
ISSN 0021 -9673

'vOL. 348 NO.2 DECEMBER 4, 1985
THIS ISSUE COMPLETES VOL. 348

\. '" ~ \. "L ,. :;,. l" .. '"
... - ~ (,., .. '.. <

EDITOR, Michael Lederer (Swi tzerland)

ASSOCIATE EDITOR, K. Macek (Prague)

EDITOR, SYMPOSIUM VOLUMES, E. Heftmann (Orinda, CAl

EDITORIAL BOARD

W. A. Aue (Hali fax)
V. G. Berezkin (Moscow)
V. Betina ( Bratislava)
A. Bevenue (Belmont. CAl
P. Bocek (Brno)
P. Boulanger (Lille)
A. A. Boulton (Saskatoon)
G. P. Cartoni (Rome)
S. Dill i (Kensington. N.S.W.)
L. Fishbein (Jefferson. AR)
R. W. Frei (Amsterdam)
A. Frigerio (Mi lan)
C. W. Gehrke (Co lumbia. M O)
E. Gil -Av ( Rehovot)
G. Guiochon (Palaiseau)
I. M . Hais (Hrad ec Kr~love)

J. K. Haken (Kensington. N.S.w.)
S. Hjenen (U ppsala)
E. C. Horning (Houston, TX)
Cs. Horvath (New Haven, CT)
J . F. K. Huber (Vie nna )
A. T. James (Sharnbrook )
J . Jan~k (Brno)
E. sz. Kov~ts (Lausanne)
K. A. Kraus (Oak Ridge, TN)
E. Lederer (Gil-sur-Yvene)
A. Libert i (Rome)
H. M . McNair (Blacksburg , VA)
Y. M arcus (Jerusale m)
G. B. M arini - Benello (Rome)
A. J . P. Martin (Lausa nne )
1:. M ichalec (Prague)
R. Neher (Basel)
G. Nickless (Bristo l)
J . Nov~k (Brno)
N. A. Parris (Wilmington , DE)
R. L. Patience (Sunbury- on -Thames)
P. G. Righen i (Mi lan)
O. Samuelson (Goteborq)
R. Schwarzenbach (Dubendort )
G. Semenza (Zurich)
L. R. Snyder (York tow n Heights, NY)
A. Zlatkls (Houston, TX)

EOITCJRS,.£lIBLlOGRAPHY SECTION
l. D. yl : PcaJuej, J. ';'n~k (Brno ). K. M acek (Prague)

ELSEVIER



JOURNAL OF CHROMATOGRAPHY

Scope. The Journal of Chromatography publ ishes papers on all aspects of chromatography. electrophoresis
and related methods. Contributions consist mainly of research papers dealing w ith chromatographic
theory. instrumental development and the ir applications . The section Biomedical Applications. which is
under separate editorship. deals with the following aspects: developments in and applicat ions of chro 
matographic and electrophoretic techniques related to clinical diagnosis ( including the publication of
normal values) ; screening and profiling procedures with special reference to metabol ic disorders ; results
from basic medical research w ith direct consequences in clinical practice; combinat ions of chromato
graphic and electrophoret ic methods with other physicochemical techn iques such as mass spectrometry.
In Chromatographic Reviews. reviews on all aspects of chromatography. electrophoresis and related
methods are publ ished.

Submission of Papers. Papers in English. French and German may be submitted. in three copies. Manu 
scr ipts should be submitted to : The Editor of Journal of Chromatography. P.O. Box 681 . 1000 AR Am
sterdam . The Netherlands. or to : The Editor of Journal of Chromatography. Biomedical Applications. P.O.
Box 681 . 1000 AR Amsterdam. The Netherlands. Review articles are invited or proposed by letter to the
Editors and will appear in Chromatographic Reviews or Biomedical Applications. An outline of the pro 
posed review should first be forwarded to the Editors for preliminary discussion prior to preparation.
Submission of an article is understood to imply that the article is original and unpublished and is not
being cons idered for publication elsewhere. For copyright regulations. see below.

Subscription Orders. Subscription orders should be sent to : Elsevier Science Publ ishers BV.• P.O. Box
211. 1000 AE Amsterdam. The Netherlands. The Journal of Chromatography and the Biomedical Appli
cations section can be subscribed to separately.

Publication. The Journal of Chromatography (incl. Biomedical Applications. Chromatographic Reviews
and Cumulative Author and Subject Indexes. Vols. 326--350) has 38 volumes in 1986. The subscription
prices for 1986 are:

J. Chromatogr. (incl. Chromatogr. Rev. and Cum . Indexes. vots. 326-350) + Biomed. Appl. (Vols . 346--383) :
Of!. 6080.00 plus Of!. 912 .00 (postage) (total ca. USS 2411 .00)

J. Chromatogr. ( incl. Chromatogr. Rev. and Cum. Indexes. Vols. 326-350) only (Vols . 346--373) :
Ofl. 5040.00 plus Ofl. 672 .00 (postage) (total ca. USS 1969.75)

Biomed. Appl. only (Vols . 374-383):
Ofl. 1850.00 plus Ofl. 240.00 (postage) (total ca. USS 720 .75).

Journals are automatically sent by airma il at no extra costs to Austral ia. Brasil. Canada. China . Hong Kong.
India. Israel. Japan. Malaysia. New Zealand. Pakistan. Singapore. South Africa. South Korea. Taiwan and
the U.S.A. Back volumes of the Journal of Chromatography (Vols. 1 through 345) are available at Of!.
219.00 (plus postage) . Claims for issues not received should be made within three months of publication
of the issue. If not. they cannot be honoured free of charge. Customers in the U.S.A. and Canada w ishing
information on th is and other Elsevier journals. please contact Journal Information Center. Elsevier Science
Publish ing Co. Inc .• 52 Vanderbilt Avenue. New York. NY 10017. Tel. (212) 916-125Q.

Abstracts/Contents Lists published in Analytical Abstracts. Biochemical Abstracts. Biological Abstracts.
Chemical Abstracts. Chemical Titles . Current Contents/Physical. Chemical & Earth Sciences. Current Con 
tents/Life Sciences . Oeep-Sea Research/Part B: Oceanographic Literature Review. Index Med icus. Mass
Spectrometry Bulletin. PASCAL-CNRS. Referat ivny i Zhurnal and Science Citat ion Index .

See page 3 of cover for Publication Schedule. Information for Authors and information on Advertisements.

© ELSEVIER SCIENCE PUBLISHERS B.V. - 1985 0021 -9673/85/S03.30

All rights reserved. No part of this pub lication may be reproduced. stored in a retr ieval system or transmitted
in any form or by any means. electronic. mechanical. photocopying. recording or otherwise. without the
prior written perm ission of the publisher. Elsevier Science Publishers B.V.. P.O. Box 330. 1000 AH Amster -

. dam. The Netherlands.
Upon acceptance of an art icle by the journal. the author(s) will be asked to transfer copyright of the article

to the publisher. The transfer will ensure the widest possible dissemination of information.
Submission of an art icle for publication impl ies the transfer of the copyright from the author(s) to the pub 
lisher and entails the authors' irrevocable and exclusive authorization of the publisher to collect any sums
or considerat ions for copying or reproduction payable by third parties (as mentioned in article 17 paragraph
2 of the Dutch Copyright Act of 1912 and in the Royal Oecree of June 20. 1974 (S. 351) pursuant to article

16 b of the Dutch Copyright Act of 1912) and/or to act in or out of Court in connection therewith.
Special regulations for readers in the U.S.A. This journal has been registered with the Copyright
Clearance Center . Inc . Consent is given for copying of articles for personal or internal use. or for the personal
use of spec ific clients. This consent is given on the cond ition that the copier pays through the Center the
per-copy fee stated in the code on the first page oteacn article for copying beyond that permitted by Sections
107 or 108 of the U.S. Copyright Law. Tho appropriate fee ::;~.oa!d be forwarded with a copy of the first page
of the article to the Copyright Clearance Center. l nc~ . 27 Conur ess Street. Salem. MA 01970. U.S.A. If no
code appea rs in an art icle. the author has not given oroao consent to copy and permission to copy must be
obtained directly from t:'18 author. All art icles published prior to 1980 may be copied for a per-copy fee of
USS 2.25. also payable through the Center . This consent does 110~ extend to other kinds of copying. such
as for general distribution. resele. advenlsin;l and promo';"\) purposes. 'DI ~cr crsatinq new collective works.

Special written perrnissian must he obtarned from the j)·;tlisher for such copying .

Printed in The Netherlands



VOL 348, NO.2 JOURNAL OF CHROMATOGRAPHY

CONTENTS

DECEMBER 4, 1985

(Abstracts/Contents Lists published in Analytical Abstracts, Biochemical Abstracts, Biological Abstracts ,
Chemical Abstracts, Chemical Tilles, Current Contents/Physical, Chemical & Earth Sciences, Current Con
tents/Life Sciences, Deep-Sea Research/Part B: Oceanographic Literature Revie....., Index Medicus, Mass
Spectrometry Bulletin, PASCAL-CNRS. Referativnyi Zhurnal and Science Citation Index)

Contribution to the study of micropacked columns in gas chromatography
by G. Reglero, M. Herraiz, M. D. Cabezudo, E. Fernandez-Sanchez and J. A. Garcia-Do-
minguez (Madrid, Spain) (Received May 23rd, 1985) . 327

Reversed-flow gas chromatographic technique applied to measurement of mass transfer coefficients
of n-hydrocarbons on Porapak P
by E. Dalas, G. Karaiskakis, N. A. Katsanos and A. Gounaris (patras, Greece) (Received
June 18th, 1985) 339

Reversed-phase high-performance liquid chromatography of insulin and insulin derivatives . A com
parative study
by B. S. Welinder, S. Linde and B. Hansen (Gentofte, Denmark) (Received August 14th,
1985) 347

Purification and characterization of CAMP-factor from Streptococcus agalactiae by hydrophobic
. interaction chromatography and chromatofocusing

by D. Jiirgens, F. Y. Y. I. Shalaby and F. J. Fehrenbach (Berlin, F.R .G.) (Received July
29th, 1985) 363

Normal-phase high-performance liquid chromatographic separation of non-derivatized ganglioside
mixtures
by G. Gazzotti, S. Sonnino and R. Ghidoni (Milan, Italy) (Received August 2nd, 1985) 371

Studies on residual antibacterials in foods. IV. Simultaneous determination of penicillin G, penicillin
V and ampicillin in milk by high-performance liquid chromatography
by H. Terada and Y. Sakabe (Nagoya , Japan) (Received August 5th, 1985) . 379

Reversed-phase ion-interaction chromatography of sodium dialkyldithiocarbamates in the presence
of tetraalkylammonium salts
by T. Tetsumi , M. Sumi, M. Tanaka and T. Shono (Osaka , Japan) (Received August 2nd,
(985) 389

Liquid chromatography with voltammetric detection for quantitation of phenolic acids
by J. B. Kafil and T. A. Last (Philadelphia, PA, U.S.A.) (Received August 12th, 1985) 397

Determination of phenylethanolamine N-methyltransferase by high-performance liquid chromato
graphy with fluorescence detection
by M. Lee, H. Nohta and Y. Ohkura (Fukuoka, Japan) and B. Yoo (Chungnam, Korea)
(Received July 8th, 1985) 407

Notes

A problem of optimization in capillary gas chromatography
by M. J. E. Golay (Norwalk, CT, U.S.A.) (Received August 21st, 1985) 416

Investigation of the synthesis of tryptathionine using high-performance liquid chromatography
by R. I. Logan and D. E. Rivett (Parkville, Australia) (Received September 12th, 1985) 421

Fluorescent labelling of amino acids with 9-anthryldiazomethane and its applications to high-per
formance liquid chromatography
by T. Yoshida, A. Uetake and H. Murayama (Saitama, Japan) and N. Nimura and T.
Kinoshita (Tokyo , Japan) (Received August 19th, 1985) . 425

(Continued overleaf)



Contents (c ontinued)

Analys is of tert. -but ylated cresol mixtures by capillary gas chromatography and capillary gas
chroma tog ra phy-mass spectrometry
by C. E. Dor ing, D . Estel, W. Pehle, M. Gaikows ki and K. Seiffarth (Leuna , G D.R.) (Re-
ceived August 20th. 1985) 430

Gas-liquid chromatographic meth od for the determination of dodine in frui t
by J. Hajslova , Z. Ra thouska and J. Davidek (Prag ue, Czechos lovakia) (Received August
20th , 1985) 437

High-p erform ance liqu id ch romatography of triglycer ides of Flaco urtiaceae seed oils co ntaining
cyclo penteny1 fatty acids (cha ulmoo gric oi ls)
by V. K. S. Shukla (Arhus, Denmark ) and F . Spen er (Miinster, F.R .G .) (Received Au gust
20th, 1985) 44 1

High -performanc e liqu id chromatography of caffeoylquinic acid der iva tives of Cynara scolym us L.
leaves
by T. Adzct and M . Pu igmacia (Barcelona, Spain) (Rece ived A ugust 15th , 1985) 447

Auth or Index 454

Addendum 458



Journal of Chromatography, 348 (1985) 327-338
Elsevier Science Publishers B.Y., Amsterdam - Printed in The Netherlands

CHROM. 18075

CONTRIBUTION TO THE STUDY OF MICROPACKED COLUMNS IN GAS
CHROMATOGRAPHY

GUILLERMO REGLERO, MARTA HERRAIZ and MARIA DOLORES CABEZUDO

Instituto de Fermentaciones Industriales, Consejo Superior de Investigaciones Cientificas, Juan de la Cierva
3.28006 Madrid (Spain )

and

ELENA FERNANDEZ-sANCHEZ and JOSE ANTONIO GARCiA-DOMiNGUEZ·

Instituto de Quimica-Fisica "Rocasolano ", Consejo Superior de Investigaciones Cientificas, Serrano . 119.
28006 Madrid (Spain)

(Received May 23rd, 1985)

SUMMARY

Several chromatographic columns made from glass tubes of J.D . 0.5-1 mm
and with solid support particle sizes of 100-120 and 120-140 mesh were evaluated.
The effect of liquid film thickness, column diameter, permeability and particle di
ameter to column diameter ratio on column efficiency is discussed. The pressure drop
at the optimum gas velocity per unit column length and per theoretical plate is con
sidered . A column is discussed with 6250 theoretical plates per metre, and others, less
efficient per unit length , with a total of about 60000 theoretical plates which can be
run at about 7 kgjcm-' if nitrogen is used.

INTRODUCTION

One of the major advances in the separation of substances after the onset of
gas chromatography was the development in 1958 of capillary columns", which had
such high separation powers that they seemed likely to bring to an end the use of
traditional packed columns. Halasz and Heine, however, warned in 19672 that the
best results would be obtained with the type of column most suited to a particular
problem. Nowadays chromatographers have various posibilities to choose from , with
the following columns in order of increasing gas flow resistance: thin-layer capillary
columns (1958); thick-layer capillary columns (1979); porous-layer capillary columns
(1963); packed capillary columns (1963); packed columns of small diameter (1963) ;
and conventional packed columns (1952).

Increasing resistance to the gas flow implies a parallel increase in the head gas
pressure per unit length necessary to obtain the optimum flow-rate, and therefore the
practical maximum length of a column diminished in the same order as above, with
a concomitant decrease in the number of theoretical plates that can be obtained in
the column. On the other hand, the load capacity of the different column types in
creases in the same order. Packed capillary columns and packed columns of small

0021-9673/85/$03.30 © 1985 Elsevier Science Publishers B.Y.



328 G. REGLERO et al.

diameter represent the borderline between two ways in which the gas flows along the
column in contact with the stationary phase: laminar flow parallel to the tube axis,
with a considerable resistance to mass transfer in the gas phase (open-tubular col
umns), or passing through small multiple channels that facilitate the gas-phase mass
transfer (classical packed columns). Packed capillary columnsv' and small-diameter
packed columns--v-' offer intermediate properties between the two flow regimes. The
important difference between the two is not the diameter of the column, but rather
the ratio of particle diameter to column inner diameter (dp/de), which makes the
chromatographic behaviour of the two types different. Packed capillary columns,
with a dp/de ratio between 0.2 and 0.5, have a loose packing, whereas small-diameter
packed columns are tightly packed , with values of dp/de of the order of 0.1 or lower" .
Cramers and Rijks" proposed the name micropacked columns for packed columns
of LO. below I mm and dp/de below 0.3 .

Attempts to improve the efficiency of small-diameter packed columns have
followed two different approaches: either using large particle diameters so that the
special characteristics of the flow pattern found in packed capillary columns could
be obtained or approximated t : " , or seeking a flow pattern similar to that found in
conventional packed columnst'' -' ' by using smaller particle diameters , The efficien
cies obtained with the first procedure are lower, with reported values of the mean
height equivalent to a theoretical plate (H) varying from 0,26 to 0.6 mm. Packing
the column with small-diameter particles produce values of H of the order of 0, I
rnm. Jonker et al.' ? seem to have achieved the lowest value of H recorded with a
value of 0.02 mm for tubes of 1.2 mm J.D . diameter and particles of 0,01 mm di
ameter, normally used in high-performance liquid-chromatography. This type of col
umn needs a head pressure of about 200 atrn /m , which imposes a limit on the length
of the column, Following the same idea, Berezkin et al.t ? obtained a value of R of
0.09 mm for a head pressure of the order of 25 atm/rn. Obviously, with thi s specific
pressure d rop columns cannot be very long ,

THEORETICAL

The factors that affect the separation efficiency in packed column technology
have been extensivel y studied by Giddings!". Optimization of resolution should be
partially based on a consideration of the equation describing the height equivalent
to a theoretical plate (H) :

I Dg--+ -
2Mp wd~ u

H
q(l-R)dr

u+ ·u+ ------
D,

(I)

where v is the obstruction factor for the mobile phase, D g and D) are the solute
diffusion coefficients in the gas and liquid phases, respectively, u is the linear gas
velocity , R is the ratio between the velocities of the solute band and the gas in the
column, VI is the obstruction factor for the liquid phase, dp is the particle diameter,
d, is the liquid phase film thickness , ), is a constant depending on the packing ge
ometry, 11' is a parameter related to the gas velocity distribution inside the column
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and q is the gas flow per unit area of column cross-section, proportional to pressure
drop per unit length .

This equation is sometimes written as

Bg + B1
H = -"---- + (Cg + C.)u + ---

u I I
-+
A Cgu

(2)

In order to improve the packed column performance, the mass transfer terms
(Cg and C,) must be decreased. Therefore, attention should be paid to all parameters
affecting them: uniformity of the packing may decrease the Cg term by a factor as
high as ten 14 . A decrease in the particle diameter would increase the column efficiency
but severe practical difficulties such as impossible pressure drops or even difficulties
in packing the column with very small particles will place a limit on the improvements
that can be obtained in this way.

On the other hand, considering the problem from a different point of view,
Halasz and Heine- decided that under certain circumstances it may be more practical
to have a loose packing of the column with fewer theoretical plates per metre but
with a much lower pressure drop per unit length, thus allowing the construction of
much longer columns with more theoretical plates and the possibility of higher gas
velocities, which would make analyses much faster. This is the goal with packed
capillary columns. Therefore, there is another property of chromatographic columns
that must be considered, viz., permeability, the facility with which a column allows
the gas to pass through it. This can be calculated using the Kozeny-Carman expres
sion for spherical particles

£. 8 3

K= -----=--p--
180(I-e)2

(3)

According to this express ion , permeability is independent of the column inner di
ameter as long as the particle diameter (dp) and the porosity (8) (the fraction of the'
cross-sectional area occupied by the gas) remain constant. The equation is valid for
small values of dp/dc' Therefore, in order to prepare efficient packed columns, atten
tion should be paid to factors that affect efficiency, such as support characteristics,
inner diameter of the tube and uniformity and thickness of the liquid film, in addition
to those which modify the permeability.

EXPERIMENTAL

Solid support
Volaspher A_21 S

, 100-120 and 120-140 mesh (125-150 and 100-125 }lm) was
used throughout. Polar liquids were used on a non-silanized support, prepared by
treating silanized Volaspher A-2 with concentrated hydrochloric acid at 70·C for 1
h followed by washing. Fine particles were eliminated in all instances by floatation
in ethanol, and the powder was dryed for 1 h under a stream of nitrogen.
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Preparation of the packing
Th e stationary ph ase was dis sol ved and mixed with th e solid in a round-bot

tomed flask that had indentations to facilit ate homogenization of the mixture while
the flask turned. The operation was carried out at ro om temperature under vacuum .
In this way air was eliminated from the solid 1 6 and the resultant liquid film was more
uniform.

Filling the columns
All columns were made of gla ss tubing that was drawn and coiled while empty.

The packing was introduced under pressure while ultrasonic vibration was applied.
Short columns were filled at a constant pre ssure of about 8 kg /ern". Long columns
were filled at low pressures for the first few turns, increas ing the pres sure gradually
until about 8 kg/em ? at the end. In all ins tances the column was placed with the
turns parallel to the table-top". Columns were conditioned in the normal way.

The gas chroma tograph
Experim ents were carried out in a He wlett-Packard 5830A apparatus. Split

injection was employed and a make-up gas was added before gases leaving the column
reached the flame -ionization detector.

RESULTS

Effect of liquid film thickn ess on column effic iency
The number of th eoretical plates per metre depends on the liquid loading, as

may be observed in Fig. I , where two stationa ry phases of different polarity are
sho wn. Column efficienc y was measu red on peak s corresponding to n-alk anes with
a capacity factor of approximately 3. The highest efficiency was obtained with a
liquid loading of ca. 4% in both instances, which corresponds to an average film
thickness of about 0.04 J-lm. For higher loadings, the efficiency decrea sed quickly.
Lower column efficiencies were found with polar liquid sta tionary phases, as ma y be

THE O R ~ I 1 C AL PLAT ES
M (K ' =3)

5,000

4,000

3, 000

2, 000

J,OOO

2 3 4 5 () 8 g 10 11 % ( w/w)
LIQUI D PHA SE AMOU NT,

Fig. I , Dependence of specific efficiency on liquid loadin g. de = 1.0 mm; L = 2 m; dp = 0.113 rnm; carrier
gas, N 2 • 0 , non -polar phase (SE-30); 0 , pola r phase (Ca rbowax 20M).
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TABLE I

SPECIFIC EFFICIENCY OF SIMILAR COLUMNS WITH DIFFERENT STATIONARY PHASES

Common characteristics: dp = 0.113 mm; de = 1.0 mm. Carrier gas, N 2 • Column length, 2 m. p;{p.(ii. p )

is the inlet to outlet pressure ratio at optimum gas velocity. Njm is the number of theoretical plates per
metre, at ii.p •

Stationary phase Liquid p;{p. (ii. p ) Nlrn
load (%. wjw}

SE-30 3.5 I.7 4000
Carbowax 20M 4 1.8 3800
Fractonil III 5 2.2 3300
Triton X 5 2.0 3000
OV-225 5 1.9 2800
Fomblin Y 5 2.3 2400
Carbo wax 300 5 1.8 2000
OV-275 5 1.7 2000

deduced from Table I. The effect has also been observed with mixed stationary phas
es.

Effect of column diameter on column efficiency
A number ofcolumns of different diameter were prepared using a solid support

of a size of 100-125 lIm and a liquid loading of 4% of OV-1. The effect of column
diameter on the number of theoretical plates per metre of column under these con
ditions is shown in Fig. 2. The lower limit of column diameter depends on the dif
ficulty of filling a tube smaller than 0.5 mm with the support employed. The depen
dence of column efficiency on dp/dc is shown in Fig. 3, which seems to place a lower
limit on the specific efficiency of large-diameter columns made with this packing of
ca. 2000 theoretical plates per metre.

HIm

6000

2000

I •
0.5 0.9 1.5 2.1 dc(mm)

Fig. 2. Specific efficiency of different columns of 4% OV-l on l2o-l40-mesh Volaspher A-2. L = 3 m;
carrier gas, N2 •
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N/m

6000

4000

2000

T
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0.05 0 .10 0.15 0.20 dp/dc
Fig. 3. Dependence of specific efficiency of the columns shown in Fig . 2 on dp/dc'

TABLE II

PERMEABILITY (K) OF SOME COLUMNS

Common characteristics: 4% OV-I on 12()""140-mesh Volaspher A-2. Column length : 3 m.

0.5
0.6
0.8
1.0

dp/d, Packing K. 10' pdpo o;
density (Po = 1 atm } ( cm]s)
(g/ cm 3 )

0.23 0.411 0.211 10.56 2.5 4.4
0.19 0.460 0.107 1.l0 2.3 3.8
0.14 0.475 0.087 0.56 2.3 3.4
0.11 0.478 0.047 0.08 2.5 3.3

Effect of permeability on various experimental param eters
Columns of different diameter, prepared with the same packing of 4% OV-I

on 120-140-mesh support, and of length 3 m allowed us to study the packing density,
porosity, permeability and head pressures necessary to run the column at the opti 
mum gas velocity. Table II gives a summary of the results.

DISCUSSION

From the point of view of the specific efficiency (plates/metre), the best co lumn
is one of I.D . 0.5 mm , whose characteristics are summarized in Table III. Despite
the low packing density , an efficiency of 6250 plates/metre was measured a t a capacity
factor of ca. 3. This high efficiency was achieved by paying attention to the term Cg

in eqn. 2. The procedure followed for filling the column limits the practical maximum
column length to about 5 m. Therefore, about 30000 theoretical plates could be
achieved with a working head pressure of nitrogen of the order of 4 kg/ern", which
is easi ly handled on an y gas chromatograph and without special injection difficulties.
Such numbers of theoretical plates are more than sufficient for many separation
problems. Table IV compares various columns, cited in the literature, with special
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TABLE III

CHARACTERlSTICS OF THE MOST EFFICIENT COLUMN

333

Characteristic

Packing
J.D.
Column length
dp/dc

Packing density
Porosity, 6

Permeability, K
!lop (N 2)

p;/Po at !lop

H at !lop

Cg + C,

Value

4% OV-1 on 12o-l4G-mesh Volaspher A-2
0.5mm
3m
0.23
0.411 g/cm J

0.21
10.56. 10- 7 em
4.4 cm/s
2.5
0.16mm
4.17. 10- 4 s

attention to the pressure needed, specific efficiency and length or pressure necessary
to achieve 104 theoretical plates. Although the column shown in Table III has neither
the highest efficiency nor the lowest pressure drop per metre, it shows a good equi
librium between performance and pressure drop, with a clear advantage if the cost
of one theoretical plate in terms of head pressure is considered.

According to Cramers and Rijks", all columns shown in Figs. 2 an d 3 (Table
II) with J.D . between 0.5 an d 1.0 mm may be considered as micropacked columns
as they have an J.D. below 1.0 mm and dp/dc values below 0.3. In these, a gradual
increase in the column efficiency may be observed as the column diameter decreases
(Fig. 3) without much change in the column head pressure needed, as may be deduced
from Table II. However, if other characteristics are considered, differences can be
observed. The ratio dp/dc is close to 0.2 for the 0.5 and 0.6 mm J.D . columns, which
would make them packed capillary columns", whereas the 0.8 and 1.0 mm J.D. col
umns should be considered as micropacked. An evaluation of the C terms in eqn. 2,
as shown in Fig . 4 for the 0.5, 0.6 and 0.8 mm J.D. co lumns, aga in shows a clear

TABLE IV

CHARACTERISTICS OF SOME COLUMNS REPORTED BY DIFFERENT WORKERS

dp s.; dp/d, plm Njatm m L/J(Y' T.P.· P./J(J" T.P! Ref
(mm) (mm) (atm) (m) (atm)

0.175 1.0 0.70 ! 1000 10 10 17
0.150 0.26 0.!7 3 !282 2.6 7.8 7
0.140 0.50 0.!8 ! 2000 5 5.0 9
0.125 0.60 0.39 0.5 3333 6 3.0 8
0.113 0.!6 0.23 0.8 7813 1.6 !.3 This work
0.030 0.1 0.03 7 1430 l 7 !I
0.030 0.1 0.03 8 1250 I 8 10
0.025 0.09 0.067 25 440 0.9 22.5 13
0.010 0,02 0.008 240 208 0.2 48.0 12

• T.P. = theoretical plates .
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C=15 94.10-4 S

/
-4

C=436.10 5

0.4 dJ:Ydc0 .30 .20 .1

3

u(ctTVs)6543

H
rmrm

Fig. 4. Plot of R IW SUS average linear gas velocity for the columns in Table II . C . 0.8; 0 .0.6; A, 0.5 mm
J.D. The C terms in cqn . 2 are shown.

Fig. 5. Dependence of Rm;n/dpon dp/dc . A , Chromosorb P with OV- I (dl ~ 0.04 /lm) (this work); O,Vo·
lasphere A-2 with OV-I (d,,,:: 0.04 11m) (this work) ; 6, Chromosorb P without stationary phase!". 0,
glass bead s without stationary pha se '". Broken line, calculated for Volaspher A-2 without stati onary
phase .

distinction between the two smaller columns and the 0.8 mm I.D. column, which has
a C term about four times as large . A change in column I.D. from 0.8 to 0.5 mm
brings about a decrease in the value of H at the optimum gas velocity from 0.22 to
0.16 mm while increasing the optimum gas velocity from 3.4 to 4.2 csnls , thus de
creasing analysis time by nearly 20% , as had been suggested by Kaiser! ".

The dependence of H on dp/ dewas first considered by Stern berg and Poulson 1 9 ,

who used solid particles without a liquid coating. Their findings are presented in Fig.
5 compared with our results . The curves corresponding to Chromosorb P and glass
beads without any liquid coating show the dependence of the Cg term in eqns . 1 and
2 on dp/de, and the curves corresponding to our results show the effect of dp/dc on
both the Cg and C1 term s in these equations. If the ratio between the H/dp values
corresponding to coated Chromosorb P (our points) and uncoated Chromosorb pI 9

is assumed to hold for coated and uncoated Volaspher A-2, the dotted line shown
in the Fig . 5 may be dr awn, corresponding to an uncoated porous spherical support;
with a behaviour close to that of spherical glass beads and superior to what can be
expected from a non-spherical support such as Chromosorb P.

TABLE V

CHARACTERISTICS OF LONG MICROPACKED COLUMNS

N /m = theoret ical plate s per metre .

Stationary pha se Liquid dp de p dpo Carrier L N/ m
load ( %. II'/II' ) ( uop) gas (m)

OV-I 4 0.113 0.8 7.0 N2 13 4600
Superox 20M 3 0.137 0.9 5.0 N 2 10 2900
Superox 20M + SE-30 4 0.137 0.9 5.0 H 2 II 3400
OV-IOl 15 0.137 0.9 5.0 H 2 10 2400
Superox 20M 10 0.\37 0.9 4.0 H 2 10 2000
Superox 20M + SE-30 8 0.137 0.9 5.0 H 2 9 2900
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Bearing in mind the relationship between efficiency, permeability, stationary
phase load, particle and tube diameters, sample capacity, head pressure needed and
construction facility, other columns could be used to advantage for particular prob
lems, even if they may not be considered as the best overall micropacked columns
possible. Table V lists several columns made from 0.8 and 0.9 mm LD. tubing of
length 9-13 m. The lower specific efficiencies may be compensated for with a greater
length, resulting in columns with a sufficient number of theoretical plates and larger
sample capacity.

Comparing the two OV-l columns in Tables III and V, it can be seen that the
latter has a lower specific efficiency but about twice as many theoretical plates as the
longest column which could be made with the characteristics of the former, working
at a head pressure of nitrogen of 7 kg/ern", which is not too high for commercial gas
chromatographs but which could be made lower if hydrogen is used as the carrier
gas, with the additional advantages of a higher analysis speed.

In some particular instances, a higher sample capacity must be achieved by
increasing the stationary phase percentage, even if a lower specific column efficiency
is obtained. As can be seen in Table V, an increase in Superox 20M from 3 to 10%
lowers the efficiency from 2900 to 2000 theoretical plates per metre, but if this can

b 10 20 30 4'0 50 min

Fig. 6. Chromatogram of extract of Santolina rosmarinifolia obtained on a 4% SE-30 on Volaspher A-2
(12o-I40-mesh) column (5.5 m x 1.0 mm I.D.) . Carrier gas, H 2 (8 cm/s) . Temperature, programmed from
40·C at SOC/min to 200·C.
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be compensated for with a greater column length, the result ma y still be a very
reasonable column , As already mentioned, these lower specific column efficiencies
were the norm with polar liquid stationary ph ases (see Table I), Mixed stationary
phase columns, made by mixing two liquids of different polarity and covering the
solid support with the mixture (homogeneous mixed stationary phase), show specific
efficiencies between the values corresponding to the individual stationary phase col
umns, Once again, the normal dependence of column efficiency on the amount of
sta tionary phase on the support may be ob served, with the lowest value of H at a ca.
4% loading.

Columns of the type shown here may be used to solve problems of some com
plexity. Figs. 6 and 7 show two examples of short columns with a non-polar liquid
sta tio nary phase applied to complex separations. Fig , 8 shows the separation of the
components of a wine extract on an OY-275 column only 2 m long ,

To summarize, if a good solid support is used and the coating procedure pro
duces a homogeneous thin layer of stationary phase, then it is not necessary to have
very low va lues of dp/de, as values between 0.11 and 0,23 produce columns with
4000-6000 theoretical plates per metre with reasonable head pressures, All columns
prepared in our laboratories and described in thi s paper have spec ific pressure drops
below I atrn /rn .

LJ I

.I

II

II

l WI j ~
a 3 6 9 min

Fig. 7. Chro matogram for direct injection of naphtha into a 4% OV-l on 12o-l40-mesh Volaspher A-2
co lumn (3 m x 0.5 mm J.D. ). Ca rrier gas, N2 (4.5 cm js) . Temper ature , programm ed from 60·C at
10"C/min to 210·C.
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o 10 20 min

Fig. 8. Chromatogram of an organic extract of a wine obtained on a 5% OV-275 on Volaspher A-2
(12G-140-mesh) column (2 m x I mm I.D.). Carrier gas, N 1 (4 cm/s). Temperature, programmed from
70·C at 5°C/min to 200·C.
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SUMMARY

The reversed-flow gas chromatographic technique has been used to measure
mass transfer coefficients of n-hexane, n-heptane, and n-octane on a Porapak P solid
sorbent. The value s found correspond not to infinite solute dilution but to finite
solute concentrations (non-linear chromatography). The results show that mass
transfer in the porous polymer is mainly governed by surface diffusion. The increase
of the C coefficients for n-heptane with temperature is due to a decrease in the par
tition ratio k value . Some results for n-heptane and n-octane are in good agreement
with literature values found by infinite dilution methods.

INTRODUCTION

Mass transfer phenomena play an important role in gas chromatography (GC),
not only from the analytical point of view", but also with respect to physicochemical
measurements". Virtually all mass transfer studies in GC were made at infinite solute
dilution by using conventional elution of an injected pulse. No mass transfer coef
ficient measurements at finite solute concentration (non-linear region of chromato
graphy) have come to our attention. These would obviously require the use of some
kind of frontal analysis, displacement development or special equipment for finite
concentration work. However, a new technique, termed reversed-flow gas chromato
graphy (RFGC), requires only a slight modification of a conventional gas chro
matograph, and can lend itself to mass transfer measurements at finite concentration,
by means of elution bands like those obtained with trace amounts of solute.

The RFGC technique has been successfully used to determine diffusion coef
ficients in binary and ternary gas mixtures--", together with their temperature vari
arion" , adsorption equil ibrium constants", rates of drying in solids" , rate coefficients
for evaporation of liqu ids", rate constants, activation parameters and catalytic con
versions of surface-catalysed reactionsv"!" , relative molar responses of the thermal
conductivity detector and from these molecular diameters and critical volumes of
gases!" , and finally Lennard-Jones parameters -" . The method has recently been re
viewed!" .

0021-9673/85/503.30 © 1985 Elsevier Science Publisher s B.Y.
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For the present application of RFGC a porous polymer (Porapak P) was cho
sen , because such materials arc widely used as sorbent phases in gas solid chro
matography, and also because relatively few quantitative data on solute mass transfer
in gas-solid system s are available. An additional reason for this study was that similar
measurements on porous polymers at infinite dilution by Rakshieva et al.2 0 and Guha
et al?' revealed that adsorption-desorption kinet ics make a negligible contribution
to the C coefficients found , and that surface diffusion controls the mass transfer
phenomenon in the solid state. The possible role of surface diffusion in chromato
graphy and the lack of relevant experimental data were po inted out by Giddings a
long time ag0 2 2 .

EXPERIMENTAL

Materials
Porapak P was a product of Waters Assoc ., U.S.A. , Batch No 1995, 80-100

mesh . The carrier gas (helium) was obtained from Linde (Greece) and had a purity
of ;;<: 99.99%. The solutes n-hexane and n-heptane were purchased from Merck
(Uvasol, 99.9 %), wher eas n-octane was a product of Fluka (purum, 99.8%).

Apparatus
An experimental set-up similar to that used to mea sure gas diffusion coeffi

cients-' was used with a slight modification as shown in Fig. I. An ordinary gas
chromatograph (Pye Unicam 104) with a flame ionization detector contained in its
oven two sections I and I' of a chro ma togra phic column (39 + 39 em x 4 mm 1.0.)
filled with Porapak P. The ends of this column D 1 and D 2 were connected to the
carrier gas supply and the detector via a six-port valve S, so that when the valve was
turned from one position to the other the direction of the carrier gas flow was re
versed. A diffusion column L (80 cm x 4 mm 1.0.), empty of any chromatographic
material and with a U-shaped liquid reservoir at its upper end, was connected per 
pendicularly at its lower end to the middle of the filled column I+ 1'. The column L
and the liquid reservoir were kept at a constant temp erature in the rang e 48-62°C by
means of water circulated around them from a thermostat.

Procedure
The conditioning of the chromatographic column 1+1' containing the Porapak

P was carried out at 170°C for 24 h with a carrier gas flow-rate of 0.33 em-s - I . After
that, the column was brought to each working temperature, and while carrier gas
was flowing in a certain dire ction through the column !+ 1', a small amount of liquid
solute (usually 0.5 crn") was introduced by inject ion into the heated upper reservoir
of column L. After a certain time, during which no signal was noted, an ascending
concentration- time cur ve for the solute was recorded. This reached a maximum pla
teau and remained there as long as there was still liquid in the reservoir (see Fig. 4
in ref. 8). Thus, a finite solute concentration in the Porapak column was established,
the ma gnitude of which depended on the vapour pressure of the liquid solute at the
temperature of the reservoir. When sufficient stability of the recorded signal was
att a ined, valve S was switched to the other po sition (broken lines), thereby reversing
the direction of the carrier gas flow. After a short time interval t' (20-60 s) of back-



MASS TRANSFER COEFFICIENTS BY REVERSED-FLOW GC 341

O?
c:
E:
:::>:

o ·
u:

H
liquid
reservoir

column L

dryer N
...-c-ci-« V
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Fig. I. Gas lines and connections for measuring mass transfer coefficients by RFGC: V = two-stage
reducing valve and pressure regulator ; N = needle valve; H = heating coil by water circulation; G = gas
flow controller; S = six-port valve with a short 1/l6·in. tube connecting two alternate ports; Fl = bubble
flow-meter; Amp = signal to amplifier.

ward flow, the valve was turned back to its previous position, thus restoring the gas
flow to its original direction.

Because the duration t' of backward flow was smaller than the retention time
of the solute tR and tit on column sections I and 1', respectively, it created a pertur
bation in the concentration-time line with the form of a bell-shaped peak ("sample
peak"). This emerged with a characteristic retention time after the restoration of the
gas flow to its original direction, and "sited" on the otherwise finite concentration
signal (cf Fig. 2). The procedure was repeated several times, giving a series of sample
peaks.

The pressure drop along column I or l' was found by measuring the pressure
at the injection point of the solute with an open mercury manometer.

Experiments at 120, 135, 150 and 165°C were carried out with each solute,
using time reversals t' of 20, 30, 40, 50 and 60 s.

Processing of the results
The mass transfer resistance coefficients C, together with the coefficients B,

were found by fitting the experimental data to the simple classical Van Deemter
equation f! = A + Bjv + Cv, using a least-squares program on a desk-top computer.
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Fig. 2. A sample peak crea ted by reversing the flow direct ion of ca rrier gas for 30 s while a finite concen
tration of n-heptane was pass ing through the column a t 408 K. and a volumetric flow-rate of 1.07 cm 3s- ' .

The apparent (i.e. experimental) plate height f! was calculated from the relation f! =
ll N, and the number of theoretical plates N from the ratio t~/a~eb where tR is the
retention time of the sample peak, measured from the moment of the restoration of
the flow to it original direction, and a~el is the net variance of the peak; these two
parameters were computed as follows.

According to the theory of the RFGC method S . 19, the reversal of the flow for
a time [' < tR creates a plug (i.e. a square function) on the continuous signal due to
the diffusion of vapours from column L into column I + I' (see Fig. I). This square
function has a theoretical wid th t', i.e. equal to the time of the backward flow, and
its va riance is therefore ['2/12. When passed through the Porapak column section I
or 1', the sample peak will be given by the difference of two erro r functions- >. Its
variance a ;xp and retention time tR were calculated by the rectangular method of
peak-area measurement introduced by Sternberg>'. For each peak, 9-13 horizontal
rect angles were used with D.5-I-cm increments. In a few cases , where the peaks were
of small height , the variance was calculated from the relation?

2 _ I 2
a exp - - (t + - L)

4

where t + and t _ are the times corresponding to the inflection points of the curve.
Fin ally , the net varian ce due to the chromatographic process was found from the
difference

12
(I)
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Table I summarizes the results obtained as outlined in the previous section. As
was pointed out in the Introduction, the present study is a plate height measurement
at finite concentration. Therefore, before discussing the mass transfer term C, it is
worth commenting on the values of the coefficients A and E. The particle diameter
for a So-I00 mesh solid material, such as that used here, is 0.0 IS-o.O 15 em and most
of the A values in Table I are of that order of magnitude, as in most infinite dilution
studies. The negative values are probably due to experimental errors, since the term
A is very sensitive to these errors.

The diffusion coefficients D,« of the solute vapours in the carrier gas helium
were calculated, at each column temperature from the Fuller-Schettler-Giddings
equation>", These values (given in Table I for I atm pressure) were used to find the
obstruction factor y from the well-known relation Jj = 2yDm • In this calculation,
each Dm value was first reduced to the mean column pressure, corresponding to the
mean flow velocity of the carrier gas. The y values found, listed in the last column
of Table I, seem reasonable.

Coming now to the C coefficients, we first note that they do not include a
mobile phase diffusion term Cm, since they are independent of pressure. There are
three main points to be discussed: (I) the magnitude of C terms; (2) their variation
'with t' , i.e. with the width of the square function created by the flow reversal ; and
(3) their variation with temperature.

(I) The C coefficients found are too large to be attributed to adsorption-de
sorption kinetics , i.e. being Ck = 2k/(1 +k) 2kd , where k is the partition rat io and
k d is the desorption rate constant. The Ck terms are of the order of 10- 8 to 10- 6 s,
and therefore their contribution to the magnitude of C found must be negligible. This
has also been pointed out by Rakshieva et al.20, who studied the mass transfer coef
ficients of n-heptane on several kinds of Porapak, at 170°C. Their value of C. for
Porapak P-411 is 0.076 s, and this agrees with our values at the same temperature
ranging from 0.02S to 0.089 s (ef Table I). Also our value of C (0.01 I s) for n-octane
at 170°C agrees with the Cs (O.OOS s) found by Guha et al.2 1 under similar conditions.

TABLE I

VALUES FOR THE COEFFICIENTS A . Ii AND C OF THE VAN DEEMTER EQUATION DE-
TERMINED BY RFGC AT FINITE SOLUTE CONCENTRATION

Solute T(K) t' (s) A (em) B(em2s - l ) lO2C(s) Dm ( em2s -') y

n-Heptane 393 30 0.029 0.271 1.34 0.443 0.39
393 60 - 0.004 0.289 3.40 0.443 0.39
408 20 0.058 0.253 1.40 0.462 0.32
408 30 0.079 0.225 1.85 0.462 0.29
408 40 -0.015 0.376 2.98 0.462 0.51
423 20 2.76
423 30 0.041 0.294 4.95 0.503 0.33
423 40 - 0.179 0.544 8.90 0.503 0.64
438 30 0.002 0.264 5.40 0.535 0.29

n-Hexane 423 30 -0.139 0.410 9.80 0.515 0.49
n-Octane 423 30 1.15
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We can therefore adopt the explanation given by the above authors- P-! J , that it is
surface diffusion that controls the mass transfer of solute in the solid phase.

(2) Table J shows that there is a 2.1 to 3.2 fold increase of C when t' is doubled .
This can be explained by referring to the finite solute concentration, on account of
which the isotherm may not be linear. A decrease in the isotherm slope brought
about by an increase in t' will cause a decrease in k. Since C is usually of the form-"

k
C = N---

(I +k)2Def f

(2)

where N is a constant and Deff is an effective diffusion coefficient pertaining to the
appropriate mass transfer mechanism, C will increase with decreasing k (provided
that k> 1) and hence with increasing t' ,

(3) The variation of C with temperature at constant t' (30 s) is shown in Fig .
3 in the form of a plot of In C versus l iT. It shows an increase of C with temperature,
and this is an unusual dependence, at least for infinite dilution studies. For instance,
Guha et al.2 1 found a small decrease of C, with increasing T for n-octane on Porapak
P, whereas for iso-octane the decrease was large, corresponding to an activation
energy of 73.6 kJ mol-I for diffusion into the micropores of the polymer. n-Octane,
on the other hand, was assumed to have almost free access into the pores. If this
argument applies also to n-heptane, the variation of Def f of eqn. 2 with temperature
cannot be responsible for our C dependence on T, not only because of the small
magnitude of the activation energy expected, but also because it is in the opposite

- 3.0

-4.0

2.3

o

o

Fig. 3. Temperature dependence of C for n-heptane on a Porapak P column.
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direction. An obvious explanation for the behaviour of C in the present case lies on
the decrease of k with temperature. For kp I , eqn. 2 becomes

N N
C ~ -- = -- = N"exp [(LlHad + E)IRI]

kDef f so.; (3)

where N' and N" are constants, k is the adsorption equilibrium constant, LlHad the
heat of adsorption and E the activation energy of Deff • According to this equation,
a plot of In C versus liT should be linear with a slope equal to (LlHad+ E)IR . From
Fig. 3 we find a slope of -5.931.103 and this gives LlHad+E = -49.3 kJ mol- 1 •

The heat of vaporization for n-heptane at its normal boiling point (98.4°C) is 31.7 kJ
mol- 1 , and if we take £=0, because of the small activation energy expected icf,
above), the heat of adsorption is only 1.6 times bigger than the heat of vaporization.
This places the adsorption of n-heptane on Porapak P in the domain of physical
adsorption. For comparison we quote here the heat of adsorption of n-heptane on
graphitized carbon black, equal to - 52.3 kJ mol- 1.

CONCLUSION

The RFGC technique can be employed for mass transfer coefficient studies at
finite solute concentrations, with only a slight modification of an ordinary gas chro
matograph. In spite of finite concentrations (non-linear chromatography), the
method is based on simple elution of extra peaks created on the existing finite solute
concentration.
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SUMMARY

CHROMATO-

The reversed-phase separation of crystalline insulin (I) and monoiodoinsulins
(II) has been investigated, with respect to the effects of buffer, substitution group,
pore-size and column support backbone. The separations were performed either iso
cratically (for II) or by gradient elution with very narrow gradients (for I).

Fourteen reversed-phase columns, the majority being silica-based, were inves
tigated, and three main results emerged.

(I) Trifluoroacetic acid is unsuitable as a buffer for this type of analysis,
whereas trialkylammonium phosphates are very suitable.

(2) The separation between the major components in crystalline insulin was
comparable in the main for all the columns tested except one. However, the ability
to distinguish between the numerous minor components (co-extracted with insulin
peptide) varied a great deal between the columns.

(3) In an optimized buffer system only three columns were able to separate
insulin peptide and the four monoiodoinsulin isomers; all three were SD-lOO-A sili
ca-based CIS columns.

INTRODUCfION

In recent years a large number of reports have been published describing the
application of insulin to a variety of reversed-phase high-performance liquid chro
matographic (RP-HPLC) systems. In the majority of these reports, insulin has been
used as one among several polypeptides and proteins in order to characterize the
separation capacity of the system. The separation of insulin, insulin-related and non
insulin-related substances has also been studied in more detaip-14.

* This paper has been presented at the Fourth International Symposium on High-Performance Liquid
Chromatography of Proteins, Peptides and Polynucleotides, Baltimore, MD . December 10-12. 1984. The
majority of the papers presented at this symposium have been published in J. Chromatogr ., Vols. 326 and
327 (1985).

0021-9673/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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The separation of crystalline insulin, containing one major constituent (insulin
peptide) and a large number of insulin-like contaminants (desamidoinsulin , arginine
insulin , ethylesterinsulin , des-alanine insulin, des-pentapeptide and des-octapeptide
insulin, insulin dimers, proinsulin and intermediary insulins) as well as non-insulin
related substances (glucagon, pancreatic polypeptide) represents a typical challenge
to the separation capacity of RP-HPLC.

Three types of buffer system have commonly been used : ion-pairing substances
(e.g . alkylammonium phosphates, trifluoroacetic acid); salts (e.g. acetates, sulphates,
phosphates); and chaotropic compounds (e.g. perchlorate). In almost all insulin sep
arations acetonitrile was used as organic modifier. No matter which buffer, organic
modifier and column support were used, insulin peptide and insulin -related sub
stances with similar molecular weights (ca. 6000) were eluted before insulin-like sub
stances with higher molecular weight [proinsulin and intermediary insulin (mol.wt.
9000) and insulin dimers (mol.wt. 12 000)]. The individual elution order of proinsulin,
intermediary insulin and insul in dimers depended upon the actual buffer system s.

However, with one exceptions, all analyses of the reversed-phase separation
of insulin and insulin-like components have been performed with a single column
and a single buffer-modifier system. In this paper we report the influence of a number
of parameters (column, buffer, pore-size, column packing material, substitution
group and batch-to-batch variation) on the RP-HPLC separation of crystalline por
cine insulin.

MATERIALS AND METHODS

An M6000 A/M660 solvent programmer (Waters) or a Spectra-Physics SP
8700 chromatograph was used , with a WISP 710B or U6K injector (Waters) . A
Waters M440 with an extended-wavelength module (214 nm) or a Pye Unicam var
iable-wavelength UV detector was used . Fractions (l min) were collected in a Phar
macia FRAC 300 fraction collector and assayed for radioactivity in a Hydrogamma
sixteen-channel gamma counter.

The following fourteen columns were tested : LiChrosorb RP~ I8, 5 ).lm, 250
x 4.0 mm J.D . (Merck); Vydac 218 TPB 5, 5 ).lm, 250 x 8.0 mm J.D. (Separation

Group); Spherisorb ODS2, 3 um, 150 x 4.0 mm J.D. (Phase Separation); Spherisorb
ODS2, 3 ).lm, 250 x 4.0 mm J.D . (Phase Separation); TSK ODS-120T, 5 um , 250
x 4.6 mm J.D . (Toyo Soda); Nova-Pak CIS, 5 ).lm, 150 x 3.9 mm J.D. (Waters);

Techogel C4 , 5 ).lm, 250 x 4.0 mm J.D. (HPLC Technology); Techogel CIS, 5 ).lm,
250 x 4.0 mm J.D . (HPLC Technology); Protesil diphenyl, 10 pm , 250 x 4.6 mm
J.D. (Whatman); Protesil octyl , 10 tun, 250 x 4.6 mm J.D. (Whatman); Chrompack
CI S, 8 ).lm, 100 x 3.0 mm J.D . (Chrompack); PEP-RPC, 10 ).lm, 50 x 5.0 mm J.D.
(Pharmacia); PRP-I , 10 ).lm, 150 x 4.0 mm J.D . (Hamilton); PLRP-S, 5 ).lm, 150
x 4.0 mm J.D . (Polymer Laboratories).

Three buffers were used: 0.25 M triethylarnmoniumphosphate, pH 3.00
(TEAP); 0.25 M triethylammoniumformate, pH 6.00 (TEAF); O. 1% trifluoroacetic
acid (TFA). Acetonitrile and isopropanol (HPLC quality) were used as organic mod
ifiers.

The gradients were prepared by mixing two solutions. The first was one of the
three buffers, and the second was a mixture of equal amounts of the buffer and the
organic modifier.
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Except for Protesil diphenyl and Protesil octyl, each type of column was tested
with three or more individual specimens .

All solvents were Millipore-filtered (0.45 jLm) and degassed (vacuum/ultra
sound) before use. During chromatography helium is bubbled continuously through
the mobile phases.

The samples were crystalline porcine sodium insulinate, batch G-63 (Nordisk
Gentofte), containing ca. 75% insulin constituents and 25% sodium chloride and
water. The dilute iodination mixture was prepared as described previously15 , 50 jLl
containing ca. 100 ng of insulin, 1-5 ng of monoiodoinsulins and 50 pg of diiodoin
sulins.

RESULTS

Figs. I and 2 show the isocratic elution pattern of insulin peptide and mono
desamidoinsulin on two different silica-based C tS column supports: LiChrosorb
RP-18 (Fig. I) and Chrompack CIS (Fig . 2). Both columns were eluted with aceto
nitrile as organic modifier, with TFA (upper panel) or TEAP (lower panel) as buffer
substance. For comparable capacity factors (k') notable differences were observed
(with respect to peak shape and resolution) by the change from one buffer substance
to the other. The peak shape obtained with TFA was non-ideal and considerably
inferior to that achieved with TEAP [also for higher and lower k' values (data not
shown)], the latter was used throughout the insulin analyses.

Figs. 3-10 show the resolution obtained using an acetonitrile gradient in TEAP
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Fig. I. Isocratic separation of 5 J-lg of crystalline porcine insulin on a 250 x 4.0 mm 1.0. LiChrosorb
RP-18 column eluted with 0.1% TFA-27.0% acetonitrile (upper curve) and 0.25 M TEAP-22.0% ace
tonitrile (lower curve), at 0.5 ml/rnin.
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Fig. 2. Isocra tic separation of 5 Jlg of crystalline porcine ins ulin on a 100 x 3.0 mm J.D . glass ca rt ridge
packed with Chrompack C 1 8 . Elution was perfo rmed a t 0.5 ml/m in, with 0.1% T FA - 23.5% aceto nit rile
(upper curve) and 0.25 M T EAP-22.5% ace toni trile (lowe r curve).
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Fig . 3. Separation of 200 Jig of crysta lline porcine insulin on a 250 x 4.0 mm J.D . LiChrosor b RP·1 8
co lumn . G ra die n t elut ion, with 0.25 M TEAP (pH 3.0) and 23-28 % ace tonitrile over 60 min (gra dient
No. 8), at 0.5 ml/m in.
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Fig. 4. Separati on of 200 JJg of crystalline porcine insulin on a 250 x 8.0 mm I.D . Vydac 218 TPB 5
column (top) , or a 250 x 4.0 mm I.D . Spherisorb ODS2 column (bottom). Gradient elution , with 0.25
M TEAP (pH 3.0) and 23-28% acetonitrile over 60 min (gradien t No.8). Flow-rate, 1.0 ml/min (top) , 0.5
rnl/rnin (bottom).

buffer for the elution of a number of reversed-phase column supports, silica-based
(Figs . 3-9) as well as polymer-based (Fig . 10). Each column was evaluated in the
following way. With a target k' value for insulin peptide between 15 and 25, the
shape, duration and end-point of the gradient was varied in order to obtain the best
possib le resolution between insulin peptide and monodesamidoinsulin, as well as
between proinsulin, insulin dimers and intermediary insulin in the last part of the
chromatogram. A slightly concave acetonitrile gradient (gradient No.8 in the Waters
M660 solvent programmer) which increased the acetonitrile concentration 2.5-5.5%

0 .1 6
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~ l ---
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0 3 0 6 0 90
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Fig. 5. Separation of 100 JJg of crystall ine porcine insulin on a 250 x 4.6 mm I.D . TSK ODS-120T
column . Gradient elution, with 0.25 M TEAP (pH 3.0) and 27.5-32 .5% acetonitrile over 70 min (gradient
No.8) at 0.5 rnl/min.
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Fig. 6. Separat ion of 200 pg of crystalline porcin e insulin on a 150 x 3.9 mm J.D. Nova-Pak C, 8 column.
Gr adient elut ion , with 0.25 M TEAP (pH 3.0) and 23.5-29% acetonitrile (gradient No.8) for 60 min, at
0.5 mljmin .

during 50-70 min , was found to yield the best possible separation ofcrystalline insulin
in all the columns tested except on e. Except for the PEP-RPC column, these condi
tions allowed a more or less prominent sepa ra tion between insulin peptide and des
am idoinsulin , as well as between insulin-like components with a molecular weight
higher than 6000. It was found impossible to separate insulin pep tide and desami
doinsulin on the PEP-RPC column under these conditions.

Fig. 11 shows the isocratic elution of insulin peptide and the four monoio
doinsulin s on three different silica-based C tS column supports with a pore-size of ca.
100 A. The buffer system [0.25 M TEAF (pH 6.0)-isopropanol] has been optimized
for this type of sepa ra tion with respect to alkyl ammonium buffer , pH and organ ic
modifier I6 . Although the three column supports separate the five constituents, it
should be noted that the order of elution fo r the iodoinsulin isomers is different on
the TSK ODS-120T from what it is on the LiChrosorb and the Spherisorb columns.

The Techogel C4 , Techogel CI S and PLRP-S columns were all incapable of
separa ting the four monoiodoinsulins (Figs. 12 and 13). Either A 14 and B16 mono
iodoinsulin are eluted in the same position (Techogel CI S, PLRP-S) or B26 and AI4
monoiodoinsulin are unresolved (Techogel C4 ) .

Batch-to-batch variation for one column, LiChrosorb RP -18, is shown in Fig .
14, where three different columns obtained from the local manufacturer over a period
of 6 months were tested under similar conditions. For each column the organic mod
ifier concentration was adjusted in order to achieve a k' value of ca. 15 for A 19
monoiodoinsulin. Under these conditions two of the columns were unable to resolve
AI4 and BI6 monoiodoinsul in.

DISCUSSION

Reversed-phase separation of numerous compounds with small differences in
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Fig. 7. Separation of 200 Jig of crystalline porcine insulin on a 250 x 4.0 mm J.D. Techogel C4 column
(top) or a 250 x 4.0 mm J.D. Techogel C I 8 column (bottom). Gradient elution, with 0.25 M TEAP (pH
3.0) and 25-27.5% acetonitrile (gradient No.8) for 60 min, at 0.5 ml/min .

hydrophobicity is generally performed using isocratic elution or a very narrow gra
dient of the organic modifier. In the case of crystalline insulin , the constituents can
be divided in three groups (Table I). The main fraction contains insulin peptide
(constituting 80-90% of the total amount of polypeptide) and a number of insulin
derivatives with small structural differences from insulin peptide (loss of amide
group(s), loss, addition or substitution of one or a few amino acid residues, etc.) and
with a molecular weight similar to that of insulin peptide (5800). The second group
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Fig. 8. Sepa rat ion of 200 pg of crystalline porcine insulin on a 250 x 4.6 mm 1.0. colum n packed with
Protesil diphenyl (to p) or Protesil octyl (bo ttom). Grad ient elution, with 0.25 M TEAP (pH 3.0) and
23- 28% acet onitril e (gradient N o. 8) over 50 min. at 0.5 ml/rnin.

contains proinsulin , covalentl y bound insulin dimers and intermediary insulin , com
pou nds with higher molecul ar weights than insulin peptide (9000- 12 000) but con
tainin g the insulin peptide as part of the molecule. Th e third gro up contain s non
insul in-relat ed polypeptides co-extracted with insulin during the processing of the
pancreati c glands (glucagon, pan creatic polypeptide, etc.).
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Fig. 9. Separation of 50 ug of crystalline porcine insulin on a 50 x 5.0 mm I.D. PEP-RPC column.
Gradient elution , with 0.25 M TEAP (pH 3.0) and 15-35% acetonitrile over 45 min (gradient No .8), at
1.0 ml/min .

The members of the first group can be resolved by isocratic elution, but no
published RP-HPLC separation of insulin peptide and proinsulin has been accom
plished without the use of gradient elution.

In our studies we therefore used a very narrow, concave gradient, thereby
operating close to isocratic conditions in the first part of the chromatogram where
insulin and closely related substances are eluted, thereafter raising the organic mod
ifier concentration to elute insulin-like components with higher molecular weight s.

In isocratic elution -or close-to-isocratic elution- the choice of buffer is ex
tremely important. As can be seen from Figs. I and 2, the peak shape of insulin
peptide eluted isocratically is highly asymmetrical when TFA is used in combination
with either CiS column support, whereas almost symmetrical peaks are obtained
when the columns were eluted with TEAP buffer. This is probably because TEAP
effectively masks residual silanol groups and thereby eliminates non-specific adsorp
tion.

The isocratic elution pattern also reveals differences in selectivity , i.e. the ability
to separate closely related substances. As can be seen from Figs. 1 and 2, there is a
considerable difference in the abilities of the two CIS columns to distinguish between
insulin peptide and monodesamidoinsulin (comparable k' values , identical mobile
phase).

The separation pattern obtained for crystalline porcine insulin on a number
of reversed-phase column supports, all eluted with an optimized TEAP-acetonitrile
gradient, are shown in Figs. 3-10. The columns show considerable variation in their
abilities to separate the numerous components in crystalline insulin, especially those
with molecular weights higher than 6000. However, because many parameters are
different (basic silica, substitution group, end-capping, pore size, particle size, etc.)
from column to column, it seems too uncertain to correlate the fundamental char
acteristics -the hydrophobic interaction between the stationary phase and the sam-
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Fig. 10. Sepa ration of 200 J1g of crystalline porcine insulin on a 150 x 4.0 mm 1.0. column packed with
PRP-l (top) or PLRP-S (bottom). Gradient elution, with 0.25 M TEAP (pH 3.0) and 22-25.5% acetonitrile
(gradient No .8), at 1.0 rnl/min.

pIe molecules- to one or more of the physicochemical parameters commonly used
in column characterization.

The RP-HPLC separation of the four monoiodoinsulins (iodinated in Tyr A14,
Tyr A19, Tyr Bl6 or B26) can be performed on LiChrosorb RP-18, TSK ODS-120T
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Fig. II . Isocratic separation of 50 JlI of diluted iodination mixture on a 250 x 4.6 mm I.D . TSK ODS
120Tcolumn (bottom), a 150 x 4.0 mm J.D. Spherisorb ODS2 column (middle) or a LiChrosorb RP-18
column (250 x 4.0 mm J.D.) (top) , with 0.25 M TEAF (pH 6.0}-isopropanol concentrations of 21.5,21.5
and 20.5% (from top to bottom). Flow-rate, 0.5 rnl/min.
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Fig. 12. !socr atic separa tio n of 50 JlIof diluted iod ina tion mixture on a 250 x 4.0 mm 1.0. column packed
with Techogcl C4 (top) or Techogel C I 8 (bott om). The co lumns were eluted with 0.25 M TEAF (pH
6.0}--21.0% isopropanol, a t 0.5 ml/rnin .

or Spherisorb ODS2 columns eluted isocratically with 0.25 M TEAF (pH 6.0)-iso
propanol. Thi s highly sensitive separation , which has been optimized with respect to
alkylammonium buffer , pH , column and organic modifier 1 6

, cannot be performed
on the Techogel C4 and CIS columns (Fig. 12), the resin-based PLRP-S column (Fig.
13),' nor the PRP-I column (data not shown). Furthermore, the Vydac 218 TPB 5
column was unable to separa te the monoiodoinsulins! ".

Even though the separation can be performed on the LiChrosorb RP-18 col-
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Fig. 13. Isocrat ic separa tion of 50 Jll of diluted iodination mixture on a 150 x 4.0 mm J.D. PLRP-S
column eluted with 0.25 M TEAF (pH 6.0}-22.5% isopropanol, at 0.5 ml/rnin.

umn, the task is only just within the capacity of this column. This is illustrated in
Fig. 14, which shows the separation pattern obtained from three randomly selected
LiChrosorb RP-18 columns. One column behaved well, but separation was not
achieved on the two other columns, which suffered from lack of selectivity and the
oretical plates and from too high an asymmetrical factor .

It has been claimed in the literature that reversed -phase columns with different
chain lengths perform more or less identically. However, when the Techogel C4 and
CiScolumns are compared (Fig . 12) it can be seen that they separate the four mono
iodoinsulins in different ways: the C4 column is unable to resolve the B26 and Al4
monoiodoinsulin, whereas Al4 and Bl6 are eluted in the same position from the
CiS column.

It is worth emphasizing that the three columns that were able to separate the

TABLE I

INSULIN-RELATED AND NON -INSULIN-RELATED IMPURITIES COMMONLY FOUND IN
CRYSTALLINE INSULIN

Insulin-related
compounds. mol.wt, ca. 5800

Insulin peptide
Monoarginine insulin
Diarginine insulin
Desamidoinsulins
Ethylestcrinsulins
Des-alanine insulin
Des-pentapept ide insulin
Des-octapeptide insulin

Insulin-related
compounds. mol.WI. 9000-12000

Proinsulin
Insulin dimer
Intermediary insulin

Non-insulin related
compounds

Glucagon
Pancreatic polypeptide
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iodoinsulins were all silica-based CIS columns with 80-100 A pore size. None of the
wide-pore columns tested in this work could separate all four iodoinsulins, and, to
the best of our knowledge, the successful use of wide-pore reversed-phase columns
for complete separation of iodoinsulins has not been published. However, the three
CIS columns found to be useful for this important separation differ with respect to
other parameters, i.e. carbon load and end-capping, and it therefore seems premature
to connect polypeptide selectivity with a single column parameter -or combination
of parameters. .

Although this investigation deals with only one type of buffer and one group
of compounds (insulin and insulin derivatives), it may be concluded that, before a
reversed-phase polypeptide separation is undertaken, some column research (bring
ing the actual sample into play) can be a very profitable investment.
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SUMMARY

CAMP-factor from Streptococcus agalactiae (group B streptococcus) was pu
rified 60-fold from the culture supernatant to electrophoretic homogeneity in 57%
yield. The purification procedure involved ammonium sulphate precipitation, ultrafil
tration, hydrophobic interaction chromatography on Octyl-Sepharose and chroma
tofocusing on polybuffer exchanger PBE 94. The purified CAMP-factor consists of
a single polypeptide chain with an apparent molecular weight of 25 kD and an iso
electric point of 8.9. The properties of the CAMP-factor demonstrated by charge
shift electrophoresis were consistent with those of an amphiphilic polypeptide.

INTRODUCTION

The CAMP-factor (CAMP-F) is produced by most strains of S. agalactiaet
and was first described by Christie et al.". The authors demonstrated that filtrates of
S. agalactiae contained an agent (CAMP-F) that lysed sphingomyelinase-treated
sheep and cow erythrocytes, whereas red blood cells (RBC) from human, horse,
rabbit and guinea pig were not lysed" , Further studies by Esseveld et a[,3 ·4 and Bern
heimer et al .! revealed that the agent was a polypeptide to which molecular weight
values of 33 kD6 , 15 kD4 and 23.5 kD5 have been assigned. Part of the mechanism
of the CAMP reaction was disclosed in the past by the work of Doery et al.7 , Bernhei
mer et al ." and Sterzik et al," . These authors investigated the role of S. aureus sphin
gomyelinase in the sensitization process of either susceptible RBC or target lipo
somes.

Attempts to purify CAMP-F resulted in preparations of different grades of
purity. This is obvious from the different purification protocols and the considerable
differences in the reported amino acid composition-v -". Moreover, the isoelectric
focusing (IEF) data of the purified CAMP-F reported by Bernheimer et al .? suggested
considerable microheterogeneity of the purified CAMP-F. The present study was
thus intended not only to clarify the reported discrepancies but also to obtain a
homogeneous CAMP-F preparation that would permit further studies of the primary
structure and chemical nature of this amphiphilic polypeptide.

0021-9673/85/S03.30 © 1985 Elsevier Science Publishers B.V.
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EXPERIMENTAL

Strain and culture conditions for CA M P-F production
S. agala ctiae rr.c .c. strain No. 8 I8 I) was obtained from Central Public

Health Laboratory, Colindale, London, U .K. Organi sms were cultured on sheep
blood agar plates and inoculated at 37"C for 12-24 h in a 5% carbon dioxide at
mo sphere.

Fermenter culti vation of S. agala ctiae was performed as reported earlier) 0 .

Pur ification of CA M P-F
Ultrafilt rat ion. The CAMP-F was concentrated in the superna tant by ultra

filtration (Amicon " hollow fiber" dialyser, H5 P2, Fa . Amicon, Witten, F .R .G.) at
4°C to one third of the o riginal volume.

Ammonium sulphate precipitation. The concent ra ted supernatant was precipi
tated with solid ammonium sulphate at a saturation of 75% . The precipitation of
CAMP-F at pH 8.5 and 8°C was terminated a fter 96 h. The prec ipitate was collected
by centrifugation (10 000 g, 4°C, for 20 min) and dissolved in 0.05 M Tri s-HCI
buffer, I M potassium ch loride (pH 8.0). Ammonium sulphate was removed by hol 
low fiber ultrafiltration using HI P2 fibers.

Hydrophobic interaction chromatography ( H IC) . Binding ofCAMP-F to Oc
tyl-Sepharose CL-4B (Pharmacia, Uppsala, Sweden) was performed in a batchwise
procedure. The CAMP-F solution was d iluted with 0.05 M Tris-HCI buffer (pH 8.0)
co ntaining I M potassium chloride to a protein concentration of I mg/ml . Oct yl
Sepharose (75 g) equilibrated in the same buffer was used to bind CAMP-F (750 mg)
at 4°C after 20 h with constant stirring.

The gel was then was hed seq uentia lly on a sintered glass funnel with I I of
each of the following cold buffer solutions: (a) 0.05 M Tris-HCI, pH 8.0; (b) 0.01 M
Tris-HCI, pH 8.0; (c) 0.001 M Tri s-HCI , pH 8.0; (d) 0.05 M Tri s-HCI, pH 9.0; (e)
0.01 M Tri s-HCI, pH 9.0; (f) 0.001 M Tris-HCI, pH 9.0; (g) 0.05 M Tris-HCI, pH
8.5.

HIC was carr ied out by tran sferring the gel to a column (15 x 2.6 em J.D .).
A sodium desox ycholate gradient (SDOC: a ~ I% ) in 750 ml, 0.05 Tris-HCI (pH
8.5) was applied first to remove extraneous protein . Th ereafter, CAMP-F was de
sorbed by a Triton x -loa gradi ent (750 ml; a -+ 1% in water). F ract ion s conta ining
CAMP-F ac tivity were pool ed and lyophilized .

Chromatofocusing , The polybuffer exchanger PBE 94 (Pharmacia) was packed
into a column (35 x I cm 1.0.) and equilibrated with 0.025 M eth anolamine-hy
drochloric acid (pH 9.4). The CAMP-F (3 mg protein) purified by HIC was dissolved
in 2 ml of polybuffer PB 96-hydrochloric acid (pH 7.0), and applied to the column
for chro ma tofocusing. CAMP-F was eluted with a 1:10 dilution of polybuffer PB
96-hyd roch lor ic acid (pH 7.0). Th e eluti on volume was 250 ml and the flow-rate 12
ml /h , Fracti ons of 2.5 ml containing CAMP-F were pooled and lyophilized .

Rem oval ofpolybuffer PE 96. To remove polybuffer PB 96 from CAMP-F, the
freeze-dried protein was dissolved in a minimal volume of 0.05 M ammonium bicar
bonate (pH 8.2) and applied to a Sephadex G-75 column (50 x 1.6 cm 1.0.). Gel
filtration was performed in the same solution at a flow-rate of 12 ml/h . Fractions
co nta ining CAMP-F were collected , a nd the ab sence of pol ybuffer monitored by
reading the absorption at ), = 245 nm .
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Preparation of CAMP-F antibodies. To produce antibodies, 1 mg of purified
CAMP-F (specific activity 1.3 . 105 U/mg) was injected in 1 ml of Freund's complete
adjuvant (Difco Labs ., Detroit, MI , U.S.A.) subcutaneously into a rabbit at multiple
sites. A booster injection was given at weeks 5 and 6, and the production ofantibodies
was followed by the Ouchterlony technique. Blood was drawn from the rabbit's ear,
usually 6 days after the last injection .

Determination ofprotein. Protein was measured according to Peterson II with
BSA as a standard.

Determination of CAMP-F activity. CAMP-F activity was measured by the
kinetic test developed by Sterzik 1 2 .

Characterization of CAMP-F
Analytical polyacrylamide gel electrophoresis (PAGE). Sodium dodecyl sul

phate (SDS-PAGE in slab gels (80 x 120 x I mm, T = 12%, C = 2.6%) was
performed according to Laemmli 13. Phosphorylase E.C. 2.4.1.1. (M. 95 000), bovine
serum albumin (M. 68 000), fumarase E.C. 4.1.2.2. (M.49 000), carboanhydrase E.C.
4.2.1.1. (M. 30 000) and lysozyme E.C. 3.2.1.17. (M. 14 500) were used as standard
proteins and purchased from Boehringer (Mannheim, F.R .G .). The proteins were
denaturated in the presence of 2.5% (v/v) 2-mercaptoethanol and 1% (w/v) SDS by
boiling for 5 min; 5-30 pg of protein were applied and the protein stained with
Coomassie brilliant blue.

PAGE of CAMP-F under non-denaturating conditions was carried out in
tubes (140 x 5 mm J.D.) using polyacrylamide gels of T = 7.5% and , C = 2.6%.
The buffer system of Reisfeld 14 and Laemmli 13 was used and the protein (40 pg/gel)
was separated at 3.5 rnA per tube.

Protein titration curve. The titration curves in slab gels (125 x 125 mm, T =
5% , C = 2.6%) were obtained according to Righetti et al.' 5.

RESULTS

Purification of CAMP-F
Concentration of CAMP-F and ammonium sulphate precipitation . Fermenter

cultivation of S. agalactiae"? in Trypticase Peptone broth (Becton Dickinson, Hei
delberg, F.R.G. , No. 11 921) in the presence of glucose (2%) and carbon dioxide
resulted in the production of CAMP-F in the supernatant with a specific activity
(SA) of 3.9 . 103 (Ujmg). After ultrafiltration, concentration, ammonium sulphate
precipitation, the SA increased to 9 . 103 (Ujmg), A further increase was achieved by
a second ultrafiltration step, resulting in the CAMP-F preparation of SA = 2.2 . 104

(Ujmg). The yield of CAMP-F at this stage of purification was still 94% of the
starting material.

Hydrophobic interaction chromatography . The successful purification of S. au
reus lipase by HIC16,17 suggested that HIC could be useful in the purification of the
amphiphilic CAMP-protein. Preliminary batch experiments with Octyl-Sepharose
CL-4B confirmed the binding of CAMP-F to this matrix. The experiments also re
vealed that CAMP-F was separated from extraneous protein on Octyl-Sepharose by
a combination of a batchwise and a column procedure. Quantitative binding of
CAMP-F to Octyl-Sepharose was achieved in batch experiments after 20 h at 8°C in
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0.05 M Tris-HCl buffer (pH 8.0), containing 1.0 M potassium chloride, a t a gel/pro
tein ratio of I (g):10 (mg). Th e washin g procedure (steps a-g, cf Experim ental) with
buffers of different pH a nd molarities removed contaminating material but not
CAMP-F.

CAMP-F was then further purified by gradient elution chromat ography after
packing the gel int o a column. When the SDOC gradient (0 -+ I%) was applied in
the first step, 20% of contaminating protein and a small amount of CAMP-F (5%)
of total acti vity) were eluted (Fig. I). CAMP-F activity was then removed from the
gel with a Triton X-IOO gradient (0 -+ I%). After HIC, 89% of the CAMP-F act ivity
(SA = 11 3.3 . 103 , U/mg) was recovered .
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Fig. 1. Puri ficat ion of CAM P-facto r by hydrophob ic interac tion chro ma tog raphy on Octyl-Sephar ose
CL-4B (column, 40 x 2.1i em J.D .), Arrow indicates chan ge of eluent. (A) G rad ient elution of extraneous
prot ein with sodium desoxycholate, 0 -> 1% (w jv) in 0.05 M Tris-HCI buffer (p H 8.5) (frac tion Nos .
1- 100 == 750 ml); flow-rate, 20 mljh. (B) Gr ad ient elution of CA MP-factor with Trit on X- IOO, 0 --+ 1%
(w jv) in water (fract ion Nos. 101- 260 == 750 ml); flow-ra te, 20 mljh . Protein mgjml (-0 - 0 -) ; activity
of CA M P-fac to r V imI (- 0 - 0-).

Subsequent analysis of CAMP-F by native electrophoresis at different pH val
ues1 3 • 1 4 exh ibit ed two pr ot ein bands only as show n in Fig . 2A and B. In contrast ,
protein titrat ion I 5 revealed five pol ypeptides of very similar hydrophobicity (Fig.
2C), electro phoretic mobility and isoelectric points.

Chroma tofocusing of CA M P-F. It was shown by Sluyterm an et al.1 8- 2 0 and
Kopetzki and Enti an 2 1 that chroma tofocusing is an excellent technique for the sep
aration of polypeptides with similar isoelectric points . Thus, CAMP-F was separated
from its "sa tellite proteins " by chro ma tofocusing using the polybuffer excha nger
PBE 94 (pH 7-9.4). A typical elution profile is depi cted in Fig. 3. CAMP-F was
eluted with pol ybuffer 96- hyd roc hloric acid at pH 9 and thu s successfully separated
from its contaminants.

The sep ar ation steps are summa rized in Table I.
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Fig. 2. Native PAGE of partially purified CAMP-factor was performed in tubes (T = 7.5%; C = 2.6%;
140 x 5 mm I.D .) at 3.5 rnA per tube using the following buffer systems: (A) system of Laemmli- ': (B)
system of Reisfeld!". (C) Protein titration curves were obtained with the PAGE technique (slab gels;
T = 5%; C = 3%; 125 x 125 mm) in the presence of 2% amphol ine (pH 3.5-10). First dimension:
isoelectric focusing (IEF), 50 min at SoC; 10 W/gel; second dimension : electrophoresis (EPH) of 100 JIg
of CAMP-factor preparation, 10 min at SoC; 700 V/gel.

Characterization of CAMP-F
Homogeneity and isoelectric point of CAMP-F. The technique to characterize

proteins by "protein titration"15 provides an excellent means to determine both the
isoelectric point and the degree of homo- or heterogeneity of an individual polypep
tide. "Protein titration" of the purified CAMP-F revealed an isoelectric point of
pI = 8.9 ± 0.2. The titration curve demonstrated in addition the presence of a single
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Fig. 3. Chromatofocusing of the CAMP-factor on polybuffer exchanger PBE 94 (column, 40 x I cm
I.D.). Separation of CAMP-factor (fraction Nos. IS-32) from contaminating material (fraction Nos.
40-53) was done by elution with polybuffer 96-hydrochloric acid at pH 7.0. Starting buffer, 0.025 M
ethanolamine-hydrochloric acid (pH 9.4); flow-rate, 12 rnl/h. Protein Jlg/ml (-e-e-); activity of CAMP
factor U/ml (-0-0 - ).
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TABLE I

SUMMARY OF PURIFICATION OF CAMP-FACTOR FR OM S. AGALACTIAE

Purification Total Specific Recovery Purifi-
step activity activity (%) cation

(units) (unitslmg} x-f old

(I) Culture supernatant 35.8 . 10" 3.9 . 103 100.0 1.0

(2) Ultrafiltrat ion after ammon ium 33.6 . 10" 22.4 . 103 94.0 5.6
sulphate precipitation

(3) Hydrophobic chromatography 31.9 . 106 113.0 . 103 89.0 29.1

(4) Chromatofocu~ing 20.6 · 10" 236.9. 103 57.6 60.8

Fig. 4. Protein titration of the purified CAMP-factor (see legend of Fig. 2).

polypeptide band within a wide range of pH (Fig. 4). In addition, analytical SDS
PAGE confirmed that CAMP-F isolated by chromatofocusing appeared as a single
protein band (Fig. SA).

Molecular weight ofpurified CAMP-F. Estimation of the molecular weight of

. S '

:':\:"'"""" 0.2"' 0.4) 0.6 "' 0.8 0' 1.0

RELATIVE MOBILITY

Fig. 5. (A) Analytical SDS-PAGE of CAMP-factor after different purification steps (T = 12%; C =
2.6%; 40 x 120 x I mm). Channels: I = marker proteins , phosphorylase (M, 95 000), BSA (M, 68 000),
fumarase (M, 49 000), carboanhydrase (M, 30 000); 2 = ammonium sulphate precipitate of culture su
pernatant; 3 = CAMP-factor after hydrophobic interaction chromatography; 4 = CAM P-factor after
chromatofocusing . (B) Determination of molecular weight of purified CAMP-factor by SDS-PAGE.
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CAMP-F was performed by SDS-PAGE with the aid of appropriate calibration
proteins. As can be seen from Fig. 5B, an apparent molecular weight of 25 kD ±
5% was found . The value was in good agreement with that of Bernheimer et al ." and

. corresponded well to the figure calculated from the amino acid analysis by Jiirgens
et al:". It differed considerably, however , from the molecular weights reported
earlier- :",

Antigenicity ofCAMP-F and detergent binding. CAMP-F produced antibodies
in the rabbit when used for immunization with complete Freund's adjuvant. When
the purified CAMP-F was analysed in immunodiffusion, one precipitation line was
observed. The antiserum was used in addition to detect CAMP-F in charge-shift
electrophoresis according to Helenius and Simons- ". Charge-shift electrophoresis re
vealed binding of cationic and anionic detergents resulting in a shift of the direction
of migration and electrophoretic mobility of CAMP-F (Fig. 6). This type of immu
noelectrophoresis indicated also that the purified CAMP-F, after detergent binding,
migrated as a homogeneous protein fraction.

-- ---- -- -~. ~

. )

'j--------

G
NO DETERGE NT

TX- DOC

TX

TX- CTAB

Fig. 6. Characterzation of CAMP-factor by charge-shift immunoelectrophoresis at pH 8.7 2°. Electro
phoretic mobility of purified CAMP-factor in the presence of Triton X-IOO and sodium desoxychol ate
(TX-SDOC), Triton X-IOO (TX), Triton X-IOO and cetyltrimethylammonium bromide (TX-CTAB), re
spectively.

DISCUSSION

Purification and characterization of CAMP-factor of group B streptococci by
different groups in the past gave rise to discussions of the chemical nature of this
extracellular polypeptide. Besides the molecular weights determined in different lab
oratories":", the isoelectric point and particularly the amino acid compositiorr'v -"
were at variance. These results are difficult to explain because the CAMP-F derived
from different strains of group B streptococci may well represent a different gene
product with differences in the amino acid composition. Thus, Bernheimer et al."
found 8 lysine, 18 alanine, 22 valine, and 4 methionine residues per mol, whereas 22,
31, 33, and I methionine residue(s) per mol, respectively, were found in our labo
ratory". The existence of one methionine residue, however, is of considerable interest
since BrCN cleavage should result in two peptide fragments . Recent experiments in
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our laborat ory" confirmed this view and demonstrated th at, instead of the five frag 
ments predicted from an earlier amino acid analysis>, only two fragments are found .

Purification protocols suggested also that the CAMP-F preparation obtained
by different groups3-6 varied considerably in their degree of purification . Proofs of
homogeneity by stringent methods were either lacking or indicated that the purified
materia l still exhibited considerable microheterogeneity, as revealed by IEF analysis" ,

It is consistent with our findings that polypeptides with flat titration curves" >
are not readily separated and characterized by IEF. When the CAMP-F purified by
gel filtration was subjected to isoelectric focus ing , the active material was detected
within a wide pH range (7-9.5) with ma ximum act ivity at pH 8.6 SOS-PAGE re
vealed, however, in contrast to earl ier works that the peak fraction still contained
five polypeptides, visualized by silver staining>" , which have not been sepa ra ted from
CAMP-F. These contaminants could be separated successfully from CAMP-F by
chromatofocusingt v>? in polybuffer exchanger PBE 94. Thus the CAMP-F fraction
eluted from the column at pH 9.0 was homogeneous as judged by SOS-PAGE,
charge-shift electrophoresis- ? and protein titration I S . The apparent molecular weight
of 25 kD wa s in good agreement with th at of 23.5 kO determined earlier by Bernhei
mer> ,
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SUMMARY

A new analytical and semi-preparative high-performance liquid chromato
graphic method for the separation of a brain ganglioside mixture into individual
components is described . Gangliosides were applied to a LrChrosorb-Nl-l , column
and eluted with the solvent system acetonitrile-phosphate buffer at different volume
ratios and ionic strengths. The elution profile was monitored by flow-through detec
tion of UV absorbance at 215 nm. The separation of mono- to polysialogangliosides
was performed in one step in a total elution time lower than 90 min and with high
reproducibility.

INTRODUCTION

Gangliosides, glycosphingolipids containing sialic acid , which are normally
present in the cell plasma membranes- -", are extracted from tissues as mixtures of
many species that differ in their oligosaccharide and/or ceramide portions. In recent
years, high-performance liquid chromatography (HPLC) has been introduced as a
methodological tool for the separation and quantification of glycosphingolipidsv !".
The described procedures, with analytical aims, generally make use of a pre-column
derivatization3 - 6 ,9 , 1 2 , 1 3 , 1 5-18. However, although these methods have the advantage
of being acceptably sensitive, they do not seem to be easily applicable to preparative
purposes. Besides, they generally require prewashing before injection to eliminate
unspecific by-products that may interfere with gangliosides during UV detection.
Recently, non-derivatized gangliosides have been separated on normal-phase silica
gel columns with solvent systems containing n-hexane7 •1 4 • Under these conditions
direct UV detection, in the wavelength range of ganglioside absorption (190-230
nm), is not convenient owing to solvent cut-off; therefore, tedious control thin-layer
chromatographic (TLC) analyses are required.

Gangliosides have also been separated by reversed-phase HPLC, in solvent
systems that permit direct UV detections-!"-' '. In these cases, the analytical and
preparative methods allow ganglioside molecular species to be separated because of
both the oligosaccharide and cerami de portions, but when it is applied to the reso
lution of complex ganglioside mixtures, some overlap occurs!".

0021-9673/85/503.30 © 1985 Elsevier Science Publishers B.V.
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In the present pape r, we report a HPLC methodology, that surmounts above
the disadvantages and can separa te and quantify non -deriv atized ganglioside mix
tures by direct flow-through reading at 215 nm. The system, which can also be used
for prepar ati ve purposes, utilizes a LiChrosorb-NH 2 column and a gradient of
acetonitrile-phosphate buffer as solvent system. Th e method has been standardized
by the use of nine pure gangliosides and has been applied to the purification of a
ganglioside mixture extracted from calf brain.

EXPER1M ENTA L

Materials
Silica gel preco ated thin-layer plate s (HPT LC, Kieselgel 60, 250 pm thick , 20

x 10 em) were purchased from Merck (Da rmstadt, F.R.G .); the total ganglioside
mixture was extracted from calf brain and parti ally purified according to Tettamanti
et al.' " , Traces of contaminants were eliminated from the gangl ioside lipid extract
as follows. The lyophilized crude ganglioside mixture was washed three times with
cold acetone (1 ml per 5 mg crude mixture). Th e organic phase containing less than
0.4% of total ganglioside mixture, as sialic acid , was discarded and the ganglioside
mixture was dissolved in doubly distilled water at a concentration of 200 mg of crude
mixture per millilitre , sonicated for 2 min and centrifuged for 5 min at 8500 g, the
clear supernatant containing gangliosides was carefully removed and lyophilized.
TLC sepa ration followed by densitometric quantitation-? of the ganglio side mixture,
carried out before and aft er the described purification steps, did not show any sig
nificant differences.

Standard gangliosides were extracted according to Tettamanti et al.t ". GM I,
GDl a, GDlb, GTlb and GQlb were prepared from calf brain, Fuc-GMI and
Fuc-GDI b from pig brain, GM 2 from a Tay-Sachs brain and GM3 from human
spleen (the nomenclature of Svennerholm-" , for gangli oside designation, is used). All

PHOSPHATE BUFFER
FINAL mMOLARITY

10

mmute s

Fig. I . Graphical representat ion of the elution gradient used in the HPLC separa tion of gangliosides.
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Fig. 2. Applicat ion of the HPLC anal ytical method to the separa tion of gangliosides present in a calf
br ain ganglioside mixture . Th e HPL C profile is compa red with that of individual stand ard gang1iosides
and with tha t of a sta ndard gangl ioside mixtu re.

TABLE I

REL ATI VE RETENTION TIMES (RRT) AN D REL ATI VE MOLAR RESPONSES (RM R) OF
STANDARD GANGLIOSIDES

GDl a is taken as 1.00.

Ganglioside RRT* RMR ± S.D .
( n = 6)

GM 3
GM 2
GMI
Fuc-GMI
GDl a
GDlb
Fuc-GDl b
GTlb
GQl b

0.202
0.421
0.656
0.900
1.000
1.184
1.350
1.503
1.869

0.536 ± 0.010
0.561 ± 0.006
0.607 ± 0.041
0.621 ± 0.023
1.000 ± 0.014
1.045 ± 0.024
1.055 ± 0.041
1.498 ± 0.088
1.90 I ± 0.091

* RRT = (RT x - RT m)/(RTG OlD - RTm). where RTx is the retention time of the tested ganglio
side, RTGOIa is the retent ion time of GD Ia, and RTm is the dead retenti on time. S.D. (on six determi
nat ions) of RT G OlD and of all RTx values were lower tha n 1.2%.
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Colorimetric methods
Ganglioside bound sialic acid was determined by the method of Warren-" after

acid hydrolysis of the sample in 0.05 M sulphuric acid (1 h at 80°C) and purification
of liberated sialic acid by ion-exchange chromatography on a Dowex 2-X8
(CH3COO-) column- ' . Pure N-acetylneuraminic acid was used as the standard.

RESULTS AND DISCUSSION

Fig. 2 shows the separation of GM3 , GM2, GMl , Fuc-GMl , GDla, GDlb,
Fuc-GDlb, GTlb and GQlb standard gangliosides, obtained by analytical HPLC,
according to the elution gradient programme in Fig. 1. Fig. 2 also illustrates the
chromatographic behaviour of each individual ganglioside injected alone. Ganglio
sides were eluted from the column depending from their degree of polarity. GM3
and GQ 1b gangliosides, which were the first and last to be eluted , displayed retention
times of 572 and 4318 s (mean values), respectively. The relative retention times of
each ganglioside, referred to GDla, are listed in Table I.

Although gangliosides show an UV maximum absorption at 195 nm10, column
elution was followed at 215 nm, where the ganglioside absorption corresponded to
60% of that recorded at 195 nm. This was necessary in order to avoid zero-line
variation caused by variations in the solvent absorption at 195 nm during the gradient

80 GOlb

GTlb

GOlb

Fuc- GDlb
GDlb
GDla

2015

Fuc-GDlb
GDlb
GDla

GTlb

10

Fuc-GMI
- GMI

~~~~~GM2== GM3

0.2 0.4 0.6 0.8
ganglioside . n moles

20

'"..:;; 40

400

1600

~ 800C1.

ganglioside . n moles

Fig. 3. Applicat ion of the HPLC analytical method to ganglioside quantification: relationship between
peak area (mm' at 0.025 a.u.f.s.) and amount of injected gangliosides (nmol).
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Fig . 4. Application of the HPLC preparative method to the isolation of individual gangliosides from a
calf brain gangl ioside mixture. (A) HPLC elution profile, recorded by UV absorbance at 215 nm . (B)
HPLC elution profile monitored by HPTLC; 20-ml fractions were collected, and O.I-ml aliquots were
spotted after dr ying and redis solv ing in 20 JlI of chloroform-methanol (2: I). St = Standard ganglioside
mixture.

programme. The UV absorbance responses of equimolar amounts of different gan
gliosides increased with increasing sugar content, and in particular with an increase
in the num ber of sialic acid residues. The response was linear with ganglioside content
up to 20 nmol (Fig. 3): at this value the resolving power of the column is still ad
equate. The lowest amount of each ganglioside considered suitable for quantification
is deemed to be that corresponding to an electrical impulse at the recorder of six-fold
over the instrumental noi se at 0.005 a.u .f.s. ; this yields a peak area of ca. 30 mrn- .
As indicated in Fig . 3, this limit corresponds to 0.26 nmol for GM3, 0.08 nmol for
GQ Ib ganglioside, and intermediate values for the other gangliosides used. Standard
de viation values were less than I% for ganglioside amounts between I and 20 nmol ,
less than 3% between 0.5 and I nrnol , and still acceptably low (± 5% of mean value)
for ganglioside amounts less than 0.5 nmol. The relative molar responses (RMR) of
the gangliosides analysed , referred to GOla as reference standard, are listed in Table
I.

The calf brain ganglioside mixture, known to contain four major gangliosides,
GOla, GTlb, GMI and GOlb, which contain 38% , 16% , 13.5% and 9.4% , re
spectively-", of the total brain sialic acid , and a number of minor species, was sub
mitted to analytical (Fig. 2) and preparative (Fig . 4) HPLC separation, according to
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Fig. 5. Applicat ion of the HPLC analytical method to verification of the homog eneity of GT Ib ganglioside
purified by preparative HPLC, from a calf brain ganglioside mixture: (a) 10 nmol of standard GM I, range
0.025 a.u.f.s.; (b) 10 nmol of standard GDla, range 0.025 a.u.f.s.; (c) 20 nmol of purified GTlb, range
0.05 a.u.f.s.; (d) 20 nmol of purified GTlb, range 0.005 a.u.f.s. -

the presented method. Under preparative conditions, up to 5 mg of ganglioside mix
ture (as sialic acid) could be injected, producing an excellent peak resolution, with
practically no overlap , as demonstrated by the TLC column mon itoring (Fig . 4). If
the injected amount was larger, the resolving power of the column decreased and
some cross-contamination occurred.

The purity of each ganglioside separated by the analytica l HPLC procedure
described was at least 99%, with respect to other contaminant gangliosides. Fig . 5
shows the HPLC analysis of OTl b purified from the calf brain ganglioside mixture:
20 nmol of OT Ib were injected and the elution was recorded at two different a .u.f.s.
values, in order to detect very minor contaminants. In this particular case, the OT Ib
ganglioside was more than 99.5% pure.

CONCLUSION

The described procedure fulfills all the requirements of a method suitable for
both quantification and preparation of pure ganglioside, starting from complex mix
tures. It gives highly reproducible results (1-2% S.D. in retention times), even after
hundreds of injections, because the solvent gradient programme is accurately com
puter -controlled.

The linearity range of the UV responses, and the low calculated standard de
viations for RM R values, make this method reliable for accurate quantification of
single gangliosides; in addition, the sensitivity of this method is much higher than
that provided by conventional color imetric procedures.

Finally, the abi lity to detect and quantify, in a precise way, ganglioside con
taminants as minor as 0.1% of the total amount injected, makes this procedure very
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useful in purity analysis. Adaptations of the method to the resolution of complex
ganglioside mixtures extracted from cxt ranervous tissue s and body fluids, and from
brains of non-mammalian specie s, are already in progress in our laboratory.
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SUMMARY

A rapid and simple method for the simultaneous determination of penicillin
G (PCG), penicillin V (PCV) and ampicillin (ABPC) in milk is described. The reten
tion behaviour of these p-Iactam antibiotics in reversed-phase liquid chromatography
with mobile phases containing sodium alkylsulphonate was studied. Good separa
tions were obtained with methanol-water-G.Z M phosphate buffer (pH 4.0) (5:13:2)
containing 11 mM sodium l-heptanesulphonate and a LiChrosorb RP-18 column.
The sample was pre-treated with a Sep-Pak CiS cartridge. The peaks corresponding
to each p-Iactam antibiotics can be confirmed with the treatment using penicillinase.

The recoveries from milk fortified with sodium PCG, potassium PCV and
ABCP at levels of 0.5 and 0.1 J.l.g/g each were generally better than 87% and the
relative standard deviations were 1.17-4.98%. The detection limits corresponded to
0.03 J.l.g/g of these p-lactam antibiotics in milk.

INTRODUCTION

p-Lactam antibiotics continue to be used in both human and veterinary med
icine. In modern agricultural practice, however, frequent utilization of these anti
biotics has led to problems with the spread of resistance factors and environmental
pollution, and a simple, sensitive and selective method for the determination of re
sidual p-Iactam antibiotics in livestock products is therefore required.

Microbiological assays are mainly used for the determination of residual P
lactam antibiotics in foods as they are very sensitive. However, these methods require
a long period of incubation, lack specificity and are difficult to quantify accurately.

Although numerous chemical methodsv" are available for the determination
of p-Iactam antibiotics, most of them are inadequate for determining trace levels in

* For Part III, see ref. 17.

0021-9673/85/$03.30 © 1985 Elsevier Science Publishers B.Y.
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livestock products because they were developed for clinical applications. The detec
tion of f1-lactam antibiotics at residue levels requires much higher sensitivity and
selectivity.

Recently, high-performance liquid chromatographic (HPLC) techniques for
the analysis of f1-lactam antibiotics have been developed 7

- 1 4 and applied also to the
determination of residual antibiotics in foods' 5--17. In previous work, we established
an HPLC method 17 for the determination of residual penicillin G (PCG) in animal
tissues using an on-line concentration and purification system and successfully ap
plied it to analyses of cattle liver, kidney and muscle . This method, however, is in
applicable to the simultaneous determination of other kinds of f1-1actam antibiotics
such as ampicillin (ABPC).

The purpose of this work was to investigate the retention behaviour of peni
cillin V (PCV), PCG and ABPC in a reversed-phase ion-pair HPLC system and to
establish a rapid , sensitive and selective method for the simultaneous determination
of these f1-lactam antibiotics in milk .

EXPERIMENTAL

Apparatus
The HPLC equipment consisted ofa Jasco (Tokyo, Japan) Uniflow 211 pump,

a VL 611 variable-loop injector with a 100-jil sample loop, a Uvidec 100 II UV
detector operating at 210 nm and a Nippon Denshi Kogaku (Kyoto, Japan) U-125M
recorder.

Separations were carried out by using a stainless-steel column (15 em x 4.3
m 1.0.) (Umetani, Osaka, Japan) packed by the balanced slurry technique with Li
Chrosorb RP-18 (5 jim) (E. Merck, Darmstadt, F .R.G.). The column was encased
in an acrylic jacket connected to a Yamato (Tokyo, Japan) BT-35 circulating water
bath to maintain the temperature at 4SOC.

A 5 em x 2.1 mm 1.0. guard column was fitted in front of the analytical
column and was tap-packed with Permaphase ETH (DuPont, Wilmington, DE,
U.S.A.).

Reagents
Sodi urn PCG (1650 Ufmg), potassium PCV (1560 U fmg) and ABPC were

obtained from Sigma (St. Louis, MO, U.S .A.), penicilinase from Calbiochem (San
Diego, CA, U .S.A.), sodium alkylsulphonates from Tokyo Kasei (Tokyo, Japan),
18-crown-6 ether from E. Merck and methanol (HPLC grade) from Wako (Osaka,
Japan). A Sep-Pak C I 8 cartridge was purchased from Waters Assoc. (Milford, MA,
U.S.A .).

The phosphate buffer was prepared from 0.2 M potassium dihydrogen phos
phate by titration to the required pH with 0.2 M phosphoric acid or 0.2 M sodium
monohydrogen phosphate.

All the water used was purified with a Milli-Q water purification system (Mil
lipore, Bedford, MA, U.S.A.).

Chromatographic procedure
Mobile phases were prepared immediately before use by dissolving the calcu-
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lated amount of sodium alkylsulphonate in methanol-water~.2 M phosphate buffer.
The operating conditions are given in the figure captions.

Sample preparation
A Sep-Pak CI S cartridge was attached to a 20-ml glass syringe and pre-con

dit ioned with 20 ml of methanol, 20 ml of water and 2 ml of 2% sodium chloride
solution prior to use.

A milk sample was filtered through a glass-wool plug, then ca. 30 g of it was
weighed accurately in a 50 ml beaker and poured into the Sep-Pak CIS cartridge at
a rate of2 ml/min. After all of the sample had been added to the cartridge, the beaker
was rinsed with 10 ml of water. The rinsing solution was poured into the cartridge
at a similar rate to above, then the cartridge was washed with 5 ml of water and 10
ml of methanol-water-20% sodium chloride solution (I :8: I) containing 20 mM 18
crown-6 ether. The cartridge was then attached to another glass syringe and the p
lactam antibiotics were eluted with 10 ml of 15% (v/v) methanol. Aliquots (100 ttl)
of the eluate were subjected to HPLC.

Quantitation and confirmation
Quantitation was carried out using calibration graphs obtained from a stan

dard solution containing 15% (v/v) of methanol.
When the peaks coinciding with PCG, PCV and ABPC appeared on the chro

matogram, a confirmation test using penicillinase was carried out in the following
manner. An aqueous solution of penicillinase (1000 Ujrnl, 0.2 ml) was added to 5 ml
of eluate from a Sep-Pak CIS cartridge and the mixture allowed to stand at room
temperature for at least 5 min . Then the solution (100 J.l1) was subjected to HPLG
again and the disappearance of each peak on the chromatogram was confirmed.

RESULT AND DISCUSSION

For chromatographic separations of p-lactam antibiotics, ion-exchange or re
versed-phase chromatography are usually chosen . However, ion-exchange chromato
graphy provides separations of low efficiency and reversed-phase chromatography is
unsuitable for monobasic penicillins and more polar amphoteric penicillins simul
taneously. Recently, ion-pair reagents and crown ethers have been employed to in
crease the retention time of polar p-lactam antibiotics.

Fig . 1 shows the relationship between the capacity factor (k') of PCG, PCV
and ABPC and carbon number of sodium alkylsulphonate added to the mobile phase
as an ion-pair reagent, and Fig . 2 shows the effect of the concentration of sodium
l-heptanesulphonate added as an ion-pair reagent on the k' of PCG, PCV and ABPC.
The k' of ABPC increased with increasing carbon number and/or concentration of
ion-pair reagent, whereas the k' of PCG and PCV decreased. These results suggest
that alkylsulphonates exert opposite effects on the retention of p-lactam antibiotics,
giving an increasing and a decreasing effect on k' , The former effect predominates in
the retention of ABPC by ion-pair formation by the amino group of ABPC and the
alkylsulphonates. The latter effect is observed in the retention of PCG and PCV,
which have no amino groups in the structures, owing to competition between the
p-lactam antibiotics and the alkylsulphonates in binding to the stationary phase.
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Fig. I. Relationship between the k' of PCG , PCV and ABPC and carbon number of the sodium alkyl
sulphonate added to the mobile phase . Column, LiChrosorb RP-18 (5 Jlm) (15 cm x 4.3 mm 1.0.); mobile
pha se, methanol-water-o.2 M phosphate buffer (pH 4.0) (5:13:2) containing 10 mM sodium alkylsul
phonate ; flow-rate, 1.0 rnl/rnin; column temper ature, 45"C; detecti on, UV (210 nm). e, PCG ; 0, ABPC;
x, PCV.

Fig. 2. Effect of the conc entration of sodium I-heptanesulph onate on the k' of PCG , PCV and ABPC.
Mobile phase , methanol-water-o.2 M phosph ate buffer (pH 4.0) (5:13:2) containing 0-30 mM sodium
I-heptanesulphonate. Other conditi ons as in Fig. I.

Fig. 3 shows the effect of the pH of the phosphate buffer added to the mobile
phase on the k' of PCG, PCV and ABPC. The k' of ABPC decreased with increasing
pH , whereas at pH below 5 the k' of PCG and PCV decreased sharply with increasing
the pH but at pH above 5 k' increased slight ly, with a maximum at pH 7.

Fig. 4 shows the effect of the concentration of phosphate buffer (pl-l 4.0) added
to the mobile phase on the k' of PCG, PCV and ABPC. The k' of PCG and PCV
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Fig. 3. Effect of the pH of the phosphate buffer added to the mobi le phase on the k' of PCG , PCV and
ABPC. Mob ile phase, methanol-water-D .2 M phosphate buffer (pH 3.0-9.0) (5:13:2) conta ining 10 mM
sodium l-h eptancs ulfon ate. Other condi tions as in Fig. I.

Fig. 4. Effect of the concentrati on of phosphate buffer (pH 4.0) on the k' ofPCG, PCV and ABPC. Mobile
phase, methanol (25% , v/v)-water-phosph ate buffer (pH 4.0) containing 10 mM sodium l-heptanesul
phonate. Other conditi ons as in Fig. I.
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Fig. 5. Effect of the concentration of methanol on the k' of PCG, PCV and ABPC. Mobile phase,
methanol-water con taining 0.02 M phosphate buffer (pH 4.0) and 10 mM sodium I-heptanesulphonate.
Other cond itions as in Fig. I.

Fig. 6. Typical liquid chromatogram of PCG , PCV and ABPC. Mobile phase, methanol-water-u.z M
phosphate buffer (pH 4.0) (5:13:2) cont ain ing II mM sodium I-heptanesulphonate. Other conditions as
in Fig. I.

increased with increasing concentration, whereas the k' of amphoteric ABPC de
creased slightly with increasing the concentration above 0.02 M.

Fig. 5 shows the effect of the concentration of methanol on the log k' of PCG,
PCV and ABPC. Increasing methanol concentration caused them to elute earlier, but
amphoteric ABPC was more affected than PCG and PCV and an approximately
linear relationship existed between the log k' of ABPC and the methanol concentra
tion .
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Fig. 7. Relation ship between the volume of the sample poured into the Sep-Pak CI S cartridge and the
peak height.

Fig. 8. Effect of sodium chloride concentra tion in the rinsing solution [containing 20 mM 18-crown-6 ether
and 10% (v/v) methanol] for the Sep-Pak CIS cartridge on the recoveries ofPCG, PCV and ABPC.
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ABPC.

Fig . 10. Effect of meth an ol concentration in the rinsing solution [containing 20 mM IS-crown-6 ethe r and
2% (w/v) sodium chloride] for the Sep-Pak C ' s cartridge on the recoveries of PCG, PCV and ABPC.

On the basis of these results, methanol-water-0.2 M phosphate buffer (pH 4.0)
(5:13:2) containing II mM sodium I-heptanesulphonate was chosen as the mob ile
phase . Fig. 6 shows the typical chromatogram obtained from a standard mixture. A
good separation was attained in only 20 min, even without gradient elution .

The use of a Sep-Pak C 18 cartridge for the pre-treatment led to a rapid and
effective sample prepar ation . PCG, PCV and ABPC were absorbed in the cartridge
from a milk sample injected directly. Fig . 7 shows the relationship between the vol
ume of sample poured into the Sep-Pak C I 8 cartridge and the peak height obtained
with the overall procedure. It indicates that the volume of sample should be less than
30 ml to ensure stable recoveries of PCG and ABPC. Consequently, 30-m! volume s
(about 30 g) of sample were used.

Optimal clean up conditions for the Sep-Pak C I 8 cartridge could be chosen by
reference to the investigation of chromatographic beha viour in HPLC, because the
packing material of the Sep-Pak C 18 cartridge had similar properties to those of the
analytical column.

Figs. 8-10 show tl-e effect of sodium chloride, 18-crown-6 ether and meth anol
concentration, respect ively, in the rinsing solution for a Sep-Pak C I 8 cartridge on the
recoveries of the p-Iactam antibiotics. PCG and PCV showed good recoveries inde
pendent of the concentration of 18-crown-6 ether when the sodium chloride concen
tration was abo ve 0.5% , but the recovery of ABPC fell to 64% when 18-crown-6
ether was not added to the rinsing solution. Nakagawa et al .t " reported that the
addition of crown ethers to the mobile phase in reversed -phase HPLC enhanced the
k' of p-lactam antibiotics that had prim ary amino groups in the structure. Therefore,
the absorption efficiency with respect to ABPC was enhanced by the addition of
18-crown-6 ether.

The back ground readings on the chromatogram decreased with increa sing
methanol content in the rinsin g soluti on, but above 15% for ABPC and 20% for
PCV the peak height decreased sharply. On the basis of these results, methanol-
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Fig. II. Elution pattern of PCG, PCV and ABPC from the Sep-Pak C I 8 cartridge .

water-20% sodium chloride solution (I :8: I) containing 20 mM 18-crown-6 ether was
used to rinse the Sep-Pak CIS cartridge.

Fig. II shows the elution pattern of the p-lactam antibiotics from a Sep-Pak
CI S cartridge. Most part of the PCG, PCV and ABPC were eluted with 10 ml of
15% (vjv) methanol.

In a recovery test, the proposed method was applied to milk samples spiked
with sodium PCG, potassium PCV and ABPC at levels of 0.5 and 0.1 J1.gjg . The
reproducibility was determined by carrying out five identical analyses . The results
are summarized in Table I.

TABLE I

RECOVERIES OF PCG, PCV AND ABPC IN MILK

Added PCG PCV ABPC
(»sls)

Av.* CV** Av.* CV** Av.* CV**
(%) (%) (%) (%) (%) (%)

0.5 98.4 4.34 95.9 3.41 88.0 3.59
0.1 101.1 1.17 97.7 3.17 87.0 4.98

* Average of five determination s.
** Coefficient of variation.

Fig. 12 shows the chromatograms obtained in the recovery experiment (a) and
from the samp le solution treated with penicillinase (b). The peaks corresponding to
PCG , PCV and ABPC disappeared. The detection limit of this method was 0.03 J1.gjg
for each p-lactam antibiotic.
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Fig . 12. Liquid chro matograms obtained from a milk sample by the overall procedure (a) and the sample
solution trea ted with penicillinase (b). Sample spiked with 0.5 J1.g/g each of sodium PCG , pota ssium PCV
and ABPC. Operating cond ition s as in Fig . 6.

CO NCLUSION

A method for the HPLC determination of PCG, PCV and ABPC has been
developed that has several ad vantages. The addition of sodium l-heptanesulphonate
to the mobile phase gives good separations, as PCG, PCV and ABPC can be com
pletel y separated in only 20 min without gradient elution. Th e use ofa Sep-Pak C t s
cartridge makes it pos sible to pre-treat the sample rapidly. It is applicable to unstable
substances such as f3-lactam antibiotics, which are liable to degrade on extraction
and evaporation. The peaks corresponding to each fJ-lactam antibiotics are easily
confirmed by treatment with penicillinase.

The proposed method, therefore, should be applicable to routine determina
tions of residues of fJ-l act am antibiotics in milk .
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SUMMARY

The elution behaviour of sodium dialkyldithiocarbamates (R 2NCS2Na:
R = CH 3 , C2Hs, n-C3H 7 and n-C4H 9 ) was examined by high-performance liquid
chromatography on C I-, Cs- and CIs-bonded silica columns in the presence of tet
raalkylammonium salts . The best separation of the carbamates was obtained from
the Cs-bonded column, with a mobile phase of methanol-lfI5 M phosphate buffer
(60:40) at pH 6.8 containing tetra-n-butylammonium bromide (0.025 M). This
method was applied to the analyses of commercial R2NCS 2Na. The results are in
good agreement with those obtained by potentiometric titration.

INTRODUCTION

Dithiocarbamate salts are widely used as colouring or extracting agents or
titrants for metal ions and also as pesticides or vulcanization accelerators. Many
methods have been reported for the determination ofR2NCS2Na

l - 6 , but they are all
specific only for the dithiocarbamate group and cannot simultaneously determine
several R2NCS2Na salts with different alkyl substituents. The most suitable technique
for their determination is high-performance liquid chromatography (HPLC).

In recent years, HPLC has been successfully applied to the separation of var
ious dialkyldithiocarbamate-rnetal complexes in both normal-phase?"? and reversed
phasel~-12 modes for the simultaneous analysis of metals . On the other hand, Smith
et al.t? reported the determination of R2NCS2Na by HPLC on a CIs-bonded silica
column using transition-metal salts as ion-pairing reagents. The injection of more
than two kinds of carbamate brought about the complicated interpretation of the
results, because of the formation of mixed complexes. Kirkbright and Mullins!" used
cetyltrimethylammonium bromide (CTAB) above its critical micelle concentration as

0021·9673/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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the surfactant in the mobile phase to achieve the micellar HPLC separation of five
dithiocarbamates on a CN-bonded silica column. It is assumed in micellar chro
matography that if a solute partit ions to the micelle in the mobile phase, then its
retention decreases with an increase of the micelle concentration. This is true for the
above-mentioned separation : the retention of the carbamates decreased as the CTAB
concentration increased .

We tried to determine R2NCS 2Na directly or after esterification by HPLC
with a column packed with hydrophobic styrene-divinylbenzene porous polymer
beads , but could not achieve satisfactory precision . Howe ver, the aplication of a
hydrophilic porous polymer column, together with tetraalkylammonium salts as ion
interaction reagents, gave satisfactory separation and quantification of four
R2NCS 2Na by HPLCI5.

In this paper we describe the determination of R2NCS 2Na by HPLC on a
C I-, Cs- or CI s-bonded silica column in the presence of tetraalkylammonium salts.
Th is method was applied to the analysis of commercially available R 2NCS 2Na. The
results indicate that the method is more precise than the previous one using the
hydrophilic porous polymer column.

EXPERIMENTAL

Materials
The four kinds of R 2NCS 2Na (R= CH 3 , C2Hs, n-C 3H7 and n-C4Hg ) used in

this study were obtained from Ohuchi Shinko (Tokyo, Japan) and are denoted by
Me2NCS2Na, Et 2NCS2Na, Pr2NCS2Na and BU2NCS2Na, respectively. These were
purified twice by recrystallization from ethanol. Methanol and deionized water were
distilled, and all other chemicals from Wako (Osaka, Japan) were of analytical re
agent grade.

Apparatus
A Shimadzu LC-4A system (Kyoto, Japan) was used for HPLC. The eluates

were detected with a SPD-2AS UV detector at 254 nm . The Cj-bonded silica column
and the Cs- and Cis-bonded ones (particle size 5 jlm, 150 x 4.6 mm 1.0.) were
obtained from Chemco (Osaka, Japan) and Gasukuro Kogyo (Tokyo, Japan), re
spectively. The column temperature was kept at 25°C, and the flow-rate of the e1uents
was 1.0 ml/rnin. All the eluents were filtered through a 0.45-jlm membrane filter
(Millipore) prior to use. A lO-jll portion of sample solutions was injected . The reten
tion times and peak areas were measured with a Shimadzu C-RIA computer inte
grator.

A Kyoto Denshi AT-0 2 instrument (Kyoto, Japan) was used for potentiomet
ric titration.

RESULTS AND DISCUSSION

Effects of eluent composition and tetraalkylammonium salts
First, the retention of the four R 2NCS 2Na salt s was examined by changing the

ratio of methanol to 1/15 M phosphate buffer (pH 6.8) in the eluent in the absence
of tetraalkylammonium salts. Each R2NCS 2Na was reta ined strongly on the C I, Cs
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and CIS stationary phases and could not be eluted , so the retention was reduced by
the addition of tetramethyl- or tetrabutylammonium bromide (TMAB or TBAB ,
respectively) or crAB to the eluents. At a constant concentration of the tetraalkyl
ammonium salt , the retention and separation of all four R2NCS2Na salts increased
as the methanol content in the eluent was decreased: a large decrease led to consider
able peak tailing . The retention of each R2NCS2Na also varied with both the sta 
tionary phase and the tetraalkylammonium salt.

Optimum separation conditions
In order to obtain the optimum separation of the four R2NCS2Na salts , the

effect of the methanol content in the eluent on the retention and on the peak shape
was investigated for each of the nine combinations stationary phase and tetraalkyl
ammonium salt. The concentration of the latter was kept constant at 0.025 M .

Fig. I shows the results for the CIS stationary phase, which is used widely in
the reversed-phase mode. The optimum eluent compositions, chosen with regard to
both the separation and the retention times of R2NCS2Na, are marked with arrows.
The liquid chromatograms obtained in such optimum eluents are depicted in Fig. 2.
It is apparent that the four peaks are well separated in the presence ofTMAB, TBAB
or CTAB. However, the considerable peak tailing is observed with both TMAB and
TBAB.

The equivalent results for the C1 stationary phase are shown in Figs. 3 and 4.
The peak tailing is much less marked than with the CIS phase, but the separation of
Me2NCS2Na and Et2NCS2Na is poor. The four solutes cannot be separated at all
in the presence of TMAB.

As shown in Figs. 5 and 6, the Cs stationary phase gives sharp, well separated
peaks of the four R 2NCS2Na. In particular, the addition of TBAB to the eluent of
containing 60% methanol results in a complete separation within 10 min (Fig . 6b).

The effect of TBAB concentration on the retention was examined over a range
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Fig. I. Effect of methanol content in the eluent methanol-L't S M phosphate buffer (pH 6.8) on the
retention of R2NCS2Na on CIs-bonded silica in the presence of (a) TMAB, (b) TBAB and (c) crAB.
Carbamates: 1= Me2NCSzNa; 2 = EtzNCSzNa; 3 = Pr zNCS zNa; 4 = BuzNCSzNa.
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details as in Fig. I .

of 0.00 1-0 .1 M. A linear relationship was obtained between log (capacity factor) and
log (TBAB concentration), as shown in Fig. 7. A decrease in the retention of
R1NCS1Na is observed as the concentration of TBAB increases. This suggests an
important role for micelles in this system, as previously reported for CTABI4. The
optimum separation was obtained by eluting with 60:40 methanol-Ill 5 M phosphate
buffer (pH 6.8) containing 0.025 M TBAB. Under these conditions, the retention
times of the solutes are: Me1NCS1Na, 2.42 min; ET lNCS1Na, 3.00 min; Pr1NCS1Na
4.70 min and Bu1NCS1Na 9.84 min (see Fig. 6b) .

Analytical calibration and application
To evaluate the quantitative applicability of the method, standard reference

samples containing each R2NCS2Na over the concentration range 0.1-1.0 mg/rnl
were determined, and each calibration curve was constructed by plotting the peak
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Fig. 6. Separation of R2NCS2Na in the eluents marked with arrows in Fig. S. Other details as in Fig. 5.
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TABLE I

REGRESSION ANALYSIS

Y = concen tration of RzNCS1Na (10- 0 M); X = peak are a .

Sample

Me 2NCS1Na
Et1NCS1Na
Pr2NCS1Na
Bu1NCS1Na

Regression equation

Y = 1.6489X + 0.0034
Y = 1.9061X - 0.0021
Y = 2.3502X +0.0069
Y = 2.9426X - 0.0072

Correlat ion coefficient

0.999
1.000
0.998
0.998

area against the concentration of R2NCS 2Na. Table I gives the results for these
regression analyses and indicates good applicability of the method to the determi
nation of R2NCS2Na.

The proposed HPLC method was applied to the analysi s of commercial

TABLE II

COMPARISON STUDY OF THE ANALYSIS OF COMMERCIAL R1NCS1Na

Sample This method Potentiometric meth od G-320 method

Purity (%) c. v. Purity (%) c.v. Purity (%) c.v.

Me2NCS2Na 78.72 0.32 78.71 0.27 78.69 1.34
Et 1NCS2Na 75.88 0.15 75.89 0.24 75.94 1.15
Bu1NCS2Na 51.20 0.87 51.22 0.95 51.43 1.87
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R2NCS2Na, and the results obtained were compared with those determined by both
the potentiometric method -? and the G-320 method 1 5 using hydrophilic porous poly
mer beads (cross-linked poly(vinyl alcohol); Asahipack G-320 from Asahi Kasei,
Tokyo, Japan) as column packing with methanol-water (30:70) containing TMAB
(0.10 M) as eluent. As shown in Table II , the purities for each sample determined by
the three methods are in good agreement. The coefficients of variation (C.V.) for this
method are comparable with those for the potentiometric method and smaller than
those for the G-320 method.
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SUMMARY

High-performance liquid chromatography with voltammetric detection was
used to separate and quantitate a mixture of ten phenolic acids. Resolution from
both the column and detector was necessary in order to achieve baseline separation
of the mixture. The voltammetric detector yielded two-fold better precision than for
amperometric detection of the same compounds, due to an inherent discrimination
against electrode passivation. In addition, for all of the compounds studied, a sig
nificant improvement in precision was obtained when the difference in response at
two separate potentials, was used for quantitation.

The best behavior was observed for 3,4-dihydroxycinnamic acid which exhi
bited a detection limit of 20 pmo!. The detection limits for the other compounds were
within a ten-fold range of this value.

INTRODUCTION

Within the past decade the popularity of electrochemical detectors has in
creased rapidly due to their high sensitivity and their increased selectivity within the
voltage domain. However, a major limitation exists for quantitative analysis of spe
cies that are not chromatographically separable and/or where electroactive impurities
are convoluted within the analytical peak . While it is possible to optimize the chro
matographic conditions for a given sample, the same set of chromatographic con
ditions are often unacceptable for a different sample type.

Recently this problem has been addressed by using voltammetric detection
where the potential domain was used successfully to resolve an overlapped chro
matogram1. In this study, we present the results for various phenolic acids and their
derivatives to further demonstrate the utility of voltammetric detectors.

Phenolic compounds arc widely distributed in plants and animals. Phenolic
acids are known for their hormonal activity in plant growth and their stimulatory or
inhibitory activity (depending on the concentration) in biological tissue". Various
chromatographic procedures have been developed for identification of these com
pounds, including gas chromatography- and high-performance liquid chromato-

0021-9673/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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graphy (HPLC)4.5 . In contrast, quantitative analysis of these compounds has not
been developed due to poor chromatographic separation and the absence of a selec
tive detector. In most cases only an estimate of their concentration is reported :':" .

Most phenolic compounds are electroactive and can be oxidized at a relatively
low potential i -". Those compounds with oxidation potentials 100-200 mY apart can
be resolved by a voltammetric detector even if they are not separated by the chro
matographic column.

EXPERIMENTAL SECTION

HPLC apparatus
Chromatography was carried out with a Model 8800 gradient liquid chro

matographic system (DuPont Analytical Instrument Division, Wilmington, DE,
U.S .A.). Sample was injected via a Micromeritics Model 725 automatic injector
equipped with a 20-.u1 sample loop (Microrneritics, Norcross, GA, U.S.A.) . Separa
tions were achieved on a 250 x 4.6 mm J.D . DuPont Zorbax ODS reversed-phase
column (5 .urn porous support particles) or a 300 x 4.6 mm J.D . .uBondapak C I 8

reversed-phase column (10 .urn porous support particles, Waters Assoc.). The column
effluent was monitored simultaneously with two detectors in series. The first detector
was a Milton Roy variable-wavelength Spectromonitor 0 with a wavelength range
of 190 to 700 nm (LDCjMilton Roy, Riviera Beach, FL, U.S .A.). In addition to
monitoring the chromatograms for any non-electroactive components which might
be present, this detector provided a means to assess any band broadening caused by
the second detector. The second detector was a coulostatic electrochemical detector
equipped with a glassy carbon electrode. Technical details of this instrument have
been reponed elsewhere" . With this instrument, it is possible to scan the applied
potential at a rate of 3 VIs, while recording up to 15 channels of chromatographic
data , each corresponding to a different applied potential. This is analogous to scan
ning the wavelength and recording spectra with a diode array detector.

A microVAX (Digital Equipment) computer with one megabyte of memory
was used to control the measurement process and record the data . The large memory
was necessary in order to store the vast quantity of data generated by multiple-chan
nel chromatograms.

Chemicals and reagents
Phenolic compounds were purchased from Aldrich, and from Sigma (4,8-di

hydroxyquinoline-2-carboxylic acid and 1,3,5-trihydroxybenzol). All reagents were
analytical reagent grade.

The mobile phase was methanol-acetate buffer (10:90, vjv], from which dis
solved oxygen was removed by saturation with nitrogen. The acetate buffer was pre
pared by adjusting a 0.036 M ammonium acetate solution to pH 4.0 with 3 M acetic
acid .

Standard samples were prepared by dissolving the appropriate amount of phe
nolic compounds in the mobile phase. The grape juice samples were diluted ten-fold
prior to injection. Samples were filtered through Sep-Pak C 18 cartridges (Waters
Assoc.) before injection into the chromatograph.
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Table I lists the relative peak area as a function of applied potential for a series
of phenolic compounds. These data were obtained from single component injections
of each analyte. The detector was operated in an identical manner for all samples;
a series of 50 mV steps was applied, and the response was recorded at each potential.
In this manner, several parallel data channels were obtained for each chromatograph
ic run. For any given compound, the chromatographic peak was integrated over the
same time interval for each channel. Each value reported is the average of four ident
ical samples .

The values listed for each compound in Table I represent points along the
hydrodynamic voltammogram. Therefore, the table can be used to select the appro
priate voltage for quantitation of each compound in addition to showing the relative
responses . The table also indicates the degree of voltammetric resolution which can
be attained between the various compounds.

. The behavior observed in Table I for 4-hydroxybenzoic acid is unusual. The
response initially increases rapidly to a plateau, then decreases severely before re
turning to a significant level, and eventually going off-scale as the solvent begins to
oxidize. No satisfactory explanation for this behavior can be given at this time; how
ever, it can not be attributed to instrumental artifact because the compound exhibits
similar behavior when subjected to cyclic voltammetry.

Fig. I is a three dimensional chromatogram of a mixture of phenolic acids .
The electrochemical response (y-axis) was plotted versus voltage (z-axis) and time
(x-axis). Each horizontal trace represents a single channel separated by 50 mV from
the adjacent channels, all of which were collected simultaneously from a single chro
matographic injection. The point density in the figure has been reduced four-fold
from that of the acquired data, in order to avoid overlap between the lines which
run parallel to the a-axis. Although the column resolution is quite good for this
complex mixture, compounds b, c, and d, and also f and g, are not completely re
solved chromatographically. Voltammetric resolution of a pair of overlapped peaks
is possible whenever their oxidation potentials differ by at least 120 mVjn; where n
is the number of electrons transferred. For example, peaks c and d in the figure are
resolved in the voltage domain, and peaks band c are partially resolved , while no
voltammetric resolution can be achieved for peaks f and g. Peak g actually represents
two compounds which are partially voltammetrically resolved as evidenced by the
shoulder which appears on the trailing edge of the peak at higher potentials. Com
pounds i and j are resolved in both the voltage domain and by the column under the
current chromatographic conditions.

The peaks for compounds f, g and h in the figure are very broad. Comparison
between the UV and voltammetric outputs indicated that the unusual peak shape
was due to poor oxidation characteristics, rather than chromatographic behavior.
With amperometric detection, the response for these compounds was found to be
erratic and decreased rapidly indicating electrode passivation by the oxidation prod
ucts.

The peak integrity of each component was determined using the peak ratio
method!". Peak areas for the phenolic compounds were obtained at two different
potentials; one corresponding to the mass transfer limited region (maximum re-
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Fig. I. Th ree dimensional chromatogram of phenolic acid mixture. Response versus voltage and time.
a = 6 ng of asco rbic acid, b = 6 ng of trihydroxybenzoic acid, c = 6 ng of 2,3-dihydroxybenzoic acid,
d = 6 ng of 3,5-dihydroxybenzoic acid, e = 4 ng of 3,4-dihydroxybenzoic acid, f = 10 ng of 2-hydroxy
benzoic acid, g = 8 ng of 4,8-dihydroxyquin oline-2-carb oxy1ic acid and 4 ng of 4-hydrox ybenzoic acid"
h = 12 ng of 2,6-dihydroxybenzoic acid, i = 15 ng of 4-hydroxy-3-methoxybenzoic acid, and j = 6 ng
of 3,4-dihydroxycin namic acid.

sponse) and the other at the lower Tafel region (slight response). Table II lists the
characteristic peak area rat io for each compound. For most of the compounds the
relative standard deviation (R.S.D .) of the ratio was less than 5% for five repetitive
measurement s; however, for 3,4-dihydroxybenzoic acid the coefficient of variation
was 7%. In addition to testing for peak integrity, the peak-area ratio can also be
used to identify an unknown phenolic acid . The retention time can be used to obtain

TABLE II

PEAK AREA RATIOS AND RETE NTION TIM ES

Compound Vi ( V)* V2 ( V) ** Peak area ratio tR (min)
± S.D.

1,3,5-Trih ydroxybenzol 1.00 0.85 7.05 ± 0.31 5.21
2,3-Dihydroxybenzoic acid 0.85 0.60 2.37 ± 0.12 6.70
3,5-Dihydroxy benzoic acid 1.00 0.85 3.47 ± 0.02 7.25
3,4-Dihydroxybenzoic acid 0.85 0.65 3.49 ± 0.25 9.08
2-Hydroxy benzoic acid 1.05 0.85 18.66 ± 0.82 16.50
4-Hydroxybenzoic acid 1.00 0.85 5.38 ± 0.20 16.90
2,6-Dihydroxybenzoic acid 1.05 0.95 6.78 ± 0.32 17.50
3-Hydroxyphenylacetic acid 1.00 0.85 20.13 ± 0.53 18.12
4-Hydroxy-3-methoxybenzoic acid 1.05 0.85 4.18 ± 0.06 19.50
3,4-Dihydroxycinnam ic acid 0.80 0.60 2.68 ± 0.07 22.00

* Mass transfer limited region (maximum response).
** Lower Tafel region (slight response).
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a list of several possible candidates, and the peak-area ratio can be used to select the
most likely possibility, or eliminate all of the candidates selected from the retention
time alone. Of the compounds listed in Table II , only 3,4-dih ydroxybenzoic acid and
3,5-dihydroxybenzoic acid have similar retention times and peak-area ratios which
differ by less than their statistical variation .

Fig. 2 is a section of the chromatogram of the phenolic acids shown in Fig . I.
The upper trace corresponds to an applied potential of 900 mY. The large peak in
the center represents 13 nmol of 3,5-dihydroxybenzoic acid and the smaller peak 0.47
nmol of 2,3-dihydroxybenzoic acid . The lower trace corresponds to 750 mY, at which
3,5-dihydroxybenzoic acid is not significantly oxidized . Therefore, the 2,3-dihydroxy
benzoic acid can be quantitated at 750 mY without significant interference from the
3,5-dihydroxybenzoic acid. If the response at 750 mY is subtracted from that at 900
mY, one obtains the difference chromatogram shown in the center trace. This trace
can be used to quantitate the 3,5-dihydroxybenzoic acid without significant interfer
ence from the 2,3-disubstituted acid. Although the column resolution for these com
pounds is about 0.64 (determined by UV absorption), the voltammetric detector
provided complete resolution.
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Fig . 2. Ch rom at ogram s which illustra te voltage resolution. Response at 900 mV pot enti al (.. .. .. .. ). re
sponse at 750 mV (--). difference chromatogram (upper trace-lower trace) (---------). a = 0.47 nmol
of 2.3-d ihydroxybenzoic acid. b = 13 nm ol of 3,5-d ihydroxybenzo ic acid .

In o rder to test the preci sion of the detector for quantitative measurements,
experiments were performed in which five measurements of 0.8 nmol of each sample,
were made under identical conditions. The peak area was measured at two different
potentials as in the previous experiment; however, in this case a peak-area-difference
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TABLE III

PRECISION FOR VOLTAMMETRIC DIFFERENCE-PEAKS

Area values in percent , relative to 3,4-dihydroxybenzoic acid at 900 mY.

Compound VI (V) V2 (V) Ll Peak area R.S .D.
±S.D. (%)

1,3,5-Trihydroxybenzol 1.00 0.85 15.93 ± 0.34 2.1
2,3-Dihydroxybenzoic acid 0.85 0.60 46.80 ± 0.13 0.3
3,5-Dih ydroxybenzoic acid 1.00 0.85 14.62 ± 0.13 0.9
3,4-Dihydroxybenzoic acid 0.85 0.65 60.77 ± 0.26 0.4
2-Hydroxybenzoic acid 1.05 0.85 42.21 ± 0.62 1.5
4-Hydroxybenzoic acid 1.00 0.85 35.6f ± 0.38 0.1
2,6-Dihydroxybenzoic acid 1.05 0.85 14.93 ± 0.38 2.5
3-Hydroxyphenylacetic acid 1.00 0.85 4.59 ± 0.10 2.2
4-Hydroxy-3-methoxybenzoic acid 1.05 0.85 27.06 ± 0.34 1.3
3,4-Dihydroxycinnamic acid 0.85 0.60 42.42 ± 0.63 1.5
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was obtained. The differences were used as a measure of response for each analyte.
These results are shown in Table III , and the average peak areas for single potential
measurements are shown in Table IV. For any given compound, the entries in both
tables were obtained from the same set of data. In all cases the R.S.D . of the'single
channel peak areas are considerably larger than those for difference peaks, even
though the peak area is decreased in the latter case. This is a remarkable finding,
since the precision of the voltammetric measurement is already two-fold better than
for amperometric determinations (in our hands) of the same compounds (e.g., for
2-hydroxybenzoic acid the R.S.D. was 3.0% and 5.6% for voltammetric and am
perometric methods, respectively). The precise reason for this phenomenon is un
known; however, it is definitely associated with electrode ageing. For voltammetric,
and more so amperometric measurements, the electrode response slowly decreases as
oxidation products are deposited on the electrode surface . The problem is less severe
for voltammetric measurements because the sawtooth waveform tends to either clean

TABLE IV

PRECISION FOR VOLTAMMETRIC SINGLE-PEAK MEASUREMENTS

Area value in percent , relat ive to 3,4-dihydroxybenzoic acid at 900 mY.

Compound Voltage Peak area ± S.D . R.S.D . (%)
(V)

1,3,5-Trihydroxybenzol 1.00 18.16 ± 0.50 2.8
2,3-Dihydroxybenzoic acid 0.85 80.84 ± 2.62 3.2
3,5-Dihydroxybenzoic acid 1.00 20.57 ± 1.13 5.5
3,4-Dihydroxybenzoic acid 0.85 85.14 ± 2.16 2.5
2-Hydroxybenzoic acid 1.05 44.60 ± 1.32 3.0
4-Hydroxybenzoic acid 1.00 43.75 ± 0.63 1.4
2,6-Dih ydroxybenzoic acid 1.05 14.93 ± 0.42 2.8
3-Hydroxyphenylacetic acid 1.00 4.83 ± 0.21 4.3
4-Hydroxy-3-methoxybenzo ic acid 1.05 35.57 ± 1.30 3.7
3,4-Dihydroxycinnamic acid 0.80 80.50 ± 1.96 2.4
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the electrode, or reduce a large fraction of the oxidation products from the previous
scan, before they become deposited (or polymerized) on the electrode surface. The
voltammetric difference measurements apparently discriminate against the electrode
ageing by removing a variable component of the oxidation current. The electrode
ageing affects the oxidation current to the same extent for both channels involved in
the difference-peak measurement. When the responses at the two different potentials
are subtracted, the component of the analytical current affected by the electrode
passivation is removed, leaving a second more stable component which is the value
reported for the difference-peaks in Table II.

The ageing effect described above can not be due simply to a reduction in the
active electrode surface area . If it were, the current decrease would be proportional
to the actual current at any potential, and the peak-difference technique would yield
no better precision than for single-potential measurements. A possible explanation,
which is consistent with all of the observed facts, is that the oxidation current for the
phenolic acids is composed of two components. One which is affected by the electrode
passivation, and another which is unaffected or affected to a much smaller degree.
Furthermore, one must conclude that the oxidation associated with the latter com
ponent occurs at a higher potential than for the component of the current affected
by passivation, and that the variable component represents oxidation of an inter
mediate generated by the high-voltage process. In that case , the stable current com
ponent would be observed only at the larger of the two potentials involved in the
peak-difference measurement, while the variable component would be observed at
both potentials. Therefore, when the difference in the two responses was calculated,
the variable part of the oxidation current would be removed.

Other researchers 1 ! have also observed complex voltarnrnetric behavior for
phenolic acids. This is particularly true for the monohydroxy phenolic acids which
are often irreversible due to competing chemical reactions that consume electrochem
ical intermediates. A thorough study of the oxidation mechanism will be necessary
before a definitive explanation can be given for the improvement in precision ob
served for difference-peaks.

If two channels are to be used for quantitation , it is necessary for the response
to be linear in both channels. Therefore, the response for several phenolic acids was
evaluated over a 0.1-1 nanomole range. In all cases examined, the response was linear
with a correlation coefficient of at least 0.99. The best behavior was observed for
3,4-dihydroxycinnamic acid which exhibited a slope of 28 800 area units/nmol, an
intercept of - 1550 area units, and standard error of estimate of 200 area units. This
leads to a detection limit of 20 pmol at the 95% confidence level. The detection limits
for the other compounds tested were within a ten-fold range of this value.

Fig. 3 is a three dimensional chromatogram representing the first 20 min of
elution for a sample of Welch's grape juice which was diluted ten-fold, spiked with
3,4-dihydroxybenzoic acid, and injected directly on the column after an initial pass
through a Sep-Pak C 18 column. Some components eluted up to 90 min after injection;
however, several phenolic acids are eluted within the time span of the figure . By
inspection along the voltage axis, it can be seen that the large unknown peak which
elutes between ascorbic acid and trihydroxybenzoic acid is actually composed of at
least three components. Many of the unknown compounds which coelute with tri
hydroxybenzoic acid are also resolved in the voltage domain.
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Fig. 3. Three dimensiona l chro matogram of first 20 min of elut ion for grape ju ice. a = Ascorb ic acid,
b = trihydroxybenzoic acid, c = 3,4-dihydroxybenzoic acid, d = 2-hydroxybenzoic acid, and e = 4
hydroxybenzoic acid.

CONC LUSION S

The added resolution provided by voltammetric detection allows separation
and quantitat ion of the phenolic acids at the sub-nmol level. Of the compounds
investiga ted, only two (4-hydroxy benzoic acid and 4,8-dihydroxyquinoline-2-carbox
ylic acid) were not completely resolved by the column-detector pair in complex mix
tures.
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SUMMARY

A highly sensitive assay method for phenylethanolamine N-methyltransferase
in rat adrenal medulla and brain is described which employs high-performance liquid
chromatography with fluorescence detection. Epinephrine formed enzymatically
from the substrate norepinephrine and isoproterenol (internal standard), after chro
matography on a small cartridge of a cation exchanger, Toyopak SP, are converted
into the corresponding fluorescent compounds by reaction with 1,2-diphenylethyl
enediamine, a selective fluorescence derivatization reagent for catechol compounds.
The derivatives are separated by reversed-phase chromatography on TSK gel
ODS-120T. The detection limit for epinephrine formed enzymatically is 0.66 pmol
per assay tube .

INTRODUCTION

Phenylethanolamine N-methyltransferase (PNMT; phenylethanolamine:S-ad
enosylmethionine N-methyltransferase, E.C. 2.1.1.28) catalyses the transfer of the
methyl group of S-adenosylmethionine to the amino groups of norepinephrine or
other phenylethanolamines. PNMT activity is high in the adrenal gland I , where epi
nephrine is synthesised. As PNMT activity also occurs in mammalian brain- and the
enzyme has been implicated in the pathogenesis of experimental hypertension in ani
mals", the role of PNMT in brain has attracted great attention.

Many assay methods for PNMT in biological materials have been reported.
They are classified into two types, radiochemical methods l , 2 ,4 - I O and high-perform
ance liquid chromatographic (HPLC) methods coupled with electrochemical! 1-13 and
post-column fluorescence detection 14, The radiochemical methods are sensitive but
require complicated procedures and expensive radioactive substrates, and the HPLC
methods with electrochemical detection require careful manipulation to attain high
sensitivity and reproducibility. The HPLC method with fluorescence detection uses

0021-9673/85/$03.30 © 1985 Elsevier Science Publishers B.Y.
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the trihydroxyindole method and thus requires a post-column derivatization appa
ratus.

We have developed a highly sensitive assay method for PNMT in rat adrenal
medulla and brain involving HPLC with fluorescence detection, based on the deter
mination of epinephrine formed from substrate norepinephrine under the optimum
conditions for the enzyme reaction. Epinephrine and isoproterenol as an internal
standard, after chromatography on a small cartridge of cation exchanger, are con
verted into fluorescent compounds by reaction with 1,2-diphenylethylenediamine, a
fluorogenic reagent for catechol compounds 15-] 7 . The fluorescent compounds from
the amines are separated by reversed-phase HPLC on TSK gel ODS-120T.

EXPERIM ENTAL

Reagents and materials
Norepinephrine hydrogen tartrate, dopamine hydrochloride and glutathione

(reduced form) were purchased from Wako (Osaka, Japan). Epinephrine hydrogen
tartrate and isoproterenol hydrochloride were obtained from Nakarai Chemicals
(Kyoto, Japan). I,2-D iphenylethylenediamine and Good's buffers (bicine, TAPS, tri
cine and glycinamide hydrochloride) were obtained from Dojindo Labs. (Kumamoto,
Japan). All other chemicals were of analytical-reagent grade. Deionized, distilled
water was used. I ,2-Diphenylethylenediamine solution (0.1 M, pH 6.7) and Toyopak
SP (strong cation exchanger, sulphopropyl resin, sodium ion form; Toyo Soda, To
kyo, Japan) cartridge for sample clean-up were prepared as described previously! 7 •

The cartridge was washed successi vely with 2 ml of 2 M sodium hydroxide solution,
5 ml of water, 2 ml of 2 M hydrochloric acid and 10 ml of water. The used cartridge
can be regenerated by washing in the same way and is usable for more than five
times.

Enzyme preparations
Male Donryu rats (4 weeks old) were decapitated and the adrenal medullae

and brains were immediately removed and chilled on ice. All further procedures were
carried out at Q-Yc. Adrenal medulla (5 mg) was homogenized with 1.25 ml of
isotonic potassium chloride and the homogenate was dialysed at 4°C for 12-15 h
against 5 mM phosphate buffer (pH 6.8) containing 0.1 mM reduced glutathione.
Brain (500 mg) was homogenized with 2.0 ml of isotonic potassium chloride. The
homogenates were stored at - 20°C until used , and the amounts of protein were
mea sured by the method of Lowry et al. l s using bovine serum albumin as a standard
protein .

HPLC apparatus and conditions
An Eyela PLC-IO liquid chromatograph (Tokyo Rika Kikai , Tokyo, Japan)

was used, equipped with a Rheodyne 7125 syrine-loading sample injector valve
(lOO-pl loop) and a Shimadzu FLD-l fluorescence detector fitted with a 14-pl flow
cell and an EM-4 emission filter. The column was TSK gel ODS-120T (250 x 4.6
mm 1.0.; Toyo Soda). The column temperature was ambient (20-25°C). This column
can be used for more than 2000 injections when washed with acetonitrile
methanol-water (52:3:45, v/v) at a flow-rate of ca. I ml/rnin for 25 min each day.
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The mobile phase was acetonitrile-methanol-50 mM Tris-HCI buffer (pH 7.0)
(52:3:45, v/v) and the flow-rate was 1.0 mljrnin, Uncorrected fluorescence excitation
and emission spectra of the eluates were measured with a Hitachi 850 fluorescence
spectrophotometer fitted with an 18-pl flow cell, setting the spectral bandwidths at
5 nm in both the excitation and emission monochromators.

Assay procedure
Adrenal medulla PNMT. To 100 JlI of the enzyme preparation from rat adrenal

medulla were added ISO pI of 0.1 M bicine buffer (pH 8.5) and 50 pI of 0.7 mM S
adenosylmethionine. The mixture was pre-incubated at 37°C for 10 min and again
incubated for 30 min after the addition of 50 pI of 0.3 mM norepinephrine. At the
end of the incubation, 50 pI each of 3.0 M trichloroacetic acid and 2.0 pM isopro
terenol as an internal standard were added. The mixture was centrifuged at 1000 g
at 4°C for 10 min and the supernatant (300 pI) was poured on to a Toyopak SP (H +)
cartridge. The cartridge was washed successively with 10 ml of water, 3 ml of 0.2 M
phosphate buffer (pH 5.5) and 10 ml of water. The adsorbed norepinephrine, epi
nephrine and isoproterenol were eluted with 2.0 ml ofethanol-l.O M sodium chloride
(7:3, v/v). To the eluate, 100 pI each of the I ,2-diphenylethylenediamine solution and
IS mM potassium hexacyanoferrate(lII) were added and the mixture was allowed to
stand at 37°C for 40 min to derivatize the amines to the fluorescent compounds. The
resulting mixture (100 pI) was injected into the chromatograph. For the blank, the
enzyme preparation was carried through the procedure except that the order of the
addition of norepinephrine and trichloroacetic acid was reversed, incubation being
omitted. Michaelis constants (Km) for norepinephrine and S-adenosylmethionine
were calculated from the Lineweaver-Burk plots.

Brain PN MT. To 100 pI of the enzyme preparation from rat brain were added
100JlI of 0.1 Mbicine buffer (pH 8.5) and 50 pI each of0.7 mM S-adenosylmethionine
and 1.0 mM pargyline. The mixture was pre-incubated at 3rC for 10 min and again
incubated at 3rC for 60 min after the addition of 50 pI of 0.3 mM norepinephrine.
At the end of the incubation, 50 pI each of 3 M trichloroacetic acid and 0.5 pM
isoproterenol were added. The mixture was then treated in the same way as for the
adrenal medulla preparation.

RESULTS AND DISCUSSION

Fig. I shows typical chromatograms obtained with the adrenal medulla and
brain preparations and those of the blanks. The fluorescent compounds for norepi
nephrine, epinephrine and isoproterenol (peaks I, 2 and 3, respectively) can be well
separated from the fluorescent components of the blanks within 14 min under the
HPLC conditions used. The eluates from peaks I and 2 in Fig. I have fluorescence
excitation (maxima 350 and 360 nm, respectively) and emission (maxima 470 and
480 nm, respectively) spectra that are identical with those for authentic norepi
nephrine and epinephrine, respectively. Peak 4 in Fig. lc and d increases in height when
authentic dopamine is added to the enzyme reaction mixtures for the test and blank,
and the eluate from the peak shows fluorescence excitation (maximum 350 nm) and
emission (maximum 480 nm) spectra identical with those for dopamine; the peak is
ascribable to endogenous dopamine in brain. Peaks 5-8 in Fig. I increase in height
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Fig. I. Chromatograms obtained with the enzyme preparati ons from (a) adrenal medulla , (c) brain and
(b) and (d) their blanks, respect ively. Port ion s (100 Jil) of the enzyme prep arations were treated according
to the procedure. Peaks: I = norepinephrine; 2 = epinephrine; 3 = isopro terenol; 4 = dopamine (en
do genous); 5-8 = impuri ties in commercial norepinephrine. PNMT activity (pmol/min/mg protein): (a)
230; (c) 0.52. Detector sensi tivi ty: (a) and (b) 2; (e) and (d) 8.

with increasing substrate concentration, and do not occur when the 1,2-diphenyl
ethylenediamine solution or the norepinephrine solution is omitted from the proce
dure. The eluates from these peaks have fluore scence excitation (maxima around 350
nm) and emission (ma xima around 460 nm) spectra that are fairly characteristic of
1,2-diphenyleth ylenediamine deri vatives of catechol compounds t 7 . These observa
tions suggest that the peaks are due to some catechol compounds present as impu
rities in commercial norepinephrine. These peaks, however, do not interfere with the
determination of epinephrine formed enzymatically and so further purification of
norepinephrine is unn ecessary.

The HPLC condi tions are essentially the same as tho se described pre viousl y) 7.

However , acetonitrile-methanol-50 mM Tris-HCl buffer (pH 7.0) was used as the
mobile phase in order to obtain a complete seperation of the peaks for epinephrine
and isopro terenol from those for dopamine and the impurities in norepinephrine.

Adrenal medulla co ntains a fairly large amount of epinephrine, which may
interfere with the reproducible determination of the amine formed enzymatically; the
endogenous epinephrine can be removed by dialysing the tissue homogenate at 4°C
for 12 h or more against 5 mM phosph ate buffer (pH 6.8) containing 0.1 mM reduced
glutathione. PNMT in adrenal medull a is stable enough to be dialysed for a t least
I day.

PNMT in both the enz yme preparations is most acti ve at pH 8.5-8 .6 (Fig. 2)
in bicine buffer and the bicine concentration a t 0.1 M gives maximum activity. Al
though other buffer s, i.e.. 0.1 M tric ine, 0.1 M glycinamide, 0.1 M TAPS and 0.1 M
Tris-HCl buffers, give max imum act ivities at pH 8.5, the activities did not exceed
90% of that given by the bicine buffer (pH 8.5-8.6) (Table I); 0.1 M bicine buffer of
pH 8.5 was therefore used in the recommended procedure. Catecholarnines are easily
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and (b) brain PNMT-catalysed reactions. Portions (100 Ill) of the enzyme preparations were treated ac
cording to the procedure at various pHs. PNMT activity (pmol /min/mg protein): (a) 220; (b) 0.51.

oxidized in alkaline media 19. However, epinephrine and norepinephrine dissolved in
the bicine buffer, provided that the enzyme preparations are added, are stable at 37°C
for more than 90 min; the enzyme preparations may act as antioxidant(s).

Norepinephrine in the enzyme reaction mixture gives maximum and constant
activity in the concentration ranges 30-70 f.LM for adrenal medulla PNMT and 30
50 f.LM for brain PNMT (Fig. 3), with Km values for norepinephrine of 10.3 ± 1.2
and 13.8 ± 1.5 f.LM (mean ± S.D. , n = 5 in each instance), respectively; 43 f.LM
norepinephrine was used as a saturating concentration for the enzyme reactions.

S-Adenosylmethionine in the concentration range 30-150 f.LM in the enzyme
reaction mixture of the adrenal medulla preparation gives a maximum and constant

TABLE I

EFFECT OF BUFFERS ON PNMT ACTIVITY

Port ions (100 Ill) of the enzyme preparations were treated as in the procedure with various buffers.

Buffer
(0 ./ M , pH 8.5 )

PNMT activity (epinephrine formed, pmol]
minjmg protein)

Bicine
Tricine
Glycinamide
TAPS
Tris-HCI

Rat adrenal medulla

220 (100)*
190 (86)
170 (77)
160 (72)
160 (72)

Rat brain

0.51 (100)*
0.46 (90)
0.42 (82)
0.45 (88)
0.28 (55)

* Relative activity in parenthe ses. The activity obtained with the bicine buffer was taken as 100.
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Fig. 3. Effect of the sub strat e concentrat ion on the amount of epinephrine (E) in (a) adrena l medulla and
(b) brain PNMT-catalysed reactions. Portions (100 pI) of the enzyme preparations were treated according
to the procedure at various norepinephrine (N E) concentrations. PNMT activity (pmol/min/mg protein):
(a) 220; (b) 0.54.

activity with an observed Km value of 5.4 ± 0.8 uM (mean ± S.D ., n = 5). In the
brain preparation, a weak PNMT activity, which corresponds to 10% of that given
in the presence of 100 uM S-adenosylmethionine in the enz yme reaction mixture,
arises even when S-adenosylmethionine is not added to the enzyme reaction mixture.
This may be due to an endogenous methyl donor (probably S-adenosyimethionine),
and can be completely eliminated by dialysing the enzyme preparation against 5 mM
phosphate buffer (pH 6.8) co nta ining 0.1 mM reduced glutathione at 4°C for 12 h or
more. This dialysis does not cause a loss of the enzyme acti vity. S-Adenosylmethio
nine in the concentration range 50-120 uM gives maximum and constant activity in
both the di alysed and non-dialysed brain preparations; dialysis was unnecessary for
the assay. The K« va lue for S-adenosylmethionine observed with the dialy sed brain
preparation is 9.1 ± 1.7 pM (mean ± S.D. , n = 5), which is higher than that obtained
with the adrenal medulla preparation . This supports the view th at PNMT in brain
is slightly different from that in ad renal medulla in its electrophoretic and gel chro
matographic behaviours". Hence 100 11M S-aden osylmethionine was select ed in the
procedure.

As norepinephrine and epinephrine are deaminated and/or methylated in vivo
by monoamine oxidase (M AO) and/or ca techol O-methyltransferase (COMT) cat a
lysed reaction s- v-' t , there is a possibil ity of de amina tion and/or O-methylation of
epinephrine formed enzymaticall y and th e subs tra te norepinephrine during the in
cubation period. The am ount of epinephrine formed enzymatically is un affected for
the adrenal medulla preparation by the addition of the MAO inh ibitor pargyline
(0.05-0.5 mM in the enzyme react ion mixture), In the brain preparation, however ,
the PNMT activity in the absence of pargyline was only 28% of that obtained in its
presence (0.05-0.5 mM in the en zyme reaction mixture); 0.14 mM pargyline was used
in th e assay for brain PNMT. The COMT inhibitor pyrogallol had no effect on
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Fig. 4. Inhibition of (a) adrenal medulla and (bi brain PNMT by octopamine. Portions (100 JlI) of the
enzyme preparations were treated as in the procedure. Concentrations of octopamine in the enzyme re
action mixture : I, nil; 2, 7.14 JlM . The dat a were plotted by linear regression analysis.

PNMT activity in either of the enzyme preparations in the concentration range 10
/-IM-l .O mM in the enzyme reaction mixture.

PNMT works on both octopamine and norepinephrine and these amines can
be competitive inhibitors for each other-s. Octopamine inhibited PNMT in adrenal
medulla and brain in a competitive mode against norepinephrine (Fig . 4), with ob
served inhibitory constant (K;) values of 6.3 and 6.2 /-1M, respectively, which were
obtained according to the method of Dixon- '. The enzyme activity is inhibited by
thiol blocking agents- "->'. p-Chloromercuribenzoic acid added as a thiol blocking
agent at cocentrations of 0.125 and 0.4 tnM in the enzyme reaction mixture inhibits
28 and 100% ofPNMT activity in the adrenal medulla preparation, respectively, and
at concentrations of 0.125, 0.4 and 1 mM inhibits 17, 63 and 100% of the enzyme
activity in the brain preparation, respectively. All the above observations suggest that
epinephrine formed under the enzyme reaction conditions of the present procedure
can be ascribed to the enzymatic N-methylation of norepinephrine.

The amounts of epinephrine formed enzymatically are proportional to protein
amounts (/-Ig per tube) of up to 200 (adrenal medulla) and 450 (brain), respectively;
amounts (/-Ig per tube) of approximately 20 (adrenal medulla) and 180 (brain) were
used in the procedure.

PNMT activity in the adrenal medulla preparation is proportional to incu
bation time at 3rC up to 60 min and in the brain preparation up to 90 min (Fig. 5);
incubation times of 30 and 60 min, respectively , are recommended.

For clean-up of the enzyme reaction mixture, a strong cation exchanger, Toy
opak SP (H +) cartridge was used under conditions the same in principle as those
described previously-" . Recoveries (%; mean ± S.D.) of epinephrine and isoproter
enol (0.1 nmol each) added to the incubated enzyme reaction mixtures for the blanks
were 77.7 ± 1.8 and 84.7 ± 1.3 in adrenal medulla, and those of epinephrine (5.0
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pmol) and isoproterenol (40 pmol) 71.3 ± 2.8 and 75.2 ± 1.6 in brain (n = 8 in each
instance), respectively.

A linear relationship was observed between the ratio of the peak height of
epinephrine to that of isoproterenol and the amount of epinephrine added to the
blank in each enzyme preparation over the range 1-100 pmol. The detection limit
for epinephrine formed enzymatically was 0.66 pmol per tube (30 fmol per 100 III
injection volume) a t a signal-to-noise ratio of 2. The precision was established with
respect to repeatability. The coefficients of varia tions were 2.3 and 3.2% (n = 8) for
mean activ ities of 230 and 0.52 pmol /min /mg protein in the adrenal medulla and
brain preparations, respectivel y.

PNMT activities in the adrenal medulla and brain preparations from rats
(D o nr yu, male, 4 weeks old) were 233 ± 13 and 0.52 ± 0.06 pmol/min/rng protein
(mean ± S.D., n = 5), respectively. These values are in good agreement with reported
data.':'.

This method is sensiti ve enough to assay low PNMT activity in brain and
precise, and should be useful for biological and biomedical inve stigations of cate
cholamines.
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Note

A problem of optimization in capillary gas chromatography

MARCEL J. E. GOLAY

The Perk in-Elmer Corp.. Norwalk . CT 06856 (U.S.A .)

(Received August 21st, '1985)

The problem of optimizing the capacity ratio of a capillary column for a se
lected , presumably most critical component, is considered as a function of the dif
fusion time in the sta tiona ry phase , and the essential column parameters are derived
for given inlet pressures, ana lysis times, etc. This study indictes that a double advan
tage can be derived from the use of high inlet pressures.

DI SC USSIO N

Consider a capillary column optimally designed for the separation of a given
component a t some predetermined temperature. At the outset the operating param
eters are the inlet pressure, Pi, the analysis time, t., up to the elution of the particular
component con sidered , the carrier gas viscosity p , the product of the diffusion coef
ficient in the carrier gas times the gas pressure , Dp = j , which is invariant from
injection to eluti on , and the pressure p.; = bpi at which the diffusion time in the gas
phase is equ al to the diffusion time in the stationary phase .

Two basic equations a re used to solve the problem. The first is the Poiseuille
flow equ ation

-dp/d x = Rv

where I' is the carrier gas velocity and R is the resistance to flow:

R = 8 J-l /r 2

As the pr oduct IIp = i is invar iant throughout the column, the flow equation can be
rewritten as

dp 8p.

dx r2 p

whenc e, by integration

i
p2 = l6p. . - (I - x) + p;

r2

where p, designates the elution pressure at the column exit where x I.

(1)

0021-9673/85/503.30 © 1985 Elsevier Science Publishers B.V.
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The carrier gas velocity is given by

417

idx
-=
dt

i
v = - = -;.============P

whence, by integration from x = 0 to x = I we obtain the time of passage, te , of an
element of the carrier gas:

The time of passage of the sample component of interest is given by

wherefrom:

J 24Jlts .
r = (1 + k) (Pr _ p~) . I

Likewise from eqns. 1 and 2 we obtain:

2 2 3 (p2 2)'I = Pi - Pe . r 2 = _ i - Pc tsl
I6Jli 2 (1 + k) (Pr - p~)

(2)

(3)

For the determination of i and k we introduce the second equation, which gives the
height equivalent to a theoretical plate (HETP) of a capillary column

D 1 + 6k + lIP vr2 k 3 vr2

h=2-+ .-+ .
v 24 (1 + k)2 D 6 (1 + k)2 c2 D 1

where c designates the partition coefficient between the stationary and mobile phases
and D 1 the diffusion coefficient of a sample molecule in the stationary phase, a quan
tity independent of pressure. For c2 D 1 we may write

j j
=-=-

Pc bpi

and for h

ir2 bpi

j P
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where

+ 6k + I I k 2

(I + kF

NOTES

The optimum condition sought here will be one in which the ratio t11s/t1ib of
the difference, LJi" in the time of elution of the component of interest and that of its
nearest neighbour over the elution bandwidth, t1ib, will be maximal with a suitable
choice of k. As Is = (I + k)l c for the component of interest, a neighbouring com
ponent with a k value differing by ek from the first will be eluted at a time differing
from that of the first by

6k
LJls = ekt; = -- . Is

1 + k

The bandwidth of either component must be obtained by first calculating the
second moment of mass, w, the differential of which, dw = p 2 hdx , remains invariant
with pressure decrease as the component flows through the column. Thus:

w=

x=o

I

f [ ) 1 ir k 3 bp, ir]
p2 2;; + 24 ' !k . 7 + 6 (1 + k)2 . P .7 rdx

x=o

Setting the dimensionless quantity ir/) = y, from eqns. 1-3 we obtain :

[(
I 1 ) 2 2 k 3 bpi(Pr - p~) ]

w = y+ 48 . !kY (Pi + Pc) + 9 (l + kF' (Pr _ p;) . y Ir

54J11~

(I + k)3 (Pr - p~)3

LJlb is obtained from w by use of the relationship:

J:
t1lb = (l + k) . -.

I
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Maximizing the ratio Atslt1 /b

t1/s ek/si

A/b (I + kF Jw

and writing P. = ap, we obtain:

(4)

From the above equation it is seen that regardless of how high the value of b
is, i.e., of how slow the diffusion in the stationary phase, the ratio t1/sIA/b will be
highest when a is negligibly small, a somewhat surprising result. As for y, the value
of t1/s/t1/b will be highest when the value of vlv is equal to the sum of the terms in
y under the square root. Eqn . 4 may therefore be rewritten as

(
t )1/4

e P~s Q (k, b) (4a)

where

k

[
I bk3 J1 14

+ k)51
4 42h + -9-(-1-+-k)-Z

Q (k, b) = -----=------,------::-777

216 1/4 (l

The term pi/slJ1 in parentheses on the right-hand side of eqn. 4a is an important
dimensionless and also nameless quantity, which could be considered a measure of
the "effort" made, or of the "price" paid, to obtain a chromatogram, as its fourth
root is directly related to the effective resolving power of the chromatograph. As for
Q(k, b), its optimum value is listed below for several values of b; also given are the
values of k which maximize it, as well as the values of y which, by use of eqns. 2 and
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3 give the radius, r, and length, I, of the column:

b = 0 0.1 0.3 I 3 10 30 100
k = 2.692 2.366 2.032 1.581 1.206 0.899 0.713 0.593
Q= 0.221 0.216 0.208 0.192 0.170 0.141 0.113 0.087
y = 2.599 2.547 2.475 2.327 2.113 1.790 1.430 1.009

These figures emphasize the double benefit to be derived from an increased inlet
pressure: first , by increasing the measure of the " effo rt", and secondly by increasing
the value of Q for correspondingly decreased values of b.
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Investigation of the synthesis of tryptathionine using high-perform
ance liquid chromatography

R. 1. LOGAN· and D. E. RIVETI
CSIRO Division of Protein Chemistry , Parkville , Victoria, 3052 (Australia)

(Received September 12th, 1985)

The amino acid tryptathionine, which occurs in phalloidin and related toxic
peptides of Amanita phaliaides, provides a crosslink between a tryptophan and a
cysteine residue". The most successful synthetic route to this amino acid, the
Savige-Fontana reaction--' involves the reaction of cysteine (or other thiols in the
case of related amino acids) with 3a-hydroxy-I ,2,3,3a ,&,8a-hexahydropyrrolo
[2,3-b]indole-2-carboxylic acid".

During a study of the kinetics of the reaction the need arose for a rapid method
for the separation and estimation of a variety of tryptophan oxidation products.
Existing methods used in this laboratory-> although satisfactory with regard to sep
aration, proved to be too slow for our purposes. In this communication we describe
the results obtained using a high-performance liquid chromatography (HPLC) system
in conjunction with a photodiode-array detector.

EXPERIMENTAL

Materials
Samples of a 3a-hydroxy-1 ,2,3,3a,8,8a-hexahydropyrrolo[2,3-b]indole-2-car

boxylic acid (Hpi)", dioxindolyl-f-alanine", and tryptathionine and some of its an
alogues", were prepared according to published methods. All other materials were
obtained from normal commercial sources.

Method and instrumentation
HPLC analysis was performed using a Perkin-Elmer Series 4 solvent delivery

system and a LCI-I00 laboratory computing integrator. Sample injection was per
formed using a Rheodyne 7125-075 syringe-loading sample injector with a 6-/t1loop.

Elutions were monitored at 289 nm using a Hewlett-Packard 1040A photo
diode-array detector controlled by an 85B microcomputer. Chromatography was
performed on a Vydac 218 TP (250 x 4.6 mm J.D.) 5 /1m, CIS reversed-phase column
at 60°C.

All samples were run at 1.0 ml/min with solvent A (1 g/I aqueous ammonium
acetate) and solvent B (acetonitrile). The column was eluted for 4 min with solvent
A and then for 11 min following a linear gradient to 60% B.

A mixture of t-cysteine hydrochloride monohydrate (18.5 mg, 0.105 mmole)

0021-9673/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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and Hpi (29.9 mg, 0.126 mmole) in 25% trifluoroacetic acid (1.00 ml) was kept at
room temperature. Aliquots (50 pi) were taken at recorded hourly intervals and
added to water (950 pi) . The diluted samples (2 pi) were then analysed by HPLC
using tryptathionine and Hpi as controls.

RESULTS AND DISCUSSION

Table I summarizes the chromatography of tryptophan and the separation of
the reactants and possible products of the Savige-Fontana reaction. These conditions
were also found to be suitable for rapid quantitative assays for products resulting
from various oxidative treatments of tryptophan, even though some derivatives were
found to be eluted close together. The use of the photodiode-array detector enabled
simultaneous confirmation of the identity of peaks by comparison of their ultraviolet
absorption spectra with those of known standards. This feature made the procedure
particularly suitable for materials with distinctive U'V-absorbing characteristics, such
as the tryptophan oxidation products.

TABLE I

SEPARATION OBTAINED BY HPLC OF TRYPTOPHAN, REACTANTS AND POSSIBLE PROD
UCTS OF TRYPTATHIONINE SYNTHESIS, AND TRYPTOPHAN OXIDATiON

Compound Retention time Colour factor 289 nm
(min) ( Trp = 1)

L-Tryptophan 8.80 1.00

Reactants
L-Cysteine 2.68 "
L-Hpi. 4.28 0.37

Products
L-Tryptathionine 6.02 2.20
L-Cystine 2.61 "
Dioxindolyl-3-alanine 4.12,4.48 0.23""
L-Kynurenine 5.70 0.06
Formyl-or-kynurenine 7.00 "
L-Oxindolyl-3-alanine 7.38 0.24
Tr yptamine 10.29 0.83

" 289 nm is unsuitable for detection of these compounds. Their retention times were establi shed
by detection at a wavelength suitable for their absorption maximum.

"" Summation of two peaks .

When the technique was applied to the products obtained in the tryptathionine
synthesis, separation of the reactants, tryptathionine and the byproducts was clearly
obtained (Fig. I). The method of Savige and Fontana" had specified a 48-h reaction
time, but from our study (Fig. 2) any increase in time beyond 8 h is not necessary.
The yield does increase slightly with longer times but so do the amounts of secondary
products. A small quantity of oxindolyl-3-alanine was identified as a byproduct of
the reaction, also reported by Savige and Fontana", but the major byproducts could
not be identified. They did not correspond to any of a number of possible oxidation
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products of tryptophan reported in Table I and the UV-absorption spectrum of the
major peak most closely resembled that of a tryptophan dimer (Fig . 3)7.

The HPLC procedure described also proved to be suitable for the detection
and analysis of a range of tryptathionine analogues (Table II) , without modification
to the chromatography. These compounds were eluted on the reversed-phase column
in the manner consistent with their polarity and structure.
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TABLE"

SEPARATION OBTAINED BY HPLC OF TRYPTATHIONINE AND ITS ANALOGUES

Basic formula

O=J(
CH , CH COOH

I I ~H2
~ N SR

H
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CH 2CH(NH 2)COOH
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CH 2COOH
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CH 3
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Fluorescent labelling of amino acids with 9-anthryldiazomethane and
its applications to high-performance liquid chromatography

TSUGUCHIKA YOSHIDA, ATSUHIRO UETAKE and HIROSHI MURAYAMA
Department ofAnalytical Chemistry . Research Center. Taisho Pharmaceutical Co. Ltd., 1-403 Yoshino-cho,
Ohmiya-shi, Saitama , 330 (Japan)

and
NORIYUKI NIMURA and TOSHIO KINOSHITA-
School of Pharmaceutical Sciences. Kitasato University. 9-1 Shirokane-S, Minato-ku, Tok yo. 108 (Japan )

(First received July 5th, 1985; revised manuscript received August 19th , 1985)

We have recently developed 9-anthryldiazomethane (ADAM)l as a reagent for
the fluorescent labelling of carboxylic acids . ADAM has widely been used2- s in high
performance liquid chromatography (HPLC) for the precolumn derivatization of
biologically significant carboxylic acids such as fatty acids'"? and prostaglandins" . It
can react with carboxylic acids at room temperature without the presence of a cat
alyst , and even in the presence of water. Accordingly, it was expected to be useful
also for the derivatization ofcarboxylic acids carrying polar residues such as hydroxyl
or amino groups. However , preliminary experiments gave only poor yields of amino
acid esters . This may be due to the formation of zwitterions between the carboxylic
and amino groups. Prevention of the zwitterion formation seemed to be necessary
for the improvement of reaction yield. The present study deals with the use of ad
ditives, such as sodium dodecyl sulphate (SDS), which intercalate between the amino
and carboxylic groups. The resulting improved method for the derivatization was
then applied to the separation and determination of amino acids by HPLC.

EXPERIMENTAL

Reagents and chemicals
ADAM was purchased from Funakoshi Yakuhin (Tokyo, Japan), alanine,

phenylalanine and SDS from Wako Pure Chemical Industries (Osaka, Japan). Other
amino acids, organic amines and arene- and alkenesulphonates were obtained from
Tokyo Kasei Kogyo (Tokyo, Japan). Non-ionic surfactants were purchased from
Nikko Chemicals (Tokyo, Japan), acetonitrile and methanol (for HPLC) from Wako.
Other organic solvents were obtained from Kokusan Kagaku (Tokyo, Japan). Water
was purified by use of a MILLI-Q water purification system (Millipore, Bedford,
MA, U.S.A.) before use.

Reagent solutions
A solution of ADAM (l mg/ml) was prepared by dissolving the reagent in

0021-9673/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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acetone. It was kept in a refrigerator and used within 2 days. Amino acid solutions
were prepared by dissolving the acids in water (100 pg/ml) , and diluting 2 ml of the
solutions in isopropanol to 20 ml. Solutions of additives (0.02 M) were prepared by
dissolving organic amines, non-ionic surfactants, hydrochloric acid and arene- and
alkanesulphonates in isopropanol-water (19: I).

HPLC
The HPLC system consi sted of a Model 638 liquid chromatograph (Hitachi ,

Tokyo, Japan) equipped with an autosampler Model 710B (Waters, Milford, MA ,
U.S.A.) , a RF-530 spectrofluoromonitor (Shimadzu Seisakusho, Kyoto , Japan) and
an integrator Model 7000B (System Instrument, Tokyo, Japan) . Besides the spectro
f1uo romonitor , a Model 635M multi-wavelength UV-monitor (Hitachi, Tok yo, Ja
pan) was also used for the detection of samples at higher concentrat ions.

The separation was performed with a CI S reversed-phase column (150 x 4.0
mm £.D.) packed with TSK gel LS-41O (Pa rticle size 5 pm ; Toyo Soda, Tokyo, Ja
pan ). The column temperature was kept at 50·C. All the chromatographic separations
were carr ied out isocratically using acet onitrile-I % SDS-phosphoric acid (450:550:I)
as the mobile ph ase at a flow-rate of 1.0 ml/min,

Derivatization of amino acids
To I ml of a sample solution were added I ml of an additive solution and I

ml of ADAM solution. The mixture was allowed to sta nd at 50·C for 3 h and then
cooled to room temperature. Isopropanol was then added to make exactly 5 ml. An
aliquot of 5 J11 of the resultant mixture was directly injected for HPLC.

Fluorescence spectra of the ADAM derivative of alanine
To I ml of alanine solution (I mg/rnl) was added I ml of ADAM solution and

I ml of 0.02 M SDS solution and the resultant mixture was allowed to stand for 3
h at 50·C. An aliquot of 20 pi was injected for HPLC. The fraction containing the
ADAM derivati ve of alanine was collected and extra cted with diethyl ether. The
whole procedure was repeated severa l times and the ether layers were combined. The
combined ether fraction was separated and evaporated to dryness, and the residue
was red issolved in 10 ml of an appropriate solvent. The excitation and emission
spectra of the solution were measured with a Shimadzu Model RF-500 fluorescence
spectrophotometer equipped with a xenon discharge lamp.

RESULTS AND DISCUSSION

Fluorescent labelling of the am ino groups of amino acids for HPLC has ex
tensively been studied using dansyl chloride (Dns-Cl)" or o-phtha laldehyde
(OPTA)7·8. On the other hand , fluorescent labelling of the carboxyl groups of amino
acids has been hampered because of the lack of suitable reagents. Halogenoalkyl9-1 3
or halogenoacylv"?" labelling agents, such as 4-bromomethyl-7-methoxycoumarin 11

or l-bromoacetylpyrene!" have been used for the este rification of carboxylic acids .
However, these reagents have seldom been employed for the deri vatization of amino
acids because they require anhydrous media and react also with the amino groups
to give complex products.
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Fig. I. Esterificat ion of amino acids with ADAM.

ADAM has been proved to be highly reactive with carboxyl groups so that
most carboxylic acids can be esterified at room temperature. Protection of the amino
groups against alkylation seemed unnecessary under such mild reaction conditions.
ADAM was therefore applied to the selective labelling of carboxyl groups in amino
acids. Fig. I shows the proposed reaction course.

However, the yields of the ADAM derivatives of amino acids were unexpect
edly poor. In order to improve the yields, the reaction conditions were reinvestigated
using alanine. The effects of organic amincs, hydrochloric acid, non-ionic surfactants,
arene- and alkanesulphonates and SDS were tested . The amount of alanine derivative
formed in each reaction was monitored by HPLC. Hydrochloric acid, alkane- and
arenesulphonates and SDS improved the yields, whereas amines and non-ionic sur
factants reduced the yields. However, hydrochloric acid was effective only in a very
narrow range of concentration. The effects of the sulphonates and SDS were ap
proximately the same. SDS was adopted as the additive as it is readily available.

The influence of the SDS concentration and organic solvents used as the re
action media on the yield of the alanine derivative were investigated. The peak height
reached a plateau at SDS concentrations of more than 0.4%. The use of ethanol,
isopropanol and acetone gave almost identical yields which were higher than those
obtained by the use of other solvents . However, ethanol gave an unknown peak close
to the peak of alanine, and acetone showed a large when the UV detector was used.
Therefore, isopropanol was routinely used as the solvent for the reaction.

The optimum temperature for the reaction of ADAM with amino acids was
found to be 50°C. The relative peak height at 60°C was lower than that at 50°C on
account of the decomposition of ADAM. On the other hand, the reaction proceeds
only slowly at room temperature and should be allowed to continue for more than
16 h.

Even under the improved reaction conditions, involving the addition of SDS
and elevated temperature, amino groups were not affected by ADAM. Tests using

TABLE I

EFFECT OF SOLVENTS ON FLUORESCENCE INTENSITY

Solvent

Acetonitrile
Acetonitrile-phosphoric acid (1000:1)
Acetonitrile-water (9:11)
Acetonitrile-I % SDS-phosphoric acid (450:550:I)

Fluorescence intensity

1.0
2.5
1.3
I.7



428

TABLE II

HPLC CONDITIONS FOR SEPARATION OF AMI NO ACIDS

NOTES

Column
Column temperature
Mobile ph ase
Flow-rate
Detector

TSK gel LS-410, 150 x 4 mm J.D. ODS. particle size 5 Jim

50T
Acetoni tr ile--I % SDS-phosphoric acid (450:550: I)
1.0 ml/rnin
Fluorescence: excita tion. 255 nm ; emission. 412 nm. UV: 250 nrn

ninhydrin and OPTA confirmed that the amino groups of the products remained
intact.

The excita tion and emi ssion spectra of the ADAM derivative of alanine were
mea sured in va rious HPLC mobile ph ases. The spect ra were similar to tho se of other
carboxylic acids t - S such as fatty acids.

Table I shows the relative fluorescence intensity of the ADAM derivati ve of
alanine in various solvent systems compared with that in aceto nitr ile. The addition
of phosphoric acid was found to enhance the fluorescence intensity. A comparatively
high intensity was ob served for alanine dissolved in the mobile phase, acetonitr ile
1% SDS-phosphoric acid (450:550: I), and the highe st intensity was observed in
aceton itrile-phosphoric acid (1000: I) .

The conditions for chromatographic separat ion of the ADAM derivati ves of
amino acids are summarized in Table II. A typical chromatogram of the ADAM
derivati ves of glycine , a lanine and y-amino-n-butyric acid is shown in Fig . 2. Since
the ADAM derivatives are relat ively polar owing to their free amino groups, their

2 3

o 10 20

Time

30 40 (min)

Fig. 2. Ch rom ato gram of the ADAM derivati ves of glycine (I), alanine (2) and y-amino-n-butyric acid
(3). Each sample solu tion contained 10 ng of amino acid.
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retention times were very close to those of impurities and hydrolysed products of
ADAM, and , therefore, they could hardly be separated. Addition of SDS into the
mobile phase was found to be effective for the separation of the amino acid esters by
increasing their retention times due to the formation of ion pairs. The retention times
of impurities and hydrolysed products of ADAM were not so influenced.

A calibration curve for alanine using SDS as the additive was linear in the
range 0.02-10 ng, and passed through the origin (y = 2.539 x - 0.109, r = 0.999).
The detection limit for alanine was about 20 pg per injection (signal-to-noise ratio
= 4). The derivatization procedure described here was satisfactorily reproducible for
the examined amino acids.

The present study provided a simple and reliable method for fluorescent la
belling of the carboxyl groups of amino acids with ADAM. This result seems to
extend the use of this reagent to the labelling ofcarboxylic acids having polar groups.
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Note

Analysis of tert. -but y lat ed cresol mixtures by capillary gas chromato
graphy and capillary gas chromatography-mass spectrometry

C. E. DO RING" , D . ESTEL, W . PE HLE, M . GAIKOWSK I and K. SE IFFARTH

VEB Leuna- Werk e "Walter Ulbricht ", DD R-4220 Leuna (G.D.R.)

(F irst received Ma y 15th, 1985; revi sed manuscript received August 20th, 1985)

The alkylation of creso l with isobutene is a met hod ofte n used for the pro
duction of tert.-butylcresols. Mono- and dia lkylated cresols as well as cresylic ether
are the reaction products. The xyleno ls, contained in impure creso l, phenol and guaia
col react in the same way. By alkylation with a technical C4 fraction, the appea rance
of disubstit uted mixed sec.-butyl- tert.-butyl derivatives can also be expected.

Table I shows the number of isomers of some types of compounds which
theoretically can be formed du ring the alkylat ion . Even , if the act ual number of
isomers produced is less, a multico mponent mixture is expected. The complete ana ly
sis of the ter t.-bu tylation products of creso l has , to our knowledge, hitherto not been
repo rted. Some wo rkers described only the analysis of selected pairs of isomers on
packed column s". We decided to use capillary gas chromatography for the analysis
of reac tion mixtures.

The on ly way to identify the constituen ts was to use gas chromatography
mass spectrometry (GC-MS), since boiling point data are known only for a few
constituents (Table II), structure- retention relations hips are not avai lable to the ex
tent as, e.g., in the case of alkyl aromatics and genera lly on ly a limited number of
test substances was avai lab le. Th us, whereas the different types of compounds may

TABLE I

THEORETICALLY POSSIBLE ISO M E RS OBTA INED UPON rerr.-BUTYLATION OF TECHN1 
CA L CRESOL MIXTURES

Typ e of compound

rer r.-Buty l-pheno ls
-guaiacols
-creso ls
-xylenols

Di -rerr .-butyl-phenols
-gu aiacols
-cresols
-xylen ols

sec.-Buty I-rerr.-but yl-cres o ls

Number of isomers

3
4

10
16
6
6

14
16
28

113
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TABLE II

BOILING POINTS OF tert.-BUTYLATED PHENOLS, CRESOLS AND XYLENOLS'

tert.-bu = tert.-butyl; sec.-bu = sec.-butyl; phe = phenol; ere = cresol; xyl = xylenol .

431

No.

I
2
3
4
5
6
7
8
9

10
II
12
13
14
15
16
17
18
19

Compound

6-tert .-bu-o-cre
6-tert .-bu-p-cre
6-sec.-bu-p-ere
6-tert.-bu-m-cre
6-sec. -bu-m-cre
4-tert .-bu-o-cre
4-tert .-bu-2 ,6-xyl
6-tert .-bu-2 ,4-xyl
6-tert.-bu-2,3-xyl
2,6-di-tert.-bu-phe
6-tert .-bu-3,4-xyl
4-tert .-bu-2 ,3-xyl
2,4-di-tert.-bu-phe
4-tert .-bu-2,5-xyl
2,6-di-tert.-bu-p-cre
4,6-di-tert.-bu-o-ere
2,4,6-tri-tert.-bu-phe
4,6-d i-tert.-bu-m-cre
4,6-d i-tert.-bu-2,3-xyl

Boiling point (OC]

231
232.7
237
244
246-250
246.8
248
249
252
253
257
259
264
265
265
269
278
282
284

successfully be identified, in most cases their exact isomerism cannot be determined.
GC-MS investigations on substituted phenols have been reported by a number of
workers , e.g., Hunt et al.3 , but tert .-butylated cresols were not included in their work.

EXPERIMENTAL

Capillaries of soft glass (60 m x 0.25 mm) were used, which had been pre
treated twice with Carbowax 20M according to Aue et al:" after treatment with
hydrochloric acid. The coating with Carbowax 20M was also carried out according
to the dynamic methods. A Varian 1800 instrument equipped with a glass evaporator
and a flame ionization detector was employed. Hydrogen was the carrier gas, and a
temperature of 300°C was maintained in the injection system . The temperature of the
column was held at 90°C for 8 min, then raised to 200°C at 4°Cfmin; the analysis
was completed isothermally. The constituents were identified with an Hewlett-Pack
ard 5992 B system.

The following compounds were available as authentic samples: 2-tert. -butyl
p-cresol; 6-tert.-butyl-m-cresol; 6-tert.-butyl guaiacol; 2,6-di-tert.-butyl-p-cresol;
4,6-di-tert.-butyl-o-cresol; 4,6-di-tert.-butyl-m-cresol. Solid samples were dissolved in
a small quantity of methanol. The quantitative evaluation was carried out with a
computer via an LEDA interface".
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Fig. 2. Mass chromatogram (selected molecular and main fragment ions) of a tert .;but ylated cresol frac
tion. The peaks are designated according to Table III (TA = total ionization): 121, main fragment of the
tert .-but ylcresols (M -43); 135, main fragment of the sec.-but ylcresols (M - 29); 164, molecular ion of the
tert.-butylcresols; 178, molecular ion of the sec.-butylcresols.

RESULTS AND DISCUSSION

In addition to the molecular peak , the fragment ions M - 15 (basic peak) and
M - 43 are significant for the identification of mono- and di-tert. -butylated com
pounds by means of mass spectrometry. In case of sec.-butyl-tert .-butyl substituted
compounds, the fragment M - 29 occurs , whereas tert .-butyl-aryl ethers are charac
terized by the fragment M - 56.

Fig. 1 shows a mass chromatogram in playback representation. The occurrence
of some peak overlappings can be seen. For instance, 2,6-di-tert.-butyl-p-creso l
(m]e = 220) is eluted together with a tert .-butylxylenol (m]e = 178), and a di-tert.
butylxylenol im]« = 234) and a di-tert.-butylmethoxyphenol (m]« = 236) are coeluted.

Fig. 2 shows the intensities of the key fragments for tert .-butylcresols
(m]e = 121) and sec.-butylcresols (m]e = 135) as well as those of the molecular
peaks. Both types of derivatives can be clearly differentiated.

Fig. 3. represents a capillary chromatogram of a sample. Table III contains
the relative retentions. As expected, compounds with sterically hindered OH groups
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TABLE III

RELATIVE RETENTIONS

435

Values are relative to that of 2,6-di-tert .-butyl-p-cresol, 1.00; for condi tions see Experimental. meo
Methoxy; buo = butoxy; bzn = benzene; tol = toluene; gua = guaiacol.

No.

I
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

Substance

meo-bzn
tert.-buo-iol
tert .-bu-cre
tert .-buo-tert .-bu-tol
Guaiacol
2,4,6-tri-bu-phe
2,6-di-tert.-bu-p-cre
sec.-bu-tert.-bu-cre
di-tert.-bu-tert-buo-tol
6-tert.-bu-gua
o-Cresol + 6-lert .-bu-o-cre
sec.-bu-tert.-bu-cre
tert .-bu-xyl
Xylenol
p-Cresol
4,6-di-tert.-bu-gua + di-tert .-bu-xyl
m-Cresol
ter l.-bu-gua
tert.-bu-gua
4,6-di-tert.-bu-o-cre
tert.-bu-gua
tert.-bu-xyl
sec.-bu-cre
2-tert .-bu-p-cre
sec.-bu-cre
sec.-bu-cre
tert .-bu-m-cre
lert.-bu-o-cre
tert .-bu-xyl
di-tert.-bu-phe
tert .-bu -cre
sec.-bu-xyl
tert .-bu-cre
di-sec-bu-cre
sec.-bu-cre
tert .-bu-xyl
tert .-bu-cre
4,6-di-t ert.-bu -m-cre
isooctyl-cre

Relative retention

0.53
0.56
0.70
0.74
0.90
0.92
1.00
1.08
1.13
1.18
1.19
1.33
1.36
1.40
1.41
1.42
1.43
1.47
1.50
1.57
1.61
1.63
1.83
1.85
1.87
1.89
1.91
1.92
1.98
2.08
2.14
2.15
2.17
2.28
2.29
2.34
2.43
2.48
2.50

(e.g., 2,6-di-tert.-butyl-p-cresol and 2,4,6-tri-tert.-butylphenol) are eluted considerably
earlier than would be expected from their boiling points.

For the investigation of such 'complex mixtures with different qualitative and
quantitative compositions the use of the mass-selective detection proved indispens
able in many cases in order to identify constituents from their retention data.
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Note

Gas-liquid chromatographic method for the determination of dodine
in fruit

JANA HAJSLOVA·, ZUZANA RATHOUSKA and JIIH DAViDEK

Prague Institute of Chemical Technology. Department of Food Chemistry , Suchbatarova 3. 166 28 Prague
8 (Cze choslovakia)

(First received July 16th, 1985; revised manuscript received August 20th, 1985)

Dodine (n-dodecylguanidine acetate, CH 3(CH2) ! oCH2NH-C( = NH}
NHjCH3COO-) is a fungicide widely used for the control of apple and pear scab ,
leaf spot in cherry, olive and other crops and many other diseases. Its residues de
crease only slowly during storage of treated crops' , therefore it is necessary to have
a suitable method for their determination.

Several methods for dodine determination in biological materials have been
developed. The spectrophotometric procedure of Steller et at.2 is very laborious and
its sensitivity is relatively low. Dodine, as with other monosubstituted guanidine
containing compounds", undergoes hydrolysis in alkaline media yielding the corre
sponding amine , n-dodecylamine4, which is amenable to gas-liquid chromatography
(GLC) after trifluoroacetylation. The disadvantage of this procedure is the long
period necessary to complete hydrolysis. In the method developed by Newsome" ,
dodine is determined as its volatile substituted pyrimidine, the product of reaction
with hexafluoroacetylacetone.

In the procedure described in this paper, dodine is converted into a volatile
compound suitable for determination by GLC via reaction with trifluoroacetic an
hydride. In comparison with the method mentioned above", the derivatization step
is very quick and no further clean-up of the react ion mixture is necessary.

EXPERIMENTAL

Chemicals
Dodine analytical standard was supplied by Serva (Feinbiochemica, Heidel

berg, F.R.G.). All other chemicals were of reagent grade.

Procedure
A 50-g amount of a representative fruit sample was homogenized for 2 min

with 200 ml of methanol-chloroform (2:1, vjv). The homogenate was then filtered
through Whatman No . I paper on a Buchner funnel using a gentle vacuum. The
filter was rinsed with 50 ml of the mixture used"for extraction . The filtrate was acid
ified with I ml of concentrated hydrochloric acid and its volume was reduced to
30--40 ml using a vacuum evaporator (water-bath temperature 40°C). The pH of this
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Fig. I . The influence of the reaction tempe rat ure on the yield of dodin e deri vative.

NOTES

concentrate was adjusted to 2 by means of hydrochloric acid , followed by extraction
with two 25-ml portions ofchloro form and one 25-ml portion of hexane. The organic
layer was discarded and the aq ueous phase was adj usted to pH II using sodium
hydroxide (4 mol /l), Dodine was then extrac ted with three 25-ml portions of chlo
roform. The collected extract s were dr ied over anhydrous sodium sulphate and then
evaporated to dryness under vacuum at 40°C. The residue was dissolved in 0.2 ml of
hexane, 0.2 rnl of trifluoroacetic anh ydride were added and the flask was tightl y
stoppered . The reaction mixture was heated for 10 min in an oil-bath held at 100°C.
After cooling, a solution of hexadecane (internal standard) in hexane was added.

GLC ana lyses were performed (using an Hewlett-Packard 5880 gas chrom ato
graph) under the following conditions: glass column (1200 x 2 mm J.D.) packed
with 3% QV-101 on Chromaton N-AW-DMCS (0.125-0.160 mm); column temper
ature programmed from 100 to 250°C at l O'Czrnin ; injection port held at 250°C;
carrier gas (nitrogen) flow-rate, 30 ml/min; flame ionization detector.

RESULTS AN D DISCUSSION

Th e formation of a volatile derivative of dodine as the result of its reaction
with trifluoroacetic anhyd ride was utilized as described . In order to obtain the max-
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Fig. 2. Mass spec trum o f I-dod ecyl-I ,2-bis(tr ifluoroacetyl)guanidine (ionization voltage 70 eV).
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imum yield of this substance, various conditions for the derivatization step were
studied, see Fig. 1. It is obvious that the compound decomposed when heating (at
100°C)was prolonged, i.e., greater than 10 min . The stability of the dodine derivative
at room temperature was sat isfactory; in the presence of an excess of trifluoroacetic
anhydride, the decrease in the initial content of a model mixture (I mg of dodine was
used for derivatization) was found to be less than I% after I h. Removal of the
derivatizing agent resulted in relative rapid decomposition of the dodine derivative.

The mass spectrum of this derivative was obtained by means of gas
chromatography-mass spectrometry of a standard solution and as expected, see Fig.
2, l-dodecyl-I ,2-bis(trifluoroacetyl)guanidine was identified. Trifluoroacetic anhy
dride reacts in a similar way with the guanidino group contained in arginine",

Typical gas chromatograms of dodine in apples and pears are shown in Fig.
3. Under the described conditions the time of dodine elution was 8.8-8.9 min ; no
interfering substances were present in the analysed samples. Efficient clean-up of raw
extracts was achieved after their acidifica tion by means of solvent extraction. After
making basic the aqueous phase, dodine (in the form of its free base) could be im
mediately extracted; because of its limited stability under these conditions, pH values
higher than II should be avo ided .
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the equivalent of I mg of sample (0.05 mg{kg of dodine were added).
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TABLE I

RECOVERIES OF DODINE FROM APPLES AND PEARS

Apples Pears

Dodine added Recovery" Dodine added Recovery"
(mg/k g) (%) (mg/kg ) (%)

0.01 96.5 0.01 94.4
0.0 5 97.0 0.05 97.6
0.10 99.0 0.10 95.0
0.50 98.6 0.50 98.0

Mean recovery (%) 97.8 96.3
Sta nda rd deviat ion 0.5 0.8

.. Value s calculated from five parallel determinations .

NOTES

The aver age recoveries in the range 0.01-0.5 mg/kg are summarized in Table
1. It is evident that a linea r relationship exists between the amount of contaminant
added to fruits and that determined.

The minimum detectable amount of dodine (signa! to noise ratio 2:I) was
found to be 0.005 mg/kg when using a flame ionization detector; comparable con
centrations could be detected by means of a nitrogen-phosphorus detector. Because
of the large amount oftrifluoroacetic anh ydride present, it was not possible to employ
an electron-capture detector.
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The seeds of a great number of tropical shrubs and trees belonging to the plant
family Flacourtiaceae contain oils that exhibit exceptional dextro-rotatory powers
owing to their constituent cyclopentenyl fatty acids 1-4. These unusual fatty acids are
chiefly found as constituents of triacylglycerols, together with straight-chain fatty
acids.

During the course of our studies directed towards the elucidation of the bio
synthesis of cyclopentenyl fatty acids>-", we have developed methods for the identi
fication of straight-chain fatty acids and cyclopentenyl fatty acids in a natural mix
ture3, 7 ,8.

Recently we have described a simple and direct high-performance liquid chro
matographic (HPLC) method that provides a quick estimate of the triglyceride com
position of different oils and fats9-11. This paper reports the application of HPLC to
the analysis of triglycerides of Flacourtiaceae seed oils.

EXPERIMENTAL

Materials
Reference compounds were obtained from NU-CHEK-Prep (Elysian, MN,

U.S .A.) and Larodan Chemicals (Malme, Sweden).
Seeds of Caloncoba echinata and Hydnocarpus anthelminthica were obtained

from Honolulu Botanical Gardens and from the Harold L. Lyon Arboretum of the
University of Hawaii (Honolulu, HI, U .S.A.).

Oil extraction and the fractionation of triglycerides by thin-layer chromato
graphy (TLC) were performed as reported earlier".

Analytical techniques
The HPLC system consisted of a Spectra Physics (SP 8000) chromatograph,

coupled with a Pye Unicam LC-UV detector at 220 nm , and a Rheodyne loop (10
Ill) injector (model 7120). A Knauer differential refractometer model 98,00 was used

0021-9673/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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for refr acti ve index measurements. An SP 8000 electronic integrator was used to
obtain accura te retenti on times at a cha rt speed of 0.25 ern/min . The columns used
for the separati ons consisted of two 150 x 4.5.mm J.D. Spherisorb S3 ODS 2 (Phase
Sep UK) arranged in series and packed with 3 pm CIS bonded phase particles. The
columns were maintained at 20°C by coupling the column oven with Hetofrig cooling
system (type 03 PF 623 CB I I ) .

The mobile phase consisted of acctonitrile -tetrahydrofuran (68:32, v/v), both
of " H PLC Grade" (Rathburn, Walkerburn , U .K.). Tetrahydrofuran was used with
out an inhibito r. The mobil e ph ase was prepared by adding appropriate known vol
umes of each solvent to a flask and was degassed ultrasonically. The composition s
reponed ar e volum e per cents. Th e two columns in series produced ca. 3.5 . 103

theoret ical plates as measured for CCC triglyceride with a total system pressure of
2.5 . 103 p.s.i. a t 1.5 ml /min, the usual flow- rate used. The column void volume was
ca. 3.0 m!.

The sample size was 5-10 pi of ca. 10% solutions of triglycerides of H. an
thelm inthica and C. echinata in tetrahydrofuran .

Triglyceride peaks were collected from the HPLC effl uent and analysed as their
methyl esters by gas chromatogra phy (GC). The meth yl esters were prepared as de
scribed earl ier I 2 • Analysis of the methyl esters were carried out on a Chrompack
fused-sili ca Silar 10 CP (0.2 pm) wall-coated open-Lubul ar column (50 m x 0.22 mm
J.D .). The instrument used was a Perkin-Elmer Sigma 2 gas chromatograph equipped
with a flame ionisation detector. Th e data presented were recorded isothermally at
200°C with helium as carrier gas. Th e injector (split ) and detector temperatures were
maintained at 250°C. Quantitation was achieved by integration with a Hewlett-Pack
ard Model 3390 A reporting integrator and compari son with standard mixtures.
Tri glyceride compositions of the eluted peaks were determined by evaluation of the

TABLE 1

CONSTlTUENT FATTY ACIDS OF TRIACYLGLYCEROLS FROM SEED OILS OF FLACO UR
T1ACEAE

Analysed as methyl esters by capillary GC ; traces below 0.1 wt% are omitted; "cv" denotes the cyclo
pentene st ructure of the acid .

Chain length:
No . of double
bonds

14:1
14:1 cy
16:0
16:1
16:1 cy
18:0
18:1
18:2
18: 1 cy
18:2 cy
20: 1 cy
20:2 cy

Caloncoba
echinata
( weight % )

0.2
1.0

11.0
0.2
1.4
0.4
2.5
1.4

61.7
19.2
0.2
0.4

Hydnocarpus
anthelmin thica
( weight %)

0.2
0.2
5.3
1.3

57.1
0.5
3.5
0.9

26.3
3.6
0.4
0.3
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methyl ester composition of each eluted peak. The triglyceride abbreviation CCG
means that it is composed of two molecules of chaulmoogric acid (18: I cy) and one
molecule of gorlic acid (18:2 cy).

RESULTS AND DISCUSSION

The results from the fatty acid methyl esters of the two oils studied are pre
sented in Table I. They show a slight deviation compared with the earlier publica
tions3 •13 . This change in the fatty acid pattern is due to the different times of harvest
and maturation. However, the characteristics of the oils i.e. rather high amounts of
gorlic acid in C. echinata and high proportions of hydnocarpic acid in H. anthelmin
thica are clearly evident from the values shown in the Table I.

The complete separations of triglycerides of C. echinata and H. anthelminthica
are shown in Figs. I and 2, respectively. The total analysis time until the elution of

eeG

eGG
pee

PCG

10 20 30

ELUTION TIME (MINUTES)

60

Fig. I. Separation of triglycerides in Caloncoba echinata using two 150 x 4.5 mm I.D. Spherisorb S 3
ODS 2 columns and acetonitrile-tetrahydrofuran (68:32, v/v) as mobile phase at 1.5 ml/min; inlet pressure,
2500 p.s.i. at 20·C; UV detection at 220 nm. Abbreviations: P = palmitic acid; 0 = oleic acid; H =
hydnocarpic acid 16:1 cy; C = chaulmoogric acid 18:1 cy; G = gor1icacid 18:2 cy.
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HHH

HHC

HCC

j

NOTES

10 20 JO 40 ;a so

ELUTION TIME (MINUTES)

Fig. 2. Separation of triglycerides in Hydn ocarpus anth elminthica; conditions and abbreviations as in Fig.
1.

PPC is ca. 45 min . The chromatograms of the purified triglycerides as presented here
are much cleaner than those of the original oils owing to the removal of the early
appearing polar components with higher molar absorptivities. The structural eluci
dation of triglycerides was achieved by collecting each peak and analysing the re
spective methyl esters by G'C.

In the case of H . anthelminthica the collection of sufficient material for analysis
of OCG, PCG and OHH was not possible owing to the small amounts available;
they were thus tentatively identified by linear logarithming.

The triglyceride compositions of the two oils are shown in Table II. Although
Table I shows the presence of a total of t l straight chain and cyclic fatty acids in
each of the two oils only eight different rxglyceride species were detected above a
level of I %. However, the present method thus far does not differentiate between
different trigl yceride isomers such as CCG, GCC and CGC: therefore individual
peaks represent mixture of isomers.

The prevalence of CIS cyclic fatty acids in C. echinata is reflected by the ex
clusive contribution to the major triglyceride species CCG, CCC and CGG of this
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TABLE II

MOLECULAR SPECIES OF TRIACYLGLYCEROLS FROM FLACOURTIACEAE SEED OILS

Traces (below 0.5%) are omitted; abbreviations as in Fig. I.

Triacyl
glycerol
(or their isomers)

GGG
HHH
OCG
PCG
CGG
HHC
PGG
OHH
PHH
CCG
HCC
OHC
PCG
PHC
CCC
PCC
PPC

Relative
retention
time

0.97
1.00
1.05
1.12
1.20
1.24
1.29
1.30
1.34
1.51
1.55
1.62
1.64
1.67
1.94
2.11
2.29

Caloncoba
echinata
(mole %)

2.9

17.1

1.4

30.2

7.2

26.2
10.8
1.7

Hydnocarpus
anthelminthica
(mole %)

39.0
0.7
0.7

27.1

0.6
2.3

15.1
3.2

4.1
4.1
I.S

oil. In H. anthelminthica the predominance of the C1 6 cyclic fatty acid is shown by
its occurrence in the major triglycerides HHH, HHC and HCC. The triglycerides
containing C zo cyclic fatty acids were not detected because of the presence of very
low concentrations (Table I). The triglycerides containing only straight-chain fatty
acids as well as those containing two straight-chain fatty acids were absent from both
the oils.

A comparison of retention volumes of triglycerides containing cyclopentenyl
fatty acids with those of straight-chain fatty acids show that CCC is equal to 000,
PCC is equal to POO and PPC is equal to PPO, respectively. Thus the chromato
graphic behaviour of triglycerides containing cyclopentenyl fatty acids and straight
chain fatty acids with the same number of double bonds is quite similar.

The triglyceride composition of H . wightiana oil, a plant related to H. anthel
minthica, has been studied by lipolytic methods!" and by GC of the hydrogenated
oil! '. Both methods show the presence of HHC and HHH as major triglycerides.

The major advantage of non-aqueous reversed-phase HPLClies in the fact
that it separates the triglyceride critical pairs that are not separated in TLC16 and
GLClS techniques. The one-step HPLC method offers simplicity, speed and ease of
operation, Since HPLC is a non-destructive analytical technique it allows the collec
tion of pure triglycerides containing cyclopentenyl structures to be used as standards
for further identification purposes by complementary methods.

This appears to be the first report in the literature describing the separation of
triglycerides of cyclopentenyl fatty acids by HPLC. An early appearance of these
triglycerides will be of great help in identifying contaminations of edible oils with
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chaulmoogric oils . The latter appea r to be poisonous when ingested 1; however , these
oils and their constituent fatty acids have been used for the treatment of leprosy,
tuberculosis and other skin diseases! "

ACKNOWLEDGEMENTS

We thank Mrs. Lisbeth Wittrup and Mrs. Lis Bedker for their skilful con tri
bution to the experimental results, Mrs . Paula Andersen for secretarial assistance,
and Mr. Bent Andersen for crit ically reading the manuscript.

REFERENCES

H. Schlossberger, in W. Heubner and J . Schuller (Editors), Handbuch der Pharmakologie , Ergiinzungs
werk , Vol. 5, Sprin ger-Verlag, Berlin, 1938, p. I.

2 H. K. Mangold and F. Spener, in M. Tevini and H . K. Licht enthaler (Ed itors), Lipids and Lip id
Polymers in Higher Plant s , Springer-Verlag, Berlin, 1977, p. 85.

3 F . Spener and H. K. Mangold , Biochem istr y, 13 (1974) 2241.
4 F . Spener and I. Tober, Fette , Seifen, Anstrichm., 10 (1981) 40 1.
5 F . Spener and H. K. Man gold, Phy tochem istry , 14 (1975) 1369.
6 I. Tober and F . Spener, Plant Cell Rep ., I (1982) 193.
7 V. K. S. Shukl a, E. M. Abdel-M oety, E. Larsen and H . Egsgaard, Chem . Phys . Lipids, 22 (1979) 285.
8 V. K. S. Shukl a and M . M. Paul ose, Chem. Phys. Lip ids , 25 (1979) I.
9 V. K. S. Shukla, W. Schietz Nielsen and W. Batsberg, Fette , Se ifen , Anstr ichm., 7 (1983) 274.

10 V. K. S. Shukla, Recent Applications of High -Perf orm ance Liquid Chromatography to Oils and Fats
Analy sis, 76th AOCS Annual M eeting , Philadelphia , PA . Ma y 5-9, 1985, in press.

II V. K. S. Shukl a , New Dimensions in H igh Perf ormance Liquid Chromatography of Lipids. l I th Sca ndi-
na vian Symposium on Lip ids , Rey kja vik , Jun e 3D-Ju ly 4, 1985, in press.

12 A. M. Chalvardjian, Biochem , J., 90 (1964) 518.
l3 U . Cr am er and F. Spener , Eur . J. Biochem ., 74 (1977) 495.
14 V. V. S. Mani and G . Lak shminara yan a, Fett e , Seifen , A nstrichm ., 6 (1970) 434.
15 C. Litch field, R. D. Harl ow and R. Reiser, Lip ids, 2 (1967) 363.
16 Z. L. Bandi and H. K . Mang old , Sep. Sci., 4 (1969) 83.
17 L. Levy, Ann. Rev. Respir , Dis. , III (1975) 703.



Journal of Chromatography , 348 (1985) 447-453
Elsevier Science Publishers B.V., Amsterdam - Printed in The Netherlands

CHROM. 18 112

Note

High-performance liquid chromatography of caffeoylquinic acid deriv
atives of Cynara scolymus L. leaves

T. ADZEP and M. PUIGMACIA

Department of Pharmacognosy and Pharmacodynam ics. Faculty of Pharmacy . University of Barcelona.
Barcelona 08028 (Spain)

(First received June 27th, 1985; revised manuscript received August 15th, 1985)

The choleraic and cholagogic action of Cynara scolymus L. extracts is already
known 1. Research is at present being carried out into the hepatotropic activity of
such extracts , when faced with acute intoxication by carbon tetrachloride. This ac
tivity has always been attributed to the phenolic compounds present in the extract,
and in particular to its caffeoylquinic derivatives--' . These compounds are highly
unstablee> and during ext raction may undergo isomerization through hydrolysis and
posterior intramolecular transesterificationsr" . This implies modifications in the com
position of the extracts, depending on whether they are in aqueous or alcoholic so
lution, in which enzymatic activity is inhibited'' -1o.

Many papers on the analysis of phenolic compounds have been published11-1 s.
The aim of the present study was to . develop a technique capable of analyzing all
caffeoylquinic derivatives in any vegetable extract which contains phenol acids and
flavonoids.

EXPERIMENTAL

Chromatograph y
A Perkin-Elmer Series 2 liquid chromatograph, equipped with a spectropho

tometric detector LC-85 and a Sigma 15 chromatographic data station, was used.
The column was a stainless-steel tube (15 em x 4 mm 1.D.) packed with Spherisorb
C I 8 (Supelco, Bellefonte, PA, U.S.A.) having an average particle size of 5 Jlm. A
short stainless-steel precolumn, packed with Spherisorb CIS Superguard (5 Jlm), was
used . The UV detector was set at 325 nm .

Solvents were filtered using a 0.45-Jlm Millipore filter and degassed at room
temperature under vacuum with magnetic stirring.

Two solvents were used: A, methanol-acetic acid (97.5:2.5); B, water-acetic
acid (97.5:2.5). The linear gradient was from 13% A to 43% A in 30 min. The
flow-rate was 1.6 mIfmin, the temperature was 40°C and the column pressure was
1500 p .s.i.

Reagents
Phenols commercially available were obtained from Sigma (St. Louis, MO,

U.S .A.) , Fluka (Buchs, Switzerland) and Sarsyntex (Merignac, France).

0021-9673/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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Neochlorogenic and cryptochlorogenic acids were obtained through isomeri
zation of chlorogenic acid according to procedure used by Walkowski 16.

I ,3-Dicaffeoylquinic acid was isolated from the artichoke following a modified
procedure reported by Michaud" .

The isomers of isochlorogenic acid (3,4-, 3,5- and 4,5-dicaffeoylquinic acids)
were separa ted from coffee by the method of Barnes et al.' 7 .

All the above-mentioned products were isolated by means of semipreparative
high-performance liquid chromatography (HPLC)l8. They were identified by 1Hand
13C NMR spectroscopy and mass spectrometry 1 9 .20.

Quantitative calibration
Each phenolic compound was examined by HPLC in order to determine its

retention time, order of elution and capacity factor (Table I). a-Naphthol (Merck,
Darmstadt, F.R.G .) was used as internal standard (retention time, tR, 25.02).

A calibration graph of peak area against weight was obtained for each caffeo
ylquinic acid derivative and flavonoid, in the range of 1-200 I1g. A linear relationship
was obtained in each case .

Samples
Standards of cafTeoylquinic acids and flavonoids were dissolved in methanol.
The purification method used for the artichoke extracts depended on whether

aqueous (a) or alcoholic (b) solutions are used .
(a) A dried artichoke sample (10 g) was extracted with boiling water for 2 h,

the process being repeated twice. The extract was filtered while warm, concentrated,
diluted in a minimum of water and precipitated with methanol (10 volumes); this was
repeated twice. The methanolic fractions were dried in vacuo.

(b) A similar sample was extracted warm (at 75°q with 70% methanol for 2
h, three times. The extract was filtered while warm, concentrated and diluted in 50%
methanol. It was subsequently extracted with light petroleum (b.p. 40-60oq-diethyl

ether (2: I). The aqueous alcoholic fraction was dried in vacuo.
It was shown that in both cases the purification processes do not modify the

extract composition .
The dry residues were redissolved in 70% methanol, the volume was adjusted

to 50 ml with methanol, and mixed with 10 ml of a 0.84 mg/ml solution of a-naphthol
in methanol. After filtration (Millipore 0.45-l1m filter), 3-5 111 of the solution were
injected .

RESULTS AND DISCUSSION

The mobile phase was selected by examining different series of solvents. It was
noted that the selectivity of methanol-water mixtures was hardly affected by the
introduction of tetrahydrofuran or acetonitrile.

The simultaneous analysis of compounds with marked differences in polarity
(mono- and dicaffeoylquinic derivatives, flavonic glycosides and aglycones) requires
the use of a gradient programme. An identical concentration of acetic acid was main
tained in the two pumps, to ensure a constant pH, independent of the gradient con
ditions. The reproducibility of the analysis was verified by use of 2.5% acetic acid- '.
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Effect of structure on retention
Table I shows the retention times of the phenolic compounds. The values are

averages from five analyses, the error being about 1.5%.

TABLE I

RETENTION TIMES, IR, AND CAPACITY FACTORS, r ,OF CAFFEOYLQUINIC ACID DERIV
ATIVES AND FLAVONOIDS

Compound IR(min) k'

Neochlorogenic acid 2.11 0.81
Cryptochlorogenic acid 4.21 2.62
Chlorogenic acid 4.44 2.82
Caffeic acid 5.11 3.40
1,5-Dicalfeoylquinic acid 6.58 4.67
3,4-Dicalfeoylquinic acid 16.02 12.81
3,5-Dicalfeoylquinic acid 17.22 13.84
Luteolin-7-glucoside 17.50 14.08
1,3-Dicalfeoylquinic acid 18.18 14.67
4,5-Dicalfeoylquinic acid 21.35 17.40
Luteolin 28.57 23.62
a-Naphthol 25.02 20.56
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Fig. I. The retention times ofcalfeoylquinic acid derivatives and ftavonoids eluted using the linear gradient
on a Spherisorb CIS column. A list of the compounds separated is given in Table I. For the elution system
see Experimental.
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The order of elu tion of the different groups is in accord with pre vious results! ";
monocaffeoylquinic acids, caffeic acid , dicaffeoylquinic acids, flavonic glycosides and
flavones (F ig. I) . As verified by Court-", the introduction of a caffeo yl group in
creases the retention of a molecule; however , the monocaffeoylquinic derivati ves a re
eluted before the caffeic acid which may be considered to be more polar.

The chromatographic retention of the monocaffeoylquinic isomers is in agree
ment with the results obtained by Krau se and Strack -? and N agels et alF" , but not
those described by Court>". The first to elute a re the isomers that ha ve axial caffeoyl
subs tituent (pseudochlorogen ic and neochlorogenic acids), follo wed by those with an
eq ua toria l caffeoyl moiety (criptochlo rogenic and chlorogenic acids) (F ig. 2). The
a bo ve effect was ob served experimentally by Haslam et al,' for p-coumaroylquinic
derivatives; compounds hav ing the hydroxycinn amic moiety in po sition s I and 5
exh ibit increas ed solubility in water.

2 OR, ~O

W OR3 /~Y~Y\OHO,::::-c 6

HO/ HO ~

OR, OR. OH

Caffeic acid

R1 R 2 R3 R.

Qu inic ac id H H H H
I-O-Caffeoylquinic acid Caffeoyl H H H

(pseudochlorogenic)
3-0-Caffeoylquinic acid H Caffeoyl H H

(ch lo rogen ic)
4-0 -Caffeoylqui nic acid H H Ca ffeoyl H
5-0-Caffeoylquin ic acid H H H Caffeoyl

(neo chlorogenic)
1,5-0- Dicaffeoylquin ic Caffeoyl H H Calfeoy l

acid (cynarin)
1,3-0-Dicaffeoylquinic Ca ffeoy l Ca ffeoyl H H

acid
3,4-0 -Dicalfeoylquinic H Caffeoyl Caffeoyl H

acid (isoc hlorogcnic)
3.5-0 -Dicaffeoy lq uinic H Caffeoyl H Ca ffeoyl

ac id (isoc hlorogenic)
4,5-0-Dicaffcoylqu inic H H Caffeoyl Calfeoyl

acid (isoc hlo roge nic)

Fig. 2. Structures of ca ffeoylquinic acid der ivat ives.

In the case of dicaffeoylquinic derivatives, whereas cynarin (I ,5-dicaffeoylquin
ic acid , ax ia l-ax ia l) is eluted faster th an the rest of isomers, 3,4-dicaffeoylquinic acid
(equatorial -equatorial) which should be the mo st stro ngly ret ained is eluted before
1,3-dicaffeoylquin ic acid (ax ia l-equa torial) and 3,5- and 4,5-d icaffeo ylquinic acids
(both equa to ria l-axia l) (Fig. 2).

Quantitative analysis
Th e analysis of the a lcoho lic extracts, in which the ini tia l composition of the



NOTES

o 5

3

10 15

6

9

8

20

11

25 TIME (min)

451

Fig. 3. The separation of ca ffeoylquinic acids and flavonoids in an alcoholic extract of art ichoke using the
linear gradient. Peaks : I = neochlorogenic acid ; 2 = cryptochlorogenic acid; 3 = chlorogenic acid ;
4 = caffeic acid ; 5 = 1,5-dicaffeoylquinic acid ; 6 = 3,4-dicaffeoylquinic acid; 7 = 3,5-dicaffeoylquinic
acid ; 8 = luteolin-7-glucoside; 9 = 1,3-dicaffeoylquinic acid ; 10 = 4,5-dicaffeoylquinic acid ; 11 = IX

naphthol; 12 = luteolin . For the elution system see Experimental.

drug is maintained, shows the main components to be chlorogenic acid , 1,3-dicaf
feoylquinic acid and luteolin-7-glucoside, with the other caffeoylquinic derivatives in
much lower amounts (Fig. 3).

In a warm aqueous medium, isomerization phenomena occur, leading to a
varia tion in the extract composition (Fig. 4). There is an increase in neochlorogenic
and criptochlorogenic acids as a result of the decrease in chlorogenic acid- ". On the
other hand , the decrease in 1,3-dicaffeoylquinic acid results in an increase in 1,5
dicaffeoylquini c acid (cynarin) and the isomers of isochlorogenic acid (Table II) .
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Fig . 4. The separation of caffcoylquinic acids and flavonoids in an aqueous extract of artichoke using the
linear gradient. Details as in Fig. 3.

TABLE II

PERCENTAGES OF PHENOLIC COMPOUNDS IN AQUEOUS AND METHANOLIC EXTRACTS
OF THE ARTICHOKE

Values are relative to total polyphenol content.

Compound

Ncochlorogenic acid
Cryptochlorogenic acid
Chlorogenic acid
Caffeic acid
Cynarin
3,4-Dicaffeo ylquinic acid
3,5-Dicaffeoylquinic acid
1,3-Dicaffeoylquinic acid
4,5-Dicaffeoylquinic acid
Luteolin-7-g1ucoside
Lutcolin

ACK NOWLEDG EMENT

Aqueous ex tract

19.50
23.03
30.02

1.31
3.83
1.12
1.55
6.98
1.75

10.98
0.18

Methanolic ex tract

1.30
3.02

73.80
0.63
1.13
0.50
0.90
7.30
1.01
9.83
0.15

We acknowledge the financial support Cornision Asesora de Investigacion
Cientifica y Tecnica, Proyecto 0705/81.



NOTES

REFERENCES

453

1 A. Lietti, Fitoterapia, 48 (1977) 153.
2 L. Panizzi and M. L. Scarpati, Nature (London), 174 (1954) 1062.
3 P. Preziosi, II Farmaco Ed. Sci ., 17 (1962) 701.
4 E. Nichiforescu and V. Coucou, Ann. Pharm. Fr ., 24 (1966) 127.
5 V. Lattanzio and 1. Morone, Experientia, 35 (1979) 993.
6 M. L. Scarpati and P. Esposito, Ann. Chim. (Rome) , 54 (1964) 51.
7 E. Haslam, G. K. Makinson, M. O. Naumann and 1. Cunningham, J. Chern. Soc., (1964) 2137.
8 L. I. Dranik and V. Y. Chernobai, Rastit . Resur., 3 (1967) 250.
91. Michaud, Bull. Soc. Pharm. (Bordeaux). 106 (1967) 181.

10 E. Nichiforescu, Plant. Med. Phytother., 4 (1970) 56.
11 L.1. Nagels, W. L. Creten and P. M. Vanpeperstracte, Anal . Chem ., 55 (1983) 216.
12 L. W. Wulf and C. W. Nagel, J. Chromatogr., 116 (1976) 271.
13 1. Mollerup Andersen and W. Batsberg Pedersen, J. Chromatogr., 259 (1983) 131.
14 K. Van de Casteele, H. Geiger and C. F. Van Sumere, J. Chromatogr., 258 (1983) III.
15 B. Moller and K. Hermann, J. Chromatogr., 241 (1983) 371.
16 A. Walkowski, Zes z. Nauk, 80 (1978) 81.
17 H. M. Barnes, 1. R. Feldman and W. V. White, J. Am. Chem. Soc. , 72 (1950) 4178.
18 S. K. Yarbro and F. L. Vandemark, 1982 Pittsburgh Conference and Exhibition on Analytical Chemistry

and Applied Spectros copy , Pittsburgh . PA , March 8-12, 1982, Paper No. 269, 1982.
19 1. Corse, R. E. Lundin, E. Sondheimer and A. C. Waiss, 1r., Phytochemistry. 5 (1966) 767.
20 B. N. Timmermann, 1.1 . Hoffmann , S. D.1olad, K. H. Schram , R. E. KJenck and R. B. Bates, Lloydia,

46 (1983) 365.
21 W. P. Price, R. Edens, D. L. Hendrix and S. N. Deming, Anal . Biochem.. 93 (1979) 233.
22 W. A. Court, J . Chromatogr., 130 (1977) 278.
23 1. Krause and D. Strack, J. Chromatogr., 176 (1979) 465.
24 L. Nage1s, W. van Dongen , 1. de Bruckes and H. de Pooter, J. Chromatogr. , 187 (1980) 181.
25 1. Iglesias, M. Puigmacia and 1. M. Quiles, Plant Med . Phythother. , 19 (1985) in press.



454

Author Index

Adzet, T.
-- and Puigmacia. M.

High-performance liquid chromatography of
caffeoylquinic acid deriv atives of Cynara sco
lymus L. leaves 447

Akella, K . S. R. , see Husain . S. 309
Altemura , P.• see Rosini , C. 79
Amato. A.. see Gagliardi , L. 321
And o, T.. see Otsuka, K., 39
Andrews, A. T.
--, Taylor , M. D. and Owen, A. J .

Rapid analysis of bovine milk prote ins by fast
protein liquid chr omatography 177

Baba , Y.
--.Yo za, N . and Ohashi, S.

Effect of column temperature on high-per
forman ce liquid chro matogra phic behaviour
of inorganic polyphosphates. I. Isocratic ion
exchange chro ma togra phy 27

Balan sard, G.
--, Schwadrohn, G .• Vidal , E. and Elias. R.

Determination of ophthalmic therapeutic tri
f1uorothymidine and its degradation product
by reversed-ph ase high-performance liquid
chroma togra phy 299

--, see Vidal, E. 304
Basili, A., see G agliard i, L. 321
Beck, R. H. F., see Prazn ik, W. 187
Berndt, H.
-- and Kr iiger , G .

Resolution of enantiorneric amino acid deriv
atives by high-per formance liqu id chroma to
graphy on chira l sta tionary phases 275

Bertucci, C,, see Rosini, C. 79
Boren , H.
- - , Grimvall , A., Palmborg, J ., Savcnhed , R. and

Wigilius. B.
Optimization of the open stripping system for
the ana lysis of tra ce organics in water 67

Cab ezud o, M. D.. see Reglero, G . 327
Cartoni, G ., see Ronchetti , M. 159
Casanova, M. G .. see Gag liardi, L. 321
Ca vazzutt i, G. , see Gagliardi , L. 321
Chik ai, T., see Goto, J . 151
Chikuma , T.
--, Ishii , Y. and Kato, T.

Highly sensitive assay for PZ-petidase ac tivity
by high-performance liquid chrom ato
graphy 205

Ch imenti , F., see Gagliardi , L. 321
Churacekv J ., see Horna, A. 141

JOURNAL OF CH ROMATOG RAPHY

Csaio. E.
--, Keresztes, P., Szab o, L. D. and Knausz , D.

Preparation of trimethylsil yl der ivati ves of
ribonucleosides for gas chromatogra phy 280

Dalas, E.
- - . Kar anui skaki s, G .. Katsan os, N. A. and

Gounari s, A.
Reversed-flow gas chromato graphic tech
nique applied to measurement of mass trans
fer coefficients of n-hydrocarbons on Porapak
P 339

Da videk, J., see Hajslova, J . 437
De Smet, M., see Musch, G . 97
Dorin g, C. E.
--, Estel, D.. Pehle, W., Gaikowski, M. and Seif

farth , K.
Analysis of ter t.·bu tylat ed cresol mixture s by
capill ary gas chr omatography and capillary
gas chromatography-mass spectrorne
try 430

Dou se, J. M. F.
Silica capill ary gas chromatograph y of pro sta
glandins with electron-capture detection and
its applica tion to the forensic investigation of
sexual offences III

Dratz , E. A., see Van Kuijk, F. J. G. M. 24 1
Dufka, 0 ., see Horn a, A. 141
Ebermann, R.
-- and Gehringer, W.

Electr oph oretic de tection of peroxidase isoen
zymes in polyacrylamide gels using hydrogen
peroxide genera ted by rose bengal- gluta
thione in the presence of light 313

Einars son , S.
Selective determination of secondary amino
acids using precolumn derivatization with 9
f1uoren ylchloroform ate and reversed-ph ase
high-perform ance liquid chromato
graph y 213

Elias, R., see Balansard , G. 299
--, see Vidal, E. 304
Estel, D., see Doring, C. E. 430
Everhart, L. A.. see Sisco, W. R. 253
Federici, E., see Gagliardi , L. 321
Fehrenbach. F. 1.. see Jiirgens, D. 363
Fernandez-Sanchez, E., see Reglero, G . 327
Field, R. E., see Pirkle, W. H. 89
Fritig, 8. . see Hermann. C. 167



AUTHOR INDEX

Gagliardi, L.
--, Amato, A., Basili, A., Cavazzutti, G., Fed

erici, E., Chimenti, F. , Casanova, M. G., Gat
tavecchia, E. and Tonelli, D.
Determination of preservatives in cosmetic
products by ion-pair reversed-phase high-per
formance liquid chromatography. Ill. 321

Gaikowski, M., see Doring, C. E. 430
Gambardella, P.
--, Punziano, R. , Gionti , M., Guadalupi, c.,

Mancini, G . and Mangia, A.
Quantitative determination and separation of
analogues of aminoglycoside antibiotics by
high-performance liquid chromato
graphy 229

Garcia-Dominguez, J. A., see Reglero, G. 327
Gattavecchia, E., see Gagliardi, L. 321
Gazzotti, G .
--, Sonnino, S. and Ghidoni, R.

Normal-phase high-performance liquid chro
matographic separation of non-derivatized
ganglioside mixtures 371

Gehringer, W., see Ebermann, R. 313
Geoffroy, P., see Hermann, C. 167
Ghidoni, R., see Gazzotti, G . 371
Gionti, M., sec Gambardella, P. 229
Golay, M. J. E.

A problem of optimization in capillary gas
chromatography 416

Goto, J.
--, Suzaki , K., Cikai, T., Nagase, K. and Narn

bara, T .
Studies on steroids. CCXVI. Separation of
bile acid 3-glucuronides by high-performance
liquid chromatography 151

Gounaris, A., see Dalas, E. 339
Grimvall, A., see Boren, H. 67
Guadalupi, C:, see Gambardella, P. 229
Guigues, M., see Vidal, E. 304
Guinn, G.
-- and Hendrix, D. L.

Bracketing, a simple loading technique that
increases sample recovery , improves resolu
tion , and increases sensitivity in high-perform
ance liquid chromatography 123

Hajslova, J.
--, Rathouska, Z. and Davidek, J.

Gas-liquid chromatographic method for the
determination of dodine in fruit 437

Handelman, G. J. , see Van Kuijk , F . J. G. M. 241
Hansen, B., see Welinder, B. S. 347
Hegernann, J . H.
-- and Linscheid, M.

Reversed-phase liquid chromatography of
protected oligonucleotide diesters 286

Hendrix, D. L., see Guinn, G . 123

455

Hermann, C.
--, Legrand, M.. Geoffroy, P. and Fritig, B.

High-performance liquid <;hromatography of
proteins. Rapid chromato focusing of plant
enzymes 167

Herraiz, M., see Reglero , G . 327
Holt, N. J. , see McCracken, M . S. 221
Homa, A.
--, Taborsky, J ., Churaeek, J . and Dufka, O.

Chromatography of monomers. IV. Gas
liquid chromatographic studies of C.-C6 n
alkyl and C3-C6 isoalkyl acrylates and their
hydrogen halide and halogen addition deriv
atives 141

Husain, S.
--, Akella, K. S. R. and Narsirnha, R.

Analysis of some chlorinated pyridine isomers
in mixtures by reversed-phase high-perform
ance liquid chromatography 309

Ishii, Y., see Chikurna, T. 205
Ito, N.
--, Noguchi, K ., Kazama, M., Shimura, K. and

Kasai, K.-I.
Separation of human Glu-plasrninogen, Lys
plasminogen and plasmin by high -perform
ance affinity chromatography on Asahipak
GS gel coupled with p-aminobenzami
dine 199

Ito, Y., see Sandlin, J. L. 131
Jiirgens, D.
--, Shalaby, F. Y. Y. I. and Fehrenbach, F. J.

Purification and characterization of CAMP
factor from Streptococcus agalactiae by hy
drophobic interaction chromatography and
chromatofocusing 363

Kalil, J. B.
-- and Last, T. A.

Liquid chromatography with voltammetric
detection for quantitation of phenolic
acids 397

Karaiskakis, G ., see Dalas, E. 339
Kasai, K.-I. , see Ito , N . 199
Kato , T., see Chikurna, T. 205
Katsanos, N. A., see Dalas, E. 339
Kazama, M., see Ito, N . 199
Keresztes, P., see Csato, E. 280
Kinoshita, T., see Yoshida, T. 425
Knausz, D., see Csato, E. 280
Krauss, F.
-- and Schmidt, A.

Simple separation of adenosine-S'-phospho
sulphate, adenosine-S'-phosphoramidate and
cyclic adenosine-S'-monophosphate nucleo
tides involved in adenosine-5'-phosphosul
phate degradation 296



456

Kruger, G ., see Berndt , H. 275
Kuijk. F. J. G . M . van, see Va n Kuij k, F . J . G .

M. 241
Last , T. A., see Kafil, J . B. 397
Lauren, D. R.
--and Wat kinson, J. H.

Element al sulphur ana lysis using high-per
formance liqu id chroma tog raphy on 10-lIm
rigid polymer particles 317

Lee, M .
--, Nohta, If.. Ohkura, Y. and Yoo, B.

Determinat ion of phenylethanolamine N
meth yltr ansferase by high-performance liquid
chro ma tography with fluorescence detec
tion 407

Legrand , M ., see Hermann, C. 167
Lind e, S., see Welinder, B. S. 347
Linscheid , M., see Hegemann, J. H. 286
Logan , R. I.
-- and Rivett, D . E.

Investigat ion of the synthesis of trypta thion
ine using high-performance liqu id chro mato
graphy 421

Lomic , S., see Petr ovic, S. M. 49
McCracken , M . S.
-- and Holt , N. J.

High-perform ance liqu id chromatographic
determina tion of lipid s in vesicles 221

Mahler , G . S., see Pirkle, W. H. 89
Man cini, G ., see Gambardella , P. 229
Man gia, A., see G ambardella , P. 229
Massart , D. L., see Musch, G. 97
Murayam a, H., see Yoshida, T. 425
Musch , G .
--, De Smet , M . and Massart , D . L.

Expert system for pharmaceutical ana lysis. I.
Selection of the detect ion system in high -per 
fo rma nce liqu id chroma tographic an alysis:
UV versus amperometric dete ction 97

Nagase, K., see Goto, J . 151
Nambar a, T. , see Got o, J. 151
Narsimh a, R. , see Husain, S. 309.
Nimura, N. , see Yosh ida, T. 425
Noguchi , K. , see Ito, N. 199
Nohta, H., see Lee, M. 407
Oh ashi , S., see Baba, Y. 27
Ohkura, Y., see Lee, M. 407
Otsuka , K.
--, Terabe, S. and Ando , T.

Electr okinetic chro mato graphy with micellar
solutions. Retent ion behaviour and separa
tion of chlorin ated phenols 39

Owen , A. J., see Andrews, A. T. 177
Palmborg, J ., see Boren , H. 67
Pehle. W., see Dor ing, C. E. 430

AUTHOR INDEX

Pet rovic, S. M .
- -, Lomic, S. and Sefer, I.

Ut ilization of the func tio na l group co ntri bu
tion concept in liquid chro ma togra phy on
chemically bonded reversed phases 49

Pini, D., see Rosini , C. 79
Pirk le, W. H.
- - , Poch apsky, T. C.; Mahl er , G . S. and Field ,

R. E.
Chromatographi c separa tion of the ena ntio m
ers of 2-carboa lkoxy indo lines and N varyl-«
amino esters on chiral stati onar y pha ses de
rived from N-(3,5-dinitrobenzoyl)-et-amin o
acids 89

Pochapsky, T. c.. see Pirkle , W. H. 89
Praznik, W.
-- and Beck, R. H. F.

Applicati on of gel permeat ion ch rom at o
gra phic systems to the determinati on of the
molecular weight of inulin 187

Preston, M. R., see Varn ey, M. S. 265
Puigmacia, M ., see Adzet, T. 447
Punzian o, R., see Gambardell a, P. 229
Rath ousk a, Z ., see Hajslova , J . 437
Reglero , G .
- - , Herr aiz, M., Cabezudo , M. D., Fernandez

Sanchez , E. and Garcia-Dom inguez , J. A.
Contribution to the study of micro packed col
umns in gas chro matography 327

Ritt enh ouse, C. T. , see Sisco, W. R. 253
Rivett , D. E., see Logan , R. I. 421
Rizzi, A.

Adsorption from mult i-com ponent liquid
mixtures on to heterogen eous so lid surfaces:
the role of adsorption of water on silica in
liquid - so lid adsorption chromatography I

Roncheui, M.
- - Carton i, G . a nd Zoccolillo, L.'

Determination of polynuclear aro matic hy
drocarbons in petroleum oils by co mbi na tion
of thin-layer chro matography and gas
chro matography-mass spectrometry 159

Rosini, C.
- - , Altemura , P., Pini, D., Bertu cci, c., Zull ino,

G. and Salvad or i, P.
Cinchona alkaloids for preparating new, ,easily
accessible chira l sta tiona ry phases. II. Reso
lution of binaphthol deriv atives on silica-sup
port ed qu inine 79

Savenhed, R., see Boren, H. 67
Sak abe , Y., see Terada, H. 379
Salvad ori , P., see Rosini, C. 79
Sandlin , J. L.
- - and Ito, Y.

Large-scale prepar ative co untercurrent chro 
mat ography for sepa ratio n of polar com
pounds 131



AUTHOR INDEX

Schmidt , A.• see Krauss. F . 296
Schwadrohn, G. , see Balansard, G. 299
Sefer, I., see Petrovic , S. M. 49
Seiffarth , K., see Doring, C. E. 430
Shalaby, F. Y. Y. I. , see 1iirgens, D. 363
Shimu ra, K., see Ito, N. 199
Shono, T , see Tetsumi, T 389
Shukla. V. K . S.
-- and Spener, F.

High-performance liquid chromatography of
triglycerides of F1acourtiaceae seed oils con
tain ing cyclopentenyl fatty acids (chaulmoo
gric oils) 441

Sisco, W. R.
--, Rittenhouse, C. T. and Everhart , L. A.

Simultaneous high-performance liquid chro
matographic stability-indicating analysis of
acetaminophen and codeine phosphate in tab
lets and capsules 253

Smct, M. De, see Musch, G. 97
Sonnino, S., see Gazzotti, G . 371
Spener, F., see Shukla, V. K. S. 441
Sumi, M., see Tetsumi, T. 389
Suzaki, K , see Goto, 1. 151
Szabo , L. D., see Csato, E. 280
Taborsky, 1., see Horna, A. 141
Tan aka, M., see Tetsumi , T. 389
Taylor, M. D., see Andrews, A. T 177
Terabe, S., see Otsuka , K. 39
Terada, HI
-- and Sakabe, Y.

Studies on residual antibacterials in foods. IV.
Simultaneous determination of penicillin G,
penicillin V and ampicillin in milk by high
performance liquid chromatography 379

Tetsumi, T
--, Sumi, M., Tanaka, M. and Shone, T.

Reversed-ph ase ion-interaction chromato
graphy of sodium dialkyldithiocarbamates in
the presence of tetraalkylammonium
salts 389

457

Tonelli , D., see Gagl iardi , L. 321
Uetake , A., see Yoshida, T . 425
Van Kuijk , F. 1. G . M.
--, Handelman, G. 1. and Dratz, E. A.

Rapid analysis of the major classes by reti
noids by step grad ient reversed-phase high
performance liquid chromatography using
retinal (O-ethyl) oxime derivatives 241

Varn ey, M. S.
-- and Preston, M. R.

Measurement of trace aromatic amines in sea
water using high-performance liquid chro
matography with electrochemical detec
tion 265

Vidal, E., see Balansard, G . 299
--, Guigues, M., Balansard, G . and Elias, R.

Determination of ophthalmic therapeutic
metipranolol and its degradation product by
reversed-phase high-performance liquid
chromatography 304

Watkinson, 1. H., see Lauren, D. R. 317
Welinder , B. S.
--, Linde, S. and Hansen, B.

Reversed-phase high-performance liquid
chromatography of insulin and insulin deriv
atives . A comparative study 347

Wigilius, B., see Boren , H. 67
Yoo, B., see Lee, M. 407
Yoshida, T.
--, Uetake, A., Murayama, H., Nimura, N. and

Kinoshita, T.
Fluorescent labelling of amino acids with 9
anthryldiazome thane and its appli cations to
high-performance liquid chromato
graphy 425

Yoza, N., see Baba, Y. 27
Zoccolillo , L., see Ronchetti, M. 159
Zullino, G ., see Ros ini, C. 79



458

Addendum

JOURNAL OF CH ROMATOG RA PHY

In reference to the article " Less hazardous derivatization procedure for gas
chromatography of plant hormone abscisic acid." publi shed in the Journal of Chro
matography , Vol. 325 (1985) p. 425; Dr. T. L. Davenport requests us to not e that
some of the wor k was fund ed by the Binat ional Agricultural Research and Devel
opment Fund (BARD) Research Project 1-44-81, during the 2.5 months that D. Tietz
worked for the University of Florida, Institute of Food and Agricultural Sciences.
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HPLC columns for
optical resolution

CHIRALPAK
CHIRALCEL

Daicel Chemical Industries, Ltd. has developed excellent chiral columns for the separation
ofoptical isomers. "CHIRALPAK;" or "CHIRALCEL" in combination witl],High
Performance Liquid Chromatography has proven to be a highly successful technique for
separation ofoptical isomers and for the determination of enantiomeric purity ofcompound
Nowa wide variety ofoptically pure compounds are readily available without laborious
resolution techniques!

CH, H H H

", " @c~c -c -C-C -OCH,-'6' -O- 0
/ \, , II ~

CH, C 0

c..H; CH)

CHIRALPAK OT (+)
25 cm XO.46 cm 1.0.
eluent : methanol

. flow rate : O.5ml/min
detection : UV 254nm

(+ )-trans

(- )-trans

(+ )-CI5

(- )-cis

(+)

(-)

o
CH ,O ':' -SCH,

NHCOCH,

CHIRALCEL OC
25cmXO.46cm 1.0.
eluent:

hexane-2-propanol
flow rate : 1.5mJ/min
detection : UV 220nm

o

L

j
H,N

Ph'

CHIRALP,
12.5cm xo.
eluent:

aq.0.25rr
flow rate :
detection : .

-J. Am. Chem. Soc .. 103, 697H 1981)

For more details about HPLC columns, please contact:

Tokyo
8-1, Kasumigaseki 3-chome, ' . '
Chiyoda-ku, Tokyo 100, Japan
Phone: 03 1507) 3173,3178
Telex : 222-4632 DAICEl J

DAlCEL Ct£MICAL INlUSTRIES, LTD.

Dusseldorf
Konigsallee 92a ,
4000Dusseldorf 1, F.R. Germany
Phone: (0211) 134158
Telex (41) 8588042 DCEL D

205A

New York
Pan-Am Bldg. , 200 Park Avenue,
New York , N.Y. 10166-0130, U.S.A.
Phone (212) 878-6765,6766
Telex : 123) 236154 DCC UR

DAICEl IU.S .A,), INC.
611 west 6th SHeet, Roa
los Angeles California 91
Phone: 12131 629-3656
Telex : 215515 DCll UR
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