at concentrations of 2.9 and 0.1 mg/kg organic C.

TABLE VI

SUMMARY OF CONCENTRATIONS (mg Cl/kg ORGANIC C) OF IDENTIFIED COMPONENTS
IN THE EOCI FRACTION IN SAMPLE A

Component Concentration Component Concentration

Total chlorinated resin acids 105 Chloroform 1.3
Total chlorinated fatty acids 68 PCBs 0.4
Total phenolic compounds 9.5 EOCI 2180
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"Free" and "bound" residues
Since chemical treatment of the extracts released additional amounts of chloro

alkanoic acids (Table IV) and chlorophenolic compounds (Table V), a significant
fraction of these compounds has been designated as "bound", and we have
hypothesized that these compounds were covalently linked to organic components
either in the sediment phase or to those originating in the effluents. We suggest that the
chloroalkanoic acids existed as lipids, and emphasize that care must be taken in the
choice of reagent for the release of "bound" residues. For example, the chlorinated
alkanoic acids were rapidly destroyed by treatment with aqueous methanolic alkali
which was used for release of the chlorophenolic compounds, but were stable to
anhydrous sodium methoxide. The chlorocatechols were clearly demethylation
products of the initially released chloroguaiacols, so that the latter group ofsubstances
were quantitatively the more significant. All these observations are consistent with the
previously established fact that whereas chlorocatechols can be recovered from
sediment samples by direct solvent extraction, the chloroguaiacols are apparently
"bound" in some hitherto unknown manner so that they are effectively extractable
only by more aggressive procedures14.

These apparently "bound" residues were clearly extractable with cyclohexane, in
contrast to the "bound" chlorophenolic compounds in whole sediments which were
not effectively removed with water-immiscible solvents14

. Whereas the essential nature
of this covalent binding of the phenolic components in the cyclohexane extracts might
have been similar to that in the bulk sediment, significant differences have now clearly
emerged. Treatment of whole sediment samples with alkaline copper sulphate31

effectively released amounts of chlorovanillins comparable to those of the phenolic
compounds after treatment with methanolic alkali (Table VII). In addition, these
values do not take into account the presence of substantial concentrations of the
de-O-methylated vanillins whose presence was conclusively demonstrated by mass
spectrometric examination. By contrast, application of similar procedures to the
EOCI produced only low concentrations of chlorovanillins. We interpret the results
from whole sediments as involving oxidative degradation of high-molecular-weight
chlorinated lignin with initial fission into guaiacyl-C 3 entities, and subsequent loss of
the side-chain with formation of the vanillins. These entities were presumably part of
the polymeric chlorolignin structure, and these results are consistent with the fact that

TABLE VII

CONCENTRATIONS (mg/kg ORGANIC C) OF CHLOROPHENOLlC COMPOUNDS RELEASED
FROM WHOLE SEDIMENT SAMPLE A AFTER CHEMICAL MODIFICATION

Modification Component"

6-CV 5,6-DCV 3.4.5-CG TCG

Untreated <b < 3 2
Methanolic KOH 13 IS 77 61
Cu2 +-KOH 59 32 79 57

" CV = chIorovanillin; DCV = dichlorovanillin; CG = chloroguaiacol; TCG = tetrachloro
guaiacol.

b < = Lower than the limit of quantification.
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substantial amounts of unchlorinated vanillins were also released, presumably from
lignin itself. Comparable polymerized entities were apparently of relatively minor
significance in the EOCI fractions. In agreement with this is the fact that oxidation of
EOCI residues with KMn04 and KI04, which has been used successfully for
chlorolignin32

, yielded negligible amounts of chlorinated aromatic fragments.

Mass spectrometric identification of EOCI components
In a matrix as complex as that encountered in heavily contaminated sediment

samples, identification of organic components clearly cannot be based solely on
comparison of GC retention times with those of reference compounds33 . All of these
components were therefore conclusively identified by EI-MS comparison with
reference compounds (Figs. 1and 2). To facilitate identification, and eliminate as far as
possible interfering compounds, all samples were purified by chromatography on silica
gel before GC-MS analysis. A serious technical difficulty emerged because, under EI
conditions, the chlorinated alkanoic acid esters had extremely weak parent ions, and
readily formed daughter ions lacking chlorine atoms34; this considerably exacerbated
their conclusive identification in complex mixtures of organic compounds and indeed
the presence of chlorine in the compounds could readily have been overlooked. These
results emphasize the necessity for access to pure samples of reference compounds.
Although these chlorinated alkanoic acids and resin acids have been identified in
bleachery effluents22

•
35 , we are not aware of their recovery from environmental

samples prior to this study.
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Fig. I. Comparison of EI mass spectra of derivatives of compounds isolated from EOCI extracts (top) with
those of authentic reference compounds (bottom): 9,IO-dichlorooctadecanoic acid methyl ester.
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Origin and nature of the organochlorine compounds in the EOCI fraction
All the compounds identified above,-with the exception of the PCBs, have been

reported in bleachery effluents so that there can be little doubt as to their origin. It
should be appreciated, however, that our samples were collected in the close proximity
of the discharge of such effluents, so thafa point discharge source could be clearly
identified. Although less than 10% of the organically bound chlorine compounds in
the EOCI fractions have been identified in terms ofspecific compounds, we feel that the
comprehensive nature of this investigation, which employed procedures effectively
used for analysis of bleachery effluents 1,2.1S-17, reasonably excludes any major
contribution from other compounds hitherto identified in such effluents, Three
hypotheses concerning the origin of the unidentified compounds may be put forward:
they do not originate in bleachery discharge and have a hitherto unknown origin, they
have not yet been identified in bleachery effluents or they are transformation products
of the original compounds contained in the effluents. In the light ofcurrent knowledge,
it is impossible to decide between these alternatives.

Problems in identifying the components of the EOCI fraction in biota have been
encountered by other workers 12.13 so that this may be assumed to be a general issue, It
is important to realize, however, that the EOCI in biota from remote locations may be
entirely different; possibly the major components are neutral, free organochlorine
compounds transported via the atmosphere36

•
37

, The possible confusion resulting
from the uncritical use of sum parameters is therefore again emphasized,

The data presented clearly show that the use of sum parameters such as EOCI in
environmental hazard assessment of bleachery effluents is unsatisfactory since such
a substantial fraction remains unidentified in spite of intensive efforts, Among the
more critical issues are (i) it is impossible to determine unambiguously the source of the
contamination and (ii) it is not realistic to attempt an environmental impact
assessment when the cardinal issues of persistence, bioavailability and potential
toxicity cannot be addressed, The use of parameters such as adsorbable organic
halogen (AOX) is fraught with even greater uncertainty, since a distinction between
chloro- and bromo-organics clearly cannot be made.

Application of alternative analytical procedures
A compound was recovered from extracts whose benzoate after purification by

HPLC had a mass spectrum identical with that of the benzoate of 5~,6~-dichloro-fJ

sitosterol (Fig, 3). However, as it co-chromatographed with another substance,
identifiable by its mass spectrum as dihydro-fJ-sitosterol benzoate, quantification was
not possible. Because, however, it was identified in sub-samples from the same
sediment on two separate occasions, we feel confident of its occurrence and
identification. This presented an interesting example of a compound whose existence
had not hitherto been reported in bleachery effluents although its presence is eminently
reasonable by analogy with the occurrence of the chlorinated long-chain alkanoic
acids and that cannot be analysed by GC-MS owing to apparent disintegration on
injection or during Gc. This appears to be a general problem with chlorinated steroids
(and probably also chlorinated triterpenoids) as GC analysis of the related 5~,6~-di

chlorocholesterol acetate was unsuccessful even using on-column injection, Applica
tion of HPLC to the purification of the derivatized (benzoylated) extracts before direct
probe mass analysis was clearly successful, so that further exploitation of this
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Fig. 3. Comparison oLEI mass spectra of derivatives of compounds isolated from EOCI extracts (lOp) with
those of authentic reference compounds (bottom): 5~,6~-dichloro-fJ-sitosterol benzoate.

technique opens new horizons for the characterization of hitherto unidentified
compounds in EOCI extracts.

Non-chlorinated organic compounds
The preceding discussion has considered only organochlorine compounds. The

elemental analyses (Table II) clearly illustrated, however, the high C-CI ratio which
. could be rationalized on the basis either of a low degree of chlorination of the
components or the presence of unchlorinated analogues. The latter conclusion finds
support in the results of mass spectrometric examination of the derivatized extracts,
which showed a range of unchlorinated aliphatic long-chain alkenoic and alkanoic
acids, f3-sitosterol and its reduction product and a range of terpenes including a few
pentacyclic triterpenes (Table VIII, Figs. 4-6). The GC relative retention times and
response factors of these compounds are given in Table IX.

As with the chlorinated analogues, only the alkanoic acids occurred in the form
of lipid esters. These non-chlorinated compounds were found at concentrations often
ten times greater than those of the chlorinated analogues, and their recovery suggests
a substantial persistence. Many of the terpenes and sterols were sensitive to chemical
modification by the procedures adopted for the chlorophenolic compounds so that
these methods cannot be employed to assess their existence as "bound" residues. Some
of the compounds such as the terpenes are toxic to aquatic organisms27

-
29

, and as it
may plausibly be assumed that all compounds in this fraction have a high
bioconcentration potential, attention should probably be directed to all these
compounds, and also to the organochlorine compounds discussed above. As the
relative fraction of identified organochlorine compounds in the EOCI extracts and of
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TABLE VIII

CONCENTRATIONS (mg/kgORGANIC C) OF PRINCIPAL NON-CHLORINATED COMPOUNDS
IN EOCI EXTRACTS WITH CONCENTRATION OF LIPID-BOUND FATTY ACIDS IN PAREN
THESES

Compound A B C

Fatty acids:
C ,4 I!JO (135) 58 (102) 49 (141)
C i6 353 (263) 459 (379) 234 (127)
CiS 109 (45) 262 (102) 58 (24)
Czo 1136 (128) 1283 (235) 653 (205)
C ,6 :Ll7 340 (295) 58 (262) 49 (141)
C ,s :,19 230 (116) 182 (226) 175 (73)

Terpenes and sterols:
Abietic acid 539 488 385
Dehydroabietic acid 3126 5051 1946
Pimaric acid 565 1108 63
Tetrahydroabietic acid 725 488 385
fi-Sitosterol 2277 2693 1513
Dihydro-f)-sitosterol 841 \179 439
Lupeol <a 924 29
Betulin 380 7278 <
Methylcycloartenol 165 718 344

< = Lower than the limit of quantification.

TABLE IX

RETENTION TIMES OF NON-CHLORINATED CARBOXYLIC ACID METHYL ESTERS AND
TRIMETHYLSILYL ETHERS OF STEROLS AND TRITERPENES RELATIVE TO THAT OF
9,IO-DIBROMOOCTADECANOIC ACID METHYL ESTER

Compound Relative retention Relative response
time factor

Methyl esters:
Dodecanoic 0.536 0.81
Tetradecanoic 0.612 0.99
Hexadecenoic 0.682 0.98
Hexadecanoic 0.689 1.05
Octadeca-8,IO-dienoic 0.759 1.03
Octadecenoic 0.762 1.07
Octadecanoic 0.770 1.23
9,10-Epoxyoctadecanoic 0.777 1.16
Eicosanoic 0.854 1.63
Docosanoic 0.937 1.47
Pimaric 0.760
T.etrahydroabietic 0.872
Dehydroabietic 0.876 1.34
Abietic 0.897

0-Trimethylsilyl ethers:
Cholesterol 1.178 1.42
fi-Sitosterol 1.287 1.06
5,6-Dihydro-f)-sitosterol 1.297
Lupeol 1.332 1.36
Betulin 1.419 0.96

a Response factors assumed to be the same as for dehydroabietic acid.
b Response factor assumed to the same as for f)-sitosterol.
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identified non-chlorinated compounds in the total organic fraction of the sediments
was comparable (ca. 10%), we hypothesize that the unidentified components belong to
classes of compound structurally distinct from those identified in this study. This
emphasizes our conclusion from examination of the organochlorine compounds that
analytical procedures based exclusively on application of GC methodologies are
inadequate for analysis and identification of these constituents.

CONCLUSIONS

The major organic fraction of the cyclohexane-extractable fraction from
sediment samples consisted of non-chlorinated compounds, including long-chain
alkenoic and alkanoic acids, terpenes and some plant steroids. The free organochlorine
compounds which could be identified by GC-MS were dominated by chlorinated
long-chain alkanoic acids and chlorinated resin acids; chloroform and PCB isomers
comprised a minor fraction. Free chlorinated phenolic compounds made a minor
contribution, although such compounds were release9 in greater amounts after
chemical modification.

In spite of intensive efforts, not more than ca. 8% of the EOCI fraction has been
identified in terms of known compounds; with the exception of the PCBs, all were
established constituents of bleachery effluents. It is concluded, therefore, that sum
parameters such as EOCI do not provide an acceptable base for environmental hazard
assessments of bleachery effluents and that, in addition, attention should be directed
not only to chlorinated phenolic compounds but also to apparently persistent
chlorinated and non-chlorinated compounds such as resin acids, steroids and
long-chain alkenoic and alkanoic acids.
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Application of chemical degradative procedures to the EOCI fraction and to
whole sediments established that the major constituents of the two were significantly
different; the unidentified EOCI components were probably not structurally related to
chlorinated C3-guaiacyl residues.

It is concluded that current procedures based on GC and GC-MS analysis are
inadequate for revealing the identity of the major organochlorine constituent(s) of
EOCl, and are unlikely to increase significantly the level of identification of the
organochlorine components. It is suggested that attention be directed instead to HPLC
methods and direct-probe mass spectrometric analysis.
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SUMMARY

A gas chromatographic method was developed, based on a reference standard,
for analysis of the reactive diketene acetal 3,9-diethylidene-2,4,8,IO-tetraoxaspi
ro[5.5]undecane (DETOSU). The method is based on the conversion ofDETOSU to
3,9-diethyl-3,9-dimethoxy-2,4,8,IO-tetraoxaspiro[5.5]undecane, a stable ortho ester.

INTRODUCTION

Ketene acetals react with alcohols to generate ortho esters1
. 3,9-Diethyli

dene-2,4,8,1O-tetraoxaspiro[5.5]undecane (DETOSU)2 is a bifunctional ketene acetal
used in reactions with diols to synthesize polymeric ortho esters which are hydrolyt
ically unstable and have applications in the area of controlled drug release3

. DETO
SU is a reactive electrophile. Some of its known reactions1

,4,5 are hydrolysis, acid
catalyzed self-polymerization, base catalyzed double bond migration, partial hydro
lysis followed by intramolecular cyclization and nucleophilic-attack by hydroxylic
compounds such as alcohols and carboxylic acids. The reaction of DETOSU with
polyols to produce polymeric ortho esters [poly(artho ester)s] 1S a step-reaction (con
densation polymerization) in which accurate stoichiometry and high purity mono
meric starting materials are critical to obtain high degrees ofpolymerization6 ,7. It is,
therefore, necessary to know accurately the purity of the polyols and the DETOSU.
The determination of DETOSU purity presents a special problem because of its
highly reactive nature and attendant lack of a reference standard. In the past, DETO
SU purity was estimated by an area% gas chromatographic (GC) assay8.9 that was
not based on a reference standard. Non-volatile contaminants (e.g. oligomers) would
not be detected and inaccurate purity results were possible. This paper presents a
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base base H 0 +
DAP = HR- DAP = DETOSU 3_ BICYCLIC COMPD.

I MeOH

HR-DAP-MeO

I MeOH

MMD

I MeOH

DMD

Fig. 1. Synthesis of DETOSU. Me = Methyl.

quantitative GC assay method for DETOSU purity based on the conversion of DE
TOSU to a stable derivative, dimethoxyDETOSU, that may be isolated for use as a
reference standard.

To understand the origin of the peaks in the chromatograms a brief review of
DETOSU's synthesis is helpful (Fig. I). DETOSU is obtained from diallylidene pen
taerythritol (DAP) by base catalyzed isomerization of the two double bonds of the
diallyl acetal. The isomerization reaction does not lead quantitatively to DETOSU;
instead an equilibrium mixture is established the composition of which is unaffected
by longer reaction times and/or higher temperatures. The three main constituents of
the final reaction mixture are DETOSU, the half-rearranged material (HR-DAP) in
which only one double bond is shifted and a bicyclic ortho ester that presumably
originates from the reaction of DETOSU with one molecule of water producing a
hydroxymethyl group which adds to the residual ketene acetal moiety within the same
DETOSU molecule. The reaction of HR-DAP with one molecule of methanol pro
duces HR-DAP-CH 30. The reaction of DETOSU with one or two molecules of
methanol generates monomethoxyDETOSU (MMD) or dimethoxyDETOSU
(DMD), respectively.

MATERIALS AND METHODS

The diketene acetal DETOSU was provided by Merck. Methanol (Burdick &
Jackson high-purity brand) and methyl myristate (Aldrich, 99% purity) were used as
received. Helium, nitrogen and hydrogen (ultra-high-purity grades; Linde Specialty
Gases) and compressed air (hydrocarbon-free grade; Linde Specialty Gases) were
used as received.

3,9-Diethyl-3,9-dimethoxy-2,4,8,10-tetraoxaspiro[5.5]undecane (DMD) was
synthesized by heating DETOSU in methanol at reflux for I h, purifying by vacuum
distillation (0.1 mmHg, 120°C) and recrystallization [O°C. from light petroleum (b.p.
30-60°C)]. Fourier transform infrared (FT-IR) (Nicolet 5DX FT-IR; KBr pellet),
proton NMR (Bruker ACE-200; tetramethylsilane internal standard) and elemental
(Schwarzkopf Microanalytical Labs, N.Y., U.S.A.) analyses were performed to verify
the molecular structure of DMD. The melting point and purity of DMD were deter
mined by differential scanning calorimetry (DSC) (Perkin-Elmer DSC-4). The DSC
celIl was calibrated using an indium standard. Dry nitrogen was used to purge the cell
for all measurements. Sealed DSC pans with sample sizes ranging from 2 to 5 mg were
used in all measurements. To insure good thermal contact between sample and pan,
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each sample was briefly heated to 70°C (melted) and then rapidly cooled to - 2YC
and allowed to stand for 1 h to permit complete recrystallization. The temperature
was then raised (lOO°Cjmin) to 3YC and the purity runs performed at 2°Cjmin over
the temperature range of 35 to 70°C.

A gas chromatograph (Hewlett-Packard 5840A) equipped with a flame ion
ization detector, split/splitless capillary inlet port and a fused-silica capillary column
(J & W Scientific DB-1 Megabore™, 15 m x 0.530 mm LD.) with a cross-linked
100% methyl silicone stationary phase (1.5-,um film thickness) was used. The carrier
gas was helium (flow-rate: 10 ml/min) and the detector was supplied with the appro
priate flows of hydrogen, air and nitrogen as a make-up gas. The temperatures of the
inlet port and detector were 250°C. The column temperature was 150°C isothermal.
The volume injected was approximately 2 ,ul with a split ratio of 1:10.

The GC-mass spectrometric (MS) experiments were performed with a gas chro
matograph (Hewlett-Packard 5890) equipped with a mass selective detector (Hewlett
Packard 5970B). The mass spectrometer source was operated at 70 eV with electron
impact (EI) ionization. A fused-silica capillary column (HP-1 cross-linked 100%
methyl silicone, film thickness 0.33 ,um, 12 m x 0.20 mm LD.) with a split/splitless
capillary inlet port was used. The carrier gas was helium (flow-rate: I ml/min). The
injection volume was approximately 0.5 ,ul with a split ratio of 1:10. Other chroma
tographic conditions were the same as described previously.

An internal standard solution (ISS) was prepared by dissolving 4.1 g of methyl
myristate in 1000 ml of methanol. A reference standard stock solution (PSS) was
prepared by dissolving 0.5184 g of DMD in 25 ml methanol. Three standards were
prepared by transferring via pipette 1,2 and 3 ml, respectively, of the PSS into 25-ml
volumetric flasks containing 10 ml of ISS, then filling to volume with methanol.

DETOSU samples were prepared by accurately weighing approximately 50 mg
into 25-ml volumetric flasks containing 10 ml methanol then heating at 60°C for 5 h,
routinely, with longer equilibration times also investigated. After cooling to room
temperature, 10 ml of ISS were added and the flasks were filled to volume with
methanol.

RESULTS

Analysis of the synthetic DMD by several methods confirmed its identity. The
proton NMR spectra (taken in [ZH6]benzene and in [ZH]chloroform) were consistent
with its structure. The FT-IR spectrum revealed bands at 2978, 2969, 2948, 2913,
2879, 1465, 1458, 1357, 1204,990,956,943 and 926 cm- i

. Elemental analysis of
DMD (C 13H z40 6 , mol.wt. 276.33) yielded values for carbon and hydrogen of
56.59% and 8.78%, respectively (theoretical values: 56.51 % and 8.75%). The melting
point ofDMD was 51.2°C and the purity (DSC) was 98.2 ± 0.2 mole% (n = 6). DMD
(solid) was stable for> I year as indicated by DSC analysis when stored at - 2YC in
glass bottles.

Injection of authentic samples and GC-MS analysis were used to assign various
peaks in the DETOSU sample chromatograms. Authentic samples of DAP, DETO
SU and DMD were available and exhibited elution times of 2.22, 3.26 and 6.87 min,
respectively. The identities of the other peaks were determined by GC-MS. The peak
at 2.72 min had the same molecular ion (m/z = 212) as DAP. This was consistent with



182 S. A. POGANY, R. A. DEEKEN, G. M. ZENTNER

the DAP isomer, HR-DAP, since both compounds have the same molecular weight.
The peak at 3.17 min (an impurity in the internal standard) was identified as methyl
decanoate by a probability-based library match of the GC-MS data (UNIX Chem
station™ software; Hewlett-Packard). The peak at 3.53 min was previously identi
fied 5 as the bicyclic ortho ester l-propanoyloxymethyl-4-ethyl-2,6,7-trioxabicy
clo[2.2.2]octane and exhibited a weak molecular ion at m/z = 230 and a prominent
fragment ion from ester cleavage at m/z = 57 due to CH 3CH 2CO+. Although the
peak eluting at 3.84 min was not always discernible due to its low concentration, this
peak may be assigned with some confidence to HR-DAP-CH 30. The addition of
methanol to impure DETOSU containing HR-DAP resulted in the disappearance of
the HR-DAP peak (2.72 min) and the corresponding appearance of the peak at 3.84
min. The peak at 4.84 min was assigned to MMD. As the reaction of DETOSU with
methanol proceeded, this peak first increased then decreased in size, as expected in an
A -+ B -+ C reaction.

The peak at 4.84 min never disappeared completely and was directly propor
tional to the DMD concentration in both standards and samples as illustrated in Fig.
2. Variation of the inlet temperature from 150 to 300°C in an attempt to alter the
amount of MMD formed during a possible in situ breakdown process, resulted in no
change in the MMD peak size. Lowering the column temperature resulted in peak
tailing, while increasing the column temperature above 150T resulted in loss of
resolution. The mass spectrum associated with this peak showed that it consisted of a
single component and exhibited a molecular ion at m/z = 244 (molecular weight of
MMD) and an [M + 1]+ ion at m/z 213 (molecular weight ofDETOSU) attributable
to loss of one molecule of methanol from MMD. The remaining fragmentation pat
tern could be recognized as that of DETOSU. The peak at 7.71 min was methyl
myristate, the internal standard.

The structures of the various species and the respective GC retention times are
summarized in Table 1.

A plot of the DMD-internal standard peak-area ratio versus the DMD con
centration was linear (r 2 = 0.99) over the concentration range of 0.9 to 4.6 mg/ml.
Periodic GC analysis of standard solutions (stored at - 25°C) indicated stability for
at least two months; linear least squares regression slopes and intercepts of cali-
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Fig. 2. MMD proportionality to DMD (r2 = 0.9999). 0 = standards; 0 '"' samples.
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Fig. 3. Chromatograms illustrating the conversion of DETOSU to DMD when heating at 60'C for 10, 23,
36 and 64 min.

bration curves generated from the same standard solutions at time-zero and at time
two months were essentially the same (Table II).

The intraday precision of the assay, defined as the % coefficient of variation
(C.V.) was 0.33%. This number, based on ten replicate injections of the same sample,
was calculated by dividing the value of the standard deviation by the mean value (n =

10) of the DMD-Internal Standard peak-area ratio and expressing the quotient as a
percentage.
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Fig. 4. Kinetics of DMD (*) formation from DETOSU (0).
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Fig. 5. Extent of conversion of DETOSU to DMD. 0 = DETOSU converted to DMD; 0 = DMD
standards.

The formation of DMD from DETOSU was followed as a function of time by
GC (Figs. 3 and 4). Complete reaction had occured within 1 h as evidenced by the
disappearance of the DETOSU peak and stable values for the DMD peak. Longer
reaction times (2, 6, 18 and 48 h) at 60°C did not result in further increase of the DMD
peak area.

To validate the accuracy of the assay, the extent of conversion of DETOSU to
DMD was examined. The data are summarized in Fig. 5. The standard curve was
obtained by injection of four DMD standards. This was compared to the sample
curve obtained from four DETOSU samples that had been derivatized with methanol
as described previously. The following two assumptions were made: (1) the DETOSU
was 100% pure and (2) the conversion ofDETOSU to DMD was 100%. The sample
curve is the plot of the GC area response versus the theoretical concentration of
DMD that would be obtained if 100% pure DETOSU converted quantitatively to
DMD. The standard and sample curves have similar slopes and intercepts (slqpes:
0.2982, 0.2961; intercepts: 0.0029, 0.0086) indicating a quantitative conversion of
DETOSU to DMD. These data were analyzed by Student's t-test method io and no
significant difference (p> 0.5) was found between the slopes of the two curves.

DISCUSSION

The results of this study indicate that the conversion of DETOSU to DMD is
quantitative despite the persistence in both the sample and standard chromatogram
of a minor peak at 4.84 min identified as MMD by GC-MS. The reason why this
residual amount of MMD should not convert to the dimethoxy derivative under the
sample preparation conditions of the assay could not be determined. It is proposed that
the small peak persisting at 4.84 min is due to an equilibrium between MMD and
DMD established inside the injector or column of the gas chromatograph. This hy"
pothesis was corroborated by the fact that the amount of MMD was directly propor
tional to the amount of DMD injected and that repeated recrystallizations of DMD
standards were not effective in reducing the MMD residue peak. The quantitative
conversion ofDETOSU to DMD, a stable material that can be isolated in high purity
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and stored for long periods of time without degradation, can be used in a quantitative
assay of DETOSU based on a reference standard.
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Atomic spectroscopy has developed as a powerful method for interfaced
chromatographic detection because of its capacity to monitor any element selectively
in the eluate l

-
3

. For gas chromatography (GC), such element-specific detection has
been most often accomplished by means ofa microwave-induced atmospheric pressure
helium plasma (MIP)4. The plasma spectrometer system acts as an element-specific
detector by monitoring the emission wavelength of a particular element and thus
selectively detects compounds which contain the element of interest. Some of the
advantages of such a detector are the ability to speciate directly or by derivatization, to
tolerate non-ideal elution of components, to achieve high elemental sensitivity and to
detect more than one element simultaneously. The most frequently employed
GC-MIP system uses plasma discharges maintained within cavities based upon the
Beenakker5 TM010 design, which facilitates operation of a helium plasma at
atmospheric pressure, allowing simple direct interfacing of a capillary gas chromato
graph to the MIP system6

.

Although spectroscopic resolution is not generally adequate to dicriminate
between emission lines from different isotopes of the same element, one instance in
which this can be accomplished is for the hydrogen isotope deuterium. Deuterium
specific detection studies using various MIP detectors have been reported in the
literature7-9; the Beenakker cavity has been evaluated for deuterium detection 10.

Recently, Hagen et al. 11 described various functional derivatization techniques using
deuterium and GC-MIP. Derivatized compounds were monitored with deuterium
specific detection or further derivatization was done with reagents incorporating other
elements so that more than one element could be monitored and greater analytical
information obtained.

The study now described compares quartz and a boron nitride (BN) discharge
tubes for deuterium-specific detection. The latter has proven useful in a number of

" Present address: Searle Research and Development, Division of G.D. Searle & Co., c/o Monsanto
Company, 800 North Lindbergh Boulevard, St. Louis, MO 63167, U.S.A.
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studies for elements such as silicon 12
. The BN tube was sealed inside a larger quartz

tube to improve the transfer efficiency of microwaves from the generator to the BN
tube, and thus allow the operation of a stable helium plasma in the 40-50 W range
needed for deuterium-specific detection 1Z.

Deuterium is used in the study of organic reaction mechanisms, the labeling of
biological samples and the alteration of the biological properties of drugs. Such
modification of the metabolic pathway of drugs is particularly interesting but
relatively undeveloped. If one or more hydrogen atoms are replaced by deuterium,
a drug molecule exhibits minimal steric change or changes in its physicochemical
properties. The increased bond stability may, however, cause changes in the biological
properties of the drug, usually by retarding certain metablic pathways 13. Since the
metabolic pathway is altered, the drug activity is also altered; this may provide
benefits, such as the avoidance offormation of toxic metabolites. Despite the promise
of this deuterium isotope effect, work in this area has been limited due to the cost of
toxicological testing and clinical trials. Gas chromatography-mass spectrometry
(GC-MS) is a favored method of analysis for deuterated compounds, but it can be
demanding and expensive since unit mass resolution will not be adequate to
discriminate deuterated from undeuterated analogues in many instances. A GC-MIP
system could serve as a viable alternative in clinical monitoring and testing, thereby
extending the utility of the deuterium isotope effect.

EXPERIMENTAL

Instrumentation
A Varian (Walnut Creek, CA, U.S.A.) Model 1200 gas chromatograph modified

for capillary column and split injection use was used. The detection system consisted of
a Heath 703 Czerny-Turner configuration monochromator (McPherson Instruments,
Acton, MA, U.S.A.) (0.35 m, f6.8 capable of 0.1 nm resolution), a TM o1o microwave
cavity (J & D, Lexington, MA, U.S.A.) which was able to induce and sustain a helium
plasma at atmospheric pressure, a microwave generator (Model HVI5A, Scintillonics,
Fort Collins, CO, U.S.A.) and a heated interface-transfer line. A coaxial stubstretcher
(Model SL-I0N tuner, Microlab/FXR, Livingston, NY, U.S.A.) was attached to the
cavity to act as an impedance matching device and thus minimize reflected power. The
photocurrent from the photomultiplier tube (Hamamatsu R928, 1100 V) was
monitored with an electrometer (Model 600A, Keithley Instruments, Cleveland, OH,
U.S.A.). The resultant signal was displayed on a strip-chart recorder (Omniscribe,
Houston Instruments, Houston, TX, U.S.A.).

Materials
[ZHs]Toluene, [ZH 3]acetonitrile, [ZH 6]acetone, [2H 6]benzene and [2H z]dichloro

methane were obtained from Aldrich (Milwaukee, WI, U.S.A.). A 30 m x 0.25 mm
J.D. DB-5 (5% phenylmethylsilicone bonded phase) fused-silica capillary column with
a film thickness of 0.25 11m (J & W Scientific, Folsom, CA, U.S.A.) was used. A 6 mm
O.D. x 1 mm J.D. fused-quartz discharge tube and a BN discharge tube were used.
The BN tube (1 mm J.D.) was sealed inside a larger quartz tube (6.2 mm O.D. x 4 mm
J.D.) by means of a high temperature, chemically resistant sealant (Sauereisen
Adhesive No.1, Sauereisen Cements, Pittsburgh, PA, U.S.A.) to prevent flow leakage
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between the two tubes. The plasma gas came into contact only with the BN tube while
the outside quartz tube, because of its favorable dielectric properties, improved the
transfer efficiency of microwaves from the generator to the BN discharge tube.

Analytical method
The microwave detection system was optimized with respect to total plasma gas

flow, power, slit width and axial viewing location. The deuterium atomic emission line
(656.1 nm) was found by bleeding a deuterated solvent such as [2H 6]acetone into the
plasma and then scanning with the monochromator until the wavelength was located.
The focussing lens was then adjusted to give the greatest response. The slit width was
optimized for the best signal-to-noise ratio by repeated injections of a deuterium
containing compound. The plasma gas flow-rate and power were optimized by simplex
optimization14.

After optimization, calibration curves for the deuterated compounds were
prepared. Detection limit and linear dynamic range information was obtained from
these plots. Selectivity values were also calculated.

RESULTS AND DISCUSSION

The optimum conditions for deuterium-specific detection were at a helium
plasma gas flow-rate of 60 ml/min, a plasma power of 45 Wand a 50-llm slit width for
the quartz discharge tube. Values for the BN discharge tube involved a flow-rate of
53 ml/min, a plasma power of 55 Wand a 50-llm slit width. Calibration curves for
various deuterated compounds were constructed using both the BN and quartz
discharge tubes, a summary of these data being found in Table I. Deuterium versus

carbon selectivity values against hexane or heptane for the two different tubes are also
given.

The detection limit and most notably the linear dynamic range values are much
better for the quartz discharge tube than for the BN tube. Deuterium detection limits
of ca. 50 pg and the wide linear dynamic range are encouraging features for further

TABLE I

ANALYTICAL DATA FOR DEUTERIUM-SPECIFIC DETECTION

Compound Detection limit (pg) Selectivity Slope Correlation Linear Number
of deuterium dynamic of points

Deuterium Compound versus carbon range

Quartz discharge tube
[2HsIToluene 28 174 88 0.984 0.9981 5176 8
[2H31Acelonitrile 55 402 92 1.182 0.9974 3940 5
[2H 61Acetone 59 314 84 1.171 0.9974 480 5
[2H 61Benzene 51 357 78 1.039 0.9958 5130 5

BN discharge tube
[2HslDichloromethane 43 937 87 0.932 0.9976 135 4
[2 H31Acetonitrile 233 1710 95 1.008 0.9958 135 5
[2H61Acetone 153 815 78 1.237 0.9945 135 5
[2H61Benzene 116 813 79 1.183 0.9943 112 5
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Fig. I. Helium MIP background response with a quartz discharge tube.

application. However, the deuterium versus carbon selectivity is only ca. 100 for either
discharge tube. It may be that true deuterium to carbon selectivity was not measured
because of the contributing response from hydrogen emission at 656.3 nm. In the
selectivity determination it was necessary to inject a compound containing carbon and
hydrogen along with the deuterated sample, and to measure their responses as they
eluted almost simultaneously. This procedure was used for two reasons: to measure
responses under virtually identical elution conditions and to make observations for
a pair of deuterated and undeuterated species as might be encountered in a practical
determination. Since the hydrogen emission line is so close to the deuterium line
(656.1 nm), it is possible that the hydrogen emission adds to the emission credited to
carbon, thus reducing the measured deuterium versus carbon selectivity value, since
the calculation does not take into effect such a close and strong interference. Since the
hydrogen emission line is so close to the deuterium line, the selectivity value between
them would be expected to be low. A selectivity value for deuterium over hydrogen of
ca. 25 was calculated in this study, from chromatograms such as that shown in Fig. 3;
in comparison a value of 50 has recently been reported for measurements at these
wavelengths, giving credibility to the above conclusion 15 .

Fig. I shows the background response of the helium MIP for the mono-
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Fig. 2. Helium MIP response with [2H 6]acetone bleed and a quartz discharge tube.
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Fig. 3. GC separation of toluene and FHs]toluene monitored at the carbon (247.9 nm) and deuterium
(656.\ nm) emission lines. Helium column flow-rate, 1.4 ml/min; injection volume, 0.1 Ill; inlet split ratio,
53:1; injector temperature, 230D C; detector transfer line temperature, 250°C; column temperature, 57DC
isothermal.

chromator used; at 656.1 nm some response is observed. If impurities in the plasma gas
are responsible, then a hydrocarbon sample would also be expected to give an
enhanced response and thus reduce the selectivity value. Fig. 2 shows the response seen
when [2H 6]acetone was bled into the plasma. There is a marked decrease in response
away from the 656.1-nm emission line and thus no way to avoid the background
emission by moving to another measurement wavelength without sacrifice in
detectability.

While selectivity between deuterium and carbon is only moderate, Fig. 3
demonstrates that deuterium-specific detection with the MIP system is a useful tool in
distinguishing deuterated compounds in a chromatogram. The separation of toluene
and [2Hs]toluene in a chloroform solution (50: 10:500, v/v/v) is shown for two
indepedent chromatograms, monitoring at the carbon emission line (247.9 nm) and at
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the deuterium emission line (656.1 nm). Deuterium detection plasma conditions were
as noted above while carbon was monitored at 247.9 nm with a plasma power of 65 W
and a plasma gas flow-rate of88 ml/min. The relative responses are as predicted for the
response at the carbon line, based upon the amounts ofeach component in the sample.
The deuterium line response demonstrates the selective detection of the deuterated
compound, [2Hs]toluene showing a marked increase in response over toluene. The
ability to carry out such selective monitoring can simplify the task of finding the
deuterated component in complex matrixes, utilizing carbon- and hydrogen-specific
chromatograms to gain further information.

The study showed that the quartz discharge tube gave a better detection limit and
linear dynamic range for deuterium detection than did the BN tube which, however,
has a longer effective operating life since it suffers less from etching of the walls by the
plasma. Although the selectivity of deuterium versus carbon and hydrogen are both
only moderate, GC-MIP shows potential as a useful tool to monitor deuterated
compounds.
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The properties of liquid stationary phases used in gas chromatography (GC) are
changed stepwise. Studies carried out by Kemula and Buchowski 1 on the distribution
of microcomponents between two immiscible liquids established a theoretical basis for
the application of binary stationary phases in Gc. The equations that they proposed
for the distribution of a microcomponent in a liquid-liquid system were used by
Waksmundski et al. 2 for its distribution between a gas and a mixture of two liquid
phases. They suggested a relationship between the partition coefficient in a mixture of
two phases and their values in the pure components. They also stated that the excess
free energy of mixing characterizes only the interaction between components in the
binary liquid phase.

Vigdergauz and Pomasanov3 showed that the excess free energy is composed of
two components, one of which characterizes the interaction between the components
in the system and the other the specific interaction of the sorbate used with a binary
system.

The fol1owing equation was suggested3
:

(1)

where
Vmm = molar retention of sorbate at the binary phase;
Vmm, 1, Vmm,2 = molar retention of sorbate in the first and second pure components of

the binary phase, respectively;
= molar fraction of the binary phase components;
= excess free energy of mixing for the binary phase components;
= value characterizing the specific interaction of sorbate with a binary

phase.
However, eqn. I is in fact unsuitable for mixtures ofliquid stationary phases and

for high-molecular-weight and polymeric compounds and also for modified sorbents,
where the notion of molecular weight is inapplicable. Therefore, in this work it is
proposed to use eqn. I in a different form and also to replace the molar fraction by the
weight fraction, and the molar retention by the specific retention volume;

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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(2)

where
Vg, Vg,l. Vg,2 = specific retention volumes for the binary system and the first and

second components, respectively;
= weight fractions for the components of the binary system;
= a value proportional to the excess free energy of mixing of the binary

phase components;
= a value characterizing the specific interaction of the sorbate with the

binary phase.
In the theory of the non-electrolyte solutions, the value of the excess free energy

of mixing is expressed through the activity coefficients of the components of the binary
solution with the Dewgem-Margules equation:

(3)

where
Yl. Y2 = activity coefficients of the binary solution components;
Xl. X 2 = molar fractions of the binary solution components.

Various expressions have been given in the literature4 for the gE value
depen4ence in eqn. 3. One such dependence, suggested by Redlich and Kister5

, has the
following form:

where B, C and D are constants and Xl is the molar fraction of one of the components.
In this work it is suggested that the ratio from the theory of non-electrolyte

solutions is used to describe the retention dependence on the composition of any
binary system with eqn. 2, but grE and g1E values with eqn. 4:

glE

<fJ2 = -23 2 = Wl(l - w2)[Bs+ C.(2 Wl - I) + Ds(2 Wl - 1)2 + ...J (6)
. RT

where Bw , Cw , D w are constants characterizing deviations in the behavior of the binary
system from ideality and B., C., D s are constants characterizing the specific interaction
of the sorbate with the binary system.

To find Bw , Cw and Dw , the dependence of log Vg for n-decane on the
composition of binary system was used with the assumption that the retention of
n-decane is not characterized by a specific interaction, that is, <fJs = O. To determine B.,
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C., D., we used the dependence of the relative retained volume ofsorbates (by decane)
on the composition of the binary system:

log, = WI log '1 + (1 - WI) log '2 + Wl(l - wl)[Bs + Cs(2 WI - 1) +
+ D.(2 WI - 1)2] (7)

where'l and'2 are the relative retention volumes of the sorbate by n-decane. To limit
the number of constants in equations such as eqns. 2 and 5-7 to two (linear
dependence) and for the possible use of relative concentrations, the following
empirical equation for Z1. which is a reduced variable, is suggested:

(8)

where
a = the empirical constant which was found experimentally to be equal to

0.25-4.00;
b = reciprocal of the concentration range used;
W1,i, Wl,O = variable values at the beginning of the range used and the current value of

the same variable, respectively.
The value of Z 1 is varied from 0 to 1, and it should be noted that the value ofZ 2is

calculated as the difference l-Z 1 .

The influence of the constant a in eqn. 8 on the dependence of log Vg on the
composition of binary systems is illustrated by the example of the retention ofdiphenyl
on the hydroxylated Silochrom-polyethylene glycol adipate (PEGA) system (Fig. 1).
In this instance the number of constants in eqn. I is limited to only two. According to
the experimental data (Fig. 1, curve 2) a linear dependence of the f(ZI) function
(Fig. 2) was found, and the least-squares method gave B = -1.323 and C = -0.483.

o 0.4

-1.0

-0.4
log Vg

2.0

o 0.2 0.6
Z1

Fig. 1. Logarithmic dependence of the specific retention volume of diphenyl in the binary system
hydroxylated Silochrom C-80-PEGA at 200°C on the relative mass fraction of stationary phase (1) and on
the relative mass fraction raised to the power 0.5 (2).

Fig. 2. The feZ ,) function for diphenyl in the binary system Silochrom C-8o--PEGA.
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The log Vg dependence for diphenyl was obtained by the equation

log Vg = Z1 . 2.0495 + (I - Z1)' 1.8555 + Z1 (I - Z2)[ -1.323 +
+ 0.483 (2 Z1 - 1)] (9)

where Z = [3 Cj(IOO + C)]O.5 and C is the PEGA mass fraction from Silochrom
weight percent, %; 2.0496 and 1.8555 are the log Vg values at the point C(50%) and for
the initial hydroxylated Silochrom, respectively.

We now consider the binary system: p-n-dioctyloxybenzene-liquid crystal. As
the initial part of the log Vg dependence has a complicated form, we took 3% as the
starting point and 20% as the final point. All the points within this range were
considered in the relative weight percent.

According to the data in Table J, the dependence of Vg for n-decane on the
composition of the binary system can be described by

log Vg = Z1 . 2.0224 + (1 - Z1)' 2.2188 + Z1(1 - Z1)[ -0.2822 +
+ 0.0740 (2 Z1 - I) + 0.1435 (2 Z1 - 1)2] (10)

where Bw = -0.2822, Cw= 0.0740 and D w = 0.1435; 2.0224 and 2.2188 are the log Vg

values at the points 20 and 3 wt.-%, respectively; Z1 = [(C - 3)/17]°·81; Cis the mass
fraction of the liquid crystal from the Silochrom weight percent.

For specifically retained sorbates such as benzene, ethanol, methyl ethyl ketone
and nitromethane, eqns. 6-9 were obtained, together with those describing the
dependence of Vg on the composition of the binary system by the!w(Z1) function for
n-decane and also by the constants B., Cs and D s• The equations have the following
forms:

for benzene,

log Vg = 1.1072 Z1 + 1.4579 (I - Z1) + Z1(1 - Z1)!w(Z1) +
+ Z1(1 - Z1)[ -0.5701 + 0.4992 (2 Z1 - 1) - 0.1435 (2 Z1 - nz] (11)

TABLE I

RELATIVE (TO n-NONANE) RETENTION VOLUMES FOR SORBATES AT 100°C ON HYDROX-
YLATED SILOCHROM C-80 (80 m2(g) MODIFIED WITH 0-20% p-n-DIOCTYLOXYBENZENE

Sorbate p-n-Octyloxybenzene content (%)

0 I 3 6 9 12 15 20

Benzene 0.541 0.528 0.353 0.229 0.205 0.212 0.225 0.242
Ethanol 10.40 8.18 4.66 2.23 1.66 1.55 1.47 1.42
Methyl ethyl ketone 22.60 22.60 21.00 10.70 4.00 2.39 2.09 1.89
Nitromethane 2.28 2.32 1.45 0.870 0.758 0.733 0.672 0.713
n-Hexane 0.136 0.133 0.125 0.118 0.114 0.116 0.122 0.124
n-Decane 1.94 1.97 2.04 2.05 1.97 1.98 1.98 1.98
n-Nonane" 77.80 57.80 81.30 63.80 59.10 55.10 54.50 53.00

" The specific retention volume is given in ml(g.
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for ethanol,
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log Vg = 1.1874 Z1 + 2.5786 (1 - Z1) + Z1(1 - Z1)!w(Z1) +
+ Z1(1 - Z1)[ -0.8040 + 0.4855 (2 Z1 - I) - 0.1435 (2 Z1 - 1)2] (12)

for methyl ethyl ketone,

log Vg = 2.000 Z1 + 2.9395 (1 - Z1) + Z1(1 - Z1)!wCZ1) +
+ Z1(1 - Z1)[ -1.1960 + 0.4839 (2 Z1 - I) + 0.3546 (2 Z1 - 1)2] (13)

and for nitromethane,

log Vg = 1.5775 Z1 + 2.0719 (I - Z1) + Z1(1 - Z1)!w(Z1) +
+ Z1(1 - Z1)[ -0.4979 + 0.3015 (2 Z1 - 1) - 0.6939 (2 Z1 - 1)2] (14)

where

!w(Z1) = -0.2822 + 0.0740 (2 Z1 - I) + 0.1435 (2 Z1 - 1)2.
Eqns. 6-9 allow the contribution of the specific interaction of the sorbate with

a binary system to be quantified and its influence on the separation coefficient (relative
retention) to be estimated. A comparison of the data calculated using eqns. 6-9 with
the experimental results shows that the deviation does not exceed 5-6%.

The calculation of Vg for n-nonane and n-hexane was effected using eqn. 10 with
substitution of the values 2.0224 and 2.2188 by the relevant data for n-nonane and
n-hexane at the points of 20 and 3% (w(w). The calculated and experimental data are
given in Table II.

Similar calculations for binary systems of Silochrom C-80 with cholesterol
pelargonate (liquid crystal), phthalocyanine dilithium and vinyl acetate-ethylene
copolymer were also made.

Hence the possibility of using thermodynamic principles from the theory of
non-electrolyte solutions to express the retention from the composition of a binary
system through the activity coefficients of the constituents and also through the
activity coefficients that characterize the specific interaction of a sorbate with a binary
system has been demonstrated.

TABLE II

DATA CALCULATED USING EQNS. 6-9 AND THE CORRESPONDING EXPERIMENTAL VALUES

Vg values for various sorbates on dehydroxylated Silochrom C-80 modified withp-n-dioctyloxyazoxybenzene at 100°C
are given.

C 2, Benzene Ethanol Methyl ethyl ketone Nitromethane n-Hexane n-Nonane
(%. wlw)

veale. V exp . veale. V exp . veale. V e:cp. veale. V exp . veale. V exp . veale. V exp .
9 9 9 9 9 9 9 9 9 9 9 9

6 0.245 14.0 14.6 143.0 142.0 255 255 55.8 55.5 8.12 7.50 64.9 63.8
9 0.430 12.4 12.1 98.9 98.2 143 141 45.3 44.8 7.18 6.72 57.4 59.!

12 0.597 11.9 11.7 84.2 85.2 113 115 40.0 40.4 6.80 6.40 54.4 55.1
15 0.754 12.5 12.3 82.2 80.0 108 108 36.3 36.6 6.72 6.67 53.9 54.5
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EXPERIMENTAL

NOTES

The gas chromatographic measurements were made with the Tsvet-152 chroma
tograph under isothermal conditions. Glass columns (200 x 0.3 cm J.D.) and a flame
ionization detector were used. The oven temperature was maintained constant within
±O.l °C. The relative error of the retention volume (P = 0.95) was 2.5-3.5%.

Binary systems of Silochrom C-80 with cholesterol pelargonate6
, p-n-dioctyl

oxyazoxybenzene, phthalocyanine dilithium 7
, polyethylene glycol adipate and

ethylene-vinyl acetate copolymerS were studied.
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Ethyl fenthion (O,O-diethyl-O-4-methylthio-m-tolyl phosphorothioate) is the
active component of the pesticide Luci-jet. It is a contact and stomach insecticide and
possesses a useful penetrant and persistent action similar to that of the methyl ester
(fenthion) 1

, Luci-jet is formulated as a dip and drench and has been used to control
blowfly strike (Lucilia cuprina) in sheep2-4, It is significantly more toxic than the
methyl ester with an acute oral LD so for male rats of 45 mg/kg compared to 190-315
mg/kg for fenthion 1.4,

In recent years, deliberate ethyl fenthion poisoning of wildlife has occurred in
New South Wales, Determination by semi-quantiative thin-layer chromatography,
based on acetylcholinesterase inhibitions

,6 did not allow sufficiently low detection
limits for ethyl fenthion in the liver and kidney tissues, but did provide a useful
screening procedure for stomach contents.

The purpose of the present work was to develop a specific, sensitive and robust
gas chromatographic method for determining ethyl fenthion poisoning of native wild
life.

EXPERIMENTAL

Extraction and clean-up procedure
The liver, stomach plus contents and kidney tissues dissected from the poisoned

birds were cut into small pieces. The tissues were then accurately weighed (5-15 g)
into a Sorvall cup and 25 ml of an acetone-dichloromethane (1: 1) solvent mixture
were added. The mixtures were then blended at medium speed for about 2 min and
then filtered through a Whatman No. I filter into a Kuderna-Danish flask. The
samples were re-extracted with a further 25 ml of solvent and the residue was washed
several times with the same solvent and passed through the filter in the flask. The
combined solvent extracts were then concentrated to a low volume. A I-ml volume of
1% (v/v) acetic acid in hexane was added and the remainder of the solvent removed
under a gentle stream of nitrogen to a final volume of ca. I m!. The residues were
transferred with two I-ml volumes of 1% (v/v) acetic acid in hexane onto silica gel 60
(particle size 0.063-0.200 mm, E. Merck) clean-up columns. The columns were pre-
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pared by adding 3.5 h of deactivated silica gel [deactivated by addition of 20% (w/w)
distilled water], followed by 2 g anhydrous sodium sulphate (granular) to a 200 mm
x 6 mm J.D. glass column plugged with glass wool. The columns were washed with
10 ml of 1% (v/v) acetic acid in hexane. After the addition of the sample residues the
columns were eluted with 10 ml of 1% (v/v) acetic acid in hexane and the eluent was
discarded. The ethyl fenthion was eluted with 30 ml of 5% (v/v) diethyl ether in
hexane into a 50-ml volumetric flask. This fraction was subsequently concentrated or
diluted depending on initial screening of eluate.

Chromatography
The eluate (2 fll) was injected into a Varian 3700 gas chromatography equipped

with a thermionic specific (ceramic-alkali) detector and a 1.5 m x 2.0 mm J.D. glass
column containing 7% OV-21O and 3.5% OV-I0l on Chromsorb Q HP (100-120
mesh) operating at 18SOC. Detector and inlet oven temperatures were 300 and 220°C,
respectively. Gas flow-rates were as follows: nitrogen (carrier), 50 ml/min; hydrogen,
5.0 ml/min; air, 170-175 ml/min. Ethyl fenthion concentrations were determined by
external quantitation with standard solutions of ethyl fenthion using a Hewlett-Pack
ard Model 3390A integrator interfaced to the gas chromatograph and attenuated at
16 mV full scale deflection.

RESULTS AND DISCUSSION

The method described is sensitive and efficient for extraction and clean-up of
ethyl fenthion residues in tissues of poisoned birds of prey. The method detection
limit for ethyl fenthion in liver and kidney was 0.02 flg/g. Average recoveries from
liver and kidney fortified with ethyl fenthion were greater than 91 %.

Typical chromatograms of the reference standard ethyl fenthion and a cleaned
stomach contents extract from a poisoned magpie (Gymonorhina tibicen) obtained
with thermionic specific detection are shown in Figs. 1 and 2.

Table I shows the tissue concentrations of ethyl fenthion in two species of birds
of prey. The ethyl fenthion had been extensively metabolished in all the bird livers,
probably to the corresponding sulphoxide and sulphone, both of which are also
toxic7

. Ethyl fenthion residues in the magpie (Gymonorhina tibicen) were greater than
those found in the currawong (Strepera melanoptera). This may be due to variation in
species sensitivity to the pesticide and/or metabolic rates prior to death.

The use of ethyl fenthion appeared to be limited to mainly meat baits. Birds of
prey such as crows, magpies and currawongs were probably the primary target, par
ticularly during the lambing season; however, dogs, including sheep dogs, can also be
at risk. The misuse of pesticides to poison vertebrates can put at risk both the person
laying the bait and the general public. 8

The method has proved useful for the analysis of samples derived from a num
ber of instances of ethyl fenthion poisoning of wildlife. Several ethyl fenthion in
toxications have been confirmed involving native granivorous birds in addition to
birds of prey. The silica gel clean-up method has been successfully used on a variety of
substrates. It eliminated co-extractives and provided adequate sensitivity. However,
as most baits contained large amounts of the toxic chemical, the method is generally
suitable without the clean-up procedure.
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The control of the specified purity ofcommercial chemicals is an important task
in chemical analysis. Often high demands are made on the analytical method because
in many instances chemically very similar constituents have to be determined. For
riboflavin-5'-phosphate the purity of the products investigated is specified by the
producers based on high-performance liquid chromatography (HPLC) or spectro
photometry. Because the most important impurities are riboflavin and the different
riboflavin phosphates, the latter method has the disadvantage that the particular
riboflavin derivatives (showing similar optical properties) cannot be determined
individually, and their total is measured. Therefore, this is not a very suitable technique
for the determination of such impurities. Apart from the note on the product label
refering to the analytical method applied, no detailed procedures concerning the purity
control ofriboflavin-5'-phosphate were found in the literature. Only its determination
in different matrices, e.g., in pharmaceutical preparations, drinks, foodstuffs, plasma,
urine, animal tissues etc., has been described 1-12. Capillary zone electrophoresis,
which has a high separation efficiency, seems to be a very suitable method for the
determination of impurities in riboflavin-5'-phosphate. Using conditions under which
electroosmotic flow occurs, it is possible to control the purity of riboflavin-5'
phosphate in the presence not only of other ionic but also of neutral sample
components such as riboflavin.

EXPERIMENTAL

Chemicals
All chemicals used for the preparation of the buffers were of analytical-reagent

grade (E. Merck, Darmstadt, F.R.G.) and were used without further purification.
Water was distilled twice from a quartz apparatus.

Riboflavin-5'-phosphate and riboflavin were purchased from different sources
(Merck; Serva, Heidelberg, F.R.G.; Fluka, Buchs, Switzerland). The purity of the

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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TABLE I

BUFFERING ELECTROLYTES WITH DIFFERENT pH VALUES USED FOR THE ZONE
ELECTROPHORETIC SEPARATIONS

pH Composition Concentration
(mol/I)

6.0 Morpholinoethanesulphonic acid-histidine 0.01
7.0 Sodium phosphate 0.01
8.2 Sodium phosphate 0.01
9.1 Sodium borate-boric acid om

riboflavin-5f-phosphates was specified as follows: "for biochemistry", 99-101 %
(Merck); "pure" (Serva); and > 89% (Fluka).

The samples were dissolved in the buffer electrolytes at a concentration of about
0.5 mg/ml. The compositions of the buffering electrolytes are given in Table I.

Apparatus
Zone electrophoresis was carried out on a laboratory-made instrument,

consisting of a fused-silica separation capillary (l00 cm x 100 lim I.D.) (Scientific
Glass Engineering, Ringwood, Victoria, Australia), which was mounted in an HPLC
fluorescence detector (Model F-1050, Merck-Hitachi). The high-voltage power supply
unit (Tachophor 2020; LKB, Bromma, Sweden) was operated in the constant-voltage
mode at 17.5 kV. Injection was carried out by electromigration with 10 kV for 5 s. The
detector signal was recorded by an integrator (Model D-2500; Merck).

RESULTS AND DISCUSSION

Variation of the pH of the buffering electrolyte
Two parameters, which are decisive for the electromigration of the sample

components, are affected by varying the pH of the buffer electrolyte: the electro
osmotic flow of the bulk liquid, which is directed towards the cathode under the given
conditions, and contributes to the migration of all components to the same extent,
independent of the sign and amount of their charge; and the electrophoretic migration
ofthe substances, which is dependent on the pH of the buffer electrolyte via the degree
of dissociation.

The different electrophoretic patterns of a riboflavin-5f-phosphate sample,
obtained at different pH values of the buffer, are shown in Fig. I. There is an increase in
the migration time of the analytes with decrease in pH. The longer migration time of
the first-eluting substance (neutral riboflavin, detected, e.g., at 5.02 min at pH 9.1 or at
7.18 min at pH 6), but also of the other analytes, is caused by the reduction in the
electroosmotic flow: lowering the pH leads to a decrease in the number of negative
charges on the silica surface (which originate from the dissociation of silanol groups)
and therefore reduces the zeta potential. It follows that a high pH is ofadvantage when
the time of analysis is of interest.

On the other hand it can be seen from the electropherograms in Fig. I that the
separation of the analytes is enhanced on lowering the pH of the buffer. At pH 8.2 one
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Fig. 1. Electropherograms of a sample of riboflavin-5'-phosphate at different pH values of the buffering
electrolyte. Capillary: fused silica, 100 cm x 100 11m J.D., 55 cm distance to detector. Detection: fluorescence
(350/520 nm). pH values are indicated by the numbers at the top of the electropherograms. The
compositions of the buffers are given in Table I. The main peak is riboflavin-5'-phosphate; the first-eluting
compound (e.g., with a migration time 01'5.02 min at pH 9.1) is riboflavin. Components with migration times
longer than that of riboflavin-5'-phosphate are other riboflavin mono- and diphosphates.

additional peak (at 8.87 min) and a pH 7.0 two additional peaks (at 9.17 and 9.48 min,
respectively) are resolved from the largest peak (riboflavin-5f-phosphate). The
improved resolution is caused by the increase in selectivity due to changes in the
effective mobilities of the analytes, caused by the different extents of dissociation.

Under the given conditions these components migrate as anions like the main
component, riboflavine-5f-phosphate, showing similar fluorescence characteristics.
Because of the nearly identical mobilities of the fully dissociated species, which are
observed at high pH (9.6, it can be assumed that all these analytes are riboflavin
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monophosphates, being isomers with respect to the position of the phosphate group on
the saccharide.

A further decrease in the pH to 6.0 results in a better separation of the
monophosphates, but the two anionic components with migration times of about 12
min at pH 7.0 (according to their electrophoretic behaviour they are probably
riboflavin diphosphates) cannot be determined within a reasonable analysis time,
because at pH 6 their electrophoretic velocities are too high compared with the
electroosmotic velocity of the bulk liquid. It can therefore be concluded that the buffer
of pH 7 wilI give the best results for quantitative analysis.

Precision of the migration time
The reproducibility of the migration times in capilIary electrophoresis often

depends on the nature of the sample. EspecialIy with proteins, poor reproducibility is
observed for subsequent injections, caused by changes in the electroosmotic flow due
to interactions ofsample components with the silica surface of the capilIary, leading to
variations of the zeta potential. In these instances, the reproducibility is enhanced by
regeneration of the surface on rinsing the capilIary with sodium hydroxide solution.

However, for the riboflavin-5'-phosphate samples no such interactions were
observed. This is reflected by the excelIent precision of the migration times obtained
even without rinsing the capillary after the analytical run; a value of 0.6% was found,
e.g., for the relative confidence interval of the migration time of riboflavin-5'-phos
phate at pH 9.1 (relative standard deviation 1.2%, 16 measurements). This is a typical
value found with short term usage.

Quant(fication
Normalization of the analyte concentrations to 100% is usually applied for the

specification of the purity ofchemicals or drugs. In general, this method ofcalibration
requires the determination of the individual response factors of the particular analytes.
However, for the special analytical problem considered it can be assumed that the
different riboflavin derivatives are all detected with equal response. Therefore, no
individual calibration functions need to be determined.

When injection is carried out using electromigration, the components are not
transferred into the separation capillary with the same mass ratios as in the original
sample. Discrimination occurs, whereby the injected amounts are proportional to the
sum of the velocity vectors of the electroosmotic and the electrophoretic migration. As
electroosmosis causes a flow that is directed towards the cathode under given
conditions, the resulting velocity for anions is given by the differences in the scalar
velocities of electrophoresis and electroosmosis. The relative amounts of anionic
analytes in the separation capillary are therefore always lower than those in the
original sample. However, this discrimination by injection is counterbalanced, at least
when the concentration of the sample components is significantly lower than that of
the buffer in which they are dissolved, by the different migration velocities through the
detector cell, which are also proportional to the sum of the vectors mentioned. Given
equal fluorescence properties of the analytes, the peak areas (which are based on time,
but not on length) can therefore be used directly for quantification.

With this assumption, the content of riboflavin-5'-phosphate was found to be
between 72 and 75% in all samples, with a typical value of 1.5% for the relative
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confidence interval (five measurements, 95% confidence level). The difference from
100% is caused by the presence of riboflaving (about 7%), other riboflavin
monophosphates (about 16%) and riboflavin diphosphates (about 4%).

The deviations of the riboflavin-5'-phosphate contents from those given by the
producers can be attributed to the different methods of determination. With
spectrophotometric measurements the sum of all riboflavin derivatives and not
riboflavin-5'-phosphate specifically is determined. The differences in the quantitative
results obtained by (RP-)HPLC and capillary zone electrophoresis probably occur
because in HPLC, in contrast to electrophoresis, only a group separation is achieved.
Riboflavin and the riboflavin mono- and diphosphates can easily be separated, but the
particular monophosphates are probably not resolved. Therefore, their individual
contents are not determined.
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Oxiracetam (4-hydroxy-2-oxo-I-pyrolidineacetamide) (1) is a new drug that has
neurochemical properties mostly expressed in the improvement of both learning and
memoryl,2.

(1) R, =OH, R2 =H, n= 1
(2) R, =H, R2 =OH, n= 1
(3) R, =OH, R2 = H, n=2

As oxiracetam has a chiral centre, a detailed investigation of both its pharmacokinetic
and pharmacodynamic properties could require a knowledge of the individual behav
iour ofeach of the enantiomers under a variety of biological conditions. As a first step
of achieving this a method has to be developed that would allow the chromatographic
separation of these optical isomers, preferably without derivatisation. In this paper
we describe the direct separation and characterisation of the enantiomers of 1 on a
chiral stationary phase. We also compare this chromatographic separation with that
of two of its closely related molecules, namely', 5-hydroxy-2-oxo-I-pyrolidineaceta
mide (2) and 4-hydroxy-2-oxo-I-propionemide pyrolidine (3) in order to collect in
formation about the possible mechanism of retention and chiral recognition.

EXPERIMENTAL

n-Hexane (Rathburn) and absolute ethanol (James Burrough) were degassed
with helium before use. Oxiracetam (1) and its derivatives 2 and 3 were supplied by
Dr. M. Pinza (ISF, Trezzano sui Naviglio, Italy).

High-performance liquid chromatography (HPLC)
HPLC analysis of compounds 1-3 was carried out on a Perkin-Elmer Series 4

liquid chromatograph. A Chiralcel OC (cellulose triphenylcarbamate) column (250
mm x 4.6 mm J.D.) gave the best resolution of the optical isomers of 1 and 3, using
hexane-ethanol at ratios 75:25, 80:20 and 85: 15 (as appropriate, see Table I) flowing

0021-9673/90/$03. 50 © 1990 Elsevier Science Publishers B.V.
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TABLE I

VARIATION IN RETENTION TIMES OF 1, 2 AND 3 WITH VARIATION IN THE RATIO OF
HEXANE TO ETHANOL AT I ml min- 1

Compound Hexane-ethanol Retention times (min) Separation factor

1 75:25 39.4, 44.1 1.15
2 32.7
3 34.1, 35.1 1.03

1 80:20 60.2, 67.2 1.13
2 50.1
3 48.3, 50.1 1.04

1 85:15 113.3, 126.4 1.12
2 88.1
3 92.6, 96.2 1.04

at a rate of 1 ml min -1. The chromatography column was operated at ambient
temperature and compounds were detected at 205 nm.

RESULTS AND DISCUSSION

The chromatographic resolution of the optical isomers of oxiracetam (1) is
shown in Fig la, using a Chiralcel OC column and hexane--ethanol (75:25) as eluent.
This column was the only one that gave excellent separation of the enantiomers. No
resolution was obtained using a variety of other columns, such a Chiralcel OJ or OF,
fJ-cyclodextrin and C( 1-acid glycoprotein.

The separation factor C( from the data in Fig. la was calculated as 1.15. The first
and second peaks were assigned as S( -) and R( +) by comparison to authentic
samples of the respective enantiomers (kindly supplied by Dr. M. Pinza, ISF).

Oxiracetam (1) is a relatively simple molecule. The absence of one or more
aromatic groups in this molecule precludes the occurence of any n-n interactions with
the phenyl carbamate residues on the cellulose adsorbed on the column silica gel
support. However, the abundance of polar groups, the pyrolidone ring itself and the
polar substituents -OH and -CH2 CONH2 , increases the possibility ofchiral discrim
ination taking place due to "three-point" interaction(s)3 solely involving hydrogen
bonding and/or dipole interactions between 1 and the ciral stationary phase. Such
interactions are expected to be stronger when the eluting solvent is relatively non
polar.

Fig. 1b shows the chromatogram of 2, and isomer of oxiracetam, where the
hydroxy substituent on the 2-pyrolidone ring (and hence the chiral centre) is closer to
the nitrogen of the lactam moiety. No chiral resolution of the optical isomers of 2
could be obtained as shown in Table I. It is also clear from this table that the retention
time of 2 is considerably shorter than that of either of the optical isomers of 1 under
the same chromatographic conditions. These differences in retention behaviour are
almost certainly due to differences in the hydrophobic nature of the two positional
isomers. It is only in the case of molecule 2 that hydrogen bonding is possible between
the hydroxy group and the carbonyl moiety in the substituent attached to the lactam
nitrogen (Fig. 2).
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The hydroxyl and carbonyl groups in 1 are too far apart for this type of in
tramolecular hydrogen bonding to occur. Moreover, the hydrogen bonding in 2 is
expected to be favoured under non-polar conditions of chromatography. "Tying in"
the hydroxyl group in intramolecular bonding hinders it and the amide carbonyl
group from hydrogen bonding to the chiral support, thus allowing 2 to elute faster
than oxiracetam (1).

The lack of separation of the optical isomers of 2 may also be an indication of
the importance of the hydroxyl substituent (attached to the chiral centre) in the
three-point interaction essential for chiral discrimination of the enantiomers of 1 by
the Chiralcel OC column. We have carried out preliminary molecular modelling stud
ies (results not shown) that confirm the occurrence of three hydrogen bonding inter
actions of 1 with the chiral stationary phase, stereoselective for interactions involving
the hydroxyl substituent. It is only in the R configuration that chiral recognition is
possible. We have also modelled a number of other non-stereoselective interactions
between 1 and chiral stationary phase; such interactions contribute to the extent 1 is
retained on the column.

To gain further insight into the mechanism of retention of oxiracetam (1) on the
chiral support we studied the chromatographic behaviour of 3 which has two methy
lene groups separating the primary amide group from the lactam. As expected, 3 has a
shorter retention time than 1 (Fig. lc) because the "extra" methylene group in 3
makes it more hydrophobic than 1. The substituted constant n is a good measure of
hydrophobicity4 and the n values for -CHzCONHz and CHzCH3CONHz are - 1.68
and -1.21, respectively. The separation factor for 3 is also smaller than for 1 (Table
I) indicating smaller energy differences involved in the equilibrium processes of each
of the optical isomers of 3 between the mobile phase and the chiral stationary phase.
These smaller differences may arise due to weaker (longer) hydrogen bond interac
tions of this molecule with the chiral support, leading to a low separation factor for
the optical isomers of 3.

The excellent resolution of the optical isomers of oxiracetam (1) make the
chromatographic method outlined most suitable for studies designed to probe the
enantiomeric distribution of the antipodes of 1 in biological media.
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In recent years, the use of high-performance liquid chromatography (HPLC) for
the separation of enantiomers increased rapidly as a number of chiral stationary
phases became commercially available l

-
4 and some of them have been proposed for

the separation of enantiomeric flavonoids. Okamoto et al. 5 successfully separated
a racemic mixture of the unsubstituted flavanone on cellulose triphenylcarbamate
supported on silica gel (Chiralcel OC; Daicel, Japan). Krause and Galensa6 used
microcrystalline cellulose triacetate as a chiral stationary phase for the separation of
racemic polyhydroxy flavanones. The optical resolution of chalcone epoxides and
flavanols has also been achieved by using a helical poly(triphenylmethyl methacryl
ate)-coated silica gel [Chiralpack OT (+); Daicelj? This chiral stationary phase has
also shown an extraordinary selectivity for many enantiomers of rotenoids possessing
a rigid non-planar structure8

.

As the naturally occurring pterocarpans, a group of compounds with phyto
alexin properties, also possess a rigid non-planar structure due to cis B/C ring
fusion, it was considered of interest to study the separation of corresponding
enantiomeric mixtures on helical (+)-poly(triphenylmethyl methacrylate)-modified
silica gel. In this paper we report the enantiomeric separation of synthetic and
naturally occurring racemic pterocarpans (Fig. 1) and the influence of their
substitution patterns on chromatographic resolution.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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R1 R2 R3

H H H

2 OH H H

OH H OEI

OMe H OH

OH -OCH2O-

OH H OMe

OMe H OMe

OnPr H OMe

OCH2C02El H OMe

10 O(CH2)lOC02Et H OMe

11 OCH2CH2OH H OMe

12 O(CH2)lOCH20H H OMe

13 OAe H OMe

14 OCOCH2CH3 H OMe

15 OCO(CH2)gCH3 H OMe

16 OCH2OMe H OMe

17 OCH2OEI H OMe

18 THP H OMe

Fig. 1. Pterocarpans studied. Et = C2Hs; Me = CH 3 .

EXPERIMENTAL

Materials
The racemates of pterocarpan (1), 3-hydroxypterocarpan (2), 3-hydroxy-9

ethoxypterocarpan (3), 3-methoxy-9-hydroxypterocarpan (4), maackiain (5) and
medicarpin (6) were synthesized by the thallium(III) nitrate method9 starting from

, 2'-hydroxychalcones. Homopterocarpin (7) and other medicarpin derivatives (8-18)
were prepared from 610.

HPLC
The HPLC separation was carried out with a Hewlett-Packard HP 1090A

instrument using an HP 1040A photodiode-array detection system and an HP 3392A
integrator. Chiralpak OT (+),250 mm x 4.6 mm (Daice1), was used as the stationary
phase. The mobile phase was methanol (HPLC grade) at a regular flow-rate of
0.5 ml/min.

Photometric detection was performed at 280 nm. The injection volume was 10,ul
(ca. 10 ,ug). Polarimetric detection was performed with an ACS ChiraMonitor
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(Applied Chromatography Systems, Cheshire, u.K.) with a 20-Jll flow cell of path
length 20 mm using a 2-mW collimated near-IR laser diode (830 nm) as light source 11 .
The injection volume was 50 Jll (ca. 50 Jlg).

RESULTS AND DISCUSSION

Chromatographic data for the enantiomeric pterocarpan derivatives 1-18 on
poly(triphenylmethyl methacrylate) using methanol as the mobile phase at 0.5 ml/min
are given in Table I and Fig. 2. In this separation system most of the racemates were
baseline resolved. In every instance the dextrorotatory enantiomers of 6aS, liaS
configuration I2

•
13 were eluted first. It is interesting that most of the known natural

pterocarpans have large negative [O(]D values owing to the 6aR, liaR absolute
configuration, but homopterocarpin (7)14, medicarpin (6)14.15 and maackiain (5)16,17
exist in nature in both antipodal forms and the last two also as racemates l4,17.

A very high resolution (Rs = 4.00) and separation factor (0( = 2.43) were
observed for the unsubstituted pterocarpan (1). This clearly showed that a strong n-n
interaction between the aromatic parts of the substrate and the pendant trityl groups of
the polymeric chain is the most important factor in the chiral recognition mechanism.

Owing to a possible hydrogen-bonding mechanism, this non-polar interaction
can strongly be disturbed by the hydroxy substituent of the A-ring (2, Rs = 1.00) or by
the primary alcoholic function of the side-chain connected at C-3 of the pterocarpan
skeleton (11, 12, Rs = 1.52 and 1.85, respectively). In the presence of an alkoxy group

TABLE I

CHROMATOGRAPHIC DATA FOR RACEMIC PTEROCARPANS

IR = Retention time (min); R, = resolution factor = 2 x (distance between the peaks of the
enantiomers)/sum of band widths of the two peaks; k' = capacity factor = (retained volume of
enantiomer - void volume of column)/void volume of column; IX = separation factor = k'( - )/k'( +).

Compound IR( - )

1 23.36
2 11.14
3 13.85
4 12.50
5 11.31
6 12.17
7 19.19
8 22.92
9 22.48

10 42.35
II 12.92
12 20.95
13 13.78
14 15.32
IS 23.40
16 20.41
17 19.67
18" 15.74/18.73

k'( -)

5.31
2.01
2.74
2.38
2.06
2.29
4.19
5.19
5.08

10.45
2.49
4.66
2.72
3.14
5.32
4.52
4.32
3.18/4.06

11.77
9.21
9.47
9.25
9.32
8.97

13.54
14.66
14.08
24.55
9.84

13.70
11.41
11.16
14.39
12.98
13.04
9.31/10.77

k'( +)

2.18
1.49
1.56
1.50
1.52
1.42
2.66
2.96
2.81
5.64
1.66
2.70
2.08
2.02
2.89
2.51
2.52
1.52/1.91

IX

2.44
1.35
1.76
1.59
1.35
1.61
1.57
1.75
1.81
1.85
1.50
1.73
1.31
1.56
1.84
1.80
1.71
2.10/2.13

Rs

4.00
1.00
1.91
2.00
2.20
2.10
2.40
3.03
2.80
2.04
1.52
1.85
1.00
1.75
1.83
2.92
2.12
2.20/1.38

" Retention times with a flow-rate of 1.0 ml/min.
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Fig. 2. Chromatographic resolution (R,) of racemic pterocarpan derivatives on (+ )-poly(triphenylmethyl
methacrylate)-coated silica gel. Mobile phase: methanol at a flow-rate of 0.5 mlfmin.

on the A- or D-ring, this effect decreases considerably. Therefore, an adequate
resolution of the eantiomers was achieved for 3-{j. For maackiain (5)- a resolution
factor of 1.8 and very small capacity factors (0.166 and 0.3) have been reported by
Zief 18

.

On reducing the polar character of medicarpin (6) by etherification of the
hydroxy group, the enantiomeric separation (Rs for 6 < 7 < 8 ~ 16) improved

a

(+)

b (+)

f-
a:
<l;
f-
(f)

(-)

~ ';\111\

f-
a:
<l;
f-
(f)

(-)

I ~

0 5 10 min 0 10 min

Fig. 3. HPLC separation of 46 /lg 3-0-n-propylmedicarpin (8) on (+)-poly(triphenylmethyl methacry
late)-coated silica gel. Mobile phase: methanol at a flow-rate of 1.0 mlfmin. Dual detection: (a) photometric
detection at 280 nm (attenuation 256 x 0.01); (b) ACS ChiraMonitor (attenuation 4).
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significantly (Fig. 3). The optimum length of the alkyl or alkoxy substituent seems to
be ca. 2.5 A, shown by the fact that elongation of the side-chain of 16 with one CHz
group has resulted in a decreasing resolution factor (16, 17, Rs = 2.92 and 2.12,
respectively). The same effect was observed with ethoxycarbonylmethyl derivatives (9,
10). In agreement with the findings ofTakahashi et ai. 7, replacement of the hydroxy or
methoxy group on the aromatic ring by an acetoxy group also lowered the Rs values
(13, Rs = 1.00). This unfavourable effect could be partly compensated for by the alkyl
moiety of the ester group (Rs of 13 < 14 < 15).

CONCLUSION

Poly(triphenylmethyl methacrylate) is a useful chiral stationary phase for
resolving racemic hydroxypterocarpan derivatives. The efficiency of the separation is
increased by derivatization of the hydroxy group with methoxymethyl or n-propyl
functions. This technique can be applied to the optical resolution of synthetic or
natural racemates of pterocarpans to obtain the corresponding optical isomers for
studies of structure-activity relationships. Further investigations are in progress to
study the chiral recognition mechanism with respect to the substitution pattern of
pterocarpans.
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Abscisic acid (ABA, 1) plays important roles in. many aspects of plant growth
and development1

. Studies on the metabolism of ABA involve particularly difficult
analytical problems. As with all studies of metabolism using racemic substrates, es
tablishing the optical purity of the products is very important. Especially for trace
components such as plant hormones and their metabolites, this can only be done with
considerable difficulty.

Recently we achieved the direct optical resolution of racemic ABA by high
performance liquid chromatography (HPLC) on an ovomucoid-conjugated column,
ULTRON ES-OVM 2

• Very little is known about the optical resolution of the metab
olites of ABA. We report here the direct optical resolution of the metabolites of ABA,
phaseic acid (PA, 2) and the 1',4'-diols of abscisic acid (l ',4'-cis- and -trans-diol-ABA,

3 and 4).~

OVOH ~02H
ABA,1

~
HO/

UOH t02H
l',4'-cis-DioIABA,3

~HoM°ri t02H
l',4'-t-Diol ABA, 4

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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EXPERIMENTAL

NOTES

Apparatus
A Shimadzu LC-5A instrument equipped with an SPD-2A variable-wavelength

UV Monitor was used. A stainless-steel column (150 x 4.6 mm J.D.) was packed with
ovomucoid-conjugated aminopropylsilica gel (5 !lm), now available as ULTRON
ES-OVM (Shinwakako, Kyoto, Japan).

Chemicals
(I'S, 2'R, 6'R)-PA (natural form) and (I'R, 2'S, 6'S)-PA (unnatural form) were

kindly supplied by Dr. T. Kitahara. Racemic ABA was bought from Wako (Osaka,
Japan). (+ )-(S)-ABA was provided by Dr. N. Hirai. The 1',4'-diols of ABA were
synthesized as described previously3. Dihydrophaseic and epi-dihydrophaseic acid
(DPA, 5, and epi-DPA, 6) were prepared by the method of Hirai and Koshimizu4

. All
other chemicals were of analytical-reagent grade.

RESULTS AND DlSCUSS10N

Our previous studies2 indicated that the resolution of ABA on the ovomucoid
conjugated column could be regulated by varying the pH and hydrophobicity of the
mobile phase. This result led to the conclusion that ABA was best resolved in the use
of 2%' 2-propanol in 20 mM potassium phosphate buffer (pH 3.50) as the mobile
phase. Under these conditions, we attempted to separate the enantiomers of ABA
metabolites (2-6). The chromatographic results are summarized in Table I and typ
ical chromatograms are shown in Figs. I and 2. In these separations, the retention of
natural isomers was always longer than that of unnatural isomers, showing that the
affinity between the ovomucoid and natural isomers may be more stable. The chiral
ovomucoid-conjugated column (ULTRON ES-OVM) showed beter enantioselectiv
ity for the 1',4'-diols of ABA (3 and 4) than that for ABA. It is suggested that the
4'-hydroxyl group of the diols contributes more significantly than the 4'-keto group
of ABA to the interaction with ovomucoid.

An excellent separation factor (0: = 1.97) was obtained in the enantiomeric

TABLE I

DIRECT ENANTIOMERIC SEPARATlON OF ABA AND ITS DER1VATlVES BY HPLC WITH
ULTRON ES-OVM

A 2% 2-propanol-20 mM potassium phosphate buffer (pH 3.50) was used as the mobile phase at 1.0
ml/min at ambient temperature with UV detection (254 nm, 0.04 a.u.f.s.). ABA was best resolved und.er
these conditions.

Compound k' k~ 0:I

ABA 10.00 12.20 1.22
PA 3.53 6.94 1.97
J',4'-cis-Diol-ABA 10.90 14.99 1.38
1',4'-trans-Diol-ABA 4.40 6.14 1.40
DPA 1.74 1.00
epi-DPA 2.45 1.00
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Fig. I. Separation of the enantiomers of ABA (1) and PA (2). Chromatographic conditions as in Table I.

Fig. 2. Separation of the enantiomers of 1',4'-cis- and trans-diol-ABA (3 and 4).

separation of PA. This enantioselectivity may be attributed to the fact that
tetrahydrofuran bridge containing ether oxygen is available for hydrogen bonding
interactions with the chiral stationary phase. This column has no enantioselectivity
for DPA (5) and epi-DPA (6) which are very polar metabolites of ABA. The lack of
enantioselectivity may be ascribed to their smaller hydrophobicity, because ABA,
l',4'-diols of ABA and PA were separated to a considerable extent. Previously we
showed 2 that hydrophobic interactions may play important roles in the retention of
ABA, but that they are not essential for the resolution. This experiment shows that
the ovomucoid column has advantages for the resolution of compounds with suitable
hydrophobicity.

This is the first report on the optical resolution of ABA-related compounds. PA
is the major catabolite of ABA which is subsequently reduced to DPA and epi-DPA 1.

l',4'-cis-Diol-ABA is assumed to be a natural catabolite5
. l',4'-trans-Diol-ABA can

act as a precursor of ABA rather than being a catabolite3,6-8.

Therefore, we believe that the results of this study will be useful when exam
ining the enantioselectivity of the enzymes which catalyse the metabolism of ABA.
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Chiral isocyanates are usually considered to be one of the best derivatizing
reagents for the indirect separation of drug enantiomers. Only two compounds of this
kind, viz., S( -)- or R( + )-naphthylethyl isocyanate (NEIC) and S( -)- or R( +)
phenylethyl isocyanate (PEIC), have been reported so far. Both of them give good
resolutions of optical amines1,2, but only NEIC has been reported to resolve two
enantiomeric alcohols3,4 on heating at 80°C for 36 h during derivatization. Further,
these isocyanates were prepared from their corresponding optical amines by the ac
tion of phosgene or trichlorosilane, which are toxic and not practical in an ordinary
analytical laboratory.

Therefore, we first synthesized N-[(2-naphthalene)sulphonyl]prolyl isocyanate
(NSPI) from L-proline. This paper describes its synthesis and liquid chromatographic
evaluation for the optical separation of amines and alcohols, and the structural iden
tification of their diastereomeric derivatives.

Moreover, an azide is usually applied as an intermediate in -the synthesis of
isocyanates, to conjugate with the amino group of an amino acid to form peptides in
organic chemistry, having the advantage of minimum racemization 5

. We therefore
need N-[(2-naphthalene)sulphonyl]prolyl azide (NSP-N3) to resolve amine
enantiomers, which has not been reported previously. This procedure retains the
configurations of the chiral centres during derivatization, which is very important for
the indirect separation of enantiomers.

EXPERIMENTAL

Chemicals and reagents
L-Proline (Sigma, St. Louis, MO, U.S.A.) and 2-naphthalenesulphonyl chloride

(Fluka, Buchs, Switzerland) were used. Ethyl chloroformate, triethylamine, light pe
troleum (b.p. 60-90°C), isopropanol, toluene and other chemicals of analytical-re
agent grade were purchased in China.

Racemic mexiletine hydrochloride, amphetamine and I-phenylpropanol were
obtained as drug materials. The free base of mexiIetine was obtained from its hydro
chloride.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers RY.
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Apparatus
The high-performance liquid chromatographic (HPLC) system consisted of a

Waters Model 6000A pump, a Rheodyne 7105 injector and a Shimadzu SPD-l UV
detector monitoring at 254 nm, coupled with a Hitachi 056 recorder or a Shimadzu
Chromatopac C-R3A.

The stationary phase was silica gel (7-9 ,urn) Ctianjing, China) packed in a 30 cm
x 4.0 mm J.D. column by the slurry packing method. The mobile phase was a
mixture of light petroleum and isopropanol in suitable proportions.

Preparation of chiral derivatizing reagents
S( - )-N-l-(2-Naphthalenesulphonyl)-2-proline (NSP) was prepared from L

proline and 2-naphthalenesulphonyl chloride as described previously6 and had m.p.
130-133°C.

N-[(2-Naphthalene)sulphonyl]prolyl azide (NSP-N3) was synthesized from
NSP, ethyl chloroformate and sodium azide7 . In the IR spectrum (KBr), peaks at
2160 and 1720 cm -1 denoted the azide group.

N-[(2-Naphthalene)sulphonyl]prolyl isocyanate (NSPI) was prepared by heat
ing NSP-N3 at 80°C for 10 min, according to Pirkle et al. 8. In the IR spectrum (KBr),
the peak at 2280 cm -1 denoted the isocyanate group; mass spectrum (electron im
pact), m/z 302 (M+·).

To test the optical purities of the NSPI and NSP-N3 reagents, L-( - )-I-phenyl
ethylamine (optical purity 99%; Merck-Schuchardt) was made to react with the two
reagents. No obvious chromatographic peaks of enantiomeric impurities were ob
served.

Synthesis of urea and carbamate with NSP!
Isocyanate is sensitive to moisture, whereas azide is comparatively stable. Therefore,
we kept NSP-N3 in a refrigerator and converted it into NSPI just before deri
vatization.

A solution ofNSP-N3 (0.01 mmol) in 1 ml of toluene was heated at 80°C for 10
min in a 5-ml reaction vial equipped with a reflux condenser and a calcium chloride
drying tube. Racemic amine drug (0.01 mmol) was added to the above solution. The
reaction mixture was kept at room temperature for 10 min, then chromatographed.

The racemic alcohol drug was reacted as above but instead of standing at room
temperature the reaction solution was heated at 80°C for 1 h.

Synthesis of amide diastereomers with NSP-N3

To a solution of NSP-N3 (0.01 mmol) in 1 ml of toluene, an equivalent amount
of racemic amine drug was added. The mixture was kept at room temperature for 10
min and then directly chromatographed.

Identification of the derivatives by mass spectrometry
Each of the above reaction solutions was mixed with chloroform and then

washed with 0.1 % NaOH, 0.1 % HCI and water. The organic layer was dried over
anhydrous sodium sulphate, then evaporated to dryness and the mass spectrum was
obtained with electronic impact ionization.
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TABLE I

SEPARATION AND MASS SPECTRUM IDENTIFICATION OF NSPI AND NSP-N 3 DERIVA
TIVES OF AMINE AND ALCOHOL ENANTIOMERS

k'. and k~ = capacity factors of the first- and second-eluted enantiomers, respectively; M +. = molecular
weight obtained by mass spectrum (electron impact).

Compound and NSPI NSP-NJ

structure
k' k' G( R, M+· k' k' G( R, M+'

1 2 I 2

Mexiletine 5.70 9.11 1.6 3.50 481 20.3 23.2 1.14 2.70 466
Amphetamine 10.7 13.8 1.29 2.31 2.47 3.35 1.36 3.2 422
I-Phenylpropanol 11.0 12.7 1.16 2.4 438

Comparison between NSP-N3 and NSP! for enantiomeric separation of amines
A solution of NSP-N3 in toluene was heated at 60°C for 10 min so that only

part of NSP-N3 was converted into NSPJ. An equivalent amount of racemic mexile
tine was added. The reaction mixture was kept at room temperature for 10 min, then
two pairs of diastereomers of NSP-Nrmexiletine and NSPI-mexiletine were ob
tained and chromatographed (Fig. 5).

RESULTS AND DISCUSSION

The mass spectra showed that the isocyanate formed ureas with amines and
carbamates with alcohols whereas the azide formed amides with amines.

The results in Table I demonstrated that the procedure, for the indirect sep
aration of amine and alcohol isomers using NSPI has several advantages, such as
simple and rapid operation, good resolution, the derivatives are chromatographed
directly without clean-up, and with high UV absorbance and strong fluorescence. In

(0) (b) d)

A B Ol A
C'1 f'.

0\ B0 N d)
N \0

t'-:C'1 0
C'1N <3 \0NO

d N C'1
0C'1
C'1

Fig. I. Separation of NSPI derivatives of (a) racemic amphetamine (peaks A and B) at a flow-rate of 1.0
ml/min, and (b) racemic mexiletine (peaks A and B) at a flow-rate of 1.5 ml/min. Column, silica, 30 x 0.40
cm I.D.; mobile phase, light petroleum-isopropanol (100:3); detection, UV (254 nm). Numbers at peaks
indicate retention times in min.
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Fig. 2. Separation of the NSPI derivative of (± )-phenylpropanol (peaks 1 and 2). Peak 3 represents the
compound formed by heating NSPI at 80'C for 1 h without completely removing the water used for
synthesizing NSP-N3' Mobile phase, light petroleum-isopropanol (100: 1); flow-rate, 1.0 ml/min. Column
and detection as in Fig. 1.

Fig. 3. Separation of the NSP-N 3 derivative of (±)-amphetamine (peaks A and B). Mobile phase, light
petroleum-isopropanol (l00:3); flow-rate, 1.0 ml/min. Column and detection as in Fig. 1.

particular, for the optical resolution of alcohols, NSPI can greatly shorten the deri
vatization time, while NEIC had been reported to resolve racemic 3-0-hexadecylglyce
rol after derivatization at 80°C for 36 h3

. One of the reasons may be that the central
carbon atom in the isocyanate group of NSPI is more positive and results in greater
reactivity than that of NEIC because the nitrogen atom in the proline of NSPI can
attract electrons whereas the naphthalene group of NEIC can repel electrons. On the

2

o 10 20 30
min

40 50 60 o

12'

8

3

16
min

24

4

Fig. 4: Separation of the NSP-N
3

derivative of (±)-mexiletine (peaks I and 2). Mobile phase, light pe
troleum-isopropanol (100: I); flow-rate, 1.0 ml/min. Column and detection as in Fig. 1.

Fig. 5. Separation of the (± )-mexiletine derivatives formed with NSP-N 3 (peaks 1and 2) and NSPI (peaks
3 and 4). Mobile phase, light petroleum-isopropanol (100:3); flow-rate, 1.5 ml/min. Column and detection
as in Fig. I.
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other hand, the larger groups connected with the chiral carbon atom of
3-0-hexadecylglycerol may reduce the reactivity of the hydroxyl group with the iso
cyanate of NEIC.

It is concluded that the indirect separation of amine and alcohol enantiomers
with NSPI reagent is a versatile and promising technique.

NSP-N3 is superior to NSPI owing to shorter retention time and better resolu
tion, as shown in Fig. 5 for the resolution of racemic mexiletine, for instance. The
same result can be obtained from amphetamine by comparing Figs. la and 3. Amines
forms amides with NSP-N3 and ureas with NSPI. There are only two atoms between
the two chiral centres in the amide derivatives, but three atoms in the urea derivatives.
According to the principle that in the diastereomeric derivative molecule the distance
between the asymmetric carbon atoms of the reagent and the compound to be resolv
ed should be minimized and if possible kept to less than three atoms9

,lO diastereo
meric amides should show better separations. In addition, this procedure is more
convenient and rapid to operate without heating. Consequently, NSP-N3 reagent
may become a useful chiral resolving agent for amine enantiomers.
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Biogenic amines including polyamines are known to be present in many biolog
ical materials. Prokaryotic cells produce biogenic amines 1 which are also found in
foodstuffs contaminated by putrefactive organisms2

, Among the biogenic amines,
histamine is well known as a causative agent of allergy-like food poisoning3 , in which
cadaverine or putrescine acts as a stimulator of the allergy-like symptom4

. On the
other hand, some of polyamines are useful for the quality assessment of foodstuffs,
especially fresh marine food 2,s-7. As has been well recognized, the extent of allergy
like symptoms caused by amines is dose dependent3

, and amines that participate in
marine food quality are also closely related to the metabolism of some common
amino acids, those amines which are related to allergy-like food poisoning or quality
of food being derived from common or closely related amino acids. Whether partic
ular foodstuffs benefit from polyamines or may cause allergy-like food poisoning
seems to be delicately balanced.

In view of the above, there is a need for a rapid and economical method for
determining histamine and other polyamines simultaneously. For sea food, the detec
tion of agmatine is also important, because it is an index of freshness for the assess
ment of squid6

, The greatest but most difficult requirement is to determine histamine
and other polyamines including agmatine simultaneously.

Several methods have been proposed for the determination of histamine and
other polyamines. Seiler and Kn6dgen8 reported the reversed-phase high-perform
ance liquid chromatography (RP-HPLC) of polyamines using gradient elution, Sub
sequently, several improved methods were developed9

-
13

, However, to separate his
tamine, agmatine and polyamines, generally more than 40 min is required for one
analysis, Also, the gradient programmes are sometimes complicated and the sep
aration of each component is not necessarily satisfactory,

Gamoh and Fujita14 reported the rapid and simultaneous determination of
biogenic polyamines by RP-HPLC using an ion-pair method. Although their method
seems to be very useful for clinical analysis, they did not give information on the
separation of histamine and agmatine.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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We also have attempted to develop a highly sensitive, economic, simple, rapid
and reproducible method for the simultaneous determination of histamine and major
biogenic polyamines. We found that using sodium hexanesulphonate in place of oc
tanesulphonate achieved a sufficient separation of histamine and other major biogen
ic polyamines within 35 min.

The present improved method is based on the post-column HPLC method of
Gamoh and Fujita14

, i.e., hexanesulphonate was used for ion pairing and the 0

phthalaldehyde (OPA) method was used for post-column derivatization. By modify
ing their method, we established improved conditions for the determination biogenic
amines such as histamine agmatine and other polyamines. This method should be
useful not only in food science but also in clinical medicine.

EXPERIMENTAL

Chemicals
Standard amines were obtained from Sigma (St. Louis, MO, U.S.A.) and sodi

um hexanesulphonate from Tokyo Kasei Kogyo (Tokyo, Japan); all other reagents
were of guaranteed-reagent grade from Wako (Osaka, Japan). All reagents and buf
fers were filtered through a 0.2-flm membrane filter (Millipore, Bedford, MA, U.S.A.)
before use. Standard amines (hydrochloride form) were dissolved in distilled water.

Apparatus
Hitachi Model L-6200 high-performance liquid chromatograph equipped with

a loop injector (Rheodyne, Cotati, CA, U.S.A.) and a fluorescence detector (Hitachi
650-IOM) was used. Elution peaks were detected fluorimetrically using the excitation
wavelength at 345 nm and emission wavelength at 455 nm. The separation of the
amine mixture was carried out by reversed-phase chromatography on a Shim-Pak
CLC-OOS column (15 cm x 6.0 mm 1.0.) (Shimadzu, Kyoto, Japan) kept at 500C.

The post-column labelling reaction of amines with a-ph thaialdehyde (OPA)
reagent was effected at 20 ± SOC through a PTFE coil (70 cm x 0.25 mm 1.0.) by
mixing the eluates with OPA reagent. The OPA reagent was purified with a Hitachi
Model L-6000 pump. A Hitachi Model 0-2500 data processor was used.

Solvents and gradient system
The elution system consisted of the gradient system shown in Table I, which

was prepared from two buffer systems: (A) 0.1 M sodium perchlorate (pH 4.0) con
taining 0.0 I M sodium hexanesulphonate and (B) a mixture of buffer A and methanol
(1 :3, v/v) maintained at pH 3.0. The flow-rate of the elution buffer was 1.1 ml/min and
that of the· OPA reagent was 0.5 ml/min.

OPA reagent
The buffer for OPA reagent consisted of 24.7 g of boric acid, 10 g of sodium

hydroxide and 1 g of Brij-35 in 1 I of distilled water. A 5-ml volume of OPA solution
(250 mg in 5 ml of ethanol) and 1 ml of 2-mercaptoethanol were mixed with 494 ml of
the buffer solution for OPA reagent prepared as mentioned above. The OPA reagent
was prepared immediately before use.
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Preparation of sample
Herring muscle that had been dried in a flow of air for 3 days at 20D C was used

as the material for amine analysis. A 5-g amount of the dry herring muscle was
homogenized with 20 ml of 10% trichloroacetic acid (TCA) in a mortar. After centrif
ugation at 550 g for 20 min, the precipitate was used for re-extraction ofamines by the
same procedure as above. The supernatants were pooled and diluted to 50 m!. The
TCA extract thus prepared was then filtered through a 0.22-Jim membrane filter
(Millipore) and 5 Jil of the sample solution were injected directly into the HPLC
system.

RESULTS AND DISCUSSION

A good separation of the major biogenic amines was obtained using the gra
dient elution programme shown in Table 1. Fig. I shows a representative elution
profile of authentic amines. The calibration graphs for putrescine, cadaverine, hista
mine, agmatine and spermidine were linear in the range 5-100 pmol for the each
amine, but for spermine good linearity was obtained in the range 20-100 pmol (data
not shown). Acetylpolyamines, 1,3-diaminopropane and 1,8-diaminooctane were al
so separated from the amines tested here.

Under the given analytical conditions, the data were highly reproducible and
sensitive enough for microscale analysis. The combination of hexanesulphonate for
ion pairing and sodium perchlorate as the separation buffer in the elution solvent
gave a satisfactory separation of polyamines in a relatively short elution time com
pared with previously reported systems7,l2.

As mentioned the main task was to accomplish the simultaneous micro-deter
mination of major biogenic amines on a HPLC column. The system developed here
permits the simultaneous micro-determination of major food-borne polyamines. Fig.
2 shows an example of the practical application of the system to the determination of
biogenic amines in the dried herring. The sample solution containing TCA-extrac
table materials was directly injected into the HPLC system without any pretreatment
except filtration. In this instance, histamine was not detected, which means that the
sample was safe for consumption (Fig. 2A). We added 80 pmol of histamine to the
sample solution to test whether this method can be used in practice. The exogenously
added histamine was separated with other endogenous amines (Fig. 2B), and the

TABLE I

ELUTION PROGRAMME FOR POLYAMINE ANALYSIS

Time (min) Buffer A
(%)

o 96
7 96

10 85
22.5 65
30 65
30.5 96
35 96

Buffer B
(%)

4
4

15
35
35
4
4

Gradient mode

Isocratic
Linear
Linear
Isocratic
Linear
Isocratic
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Fig. 1. Chromatogram of authentic biogenic amines. A 100-pmol amount of each amine was injected. Put
= putrescine; cad = cadaverine;' htm = histamine; agm = agmatine; spd = spermidine; spm = spermine.

Fig. 2. Representative chromatogram of amines extracted from dried herring: (A) dried herring extract; (B)
A + histamine (80 pmol). Peaks 1 = put; 2 = cad; 3 = agm; 4 = spd; 5 = spm (abbreviations as in Fig.
I).

amounts of all the amines could be calculated reproducibly from the calibration
graph.

Using this method, the time courses of the change in content of biogenic amines
in dried herring and polyamine species in many foodst~ffs have been determined and
details will be reported elsewhere.
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Polyamines are cationic substances with a wide distribution in living organisms.
Although on the cellular level their functions are, at least in part, still obscure 1

, they are
essential for the growth, proliferation and differentiation of cells1,2. In vitro they are
known to interact with DNA.

In the course of our synthetic studies on spermidines3 ,4, we required the simplest
method possible for establishing the purity of the final products. This paper describes
a convenient isocratic chromatographic system that is particularly useful for the
analysis ofacetylated spermidines. It exploits a UV-absorbing counter ion and indirect
detections. Consequently, no derivatization is involved.

Several sensitive procedures are already available for the analysis of spermidine
and its acetylated derivatives in physiological samples6

• A well known procedure7
•
8

exploits n-octanesulphonate as the ion-pairing agent and o-phthalaldehyde for
post-column derivatization. UV-absorbing counter ions have been widely used for the
separation and detection of amines. However, to our knowledge they have not been
applied to polyamines, probably because detection based on fluorescence gives
a higher sensitivity. In the present instance, however, simplicity was more important
than very high sensitivity.

EXPERIMENTAL

The acetylated spermidines originated from our laboratory4. The ethyl deriva
tives were obtained by reduction with Red-AI of the corresponding acetyl compounds.
All other amines were commercial samples.

The isocratic mobile phases used were phosphate buffers prepared from
orthophosphoric acid and sodium dihydrogenphosphate (ionic strength 0.01 M,
pH 2.0), with ethanol as modifier. 2-Naphthalenesulphonate was added at a concen
tration of 0.0004 M.

The liquid chromatographic system used consisted of two Constametric pumps

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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(one should be sufficient), an M 1601 Gradient Master, a Spectromonitor III and
a Rheodyne Model 7125 injector.

The columns (150 x 4.6 mm J.D.) were obtained from Polymer Labs. (PLRP-S,
100 A, 5 Jim) and Phase Separations (Spherisorb, ODS-2, 10 Jim).

The solvent reservoirs, the injection device and the separation columns were
carefully thermostated at 25.0 ± O.l°C in a water-bath.

RESULTS AND DISCUSSION

The separation of three acetylated spermidines on the PLRP-S column is shown
in Fig. I. The three peaks appear with k' values between 2 and 4 and IX values of about
1.3. The baseline is satisfactory but careful thermostating is essential. Qualitatively
similar results could be obtained on the Spherisorb column but in this case the
selectivity was lower (IX < 1.2). The compounds appeared in the same order. On this
column less ethanol was required (2.5%).

The separation ofN1
- and N 8-ethylspermidine proved much more difficult than

that of the acetylated derivatives. At higher ethanol concentrations with the
compounds eluting before the system peaks, no separation of these isomers was
obtained on either column. Spermidine itselfwas, however, easily separated from these
ethyl analogues and appeared earlier in the chromatograms. At lower ethanol
concentrations with the compounds eluting after the system peaks, separation was
only obtained on the Spherisorb column (0.9% ethanol, ksp = 12.6, k' = 19.7
21.5, IX = 1.08). In this way we could prove that both of the ethylspermidines were pure
Isomers.

As an additional demonstration of the usefulness and convenience of the
described procedure, the separation of the underivatized homologous diamines
putrescine, cadaverine and hexamethylenediamine was undertaken. On a C I8 column
the peaks appeared in order of increasing hydrophobicity, as demonstrated in Fig. 2.

SP

o 4 8 12 18 20 24 min

Fig. I. Separation of three monoacetylated spermidines. Mobile phase, 0.01 M phosphate bulTer
(pH 2.0)-ethanol (94:6); counter ion, 4 x 10- 4 M 2-naphthalenesulphonate; support, PLRP-S, 100 A,
5 /lm; flow-rate, 1.0 ml/min; detection wavelength, 254 nm at 0.1 a.uJ.s.; temperature, 25.0°C. Peaks:
I = N4-acetyl-,2 = Nt-acetyl- and 3 = N 8-acetylspermidine; SP = system peak.
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Fig. 2. Separation of (1) putrescine, (2) cadaverine and (3) hexamethylenediamine. Mobile phase, 0.01 M
phosphate buffer (pH 2.0) alone; counter ion, 4 x 10- 4 M 2-naphthalenesulphonate; support, Spherisorb
C I8 ,ODS-2, 10 11m; flow-rate, detection wavelength and temperature as in Fig. 1. SP = system peak.

The procedure described is suitable for the detection of a variety of di- and
polyamines and our aim was to keep it as simple as possible. It is primarily intended for
qualitative work when extreme sensitivity is not required. With respect to the
sensitivity of the system, it can be stated that 30-50 pmol of N-acetyl- or
N-ethylspermidine are easily detected, which is satisfactory in a synthetic context. The
detection limit, however, is lower.
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High-performance liquid chromatography (HPLC) is the ideal technique for the
determination ofthe chlorophylls and carotenoids in plants and photosynthetic micro
organisms. The pigments to be analysed have a wide range of polarities and it has not
been easy to devise methods that combine rapid elution of the most strongly retained
components with separation of closely related compounds, such as the structural
isomers lutein and zeaxanthin. Good resolution of these two compounds can be
obtained with mixtures of standards l,Z, but in methods designed for the determination
of all the major photosynthetic pigments 3

-
6 the two peaks overlap or are very closely

associated. This raises questions about the degree of resolution that would be obtained
when attempting to use these methods with column materials from different
manufacturers or with different batches of material of the same type. Good resolution
is particularly critical in studies of the role of zeaxanthin in the xanthophyll cycle 7

,

when it frequently has to be measured in the presence of a large excess of lutein.
Our aim here was to develop a method with optimized separation of zeaxanthin

from lutein, while still allowing the analysis of the other chlorophylls and carotenoids
in a reasonable time. The novelty of the approach lies in the use of gradients of
tetrahydrofuran in water rather than the commonly used gradients of ethyl acetate or
other non-polar solvents in acetonitrile3

-
6

. This allqws us to propose a method that
combines quantitative measurements of zeaxanthin content with the determination of
the other chlorophylls and carotenoids in chloroplaj;t extracts within 20 min.

EXPERIMENTAL

Extraction ofpigments
Leaves offield-grown barley plants were frozen in liquid nitrogen and ground in

a mortar and pestle in the presence of an equimolar mixture of solid KHzP04 and
NazHP04 . Pigments from 2 g of leaf material were extracted with 8 ml of acetone and

. then re-extracted twice with 4 ml of acetone, the residue being separated by
centrifugation after each extraction. Pigments were extracted from isolated spinach
chloroplasts in a similar manner.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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HPLC system
An HPLC system conslstmg of two Kontron 420 pumps, a Kontron 432

UV-visible detector with a halogen lamp set at 450 nm, a Kontron 460 autosampler
and a Kontron 450 data system was used. The column was 120 mm x 4 mm I.D. and
was packed with octadecylsilica (Shandon Hypersil, 5-J.lm spherical particles). The
column temperature was maintained at 30°C. A mixing chamber was inserted between
the two pumps and the column.

Chromatographic separation
Separation ofpigments was achieved in a gradient oftetrahydrofuran and water.

The flow-rate was 1 ml/min. At the time of injection the solvent was tetrahydrofuran
water (51:49). After 5 min at this composition, the tetrahydrofuran content was
increased linearly until the ratio at 13 min after injection was 90: 10. During repetitive
measurements the composition was then decreased linearly to 51:49 over the next
5 min, and then maintained at this level for 3 min (total analysis time 21 min).

Tetrahydrofuran was of HPLC grade (Rathburn). Solvents were degassed by
ultrasonic treatment under vacuum and the solvent reservoirs were bubbled with
helium during chromatography.

Calibration
Calibration was carried out using pigments isolated from spinach using

reversed-phase thin-layer chromatography as described by Henry et al. s. Concentra
tions were determined using data provided by Davies9 and Lichtentha1er1o

. Authentic
samples of lutein and zeaxanthin were kindly provided by Dr. Jan Lundquist (Roche,
Hvidovre, Denmark).

RESULTS AND DISCUSSION

Preliminary experiments using simple gradients of tetrahydrofuran and water
showed satisfactory separation of all the pigments of interest in chloroplast extracts,
except for the isomers lutein and zeaxanthin. We therefore investigated the effect of
solvent composition on the separation of mixtures of the purified compounds under
isocratic conditions. The results (Fig. 1) showed that optimum resolution (1.44) of the
two compounds was obtained at 51 % tetrahydrofuran. The resolution of neoxanthin
and violaxanthin was better than that of lutein and zeaxanthin over the whole
concentration range studied. The time required to elute the xanthophylls was much
increased at lower concentrations of tetrahydrofuran. Elution of the slowest compo
nent, lutein, required 6.2 min with 51 % tetrahydrofuran and 26 min with 45%
tetrahydrofuran.

An example of the isocratic separation of mixtures of lutein and zeaxanthin
using 52% tetrahydrofuran is given in Fig. 2. The optimized separation can be
incorporated in a procedure to determine all the major photosynthetic pigments in
higher plant chloroplasts by combining isocratic elution of the xanthophylls with
a gradient oftetrahydrofuran in water to elute the less polar components. Fig. 3 shows
the retention times for seven components with isocratic elution at various tetrahydro
furan concentrations for 5 min followed by a linear gradient up to 90% for the next
8 min. The slope of this gradient was chosen so as to obtain a good separation of



/

234

2.5

2.0

c:
0 1.5

'"::I(5
co

'" 1.0
CC

0.5

0
42 45 48 51 54 57

NOTES

% THF In Isocratic step

Fig. 1. Effect of con~entrationoftetrahydrofuran (THF) in water on the resolution of pairs ofxanthophylls
under isocratic conditions.... = Separation ofmixture of purified lutein and zeaxanthin; • = separation of
neoxanthin and violaxanthin in spinach chloroplast extract.
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Fig. 2. Separation of lutein and zeaxanthin using isocratic elution with tetrahydrofuran-water (52:48).
(a) 1:1 Mixture; (b) zeaxanthin-lutein (1:10); (c) lutein standard containing a trace of zeaxanthin. Other
conditions as described in the text.
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Fig. 3. Retention times for seven components in spinach chloroplast extracts with added zeaxanthin.
Isocratic elution with the concentration of tetrahydrofuran (THF) shown was followed after 5 min by
a linear gradient up to 90% THF after 13 min. I = Neoxanthin; 2 = violaxanthin; 3 = zeaxanthin; 4 =
lutein; 5 = chlorophyll b; 6 = chlorophyll a; 7 = f3-carotene.
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Fig. 4. Separation of the pigments of barley leaves supplemented with a trace of purified zeaxanthin (about
4% of the concentration of lutein) using the method described in the text. Peaks: I = neoxanthin; 2 =
violaxanthin; 3 = zeaxanthin; 4 = lutein; 5 = chlorophyll b; 6 = chlorophyll a; 7 = Ii-carotene. The inset
shows the separation of zeaxanthin and lutein on an expanded scale. The small peak after lutein is an
unidentified component.

chlorophylls a and band p-carotene whilst allowing a reasonably short analysis time.
. Fig. 3 shows that optimized separation of the xanthophylls is not at the expense of

resolution of the less polar chlorophylls and carotenes.
Fig. 4 shows a chromatogram of the pigments from barley leaves using this

approach with an isocratic step using 51 % tetrahydrofuran. This demonstrates that
the same protocol can be used both to measure the concentrations of the major
pigments and to determine small amounts of zeaxanthin, as is necessary in studies of
the xanthophyll cycle.
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Flavonoids are widespread compounds of the flora and there is special interest in
medicinal plants. They normally occur as glycosides but it is difficult to determine all
glycosides 1 in a crude plant extract because most reference compounds are not
available commercially.' Isorhamnetin, kaempferol, luteolin, myricetin and/or quer
cetin have been recognized as the major aglycones of medicinal plants such as Arnica
sp., Betula sp., Calendula officinalis, Epilobium sp., Equisetum ary'ense, Tussi/ago
farfara, Filipendula ulmaria, Ginkgo bi/oba, Juglans regia, Primula sp.,· Prunus sp.,
Sambucus nigra, Solidago virgaurea, Tilia sp. and Verbascum sp.

The hydrolysis of the glycosides and their spectrophotometric detection as an
aluminium chloride chelate complex is the current methodJor determining the amount
offlavonoids in a plant extrace· 3

. This method, describedinseveral Pharmacopoeias,
is not very specific and permits only a limited statement regarding the total flavonoids
in plants. A detailed description of the qualitative and quantitative composition of the
aglycones is not possible. With using reversed-phase high-performance' liquid
chromatography (RP-HPLC) and diode-array detection4 ,a simple and rapid method
was developed and validated for determining the above aglycones.

The conditions of the hydrolysis were optimized and tested with rutin. For the
hydrolysis of rutin hydrochloric acid and trifluoroacetic acidS were tested in various
concentrations together with the solvents acetone and methqnol. Complete hydrolysis
of rutin could only be achieved within 30 min by using methanol and hydrochloric
acid.

EXPERIMENTAL

Standards and solvents
Isorhamnetin, kaempferol, luteolin, myricetinand quercetin dihydrate (Roti

chrom HPLC) were obtained from Roth (Basle, Switzerland) and morin (Fluka
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standard for microscopy) and rutin (purum) were purchased from Fluka (Buchs,
Switzerland). All the organic solvents used were of HPLC grade (Romil Chemicals,
Shepshed, U.K.). Trifluoroacetic acid (purum), hydrochloric acid and orthophos
phoric acid (analytical-reagent grade) were obtained from Fluka. Pure water was
delivered by a NANOpure Cartridge System (Skan, Basel-Allschwil, Switzerland).
Bond Elut CIS (3 m!) disposable extraction columns (Analytichem International,
Harbor City, CA, U.S.A.) were used for sample clean-up.

Columns
Knauer (Berlin, F.R.G.) pre-packed column cartridges (100 x 4 mm J.D.) filled

with the following different CIS materials were examined: Hypersil ODS, 3 and 5 Jim
(Shandon, Runcorn, U.K.); LiChrospher RP-18, 10 Jim (Merck, Darmstadt, F.R.G.);
LiChrosorb RP-18, 5 Jim (Merck); Nucleosil 100-CIS, 3 and 5 Jim (Macherey, Nagel
& Co., Duren, F.R.G.); Partisil ODS-3, 5 Jim (Whatman, Maidstone, U.K.); and
Spherisorb S 5 ODS II, 5 Jim, and S 3 ODS II, 3 Jim (Phase Separations, Queensferry,
U.K.).

Apparatus
HPLC analyses were performed using a Hewlett-Packard instrument (79994A

Analytical Workstation, 1090 LC, 1040 DAD). The mobile phase consisted of solvent
A (methanol) and solvent B (0.5% orthophosphoric acid) with the following gradient
(% A): 0 min, 38%; 12 min, 48.2%; 12.01 min (washing), 100%; 17 min, 100%; and
17.01 min (equilibration), 38%. The flow-rates were 1ml/min (3 Jim), 2 ml/min (5 Jim)
or 3 ml/min (10 Jim), the column temperature 25.0°C, injection volume 10 Jil and
detection was effected at 370 nm (flavonols) or 349 nm (luteolin).

Sample preparation
A 4-g amount of pulverized plant or plant extract material was refluxed with 70

ml of methanol and 10 ml of 25% hydrochloric acid for 30 min. After cooling, the
solution was filtered through a G3 glass filter covered with an LS 14 paper filter. The
supernatant was washeqwith 100 ml of methanol. The solution was evaporated under
vacuum to about 80 mrand then diluted to 100 ml with methanol in a volumetric flask.
A 5-ml volume of this solution was filtered through Bond Elut CIS which was',
equilibrated with methanol. The cartridge was washed with 4 ml of methanol and the
solution was diluted to 10 ml with methanol in a volumetric flask. A lO-JiI volume of
this solution was injected into the HPLC system.

RESULTS AND DISCUSSION

The method was applied to Ginkgo and Betula analysis. The identification of the
peaks after hydrolysis (Betula, myricetin and quercetin; Ginkgo, quercetin, kaempferol
and isorhamnetin) was made with an automated library search system from
Hewlett-Packard (Operating software, Rev. 5.03, 1988). This application includes the
peak purity (comparison of the spectra upslope, apex, downslope and correlation
between the peak at different wavelengths) and compares the spectra of the peaks in
the chromatogram with the spectra of the reference compounds stored in the library.
This comparison also considers the retention time (time window ±6%) ofthe peaks in
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the chromatogram and in the library. Myricetin and quercetin in Betula and quercetin
and kaempferol in Ginkgo were identified with a peak purity match index of> 998 and
a library match index of > 994 (maximum 1000).

The linearity of the determination of all flavonoid aglycones and of the internal
standard (morin) was verified by regression analysis (seven-point measurement, r 2 ~

0.994). The determination was carried out with six samples (Table I). Each sample was
injected three times by HPLC or measured by UV-VIS sopectrometry.

It is well known and was confirmed by our experimental work that the
flavonoids require very well elaborated chromatographic procedures7

• Different
mobile and stationary phases were evaluated. The examination of the mobile phases
was restricted to solvents currently used in RP-HPLC such as acetonitrile, 1,4-dioxane,
ethanol, methanol, 2-propanol and tetrahydrofuran. A good separation of the five
aglycones in less than 12 min was obtained with a methanol-water gradient. In
addition, the influence of the various solvents on the UV spectra was studied, but no
significant differences were observed.

The well known tailing problem with flavonoids, which depends on the mobile
and especially on the stationary phase, disturbs the automatic integration. Therefore,
different C18 materials were tested. Further, the influence of the addition of 0.5% of
orthophosphoric acid to the solvent was examined. This modifier markedly reduced
the tailing. With the requirements of high peak symmetry (l :( Tf < 1.2, at 5% peak
height)8, t R (last peak) < 12 min, and Rs > 1.5, a successful and reproducible
separation could be obtained only with Hypersil ODS, 5 J1m (Table II and Figs. 1-3).
The differences between the tested materials were very significant (Table III).

Comparing the chromatographic parameters of the different stationary phases,
it can be concluQed that reversed-phase materials have to be evaluated for the analysis
of flavonoids.

Morin, a flavonol derivative that is commercially available and found so far only
in four Moraceae sp. and one Anacardiaceae Sp.9, is proposed as an internal standard.
However, quantitative analyses were established with external standards.

TABLE I

DETERMINATION OF THE FLAVONOLS IN BETULA AND GINKGO

Component Betulae folium, Dixa Lot No. 237 Ginkgo extractum,
Flachsmann L-ot No. 85375: HPLC

0.34
0.61

HPLC

Myricetin (%)
Quercetin (%)
Kaempferol (%)
Isorhamnetin (%)

Calculated as total amount of:
Aglycones (%) 0.95
Hyperoside (%) 1.47
Rutin (%)

a Determination according to ref. 6.

UV/VIS"

1.57

0.39
0.51
0.10

1.00

2.12
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TABLE II

CHARACTERIZATION OF THE CHROMATOGRAPHIC PARAMETERS OBTAINED WITH
HYPERSIL ODS, 5 Ilm

Tr = Tailing factor according to ref. 8; tR = retention time.

tR (min)

Myricetin Morin Quercetin Luteolin Kaempferol Isorhamnetin

2.984 3.868 5.464 6.803 8.832 10:056 1.06

TABLE III

CHARACTERIZAnON OF THE TESTED COLUMNS

R, (5/6) = resolution factor between kaempferol and isorhamnetin; Tr = tailing factor according to ref. 8;
tR = retention time.

Stationary phase tR (min)" R, (5/6) Tj"

2 3 4 5 6

Hypersil, 3 Ilm 6.137 7.89 10.244 12.062 14.955 16.273 2.341 2.14
Hypersil, 5 Ilm 2.984 3.868 5.464 6.803 8.832 10.056 1.966 1.06
LiChrosorb, 5 Ilm 4.329 5.346 7.527 9.056 11.558 12.668 1.449 1.43
LiChrosorb, 10 Ilm 3.741 4.856 6.843 8.243 10.843 12.036 0.976 2.86
Nucleosil, 3 Ilm 8.639 10.762 13.785 15.925 19.276 20.608 2.79 1.82
Nucleosil, 5 Ilm 6.848 8.524 I J.l63 13.252 16.048 17.392 2.526 1.56
Partisil, 5 Ilm 5.278 6.87 8.876 10.843 13.328 14.445 0.698 5.83
Spherisorb, 3 lim 7.83 9.729 12.733 14.665 18.096 19.524 1.142 3.47
Spherisorb, 5 Ilm 3.41 4.529 6.257 7.613 10.188 11.42 J.l35 5.14

a I = Myricetin; 2 = morin; 3 = quercetin; 4 = luteolin; 5 = kaempferol; 6 = isorhamnetin.
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Digitalis lanata leaf is known to contain lanatosides and their secondary
glycosides. These compounds are pharmaceutically important drugs for the treatment
of congestive heart failure. For the determination of lanatosides in Digitalis lanata,
thin-layer chromatography (TLC) was applied, utilizing measurement of the spot
areas 1

, spectrophotometric determination (in situ) on a thin layer2 or spectro
photometric measurement of solutions obtained after spot elution3,4, However,
high-performance liquid chromatography (HPLC) appears to be the most effective
method for the analysis of digitalis glycosides. The determination of digoxin in
Digitalis lanata by HPLC has been proposed by Cobbs and Brugidou et al.6 . Also, the
separation of a mixture of pure lanatosides was accomplished employing a normal
phase silica column7,8 and a reversed-phase column9 . Orosz et al. 1o have determined
lanatoside C in Digitalis lanata using an ODS column, but no data on lanatoside A and
B were given.

Previously, we reported the separation and determination of digitalis glycosides
in Digitalis purpurea by reversed-phase micro-HPLC 11

,12. This paper describes
a method for the simultaneous determination of lanatosides in Digitalis lanata leaves,
which involves clean-up with Sep-Pak cartridges and subsequent separation by
normal-phase partition HPLC.

EXPERIMENTAL

Instruments
The liquid chromatograph consisted of a Model KHP-OIO pump (Kyowa

Seimitsu, Tokyo, Japan), a Model KHP-UI-130 injector (Kyowa Seimitsu), a Model
UVILOG-5 III A variable-wavelength detector (Oyo-bunko Kiki, Tokyo,)apan) and
a Chromatopac C-R3A data processor (Shimadzu, Kyoto, Japan). The stainless-steel
column (250 x 4.6 mm J.D.) was packed with TSK-gel Amide-SO (Tosoh, Tokyo,
Japan). This was a column containing 5-/lm porous silica particles derivatized with
carbamoyl groups. The detector was set at 220 nm. The separations were performed
under ambient conditions.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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Materials
Lanatoside A, Band C were purchased from E. Merck (Darmstadt, F.R.G.),

desacetyllanatoside C from the National Institute ofHygienic Sciences (Tokyo, Japan)
and Sep-Pak cartridges from Waters Assoc. (Milford, MA, U.S.A.). Desacetyl
lanatoside A and B were prepared from lanatoside A and B, respectively, according to
the procedure of Pekic and Miljkovic l3 and recrystallized repeatedly from dichloro
methane-ethanol. The structures of these cardiac steroids are given in Fig. 1.
14a, 15a-Epoxy-"[3"-anhydrodesacetyllanatoside A, used as the internal standard, was
synthesized in four steps from desacetyllanatoside A by the method adapted from
Sawlewicz et al. 14

. All of these materials were checked for homogeneity by TLC, and
solvents were purified by redistillation prior to use.

Preparation of the leaf powder
Leaves of Digitalis lanata EHRH. plant in the second year were collected in the

medicinal botanical garden of Hokuriku University (Kanazawa, Japan) on July 29,
1987. The freshly harvested leaves were quickly washed with water, freeze-dried in
a Neocool Model DC-55A apparatus (Yamato Scientific, Tokyo, Japan) and then
dried using phosphorus pentoxide under reduced pressure at room temperature. The
dried leaves were pulverized and sifted through a sieve of mesh width 500 lim. Theleaf
powder obtained was further dried under reduced pressure for 5 days.

Extraction and clean-up procedures
Approximately 50 mg ofleafpowder were accurately weighed and extracted with

25 ml of ethanol-chloroform (2:1) containing an internal standard (125.9 pg) in an
ultrasonic cleaning bath for I h. The extract was filtered and evaporated to dryness at
40°C using a rotary evaporator. The residue was dissolved in 2 ml of ethyl
acetate-ethanol (100: I) and applied to the Sep-Pak silica cartridge. Then 18 ml ofethyl
acetate-ethanol (100:1) and 10 ml of ethyl acetate-ethanol (5:1) were successively
passed through the cartridge. The latter fraction (10 ml) was collected and evaporated
at 40°C using a rotary evaporator. The residue obtained was dissolved in I ml of
methanol-water (2:3) and loaded on the Sep-Pak C I8 cartridge. After washing with 14
ml of methanol-water (2:3), cardiac glycosides were eluted with 15 ml of methanol-
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CH3

CH3 CHJ oUO Ft OH

CHzOH ;-b\f"O~ OH
),;o"o~ OH
H~ OR3

OH

Lanatoside A Rl=Rz=H Desacetyllanatoside A : R1=Rz=RJ=H
R3=COCH3

Lanatoside B R1=H, Rz=OH Desacetyllanatoside B : R1=R3=H
R3=COCH3 RZ=OH

Lanatoside C Rl=OH ,Rz=H Desacetyllanatoside C : R1=OH
R3=COCH3 Rz=R3=H

Fig. I. Structures of lanatosides and desacetyllanatosides.
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water (2: I). The eluate was evaporated at 40°C in vacuo and the resulting material was
dissolved in 0.1 ml of acetonitrile-water (96:4) and analysed by HPLC.

HPLC of lanatosides
A lO-JlI volume of the purified sample solution (0.1 ml) was injected into the

liquid chromatograph and acetonitrile-water (96:4) was employed as the mobile phase
at a flow-rate of 0.8 ml/min. The mobile phase used for the separation of
desacetyllanatosides was acetonitrile-water (9:1). The effluent was monitored by UV
absorption at 220 nm. Calibration graphs were constructed using the average peak
areas from three chromatograms.

TLC procedure
Normal- and reversed-phase TLC were performed on 5 x 10 cm high-perfor

mance silica gel 60 F 254 plates (E. Merck) and 5 x 10 cm KC 1sF plates (Whatman,
Clifton, NI, U.S.A.), respectively. After development and air drying, the plates were
checked by fluorescence quenching of the layers under UV radiation at ca. 254 nm, and
then sprayed with concentrated sulphuric acid and heated in an oven at 120°C for 10
min.

RESULTS AND DISCUSSION

An initial study was focused on the selection of an internal standard and
the chromatographic separation of cardiac glycosides. Many compounds were
investigated and 14a, 15a-epoxy-"P"-anhydrodesacetyllanatoside A was found to be
the most suitable. HPLC was performed on a carbamoyl-bonded silica column using
acetonitrile-water as eluent. A detection wavelength of220 nm was employed, account
being taken of the a,p-unsaturated lactone ring attached at the C-17 position of the
steroid nucleus. The separation oflanatoside A, Band C and the internal standard was
achieved when acetonitrile-water (96:4) was used as the eluent, as illustrated in Fig. 2.
The retention times of desacetyllanatoside A, Band C were 80, 129 and 135 min,
respectively. Also, Fig. 3 shows the chromatogram oflanatosides, desacetyllanatosides

2 3

4

1
o 20 40 60 min

Fig. 2. Separation of a mixture of lanatosides and the internal standard. Peaks: I = lanatoside A (0.40 JIg);
2 = lanatoside B (0.43 JIg); 3 = lanatoside C (0.59 pg); 4 = 14a,15a-epoxy-"j1"-anhydrodesacetyllanato
side A (0.84 JIg). Conditions: TSK-gel Amide 80 column (250 x 4.6 mm 1.0.); mobile phase,
acetonitrile-water (96:4); flow-rate, 0.8 ml/min; UV detection at 220 nm; sample volume, 10 pI.
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o 10 20 30 40 min

Fig. 3. Separation of a mixture of lanatosides, desacetyllanatosides and the internal standard. Peaks: I =

lanatoside A (0.15Ilg); 2 = lanatoside B (0.15Ilg); 3 = lanatoside C (0.20 Ilg); 4 = 141X,151X-epoxy-"P"
anhydrodesacetyllanatoside A (0.22 Ilg); 5 = desacetyllanatoside A (0.27 Ilg); 6 = desacetyllanatoside
B (0.45 Ilg); 7 = desacetyllanatoside C (0.55 Ilg). Conditions: mobile phase, acetonitrile-water (9:1);
flow-rate, 0.5 ml/min; other conditions as in Fig. 2.

and the internal standard. These compounds were separated into seven peaks using
acetonitrile-water (9: I) as the eluent. The separations are of sufficient quality and
reproducibility to permit quantitative work.

The determination of lanatosides in Digitalis lanata leaves was carried out by an
internal standard method. The leaves were dried and then extracted with ethanol
chloroform (2: I) by ultrasonication. In order to remove the many other plant materials
in the extract, it is necessary to introduce a purification step prior to HPLC. Sep-Pak
cartridges packed with silica gel and ODS-bonded gel were used to clean up the extract.
For the complete HPLC separation oflanatosides in the purified extract, acetonitrile
water (96:4) was employed as the mobile phase. When acetonitrile-water (9: 1) was
used, the presence ofco-extracted constituents of the leaves interfered with the peak of
lanatoside C. Fig. 4 depicts a typical chromatogram of the extract after addition of the
internal standard. From the chromatogram ofthe extract in the absence of the internal
standard, the co-existing substances present in the leaves were ascertained not to
disturb the internal standard peak. The eluate corresponding to each peak was
collected and analysed by TLC. Both normal-phase TLC (lanatoside A, RF 0.46;
lanatoside C, RF 0.39) using chloroform-methanol-water (80:20:2.5) as developing
solvent and reversed-phase TLC (lanatoside A, RF 0.40; lanatoside C, RF 0.68) using
acetonitrile-0.5 M sodium chloride (10:13) indicated single components in each zone
with retention times corresponding to lanatoside A and C.

Linear calibration graphs were obtained by plotting the peak-area ratios (y) of
lanatosides to an internal standard against the amount of lanatosides (x f.1g); the
regression equations and correlation coefficients (r) were y = 0.0108 x - 0.0004 (r =
0.997) for lanatoside A and y = 0.0101 x + 0.150 (r = 0.998) for lanatoside C. The
plot was from 10 to 70 f.1g for lanatoside A and over the required range from 40 to 180
f.1g for lanatoside C. The intra-assay relative standard deviations (n = 9) were
Q.9-2.5% for lanatoside A (10-70 f.1g) and 1.0-1.7% for lanatoside C (44-177 f.1g), and

"the inter-assay relative standarcf deviations (n = 9) were 2.1-3.0% for lanatoside
A and 1.7-2.8% for lanatoside C.

The assay results obtained from ten dry leaf powder samples (mean of three
determinations per sample) are collected in Table I. The data indicate that the leaves
contained 66.9 ± 4.4 f.1g (mean ± S.D.) for lanatoside A and 216.3 ± 7.1 f.1g for
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Fig. 4. Chromatogram of the extract of Digitalis lanata leaves with the internal standard. Peaks: I =

lanatoside A; 2 = lanatoside C; 3 = 14a,15a-epoxy-"{i"-anhydrodesacetyllanatoside A. Conditions as in
Fig. 2.

lanatoside C per 100 mg of the dry leaf powder. The amount of lanatoside C was three
times higher than that of lanatoside A. The quantitative usefulness of this technique
was confirmed by the relative standard deviations of 6.6% and 3.3% for lanatoside
A and C, respectively.

The recovery was examined by adding pure lanatoside A and C equivalent to half
of the amounts contained in the leaves and applying the described procedure. Both of
the compounds were recovered satisfactorily (> 95%). The limits of quantitative
measurements of lanatosides and desacetyllanatosides with the present method were
2--4 f.1g per 50 mg of dry leaf powder, considering the interfering peaks of impu~ities

originating from the leaves. The amounts oflanatoside Band desacetyllanatosides in
the leaves examined were below the limits of determination.

Previously, the separation of lanatoside and desacetyllanatoside standards7
,8,

the qualitative analysis ofcardiac glycosides in Digitalis lanata9 and the determination
of digoxin in the leavess.6 were reported. However, these studies were not concerned
with the quantification of lanatosides in Digitalis lanata. For the simultaneous
determination of lanatoside A, Band C in the leaves, the elimination of interfering

TABLE I

CONTENTS OF LANATOSIDE A AND LANATOSIDE C IN DIGITALIS LANATA LEAVES
DETERMINED BY THE PROPOSED METHOD

Glycoside

Lanatoside A

Lanatoside C

Found (/lg)"

63.4,72.0,68.1,72.1,66.0,67.9,66.2,
72.0, 60.0, 61.1

223.4,209.1,223.9,224.8,209.1,212.6,
219.4,222.7,209.2,209.[

Mean ± S.D. (/lg) Relative standard
deviation (%)

66.9 ± 4.4 6.6

216.3 ± 7.1 3.3

a Amount of lanatoside A or C per 100 mg of a dry leaf powder sample.
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peaks by the pretreatment step before the HPLC analysis is of great importance. The
described clean-up procedure with the Sep-Pak cartridges was much more efficient and
convenient for the determination of cardiac glycosides in Digitalis leaves than the
previous method 11 involving a solvent-partition sequence and preparative TLC. In
fact, the secondary glycosides such as digitoxin and digoxin were eluted with ethyl
acetate-ethanol (100: I) and the primary glycosides (lanatosides) were eluted sub
sequently with ethyl acetate-ethanol (5: I) on a Sep-Pak silica cartridge.

Recently, the TSK-gel Amide-80 column material made of silica gel modified
with carbamoyl groups has been developed, which permits the separation of
monosaccharides, oligosaccharides and sugar alcohols. On this normal-phase parti
tion column, a reversed-phase type solvent system composed ofacetonitrile-water can
be used, which has good ultraviolet transparency at a wavelength (220 nm) nearer the
Amax of the butenolide ring. Therefore, the use of this column is preferable to the
quantification of digitalis glycosides.

In conclusion, the HPLC method described here has been demonstrated to be
accurate, precise and selective for the determination of lanatosides in Digitalis fanata
leaves. This method can be useful for estimation of the quality of the leaves.
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Pyrrolnitrin (III, Fig. 1), 3-chloro-4-(2-nitro-3-chlorophenyl)pyrrole, is a potent
antifungal compound first isolated from Pseudomonas pyrrocinia1

• It was subse
quently found that a number of Pseudomonads form pyrrolnitrin as a product of
tryptophan metabolism2

• Other less active phenylpyrroles were also produced by this
metabolic pathway; these include aminopyrrolnitrin (II)3, 2-chloropyrrolnitrin (V)3,
isopyrrolnitrin [2,3-dichloro-4-(2-nitrophenyl)pyrrole]4, and oxypyrrolnitrin [3
chloro-4-(2-nitro-3-chloro-6-hydroxyphenyl)pyrrole] 5 . Gas chromatographic6 and
thin-layer chromatographic (TLC)2 techniques have been used to analyze for these
phenylpyrroles from Pseudomonads.
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A strain of Pseudomonas cepacia, isolated from apple leaves, inhibited the
growth of Botrytis cinerea and Penicillium expansum on apples and pears, and was
found to produce pyrrolnitrin 7. We have isolated other phenylpyrroles from P.
cepacia, including compounds II and V. In addition, we found 3-(2-amino-3-chloro
phenyl)pyrrole (I), previously isolated from a Pseudomonad grown in the presence of
7-chlorotryptophan8

, and 2,3-dichloro-4-(2-amino-3-chlorophenyl)pyrrole (IV)9, not
reported previously. A high-performance liquid chromatographic (HPLC) method
was developed for the separation and quantitative analysis of these five phenylpyrroles
in P. cepacia fermentations.

EXPERIMENTAU

The medium used in the fermentation of P. cepacia consisted of the following:
8 gil Difco Nutrient Broth, 5 gil Difco Yeast Extract, and 10 gil glucose.

Chromatography was performed on an IBM 9533 liquid chromatograph with
a Rheodyne 7125 injector, a Waters 450 variable-wavelength detector, and a Hewlett
Packard 3390A reporting integrator. All solvents used were of HPLC grade and were
obtained from various manufacturers.

An IBM (Wallingford, CT, U.S.A.) 5-.um C18 column (250 mm x 4.6 mm J.D.)
and a 50 mm x 4.6 mm J.D. guard column were used for HPLC; analyses were
conducted isocratically with an ultrasonically degassed solution composed of
acetonitrile-methanol-water (1:1:1.1) at a flow-rate of 1.0 mllmin, and peaks were
detected by UV monitoring at 254 nm.

Whatman (Hillsboro, OR, U.S.A.) KC18 F plates were used for TLC and were
developed in acetonitrile-methanol-water (1: I: I). Phenylpyrrole spots were visualized
with diazotized sulfanilic acid (DSA) spray.

Isolation and preparation of standards
Compounds II, III, IV, and V were isolated from P. cepacia as previously

described9. Compound I was isolated using the same procedure with the following
changes: P. cepacia was grown in the fermentation broth described above. The
reversed-phase HPLC fraction containing II was rechromatographed on a Rainin
Dynamax (Emeryville, CA, U.S.A.) 8-.um silica column (250 mm x 21.4 mm J.D.)
with a 50mm x 21.4mm J.D. guard column and an eluentofhexane-ehloroform (3:1)
at a flow-rate of 20 mllmin and detection at 254 mm. The separation of I (retention
time 5.6 min) from II (retention time 6.3 min) was thus achieved. After recrystallization
from chloroform-hexane (1:5), compound I was identified from its NMR and mass
spectra.

Analysis of standards
Accurately weighed 10-mg samples of each of the five phenylpyrroles were

dissolved in 10 ml of methanol. Aliquots of this stock solution were taken such that
seven standard solutions were prepared containing 5, 25, 50, 100, 250, 500, and 1000

a Reference to a company and/or product named by the Department is only for purposes of
information and does not imply approval or recommendation of the product to the exclusion of others
which may also be suitable.
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j.lg/ml ofeach phenylpyrrole. HPLC analyses of20 j.ll were made in triplicate from each
standard solution. A standard curve correlating the amount ofphenylpyrrole in a 20-j.ll
injection to its area was prepared for each phenylpyrrole.

Analysis offermentation broth
A Fernbach flask (2800 ml) containing 500 ml of sterile fermentation broth was

inoculated with P. cepacia and agitated on a rotary shaker at 200 rpm at 33°C.
Duplicate 1O-ml aliquots were removed at 12, 24, 48, and 168 h. Aliquots were
centrifuged at 8000 g, the broth was discarded, and the cells were extracted by
ultrasonification with 10 ml acetone. The suspension was recentrifuged at 5500 g, the
supernatant evaporated under vacuum, and the residue dissolved in 200 j.ll methanol.
Duplicate 20-j.ll injections were analyzed by HPLC. The amount ofeach phenylpyrrole
per 20 j.ll was calculated from its standard curve using a linear regression program. This
value is equivalent to the mg/l phenylpyrrole in fermentation broth.

Analysis of a second 10-ml acetone extract of the cells revealed that 98 % of the
phenylpyrroles are contained in the first extract. To determine if phenylpyrroles are:
transferred by P. cepacia into the broth, an aliquot taken at 48 h was centrifuged and
the supernatant freeze-dried. The solids were extracted with chloroform, the solution
was filtered, and the solvent removed under reduced pressure. The residue was taken
up in methanol for HPLC analysis. Results indicate that the broth contains only 1% of
the phenylpyrroles produced by the cells during fermentation.

RESULTS AND DISCUSSION

A chromatogram of the phenylpyrrole standards (Fig. 2) shows baseline
separation well suited for quantitative analysis; the capacity factors are listed in Table

III

II

o 5 10 15

TIME (min)

Fig. 2. Chromatogram of standard phenylpyrroles (20 fIg each). For chromatographic conditions see text.
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TABLE I

HPLC AND TLC CHARACTERISTICS OF P. CEPAC1A PHENYLPYRROLES

Phenylpyrrole HPLC capacity TLC Color reaction
factor (k') RF value with DSA

I 1.16 0.40 Maroon
II 1.64 0.38 Maroon
III 2.42 0.31 Maroon
IV 3.02 0.28 Orange
V 4.11 0.22 Orange

NOTES

TABLE II

CONCENTRATIONS OF PHENYLPYRROLES IN P. CEPAC1A FERMENTATION BROTH AT
VARIOUS ELAPSED FERMENTATION TIMES

Phenylpyrrole Concentration (mgjl)

12 h 24 h 48 h 168 h

I 0.8 0.2 0.1 0.1
II 0.1 10.4 5.8 4.7
III 0.2 6.8 13.1 13.3
IV 2.3 4.1 2.8
V 0.4 1.5 1.5

a Not detected.

II
III

IV

V

o 5 10 15

TIME (min)

Fig. 3. Chromatogram of phenylpyrroles from P. cepacia. I = 0.2 /lg; 11 = 1O.4/lg; III = 6.8 /lg; I V = 2.3
/lg; V = 0.4 /lg. For chromatographic conditions see text.
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1. For the external standardization, each phenylpyrrole gave a,linear response curve in
the range tested (O.l--c20 p,g injected) as shown by correlation coefficients of
0.9994-0.9999.

The concentrations of the five phenylpyrroles at various time intervals during
a 168-h fermentation of P. cepacia are given in Table II. A chromatogram of a sample
taken at 24 h is shown in Fig. 3; note the absence ofany interfering peaks. The presence
of each phenylpyrrole was verified by reversed-phase TLC as described above; RF

values and the color reactions are given in Table 1.
The proposed biochemical pathway for the formation of these phenylpyrroles is

corroborated by their changes in concentration during fermentation. Tryptophan is
believed to undergo chlorination, rearrangement, and decarboxylation to form
compound 110, which is further chlorinated to 118 , followed by oxidation to 1113

. It is
likely that compound IV is similarly formed by chlorination of I or II followed by
oxidation to V. The results in Table II show that compound I is present in the highest
concentration early in the fermentation. As the fermentation continues compounds II
and IV accumulate, followed by a decline in their concentrations and an accompanying
rise in the concentrations of III and V, respectively.

With an uncomplicated sample preparation scheme and an HPLC analysis time
of only 18 min, this quantitative procedure proves to be an excellent method for
monitoring phenylpyrrole production in P. cepacia during fermentation.
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In the last few years we have been interested in the analytical routine control of
cosmetics with the aim of verifying their adherence to the legislation of the European
Economic Community (EEC). Single preservatives, but more often combinations of
preservatives, are always used in commercial samples in order to prevent degradation
and contamination of the complex formulation present in the product. In this regard,
the original EEC Council Directive 76/768 has been amended many times, and at
present there are about 60 preservatives that are definitively or provisionally permitted
for use at specified maximum concentrations.

In previous papersl~4 we reported some high-performance liquid chromato
graphic (HPLC) methods suitable for the rapid identification and quantification of
groups of related preservatives. In one ofthem3 , describing the separation of phenolic
and/or halogenated preservatives, we were unable to separate triclosan from
triclocarban under the chromatographic conditions used and the problem was solved
by carrying out a further extraction from the cosmetic sample in order to separate the
neutral (such as triclocarban) from the acidic (such as triclosan) compounds. We have
now developed a reversed-phase HPLC method that allows the complete separation of
22 preservatives, including triclosan and triclocarban, with optimization of the mobile
phase composition. The preservatives considered are reported in Table I together with
their maximum admissible concentrations according to EEC Council Directive 76/768
(Annex VI) and subsequent adjournments. All of them are listed in the current
Directive except hexachlorophene, which has recently been deleted, and dichloro-m
xylenol, tetrabromocresol and halocarban, which are no longer included.

EXPERIMENTAL

Chemicals
All the preservatives were kindly supplied by the Keuringsdienst van Waren

0021-9673/90/$03.50 © 1990 Elsevier Science Publish~rs B.V.
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TABLE I

PRESERVATIVE MATERIALS

Compound EEC name Common name Maximum authorized
No. concentration (%)

I 2-Phenoxyethanol LO
2 p-Hydroxybenzoic acid, methyl ester Methylparaben 0.4

(acid)
3 I-Phenoxy-2-propanol 1.0
4 Glycerol p-chlorophenyl ether Chlorphenesin 0.5
5 p-Hydroxybenzoic acid, ethyl ester Ethylparaben 0.4

(acid)
6 2,4-Dichlorobenzyl alcohol 0.15
7 p-Chloro-m-cresol 0.2
8 4-Chloro-3,5-dimethylphenol p-Chloro-m-xylenol 0.5
9 4-Isopropyl-3-methylphenol 0.1

10 p-Hydroxybenzoic acid, n-butyl ester Butylparaben 0.4
(acid)

II o-Phenylphenol 0.2
(phenol)

12 p-Hydroxybenzoic acid, benzyl ester Benzylparaben 0.1
(acid)

13 Sorbic acid, isopropyl ester 0.6
(acid)

14 2,4-Dichloro-3,5-dimethylphenol Dichloro-m-xylenol
(1.S.)

15 5,5'-Dichloro-2,2'-dihydroxydiphenyl- Dichlorophene 0.2
methane

16 2-Benzyl-4-chlorophenol Chlorophene 0.2
17 2,4,4'-Trichloro-2'-hydroxydiphenyl Triclosan 0.3

ether
18 3,4,4'-Trichlorocarbanilide Triclocarban 0.2
19 Tetrabromo-o-cresol
20 4,4'-Dichloro-3-trilluoromethyl- Halocarban

carbanilide
21 3,3'-Dibromo-5,5'-dichloro-2,2'dihydroxy- Bromochlorophene 0.1

diphenylmethane
22 2,2'-Dihydroxy-3,3' ,5,5' ,6,6'-hexachloro- Hexachlorophene

diphenylmethane

(Enschede, The Netherlands), and were used as received. All chemicals were of
analytical-reagent grade. Water was deionized and doubly distilled in glass. Methanol
was of special HPLC grade (Carlo Erba, Milan, Italy). All solvents and solutions for
HPLC analysis were filtered through a Millipore filter, pore size 0.45 pm, and vacuum
degassed by sonication before use.

Apparatus
A Model 5000 liquid chromatograph (Varian, Zug, Switzerland) equipped with

a Valco AH 60 injection valve, a Varian Polychrom 9060 photodiode-array detector
and a Varian 4290 integrator was used. The analytical column was 5-pm ODS
Uitrasphere (250 x 4.6 mm J.D.) (Beckman).
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Chromatographic conditions
The mobile phase was methanol-water containing 1% (v/v) acetic acid with the

following linear gradient of methanol concentration: 0 min, 20%; 15 min, 30%; 25
min, 40%; 35 min, 60%; 40 min, 70%; 50 min, 80%; 60 min, 85%; and 65 min, 90%.
The column temperature was 25°C, injection volume 10 j.tl, flow-rate 2.3 ml/min,
detection wavelength 280 nm and chart speed 0.25 cm/min.

Calibration graphs
Stock solutions were prepared by dissolving weighed amounts of the preserva

tives in 100 ml of a solution of acetic acid (l %, v/v) in tetrahydrofuran (THF)
containing 1 mg/ml of dichloro-m-xylenol as the internal standard (I.S.). These
solutions, and the set of solutions produced by serial dilutions, were processed using
the HPLC conditions described above. The ratios of the peak areas relative to that of
the I.S. were plotted against the amounts of preservative injected.

Assay ofpreservatives in cosmetic samples
A test portion of ca. 1 g of sample was accurately weighed into a glass centrifuge

tube with a screw-cap. After addition of 10 ml of the solution containing the I.S., the
tube was closed and immersed for 15 min in an ultrasonic bath thermostated at 60°C to
melt any lipid phase and to facilitate the extraction of the preservative into the organic
phase. After cooling and centrifugation, the supernatant was diluted to volume (25 ml)
with THF containing 1% acetic acid. Aliquots of 10 j.tl of the solution were submitted
to HPLC analysis.

RESULTS AND DISCUSSION

Fig. 1 shows a typical chromatogram of a standard solution of the preservatives
examined and the I.S., obtained by setting the detector at 280 nm. As can be seen, good
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Fig. I. Typical chromatogram of a solution containing 0.5 mg/ml of each preservative, recorded at 280 nm.
Numbers on the peaks are compounds as listed in Table I.
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resolution was obtained for all compounds except for slight overlapping ofpeaks 9 and
10. Table II reports the. retention times, which were reproducible under the
experimental conditions used, the detection limits (ng injected), calculated as the
response three times the noise level, and the response factors relative to the I.S.,
calculated from the weight ratio. The photodiode-array detector allowed the purity
parameter (Varian) format values 5 (Aw ), which were calculated over the wavelength
range 234-311 nm, to be obtained. These values, which are shown in Table II, are
useful in confirming peak identifications and in determining peak purities. When
checking the compliance of a cosmetic product with the EEC legislation, a knowledge
of this parameter is very helpful, particularly if the compound under investigation
seems to be present at a concentration exceeding the maximum admissible level.

Calibration graphs were constructed from five consecutive injections and were
linear for all the compounds considered over the range of concentrations used, i.e.,
from 0.1 to 30 jJ.g or from 0.02 to 6 jJ.g injected, depending on the kind of preservative.
The coefficients of linear regression ranged from 0.9979 to 0.9998 and the reproduc
ibility was very good. In fact, if the calibration graphs were obtained on the same day,
the average relative standard deviation (R.S.D.) was less than 2.0%. If the standard
solutions were injected for 15 consecutive days, the variability of the assay was slightly
greater, the average R.S.D. being about 3.0%.

TABLE II

RETENTION TIMES, RESPONSE FACTORS, DETECTION LIMITS AND PURITY FORMAT
VALUES OF THE COMPOUNDS TESTED

Each value is the mean of five determinations.

Compound Retention time Relative response Detection limit Aw (234-311)
No. (min) at 280 nm (ng injected) at 280 nm

1 10.70 0.22 15 266.35
2 13.96 2.03 5 255.28
3 18.39 0.19 20 266.67
4 19.50 0.75 15 243.99
5 22.16 2.00 5 255.39
6 26.47 0.26 50 250.53
7 26.93 1.21 15 252.67
8 31.49 1.00 20 248.03
9 32.53 1.26 20 249.07

10 32.87 1.80 15 255.11
11 33.72 3.03 10 269.46
12 34.67 1.40 20 251.74
13 39.46 3.08 5 258.99
14 (I.S.) 41.35 1.00 20 253.79
15 42.54 1.52 20 256.71
16 43.62 1.12 30 254.08
17 57.20 1.43 15 246.45
18 58.45 3.80 5 262.66
19 59.57 0.37 60 248.43
20 61.31 3.60 5 263.64
21 65.35 0.87 20 261.39
22 79.90 0.91 40 250.28
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Fig. 2. Chromatogram obtained for a commercial day cream containing preservatives 6, 8 and 17.

The applicability of the proposed method for the determination of compounds
1-22 in cosmetic products was demonstrated by studying their recoveries from four
different samples prepared in-house and spiked with the maximum amounts of the
preservatives permitted by the EEC legislation. The recoveries obtained are shown in
Table III, together with the R.S.D.s obtained either when the assays were performed
on the same day (intra-assay R.S.D.) or over a period of 15 days (inter-assay R.S.D.).
As the variability was almost the same, it can be inferred that the reproducibility of the
method was very good even over a period of several days.

The HPLC procedure was applied to a variety of cosmetic products purchased
from local outlets, and containing unknown preservatives. Fig. 2 shows a chromato
gram obtained for a sample of day cream. Peak identities were confirmed by
determining the purity parameters, which were in good agreement with the values
calculated for the standard compounds and reported in Table II. The results of the
analyses are given in Table IV. No cosmetic sample contained hexachlorophene and
the levels of the preservative identified were in compliance with the EEC Directive.

To our knowledge, in the literature only the paper by Matissek6 describes the
separation and determination of a number of phenolic preservatives in cosmetic

TABLE IV

DETERMINATION OF PRESERVATIVES IN COMMERCIAL COSMETIC PRODUCTS

Each value is the mean of three determinations.

Cosmetic product

Day cream
Night cream
Shampoo
Body lotion
Deodorant
Day cream
Hand cream
Body emulsion
Shampoo
Shampoo
Night cream

Preservatives found and their percentages (in parentheses)

6(0.16) + 17(0.30) + 8(0.50)
5(0.08) + 8(0.30) + 6(0.10) + one not identified
2(0.10) + 5(0.10) + 10(0.10) + 11(0.10)
1(0.30) + 9(0.10) + 13(0.42)
5(0.10) + 1(0.40) + 15(0.15)
5(0.20) + 8(0.20) + 15(0.10) + one not identified
8(0.35) + 9(0.05) + 3(0.25)
7(0.20) + 9(0.10) + 11(0.20)
2(0.20) + 1(0.40) + one not identified
2(0.10) + 5(0.05) + 10(0.05) + 1(0.40)
18(0.21) + 15(0.20) + 21 (0.10)
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products as large as that considered here, using chromatographic techniques. Whereas
gas chromatography allowed a good separation of twelve preservatives, the resolution
obtained by HPLC on LiChrosorb RP-8 with isocratic elution was poor, as all the
esters of p-hydroxybenzoic acid coelute and so do o-phenylphenol and p-chloro-m
xylenol.

In contrast, the chromatographic separation obtained here using an ODS
column and gradient elution is very good. This fact, together with the simple extraction
procedure and the good accuracy and precision, make the proposed method suitable
both for rapid screening and for the quantitative determination of the 22 preservatives
considered in cosmetic products.
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Hitec E580 is added to aVIatIOn fuel as an antiwear agent and corrosion
inhibitor. The normal concentration range is 10-20 ppm and the level may be
determined by measuring the concentration of the major active ingredient, namely
dimer acid (technical-grade dilinoleic acid).

The method of Hillman et al. 1 involves multiple extractions of the dimer acid
from a large volume of fuel and measurement is achieved by gel-permeation
chromatography (GPC) with refractive index detection. A modified version of this
method has been used to determine the concentration of a range of similar corrosion
inhibitors in jet fuel and to examine the depletion of the active ingredient on contact
with sea water and metal surfaces2 ,3. A method using reversed-phase ion-exclusion
chromatography with UV detection has also been described4

.

Hillman et al.'s method 1 cannot be applied to the small amounts of fuel, 10 nil or
less, which may be all that is available as part of an accident investigation. Also, the
manual extraction steps are time-consuming and cannot be readily automated. This
paper describes an improved method of measuring Hitec E580 in aviation fuel which
overcomes these problems. The method uses an on-line precolumn, containing a polar
packing, to extract the dimer acid from the fueL Operation of a switching valve allows
the precolumn to be flushed with tetrahydrofuran (THF), thus transferring the dimer
acid to a GPC column. Refractive index detection is used. The two methods give results
which are in acceptable agreement.

EXPERIMENTAL

Apparatus
The apparatus consisted of two Waters 510 reciprocating pumps, one directly

connected to a Waters automated switching valve and the other connected to the valve
via a Rheodyne 7120 sample injector fitted with a 2-mlloop. The switching valve was
fitted with a Waters Guard-Pak precolumn module containing a cyano insert.
Separations were carried out on a 50-A and a lOo-A PL-Gel column (250 mm x 4.6

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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mm 1.0.), containing 5-/lm packing, connected in series. The detector was a Waters
410 differential refractometer. System control and data collection were achieved with
a Waters 840 data station (see Fig. lA and B). Unstabilised THF and hexane, both
HPLC grade, were obtained from Rathburn (Walkerburn, U.K.).

Procedure
The first stage in the analysis was a combined preconcentrationjsample clean-up

step; this was required due to the low level of additive present in a large excess of
potentially interfering compounds. It was achieved by injecting 2 ml of fuel onto an
in-line precolumn containing a disposable cartridge filled with a polar bonded phase
packing. The dimer acid was retained on the precolumn and the remainder of the fuel
was removed by pumping hexane through the cartridge.

The precolumn module was connected across an automatic. switching valve
which, when operated, changed the solVent flowing through the cartridge from hexane
to THF. This flushed the dimer acid onto the analytical columns and then into the
refractive index detector. A sample chromatogram is shown in Fig. 2. The peak eluting
just before the main dimer acid peak is believed to be due to trimer acid, The sum of the
peak areas was used for quantitation.

Standards were prepared by dilution of a stock solution of Hitec E580 dissolved
in an additive-free reference fuel.

RESULTS AND DISCUSSION

The refractive index detector was shown to have a linear response over the
required concentration range (Fig. 3). The correlation coefficient was 0.9994.

In order to evaluate the method a number of aviation turbine fuel (AVTUR)
samples were analysed. The level of Hitec E580 in these samples has also been
determined by the standard extraction method1

. The results obtained from the two
procedures are shown in Table I.

dimer acid

trimer acid

01 Time (min) 101

Fig. 2. Chromatogram of Hitec E580 (20 ppm).
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Fig. 3. Calibration curve for determination of Hitec E580 in aviation fuel.

The mean relative standard deviation for the proposed method is 4.1 %, which is
close to the value of 4.4% reported for the method of Hillman et al. 1

• The levels of
Hitec E580 found by the two methods are in acceptable agreement.

Sample 5 was markedly different from the other samples in having a deep yellow
colour due to ageing; It could not be analysed by the column-switching method due to
the presence of a large interfering peak. Old samples can also sometimes cause
problems with the extraction method, since the dimer acid peak is only apparent as
a shoulder on the side of a large peak arising from co-extracted material.

Both methods were also used to determine the levels of Hitec E580 in AVeAT,
the high-flash-point fuel used on ship-based aircraft. Table II shows the results
obtained, which are again seen to be in acceptable agreement.

TABLE I

DETERMINATION OF HITEC E580 IN AVTUR SAMPLES

Sample Concentration of Hitec E580 (ppm)
No.

Extraction Column-switching method Mean Relative standard
method deviation (%)

I II 11.0, 11.5, 11.0, 10.4, 11.0 11.0 3.6
2 12 12.0, 12.5, 12.5 12.3 2.3
3 9 11.0, 10.5, 10.4 10.6 3.0
4 10 11.0, 12.5, 11.0 11.5 7.5
5 11 Interference found
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TABLE II

DETERMINATION OF HITEC E580 IN AVCAT SAMPLES

Sample Concentration of Hitec E580 (ppm)
No.

Column-switching method Mean Extraction method

1 25,24 24.5 20
2 39, 40 39.5 40
3 17, 17 17.0 14
4 15, 15 15.0 15
5 15,14 14.5 14
6 6, 6 6.0 8
7 6,6 6.0 5

CONCLUSIONS

263

A method has been developed for the quantitative determination of dimer acid,
and hence Hitec E580, in aviation fuel. The accuracy and precision are close to that of
the standard extraction method, and it has the following advantages.

(i) Only 2 ml offuel are required, compared to 800 ml in the extraction method.
This makes the new method suitable for use with the limited amounts of fuel which
may be available in an accident investigation.

(ii) The elimination of the manual extraction steps means that the new method is
faster and more convenient to operate.

(iii) The method can be fully automated.
The equipment used in this investigation included a detector with a very high

signal-to-noise ratio. The estimated limit of detection was 1 ppm Hitec E580 (which
corresponds to a dimer acid concentration of around 0.4 ppm). If a less sensitive
detector is used then a larger sample volume is required, in order to maintain the same
limit of detection. The upper limit of sample volume is provided by the breakthrough
volume of the precolumn insert.

Several other commercially available corrosion inhibitors/lubricity additives are
based on dimer acid, and the column-switching method is expected to be suitable for
their determination. However, one additive is known to contain other dibasic acids in
addition to dimer acid, and the method has not been extended to the examination of
this type of sample.
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Boron can be toxic to higher plants when present in soil solution at levels
(0.5-5.0 J1.g ml- 1

) not much greater than trace amounts needed for normal growth 1
.

Minerals containing boron are found in naturally occurring igneous, metamorphic
and sedimentary rocks. Chemical weathering of these minerals releases soluble boron
that is readily available for plant uptake. Boron is probably the most troublesome
microelement in managing saline and alkaline soils2

. While boron is essential for plant
growth at low concentrations, most crops are extremely sensitive to this element.
Boron toxicities are more prevalent than are boron deficiencies among crops grown on
saline soils 1

.

Boron in drinking water in many regions of the world has been reported to, be
100 J1.g 1- 1 or less 1. The recommended maximum concentration for boron in irrigation
water is 750 J1.g 1- 1 (ref. 3).

Ion-exclusion chromatography has wide applications for the separation of ionic
species4--6. It is an accepted technique for organic acid analysis and is increasingly
being used for weakly ionized inorganic solutes. In this paper, we have applied
ion-exlusion chromatography for the trace determination of borate in soils, sediments
and water samples using D-sorbitol in the mobile phase. This method also has
applications in the determination of bicarbonate. Two ion-exclusion columns were
evaluated for their efficiencies in separation of borate. This ion-exclusion chromato
graphy technique 'enables separation, detection and quantification of borate from
various matrices obtained from several environmental problem sites. Results obtained
by ion-exclusion chromatography were compared with a standard spectrophotometric
method for determination of borate.

EXPERIMENTAL

Chromatographic instrumentation
The high-performance liquid chromatographic (HPLC) assembly consisted of

a Beckman Model 332 liquid chromatograph equipped with a ModelllOA pump and
a Model 210 sample injector. Conductometric detection was carried out with a Wescan
(San Jose, CA, U.S.A.) Model 213 detector. The ion-exclusion chromatography

0021-9673/90/$03,50 © 1990 Elsevier Science Publishers BoV.
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system was composed of the following: a Wescan ion-exclusion column (No. 269-006)
(300 mm x 7.8 mm 1.0.), particle size 10 flm, connected to a Wescan ion guard
anion-exclusion column (No. 269-007); Interaction (Mountain View, CA, U.S.A.)
ORH-801 anion-exclusion column (No. 25310) (300 mm x 6.5 mm 1.0.), particle size
8 flm, and an Elden (Elden Labs., Menlo Park, CA, U.S.A.) Model III thermostatic
column heater. A Hewlett-Packard (Avondale, CA, U.S.A.) Model 3390A printer
plotter integrator with variable input voltage was used to monitor the signal output
with a chart speed of0.5 cm min -1. Sample injection loops of 100, 200, 500 and 1000 fll
were employed to establish detection limits.

Reagents
The mobile phase consisting of D-sorbitol (Sigma, St. Louis, MO, U.S.A.) was

prepared as 0.025-0.4 M solutions. The flow-rate was 2 ml min -1 for the Wescan
column and 1.0 ml min -1 for the Interaction column. The column inlet pressure was
approximately 1200 p.s.i. (Wescan) or 1500 p.s.i. (Interaction). The detector output
was 10 mV. The eluent was passed through an LC-SCX tube (5-8997M) (Supelco,
Bellefonte, PA, U.S.A.) to remove ionic impurities, filtered through a 0.22-flm GS
membrane filter (Millipore, Bedford, MA, U.S.A.) and degassed under vacuum prior
to conditioning the column.

Solutions were made by dissolving sodium borate (Na1B4 0 7 ' IOH10) (Mallinck
rodt, Paris, KY, U.S.A.) and sodium bicarbonate (NaHC03) (Mallinckrodt) in
HPLC-grade water. HPLC-grade water was obtained by filtering deionized water
through an HN organic removal resin (Barnstead, Boston, MA, U.S.A.), then HN
Ultrapure 01 exchange column (Barnstead) and finally a 0.22-flm Millipore GS filter.

Field samples and preparation
Sediment samples were collected from an evaporation pond facility at the

Sumner Peck Ranch and from the San Luis Drain near Fresno, CA, U.S.A.,
containing agricultural drainage water that had percolated through boron-rich soils.

Saline surface soil samples (Traver and Twisselman) were collected from Kern
County, CA, U.S.A. and San Bernardino, CA, U.S.A. The soil samples were allowed
to air-dry, passed through a 2-mm-mesh screen and homogenized.

Water samples from local lakes (Riverside, CA, U.S.A.) were also analyzed for
borate. No sample preparation was needed for the water samples except diluting with
deionized water and then passing through a 0.22-flm Millipore GS filter before
analysis.

Air-dry soil or sediment (10 g) was boiled under reflux with 30 ml of water for
10 min. The samples were then subjected to shaking for 2 h and filtered through
Whatman No.3 filter paper. Organic impurities were removed by passing the extract
through a Supelcosil LC-Si tube (5-8974M) (Supelco). The extract was then passed
through a O.22-flm Millipore GS membrane filter before the ion-exclusion chromato
graphic analysis.

To check the reproducibility of the ion-exclusion chromatography method,
a minimum of ten injections of combined standards containing borate and a bicar
bonate mixture were used. The detection limits for borate and bicarbonate with
various sample sizes were calculated as the three-fold signal-to-noise ratio of the
baseline (S/N = 3).
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Spectrophotometry
Determination of the borate content in soils, sediments and water samples was

also carried out by the method of John et aC. This method involves the spectro
photometric determination of a borate azomethine-H (Pierce, Rockford, IL, U.S.A.)
complex stable at pH 5.1 and measuring the absorbance at 420 nm.

RESULTS AND DISCUSSION

Ion-exclusion chromatography was chosen because of the high pKa value of
borate (9.2). With ion-exclusion chromatography, retention is due primarily to an
exclusion-partition mechanism on a polymeric cation-exchange resin although
non-polar interactions may also affect retention. The basis for separation of borate by
ion-exclusion chromatography involves the use of a polyalcohol in the mobile phase
which forms a polyborate complex6.S- 10 .

The formation of such a complex is dependent upon the concentration, pH and nature
of the polyols. A mannitol-boric acid complex has been previously studied with 0.1 M
mannitol - 0.00 I Mhydrochloric acid in the mobile phase for borate determination by
ion-exclusion chromatography with suppresed ion chromatography (IC)6. The
suppressed IC system was inherently non-linear and had unavoidable deposition of
halides on the suppressor column.

In this study, o-sorbitol in the mobile phase forms a stable and detectable
complex with borate. The retenion time of this complex was only 3.5 min compared to
approximately 12 min reported in the suppressed IC system6.

Optimization parameters for ion-exclusion chromatography
Studies were carried out to determine the optimum concentration of o-sorbitol

for separation and detection of borate. An increasing concentration ofo-sorbitol up to
0.4 M did not cause an increase in background conductance. Higher sensitivity of
borate detection was observed in the range 0.2-0.3 M versus < 0.2 M o-sorbitol
(Fig. I). The response of borate was not affected by a change in the pH (5-10) of the
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Fig. I. Dependence of signal response of borate on the concentration ofD-sorbitol in the mobile phase (other
chromatographic conditions as in Table I). .
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mobile phase, while bicarbonate decreased with increasing pH (5-7) of 0.3 M
o-sorbitol. There was no effect on retention times of borate and bicarbonate
(100-1000 mg 1-1) with variations in sample pH (5-10) and injection volume
(100-1000 fll). The optimum concentration ofo-sorbitol for borate determination was
0.3 M (pH 5.3). Broader peaks were observed at concentrations lower than 0.2 M. At
higher o-sorbitol concentrations (>0.4 M), the solubility of o-sorbitol was limited.

Comparison of o-sorbitol (0.3 M) with o-mannitol (0.3 M) showed that
retention times were considerably less with o-sorbitol when used in the mobile phase
with the Wescan column. Borate and bicarbonate eluted at 3.45 and 5.60 min,
respectively, with o-sorbitol, and 4.04 and 6.22 min, respectively, with o-mannitol.
o-Sorbitol was preferred over mannitol because of its higher solubility in water, its
lower cost and lower detection limits. The effect of column temperature was studied
with maximum sensitivity observed in the temperature range 25-30°C. Higher
temperatures resulted in decreased sensitivity, possibly due to the decomposition of the
borate-sorbitol complex.

Comparison of columns
Two columns were evaluated for borate determination. Both columns were

composed of functionalized polystyrene-divinylbenzene with ionic groups. The
difference in their behavior could be due to their degree of cross-linkages. Each was
compared in terms of retention time, number of theoretical plates (N) and height
equivalent to a theoretical plate (HETP). The retention time for borate was 3.45 min
with the Wescan column compared to 5.06 min with the Interaction column. The
Nand HETP for borate were 2055 (0.15 mm) and 1592 (0.19 mm) with the Wescan and
Interaction columns, respectively. It was on the basis of these comparative parameters
that the Wescan column was selected for further studies in the separation of borate.

Precision, linearity of response and detection limits
The precision of this ion-exclusion chromatography method for the analysis of

borate as determined by repeated injections made of standards is given in Table I. The
results show that the relative standard deviations (R.S.D.) of borate ranged from 0.68
to 1.42% with a 500-fllloop. A calibration plot was obtained by plotting peak area
against the borate concentration. The plot was linear within the range 0.10-

TABLE I

PRECISION OF THE ION-EXCLUSION CHOMATOGRAPHY METHOD IN THE DETERMINA
TION OF BORATE AND BICARBONATE (n = 10)

Column, Wescan (300 mm x 7.8 mm J.D.); mobile phase, 0.3 M D-sorbitol; detection, conductometric;
temperature, 25°C. Values in parentheses are RS.D. values (%).

Sample
volume
(J11)

Concentration (mg 1- 1 )

Borate Bicarbonate

100
200
500

1000

7.4 (1.04)
4.2 (0.72)
1.1 (0.48)
0.6 (0.68)

28.0 (2.26)
14.5 (2.90)
6.4 (1.42)
7.0 (1.52)
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9.60 mg 1-1. The minimum detection limit for borate was 0.05 ng obtained by injecting
500 pI of a 0.1 pg ml-'l sample. For bicarbonate, the calibration curve was linear from
I to 100 mg 1- 1 with the limit of detection being 1.25 ng.

Interferences
One of the major concerns in the analysis of environmental samples is the

accurate determination of the ion of interest in the presence ofother inherent ions. The
response due to such ions when present in large amounts could easily mask the signal of
the target analyte, particularly with conductometric detection. With ion exclusion,
strongmineral acid anions such as Cl- , NO; and SO~- eluted rapidly giving an early
single peak before the borate complex was detected. Further tests with weak anions
(AsO~-, F-, H 2POi, HCO;, SO~-, TeO~-,TeO~- and SiO~-) under the conditions
described (500-pl sample) cause no interferences in the determination of borate.

Comparison of methods
A close relationship was observed by the proposed ion-exclusion chromato

graphy method and the colorimetric azomethine-H procedure in determination of
borate in soil, sediment and lake water samples (Table II). The relationship can be
expressed as follows: Yazomethine = 1.06Xion exclusion - 0.43, r 2 = 0.997 (P < 0.001). The
unity in slope indicates excellent agreement between the two methods.

Determination of borate by ion-exclusion chromatography
A typical chromatogram ofa hot water soil extract is shown in Fig. 2. The solutes

(borate and bicarbonate) were separated into well defined peaks with a total time of
analysis of 7 min. Calculation with external standards indicated that this soil extract
contained 3.4 mg borate per kg soil.

TABLE II

COMPARISON OF ION-EXCLUSION CHROMATOGRAPHY AND AZOMETHINE-H METH
ODS FOR BORATE DETERMINATION IN ENVIRONMENTAL SAMPLES (n = 3)

Values in parentheses are R.S.D. values (%).

Sample type

Evaporation pond sediments (mg kg-I)
Peck
San Luis Drain

Saline soils from Kern County, CA, U.S.A. (mg kg'l)
Traver silt loam
Traver II loam
Twisselman clay loam

Lake water (mg 1'1)
Sample I
Sample II

Borate concentration

Ion-exclusion
chromatography

6.7 (0.81)
14.4 (1.02)

0.8 (0.56)
7.5 (1.14)
3.4 (0.84)

2.1 (0.55)
3.2 (0.76)

Azomethine-H

6.5 (0.92)
15.3 (1.42)

0.8 (2.44)
7.3 (1.55)
3.2 (0.78)

2.0 (1.31)
3.3 (1.12)
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Sulfite-disulfite equilibrium on an ion chromatography
column
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(Received November 24th, 1989)

Sulfite compounds (including SO~ -, HSOi, SzO~ - and SOZ) are widely used
in industrial processes as antioxidants and preservatives. Their use in food products
has come under closer scrutiny lately due to adverse physiological reactions in some
individuals. Ion chromatography has been successfully used for determination of
aqueous SIV compounds in industrial mixtures1.Z and offers considerable advantages
in time, sensitivity and selectivity over older methods3-

s.
In the course ofinvestigating new eluents for the resolution of sulfite from sulfate

using a commercial column, unexpected behavior was observed for the sulfite peak
when certain eluents were used, namely, distortion of peak shape and shortened
retention time with increased concentration. This behavior is described in terms of
a sulfite-disulfite equilibrium occurring on the column. Conditions for a baseline
resolution of sulfite and sulfate are also presented.

EXPERIMENTAL

All chromatograms were obtained on a Qic Analyzer ion chromatograph
(Dionex, Sunnyvale, CA, U.S.A.) equipped with a 50-,u1 sample loop, an AG4 guard
column, an AS4A ion separator column, a membrane-based background suppressor
and a conductivity detector cell. The AS4A is a strong anion-exchange column,
consisting oftetralkylammonium moieties bound to a polystyrene resin. The flow-rate
was 2.0 mlfmin, and eluents of various concentration were made from reagent-grade
NaOH (Fisher), NaHC03 (MCB) and/or primary standard grade NaZC03 (Thorn
Smith), dissolved in l8-M-Q water (MilIi-Q system, Millipore, Bedford, MA, U.S.A.).
Chromatograms were obtained on a strip-chart recorder, with retention times and
peak heights measured manually.

A stock sulfite standard was made by dissolving ca. 0.6 gofreagent grade sodium
bisulfite (Baker) in dilute aqueous formaldehyde [ca. 0.030 mol from 37% (w/w)
aqueous formaldehyde; Mallinckrodt] and making up to 500 ml with high-purity
water. The solution was standardized by oxidizing 5-ml aliquots in alkaline hydrogen
peroxide (30%; MCB) and heating over a hot plate until excess peroxide was
destroyed. These solutions were cooled, made up to volume and analyzed for sulfate by

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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TABLE I

CHARACTERISTICS OF SELECTED ELUENTS

Eluent Chemical pH Ionic
No. composition strength

8.5 10- 3 M HCO; 9.19 1.0 . 10- 2

6.3 10- 4 M COi-

2 8.5 10- 3 M HCO; 9.30 1.1' 10- 2

8.5 10- 4 M COi-

3 1.7 . 10- 3 M HCO; 10.26 7.1 10- 3

1.8 . 10- 3 M COi-

4 2.6' 10- 4 M HCO; 10.70 7.0 10- 3

2.2 10- 3 M COi-

5 8.5' 10- 5 M HCO; 10.75 6.8 10- 3

2.2 10- 3 M COi-

6 2.2- 10- 3 M COi- 11.05 7.5 . 10- 3

7.7 10- 4 M OH-

ion chromatography. A small sulfate contribution attending the unoxidized standard
was subtracted from this value.

RESULTS

The composition data for six different eluents used in the study are given in Table
1. At these pH levels, the form of aqueous SIV will be sulfite (i.e., 99% or greater).
Capacity factors for five different anions are plotted for each of these eluents in Fig. l.
Note that in eluents 1 and 2 sulfite elutes after sulfate, while in the other eluents the
order is reversed. Furthermore, the retention time for the sulfite peak in the first two
eluents is concentration-dependent. The percent decreases in retention from eluent 1-6
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Fig. I. Capacity factors for five anions using six different eluents. /', = Chloride; 0 = nitrate; D =

phosphate; • = sulfate; 0 = SIV.
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are 23% for CI-, 21 % for N03 and 47% for sol -, i.e., in approximate ratio to their
charge.

In Fig. 2, chromatograms are shown for different concentrations of sulfite using
eluent 1. Note that not only does the retention time shorten with increasing concentra
tion, but the peak broadens abnormally and develops an asymmetric front tail. Similar
behavior is observed with eluent 2, but to a lesser degree. Agreement of absolute
retention times between different batches of eluent is variable, largely because of the
sensitivity to small changes in the carbonate concentration.

These findings are consistent with the following series of reactions:

K
2 SO~ - (ads) + H 20 ~ S20~ - (ads) + 2 OH-

-----------------------+

(1)

(2)

(3)

[ 1ps

[ lps

C 6

[ 0.3ps 4 7

B 2

[ 0.1 ps
3

A

, ,
3 ~ 6 8 10

RETENTION, MINUTES RETENTION, MINUTES

Fig. 2. Chromatograms of sulfate and "sulfite" as a function of sulfite concentration: (A) 1.2 ppm; (8) 11.6;
(C) 46.4 ppm. Sulfate concentration is about 5% of sulfite values.

Fig. 3. Chromatogram of white table wine (25:1 dilution with 0.6 mg formaldehyde). Peaks: I = organic
acids; 2 = chloride; 3 = nitrate; 4 = sulfite; 5 = sulfate; 6 = tartrate; 7 = phosphate.
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Disulfite or pyrosulfite, S20~-, forms in concentrated aqueous solutions of bisulfite
(K = 7 . 10- 2) (ref. 6), but not in solutions of sulfite. However, a reaction sequence
such as described by reactions 1-3 could readily be facilitated by the conditions present
in this experiment and is consistent with observations.

The hydrophobic yet positively charged stationary phase will support relatively
high sulfite concentrations with the exclusion of water at the surface, favoring
formation of disulfite. Disulfite, on the basis of mass-to-charge ratio, should elute
earlier than sulfite, accounting for the concentration dependence of retention. The
concentration and pH dependence of retention are also readily explained by the
reaction sequence, whereas an alternative mechanism such as oxidation is inconsistent
with observations. Formation ofcarbonate (as indicated in reaction 2) would increase
its local concentration, inducing competition with sulfite and disulfite for surface
absorption sites. Further reduction of elution time would result, and since this
phenomenon is also dependent on the concentration of sulfite, the front-tailing is
rationalized.

No concentration dependence of sulfite retention occurs for eluents 3-6, and of
these, eluent 6 seems to offer the optimal situation with regard to sensitivity, rapidity
and resolution ofother common anions (see Fig. 1). A typical least-squares calibration
curve using standards of 0.4, 1.7,7.0,29.0 and 116 j1g/ml (as HS03) gave the equation
y = 0.345x - 0.060 (r > 0.999). Based on extrapolation from the lowest standard,
a conservative detection limit of 0.8 ng of bisulfite is obtained. This sensitivity
corresponds to 16 parts per 109 using a 50-j.ll sample loop; correspondingly lower limits
are possible with larger sample loops.

A chromatogram illustrating the separation of sulfite from sulfate in a white
table wine is shown in Fig. 3. Even though the sulfate peak is much larger
(corresponding to ~ 200 j1g/ml), the sulfite is sufficiently well resolved to permit an
accurate analysis; simultaneous determination of tartrate and phosphate is also
possible. At lower levels of sulfate and sulfite, the peaks are resolved at the baseline.
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Letter to the Editor

Identification of fatty acids longer than C32 in a sulphate
reducing bacterium by reversed-phase high-performance
liquid chromatography and gas chromatography-mass
spectrometry

Sir,
The development of improved analytical techniques has made it possible to

obtain more detailed information about sources of very long-chain fatty acids
(VLCFAs). The presence ofVLCFAs in the microbial, plant and animal kingdom has
recently been reviewed!. In prokaryotes, with the exception of mycobacteriaZ

-
s,

VLCFAs hardly occur. Lactobacillus6
, in which VLCFAs up to C30, either saturated

or monoenoic, could be identified, is one of the few exceptions. In a recent paper7 we
described the possible selective enrichment of a fatty acid (FA) mixture by VLCFAs
using a combination of reversed-phase high-performance liquid chromatography
(RP-HPLC) and gas chromatography-mass spectrometry (GC-MS). In previous
work on VLCFAs in sulphate-reducing bacteria8

, FAs up to C34 were demonstrated
by means of a special chromatographic technique. In this work we tried to enrich FAs
from the bacterium Desulfotomaculum sp. by a combination of RP-HPLC and
GC-MS techniques.

EXPERIMENTAL

Fatty acid methyl esters (FAMEs) were obtained from the sulphate-reducing
bacterium Desulfotomaculum sp. strain 43 as described8

. Portions of 50 mg of FAMEs
were injected four times repeatedly and 172 /lg of VLCFAs (C33 and higher) were
obtained.

RP-HPLC
A semi-preparative separation of FAMEs was carried out by using a G-l

gradient LC system (Shimadzu, Kyoto, Japan) with two LC-6A pumps (4 mljmin), an
SIL-IA sample injector and a C-R3A data processor. An SPLC-18 semi-preparative
column (25 cm x 10 mm J.D.) (Supelco, Gland, Switzerland) was employed. The
column was first eluted with methanol for 60 min, then with diethyl ether for 15 min
and finally with methanol for 15 min. The fraction collected up to 27 min was discarded
and that obtained within the interval 27-90 min was used for further analysis.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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GC-MS
The FAMEs (fraction 27-90 min) were analysed on a Finnigan MAT (San Jose,

CA, U.S.A.) 1020 B instrument with an SPB-l column (15 m x 0.25 mm J.D.) with
a 0.25-llm film thickness (Supelco). The injection temperature was 100°C. The column
temperature was programmed from 100°C (maintained for 1 min) at 20°Cjmin to
230°C and at 3°Cjmin to 320°C. The carrier gas was helium at a flow-rate of 70 cm/s.

RESULTS AND DISCUSSION

Fig. 1 shows that by semi-preparative RP-HPLC it was possible to separate all
FAMEs longer than 33 carbon atoms. Although high FAME homologues were
involved, by means of GC on a non-polar capillary column it was possible to separate
straight-chain FAMEs. We were not able to obtain evidence that the abrupt decrease
in the concentration of higher homologues resulted from incomplete enrichment of
because they were not adequately recovered from the column. Nevertheless, we think
that their concentration in the original sample was very low and, therefore, they could
not be enriched to a greater extent.

From the mass spectra it was possible to identify peaks up to 40:0, i.e., up to
FAMEs of tetracontanoic acid. The complete mass spectrum of peaks 33-36 was
obtained, indicating that in the spectra 33:0-36:0 FAME molecular ions (M+) and
corresponding splits in the region M + are always present. This situation is illustrated in
Fig. 2. It can be seen that M + reaches almost 90% of the base peak (i.e., the ion of m/z
74), isotope peak (M + 1) +, i.e., the ion of m/z 551 amounts to two fifths of its
abundance. The ions ofm/z 521 (M - 29), 519 (M - 31) and 507 (M - 43) confirmed
the structure of methyl ester of hexatriacontanoic acid. As described earlier7

, ions of
general formula (CH2)IICOOCH~, where n = 2,6,10, ... , are also present and m/z
assumes values of 87, 143, 199, ... In longer homologues (C 37 and higher) a sharp
decrease in their content in the mixture occurs and, unfortunately, the corresponding
ions are not present in the M + region. We think that this phenomenon can be explained
by a large decrease in the ion current of these homologues, resulting in a loss of the

36

o i

10
MIN

i

30

Fig. I. GC-MS of total ion current ofVLCFAs longer than 32. The peaks above 18.5 min are methyl esters;
only even-carbon fatty acids are indicated, the numbers on the peaks representing the number of carbon
atoms.
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Fig. 2. Mass spectrum of 36:0 FAME.

diagnostic ions in the M + region. The structure of these higher homologues can be
deduced either from values of the equivalent chain length (ECL) or from the mass
spectra.

The mass spectra contained ions of up to ca. m/z 200, and an ion of m/z 74, i.e.,
typical of saturated methyl esters (formed by McLafferty rearrangement), was also
present. Compared with prokaryotes, only mycobacteria can compete in the length of
VLCFAs with this sulphate-reducing bacterium. It is concluded that the so far highest
FAMEs, i.e., VLCFAs of up to 40:0, could be demonstrated.

The combination of RP-HPLC and high-temperature capillary GC-MS thus
extends the analytical possibilities of both methods and contributes to the acquisition
of new information on biological materials.

Institute of Microbiology,
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