JOURNAL OF LIQUID

CHROMATOGRAPHY
& RELATED TECHNOLOGIES

HPLC
TLC
Capillary Electrophoresis
Supercritical Fluid Techniques
M embrane Technology
Field-Flow Fractionation

Preparative & Analytical Separations

INCLUDES INDEXES TO VOLUME 20



JOURNAL OF LIQUID CHROMATOGRAPHY & RELATED TECHNOLOGIES
December 1997

Aims and Scope. The journal publishes an outstanding selection of critical, peer-
reviewed papers dealing with analytical, preparative and process-scale liquid
chromatography of all types and related technologies such as TLC; capillary
electrophoresis; supercritical fluid extraction and chromatography; membrane
separation technology; field-flow techniques; and others. As new separation
technologies are introduced, they will also be included in the journal. On a
regular basis, special topical issues are devoted to specific technologies and
applications. Book reviews, software reviews and a calendar of meetings,
symposia and expositions are also included.

Identification Statement.  Journal of Liquid Chromatography & Related
Technologies (ISSN: 1082-6076) is published semimonthly except monthly in
May, August, October, and December for the institutional rate of $1,750.00 and
the individual rate of $875.00 by Marcel Dekker, Inc., P.O. Box 5005,
Monticello, NY 12701-5185. Periodicals postage paid at Monticello, NY.
POSTMASTER: Send address changes to Journal of Liquid Chromatography &
Related Technologies, P.O. Box 5005, Monticello, NY 12701-5185.

Individual Foreign Postage
Professionals’
Institutional and Student Airmail  Airmail
Volume Issues Rate Rate Surface to Europe to Asia

20 20 $1,750.00 $875.00 $75.00 $110.00 $130.00

Individual professionals’ and student orders must be prepaid by personal check or
may be charged to MasterCard, VISA, or American Express. Please mail
payment with your order to: Marcel Dekker Journals, P.O. Box 5017,
Monticello, New York 12701-5176.

CODEN: JLCTFC 20(20) i-iv, 3279-3490 (1997)
ISSN: 1082-6076

Printed in the U.S.A.



Subscribe Today!

Use the cards below to subscribe to the Jourdl of Ligud
&S&Rdated Tedrdagesor to recommend the journal
to your library for acquisition.

Order Form JournalofLiquid Chromatography
& Related Technologies

Please enter my subscription to Vol. 20, 20 Numbers, 1997 at the O institutional rate
of $1750.00; O individual rate of $875.00 Individual subscriptions must be prepaid in
American currency by personal check or credit card. Please add $3.75 per issue
(numberj for shipping outside the U.S. For airmail to Europe, add $5.50 per issue; to
Asia, add $6.50per issue. Canadian customersplease add 7% GST.

___ Please send me a pro forma invoice.

____ Check enclosed made payable to Marcel Dekker, Inc.

__ Charge my: O MasterCard O Visa O American Express
____Please bill my company: P.O. No.

Card No. Exp. Date

Signature

Name

Address

City/State/Zip

Does your library subscribe to the Journal of Liquid Chromatography & Related
Technologies? Just complete this card and submit it to your librarian or department head.

Attention: Librarian/Department Head: 1| have examined the
Journal of Liquid Chromatography & Related Technologies and would like to
recommend the journal for acquisition.

Signature Date

Name Department

Journal of Liquid Chromatography & Related Technologies
Volume 20, 20 Numbers, 1997: $1750.00
ISSN: 1082-6076 CODEN: JLCTFC

Sample copy and pro forma invoice available upon request.

Please contact the Promotion Department at: Marcel Dekker, Inc.
270 Madison Avenue
New York, NY 10016
(212) 696-9000 phone
(212) 685-4540 fax



Subscribe Today!

Use the cards below to subscribe to the Jourd of Liqud
SHRdaed Tedrdagyesor to recommend the journal

to your library for acquisition.

NO POSTAGE
NECESSARY
IF MAILED
INTHE
UNITED STATES

BUSINESS REPLY MAIL

FIRST-CLASS MAIL PERMIT NO. 2863 NEW YORK NY

POSTAGE WILL BE PAID BY ADDRESSEE

PROMOTION DEPT
MARCEL DEKKER INC

270 MADISON AVE

NEW YORK NY 10157-1928

In, INIL, ,,.., 11, 111 I,Inni.lini..lini

Journal of Liquid
Chromatography & Related

Technologies

Editor: JACK CAZES
Coconut Creek, Florida

The Journal of Liquid Chromatography & Related Technologies now publishes an
outstanding selection of critical, peer-reviewed papers dealing with analytical,
preparative, and process-scale liquid chromatography of all types and related
technologies such as TLC; capillary electrophoresis; supercritical fluid extraction and
chromatography; membrane separation technology; field-flow techniques; and others.
As new separation technologies are introduced, they will also be included in the journal.

On a regular basis, special topical issues will be devoted to specific technologies and
applications. Book reviews, software reviews, and schedules of meetings, sympo-
siums, and expositions are also included.



JOURNAL OF LIQUID

CHROMATOGRAPHY
& RELATED TECHNOLOGIES

Editor: Editorial Manager:
DR. JACK CAZES ELEANOR CAZES
Florida Atlantic University

TLC &RT
P.O. Box 970210
Coconut Creek, Florida 33097
email: cazes@worldnet.att.net

Associate Editor:

DR. HALEEM J. ISSAQ
NCI-Frederick Cancer Research
& Development Center
Frederick, Maryland

Editorial Board

H.Y. ABQUL-ENEIN, King Faisal Specialist Hospital & Research Centre,
Riyadh, Saudi Arabia

V.K. AGARWAL, Bayer Corporation, West Haven, Connecticut

J.G. ALVAREZ, Harvard University, Boston, Massachusetts

D.W. ARMSTRONG, University of Missouri, Rolla, Missouri

A. BERTHOD, Université Claude Bemard-Lyon 1, Villeurbanne, France

U.A.TH. BRINKMAN, The Free University, Amsterdam, The Netherlands

P.R. BROWN, University ofRhode Island, Kingston, Rhode Island

D. CORRADINI, Istituto di Cromatografia del CNR, Rome, Italy

R. DEMURO, Shimadzu Scientific Instruments, Inc., Wood Dale, Illinois

J.G. DORSEY, Florida State University, Talahassee, Florida

Z. EL RASSI, Oklahoma State University, Stillwater, Oklahoma

E. GRUSHKA, The Hebrew University, Jerusalem, Israel

G. GUIOCHON, University of Tennessee, Knoxville, Tennessee

N.A. GUZMAN, R.W. Johnson Pharm. Res. Inst., Raritan, New Jersey

(continued)

il -m fm
Sft nifi nr;i


mailto:cazes@worldnet.att.net

JOURNAL OF LIQUID CHRQMATQGCRAPHY A BELATED TECHNOLOGIES
Editorial Board (continued)

J.E. HAKY, Florida Atlantic University, Boca Raton, Florida

S. BARA, Tokyo College of Pharmacy, Tokyo, Japan

W.L. HINZE, Wake Forest University, Winston-Salem, North Carolina

C. HORVATH, Yale University, New Haven, Connecticut

W.J. HURST, Hershey Foods Technical Center, Hershey, Pennsylvania

J. JANCA, Université de la Rochelle, La Rochelle, France

G.M. JANINI, NCI-Frederick Cancer R&D Center, Frederick, Maryland

M. JARONIEC, Kent State University, Kent, Ohio

K. JINNO, Toyohashi University of Technology, Toyohashi, Japan

G. KARAISKAKIS, University of Patras, Patras, Greece

P.T. KISSINGER, Purdue University, West Lafayette, Indiana

J. LESEC, Ecole Supérieure de Physique et de Chemie, Paris, France

R. B. MILLER, Bausch & Lomb Pharmaceuticals, Tampa, Florida

S. MORI, Mie University, Tsu, Mie, Japan

M. MOSKOVTTZ, Scientific Adsorbents, Inc., Atlanta, Georgia

LN. PAPADOYANNIS, Aristotelian University of Thessaloniki, Thessaloniki,
Greece

W.H. PIRKLE, University of lllinois, Urbana, Illinois

F.M. KABEL, E-M Science., Gibbstown, New Jersey

R.P.W. SCOTT, Consultant, Avon, Connecticut

Z.K. SHIHABI, Bowman Gray School of Medicine, Winston, Salem, North
Carolina

J.T. STEWART, University of Georgia, Athens, Georgia

J.H.M. van den BERG, Budelco, B.V., Budel, The Netherlands

R. WEINBERGER, CE Technologies, Chappaqua, New York



JOURNAL OF LIQUID CHROMATOGRAPHY & RELATED TECHNOLOGIES

Indexing and Abstracting Services.  Articles published in Journal of Liquid
Chromatography & Related Technologies are selectively indexed or abstracted in:

m Alerts m Aluminium Industry Abstracts m Analytical Abstracts m ASCA m
Berichte Pathologie m CAB Abstracts m CABS/Elsevier BIOBASE m Cambridge
Scientific Abstracts m Chemical Abstracts m Chemical Reactions Documentation
Service m Chemistry Citation Index m Current Contents/Life Sciences m Current
Contents/Physical, Chemical, and Earth Sciences m Current Opinion =
Engineered Materials Abstracts m Engineering Index’COMPENDEX PLUS =
EMBASE/Excerpta Medica m Food Science & Technology Abstracts m Metals
Abstracts m Reaction Citation Index m Referativnyi Zhumal/Russian Academy of
Sciences m Reference Update m Research Alert m Saltykov-Shchedrin State
Public Library m Science Citation Index m SCI Expanded m Tobacco Abstracts

Manuscript Preparation and Submission. See end of issue.

Copyright © 1997 by Marcel Dekker, Inc. All rights reserved. Neither this
work nor any part may be reproduced or transmitted in any form or by any
means, electronic or mechanical, microfilming and recording, or by any
information storage and retrieval systems without permission in writing from the
publisher.

This journal is also available on CD-ROM through ADONIS™ beginning with
the 1991 volume year. For information contact: ADONIS, Marketing Services,
P.O. Box 17005, 1001 JA Amsterdam, The Netherlands, Tel: +31-20-626-
2629, Fax: +31-20-626-1437.

The journals of Marcel Dekker, Inc., are available in microform from:
University Microfilms, Inc., 300 North Zeeb Road, Ann Arbor, Michigan
48106-1346, Telephone: 800-521-0600; Fax: (313) 761-1203.

Authorization to photocopy items for internal or personal use, or the internal or
personal use of specific clients, is granted by Marcel Dekker, Inc., for users
registered with the Copyright Clearance Center (CCC) Transactional Reporting
Service, provided that the fee of $10.00 per article is paid directly to CCC, 222
Rosewood Drive, Danvers, MA 01923. For those organizations that have been
granted a photocopy license by CCC, a separate system of payment has been
arranged.

Contributions to this journal are published free of charge.

Effective with Volume 6, Number 11, this journal is printed on acid-free paper.



J. LIQ. CHROM. & REL. TECHNOL., 20(20), 3279-3295 (1997)

COMPARISON OF THE ENANTIOSELECTIVITY
OF p-CYCLODEXTRIN VS. HEPTAKIS-2,3-0-
DIMETHYL-p-CYCLODEXTRIN LC
STATIONARY PHASES

D. W. Armstrong,* L. W. Chang, S. C. Chang, X. Wang,
H. Ibrahim™ G. R. Reid, Ill, T. E. Beesley®l

University of Missouri-Rolla
Department of Chemistry
Rolla, MO 65401

ABSTRACT

The enantioselectivity of native p-cyclodextrin and its 2,3-
methylated analogue were examined in both the "polar-organic”
mode and the reversed phase mode. By comparing these two chiral
selectors, the function of the secondary 2,3-hydroxyl groups at the
mouth of the cyclodextrin can be examined (in regard to selectivity
and retention). In the "polar-organic* mode, compounds that are
easily resolved on the native P-cyclodextrin chiral stationary phase
(CSP) cannot be resolved on the methylated CSP. These results, as
well as the retention data, lend support to the previously proposed
"noninclusion” mechanism. In the reversed phase mode, many more
compounds could be resolved on the native p-cyclodextrin CSP than
on the methylated analogue. However, a few compounds were
resolved only on the 2,3-methylated cyclodextrin CSP. In these
cases, steric interactions at the mouth of the cyclodextrin cavity may
be more important to chiral recognition than hydrogen bonding.

3279
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INTRODUCTION

The p-cyclodextrin bonded stationary phase was the first broadly useful,
reversed-phase chiral stationary phase (CSP).12 When using aqueous or hydro-
organic solvents the enantioselective retention mechanism was shown to involve
inclusion complexation along with hydrogen bonding and/or steric interactions at
the outer edge of the cyclodextrin cavity.27 Conversely traditional normal phase
enantioseparations with native p-cyclodextrin columns are quite rare.

Two very different approaches were utilized in order to extend the utility and
selectivity of cyclodextrin-based CSPs. One approach was to use the "polar organic
mode" in which the mobile phase consisted mainly of an aprotic polar organic
solvent such as acetonitrile.810 Smaller amounts of other nonaqueous additives
(e.g., methanol, triethylamine, glacial acetic acid, etc.) were used to regulate
retention and analyte charge. Inclusion complex formation was not thought to occur
in this mode since the dominant acetonitrile component of the mobile phase
occupied the cyclodextrin cavity.810 Retention was thought to be due to hydrogen
bonding and dipolar interactions between the analyte and the secondary hydroxyl
groups at the mouth ofthe cyclodextrin cavity.810 Steric interactions could also play
a role in chiral recognition in this mode (see Figure 1). Since inclusion
complexation does not occur, this mechanism is very different from that which
predominates in the reversed-phase mode. This explains why:

1 The p-cyclodextrin enantioselectivity is different in the two modes,

2. non-hvdrogen bonding solvents such as acetonitrile are necessary to
accentuate retention and selectivity,

3. hydrogen bonding solvents such as methanol and water decrease retention
and selectivity, and

4. analytes that are resolved in this mode usually have a minimum of two
hydrogen bon%i]rbq groups (one ofthem near to the stereogenic center) and an
aromatic nng.

A completely different way to alter the enantioselectivity of p-cyclodextrin
involves derivatizing it with a variety of different groups.1114 Early on, both acetyl
and hydroxypropyl derivatized cyclodextrin CSPs were shown to produce unique
selectivities compared to native P-cyclodextrin. 1112 These were followed by a
variety of aromatic cyclodextrin derivatives and most recently with charged
derivatives (e.g., sulfate, etc.).1355 The functionalized cyclodextrins greatly
expanded the utility and expanded the enantioselectivity ofthis class of CSPs.
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Figure 1.  Simplified schematics illustrating two different enantioselective retention
mechanisms for the native P-cyclodextrin/propanolol system. Case “A” is the polar-organic
mode where acetonitrile occupies the hydrophobic cavity and the analyte is retained via a
combination of hydrogen bonding and dipolar interactions at the mouth of the cyclodextrin.
Steric interactions also can contribute to chiral recognition.89 In case “B”, (the reversed phase
mode) retention is mainly due to hydrophobic inclusion complexation, while enantioselectivity
also requires hydrogen bonding and steric interactions at the mouth of the cyclodextrin
cavity. X4

Subsequently, p-cyclodextrin and its derivatives were utilized as chiral run
buffer additives in capillary electrophoresis.16 One derivative that has been used in
CE but not tested extensively in LC are simple methylated cyclodextrins. In this
work we synthesized a heptakis-2,3-di-0-methyl-p-cyclodextrin bonded CSP and
compared it to the native P-cyclodextrin CSP in both the reversed phase and “polar-
organic” LC modes. This exercise was useful for at least three reasons: 1 It
provided a stringent test for the proposed enantioselective retention mechanism in
the "polar-organic mode". 2. it could help to elucidate the role of hydrogen bonding
and steric interactions in the reversed phase mode, and 3. it indicated whether or not
the selectivity of this particular derivatized cyclodextrin and its overall usefulness
exceeds that of other cyclodextrins or cyclodextrin derivatives that are used as chiral
selectors in LC.

EXPERIMENTAL

Materials

The analytes used in this study are given in the tables. Coumafuryl was
obtained from Chem Service (West Chester, PA). ldazoxan and derivatives are
drags under investigation at Reckitt & Colman. They were supplied by N. A. Hyde
(Danson Lane, Kingston-upon-Hull, UK). The crown ether analogues used were
prepared for a previous study.l' All other compounds were purchased from Sigma
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Chemical Co. (St. Louis, MO) and Aldrich Chemical Co. (Milwaukee, WI). HPLC
grade water acetonitrile, methanol, triethylamine, and glacial acetic acid were
obtained from Fisher Scientific (St. Louis, MO).

The first step in the synthesis of heptakis-2,3-di-0-methyl-(3-cyclodextrin was
the protection of the primary hydroxy groups of p-CD with /-butyl
dimethylsilylchloride in pyridine according to a procedure described by Fugedi.18
The intermediate 6-O-t-butyldimethylsilyl p-cyclodextrin was made as described by
Dietrich, etal.19 The removal of the protecting group was achieved by refluxing 6-
0-f-butyldimethylsilyl-2,3-di-0-methyl-p-cyclodextrin ~ (25g) with ammonium
fluoride (16 g) in methanol (250 mL) for 24 horns. The reaction was concentrated
and ethyl acetate (150 mL) was added. The mixture was filtered through a pad of
silica gel and the solvents were removed by distillation under vacuum. The resulting
2.3- di-O-methyl p-cyclodextrin was used without further purification. Binding of
2.3- di-O-methyled-p-cyclodextrin to epoxysilica was done as described previously.1

Methods

The Cyclobond | 2000 columns (25 cm x 4.6 mm id.) were obtained from
Advanced Separation Technologies, Inc. (Whippany, NJ). All separations were
done at room temperature using a Shimadzu model LC-6A solvent deliveiy module
and SPD-6A UV detector.

Rheodyne's model 7125 sample injection valve (Cotati, CA) with a 20-p.L loop
was used. The flow rate was 1 mL/min. Supporting evidence for chiral separation
was supplied by repeating the separation with detection accomplished at different
UV wavelengths (e.g., 254 nm, 275 nm, etc.).

The mobile phases of reversed phase mode were mixtures of buffer and
methanol or acetonitrile by volume ratios. The aqueous portion of the mobile phase
(i.e., the buffer) was made by dissolving the desired amount of pure triethylamine in
water and then adding glacial acetic acid to achieve the desired pH. The high water
content of the mobile phase required the use of a silica pre-saturator column to
saturate the mobile phase with silica in order to extend the life of the silica-based
columns. The presaturated column consisted ofa 10 cm x 0.46 stainless steel tube
packed with 30-40 pm silica and was placed in-line before the injector.

The polar organic mode was also studied. The mobile phase conditions are
given as the desired volume ratios acetonitrile/methanol/glacial acetic
acid/tricthylamine.
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RESULTS AND DISCUSSION

Polar-Organic Mode

Native cyclodextrin bonded phase LC columns have been shown to resolve a
large number of compounds in the "polar organic mode" even though inclusion
complex formation is not believed to occur.810 Table 1 lists typical compounds that
have been resolved on j3-cyclodextrin CSPs in the "polar organic mode." These
include p-blockers, dansyl amino acids and a variety of other biologically active
compounds that contain at least two hydrogen bonding groups and an aromatic
moiety. However, none of these compounds could be resolved in the "polar organic
mode" when using the 2,3-methylated-p-cyclodextrin CSP. They eluted as single
peaks and their retention times were generally less than those for the equivalent
separation done on native p-cyclodextrin CSPs. Thus far, no racemic compounds
have been found that resolve on this methylated-p-cyclodextrin CSP in the “polar-
organic-mode.” This indicates that methylating the secondary hydroxyl groups at
the mouth of the cyclodextrin cavity effectively eliminates chiral recognition and
reduces retention for these compounds in the "polar organic mode." Further, this
lends support to the proposed enantioselective retention mechanism in which chiral
recognition and resolution is due to a combination of hydrogen bonding, dipolar and
steric interactions at the mouth ofthe cyclodextrin cavity (see Figure 1A).

Reversed Phase Mode

Out of hundreds of compounds tested in the reversed phase mode, only a few
were found that resolved exclusively on the 2,3-methylated-P-cyclodextrin CSP.
These are listed in Table 2. About twice as many compounds could be resolved on
both columns (Table 3). However, the greatest number and variety of compounds
were found to resolve only on the native p-cyclodextrin CSP (Table 4). A number of
interesting facts can be gleaned from this data. However, it would be useful to first
briefly review and compare the factors that affect the strength of a cyclodextrin
inclusion complex and chiral recognition.Z (a) First and foremost (when in
aqueous solution), organic solutes tend to form a hydrophobic association with the
less polar interior of the cyclodextrin cavity (i.e., van der Waals-London dispersion
forces). This can occur with both the native and 2,3-methylated P-cyclodextrin.
However, the methyl groups at the mouth ofthe derivatized cyclodextrin would tend
to enlarge the cavity somewhat and make the entire cyclodextrin more
hydrophobic.89 (b) Hydrogen binding between the guest molecule and the
cyclodextrin (particularly the secondary hydroxyls at the mouth of the cavity) tends
to enhance the strength of an inclusion complex. Clearly, this important interaction
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Table 1

Listof Racemic Compounds That Can Easily Be Resolved in the
“Polar Organic” Mode on a Native p-Cyclodextrin CSP But
Cannot Be Resolved on Its 2,3-O-M cthylated Analogue

Compound Reference
1 Alprenolol 8,9
2. Bendroflumethiazide 9
3. Homatropine 9
4. Metoprolol 8,9
5. Nadolol 8,9
6. Pindolol 8,9
7. Proglumide 9
8. Propranolol 8,9
9. Reuelene 9
10. Timolol 8,9
11. Trihexylphenidyl 9
12. Dansyl-D,L-phenylalanine This work3 20
13. Dansyl-D,L-tiyptophan This work3 20
14. Dansyl-D,L-norleucine 20
15. Dansyl-D.L-norvaline 20

aThe mobile phase condition for p-cyclodextrin was acetonitrile:methanol:
acetic acidlriethylamine = 98:2:0.8:0.2 (v/V/iVIv).

has been eliminated (in the case of the secondary hydroxyl groups) for the 2,3-
methylated cyclodextrins. However, there is some possibility of hydrogen bonding
with the remaining, less accessible primary hydroxyl groups at the bottom of the
cyclodextrin cavity, (c) The release of “high energy water molecules” from the
cyclodextrin cavity during complex formation also is beneficial.ZZ This can occur for
both the native and methylated cyclodextrins, however the number and energy of the
water molecules may be different in the two cases, (d) Decreasing the strain energy
ofthe cyclodextrin macrocyclic ring system upon complex formation can be a factor.
However, it has been noted that these effects seem to be more important for the
smaller a-cyclodextrin. (e) Steric effects (repulsion) tends to decrease the strength
ofan inclusion complex. These effects can be quite varied. One is an extreme case
where the guest molecule is to large to form an inclusion complex. A more common
scenario involves inclusion of part of a guest while other parts project out of the
cyclodextrin cavity.
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Table 2

Compounds Resolved Only by 2,3-O-Methylated-fS-Cyclodextrin
CSP in the Reversed Phase Mode

Compound & Structure k'a ab Rsc M obile Phase
1 Coumachlor 3.06 1.37 3.38 A
,0”"No
OH |
2.40 1.29 2.36 B
| |
nh2
OH
3. BAY COOH 1.06 1.18 10 C
CFj
o2n | COOH
Me h
4. 3-Benzyl Phthalide 6.48 1.09 0.9 D
3.08 1.20 1.25 E
1.25 1.30 2.06 F
(G2B
7. Fenoxaprop-ethyl 131 1.13 1.00 G
a
0
8. Idazoxan 1.11 1.42 1.93 H

(continued)
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Table 2 (continued)

Compounds Resolved Only by 2,3-O-Methylated-p-Cyclodextrin
CSP in the Reversed Phase M ode

Compound & Structure k'a ab Rsc M obile Phase

9. 1-Indanol 134 1.18 1.25 |

10. Methylidazoxan 131 1.26 1.03 D

( x fi

11. 1,2,3,4-Tetrahydro- 1.59 113 1.00 J
1-naphthol

Os

12. Warfarin 2.72 1.58 2.11 A

a k' = capacity factor of the first eluted enantiomer. bThe selectivity factor, a, =

ki V2. 0The resolution = 2(tr2- tr, )/(wi + w2). dMobile phase compositions:
A=MeOH: 1% triethyammonium acetate in water, pH 4.1=30:70 (V/v).
B=MeOH: 1% triethyammonium acetate in water, pH 7.1=15:85 (v/v).
C=acetonitrile: 1% triethyammonium acetate in water, pH 4.1=15:85 (V/v).
D=MeOH: 1% triethyammonium acetate in water, pH 7.1=10:90 (V/v).
E=MeOH: 1% triethyammonium acetate in water, pH 4.1=20:80 (V/v).
F=acetonitrile: 1% triethyammonium acetate in water, pH 4.1=40:60 (v/v).
G=MeOH: 1% triethyammonium acetate in water, pH 7.1=20:80 (v/v).
H=1% triethyammonium acetate in water, pH 4.1=100%.
I=MeOH: 1% triethyammonium acetate in water, pH 7.1=3:97 (V/v).
J=MeOH: 1% triethyammonium acetate in water, pH 4.1=10:90 (v/v).

Depending on the size, nature, and location of the projecting group, it can
associate with the mouth of the cyclodextrin (hydrogen bonding for example) be
repelled from the cyclodextrin (steric interaction) or have no effect. The large
number and greater size of the methyl groups on the derivatized cyclodextrin would
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Table 3

3287

Compounds Resolved on Both the Native and the 2,3-O-M ethylated

p-Cyclodextrin Columns in the Reversed Phase Mode

Compound & Structure

1 Ancvmidol

2. Atropine

3

65
3. 1-Benzocyclobutene
Carbonitrile

4. Benzoin

5. Benzoin Ethyl Ether

oczhb

6. 2,2'-Binaphthyldiyl-
8-crown-2

Column

Methylated p-CD
P-CD

Methylated p-CD
p-CD

Methylated P-CD
p-CD

Methylated p-CD
p-CD

Methylated p-CD
p-CD

Methylated p-CD
p-CD

k'a

7.92
3.21

116
6.83

2.03
171

171
3.17

3.65
6.63

5.16
4.18

ab

1.08
1.09

112
104

125
101

1.08
1.08

1.04
1.30

116
124

0.90
0.80

0.40
0.6

1.67
0.55

0.9
10

0.6
2.60

1.60
1.60

Mobile
Phas

A
B

[os]

v

(continued)
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Table 3 (continued)

Compounds Resolved on Both the Native and the 2,3-O-Methylated
P-Cyclodextrin Columns in the Reversed Phase Mode

Mobile
Compound & Structure Column k ab Rsc  Phase

7. 2,2-Binaphthyldiyl-  Methylated 3-CD 3.64 114 1.39 F
11-crown-3 Methylated B-CD 3.05 1.07 125 G
R-CD 3.34-1.29 190 F

8. 2,2'-Binaphthyldiyl- Methylated 3-CD 3.99 114 1.30 F
17-thiacrown-5 B-CD 3.00 1.09 0.80 F

con

9. p-Bromotetramisole Methylated 3-CD5.441.07  0.75 H

Oxalate B-CD 5.22 117 1.25 B

10. Crown Ether Methylated 8-CD 7.01 114 127 F
Analogue #15 Methylated B-CD 5.24 112 1.22 G
R-CD 4.56 1.26 161 F

11. Crown Ether Methylated 3-CD 5.17 122 2.47 F
Analogue #17 Methylated 3-CD 3.96 118 2.24 G
R-CD 4.42 121 141 F

12. Crown Ether Methylated 3-CD 5.32 122 1.86 F
Analogue #18 Methylated R-CD 5.03 120 173 G

R-CD 5.85 1.10 0.85 F
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Table 3 (continued)

3289

Compounds Resolved on Both the Native and the 2,3-O-Methylated

P-Cyclodextrin Columns in the Reversed Phase Mode

Compound & Structure Column k'a

13. Crown Ether Methylated 3-CD 0.87
Analogue #24 1.93
(2 enantiomers) R-CD 181

14. Dansyl-D.L-Leucine ~ Methylated 3-CD 2.52e

B-CD 3.0
Ho
A Y~S02NHCHCOOHg"
CHXHCH3
15. Dansyl-D.L-Methionine Methylated 3-CD 2.29
B-CD 3.18e
2. ...
0 2.2..3
16. Dansyl-D,L-norleucine Methylated 38-CD 2.58
R-CD 1.90e
2.2 2 3
17. Dansyl-D,L-norvaline  Methylated B-CD 2.08
B-CD 2.80
h3C'nITTA,
/—
2.2 3
18. Dansyl-D,L- Methylated 3-CD 1.61L
phenylalanine B-CD 3.10e
H)c- NivrA
L A NINK

ab

1.26
122
110

119
1.4

1.06
115

119
1.26

1.06
113

1.69
123

Rs*

122
1.36
0.80

144
24

0.6
0.7

1.66
2.30

0.6
0.83

4.08
110

Mobile
Phase

(continued)
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Table 3 (continued)
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Compounds Resolved on Both the Native and the 2,3-O-Methylated

p-Cyclodextrin Columns in the Reversed Phase Mode

Compound & Structure

19. 5-(4-Methylphenyl)-
5-phenylhydantoin

W HN NH

Y
o

20. I-Methyl-4-tetralone

21. RX 811005A

CH2

22. RX 811059A

23. RX821002A

Column

Methylated 3-CD
R-CD

Methylated 3-CD
B-CD

Methylated 3-CD
B-CD

Methylated 3-CD
B-CD

Methylated B-CD
B-CD

k'a

5.22

10.17

4.61
10.34

2.89
3.20

1.49
1.62

1.50
121

Mobile
ab Rsc Phase
1.09 1.25 M
112 2.0 E
1.04 0.70 D
1.02 0.60 D
131 1.75 D
130 230 N
154 2.83 D
140 250 (0]
1.45 2.33 D
1.40 25 N

ak' = capacity factor of the firsat eluted enantiomer; configuration indicated as a
superscript when known. bThe selectivity factor, a, is equal to ki 7k2. 0The
resolution is equal to 2(tr2tr)/(wkw2). dMobile phase compositions:
A=1% triethylammonium acetate in water, pH 4.1 = 100% (V/v).
B=MeOH: 1% triethylammonium acetate in water, pH 7.1=20:80 (V/v).
C=acetonitrile: 1% triethylammonium acetate in water, pH 4.1=2:98 (v/v).
D=MeOH: 1% triethylammonium acetate in water, pH 7.1=10:90 (V/v).
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Table 3 (continued)

Compounds Resolved on Both the Native and the 2,3-O-Methylated
P-Cyclodextrin Columns in the Reversed Phase Mode

E=MeOEt: 1% triethylammonium acetate in water, pH 4.1=30:70 (v/v).
F=MeOH: 1% triethylammonium acetate in water, pH 7.1=40:60 (V/v).
G=acetonitrile: 1% triethylammonium acetate in water, pH 4.1=25:75 (v/v).
H=MeOH: 1% triethylammonium acetate in water, pH 7.1=15:85 (V/V).
I=MeOH:water =50:50 (V/v).

J=MeOH: 1% triethylammonium acetate in water, pH 7.1=30:70 (v/v).
K=MeOH:water=55:45 (v/v).

L=MeOH: 1% triethylammonium acetate in water, pH 4.1=20:80 (V/v).
M=MeOH: 1% triethylammonium acetate in water, pH 4.1=15:85 (v/v).
N=MeOH: 1% triethylammonium acetate in water, pH 4.2=10:90 (v/v).
0=MeOH: 1% triethylammonium acetate in water, pH 4.1=10:90 (V/v).

tend to increase the steric repulsion at the mouth cavity for most included guest
molecules. Steric repulsion can contribute to chiral recognition and
enantioseparation, even though they may decrease the overall strength of the
inclusion complex.

A minimum ofthree simultaneous interactions must occur for enantioselective
recognition between the cyclodextrin host and at least one of the two enantiomeric
guest molecules. The most likely interactions or combination of interactions are
believed to be: hydrophobic inclusion, hydrogen bonding, and steric types. When
comparing the association of a chiral compound with native p-cyclodextrin versus
the 2,3-methylated cyclodextrin, the hydrophobic inclusion interaction may be
somewhat analogous for the two. However, the hydrogen bonding and steric
interactions at the mouth of the cavity must be very different. To a first
approximation, we assume that many of the differences in enantioselectivity (in the
reversed phase mode) indicated in Tables 2, 3, and 4 are the result of the
nonequivalent hydrogen bonding and steric interaction between the native and
derivatized cyclodextrin. Clearly, native p-cyclodextrin resolves a much greater
number and variety of compounds (Table 4 and Table 1) than does its 2,3-
methylated analogue (Table 2). Blocking the hydrogen bonding groups (via
méthylation) at the mouth ofthe cyclodextrin cavity interfers with chiral recognition
for a large number of compounds (Table 4). However, there are a small number of
compounds (Table 2) in which méthylation enhances chiral recognition. Those
particular compounds appear to be either neutral, nonionizible molecules or larger,
bulky compounds, often containing three rings. In these cases, hydrogen bonding
interactions are not as important as a tight fit in the cyclodextrin cavity and steric
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Table 4

ARMSTRONG ET AL.

Racemic Compounds That Are Easily Resolved on the Native p-Cyclodextrin
Column in the Reversed Phase Mode, But W hich Could Not Be Resolved
on the 2,3-O-Methylated p-Cyclodextrin CSP

Compound

1 Aminoglutéthimide

© 0O N wN

SEB

13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
3L
32.
33.
34.

. 2,2'-Binaphthyldiyl-17crown-5

. 2,2'-Binaphthyldiyl-20-crown-6
. 2,2'-Binaphthyldiyl-23-crown-7
. 2,2'-Binaphthyldiyl-17-thiacrown-5-sulphoxide
. Crown Ether Analogue #9

. Crown Ether Analogue #10
. Crown Ether Analogue #11
. Crown Ether Analogue #13

. Crown Ether Analogue #14

. Crown Ether Analogue #22

. I-[5-Chloro-2-(methylamino)-phenyl-
1,2,3,4-tetrahydroisiquinoline

Chlorpheniramine

Chlorthalidone

Dansyl-D,L-a-amino-n-butyric Acid

Dansyl-D,L-serine

Dansyl-D,L-Threonine

Dansyl-D,L-valine

N-(3,5-Dinitrobenzoyl)-D,L-leucine

Ethylidazoxan

5-Ethyl-5-(p-tolyl)-2-thiobarbituric Acid

Homatropine

5-(4-Hydroxyphenyl)-5-phenylhydantoin

Ibuprofen

Ketoprofen

Methadone

5-Methyl-phenylhydantoin

Metoprolol

Nicotine

Nisolidipene

Propranolol

Scopolamine

Tyrosine Methyl Ester

Verapramil

Reference

4
17,21
17,21
17,21
17,21
17,21
17,21
17,21
17,21
17,21
17,21
6
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interactions at the mouth. It also is important to note that methylation of the 2- and
3-hydroxyl groups on p-cyclodextrin may not totally negate hydrogen bonding
effects. It is still possible for an included compound to hydrogen bond with the
primary hydroxyl groups at the narrow end of the cyclodextrin toms. This may be
possible for smaller compounds such as 1-indanol (Table 2).

In some cases, chiral recognition was observed on both columns (Table 3).
Compounds that contained hydrogen bonding or ionizible functional groups were
usually retained longer on the native p-cyclodextrin CSP than on the 2,3-methylated
analogue (when comparable mobile phases were used).  However, neutral
compounds containing no ionizible groups were usually retained longer on the 2,3-
methylated-P-cyclodextrin column (see compounds 3, 6-8, and 10-11 in Table 3).
Another interesting feature of the data in Table 3 is that the enantioselectivity of
several compounds for which standards are available is reversed for the two
columns. For example, the D-enantiomer of dansyl amino acids elute first on the
methylated cyclodextrin column, but elute second on the native P-cyclodextrin
column.

CONCLUSIONS

The 2 and 3-hydroxyl groups of p-cyclodextrin are essential for chiral
recognition in the "polar-organic” LC mode. They are also very' important for the
enantioresolution of most compounds in the reversed phase mode. However, there
are a few cases in the reversed phase mode where these hydroxyl groups are not
essential. In fact, blocking them with methyl groups enhances the enantioseparation
in these cases. The most likely reasons for the enhanced chiral recognition with 2,3-
methylated-p-cyclodextrin are the increased steric interactions at the mouth of the
cyclodextrin cavity and/or accentuated interaction with the primary 6-hydroxyl
groups at the bottom of the torus (for those molecules with requisite geometry to
reach them). Those compounds that can be resolved on both columns frequently
show' the opposite enantiomeric elution order. This indicates that there is a
difference in some of the basic interactions that give rise to enantioselective
retention.
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COMPARISON OF THE SELECTIVITY AND
RETENTION OF p-CYCLODEXTRIN VS.
HEPTAKIS-2,3-ODIMETHYL-P-CYCLO-

DEXTRIN LC STATIONARY PHASES FOR

STRUCTURAL AND GEOMETRIC ISOMERS
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ABSTRACT

Both p-cyclodextrin and 2,3-methylated-p-cyclodextrin bonded
stationary phases effectively separate a variety of structural and
geometrical isomeric compounds in the reversed phase mode. The
retention of neutral structural isomeric compounds, as well as
substituted phenols and anilines, was usually longer on the
methylated cyclodextrin stationary phase. Conversely, the retention
of all substituted carboxylic acids was greater on the native p-
cyclodextrin stationary phase. The selectivity differences between the
native P-cyclodextrin and its 2,3-methylated analogue were not as
great as expected for the structural isomers. In general, the structural
isomer that was retained longest on the native p-cyclodextrin
stationary phase also was retained longest on the 2.3-methvlated
cyclodextrin stationary phase.
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The para substituted isomer was often the longest retained,
except for certain neutral compounds containing nitro substituents. In
these cases, the ortho isomer was retained to the greatest extent. The
greatest selectivity differences (i.e., retention reversals) were for
geometrical isomers and the less retained structural isomers.

INTRODUCTION

P-Cyclodextrin bonded stationary phases are well known as one of the earlier
and more successful chiral stationary phases for the resolution of enantiomers.14
However, they also have been utilized as effective stationary phases for routine
reversed phase separations.510 The selectivity often is different from C18and C8
reversed phase columns. Also, it has been shown that p-cyclodextrin columns are
usually more effective for the reversed phase separation of structural and geometrical
isomers.116 The formation of a host-guest inclusion complex is known to be the
most important retention factor when using water-based mobile phase systems.
However, the role (if any) of hydrogen bonding and/or steric interactions at the
mouth of the cyclcdextrin cavity is not well understood for achiral analytes and has
only been considered in a few cases.1113

In this work, a series of structural isomeric compounds and geometrical
isomers are separated on both the native p-cyclodextrin bonded stationary phase and
a 2,3-methylated-p-cyclodextrin bonded stationary phase. Differences in the
reversed-phase selectivity and retention are examined and discussed.

EXPERIMENTAL

Methods

All separations were done at room temperature (21°C) either on a Shimadzu
LC-6A or a Waters 590 liquid chromatograph. The compounds were detected with
a Waters R401 Differential refractometer or, more frequently, with a variable-
wavelength detector at 254 nm or 195 nm. All samples were dissolved in methanol
prior to manual injection. The native p-cyclodextrin column (i.e.. Cyclobond |
2000) was obtained from Advanced Separation Technologies, Inc. (Whippany, NJ).
The void volumes of the columns were determined by injecting neat methanol. The
mobile phase consisted of mixtures (by volume) of methanol with water or 0.1 %
buffer of pH 6.5 or 4.
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The buffer solutions were made by dissolving pure triethylamine in water to
form a 0.1% (by volume) solution. Then, glacial acetic acid was added drop-wise to
achieve the desired pH. A silica-gel precolumn was used before the injector to
saturate the mobile phase. The flow rate was 1 mL/min. for all separations.

Chemicals

HPLC-grade methanol, triethylamine, glacial acetic acid were obtained
from Fischer Scientific (St. Louis, MO). All the compounds tested were
purchased from Aldrich Chemical Co. (Milwaukee, WI), Sigma Chemical Co.
(St. Louis. MO) or Fluka Chemical Co. (Ronkonkoma, NY). The heptakis, 2,3-
di-O-methyl-p-cyclodextrin was synthesized as follows. First, the primary
hydroxy groups of p-CD were protected with /-butyldimethylsilychloride (in
pyridine solution), and the methylated analogue was made as indicated in the
previous paper of this series.’8 The removal of the protecting group was
achieved by refluxing 6-0-f-butyldimethylsilyl-2,3-di-0-methyl-p-cyclodextrin
(25¢g) with ammonium fluoride (16g) in methanol (250 mL) for 25 hours. The
reaction was concentrated and ethyl acetate (150 mL) was added. The mixture
was filtered through a pad of silica gel and the solvent was removed by
distillation under vacuum. The resulting 2,3-di-Q-methyl-p-cyclodextrin was
used without further purification. Binding of 2,3-di-O-methylated-p-
cyclodextrin to epoxy silica was done by the same method reported previously.1

RESULTS AND DISCUSSION

The strength of a cyclodextrin inclusion complex is determined by several
factors including: the guest molecules’s hydrophobic association with the less polar
interior of the cyclodextrin cavity, hydrogen bonding between a guest and the
cyclodextrin hydroxyl groups, the release of “high energy water molecules” from
the cyclodextrin cavity during complex formation, and conformation changes in the
cyclodextrin ring system upon complex formation.1 Steric repulsion between the
guest and the cyclodextrin can effect the strength ofan inclusion complex as well (in
a negative fashion). Even though steric repulsion can decrease the strength of an
inclusion complex, it frequently increases the selectivity of a separation.18

When comparing the inclusion complex formed between a compound and
native p-cyclodextrin or the 2,3-methylated cyclodextrin, major differences in
hydrogen bonding effects at the mouth of the cyclodextrin cavity would be expected.
Although inclusion complexation occurs with both p-cyclodextrin and its
methylated analogue,18the 2.3-methylated cyclodextrin would be more hydrophobic.
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Table 1

Comparison of Chromatographic Retention Data (k's) for a Series of
Structural Isomers on a Native P-Cyclodextrin Bonded Stationary Phase
and a 2,3-M ethylated-p-Cyclodextrin Bonded Stationary Phase3

Mobile Phase Composition¥
No. Compound Methanol/H2D Methanol/pH6.5 Buffer Methanol/pH4.0 Buffer
3-CDc DMRCD® R-CD' DM-R-CDd 3-CDc DM-B-CDd

1 Anthracene 1.59' 2.39" 1.47f 3.36f 0.90f 2.23f
Phenanthrene 0.85' 1.62 0.69f 1.94f 0.48f 1.50f
2 Benz[a]anthracene 2.88s 9.53s 2.88s 9.72° 3.41° 5.57s
Benz[b]anthracene 2.15s 4.4s 1.91s 3.26s 1.14s 3.08s
Chrysene 2.80s 9.53s 2.68s 8.57s 3.22s 4.81s
3 Benzo[a]pyrene 2.57s 14.58s 3.46s 13.28s 3.13s 13.46s
Benzo[e]pyrene 2.36s 14.08s 3.01s 12.95s 2.65s 12.71s
4 Dibenz[ac]- 1.62f 6.79f 4.14s 2.32s 4.40s 2.55s
anthracene
Dibenz[a,h]- 0.32f 1.08f 0.73s 0.79s 0.71s 0.68s
anthracene
5  o-Nitrotoluene 1.27h 1.94h 0.88h 1.42h 0.79h 1.18h
m-Nitrotoluene 0.99h 2.08h 0.66h 1.42h 0.59h 1.26h
p-Nitrotoluene 2.10h 2.67h 1.43h 1.88h 1.22h 1.61h
6 o-lodotoluene 0.36" 0.94' 1.19s 2.00s 4.70h 6.17h
m-lodotoluene 0.36" 1.09" 1.26s 2.00s 5.27h 7.34h
p-lototoluene 0.58" 1.50 1.72s 2.26s 8.67h 9.63h
7 o-Xylene 1.97h 2.47h 1.23h 1.57h 1.16h 1.3%
m-Xylene 1.97h 2.75h 0.96h 1.78h 1.10h 1.50h
p-Xylene 3.09h 3.34h 2.01h 2.16h 1.81h 1.84h
8 o-Fluoronitrobenzene  1.10h 1.39h 0.77h 0.99h 0.69h 0.89h
m-Fluoronitrobenzene 0.68h 1.21h ons" 0.85h 0.49h 0.78h
p-Fluoronitrobenzene  0.54h 1.04h 0.43h 0.72h 0.40h 0.66h
9 o-Chloronitrobenzene  3.941 4.341 1.63h 1.93h 1.7%h 191h
m-Chloronitrobenzene 2.521 3.081 0.76h 1.22h 091h 1.28h
p-Chloronitrobenzene 2.521 2.831 0.76h 1.22h 091h 1.28h
10  o-Bromonitrobenzene 2.70h 31lh 1.67h 2.17h 1.60h 1.9%h
m-Bromonitrobenzene 1.30h 2.02h 0.81h 141h 0.81h 1.33h
p-Bromonitrobenzene  1.30h 2.30h 0.81h 1.60h 0.87h 1.49h
11  o-lodonitrobenzene 2.43h 3.24h 2.57h 3.17h 2.72h 3.12h
m-lodonitrobenzene 1.32h 231h 1.39h 2.23h 151h 2.27h
p-lodonitrobenzene 1,53h 291h 1.60h 2.23h 1.73h 2.87h
12 o-Dinitrobenzene 2.331 2.671 1.05h 1.24h 2.351 2,61
m-Dinitrobenzene 0.791 1121 0.27h 0.46h 0.791 103"
p-Dinitrobenzene 0.681 l.oT 0.27h 0.46h 0.701 0.941
13 o-Nitroanisole 0.53h 0.8%9h 0.47h 0.83h 0.59h 0.88h
m-Nitroanisole 1.2%h 1.74h 1.08h 1.56h 1.35h 1.72h
p-Nitroanisole 12371 1.88h 1.08h 1.69h 1.27h 1.86h
14 a-Naphthol 1.61s 1.64s 0.45f 1.01f 1.23s 2.19s

[3-Naphthol 2.38s 2.46s 0.32f 0.92f 0.93s 1.91s
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Comparison of Chromatographic Retention Data (k's) for a Series of
Structural Isomers on a Native p-Cyclodextrin Bonded Stationary Phase
and a 2,3-Methylated-[3-Cyclodextrin Bonded Stationary Phase3

Compound

0,0’-Biphenol
p.p’-Biphenol
o-Cresol
m-Cresol
p-Cresol
o-Nitrophenol
m-Nitrophenol
p-Nitrophenol
o-Bromophenol
m-Bromophenol
p-Bromophenol
o-Ethylphenol
m-Ethylphenol
p-Ethylphenol
o-Chlorophenol
m-Chlorophenol
p-Chlorophenol

o-Nitroaniline
m-Nitroaniline
p-Nitroaniline
o-Chloroaniline
m-Chloroaniline
p-Chloroaniline
o-Bromoaniline
m-Bromoaniline
p-Bromoaniline
o-lodoaniline
m-lodoaniline
p-lodoaniline
o-Anisidine
m-Anisidine
p-Anisidine
o-Toluidine
m-Toluidine
p-Toluidine

o-Anisic Acid
m-Anisic Acid
p-Anisic Acid

Methanol/H~O

P-CDC DM-P-CDd

0.5C 0.69°
0.78" 3.73"
0.53h 1.16h
0.63h 1.25h
1.01h 1.55"
1.01* 0.86s
0.61s 1.49s
2.35s 1.82s
0.72h 1.74h
1.32h 3.15h
1.74h 3.73h
0.69h 1.35h
1.10h 1.99h
180h 2.55h
0.60h 1.14h
1.03h 2.32h
1.22h 2.56h
0.85h 1.10h
0.54h 1.59h
1.17h 2.19h
0.74h 0.99h
0.83h 1.48h
1.22h 1.48h
1.06h 0.96h
1.41h 1.46h
2.41h 1.46h
0.46h 0.97h
0.81h 2.99h
1.65h 3.16h
1.05s 2.57s
1.22s 1.51s
1.56s 2.84s
0.51h 1.26h
0.6 1h 1.97h
1.02h 2.18h
0.671 0.001
1.26" 0.101
1.851 0.101

Mobile Phase Composition1
Methanol/pH6.5 Buffer

P-CDC

0.23f
0.85f
0.43h
0.54h
0.83"

0.74h
0.74s
1,84h
1.00h
1.62h
1.99h
0.72"

1.14h
1.93h
0.89h
1.20h
1.37h

0.59h
0.47h
1.48h
0.67h
0.77h
1.12h
0.791
1.00h
2.41h
0.15r
0.27f

0.58f
0.94h
1.21"

1.48h
0.871
1.041
1.921

0.29h
0.51h
0.68h

DM-P CDd

0.49f
511f
1.00h
1.10h
1.36h
0.50h
1.03s
1.03h
2.35h
4.02h
4.41h
1.45h
2.12h
2.92h
1.84h
2.89h
2.89h

1.27h
1.67h
2.53h
I.ICh
1.68"

1.61h
0.91h
1.51h
1.51h
0.60f
1.37f
1.24f
0.94h
1.11h
1.21h
0.941
1.141
1.43"

0.00h
0.0M
0.07h

Methanol/pH4.0 Buffer

P-CD"

0.40s
2.47s
0.39h
0.47h
0.72h
0.66h
0.59h
0.88h
1.20h
2.06h
2.52h
0.82h
1.29h
2.21h
1.08"
1.53h
1.77h

0.55h
0.43h
1.34h
1.23j
1.31j
1n01
1.00h
1.15h
1.71h
0.36r
0.54f
1,04f
0.243
0.52j
0.00>
0.49'
0.271
0.27°

3.97h
6.10h
5.29h

DM-P-CD*

1.25s
10.90°
0.86h
0.95h
1.16h
0.88h
1.56h
1.95h
1.36h
2.34h
2.44h
1.70h
2.42h
3.15h
2.29h
3.51h
3.69h

1.14h
1.49h
2.35h
1.84"
2.62*
2.37
1.59h
2.92h
2.53h
0.78f
2.09f
1.81f
0.68"
0ss*
0Jo1
0.80"
0.80"
0.80"

0.13h

0.79"
1.46h

(continued)
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Table 1 (continued)

Comparison of Chromatographic Retention Data (k's) for a Series of
Structural Isomers on a Native p-Cyclodextrin Bonded Stationary Phase
and a 2,3-Methylated-p-Cyclodextrin Bonded Stationary Phase3

Mobile Phase Composition1

No. Compound Methanol/ITO Methanol/pH6.5 Buffer Methanol/pH4.0 Buffer
P-CDc DM-P-CD* P-CDc DM-P-CDd p CDc DM-p-CD"
28  o-Toluic Acid 0.48h 0.00h 0.881 o.00l 2.25f 0.38f
m-Toluic Acid 0.67h 0.07h 0.441 0.141 2.09f 0.62f
p-Toluic Acid 0.81h 0.18h 2.571 0.231 2.39f 0.96f
29 o-Bromobenzoic Acid 0.84h 0.00h 1.42* O.(I)l 6.84f 0.15f
m-Bromobenzoic Acid 1.15h 0.11h 4.501 0.301 5.36f 0.73r
p-Bromobenzoic Acid 1.15h 0.11h 6.061 0.551 5.63f 1.34r
30 o-Chlorobenzioc Acid 0.60h 0.00h 1.951 o.00l 6.49f 0.13f
m-Chlorobenzoic Acid 0.95h 0.00h 4.251 0.241 4.91f 0.63f
p-Chlorobenzoic Acid 0.95h 0.13h 4.751 0.351 4.59f 0.91f
31 o-Nitrobenzoic Acid 1.23h 0.00h 2.131 o.00l 7.61r 0.05f
m-Nitrobenzoic Acid 1.37h 0.12h 3.081 0.131 5.84f 0.22f
p-Nitrobenzoi ¢ Acid 1.84h 0.15h 3.881 0.211 6.74f 0.404

aBoth columns vvere25x0.44 [i.d.] cm. The silica gel support consisted of identical 5p spherical
particles. The linkage chain and bonding chemistry were identical (see Experimental section).

bThree compositions ofmobile phase were used: methanol with water; methanol with 0.1% triethyl-
ammonium acetate buffer, pH 6.5 and methanol with 0.1% triethylammonium acetate buffer.
pH4.0.

cNative P-Cyclodextrin Bonded Stationary Phase.

d2, 3-methylated-P-Cyclodextrin Bonded Stationary Phase.

ej' Mobile phase ratios (methanol to water or 0.1% triethylammonium acetate buffer, pH6.5 and 4.0.
v/v): '55/45; f50/50; *40/60; h30/70; ‘10/90; j20/80.

The methyl groups at the mouth of the cyclodextrin cavity can be thought of as
extending the size of the cavity and/or providing sites for steric repulsion at the
mouth of the cyclodextrin cavity.  These differences have been shown to
significantly alter the enantioselectivity of P-cyclodextrin.18 However, the effect on
the retention and selectivity of other achiral isomeric compounds has not been
considered.

Table 1 gives the separation data for a series 31 different structural isomeric
compounds separated on both the native P-cyclodextrin bonded stationary phase and
its 2,3-methylated analogue. The compounds are listed in groups according to their
class (i.e., from top to bottom: polycyclic aromatic hydrocarbons, neutral
disubstituted benzenoid compounds, substituted phenolic compounds, substituted
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Table 2

Comparison of Chromatographic Retention Data (k's) for a Series of
Geometric Isomers on a Native P-Cyclodextrin Bonded Stationary Phase
and a 2,3-Dimethylated p-Cyclodextrin Bonded Stationary Phase8

Mobile Phase Composition1'

No. Compound Methano]/H 20 Methanol/pH6.5 Buffer Methanol/pH4.0 Buffer
P-CD' DM-P-CD1 P-CD* DM-PCD™ P-CD' DM-P-CD*
1 Cis-stilbene 1.63e 1.63" 0.90" 1.07" 0.26f 0.44f
Trans-stilbene 0.84" 3.93° 0.58" 2.59" 0.15f 1.02f
2 Cis-3-hexene-1-ol 0.958 0.658 0.85h 0.69h 1.03h 0.72h
Trans-3-hexene-1-ol 0.658 0.578 0.56h 0.46h 0.65h 0.63h
3 Cis-1,2-bis(phenyl 2.471 1.621 2.151 1.571 1.391 1.18'
sulfonyl) ethylene
4 trans-cis-decahydro- 1.82f 1.16f
naphthalene
5 trans-cis-1,4-dimethyl- 0.80f 0.52f
cyclohexane
trans- 051f 0.36f

aBoth columns were25x0.44 [i.d.] cm. The silica gel support consisted ofidentical 5p spherical
particles. The linkage chain and bonding chemistry were identical (see Experimental section).
bThree compositions of mobile phase were used: methanol with water; methanol with 0.1% triethyl-
ammonium acetate buffer, pH 6.5 and methanol with 0.1% triethyjammonium acetate buffer, pH4.0.
e Native p-Cyclodextrin Bonded Stationary Phase.
d2, 3-methylated-p-Cyclodextrin Bonded Stationary Phase.
Mobile phase ratios (methanol to water or 0.1% triethylammonium acetate buffer, pH6.5 and 4.0,
viv): '55/45; *70/30; 815/85; h10/90; *30/70.

anilines and substituted benzoic acids). Table 2 gives comparable separation data
for several geometric isomers. Since all separations were done in tire reversed phase
mode (using hydro-organic solvents) it is assumed that inclusion complexation takes
place.118

Retention

A number of interesting trends are evident from the data in Table 1 First, the
retention of all neutral, nonionizable compounds (No.’s 1-13 in Table 1) is greater
on the 2,3-methylated cyclodextrin stationary phase than on the native p-
cyclodextrin stationary phase (when using comparable mobile phases and
experimental conditions). Clearly, the methylated cyclodextrin stationary phase is
more hydrophobic and nonpolar. Conversely, the retention of all carboxylic acid
compounds (No.’s 27-31, Table 1) was greater on the native p-cyclodextrin
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stationary phase than on its 2,3-methylated analogue. It is apparent that the
interactions between the carboxylic acid moiety of the guest and the 2- or 3-
hydroxyl groups at the mouth of the cyclodextrin cavity contributes significantly to
the stability of these inclusion complexs.

The retention behavior of the aromatic amines (No.’s 21-26 Table 1) and the
phenolic compounds. (No.’s 14-20, Table 1) is not as consistent as that of the
aforementioned neutral compounds or the substituted carboxylic acids. Since the
substituted phenols and anilines have ionizable functional groups that are able to act
as hydrogen bond acceptors or donors, one might assume that their retention
behavior would more closely resemble that of the substituted benzoic acids.
However, this does not seem to be the case. Most of the time, the relative retentions
of the substituted phenols and anilines resemble the neutral analytes in that they are
retained to a greater extent on the 2,3-methylated-13-cyclodextrin stationary phase
than on the native p-cyclodextrin stationary phase (Table 1). The main exceptions
to this are a few para substituted compounds at specific pHs (see compounds 18, 25,
and 26). It is not surprising that pH can have an effect, since it controls whether the
compound is ionized or neutral. The pH effects on binding constants of substituted
phenols and anilines has been studied previously.19

Adding buffer to the mobile phase can produce at least three different effects.
First, it controls the ionization of analytes that have weak acidic or basic functional
groups. Both the retention and selectivity of a compound depend on whether it is
neutral or in an ionized state. For example, the retention of the substituted benzoic
acids increases at pH 4.0 (when using comparable mobile phases). The opposite
trend or variable retentions arc observed for the substituted anilines (Table 1). Ifthe
ionization of a solute is not a factor, added buffer still sometimes reduces retention,
in effect acting like additional organic modifier (see compounds 5-13, Table 1,
where identical mobile phases are used). Finally, the buffer can sometimes enhance
efficiency by interacting with and masking strong adsorption sites on the stationary
phase. This trend was particularly evident for the separation of enantiomers11’lbut
did not seem to be as significant in this work for structural and geometrical isomers.

Selectivity

The para-isomer was generally the most retained isomer on both columns for
the substituted phenols, anilines and carboxylic acids (Table 1). The one exception
to this was for a few of the substituted anilines mainly at pH 4.0. Presumably, the
shorter relative retention of the para-substituted anilines at this pH was because they
are protonated, cationic species which do not form as strong inclusion complexes.
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Time, min

Figure 1 Chromatograms showing the difference in reversed phase selectivity for cis
and trans stilbene of the A) native P-cyclodextrin bonded stationary phase, and the (B)
2,3-methylated-P-cyclodextrin bonded stationary phase. The mobile phase consisted of
45:55 (v:v) methanohwater in both cases. The flow rate was 1.0 mL/min. and UV
detection (254 ran) was used.

Halogenated nitrobenzene and the dinitrobenzene (compounds 8-12, Table 1)
were unique in that the ortho isomer was always the most strongly retained on both
columns. In fact, the differences between the 2,3-methylated p-cyclodextrin and the
native p-cyclodextrin column (in retention and selectivity) were not substantial for
this particular group of neutral molecules. Apparently, shape discrimination during
the hydrophopic inclusion complex process is the dominant factor determining
selectivities for these compounds. For most of the other structural isomers, the ortho
isomer was the least retained.

The para-isomers of most ionizable compounds (No.’s 15-31, Table 1) were
retained to a greater extent than the ortho and meta isomers. The main exceptions
to this were for some of the substituted anilines which were protonated at pH 4.0 (as
discussed previously). It is interesting that the most retained structural isomer on the
native p-cyclodextrin column also was most retained on the 2,3-methylated-p-
cyclodextrin stationary phase. Selectivity differences between the two columns were
more frequently observed for the less retained structural isomers (Table 1).
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Geometrical isomers (Table 2) often gave the opposite retention order when
separated on the native p-cyclodextrin column versus it 2,3-methylated analogue
(see Figure 1). The retention trends for geometrical isomeric compounds were
somewhat similar to that seen for the structural isomers. Neutral, hydrophobic
compounds (stilbene, Table 2) tended to be retained more on the 2,3-methylated |3-
cyclodextrin stationary phase, whereas more polar or ionizable compounds were
retained relatively longer on the native p-cyclodextrin stationary phase.

CONCLUSIONS

Methylation of the 2- and 3- hydroxyl groups on p-cyclodextrin produces a
more nonpolar, hydrophobic stationary phase. Most of the isomeric compounds in
this study were retained to a greater extent (in the reversed phase mode) on the
methylated cyclodextrin stationary phase. The main exception to this was the
substituted benzoic acids which were more strongly retained on the native
p-cyclodextrin columns regardless of mobile phase conditions. The selectivity
differences between the methylated and native p-cyclodextrin were not as significant
for structural isomers as they were for the previously observed optical isomers
(enantiomers).18

In general, tire isomer that was retained longest on the native p-cyclodextrin
stationary phase was also retained longest on its 2,3-methylated analogue. Retention
reversals were most frequently seen for the less retained isomers. Retention
reversals were also observed for pairs of geometrical isomers.

It appears that hydrogen bonding at the mouth of the cyclodextrin cavity is not
as crucial to the selectivity of many structural isomers as it is for enantiomers.
However, in some cases (i.e., compounds with carboxy-functional groups) this
hydrogen bonding, rim interaction remains very important.

ACKNOWLEDGMENT

Support of this work by the Environmental Protection Agency (No.

R823360-01-0) is gratefully acknowledged.

REFERENCES

t Current address: Advanced Separation Technologies, Inc., Whippany, NJ.



SELECTIVITY AND RETENTION OF R-CYCLODEXTRIN 3307

1 D. W. Armstrong, W. DeMond, J. Chromatogr. Sei., 22, 411 (1984).
2. D. W. Armstrong, J. Liq. Chromatogr., 7, 353 (1984).
3. D. W. Armstrong, W. DeMond, B. P. Czech, Anal. Chem., 57, 481 (1985).

4. D. W. Armstrong, T. J. Ward, R. D. Armstrong, T. E. Beesley, Science,
232,1132 (1986).

5. D. W. Armstrong, A. Alak, W. DeMond, W. L. Hinze, T. E. Riehl, J. Liq.
Chromatogr., 8, 261 (1985).

6. C. A Chang, Q. Wu, D. W. Armstrong, J. Chromatogr., 354, 454 (1986).

~

H. J. Issaq, J. Lig. Chromatogr., 9, 229 (1986).

o

H. J. Issag, J. H. McConnel, D. E. Weiss, D. G. Williams, and J. E.
Saavedra, J. Lig. Chromatogr., 9, 1791 (1986).

9. M. Paleologou, S. Li, W. C. Purdy, Can. J. Chem., 68, 1208, (1990).
10. A. J. Packham, P. R. Fielden, J. Chromatogr., 552, 575 (1991).

11. D. W. Armstrong, W. DeMond, A. Alak, W. L. Hinze, T. E. Riehl, K. H.
Bui, Anal. Chem., 57, 234 (1985).

12. B. G. Snider, J. Chromatogr., 351, 548 (1986).

13. R. D. Armstrong, T. J. Ward, N. Pattabiraman, C. Benz, D. W. Armstrong,
J.  Chromatogr., 414, 192 (1987).

14. G. W. Tindall, J. Lig. Chromatogr., 10, 1077 (1987).

15. C. A. Chang, Q. Wu, J. Lig. Chromatogr., 10, 1359 (1987).
16. C. A. Chang, Q. Wu, Anal. Chim. Acta, 189, 293 (1986).
17. W. L. Hinze, Sep. Purif. Methods, 10, 159 (1981).

18. D. W. Armstrong, L. W. Chang, S. C. Chang. X. Wang, H. lbrahim, G. R.
Reid, I, T. E. Beesley, J. Lig. Chromatogr., 20(20), 3279-3295 (1996).



3308 ARMSTRONG ET AL.

19. G. L. Bertrand, J. R. Faulkner, Jr., S. M. Han, D. W. Armstrong, J. Phys.
Chem., 93, 6863 (1989).

Received February 20, 1997
Accepted June 1, 1997
Manuscript 4524



J. LIQ. CHROM. & REL. TECHNOL., 20(20), 3309-3315 (1997)

A DIRECT INJECTION ASSAY OF
ANGIOTENSIN CONVERTING ENZYME
IN TISSUE EXTRACTS

J. W. Smiley. M. T. Doig
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and Biochemistry
College of Charleston
Charleston, SC 29424

ABSTRACT

A rapid, sensitive and selective method for the determination
of angiotensin converting enzyme (ACE) activity in tissue extract
and serum is described. The procedure is based on the high
performance liquid chromatographic separation of the synthetic
substrate furylacryloylphenylalanyl-glycyl-glycine (FAPGG) from
the hydrolysis product furylacryloylphenylalanine  (FAP).
Baseline separation is accomplished in ten minutes by direct
injection of biological assay mixtures onto a 15 cm shielded
hydrophobic phase column with isocratic elution using 180 mM
ammonium acetate/ 15% acetonitrile as the mobile phase. Both
substrate and product are detected by absorbance at 305 nm.

3309

Copyright © 1997 by Marcel Dekker, Inc.



3310 SMILEY AND DOIG

INTRODUCTION

Angiotensin-converting enzyme (ACE) is a key component of the renin-
angiotensin system, an important regulator of blood pressure and fluid balance
in mammals.1 Physiologically, ACE is a dipeptidyl carboxypeptidase ( EC
3.4.15.11) which cleaves the decapeptide angiotensin | to the potent
vasoconstrictor angiotensin Il, an octapeptide. ACE is known to participate in
the degradation of bradykinin and other neuropeptides.2 Specific inhibitors of
ACE have been used for the control of hypertension in man.34

ACE is a zinc metallopeptidase which occurs in both soluble and
membrane-bound forms. The enzyme has been detected in a wide variety of
tissues and organisms.59 The determination of ACE activity is clinically
significant in human serum, as well as physiologically important in many other
tissues.10 Currently, assays of ACE are carried out using synthetic substrates,
most often hippuryl-histidyl-leucine (HHL).1,12 Here, we describe an HPLC
based assay using an alternative substrate FAPGG which has several
advantages over HHL.13 Chromatography is performed on a shielded
hydrophobic phase (SHP) column which allows for direct injection of assay
mixtures without prior protein precipitation or product extraction. The
procedure is simple, rapid, and more sensitive than the spectrokinetic assay
using this substrate.4

EXPERIMENTAL

Materials

FAP, FAPGG, captopril, and purified rabbit lung ACE were obtained
from Sigma. All solvents were HPLC grade and other chemicals were of
reagent grade. Human serum was obtained fresh in-house. The marine worm,
Nereis diversicolor was obtained from Marine Biological Laboratory, Woods
Hole and crude extracts were prepared by homogenization of tissue in 20
volumes of ice-cold 50 mM phosphate buffer, pH 8.3.

Methods
Chromatographic analysis

Shielded hydrophobic phase high performance liquid chromatography
(SHP-HPLC) was carried out using a Varian Model 2510 liquid chromatograph



ASSAY OF ANGIOTENSIN CONVERTING ENZYME 3311

equipped with a 250 mm x 4.6 mm | D. HISEP SHP column with a 20 mm x
46 mm |D. HISEP guard column (Supelco) and a Rheodyne Model 7125
injection valve with a 20 pL injection loop. The mobile phase used for isocratic
elution at a flow rate of 1.5 mL/min was 180 mM ammonium acetate-
acetonitrile (85:15, V/V). Absorbance at 305 nm was measured using a Varian
Model 2550 spectrophotometer with an 8 pL flow cell and peak areas were
determined using a Spectra-Physics Model 4270 integrator.

Measurement of ACE activity

Angiotensin-converting enzyme (ACE) activity was determined using a
modification of the spectrophotometric method of Baudin and Giboudeaul3 in
which the hydrolysis of the substrate FAPGG to FAP is measured. Each assay
had a total volume of 650 pL containing FAPGG (1 mM), phosphate buffer
(100 mM, pH 8.3). NaCl (276 mM), and either human serum, crude Nereis
extract, or purified rabbit lung ACE solution, and was incubated at 37°C in a
15 mL polyethylene centrifuge tube in a shaker bath. After a suitable
incubation period (15-60 min), the incubation mixture for crude extacts was
centrifuged for 2.0 min at 735 g prior to removing a 20 pL aliquot for HPLC
analysis. For serum assays, a 20 pL aliquot was removed from the incubate and
injected directly onto the chromatographic column.

RESULTS

A series of chromatograms of standard assay mixtures containing
increasing amounts of human serum are shown in Fig. 1 Baseline separation
of the substrate FAPGG and the product FAP of the ACE catalyzed reaction is
accomplished in 10 minutes. ACE activity is detectable in as little as 1.0 pL of
human serum if an incubation time of 60 min is utilized. Of course, much
shorter incubation times may be used if larger volumes (up to 100 pL) are
available. A typical assay of ACE activity in 100 pL of human serum is
accomplished in 15 min.

Note that although the peak at 10.40 min is not obvious in Frame A of
Fig. 1 at 1.0 aufs, the signal was well above background for the electronic
integrator.

It can be seen in Fig. 2 that the production of FAP was linear with respect
to time for at least 60 min over a ten-fold range of enzyme activity units and
that 0.5 mU ACE was reliably detected.
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A. Ifxl Human Serum B. 10 pi Human Serum

C. 50 pi Human Serum D. 80 pi Human Serum

Figure 1 Chromatograms of ACE assay mixtures containing 1, 10, 50, and 80 pL
human serum (panels A-D, respectively) showing development of the FAP peak
with a retention time of approximately 10 minutes. Assays mixtures were incubated
for 60 min at 37°C prior to chromatography. Chromatographic conditions: column,
HISEP (4.6 x 20 mm); mobile phase, 180 mM ammonium acetate:acetonitrile
(85:15); flow rate , 1.5 mL/min; temperature, ambient; detection, UV at 305 nm;
injection volume, 20 pL; aufs = 1.0.
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Figure 2. Assay linearity over time with three different concentrations of purified
rabbit lung ACE . Each value is the mean of replicate assays. In no instance is the
variance greater than 10% m =5x 104U ACE, » =1x 103U ACE, A =5x Iff3
UACE

Production of FAP was also linear with respect to the amount of enzyme
(Fig. 3) for all three sources of enzyme. Captopril ( data not shown) at a
concentration of 4 x 104M completely inhibited the production of FAP by each
of the ACEs.

DISCUSSION

The present study was prompted by a need for a sensitive assay for ACE
that could be applied to crude extracts of biological tissues from diverse
sources. These extracts are complex mixtures that often contain high
concentrations of light-absorbing species and enzymes, other than ACE, which
have proteolytic activity. The combination of the substrate FAPGG with SHP-
HPLC analysis obviates many of the problems associated with the
determination of ACE activity in such extracts.

A major advantage of the substrate FAPGG over the most frequently used
synthetic substrate HHL is that both FAPGG and the hydolysis product FAP
absorb maximally above 300 nm. Therefore, the assay using FAPGG and
monitoring absorbance at 305 nm is less subject to interferences encountered
with HHL and the hydrolysis product hippurate which have absorbance maxima
at 238 nm and are usually monitored at 254 nm.
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Figure 3. FAP production as a function of enzyme concentration from three
different tissue sources. Each value is the mean of replicate assays. In no instance
was the variance greater than 10% ¢ =rabbit lung ACE, A = Nereis diversicolor
crude extract, m = human serum. The left Y axis is scaled for FAP production by
rabbit lung and Nereis diversicolor ACE and the right Y axis is scaled for FAP
production by human serum ACE

Additional advantages of FAPGG are that stock solutions of the substrate
are stable at 4°C for more than a year, the rate of hydrolysis is considerably
faster, and, most importantly, FAPGG is a more specific substrate for ACE in
that it is not cleaved by carboxypeptidase A as is HHL13 This is particularly
important in studies involving tissues from the digestive tract.

Although FAPGG is the preferred substrate for ACE activity measurement
because of its specificity' and lack of background interference problems, the
poor sensitivity of the spectrophotometric assay has limited its use. This assay
is based on a blue shift in the absorbance spectrum upon substrate hydrolysis,4
but the difference absorption spectrum is relatively small at its maximum at 328
nm. In the modified procedure reported here, separation of the substrate and
product by HPLC allow for a 23-fold increase in sensitivity by utilizing the
absorbance maximum at 305 nm and 60 minute incubation times. An
additional advantage of the FIPLC-based assay is that both the disappearance of
substrate and the appearance of product are simultaneously monitored.
Moreover, the use of SHP columns allows for direct injection of assay mixtures
without need for prior protein precipitation or product extraction.15 Thus, the
assay is simple, rapid, sensitive, and applicable to a wide range of tissues
without interference.
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ABSTRACT

A liquid chromatographic method is described for the
analysis of all-rac-a-tocopheryl acetate, tocopherols, and retinyl
palmitate in the infant formula standard reference material 1846.
The vitamins are extracted in isopropanol and hexane/ethyl
acetate without saponification and quantitated by normal phase
chromatography with fluorescence detection. Retinyl palmitate,
all-rac-ot- tocopheryl acetate, and naturally occurring tocopherols
are quantitated isocratically with a mobile phase of 0.5%
isopropanol in hexane. The results were within the certified
ranges for all-rac-a-tocopheryl acetate and retinyl palmitate.
Recoveries averaged 97.5% for retinyl palmitate and 101% for
all-rac-a- tocopheryl acetate (n = 20).
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The method provides a rapid, specific, and easily controlled
assay approach to the analysis of vitamin A and vitamin E in
fortified infant formula. Additionally, the method eliminates the
use of chlorinated solvents.

INTRODUCTION

Since the passage of the Infant Formula Act in 1980 by Congress, much
interest has been generated in the area of nutrient analysis of formulas and
other infant foods. Many methods have been developed for fat soluble
vitamins. Most methods for analysis of vitamins A and E use saponification in
the extraction procedure.16 In fact, some type of saponification technique was
used by each of the laboratories involved in the certification of the National
Institute of Standards and Testing (NIST) milk based infant formula Standard
Reference Material (SRM 1846). The current AOAC Official Methods for
vitamins A and E in milk based infant formula (methods 50.1.02, 50.1.03, and
50.1.04) utilize saponification followed by hexane/ethyl ether or
hexane/methylene chloride extraction.7 The AOAC methods, however, do not
adequately describe precautionary steps for saponification. Failure to blanket
the sample with nitrogen prior to saponification, or use of a condenser on top of
the saponification tube, can lead to vitamin loss. Furthermore, a saponification
technique usually requires parititioning of the analyte into an organic solvent
which may result in emulsions that are difficult to break and, thus, increasing
the possibility of low analyte recoveries. The organic solvent, methylene
chloride, used in the AOAC methods 50.1.03 and 50.1.047 can have a negative
environmental impact.

In addition, saponification converts the all-rac-a-tocopherol acetate to all-
rac-a-tocopherol which cannot be resolved from naturally occurring RRR-I-
tocopherol. On a biological activity basis, all-rac-a-tocopherol has only 74% of
the activity of RRR-a-tocopherol.7 Therefore, coelution of the synthetic all-rac-
isomer, together with the naturally occurring RRR-isomer, decreases the overall
accuracy of the assay when vitamin E activity is expressed in a-tocopherol
equivalents (a-TE where 1a-TE = 1 mg RRR-a-tocopherol).9

Other methods have used direct solvent extraction with various solvent
mixtures and LC with UV or fluorescence detection.10'4 All-rac-a-tocopheryl
acetate fluoresces weakly compared to free tocopherols. In the past, this
property was a hindrance to quantitation of the ester by fluorescence.
Fortunately, present day fluorescence detectors are sufficiently sensitive to
allow for routine detection of a-tocopheryl acetate.1415
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An alternative technique eliminating the saponification step was
developed by Landenll for the analysis of vitamins A and E in infant formula.
Samples were dehydrated with magnesium sulfate and extracted with
isopropanol and methylene chloride. The fat was removed via gel permeation
chromatography followed by quantitation on reverse phase LC with UV
detection. This method was used extensively in this laboratory; however, due to
environmental concerns with methylene chloride usage, the technique has all
but been abandoned.

The objective of this study was to develop a simplified, specific assay
procedure for vitamin A and vitamin E in fortified infant formulas that does not
require saponification. The newly developed NIST Infant Formula SRM (SRM
1846) was used as the test matrix for this study. An extraction scheme derived
from the procedure of Landenl was developed, however, it eliminates the use
of methylene chloride, a gel permeation chromatographic clean up, reverse
phase chromatography, and UV detection. The extraction procedure in this
study, uses sample dehydration with magnesium sulfate and extraction with
isopropanol hnd hexane/ethyl acetate (85:15 v/v). After evaporation and
filtration, the sample extract is injected directly into a normal phase LC system
using more specific and sensitive fluorescence detection.

MATERIALS

Reagents

Hexane: LC grade (Baxter Healthcare Corp., Muskegon, MI, USA);
Isopropanol: LC grade (EM Science, Gibbstown, NJ, USA); Ethyl Acetate: LC
grade (Baxter Healthcare Corp.); Magnesium Sulfate: Anhydrous (Fisher
Chemical, Fairlawn, NJ, USA); Mobile Phase: Isopropanol @ 0.5% in hexane.
Vitamin A Standard: approximately, 50 mg of retinyl palmitate (Fluka Bio
Chemika. Switzerland) was accurately weighed and dissolved in 50.0 mL of
hexane. The exact concentration was determined by the E 1% value of 975.
Appropriate dilutions were made with the mobile phase to give five working
standard concentrations ranging from 0.5 to 6.0 pg/mL. Vitamin E Standard:
approximately 200 mg of all-rac-a-tocopheryl acetate (Fluka Bio Chemika) was
accurately weighed and dissolved in 50.0 mL of hexane. Gamma and 8-
tocopherol were obtained from the University of Georgia, Athens, GA. USA.
The tocopherols were purified by preparatory LC. RRR-a-tocopherol was
obtained from Fluka. The concentration of each tocopherol was calculated
from their respective EI0 values of 42, 75.8, 91.4, and 87.3 for all-rac-a-
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tocopheryl acetate. RRR-a, y and S-tocopherol, respectively. The appropriate
dilutions were made with the mobile phase to give five working standards, each
containing the four combined tocopherols, with the following range of
concentrations: RRR-a-tocopherol (0.8 to 10 pg/mL), y-tocopherol (2.6 to 33
pg/mL), 8-tocopherol (1.3 to 13 pg/mL) and all-rac-a-tocopheiyl acetate (8.0 to
106 pg/mL). Butylated hydroxytoluene (BHT): approximately 9 mg of BHT
(Sigma, St. Louis, MO, USA) was dissolved in 25.0 mL of hexane to give a
concentration of 360 pg/mL.

Apparatus

Analytical LC: retinyl palmitate, all-rac-a-tocopheryl acetate, and the
tocopherols were quantitated separately. One 50 pL injection was made for
vitamin E and a separate 50 pL injection was made for retinyl palmitate on a
Lichrosorb Si 60 (5pm, 4.6mm x 25 cm) column (E. Merck, Darmstadt,
Germany). The LC consisted of a LDC Analytical Constametric 3200 pump
(Thermo Separation Products, Riviera Beach, FL, USA). Waters 715 auto
injector (Waters Inc., Milford, MA, USA), a Hewlett Packard (Avondale. PA.
USA) 1046A fluorescence detector (Ex=285 nm, Em=310 nm for all-rac-a-
tocopheryl acetate and the tocopherols, and an Ex=325 nm. Em=470 nm for
retinyl palmitate), and a Hewlett Packard Model 3396 integrator. Flow rates
were 1.0 mL/min and 0.5 mL/min, respectively, for the analysis of vitamin E
and retinyl palmitate. PolytronR Homogenizer: Kinematica PT10-35
(Brinkman Instruments, Westbury, NY. USA). Rotary Evaporator: Buchi
Rotavapor EL 130 (Brinkman Instruments). Turboevaporator: TurboVap Il
(Zymark, Hopkinton, MA. USA).

METHODS

The standard reference material for milk based infant formula, (SRM
1846) was obtained from the National Institute of Standards and Technology
(NIST) (Gaithersburg. MD, USA). The contents of each packet (approximately
28 g) were reconstituted with approximately 145 g of hot water (70-80°C) and
thoroughly mixed.

Approximately 6.5 g of the reconstituted infant formula was accurately
weighed into a 100 mL wide mouth graduated cylinder. Isopropanol was
heated to near boiling before adding 15 mL to the sample and mixing
thoroughly with a spatula.
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A 7.5 g portion of magnesium sulfate was added, followed by 30 mL of
the extraction solution (hexane/ethyl acetate, 85:15, vlv) and 1.0 mL of the
BHT solution, with mixing by spatula after each addition.

The mixture from above was homogenized with a Polytron Homogenizer
for 1 min at medium speed prior to filtering the mixture through a coarse
porosity fritted glass filter into a 125 mL Philips beaker using a vacuum bell jar
filtration apparatus. The vacuum was then released, the magnesium sulfate
cake was broken up with the aid of a spatula and washed twice with 15 mL of
the extracting solution.

The extraction process was repeated by transferring the magnesium
sulfate cake back to the original graduated cylinder and adding 20 mL of the
extracting solution plus 5 mL of isopropanol. The procedure was then repeated
for the once extracted mixture beginning with "homogenized with a Polytron
Homogenizer..."

The combined filtrate was transferred to a 500 mL round bottom flask
containing 1g of magnesium sulfate and evaporated to dryness using the rotary
evaporator. The residue was immediately dissolved in 10 mL of hexane and
filtered through a 0.45 pm Nylon 66 filter (Alltech Associates, Deerfield, IL,
USA) into a 125 mL Philips beaker using a bell jar filtration apparatus. The
flask was washed with three 7 mL portions of hexane. The hexane wash was
filtered into the flask containing the dissolved extract. The combined filtrate
was evaporated to a volume of less than 5 mL using a turboevaporator at 45°C
with a nitrogen pressure of 10 psi. The evaporated filtrate was diluted to 10
mL with the mobile phase and injected.

RESULTS AND DISCUSSION

Figure la illustrates the LC chromatogram of all-rac-a-tocopheryl acetate
and the natural vitamin E homologs in a sample extract of SRM 1846. The all-
rac-a-tocopheryl acetate is resolved from the y and 5-tocopherol. Since the
SRM 1846 does not contain oils that contain appreciable amounts of naturally
occuring levels of RRR-a-tocopherol, it was not necessary to be able to
quantitate both the RRR-a-tocopherol and all-rac-a-tocopheryl acetate.
However, the all-rac-a-tocopheiyl acetate is also easily separated from the
RRR-a-tocopherol as illustrated in the standard chromatogram of Figure Ib,
thereby making this method capable of routine quantitation of all vitamin E
homologs.
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Figure 1L LC chromatogram of all-rac-a-tocopheryl acetate using fluorescence
detection (Ex 285 nm, Em 310 nm), flow rate of 1.0 nil/min, injection volume of 50 (iL,
and mobile phase of 0.5% isopropanol in hexane. 1A is the extract of an infant formula
where (a) is all-rac-a-tocopheryl acetate, (b) is y tocopherol and (c) is delta tocopherol.
IB is the vitamin E standard where (a) is all-rac-a-tocopheryl acetate (42.4pg/mL), (b)
is RRR-a-tocopherol (4.02 pg/mL), (c) is y-tocopherol (13.3 pg/mL) and (d) is &
tocopherol (6.54 pg/mL).

Fluorescence response for all-rac-a-tocopherol acetate, RRR-a-
tocopherol. y-tocopherol and 8-tocopherol were linear (r=0.999) for the 8.0-
106 pg/mL, 0.8-10 pg/mL, 2.6-33 pg/mL, and 1.3-13 pg/mL ranges,
respectively. The limit of detection was calculated to be 3.14 pg/mL for all-rac-
alpha-tocopheryl acetate. The calculation was based on the equation, y-
a=3(Sy/), where a is the y-intercept in the linear expression y=bx+a and Syx is
equal to, S{(yry, )2/n-2}12, wherey, is the actual peak response and vy, is the
peak response as calculated from the linear expression of y=bx+a.16 Once y is
determined, x, which is then the estimated value of the limit of detection, can
be calculated.

Figure 2a and 2b illustrate the LC chromatogram for retinyl palmitate in
the sample and standard, respectively. The flow rate is reduced for the analysis
of the vitamin A ester resulting in a run time of 8 min. The retinyl palmitate
differs in its fortified concentration as compared to the tocopherols, thus, the
gain was increased to aid in the detection of vitamin A. Two injections from
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Time (minutes)

Figure 2. LC chromatogram of retmyl palmitate using fluorescence detection (Ex 325
nm, Em 470 nm), flow rate of 0.5 mL/min, injection volume of 50 pL, and a mobile
phase of 0.5% isopropanol in hexane. 2A is the extract of an infant formula where (a)
is the retinyl palmitate. 2B is the retinyl palmitate (a) standard (1.25 pg/mL).

the same extract were used to simplify the overall method. For example, one
injection was for the vitamin E determination and, a second injection was for
the vitamin A determination. The vitamins of interest can easily be quantitated
from a single injection by using a programmable pump in conjunction with the
programmable fluorescence detector.  The retinyl palmitate fluorescence
response was linear (r=0.999) from 8.0 to 106 pg/mL The limit of detection,
calculated in a manner as previously described for all-rac-a-tocopheryl acetate,
was 0.187 pg/mL.

Ten replicates of SRM 1846 were assayed for retinyl palmitate, all-rac-a-
tocopheryl acetate and natural tocopherol content. Since vitamins A and E are
expressed as the alcohol form in the SRM 1846 certificate, ester forms of the
vitamins were converted to the alcohol forms. Table 1 illustrates the NIST
ranges for all rac-a, y and 8-tocopherol and vitamin A, as well as the results
obtained in this study. The all-rac-a-tocopherol and retinol values are certified
values; whereas, the y and 8-tocopherol values are non-certified. The all-rac-
al-tocopherol and retinol data obtained utilizing our method approximate those
of the SRM certified values. The y-tocopherol level meets the non-certified
specifications, but the 8-tocopherol level exceeds the non-certified specification
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Table 1

Assay Values of SRM 1846

NIST Value (mg/kg) Found (mg/kg) (n = 10)

a tocopherol* 246 - 296 281 +£6.15 (cv = 2.19)
y tocopherol 705 -76.5 76.2 £ 4.62 (cv = 6.06)
8 tocopherol 1753 - 18.45 19.1 £0.81 (cv = 4.25)
retinol* 5.16-6.52 5.37 £0.26 (cv = 4.79)

* certified values.

slightly. NIST used saponification techniques to quantitate the y and 8-
tocopherols; whereas, this study does not. The higher 8-tocopherol level found
with the present method could indicate higher tocopherol stability and/or better
extraction efficiency compared to the saponification method.

Initial attempts using hexane as the extraction solvent resulted in low
recoveries for retinyl palmitate. Substitution of 100% hexane with
hexane:ethyl acetate (85:15 v/v); to increase the polarity of the solvent; resulted
in increased recoveries for all-rac-a-tocopheryl acetate and retinyl palmitate.
Studies by Ueda and lgarashil' indicated the usefulness of ethyl acetate for
vitamin E extractions. Using the hexane:ethyl acetate mixture, recoveries were
run in five replicates at four different levels. The mean certified value plus
approximately 50. 100, 150, and 300% of the certified value was studied. The
levels of 50, 100, 150. and 300 % were obtained by using the process of
standard additions to SRM 1846. For example, since a-tocopherol is certified
at a mean level of 271 mg/kg, 50% of that value would be the standard addition
level of 135.5 mg/kg, thus giving a total of 406.5 mg/kg.

Since infant formulas are fortified with all-rac-a-tocopheryl acetate and
retinyl palmitate. the ester forms were used for the recovery7studies. Alpha, y
and 8-tocopherols vary in concentration according to the type of oil used in the
formulation. Table 2 illustrates the recoveries obtained in this study. The
recoveries were fairly constant for the 50-150% levels for both the retinyl
palmitate and all-rac-a-tocopheryl acetate, however, at 300% the recoveries
decreased to 91.8 and 94.2%, respectively. The 300% level for retinyl
palmitate corresponds to almost twice the legal limit allowed (750 1U/100 kcal).
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Table 2

Recoven’ Results of all Rac-a-Tocopheryl Acetate and Retinyl Palmitate

Level (%)* % Recovered Vitamin A % Recovered Vitamin E
50 (n = 5) 98.6 £ 5.7 (cv=5.8) 103 +4.3 (cv=4.2)
100 (n = 5) 100 £ 4.0 (cv = 4.0) 103 + 3.5 (cv = 3.4)
150 (n = 5) 99.4 + 4.6 (cv=4.6) 103 £ 11 (cv —1.1)
300 (n =5) 91.8 + 3.3 (cv = 3.6) 94.2 + 2.6 (cv =2.7)

* Corresponds to percentage of mean certified value added to the sample.

Recovery studies utilizing the method of standard additions for a matrix
already containing a known certified amount of analyte, cannot show how' the
analytes would behave at levels less than the certified value. Since a true
sample blank does not exist for infant formula, recoveries in this study are only
for values exceeding the certified value. Work is currently being conducted in
this laboratorylto develop a "zero control" infant formula or a true matrix
blank. A "zero control" reference material would enable one to determine the
method’s performance as the analyte of interest is reduced in quantity to near
zero.

Peak purity was established using a peak ratioing technique described by
Haroon et al.18 The emission wavelength was kept constant for the analytes
while the fluorescence was measured at three different excitation wavelengths.
The fluorescence emission of retinyl palmitate at 470 nm was determined at
excitation wavelengths of 315. 325, and 335 nm. Ratios were calculated for
315/325 and 335/325. For all-rac-a-tocopheryl acetate, the emission
wavelength was held at 310 nm and the excitation was at 275 and 295 nm.
Ratios were calculated for 275/285 and 295/285. These ratios were compared
for the standard and sample as illustrated in Table 3. Good agreement was
obtained for the ratios of the standard and sample for both retinyl palmitate and
all-rac-a-tocopheryl acetate, indicating the purity of the peaks.

This method presents an alternative technique to saponification for
analysis of infant formulas and provides data in agreement with SRM certified
values. Elimination of saponification permits quantitation of the added ester
forms and natural vitamin E homologs. Fat removal from the extract is not
necessary, since normal phase chromatography on silica can accomodate up to
2 mg of fat per injection.l0 Analysis of a milk based formula with the
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Table 3
Peak Purity Evaluation‘®

Peak Response Ratios

Nutrient Excitation Wavelength Standard Sample
retinyl 315/325 115 113

palmitate 335/325 0.86 0.82

all-rac-a- 275/285 0.66 0.69

tocopherol 295/285 0.52 0.47
acetate

Emission wavelengths were constant for vitamins A (470 nm) and E 3310
nm) (n = 2).

procedure will load approximately 1.6 mg of fat per 50 pL injection on to the
column. Stability of the analytes is increased when working with the ester
forms of vitamins A and E. A true quantitation of vitamin E content can be
established to include natural tocopherols and added all-rac-a-tocopheryl
acetate. The use of chlorinated solvents is eliminated. The method is simple
and rapid as an experienced analyst can assay up to 10 samples per day.
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ABSTRACT
The use of potassium tetrakis(l/f-pyrazolyl)borate KB(Pz)4
as a mobile phase additive for reverse phase High Performance
Liquid Chromatography of metal chelating compounds was
investigated. The reason for its superiority over previously
employed eluent modifiers is described.

INTRODUCTION

Rationalization of the puzzling retention behaviour of metal chelating

substances is a particular challenge to the separation scientist. The

development of High Performance Liquid Chromatographic (HPLC) analytical
methods for these compounds has often met with difficulty due to band
broadening, excessive tailing, and in the worst case, “chair-shaped” peaks.1
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A number of strategies have been attempted in order to improve the
chromatographic peak shape. Several research groups have added EDTA to the
mobile phase to prevent complexation of the analytes with metal ions in the
chromatographic system,23 but an unfortunate consequence of its use is that
EDTA “modifies” the packing material4because it is adsorbed by the stationary
phase5which remains altered in its performance. Indeed, in order to restore the
capacity ratio of different analytes, the column must be run for at least 3 h with
strongly acidic eluents. The pH compatibility of silica makes this procedure
inadvisable for routine analyses. Moreover, the EDTA, according to its
ionisation pattern67 and the well-known trends of the conditional formation
constants of its metal complexes, is easily predicted to be nearly useless to this
end at low pH values, as already reported.1

Some other investigators have recommended preequilibration of the
column with another member of the analyte group which is able to presaturate
the binding between analyte and active sites,89but the procedures are laborious
and very time-consuming; moreover, it is not clear for how long, after
preequilibration, active sites remain masked and how the original stationary
phase can be restored.

Another approach to solving the problem of tailing is to add an unrelated
compound, but, nevertheless, a complexing one, such as picolinic acid,1to the
mobile phase in order to saturate the specific interaction with the
chromatographic system. Such a modified eluent leads to an increase of the
baseline noise and, consequently, a decrease of the signal to noise ratio; hence,
higher detection limits are expected.

Since Trofimenko introduced the pyrazolylborato ligands in 1966, they
are now among the most popular ligands in coordination chemistry. 113 Their
outstanding complexing properties towards metal ions,14'l6 their much lower
basicity in comparison with EDTA,1l’ coupled with a wide range of
transparency in the absorption spectra, make them highly eligible as mobile
phase additives for improved chromatography of analytes which are prone to
form metal complexes.

Pyridinedicarboxylic (PDAs) and pyridinecarboxylic (PMAs) acids can be
considered model compounds in the chromatographic study of such kind of
analytes because the performance of chelating isomers (see Fig. 1 for general
structure) is much poorer than that of isomers whose complexing properties are
low or non-existent.1819 Moreover, the findings reported here can be very
useful for further implementing the already studied2023 chromatographic
separation of PDAs and PMAs themselves.
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Since good chromatographic performance is a prerequisite for high
sensitivity, experiments designed to improve the peak shape of model metal
chelating compounds via inclusion of KB(Pz)" in the mobile phase are here
described.

MATERIALS AND METHODS

A Varian high pressure liquid chromatograph model 5000 equipped with
a Rheodyne sample valve injector with 50 mL loop (Model 7125) was used. A
Hewlett Packard 8452A diode array spectrophotometer equipped with a 30 pL
flow cell (10 mm optical path) and with external computer control (HP 89531A
MS-DOS - UV/VIS operating software) was used as detector. The analyses
were run at room temperature under isocratic elution conditions. The eluent
flow-rate was 0.9 mL/min. The detector was operated at 254 nm.

All experiments were carried out with a commercial stainless steel column
(25 cm x 4.6 mm 1.D.), packed with 5 mm Res Elut 5 C]8, for reverse phase
chromatography, purchased from Varian.

All the isomers of pyridinedicarboxylic acid (3,4-, 2,5-, 2,6-, 3,5-, 2,3-
and 2,4-PDAs), and pyridinecarboxylic acids (2-, 3-, 4-PMAs), EDTA
disodium salt and NaBH(Pz)3 were purchased from Aldrich. Potassium
dihydrogen phosphate and disodium monohydrogen phosphate were purchased
from Merck.

All chemicals were of the best available quality and used without further
purification. Water was produced by a Milli Q 185 system (Millipore).
KB(Pz)4was prepared according to Trofimenko.24

The best chromatographic performance was obtained with an aqueous
mobile phase containing 0.2 mM KB(Pz)4; the pH was maintained at 7.3 by
153.2 mM phosphate buffer.

All analytes were dissolved in mobile phase to give a final concentration
of 0.28 mg /mL. All solutions were filtered through a 0.2 mm pore size
cellulose nitrate filter (Whatman).

Prior to use, the reverse phase column was equilibrated with the solvent
system to be used in the separation for 30 min. Equilibration was established
by obtaining similar results in duplicate runs at a 15 min interval.
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Figure 1 Part structure of heterocyclic acid series of metal chelating analytes.

RESULTS AND DISCUSSION

The observed tailing and asymmetry were specific for analytes featuring
carboxylic acids functional group adjacent to heterocyclic, pyridine-type
nitrogens, as shown in Figure 1 It was then hypothesised that the complex
forming properties were responsible for the poor peak shape which has been
reported1to be common to a wider range of compounds including tetracyclines:
their complexation with metal impurities in the chromatographic system has
been claimed23% to worsen their chromatographic performance. A slow,
reversible chemical reaction between chromatographic migrants has been
reported to result in kinetic tailing, even in presence of linear partition
isotherms. 2

An example of the worst peak shape of a typical heterocyclic acid
compound from these series, obtained with an otherwise unmodified mobile
phase, is shown in Figure 2. The chromatographic peak was very tailed and
asymmetric and a severe retention time increase upon dilution was observed.

In order to rule out the influence of residual silanols remaining on the
surface of the silica based packing material, up to 8 mM of a good Bronsted
base was added to the mobile phase and the pH readjusted to the original value
with potassium dihydrogen phosphate 0.5 M. Since no improvement in the
peak shape was observed upon addition of triethylamine or diethylamine, it
seemed clear that the tailing could not be related to simple analyte-silanols
interactions.

Conversely, the asymmetry factor could be progressively reduced in
presence of ever larger amounts of etylendiamine, whose metal chelating
activity differentiates it from the other two organic bases used. The chance to
use it as a mobile phase additive for improving the chromatographic behaviour
of metal chelating analytes is limited by the low efficiency of such a bidentate
ligand in competing with the analytes for metal ions.
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Figure 2. Typical chromatogram obtained for a member of the heterocyclic acid series.
Conditions: column, 5 mm Res Elut 5 Ci8 (25 cm x 4.6 mm 1.D.); mobile phase: 153.2
mM phosphate buffer, pH 7.3; flow rate 0.9 mL/min at ambient temperature.

The tailing could be reduced by increasing the mobile phase pH, but an
alkaline medium is not advisable for routine analysis because it tends to be
harmful for silica of the bonded stationary phase base. The observed
improvement of peak shape can be explained by the fact that the increased
hydroxide ion concentration can promote the formation of hydroxocomplexes
and reduce the effective concentration of metal ions in the eluent. This results
in a decrease of the negative influence exerted by metal ions on the peak shape
of metal complexing analytes.

As the pH increases, a decrease of the capacity factor was observed and
this can be accounted for by considering that the more free metal impurities are
present, the more retention increases and vice versa.5

We tested EDTA as a mobile phase additive. The efficiency of 2 mM
EDTA modified mobile phase compares to the 0.2 mM KB(Pz)4 one only at
high pH. Furthermore, it alters the stationary phase in such a way that the
capacity factors of related and non related compounds can be restored only by
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Absorbance 254nm

Figure 3. As Fig. 2 except addition of 0.2 mM KB(Pz)4to the mobile phase.

eluting the column with HC1 (pH 2.4), for at least 3 h, thereby confirming that
EDTA was adsorbed by the silica base of the packing material, this procedure is
not advisable for routine analyses because silica based packing materials are
unstable at pH < 2.5.

In order to saturate the binding between analytes and metal impurities we
added KB(Pz)4 0.2 mM to the mobile phase. This resulted in a dramatic
improvement of the peak shape (Fig. 3) without a corresponding increase of the
baseline noise provided by the eluent, because the mobile phase modifier is
almost transparent in the UV region (the cut-off wavelength of such a mobile
phase being 212 nm). The retention time increase upon dilution could not be
observed anymore thus enabling, together with more than satisfactory peak
shape, trace analysis of the compound of interest at the ppm level.

It is very unlikely that the observed improvements in the chromatographic
performance of isomeric metal chelating analytes are due to the action of
B(Pz)f as an ion-pair reagent, as analytes are anions or dianions themselves at
the mobile phase pH selected.Z72 Instead, it is very probable that the
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mechanism by which KB(Pz)4 causes the observed improvement in peak shape
is that it saturates dinamically generated active sites on the stationary phase,
since its effectiveness progressively increased and reached the steady-state only
after ca 80 column void volumes were eluted.

KB(Pz)4 proved to be much more efficient than NaBH(Pz)3 in reducing
peak asymmetry. In order to obtain an improvement in peak shape similar to
that one of 0.2 mM KB(Pz)4, 7 mM NaBH(Pz)3 had to be added to the same
mobile phase (pH 7.3). Since BH(Pz)3 is a much better complex forming agent
than B(Pz)4 17,30 and a major difference between the two modifiers is the higher
lipophylicity of the latter, it follows that it subtracts metal impurities from
analyte equilibria better than BH(Pz)3'because the complexes it forms are better
retained by the stationary phase.

Such hypothesis underscores the importance of having no complexation
equilibria to compete with the chromatographic one.

In a mobile phase at a pH of 2.5 KB(Pz)4 1 mM was able to reduce the
AF 0 of the analytes by at least 60%, thereby indicating that even at the lowest
pH that can be reached, taking into account the pH compatibility of silica, this
mobile phase additive is able to prevent interaction between analytes and metal
ions by complexing the latter.

The slight decrease in retention that was observed when KB(Pz)4 was
included in the mabile phase was also observed for EDTA (tested by the present
Authors) and picolinic acid1 modified mobile phases, and can be explained by
taking into account ion-exclusion phenomena on the stationary phase modified
by the presence of the negatively charged adsorbed additive. In order to
improve analyte retention. KB(Pz)4 was also successfully used in presence of an
ion-pairing agent.

While EDTA could be displaced from the stationary phase only by eluting
the column with a harmful very acidic mobile phase, the displacement of
KB(Pz)4 can be obtained by running the column with a mixture MeOH:HD
(35:65 vol/val) for half an hour at a flow rate of 0.9 mL/min: this procedure
makes the use of KB(Pz)4 safe for column life.
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A RAPID MONITORING METHOD OF
PARAQUAT AND DIQUAT IN SERUM AND
URINE USING ION-PAIRING BARE-SILICA
STATIONARY PHASE HPLC FOLLOWING
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OF SAMPLE PRETREATMENT
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ABSTRACT

Intoxication by paraquat, an agricultral chemical, is
frequently reported in Asian and eastern European countries
because of its availablity by general population. Because
paraquat is not significantly biotransformed in man, it requires
an intensive monitoring of paraquat level during both stages of
rescue and recuperation. It is critical to design an effective
technique to eliminate the paraquat from the patient at the earlier
stage of the therapy, and a rapid method is required for
monitoring the paraquat concentration. Diquat is a less toxic
analog of paraquat, and is often mixed with paraquat for
agricultural usage. Recently, a high rate of fatal cases were
reported on the mixture of diquat and paraquat among all
paraquat incidences. In this study, a rapid HPLC method has
been developed for monitoring paraquat and diquat in serum and
urine samples.
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The total analysis is less than 6 minutes. It only requires a
minimal sample pretreatment, including acidification and
centrifugation of sample at 9500 x g for 1 minute. This method
utilizes ion-pairing HPLC with bare silica (150 mm X 4.6 mm)
as stationary phase. After acidification with 2M phosphoric acid,
the supernatant of samples can be injected directly into the HPLC
system. The mobile phase was 25/75 acetonitrile/water (V/V);
containing 10 mM 1- Heptanosulphonic Sodium Salt, 4 mM
potassium phosphate, 10 mM potassium chloride, pH 3.0. The
analysis was performed at room temperature with a flow rate of
1.0 mL/min. The optimum UV wavelength for paraquat and
diquat were 257 nm and 310 nm, respectively; the corresponding
detection limits were measured at 63 ng/mL (1.25 ng on column)
for diaquat and 125 ng/mL (2.5 ng on column) for paraquat,
respectively. For simultaneous monitoring of both compounds, a
common wavelength of 290 nm can be used; with an injection
volume of 20 pL, paraquat could be detected at 500 ng/mL(10 ng
on column) and 125 ng/mL (2.5 ng on column) for diquat in both
urine and serum. A lower detection limit at 290 nm can be
achieved by using a larger injection volume. The CV% of
retention data are less than 1.2% for both compounds.
Interference studies were also conducted for common drugs and
metabolites. Additional tests were conducted on drugs which are
strongly retained on cation exchange methods: chloroquine.
strychnine and nicotine.  All these three compounds did not
interfere with the method.

INTRODUCTION

Agriculture is a major industry in Asian and eastern European countries.
Intoxication by agricultural chemicals is frequently reported in these regions
because of the easy accessibility by general population. Among different
agricultural chemicals, paraquat intoxication is a major concern because of its
toxicity and its frequent use for a suicidal agent.

Paragquat (Gramoxone W, Weedol. methyl viologen) is a bis-quatemary
ammonium compound that has been widely used since 1962 as a domestic and
commercial herbicide.1 The dichloride salt is supplied as a 5% powder for
domestic use or a 10% to 30% aqueous concentrate for agricultural purposes.

The compound is known to be absorbed via dermal contact, inhalation and
ingestion.



PARAQUAT AND DIQUAT IN SERUM AND URINE 3341

Diquat is a less toxic analogue of paraquat (an ortho-bipyridyl analogue),
and it is usually supplied as the dibromide in a 2% concentrate for spraying.
Combinations of paraquat and diquat are also available for agricultural usage.

There were many death since the introduction of this compound.12 From
1964 to 1974, over 200 fatal cases were reported from ingestion of paraquat in
all countries of use.1 In recent years, higher incidence frequencies were
reported. For example, in Japan alone,3 355 fatal cases of paraquat (PQ) and
diquat (DQ) were reported in 1994 (93 PQ, 1 DQ, 261 mixture); 361 cases in
1993 (88 PQ, 5 DQ, 268 mixture).

Because paraquat is not significantly biotransformed in man, it requires
intensive monitoring during both stages of rescue and recuperation. It is
reported that patients with plasma concentrations in excess of 0.25 pg/mL from
12 to 68 hours after ingestion, with associated renal failure, usually do not
survive.1 Another report indicated that patients whose plasma concentrations
do not exceed 2.0, 6.0, 0.3, 0.16, and 0.1 pg/mL at 4, 6, 10, 16, and 24 hours,
respectively, are likely to survive.4 Therefore, it is critical to design an effective
technique to eliminate the paraquat from patient at the earlier stage of the
therapy, and a rapid method is useful for monitoring the paragquat concentration
at 0.1 pg/mL or above.

Early colorimetric methodss,e were developed with a detection limit of 5
pa/mL. Later, several modifications were able to improve detection limit to 1
Pg/mL, including isolation by cation-exchange chromatography,7s protein
precipitation,s ion-pairing extraction, 10 or direct addition of a reagent to
urinen A thin layer chromatography (TLC) method was developed for
detection of residue remaining on vegetation,12 which also required extensive
sample preparation.

There were also several gas chromatography (GC) methods initially
developed for environmental and safety concerns.1314 Later, a GC method for
biological fluid had a detection limit of 0.5 pg/mL for paraquat and 1.0 pg/mL
for diaguat.14 However, the sample pretreatment method (1 hour) was complex
and impractical. Another GC method claimed a sensitivity of 0.025 pg/mL
with nitrogen-selective detector,1 and again the sample preparation procedure
was long (>1.5 hours) and a large volume of patient sample was required (3
mL).

A GC/MS method for forensic tissue samples was able to detect paraquat
at 10 ng/mL when operating at selected ion monitoring (SIM) mode.1 Either
thermosprayl61 or particle beam techniquesis were used for the interface of
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LC/MS for the detection of diquat and paraquat in soil and water, with the
detection limits of 5 ng/mL to 20 ng/mL in SIM mode. Sample volumes were
from 10 grams of soil to 4 liters of water.

Many HPLC methods were developed for paraquat formulation analysis, 19
urinary analysis (1 mL urine),20 direct injection (3 pL to 5 pL) of spiked urine,
spiked water, and gastric aspirate,2 column switching (40 minutes run time),22
ion pairing reversed phase HPLC,23 and post column reaction.24

Different HPLC techniques were used in these studies.1924 For example,
reversed phase stationary phase (Silica base ODS C)8 with ion-pairing reagent
at low pH (pH 2-3) is the most commonly reported method.2023 Other types of
stationary phases were also used, such as ion-exchange resin19-2 y-
aminopropyltriethoxysilane bonded aluminaz and bare silica2s However,
these methods all required tedious off-line extractionprocedure for removing
interference materials from matrix, except Pryde's study.2. A column switching
technique was reported2 for on-line extraction procedure by using gel
fdtration.

Other  techniques such as capillary electrophoresis (CE),
radioimmunoassay (RIA), and fluoresence-polarization immunoassay (TDXx)
were also reported.232526 For example, a CE method was reported on using
acetic acid-sodium acetate (pH 4.0) with 100 mM sodium chloride as buffer and
electrokinetic injection;23 an RIA method was able to detect paraquat;2s a TDx
was reported to have a detection limit of 5 ng/mL of paraquat in serum.2s

In this study, we developed a rapid direct injection method to meet the
needs of clinical treatment situation. Both serum and urine samples can be
analyzed directly folowing a single step of acidification, and the total analysis
time is less than 6 minutes with a detection limit of 63 ng/mL. The method
only requires a single pump isocratic elution and a single analytical cartridge.
The separation is based on the ion-pairing chromatography with bare silica.

MATERIALS AND METHODS

Materials

Standards of paraquat (1,1’-Dimethyl-4,4’-bipyridinium dichloride) and
diquat dibromide (6,7-Didropyridol[l,2-a:2’ r-c]pyrazidinium dibromide) were
obtained from Sigma Chemical Co. (St. Louis, MO, USA) and Chemical
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Service Inc. ( West Chester, PA, USA ), respectively. 1- Heptanesulphonic
Sodium Salt, 1-hydrate (HPLC grade) was from Eastman Kodak Company
(Rochester, NY, USA). Drugs used for interference studies were obtained from
Sigma, Alltech (State College, PA, USA), or their respective manufacturers.

A total of 18 compounds were tested, including diazepam, amphetamine,
imipramine, morphine, hydrocodone, benzoylecgonine, methamphetamine,
methadone,  codeine,  trimethoprim,  pseudoephedrine,  nortriptyline,
propoxyphene, EDDP (methadone metabolite), dextromethorphan, strycinine,
chloroquine, and nicotine.

HPLC

An HPLC system was consisted of a 1350 HPLC pump, a UV monitor
(UV-1816 UV/Vis Detector), and an ALR 486 computer. The BDS software
(BarSpec. Israel) was used for data collection. An automated sample injector
equipped with 20 pL sample loop (Model AS-100 HPLC Automatic Sampling
System) was used. All above mentioned HPLC modules and software were
available from Bio-Rad Laboratories (Hercules, California 94547, USA).

Separation conditions

A single bare silica cartridge (150 mm X 4.6 mm | D.) was used (Bio-Rad
Laboratories, part # 1957145). The mobile phase was 25/75 acetonitrile/water
(V/V; containing 10 mM 1- Heptanosulphonic Sodium Salt, 1-hydrate, 4 mM
KH2PO4, 10 mM KC1, pH 3.0 adjusted by H3PO4). The mobile phase was
filtered by 0.45 pm Nylon 66 filter membrane. The flow rate was set at 1.0
mL/min. The analysis was performed at room temperature.

The optimum UV wavelength for paraquat and diquat were 257 nm and
310 nm, respectively. For simulataneous monitoring, a common wavelength of
290 nm can be used for these two compounds. The samples was kept at 4°C in
the sample tray.

Sample Preparation (Acidification)

Minimal sample preparation is required. 50 pL of phosphoric acid (2 M)
was added to 1 mL sample to acidify the sample. Then it was centrifuged at
9500 x g for 1 minute at room temperarture. After the centrifugation, 20 pL of
the supernatant was injected to the system directly.
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A. Before Acidification B. After Acidification

Figure 1. (A) A splitting pesk of diquat wes abserved when urine sample wes ot
acidified. (B) Splitting pesk of diquat becarme a single peak after addition of 50 pL of 2
M phosphoric adid.

A. Urine B. Serum

Figure 2. Chromatograns of paraguet in urine (A) and serum (B) with a detection at a
UV wavelength of 257 nrm
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A. Urine B. Serum

Figure 3. Chrometogras of diquat in urine (A) and serum (B) with a detection at a
UV wavelength of 310 rm

RESULTS AND DISCUSSION

Acidification of Sample

As shown in Figure 1-a, a splitting peak was observed when the spiked
diquat in drug free urine was analyzed without any treatment. This might be
due to the fact that there are components in the sample matrix which are
adsorbed to the front end of the silica cartridge.2z This problem was resolved
by acidification of the sample matrix. As depicted in Figure 1-b, after an
addition of 50 pL of 2 M phosphooric acid to 1 mL of sample, the split diquat
peak became a single and sharp peak.

Analytical Separation
Figures 2-a and 2-b are chromatograms of paraquat standard at UV

detection of 257 nm in urine and serum.  Figures 3-a and 3-b are
chromatograms of diquat at 310 nm in urine and serum.
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Diquat

Paraquat

m

r—i— i— — i— i
0 2 4 6

Minutes

Figure 4. Chrometogram of mixture of diquat and paraguat at a UV wavelength of 290

mmin serum

As shown in these four chromatograms, the endogenous components in
both urine and serum matrices did not interfere with the detection of paraquat
and diquat at either 257 nm or 310 nm.  Figure 4 shows that a simultaneous
monitoring can be conducted at a wavelength of 290 nm

Linearity

A linearity study was conducted at the concentration range of 0.5 - 10
pa/mL ( a total on-column amount of 10 - 200 ng). As shown in Table 1, a
good linear coefficient is observed for paraquat and diquat in urine and serum
samples. The peak height in serum was about 20% less than urine samples,
and this was due to a slight broad peak for serum sample.

Reproducibility

As shown in Table 2, within-run study was performed by 10 consecutive
runs at 5 pg/'niL in both urine and serum. The CV% of retention data are less
than 1.2% for both compounds. Paraquat showed a higher CV% of peak height
in serum (8.18%).
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Table 1
Linearity*
Linearity r=
Paraquat in Urine Y =7.6368X-2.0199 0.99961
Paraquat in Serum Y =9.1716X + 0.4478 0.99971
Diquat in Urine Y =5.9876X-0.9527 0.99989
Diquat in Serum Y =7.8980X- 0.5124 0.99999

*0.5 pg/mL to 10.0 pg/mL; =5

Table 2

Within-Run Reproducibility*#

Peak Height PQ in PQ in DQ in DQ in
(Absorbance Unit) Urine Serum Urine Serum
Average 0.018 0.014 0.022 0.018
STDV 0.0003 0.0012 0.0003 0.0005

cv% 1.77 8.18 143 2.73

Rétention Time

(Minutes)
Average 4.97 5.05 4.01 4.03
STDV 0.0350 0.0359 0.0467 0.0459
CV% 0.70 0171 1.16 114

*n= 10, 5pg/mL

Note: PQ: Paraquat, DQ: Diquat
Detection Limits
Clinical requirement

For paraquat, in most cases, blood concentrations greater than 2 pg/mL at
4 hours and 0.1 pg/mL at 24 hours are likely to be lethal, but individual



3348 ITAGAKI ET AL.

response is variable and some cases with much higher concentration have
recovered. Therefore, the detection limit of paraquat must be at least 100
ng/mL or 2 ng on column.

Analytical detection

The detection limits were measured at 63 ng/mL (1.25 ng on column) and
125 ng/mL (2.50 ng/mL) for diaquat and paraquat, respectively. The detection
wavelength for paraquat and diquat was 257 nm and 310 nm at 0.0l
absorbance range, respectively. The detection limit was defined with a signal
to noise ratio of 10. For a simultaneous monitoring of two compounds at 290
nm, paraquat could be detected at 10 ng (20 pL of 500 ng/mL) and 2.5 ng for
diquat (20 pL of 125 ng/mL) in both urine and serum. A lower detection limit
can be achieved by using a larger injection volume such as 50 pL.

Drug Interference Studies

The analytical cartridge of bare silica has been used for the separation of
common drugs and metabolites with mobile phases at pH of 6.728 and 6.5
because of its weak cation exchange chromatographic behavior. In this study,
with the adjustment of a low pH (3.0) and the addition of an ion pairing reagent
to the mobile phase, all the common drugs and metabolites lost retention on the
bare silica. They all eluted at the endogenous region (before 3 minutes) of
sample matrices for this HPLC assay, and they did not cause any interference
for the detection of paraquat and diquat. A total of 15 compounds were tested,
including diazepam, amphetamine, imipramine, morphine, hydrocodone,
benzoylecgonine, methamphetamine, methadone, codeine, trimethoprim,
pseudoephedrine, nortriptyline, propoxyphene, EDDP (methadone metabolite),
and dextromethorphan.

Additional tests were conducted on drugs which were strongly retained
under the cation exchange chromatographic conditions;2s29 chloroquine,
strychnine, and nicotine. Again, all these three compounds eluted at the
endogenous region (before 3 minutes) in this HPLC method, and they did not
interfere with the detection of paraquat and diquat.
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ABSTRACT

A size-exclusion HPLC method was developed for analysis of
the ferritin and magnetoferritin samples. In the ferritin sample
three peaks corresponding to aggregate and monomer were
observed, which are in contrast to the magnetoferritin sample in
which only two peaks corresponding to aggregate and monomer
were observed. A sensitive spectrophotometric method was
developed for assay of iron in the ferritin and magnetoferritin
samples. The method involves solubilization of iron core by HCL
or acetic acid, reduction of Fe3+to Fe2+ with sodium dithionite or
sodium sulfite, and reaction of Fe2+ with 2, 1 bipyridyl.
Increasing concentration of acetic acid or sodium sulfite
increased the iron content, suggesting that higher concentration
of these reagents are needed to solubilize the iron core and to
reduce Fe3+ to Fe2; respectively. An HPLC analysis of the
protein after the experiment demonstrated that the proteins do
not survive the analysis conditions.
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INTRODUCTION

There are several proteins which contain iron or have strong affinity
towards iron, e.g. the iron and oxygen transport proteins. Transferrin and
Hemoglobin, respectively, and the iron and oxygen storage proteins. Ferritin
and Myoglobin, respectively.1 Ferritin, a water soluble protein, is synthesized
in almost all tissues but is most abundant in liver, spleen, and bone marrow.
Ferritin consists of a spherical polypeptide shell (apoferritin with molecular
weights of 21 kDa and 19 kDa, respectively. The polypeptide shell surrounds a
450 kDa molecular weight), which has two different types of subunits, heavy
(H) and light (L), crystalline hydrated iron oxide/phosphate core (6 nm in size),
( FeOOH)s ,FeOP03H2 and can accommodate up to 4500 iron atoms.2

Methods for modification of the protein, Ferritin, such as changing the
charge, introducing reactive and biologically active groups, radioiodination.
and removal of iron from the protein pocket have been published.z9 Mann and
coworkers o changed ferritin to magnetoferritin by replacing the iron core. In
their experiments, theywo removed the iron oxide/phosphate core from the
ferritin sample by dialysis of the sample against thioglycolic acid, added Fe(ll)
slowly, followed by air oxidation to a mixture of Maghemite (y-Fe203 and
Magnetite (Fes04). Magnetoferritin has superparamagnetic character, high T2
relaxivity, which is useful in MRI as a contrast agent.” ©

There are numerous reports on the characterization and analysis of
ferritin. The structure of horse spleen apoferritin at 2.8 A resolution and the
amino acid sequence have been determined.1314 It is possible to isolate different
iron containing fractions from a single ferritin preparation by density gradient
centrifugationis and to determine the average molecular iron content by
spectroscopic methods.16 High Performance Liquid Chromatography (HPLC)
was usedi to analyze subunits in human liver and spleen ferritins and HPLC
coupled with ICP-MSi8 and ICP-AES19 were used to quantitate iron and
protein. The average number of iron atoms were determined by an X-radiation
absorption technique.2o However, information on characterization and analysis
of magnetoferritin is lacking.

Analysis of ferritin and magnetoferritin for their iron content and their
purity is essential for their evaluation and characterization. Gravimetric,
solvent extraction, emission spectrography, complexometric, and redox
titrations, ICP analysis, and spectrophotometric methods can be used for iron
assay of these proteins.z.  Among all of these methods, the spectrophotometric
method is by far easiest and sensitive, accurate and precise. In the method, iron
in the 2+ or 3+ oxidation state is complexed or chelated to forma highly
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colored species which is measured using its visible absorbance spectrum. In the
higher oxidation state iron may be complexed with excess sodium thiocyanate.
There are two potential problems in using the method to analyze
magnetoferritins: (1) The method requires working at low pH due to hydrolysis
of Fe3+above pH 2. Under these conditions the protein may decompose into
small fragments, and (2) The iron in ferritin or magnetoferritin is a mixture of
2+ and 3+ oxidation states, consequently, one has to use an oxidizing agent
such as hydrogen peroxide. An excess of the oxidizing agent may also oxidize
the coordinating ligand, thiocyanate, and may give erroneous results.

Iron in the lower oxidation state, Fe2t is usually determined by its
reaction with 2.2’ bipyridyl to form Fe(bpy)3+ followed by it absorbance
measurement at 522 nm.  Drysdale and Munroz2 used this method to determine
iron in ferritin samples. Acetic acid rather than H2S04 HC104 or HNO3 was
used in the analysis to avoid acid-catalyzed cleavage of the protein as the
recovery of the protein after analysis was desirable. No validation of the
method or proof of recovery of the protein was given in the report.

The goals of the present work were: (a) to reexamine and develop
analytical methods to determine iron content in ferritin and magnetoferritin
samples, respectively, (2) to develop a size-exclusion chromatographic (HPLC)
method to investigate aggregation of the protein, and (3) to investigate if the
protein can cope with these analysis conditions and can be recovered after the
iron assay for further use.

MATERIALS AND METHODS

Horse spleen ferritin, (lot # 33H 70302) was purchased from Sigma
Chemicals (St. Louis, MO) with 12.0 and 108 mg/mL iron and protein
concentrations, respectively. A sample of horse spleen ferritin (100 times
diluted Sigma horse spleen ferritin which would correspond to 0.12 and 1.08
mg/mL iron and protein concentrations, respectively) was used in the present
work. The magnetoferritin samples were received from Dr. S. Mann of the
University of Bath (England). Sodium Chloride, Sodium Hydroxide, Sodium
Dihydrogen Phosphate, Sodium Acetate, Acetic Acid, 1.0 N Hydrochloric Acid
(all from Fisher), Sodium Azide, Sodium Dithionite, Sodium Sulfite (all from
Aldrich), and HEPES, and 2, 2’ Bipyridyl (all from Sigma) were used as is.
The pH of the buffer was adjusted with Hydrochloric Acid and Sodium
Hydroxide (both from Fisher) in the case of HEPES and phosphate buffers,
respectively. Distilled deionized water was used for all solution preparations.
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Solution pH values were measured with an Orion combination glass
electrode and an Orion pH meter model 740. All spectrophotometric
measurements were made with an HP 8452A diode-array spectrophotometer
interfaced to an HP-310 data station. Solutions for iron content determination
were heated in a Fisher heating bath.

The HPLC was a two-pump system (Rainin Instruments) with a Rheodyne
injection valve containing a 50 pL loop. The HPLC system was interfaced with
a Macintosh SE computer. An Applied Biosystem UV-Vis detector at 280 hm
was used. Integration of peak areas was performed using Dynamax software.
A silica based size-exclusion column, Bio Sil SEC-400 (300 x 7.8 mm, Bio-
Rad), with a molecular weight range of 5,000 to 1,000,000, was used. A Bio
Rad protein standard was used for size (molecular weight) vs. retention time
calibration curve The mobile phase condition used was: 0.15 M NaCl, 0.050
M NanHPO.,/ NaH2P04 at pH 7.0 (containing 0.01% Sodium Azide). In some
experiments HEPES buffer was used in the mobile phase. In all experiments
the flow rate was 1.0 mL/min.

For iron assay, experiments were carried out using the literature methodz2
(Method 1) under variable conditions to validate the method (vide infra). The
method requires the presence of 75 mM sodium sulfite, 6% acetic acid (1.04
M). and 0.05% 2,2’ bipyridyl and heating at 100°C in a water bath for 1 h. The
literature method was also modified to determine iron content in the protein
samples (method 11). In method II: 1.0 mL protein was mixed with 0.1 mL of
1.0 M HC1 solution in a scintillation vial. The mixture was incubated at 80°C
for 1 h and then cooled to room temperature. 0.5 mL buffered (0.5 M Sodium
Acetate. pH 5.3) oxygen free NazS204 (10 mM) solution was added to the
mixture followed by addition of 0.5 mL 2,2’ bipyridyl (15 mM in 0.05 M HCl)
solution. The mixture was heated again at 80°C for 1 h to ensure the complete
formation of Fe(bpy)3®+ The solution was taken into a volumetric flask and the
final volume was made up to 25.0 mL with water and the pH was adjusted to
4.0. The iron content was calculated from a knowledge of the absorbance at
522 nm and the molar extinction coefficient of Fe(bpy)3+ (e = 8.65 xIO3 M”
cmy. 3

RESULTS AND DISCUSSION

Size-Exclusion Chromatography of Ferritin and Magnetoferritin

A Bio-Rad standard was initially injected to calibrate the peak positions as
a function of size (molecular weight) of the macromolecules (Figure 1). The
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Time, Min

Figure 1. HPLC chromatogram of the Bio Rad standard.  The HPLC conditions used
ae  Colum: BioSil SEC400, Mobile Phase 015 M NaCl, 0050 M
NazHPo 2 /NaH:PC4 at pH 7.0 (containing 0.01% sodium azide), Detector: UV/Vis at
280 nm and How Rate: 1.0 mL/min.

Bio Rad standard is a mixture of five proteins (Mwt in kDa and retention times
in minutes are given in parenthesis) and these are: Thyroglobulin (670. 9.5),
Immunoglobulin (158, 12.1), Ovalbumin (44, 13.1), Myoglobin (17, 14.2), and
Vitamin Bj2 (1.35, 15.1). Smaller peaks at 6.7 and 8.25 minutes were also
observed; they are due to aggregates of proteins. When a horse spleen ferritin
sample was injected onto a size-exclusion column, three peaks were observed, a
first peak at 8.7 min (-35%), a second peak at 9.7 min (-20%), and followed
by a third peak at 11.2 min (-45%) (Figure 2). The size of ferritin or
magnetoferritin is the same as the size of apoferritin. This is due to the fact
that all the iron, (FeOOH)s.FeOPO3H2 in the case of ferritin and a mixture of
Fe203 and Fe304 in the case of magnetoferritin, is inside the pocket of the
protein. This suggests that the peaks eluting at 8.8 and 9.8 minutes are
probably due to the mixtures of aggregates which could not be separated by this
column, and the last peak is a monomer of horse spleen ferritin.  Similar
chromatographic behavior was observed in the presence of HEPES buffer.
Aggregation of ferritin is not reported in the past. The source of aggregation
may be the sample. More work is in progress to resolve this. Experiments
were carried out with the magnetoferritin samples also, and two peaks were
observed (Figure 3). The first peak which appeared at 6.6 minutes corresponds
to the aggregate and the monomer of the protein eluted at 11.2 minutes (450
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Time, Min

Figure 2. HPLC dvomratogram of ferritin, the HPLC conditions are sae as in
Fgure L.

Time, Min

Figure 3. HPLC chromatogram of magnetoferritin, the HPLC conditions are are same
as in figure 1
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kDa molecular weight). The ratio of the peak areas was 65:35. Some HPLC
experiments with magnetoferritin were carried out at a lower concentration of
salt or in the absence of sodium chloride in the mobile phase. The monomer
peak was less retained by lowering the concentration of salt. In the absence of
salt both peaks coeluted at 6.6 min. This observation is consistent with the
previous results that many proteins can undergo hydrophaobic interaction with
the stationary phase at high ionic strength.24.25

Ultrasonication of magnetoferritin was attempted to disrupt the
aggregation of the protein. The ratio of the aggregate and monomer remained
the same, however, several minor peaks with retention times between 15 and 20
minutes were seen. This suggests that the ultrasonication breaks protein
subunits into smaller molecules which have molecular weights <1 kDa as the
retention time of Vitamin Bi2 (with molecular weight of 1.35 kDa) is 15.1
minutes.

Iron Assay

Initially a sample of ferritin and four samples of magnetoferritin with
variable amounts of iron were analyzed by method 1.2 The pH of the mixture
was measured as 3.6. The same samples were analyzed by method Il and the
values are compared in Table 1. From the table two observations can be made:
(1) the iron content determined by method Il is consistently higher than the
values determined by method | and (2) the difference is lower in the case of
ferritin (<5%) than magnetoferritin (11-30%).

The difference in the final pH (3.6 vs. 4.0) in the two methods was
thought to be responsible for this discrepancy. The ligand protonation constant
of 2,2’ bipyridyl is reported as 4.47 at 25°C and g = 0.1 (KC1).26 The stepwise
stability constants (log K,. log K;. and log K3 of its Fe2+complexes are known
to be 420, 3.70, and 9.55, respectively.2s These constants were used to
calculate the percentage of Fe(bpy)3+ complex formed under different pH
conditions.2 Under the experimental conditions (for example: 0.019 mM Fe2+
0.30 mM bpy. pH 3.6) these calculations revealed 99.9% formation of
Fe(bpy)3+ In other cases the ratio of 2,2’ bipyridyl to Fe—was much higher
than this experiment and the percentage of Fe(bpy)3+formed should be 100%,
suggesting that the pH difference can not explain the difference in iron values
determined by the two methods. Moreover, additional experiments were
carried out in which pH was raised from 3.6 to 4 and no change in the
absorbance was observed.
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Table 1

Analysis of Ferritin and Magnetoferritin Samples for the Iron Content by
Method 12 and Method 11

Sample # Method I, pg/mL Method 11, pg/mL

Ferritin 113.8 £0.9 1194 + 0.7
Magnetoferritin Sample # 1 207 £ 10 269 + 03
Magnetoferritin Sample # 2 209 = 02 270 + 06
Magnetoferritin Sample # 3 278 £ 10 308 = 0.7
Magnetoferritin Sample # 4 256 £ 09 296 + 09

The iron concentration by the two methods differed by only 4.6% in the
case of ferritin, while the difference was as high as 30% in magnetoferritin
samples (Table 1). This was thought to be due to the different iron cores in the
two proteins, i.e. ferritin contains (FeOOH)s.FeOPO3H2 whereas a mixture of
Fe20 3 and Fe304 was introduced in the modified protein, magnetoferritin. It is
possible that 6% acetic acid can not solubilize iron core in ferritin and, less so,
in magnetoferritin. The iron content in ferritin and magnetoferritin samples
were determined under variable acetic acid concentrations. The percentage of
acetic acid was varied between 0.175 M and 258 M (1% to 15% volume by
volume). The iron content was found to increase with the increased acetic acid
concentration (Table 2, Figure 4). The increase in Fe content was 33.3% for
ferritin samples and 59.3% in the magnetoferritin samples. This is probably
due to the difference in the nature of iron cores in the two proteins. The iron
content in the two proteins at higher acetic acid concentration agrees with the
iron content determined by method Il. For example, the values of iron content
in the ferritin sample are: 119.4+0.7 pg/mL and 122.7+0.8 pg/mL by method II
and by method | (with high concentration of acetic acid), respectively.
Similarly, the iron content in the magnetoferritin sample are 30.8+0.7 pg/mL
and 29.51+0.08 pg/mL by these two methods, respectively. In summary, the
data given in Table 2, suggest that a higher concentration of acetic acid is
required for solubilization of all iron in the protein cores rather than just 6 %.

Experiments were also carried out to investigate the effect of reducing
agent Na2S03 on the iron concentration (Table 2, Figure 5) at 0.975 M acetic
acid and 3.2 mM 2,2' bipyridyl concentration. The amount of iron increased
gradually from 959+04 pg/mL to 113.8+0.9 pg/mL (15.7%) as the
concentration of Na2S03 increased from 10 mM to 75 mM. Under similar
conditions, the iron concentration of the magnetoferritin sample increased from
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[CH3CQOH], m

Figure 4. Plot of Fe content in the ferritin (+) and magnetoferritin (o) samples vs.
[Acetic Acid],

[Na2s03, mM

Figure 5. Plot of Fe content in the ferritin (¢) and magnetoferritin (0) samples vs.

NE2SC3).
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24.2+0.2 pg/mL to 27.0+0.5 pg/mL (10%). The plot given in Figure 5,
suggests that 75 mM sodium sulfite is the optimum concentration of the
reducing agent for these determinations. A higher concentration of sodium
sulfite may be needed for samples containing higher concentrations of iron in
the protein samples.

Three equivalents of 2,2” bipyridyl are needed for the formation of
Fe(bpy):2+ In the present work, the concentration of 2,2’ bipyridyl was varied
from 0.8 mM to 12.8 mM, which translates into the bipyridyl to iron ratio of 4
to 64 for ferritin and 16 to 256 for magnetoferritin. The iron concentration was
found to be constant in the 2,2’ bipyridyl concentration range studied,
suggesting that >4 equivalents of bipyridyl concentration is sufficient to
determine iron in these samples. Similar results were obtained from the species
distribution calculations under these concentration conditions.2'

The samples of proteins were heated at 70-80°C for iron concentration
determination. The determination was also performed at room temperature.
Upon addition of Na2S03, 2, 2 bipyridyl, and acetic acid, a pink/red color
developed slowly. The completion of color development took 10 h for ferritin
and several days for magnetoferritin analysis at room temperature. The rate of
the reaction of Fe2+ with 2,2 bipyridyl was measured by Wilkins and
coworkers in the pH range of 6.0 to 6.8. They calculated a second-order rate
constant for the reaction of Fe2+with 2,2’ bipyridyl as 1.1 x 1056 M'V. From
these data one can calculate a half-life of the reaction of the order of
milliseconds. However, in the present work, acidic conditions were used where
the majority of the bipyridyl is in the less reactive protonated form. The ligand
protonation constant of 2,2” bipyridyl is 4.47. Krumholz2 reported an initial
rate of reaction of Fe2+(1.37 x 105 M) with H(bpy)+ (1.66 x 10'4 M) at [Ff] =
160 x 10'3 M (-log [Ff] = 2.8) as 1.85 x KF6 M minl A half-life of the
reaction under our experimental conditions can be calculated to be less than 1 h
at room temperature. Contrary to this, a longer reaction time at room
temperature was observed in the present work, which could be attributed to the
slow solubilization of iron core followed by its reaction with 2,2” bipyridyl
under acetic acid conditions.

Recovery of the Protein

We used size-exclusion HPLC analysis of the mixture of the protein, 2,2’
bipyridyl. sodium sulfite, and variable concentrations of acetic acid. In all of
the cases, two broad peaks with retention times of 20 and 33-34 minutes, were
observed. The first peak was identified due to Fe(bpy): 2 as confirmed by an
injection of preformed Fe(bpy)2+ The second peak, which was observed even
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at a lowest acetic acid concentration (0.175 M), was assigned to the fragments
of the protein. No peak at 11 minutes was observed, suggesting that the
proteins can not survive these analysis conditions.

CONCLUSION

A size-exclusion HPLC analysis of ferritin and magneloferritin
demonstrated the formation of aggregates of ferritin and magnetoferritin.
Higher concentration of acetic acid is required for determination of iron in the
two protein samples. The proteins can not be recovered after iron assay.
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ABSTRACT

Fumaric acid, a Krebs cycle intermediate, is a potential
cancer chemoprevention agent. A high performance liquid
chromatographic procedure with UV detection for determination
of fumaric acid in large numbers of rat plasma, urine and fecal
samples was developed. Fumaric acid was extracted from
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plasma, urine, and fecal samples utilizing solid phase extraction
using Clean Up® Quaternary Amine 1 mL (plasma, fecal
samples) and 3 mL (urine) extraction columns followed by
reverse phase high performance liquid chromatography with UV
detection at 215 nm.  Standard curves for plasma (1 pg/mL - 200
ug/rriL). urine (5 pg/mL - 200 pg/mL), and fecal material (25
pa/g - 500 pg/g) were analyzed and replicate analysis of controls
were used to determine intra-day and inter-day variability.
Chlorofumaric acid was used as an internal standard for plasma
and fecal samples; trans-glutaconic acid for urine samples.
Precision and accuracy were studied using control solutions (low
and high) prepared in naive rat plasma, urine, and fecal material.
Intra-day variability was determined using 3-6 replicates of each
control solution on a single day. Coefficient of variation (CV)
for 20 pg/mL control (low) in plasma was 6.11% and for 80
pa/mL (high) was 7.07%; relative accuracy (RA) was 0% and
6.01%, respectively. CV for 15 pg/mL low control in urine was
38.95% and for 150 pg/mL high control was 8.84%; RA values
were -12.2% and -15.16%, respectively. For the fecal material,
CV for low control (100 pg/g) was 0.92% and for the high
control (400 pg/g) was 4.67%. RA values were -4.02% and -
4.14%, respectively. Inter-day variability was determined over a
four day period. For the 20 and 80 pg/mL plasma control
solutions, CVs were 12.97% and 9.09%, respectively, and RA
values were 1.1% and 4.04%, respectively. For the 15 and 150
pa/mL urine control solutions, CVs were 26.85% and 14.17%,
respectively, and RA values were 33.07% and -1.24%,
respectively. For the 100 and 400 pg/g fecal material controls,
CVs were 2.5% and 4.39%, respectively, and RA values were
-4.07% and -3.87%, respectively. The standard curves for
plasma, urine, and fecal samples were linear over the range of
fumaric acid assayed and the means for the regression coefficient
were 0.9939, 0.9972, and 0.9956, respectively. The limits of
guantitation for plasma, urine, and fecal material were 1 pg/mL,
5 pg/mL and 25 pg/g, respectively.

INTRODUCTION

Fumaric acid, a naturally occurring metabolic intermediate, is currently
undergoing preclinical development by National Cancer Institute as a cancer
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chemoprevention agent.1 It has been shown to inhibit hepatocarcinogenesis in
rats induced by 3'-methyl-4-(dimethylamino)azobenzene (0.06% in diet for 50
days) when given by dietary admixture (1%0) and in drinking water (0.025%o)
for 51 weeks.23 Fumaric acid also reduced the hepatocarcinogenicity of
mitomycin C and aflatoxin B1.4 Dietary administration of fumaric acid totally
suppressed hepatocarcinogenesis in mice5 and rats6 fed thioacetamide for 40
weeks when followed by fumaric acid treatment for 48 weeks. An inhibitory
effect of fumaric acid on forestomach and lung carcinogenesis induced by a 5-
nitrofuran naphthydrine derivative in mice has also been evident.7

Fumaric acid is presently used to treat psoriasis vulgaris. This approach
was initiated by the German biochemist Schweckendiek and standardized by
Schéfer.89 Current fumaric acid therapy consists of the daily oral intake of
dimethyl fumaric acid ester or monoethyl fumaric acid ester,89101112 as fumaric
acid itself is poorly absorbed from the gastrointestinal tract.8 Topical
application of fumaric acid and monoethyl fumaric acid in ointment has also
been used as a supporting treatment.8 A variety of serious side effects such as
lymphopenia with a decrease of T lymphocytes and nephrotoxicity (acute
tubular necrosis), nausea, diarrhea, severe stomach ache, or skin irritation and
contact urticaria have been reported during fumaric acid and/or fumaric acid
esters therapy.813

A gas chromatographic method can be used for the determination of
fumaric acid and other carboxylic acids in variety of biological matrices. Tsuda
et al.14 developed a gas chromatography method with a flame ionization
detector for the determination of fumaric acid and other carboxylic acids in soft
drinks and jams. All carboxylic acids were extracted using anion exchange
columns. Gas chromatography - mass spectrometry methodology was described
for determination of carboxylic acids including fumaric acid in rat tissues as
their tert-butyldimethylsilyl derivatives.15 In another study, concentrations of
carboxylic acids as their benzyl esters were measured in human serum, urine,
and rat heart ventricle using gas chromatography and capillary column with
flame ionization detection.16 High performance liquid chromatography (HPLC)
has been successfully applied for determination of several carboxylic acids in
food and beverages as their p-nitrobenzyl esters,1 in wines and different
beverages after derivatization,8 in human blood.19 anaerobic bacteria
cultures.2 and routinely in wines and champagne.2L

The purpose of this study was to develop and evaluate a simpler, precise,
accurate and fast HPLC analytical method with isocratic elution for
guantitation of fumaric acid in complex biological matrices, ie. plasma, urine,
and feces.
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MATERIALS AND METHODS

Chemicals

Fumaric acid, rat plasma, urine, and rat fecal material were supplied by
the Toxicology Research Laboratory, Department of Pharmacology, College of
Medicine, University of Illinois at Chicago, Chicago, IL, USA. Chlorofumaric
acid and trans-glutaconic acid were purchased from Aldrich Chemical
Company, Milwaukee, WI, USA. Acetonitrile, methanol, potassium phosphate
dibasic, sodium fluoride, potassium phosphate monobasic, and o-phosphoric
acid (85%) were purchased from Fisher Scientific, Itasca, IL, USA, and were
HPLC grade. Physiological saline solution was acquired from Baxter
Diagnostics Inc., McGaw Park, IL, USA. Clean Up® Quaternary Amine 1 mL
and 3 mL extraction columns were acquired from Worldwide Monitoring,
Horsham. PA, USA.

HPLC Instrumentation

Fumaric acid concentrations in plasma, fecal material, and urine were
determined isocraticaly using an HPLC system. Chlorofumaric acid was used
as an internal standard for plasma and fecal samples; trans-glutaconic acid was
used as an internal standard for urine samples. A Waters 600E Solvent
System, Waters 484 Tunable UV/VIS Detector, and a Waters 746 Data Module
(Waters Chromatography Division, Milford, MA, USA) were used. The
samples were introduced to the analytical column via a Rheodyne 7125 injector
(Rheodyne, Cotati, CA, USA). For plasma and fecal samples, separation was
achieved using a Ci8 Beckman Ultrasphere 5 pm, 250 x 4.6 mm analytical
column purchased from Alltech Associates, Inc., Deerfield, IL, USA; for urine
samples, a C]8 Waters pBondapak 10 pm, 300 x 3.9 mm (Waters
Chromatography Division, Milford, MA, USA) was used. The Rheodyne 7125
injector was equipped with a 20 pL sample loop and a C]8 precolumn (Guard-
Pak. Waters Chromatography Division, Milford, MA, USA) in a precolumn
holder.

Quality Control

Quantitation of fumaric acid in rat plasma, urine, and fecal samples was
performed using an internal standard method. The standard curves were
determined by linear least squares regression analysis of the ratio of peak area
of fumaric acid to peak area of the internal standard as a function of
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concentration. Control solutions were prepared in naive rat urine.
Concentrations of fumaric acid in naive urine were measured against standard
curves prepared in 0.9% saline. Standards and controls for plasma and fecal
material were prepared in spiked naive rat plasma and fecal material,
respectively. Standard solutions and controls were prepared with each set of
plasma, urine, and fecal samples. The concentration range of the standard
curve for plasma was 1 pg/mL to 200 pg/mL; for urine it was 5 pg/mL to 200
pg/mL; and for fecal material it was 25 pg/mL to 500 pg/mL. A 1,000 pg/mL
fumaric acid standard stock solution, 800, 1,000, and 2,000 pg/mL control
stock solutions, and 1 mg/mL and 2 mg/mL solutions of internal standards
(chlorofumaric acid and trans-glutaconic acid, respectively) were prepared in
0.9% physiological saline solution.

Two levels of control solutions were prepared for each specimen (20 and
80 pg/mL for plasma, 15 and 150 pg/mL for urine and 100 and 400 pg/g for
fecal samples) and were analyzed. Precision and accuracy were determined by
analyzing controls prepared in naive rat plasma, urine, and fecal material.
Intra-day variability was determined using 3-6 replicates of each control
solution analyzed on a single day. Inter-day variability was determined over a
four day period analyzing replicates of each control solution. Relative accuracy
(%) was determined employing the following equation:

RA = [(Mean Measured Cone. - Theoretical Conc.)/Theoretical Cone.] x 100%

Extraction Procedures

All plasma samples (0.2 - 0.8 mL) were diluted to 2 mL with 0.9% saline.
All control solutions, standards and samples were vortex mixed, and 1 mL of
0.1 M phosphate buffer, pH 5, and 100 pL of internal standard (chlorofumaric
acid) were added to each solution. All urine samples were mixed and 1 mL of
each urine sample was centrifuged for 5 minutes at 13,605 g. A 0.25 mL
volume of urine was transferred to a test tube and a 0.75 mL volume of 0.1 M
potassium phosphate dibasic buffer, pH 5, was added. A 0.5 mL volume of 0.1
M potassium phosphate dibasic, pH 5, was then added to all controls and
standards. A 25 pL volume of internal standard (trans-glutaconic acid) was
added. All controls, standards and samples were vortex mixed.

Fecal samples were prepared as follows: each sample was weighed, placed
into a mortar, and macerated with a pestle. Three mL of 0.1 M potassium
phosphate monobasic buffer, pH 5, was added to each gram of fecal material. A
homogenous paste was prepared and transferred to a 50 mL plastic tissue
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Figure 1L Chromatogram of blank rat plasma extract and extract of plasma spiked with
fumaric acid (FA) and the internal standard (IS), chlorofumaric acid.

collection tube. Two hundred mg of fecal material paste was then taken from
each sample for analysis. The blank rat fecal material, from untreated animals
used for standards and controls, was prepared in the same way before it was
spiked with fumaric acid. One mL of 0.9% saline was added to 200 mg of each
sample. All controls, standards and samples were vortexed, and 2 mL of the
phosphate buffer, pH 5, was added to each test tube. A 100 pL volume of
internal standard (chlorofumaric acid) and 100 pL of sodium fluoride, 10
mg/mL, were added. All samples were centrifuged at 1,500 g for 20 minutes.
The supernatc was removed, placed in another glass test tube and stored at -
20°C until analyzed.
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All three specimens analyzed (samples, standards, and controls) were then
put through a solid phase extraction procedure using quaternary amine solid
phase extraction columns placed in a 12-station vacuum manifold (Varian,
Harbor City, CA, USA). The procedure for extraction column preparation was
as follows: the column was washed with 1 mL of 0.02 M phosphate buffer, pH
2.4, and with 1 mL of deionized water. For column conditioning, 1 mL of
methanol and 1 mL of deionized water were used. A 1 mL volume of sample
(plasma, fecal material, or whole urine sample) was then put through the
column.

The column was next washed with 1 mL of acetonitrile and dried under
maximum vacuum for 5 minutes. Samples were eluted using 1 mL of 0.02 M
phosphate buffer, pH 2.4, collected into test tubes. A 20 pL of the eluent was
injected onto the column. The mobile phase consisted of 0.02 M phosphate
buffer, pH 2.4 adjusted with o-phosphoric acid (85%), while the flow rate was
maintained at 1 mL/minute. Fumaric acid was monitored at 215 nm.

RESULTS

Typical chromatograms of naive plasma and of plasma spiked with
fumaric acid and chlorofumaric acid as an internal standard are presented in
Figure 1 The calibration was performed by using 5-7 concentrations for all
specimens analyzed. A blank fecal material chromatogram and fecal material
with fumaric and chlorofumaric acids added are presented in Figure 2. All
chromatograms were recorded over a 12 minute time period. There were no
contaminants eluting after that time. Under the assay conditions, reproducible
retention times for fumaric acid in plasma and fecal material (Beckman C18
Ultrasphere 5p column) were approximately 7 and 8 minutes, respectively, and
for chlorofumaric acid, they were 5 and 7 minutes, respectively. The
reproducible retention time for fumaric acid in urine using a Waters C18
pBondapak 10 u analytical column was approximately 6 minutes and for trans-
glutaconic acid it was approximately 9 minutes. A standard curve for urine
was prepared in 0.9% saline. Calibration curves for plasma, urine (saline) and
fecal material containing fumaric acid were linear over the range analyzed and
had mean correlation coefficients 0f 0.9939, 0.9972 and 0.9956, respectively.

A representative calibration curve prepared in naive rat plasma is
presented in Figure 3. Results of intra- and inter-day variability including
relative accuracy and coefficients of variation for plasma, urine and fecal
material are presented in Table 1
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FECAL MATERIAL BLANK LOW CONTROL

(100 ijg/g)

Figure 2. Chromatogram of blank rat fecal material extract spiked with fumaric acid
(FA) and the internal standard (IS), chlorofumaric acid.

DISCUSSION

This paper presents an HPLC procedure for the quantitation of fumaric
acid in biological matrices (rat plasma, urine, and fecal samples). Eluent
monitoring at 215 nm provides adequate sensitivity, precision, and accuracy for
determination of fumaric acid concentrations in all specimens studied. Standard
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Figure 3. Fumarie acid calibration curve prepared in rat blank plasma.

curves were linear over the range of fumaric acid assayed; 1 pg/mL to 200
pg/mL for plasma, 5 pg/mL to 200 pg/mL for urine, and 25 pg/g to 500 pg/g
for fecal material. The quantitation limits were achieved without time
consuming derivatization. The results obtained using Ultrasphere 5 pm Cig
(plasma and fecal samples) and pBondapak 10 pm Ci8 columns were
reproducible and similar to previously described studies that utilized two
Aminex HPX-87H columns for determination of several citric acid cycle
intermediates including fumaric acid.19 In that experiment, fumaric acid
retention time was 26.81 + 0.14 minutes, which is not practical when large
numbers of samples and a variety of different specimens are assayed.

Extractions from rat plasma, urine, and fecal samples were performed
using solid phase extraction on Clean UpR Quaternary Amine columns which
provided sufficiently clean samples to achieve good reproducibility, precision
and accuracy of the analytical method described. In addition, the extraction
procedure presented remains less time consuming in comparison with other
published extraction procedures.151617 In summary, the method described in
this paper provides several analytical advantages, e.g., simplicity; clean extracts
(even for fecal material); sufficient sensitivity; reproducible retention times,
precision and accuracy; low cost; and reliability for analysis of large numbers of
plasma, urine, and fecal samples containing fumaric acid.
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Table 1
Accuracy and Precision of Fumaric Acid Control Concentrations (p.g/mL)

Intra-Day Variability

Parameter Plasma Urine Feces
LC1 HC?2 LC HC LC HC
MMC3t 20.00 84.81 13.17 127.26 95.98 383.45
(*S.D) (¥122) (x5.99) (£5.13) (x11.25) (x0.88) (x 17.92)
% CV1 6.11 7.07 38.95 8.84 0.92 4.67
% RAS5 0.00 6.01 -12.20 15.67 -4.02 -4.14

Inter-Day Variability

MMC 2022  83.23 19.96  148.14 9593 38451
(£SD) (£262) (+7.57)  (+536) (20.99) (+2.40) (+16.89)
% CV 1297  9.09 26.85  14.17 2.50 4.39
% RA 1.10 4.04 33.07  -1.24 407 -3.87

1Low control
2High control
3Mean measured concentration
4 Coefficient of variation
5Relative accuracy
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ABSTRACT

A simple capillary zone electrophoresis method was
developed for the quantitation of the p-blocker 4-[2-hydroxy-3-
[(I-methylethyl)amino]propoxy] benzeneacetamide, atenolol.

The electrophoretic separation was performed using a 78 cm
x 75 pm |. D. fused silica capillary. The electrolyte consisted of
a buffer Na2HP04 (25mM)-Na2B407 (25 mM) (50-50; V/V), pH
9.7, The introduction of the sample was made hydrostatically for
25 s and the running voltage was 20 KV at the injector end of the
capillary. Photometric detection was used and a wavelength of
214 nm. The method was applied to the determination of
atenolol in urine samples obtained from a hypertensive patient
under medical treatment with the pharmaceutical formulation
"Tenormin 100 mg" (atenolol 100 mg), another patient under
treatment with the pharmaceutical combination "Tenoretic"
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(atenolol 100 mg + chlorthalidone 25 mg), and also in urine
samples obtained from a healthy volunteer after the ingestion of a
100 mg atenolol tablet, "Tenormin 100 mg". Using a simple
solid phase extraction, a recovery of 70.6913.27% and a very
good separation from the urine matrix are achieved. A good
reproducibility, linearity, and accuracy are obtained, and a
quantitation limit of 0.1 ng/mL in urine, allows the method to be
applied to pharmacokinetic studies of the compound.

INTRODUCTION

Atenolol, 4-[2-hydroxy-3-[(I-methylethyl)amino]propoxy] benzene
acetamide, is a cardioselective (3-adrenoreceptor antagonist ((3-blocker), widely
used in the treatment of hypertension, angina pectoris, cardiac dysrhythmias,
and heart attacks. The (3-blockers are also subjected to certain restrictions in
sports, by the Medical Commision of the International Olympic Committee
(10C) in order to prevent their abuse in sports.1

Following oral administration, about 50 to 60% of an atenolol dose is
absorbed with maximum plasma concentrations reached within 2 to 4 hours,
less than 5% of the dose is bound to plasma proteins, and most of the absorbed
atenolol is excreted unchanged in the urine.

In adult patients with normal renal function, the elimination half-life is
about 5 to 7 hours and total clearance is about 6 L/h per 1.73 m2 However,
there are wide intra and interindividual differences in the pharmacokinetic
properties of atenolol.2

Procedures for the determination of atenolol in plasma and urine included
phosphorence techniques.3 HPLC with photometric detection,42 HPLC with
fluorimetric detection.1318 and Liquid Micellar Chromatography with laser
induced  fluorescence.9 lon Pair Chromatography,220 and Gas
Chromatography-Mass Spectrometry2Z223were also used.

There are also several papers dealing with the use of Micellar
Electrokinetic ~ Capillary  Chromatography,24% and Capillary Zone
Electrophoresis (CZE).2628 But none of these papers show a quantitative
application of these techniques for the analysis of (3-blockers in biological
fluids. The aim of this paper is the application of a simple CZE system with
photometric detection to the quantitation of atenolol in urine, preceded by a
simple and fast solid-phase (SP) extraction procedure.



CZE DETERMINATION OF ATENOLOL 3379

MATERIALS AND METHODS

Chemicals and Reagents

Methanol (HPLC grade) was purchased from Lab-Scan (Dublin, Ireland).
Chloroform, glacial acetic acid, ammonia solution, disodium tetraborate, boric
acid, and sodium hydroxide were Merck pro analysis (Bilbao, Spain).
Isopropyl alcohol and disodium hydrogenphosphate were purchased from Fluka
(Bilbao. Spain).

The water used was obtained by the Milli-RO and Milli-Q systems.

Reference standard of atenolol was provided by Sigma Chemical
(Bilbao,Spain). A stock standard solution of the drug (1000 pg/mL) was
prepared in water and stored at 4°C. Working solutions were prepared by
appropiate dilution, just before use.

Bond-Elut Certify columns were supplied by Varian (Barcelona, Spain).

Apparatus and Electrophoretic Conditions

This work was performed in a 78 cm x 75 pm 1.D. fused-silica capillary
tube (Composite Metal Services LTD., United Kingdom). The effective
separation distance was 70 cm.

The Capillary Electrophoresis system was a Waters Quanta 4000, and
data were collected with the help of a PC and treated with the software
Millenium 2010 (Waters Chromatography Division, Barcelona, Spain). The
wavelength used for photometric detection was 214 nm. Injections were carried
out hydrostatically for 25 s and the running voltage was 20 KV at the injector
end of the capillary. The electrolyte consisted of a buffer NaZHP04 (25 mM) -
Na2B4 7(25 mM) (50+50 V/V), pH 9.7.

The capillary was conditioned every day with an initial wash cycle
consisting of NaOH 1 M, 20 min, and deionized water, 20 min. Wash cycles
before each injection: NaOH 0.1 M, 2 min, and running buffer, 3 min, in order
to reduce fouling. Daily wash cycles after finishing experiments: NaOH 1M, 5
min, and deionized water, 5 min.
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The system required some equilibration to ensure consistent migration
behaviour (due to urine matrix effects). To this purpose, the analysis of blank
urine samples was included at the beginning of an analytical sequence.

Procedure for Urine Samples

The pH of the urine samples (2.5 mL) was adjusted to 9 with borate buffer
(500pl), vortex mixed for 5 s, and filtered through a 45 pm membrane filter.

Bond Elut Certify SP extraction columns were inserted into a vacuum
manifold and conditioned by washing once with 2 mL methanol and 2 mL
deionized water. The columns were prevented from drying. Filtered samples
were poured into each column reservoir and drawn slowly through the column.
The columns were washed with 2 mL deionized water, 1 mL 0.1 M acetate
buffer (pH 4), and 2 mL methanol. Elution of the analyte was performed with 2
mL of a mixture of chloroform-isopropyl alcohol (80:20 v/v) containing 2%
ammonia. The eluate was evaporated to dryness at 30°C under a stream of
nitrogen, using a Zymark Turbo Vap LV evaporator (Barcelona, Spain). The
residue was dissolved in 100 pi of electrolyte (sometimes a smaller volume of
electrolyte was used) and measured under calibration conditions.

The reproducibility and efficiency of the extraction procedure was
determined by extracting replicate spiked urine samples doped with 2 ppm of
atenolol. The urine samples were obtained from 4 different volunteers, and as
no significant diferences were observed in between these samples (in relation to
matrix interferences and recoveries after the Solid-Phase extraction), 10
replicates were arbitrarily analysed for the determination of the percentage of
recovery. A quantitative recovery of (mean value + R.S.D. %) 70.69+3.27 was
achieved (n=10).

RESULTS AND DISCUSSION

The primary objective of this work was the development of a validated
Capillary Electrophoresis method for the quantitation of the p-blocker atenolol
in human urine samples. Several parameters were optimized to ensure a
reproducible and accurate method.

The samples were injected hydrostatically for 25s and the running voltage
was 20kV inducing a 48pA current across the capillary. Electrokinetic
injection was also assayed, and although improved, the sensitivity proved to be
quite irreproducible, because a sampling bias is introduced based on the ionic
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charge of the molecule. The introduction of another p-blocker as internal
standard did not improve the area reproducibility, with an R.S.D around 10%,
The R.S.D is calculated by the formula R.S.D = (standard deviation/mean of
the peak areas)-100%.

A linear increase in peak area and height were observed with increasing
hydrostatical injection times, since the amount of sample introduced into the
capillary also increases linearly. For sampling times longer than 25 s no
further peak height increase was observed, due to band broadening effects,
therefore an optimum 25 s injection time was chosen.

The effect of temperature on the migration time of atenolol was studied.
A decrease in migration times with increasing temperature was observed, as
well as higher currents inside the capillary which caused baseline disturbances.
The temperature was kept constant at 25°C to ensure reproducible results.

The length and diameter of the capillary were also optimized. Shorter
capillaries didn't provide enough resolution between atenolol and the
endogenous substances present in the urine, therefore an optimum effective
length of 70 cm was chosen. Internal diameters smaller than 75 pm didn't
provide enough sensitivity.

The study of the influence of pH and composition of the electrolyte gave
an optimum value of pH 9.7 and a Na2PO.,(25mM):Na2B407(25mM) (50:50;
V:V) ratio.

Once the optimum electrophoretic conditions had been established, a
quantitative method for the determination of atenolol in urine samples was
developed, (Table 1).

The relative standard deviation of the retention times is less than 1% for
both intra and interday assays (intraday reproducibility determined by injecting
replicate samples. n=10; and n=5 for the interday reproducibility), thus
indicating high stability for the system.

The accuracy of the method was determined by the analysis of 5 control
urine samples (obtained from 4 different volunteers) and spiked with 2 ppm of
atenolol.  Aceptable accuracy, defined as mean (found concentration/actual
concentration) x 100, was achieved: 98.29 + 245 %. The experimental
quantitation limit, defined as the minimum atenolol concentration in urine
which gives rise to a signal able to be quantified by the computer program used
(after extraction of 2.5mL urine and final preconcentration to 25pi), was
O.lpg/mL.



3382

Table 1
Determination of Atenolol*
Migration Time + S.D. (min.)
Linear Range

Slope of Calibration Graph
(area/conc.)

r
Area Repeatability
Intraday R.S.D. (%)

Area Repeatability
Interday RS.D. (%)

Experimental Detection
Limit (pg/mL)

MAGUREGUI ET AL.

6.54 £0.06

10-140pg/mL

373.34
0.998

0.26a

2.24b

10

* The optimization of the electrophoretic system and estimation of the
given parameters was done with spiked urine samples. (For electro-
phoretic conditions see the experimental section.)

a Five determinations at the 30ppm level.
b Three determinations at the 30ppm level.

Analytical Applications

The method developed was applied to the determination of atenolol in
urine samples obtained from patients suffering from hypertension and under
medical treatment with atenolol (Tenormin 100mg) and with a pharmaceutical
combination of atenolol and chlorthalidone (Tenoretic), and urine samples
obtained from a healthy volunteer after the ingestion of atenolol (Tenormin

100irg), Figure 1

Urine was collected at different time intervals for the quantitative
determination of the p-blocker: 0-2 hours, 2-4 hours, 4-8 hours and 8-24 hours.
Urine samples were treated following the clean-up procedure described in the

experimental section.
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t(min.) t (min.)

Figure 1 Electropherograms obtained from an extract of: a) Blank urine sample, b)

urine sample spiked with 0.4ppm of atenolol ¢) Urine sample 4-8hours after the oral
Chorthalidone 25mg) d)

100mg"

administration of 1 tablet of “"Tenoretic* (atenolol 100mg -
Urine sample 4-8hours after the oral administration of 1 tablet of "Tenormin

(atenolol 100Omg).
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Table 2

Quantitative Determination of Atenolol in Urine

Urine Samples Time Inveirai Atenolol Total Atenolol
(Hours) (mg) Amount (mg)
Patient under 0-2 1.43
treatment with 2-4 12.76 35.25
“Tenormin 100OmMg” 4-24 21.06
Patient under 0-2 1.07
treatment with 2-4 0.19
“Tenoretic”* 4-8 4,55
0-2 1.35
Healthy 2-4 6.07
Volunteer 4-8 6.74 25.06
“Tenormin 100mg” 8-24 10.9

* It was not possible to collect samples between 8 and 24 hours.

The compound was easily detected at all time intervals and the found
concentrations, collected in Table 2, were in agreement with the
pharmacokinetic data2. A considerably minor excretion was observed for the
patient taking the pharmaceutical combination "Tenoretic". This decrease in
the excretion was probably due to the effect of the diuretic Chlorthalidone.

DISCUSSION

The described CZE method was succesfiil for the determination and
quantitation of atenolol in real human urine samples. The clean-up procedure
is very simple and effective, and the electrophoretic separation is made in less
than 8 minutes.

The assay validation was adequate in terms of reproducibility, linearity,
and accuracy, showing that the CZE can also be used with quantitative
purposes for the analysis of (3-blockers.



CZE DETERMINATION OF ATENOLOL 3385

The limit of quantitation of 0.1 p.g/mL (with a preconcentration of a 100
factor) is sensitive enough for the determination of free atenolol in urine
samples at all time intervals studied. A further preconcentration could also be
possible, improving the forementioned limit of quantitation.

The poor sensitivity of the CZE-Photometric Detection method can be
overcome by the preconcentration of the samples, as only a very low volume is
needed for the injection.
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ABSTRACT

In supercritical fluid chromatography (SFC), the role of the
flow restrictor is not only to maintain supercritical conditions
throughout the column but also to provide the necessary interface
between the column and the detector. In the previous paper,1a
new type of flow restrictor called parallel flow restrictor was
introduced. At that time, the parallel flow restrictor was used

only for the flow control. In this paper, the parallel flow
restrictor was used not only for the flow control but also for the
interface to the second detector. A supercritical fluid

chromatographic system with a combination of two detectors
based on physically different principles, flame ionization and UV
absorption, was used.
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INTRODUCTION

Klesper et al.2 first reported the use of a supercritical fluid as a
chromatographic mobile phase in 1962. Although the work of this group23 and
later that of Giddings and co-workers45 and Sie and Rijnders67, with both
dense gases and supercritical fluids, helped to develop supercritical fluid
chromatography (SFC) both experimentally and theoretically, the technique did
not become popular until some 20 years later.

In 1981, a re-emergence of the technique was initiated following a report
by Novotny et al.8 describing separations performed using open-tubular
capillary columns and supercritical pentane as the mobile phase. Since then,
hundreds of papers have appeared describing SFC instrumentation, coupling of
SFC with various detectors, and numerous applications of the technique.

In SFC. various types of detectors including the UV absorption detector,9
flame ionization detector (FID),10 fluorescence,Il refractive index,12 mass
spectrometer.13 etc., have been used. With supercritical CO; and several other
SFC mobile phases, it is possible to use a FID. This provides the ideal
combination of a solvating mobile phase and sensitive and universal detection.
With GC, both volatility and thermal stability are required for a successful
analysis. Although these are not required for HPLC, sensitive, universal
detection is very difficult today with liquid maobile phases. The combination of
SFC and FID is certainly a convenient sensitive capability for determining low
volatility or thermally labile analytes that do not strongly absorb light. For
these reasons, FID is the most popular detector in capillary SFC. UV detectors
have been the most preferred in packed column SFC.4

For fractionation, a non-destructive type detector is favourable because it
is not necessary to split and waste the effluent containing sample solutes. For
this reason, a UV detector is the most feasible among the detectors, which are
compatible with supercritical fluids. The UV detector generally offers a stable
baseline, high sensitivity, and wide linear dynamic range even with
supercritical fluids. In addition , supercritical carbon dioxide is transparent
even at 190nm, which is the short wavelength limit of most of the commercial
variable wavelength UV detectors.

The use of a supercritical fluid as a mobile phase requires that a flow
restrictor be provided at the outlet of the column in order to maintain the
mobile phase above the critical pressures throughout the column. In the
coupling of 50-100 pm id. open-tubular SFC columns with gas
chromatography (GC)-type detectors such as the flame-ionization detector, the
role of the flow restrictors is not only to maintain supercritical conditions
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throughout the column but also to provide the necessary sample introduction
interface between the column and the detector. Three types of flow restrictors
are frequently used in capillary SFC: linear restrictors,15 tapered restrictors,16
and integral restrictors. 7

Recently, we developed two different types of temperature programmable
restrictors, i.e., a two-stage restrictorl8and a parallel flow restrictor.1 Among
them, a parallel flow restrictor consists of two separate restrictors in parallel.
In this paper, the successful coupling of capillary SFC to both flame ionization
(FID) and UV absorption detection by use of a parallel flow restrictor is
described.

Recently, there has been a good deal of new interest in SFC using packed
capillary columns.19 Advantages of packed column SFC include fast analysis
speeds, great sample capacities, and high plate numbers per unit length.
Advantages of open tubular column in SFC include small pressure drop per
unit column length which allows the use of long column to generate high
efficiencies for the separation of complex mixtures. It was known that packed
capillary columns can take advantages of both colunm types, i.e., packed and
capillary. 2L

Due to these many anvantages, packed capillary columns have been used
extensively in this work. For the present work, we used a fused silica capillary
column (dimensions: 200pm i.d. x 60cm) packed with 5pm ODS particles.

EXPERIMENTAL

The chromatographic system comprised a Model 600 SFC pump (Dionex,
Sunnyvale, CA, USA) for pressure control of the carbon dioxide mobile phase
and the Model 600 GC / SFC oven (Dionex). The column used was a 60cm X
200pm i.d. fused silica capillary packed with 5pm ODS bonded silica.19 The
packing material was obtained from Phenomenex (Rancho, Palos Verdes, CA,
USA). The packed capillary column was connected directly to the injection
valve, and the UV detection of solute occurred immediately after the bed
support using the 200pm i.d. column as the flow cell. A model 203 UV/ Vis
detector (Linear, Reno, NV, USA) was used for UV detection.

The system was equipped with a C14W loop injector (valco Instruments.
Houston, TX, USA) and a flame ionization detector. SFC grade carbon dioxide
(Scott Specialty Gases, Plumsteadville, PA, USA) was used as the mobile
phase.
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The effluent from the column was split between the flame ionization
detector and UV absorption detector with the parrallel flow restrictor. The
splitter was a Valeo 1/16 union in which the column was connected to one end
and the FID and UVD to the other end. The parallel flow restrictor is
comprised of two linear restrictors (14pm i.d. x 10cm ).

Flow rates were measured using an Alltech Flowmeter (7445). This
flowmeter monitors the mass flow rate of the gas in the range of 0 ~ 50
standard cubic centimeters per minute (SCCM). Accuracy is 20% of full scale
over a wide temperature and pressure range, and time response is 2 seconds.

RESULTS AND DISCUSSION

In the previous paper,1 we found a series of correlations between the
column flow rates and temperatures of the restrictor at various pressures to
develop a temperature programmed restrictor. This was accomplished using
the Alltech model 7445 flow meter. The mobile phase flow velocities, as a
function of the temperature of the restrictor and the pressure of the column,
were measured using different length of 14pm fused silica tubes as restrictors.
It was also demonstrated that if the temperature and the length of the 14pm i.d.
fused silica tubing is varied, the flow rate could be varied, and could also be
maintained near the optimum value of a Van Deemter curve. For example, it
was seen that when the temperature of the restrictor was increased, the flow
rates were decreased to a noticeable extent. It was also seen that if the length of
the restrictor was doubled, the flow rates were halved.

These phenomena can be explained theoretically by Poiseuille's equation.

In this equation, for an incompressible fluid, the volume of flow(AV) through a
tube (radius r, length 1, viscosity r|) in some time interval(At) is:

AV 7ir4AP

where AP is the pressure drop between the ends. If the fluid is a compressible
ideal gas. the rate of flow is

AV ur p2\
At 16 Til y / )
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Figure 1 Schematic diagram of the parallel flow restrictor.

where P, is the inlet pressure, PDis the outlet pressure, and Pmis the pressure at
which the volume of the gas was measured. As a supercritical fluid is not a gas
and not a liquid, it is difficult to apply one of these equations to SFC restrictors,
but as far as the viscosity and the length are concerned, both of these equations
agree that the mass flow rate through the tube is inversely proportional to the
viscosity of the fluid and the length of the tube. It is obvious that when the
temperature of the tube is increased, the viscosity of the fluid passing through it
also increases. For these reasons, in SFC, as the temperature of the restrictor is
increased, the flow' rate is decreased.

In this paper, the successful coupling of packed capillary SFC to both
flame ionization (FID) and UV absorption detection by use of a parallel flow
restrictor is described. Since a parallel flow restrictor consists of two linear
restrictors in parallel, it is not difficult to install two detectors in parallel on a
column of supercritical fluid chromatographic system(see Figure 1).

Figure 2 and 3 show chromatograms of four polyaromatic hydrocabons
detected by both FID and UVD. As expected, the relative ratio of flame
ionization detector response and UV absorption detector response was
dependent on the temperatures of two restrictors. Individual compounds also
showed different detector responses. Anthracene and Chrysene showed much
greater detector response than FID, Pyrene showed similar detector responses
for both FID and UV. First of all, the temperature of a restrictor connected to
FID(it will be called FID restrictor afterwards) was maintained at 320°C, and
the temperature of a restrictor connected to UV detector was varied from 50°C
to 200°C. The relative detector response ratios for Pyrene were obtained and
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Figure 2. Supercritical fluid chromatograms of mixture of polyaromatic hydrocarbons
at the UV restrictor temperature of (A) 150°C and (B) 60°C conditions: 60 cm x 200
pm i.d. fused silica capillary packed column, 5pm ODS silica, CO2 mobile phase at
100°C; pressure programmed.

shown in Table 1L Figure 2 shows the supercritical fluid chromatograms of
mixture of polyaromatic hydrocarbons at different UV restrictor temperatures
maintaining the temperature of FID restrictor at 320°C. As the temperature of
the restrictor connected to UV detector increases, the relative detector response
(FID signal / UV signal) decreases.



SFC DETECTION 3395

(A)

* L

_ = 1 i i i m

tim e (m in) 0 5 10 15 20 25 30 35 40
tim eim in)

Figure 3. Supercritical fluid chromatograms of mixtures of polyaromatic hydrocarbons
at the FID.

This phenomena, the decrease of the UV detector signal with increasing
the temperature of the restrictor connected to UV detector, can be understood
that, as the temperature of the restrictor increases, the volume of the fluid
passing through it also increases, changing the extent of restriction of the
restrictor connected to UV detector.

Other experiments, in which the temperature of the UV restrictor is
maintained at 100°C, the temperature of the FID restrictor is varied, have
been made.
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Figure 4. Supercritical fluid chromatograms of mixture of pesticides conditions: 60 cm
x 200 pm i.d. fused silica capillary packed column, 5pm ODS silica, CO2 mobile phase
at 100°C; pressure programmed from 10Oatm to 300 atm at 4atm/min., FID restrictor
temperature at 300°C, UV restrictor temperasture at 100°C, 280nm UV detection. Peak
identification: 1. Carbofuran 2. Chlorpyrifos 3. Naphthol 4. Lindane.

Table 1

The Relative Ratios of FID Signal and UVD Signal at Different UV
Restrictor Temperatures Maintaining the Temperatures
of FID Restrictor at 320°C

Temp, of UV Restrictor FID Signal / UVD Signal
50°C 2.02
100°C 1.78
150°C 1.53

200°C 1.42
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Table 2

The Relative Ratios of FID Signal and UVD Signal at Different UV
Restrictor Temperatures Maintaining the Temperatures
of FID Restrictor at 100°C

Temp, of UV Restrictor FID Signal / UVD Signal
360°C 0.174
340°C 0.171
320°C 0.175
280°C 0.173

The relative ratios of FID signal and UVD signal were obtained (Table 2).
Figure 3 shows the chromatograms when the temperature of FID restrictor was
varied from 360° to 320° maintaining the temperature of UVD restrictor at
100°C, the relative detector response ratios for Pyrene were almost same. It is
well known that when the temperature of FID block is increased, the FID
detector response is also increased. In this case, this effect was compensated
for the decreasing of FID signal owing to the elevation of the temperature of
FID restrictor.

Finally, two detectors in parallel with parallel flow restrictors were used
for the SFC separations of pesticides. Figure 4 shows the chromatograms of
mixtures of three pesticides using two detectors, i.e. FID and UVD and two
restrictors. The temperatures of FID restrictor and UVD restrictor were 300°C
and 100°C each. Although carbofuran, chlorpyrifos, and naphthol were
detected by both detectors, lindane was detected only by FID.
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ABSTRACT

A highly specific indirect method for the analysis of
iodinemonochloride (IC1) has been developed to assess the
potential for minor chlorination side reactions when using IC1 to
iodinate an aniline derivative. The technique offers great
advantages over the non-specific thiosulfate titrimetric method
commonly used to characterize IC1 and differentiates samples
previously thought to be identical. The method described in this
paper uses a simple and rapid “bench top” analytical laboratory
version of the formal iodination reaction as a pre-HPLC sample
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derivatization, followed by detection of the chlorinated aniline
analogues. The derivatization method mimics the ability of the
formal reaction to predict the chlorination potential of IC1
samples with varying levels of excess chlorine. The principles
used for this specific application should be suitable for related
iodination reactions as long as a suitable laboratory derivatization
reaction can be developed.

INTRODUCTION

Many quantitative methods are available for the determination of iodine
species. Atomic spectroscopy and indirect titrations based on iodometric
process which liberate iodine are well documented common techniques.l 2
Numerous reports of the use of ion chromatography to determine halogen
anions, including iodide, in environmental / biological matrices have been
published recently, with various detection schemes employed such as
amperometry,s post-column reaction,s coulometry,s and indirect photometric
detections to name a few. However, far fewer reports of chromatographic or
titrimetric means of determining iodine have been published. A microtitration
based on the fluorescence quenching of binaphthyl amphiphiles for trace iodine
has been proposed. After derivatization of iodine to 4-iodo-2,6-methylphenol,
gas chromatography has been coupled with mass spectrometry (selected-ion
monitoring) to determine iodine in drinking water.s lodine was extracted from
incinerated food samples and chromatographed on an ion-exchange resin with
electrochemical detection.g Trace iodine species were determined
spectrophotometrically after separation as iodide on a reversed phase column
and post-column reaction.io In this approach, iodine catalyzes the redox
reaction between cerium (IV) in the post column reagent stream and arsenic
(1) in the mobile phase. Quantitation of iodine was made indirectly by
measuring the fluorescence of the cerium (I11) product at 350 nm.

lodinemonochloride (IC1) has been widely used as an iodinating reagent
for aromatic compounds for decades. It is formed via the reaction of iodine and
chlorine and is commerically available as a neat liquid or as a solution in
aqueous or organic solvents, such as dichloromethane. Aqueous IC1 reagent is
prepared in the presence of chloride ions (NaCl or HC1) as a solution stabilizer.

o + Cl, we——*m 2]4Cl (1)

Reports of iodination procedures which incorporate IC1 have been
published for phenols.i1m13  (poly)methylbenzenes and (poly)methoxy-



IODINE MONOCHLORIDE 3403

benzenes, 1417 haloaromatics,1s18 polyaromatics,1719 cyclic tryptophans,2o and
anilines.14 2122 Often, polar solvents are used to promote a reaction mechanism
of heterolytic cleavage of IC1, followed by subsequent electrophilic attack of the
resulting iodine cations on the aromatic ring system.i22z  Based upon
electronegativities, iodination is the predominant reaction anticipated with an
aromatic ring. However, there have been published reports of ring
chlorination, especially in solvents of lower dielectric constant such as carbon
tetrachloride (CCls).1424 The chlorination reaction has been attributed to
electrophilic substitution by chlorine cations which are generated via homolytic

cleavage of IC1 to form the trichloroiodine interhalogen compound [IC12-
q +j i2,18,23

ici + a2 “*— - ia2ci (2)

Such an interhalogen iodine compound may also result from a deficit of iodine
relative to chlorine during the manufacturing process.

ICI is soluble in aqueous solutions of NaCl and HC1 at concentrations up
to approximately 5.5 M; excess iodine levels will result in the precipitation of
solid iodine. Aqueous ICI solutions are a deep bromine red color at this
concentration, but appear as orange solutions at lower molarities
(approximately 3.5 M).2s Decomposition in aqueous media will produce
insoluble 12 and 120 5 which will float on the solution surface:

10 ICl + 5BH2D —> 10 HC1 + 4 12 (s) + 120s (s) 3)

Aqueous 5.0 - 5.5 M ICI stabilized by NaCl and HC1 (and identified in
this paper as ICI) was used to selectively iodinate an aromatic intermediate | at
the 3-position of the aniline ring system to form intermediate Il as seen in
Scheme 12627 Compound Il is an impurity which results from an unavoidable
side reaction with the aromatic ring, which proceeds with an initial rate
constant that is approximately 3.5 times slower than that ofthe main reaction.27

An effort was made to identify the cause of chlorination in this reaction
system to minimize the formation of the undesired chloroderivatives 1V and V.
It is apparent from the literature, as described above, that chlorination of I
should proceed in a solvent of low dielectric constant primarily through the
presence of excess chlorine (Equation 2). It, therefore, follows that the quality
of the ICl reagent, especially with respect to excess chlorine (iodine
undercharge), is the key parameter which controls formation of IV and V in
polar solvent.
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scheme 1. Fonmal reaction of intemrediate | and ICL to fom intemrediate I, as wall as
potential impurities IE, IV, ad V.

Common wet chemical and qualitative analytical techniques for IC1
analysis were found to be inadequately selective and sensitive for the
determination of undercharge of iodine (or excess chlorine) at the levels
required in this application. This paper describes the development of a new
indirect technique for IC1 analysis in which a large excess of | was rapidly
derivatized in a polar solvent with IC1 (simulating the reaction selectivity) and
the product was analyzed by reversed phase HPLC for chlorination products.
This approach provides a tool for iodine undercharge (chlorine excess) analysis
in IC1 with the selectivity and sensitivity of chromatography, and as such,
serves as an accurate predictor of the reaction performance of ICL. While the
technique is illustrated for this application, it is believed to be applicable to the
iodination of substituted anilines in general.
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EXPERIMENTAL

Materials Used

Samples of ICI reagent were obtained for testing from Deepwater lodides
(Woodward, OK; 5.1 M; sample 1), Ajay Chemicals (Powder Springs, Georgia;
5.5 M; samples 2 and 3) and DSM Andeno (Baton Rouge, LA; 3.6 M; sample
4). The Ajay and Deepwater solutions were reported to contain 2 wt% HC1 and
10 wt% sodium chloride, while the DSM material was reported to contain 13
wt% HC1 and 0 wt% NaCl by the respective manufacturers. Sodium thiosulfate
pentahydrate (0.1N standard solution), 1% (w/v) starch solution, and citric acid
were purchased from Aldrich (Milwaukee, WI).

Development of an HPLC Procedure

An HPLC system consisting of Shimadzu components was used, which
included an SIL-10A autoinjector, SCL-10A system controller, LC-10AS gradient
pumps, and SPD-10AV UV/VIS detector. The reversed phase HPLC procedure
developed to monitor the reaction that forms Il was also used to evaluate the
results of the IC1 derivatization procedure. A Zorbax RX Cs column (25 cm x
4.6mm i.d., 5 pm particles) was used with a 5 mM aqueous KH2P 04 / acetonitrile
mobile phase gradient from 20 to 80% acetonitrile over 15 minutes at ambient
column temperature. Detection was performed with a ultraviolet detector at 226 nm.
Method flow rate was set at 1.0 mL/min.

Common Techniques for Analysis of ICL

Samples of IC1 were characterized by the following common wet chemical
and qualitative tests: solution appearance (color and presence of particulates),
the USP test for the presence of chloride anion, solution pH to confirm the
presence of HC1 solution stabilizer, and thiosulfate titration to verify titer and
the presence of iodine. The titration is performed as follows. A sample of
aqueous IC1 is diluted 100 fold in 0.5 N HC1 , then diluted 5 fold more in
deionized water. To this solution, 1 g of KI is added with vigorous stirring
until the KI is completely dissolved. Titration with standardized thiosulfate is
immediately commenced until the IC1 solution turned pale yellow. At this
point, 1 mL of 1% (w/v) starch solution is added to produce an intense dark
purple color. Dropwise, thiosulfate addition is continued until the IC1 solution
returns to a clear color and remains clear for approximately thirty seconds.
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Icl Treatment Procedures

Two procedures were used in this work to effect the formation and/or
disappearance of free chlorine in samples of IC1 reagent as a means of
demonstrating the sensitivity of the new analytical test for ICl in detecting
slight changes in the IC1. The changes brought about by both of these
procedures was found to produce IC1 of similar quality as that received from the
vendors listed in this paper. Excess chlorine gas was bubbled through IC1
sample 2. producing an IC1 sample containing 1 wt% chlorine. This sample
was termed IC1 sample 5. It is known that sufficient exposure of IC1 to solid
iodine eliminates the free chlorine in ICL. Studies were performed to determine
that the addition of 2 wt% iodine to IC1 at room temperature, followed by at
least 4 hrs of agitation and then filtration, was adequate to remove the excess
chlorine in sample 3 IC1 (as measured by the detection of 1V) to undetectable
levels by HPLC. Addition of & wt% iodine was necessary to remove excess
chlorine from sample 4 ICL.

Development of a Lab Derivatization Procedure for the HPLC Analysis of
IC1

A simple and rapid laboratory derivatization procedure was developed to
mimic the reaction which forms H (Scheme 1). In the formal reaction, | is nearly
consumed upon completion of the IC1 addition at sub-ambient temperature.27
However, the derivatization procedure was developed with two significant changes
to further ensure that the reaction would instantaneously be driven to H. First, an
approximate 30% molar excess of | relative to IC1 was used to accelerate the
reaction kinetics (the reaction is pseudo-first order in 1) and second, the procedure
was performed at ambient temperature. The excess of | used results in a
significant amount of residual | in the derivatization reaction solution which is
analyzed by HPLC. For this reason, the chromatographic peak for I is not
included in the computation of results for any of the derivatization experiments.

The derivatization procedure developed is as follows: approximately 500 mg
of I and 100 mg of citric acid (pH buffer) were combined in a 50 mL Erlenmeyer
flask and dissolved in 20 mL of HPLC grade methanol by gently swirling the flask
and its contents. A 200 mL aliquot of IC1 was quickly added to the flask and the
solution was swirled for 2 min to ensure the reaction was completed. The reaction
was then quenched with 100 mL of 40 wt% sodium thiosulfate solution while briefly
swirling the reaction mixture. Finally, the reaction mixture is diluted 75x in HPLC
grade methanol and analyzed by HPLC.
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Table 1

Results of Common Tests for the Analysis of IC1

Test IC1 Sample 1 IC1 Sample 2 ICL Sample3 IC1 Sample 4
Identity
lodine Positive Positive Positive Positive
Chloride Positive Positive Positive Positive
Thiosulfate 4.04 M 551 M 546 M 3.60 M
Titration
pH «0 «0 «0 «0
Appearance Deep black Deep black Deep black Deep black
liquid, free of liquid, free of liquid, free of  liquid, free of
particulates particulates particulates particulates

RESULTS AND DISCUSSION
Summary of Results from the Analysis of IC1 Using Common Techniques

Analytical results using the common techniques for the different samples
of IC1 used in this work are shown in Table 1. The table includes data for the
IC1 samples as they were received from the vendor. There is no discemable
difference between samples 1through 3 based upon this set of tests; sample 4
was orange in color and of much lower molarity as per manufacturer’s
specifications.

However, if the performance of IC1l in the formal reaction in question
(Scheme 1) is used to compare these samples, significant differences are
noticed in the HPLC chromatogram of isolated Il. Figure 1 shows the impurity-
profile of compound Il made using IC1 samples 2, 3 and 4.

Under identical reaction conditions, all of the samples listed in Table 1
produce < 3 A% compound Ill. Production of Il is minimized in the reaction
via equimolar charges of compound | and IC1, as well as careful control of
reaction pH.2s
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Intensity (mV)

Figure 1 Comparison of impurity profiles of K made via formrdl reaction with @) ICL
sanple 2; b) ICL sanple 3; and ¢) ICL saple 4
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While all of the reactions in Table 1 produce some Ill, only samples 3 and
4 produce IV and V at detectable levels (both impurities were < 0.1% for IC1
sample 3 and > 0.5 % for IC1 sample 4). The identities of IV and V were
verified by spiking authentic samples of IV and V into the solutions of Il used
for the chromatographic analysis.

It was postulated that excess chlorine (iodine deficit) in IC1 samples 3
and 4 was responsible for the appearance of IV and V in the reactions
performed. To confirm this, IC1 sample 5 (containing 1wt% chlorine) was used
in the reaction described in Scheme 1 It was noted that IC1 sample 5 was a
dark orange color, similar in appearance to IC1 sample 4 (Table I).2s Isolated
Il from this reaction was found to contain > 0.3 A% each of both IV and V,
simulating the HPLC results of the reaction with IC1 sample 4. This confirms
that excess chlorine in the IC1 raw material is responsible for the unwanted
chlorination observed with samples 3 and 4 IC1. Further, it follows that sample
3 IC1 contains less excess chlorine than IC1 samples 4 and 5 from the IC1
solution appearance and reaction performance. However, solution appearance
is not a very sensitive analytical technique and only shows utility for samples
with significant chlorine excess, such as IC1 samples 4 and 5. For IC1 samples
with lower chlorine content (smaller iodine deficit) such as sample 3 ICl, a
more sensitive technique for evaluating IC1 raw material and predicting
reaction performance prior to use had to be developed.

Derivatization Procedure for the Analysis of IC1

The only available method that was adequately sensitive and specific
enough to predict the reaction performance of all types of IC1 was a formal
reaction of the IC1 and I. followed by HPLC analysis of the reaction product II.
While this procedure worked, it was very cumbersome for an analytical raw
materials laboratory to perform as a routine evaluation of a raw material. Based
on this, a simple and rapid “bench-top” version of the formal reaction was
developed as described in the experimental section for analyzing ICL.

With this “bench top” procedure, which includes the derivatization of |
with IC1 as a means of analyzing the IC1 for chlorination potential, the
sensitivity and selectivity of the full formal reaction is maintained while
making the test amenable to routine testing in a raw materials evaluation
laboratory. In the following discussion, this test is demonstrated with (i)
samples of IC1 as received from the vendor and (ii) samples of IC1 that have
been altered via exposure to solid iodine.
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Table 2

Comparative HPLC Results from Samples of 11 Produced
by Formal Reactions and by the Derivatization Procedure

Formal Reaction Derivatization Solution
A% of IV A% of V A% of IV A% of V

IC1 Sample 2 n.d. n.d. n.d. n.d.

IC1 Sample 3 0.01 0.03 0.14 0.04
IC1 Sample with n.d. n.d. n.d. n.d.

added iodine

IC1 Sample 4 0.65 0.50 0.70 0.14
IC1 Sample 4 with n.d. n.d. n.d. n.d.

added iodine

Both the derivatization procedure and formal reaction, followed by HPLC
analysis, were completed on IC1 samples 2, 3, and 4 and the results are
summarized in Table 2. The results of both experiments agree in terms of
detectability of impurities 1V and V for all IC1 samples considered, indicating
that the derivatization procedure mimics the results of the formal reaction in
this respect. However, due to differences in the reaction and isolation
conditions used for the two sample preparation techniques, the levels of 1V and
V differ for IC1 samples 3 and 4. Therefore, the derivatization test will be used
to identify IC1 samples with excess chlorine, but not to quantitate the actual
amount of excess chlorine via IV or V that one would expect from a formal
reaction. Further, IC1 samples 3 and 4 were treated with solid iodine in the
manner described in the experimental section to quench the excess chlorine,
then were derivatized and chromatographed and the results are also
summarized in Table 2.

Once again, the results from the derivatization samples agree with those
obtained from the formal reaction samples. This indicates that the
derivatization procedure is adequately sensitive to accurately differentiate IC1
samples which have chlorine excesses that generate < 0.1% of IV and V. This
represents an improvement over the thiosulfate titration, which was found to
have a method precision of 0.1% RSD at the 5 M level, or the same order of
magnitude as the estimated excess of chlorine (iodine deficit) in IC1 sample 3.a
Representative chromatograms of the derivatization reaction solution of IC1
sample 3 before and after iodine addition are found in Figure 2.
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TEME (min)

Figure 2. Comparison of impurity profiles of the derivatization solution mede with IC1
sanple 3 before and after iodine treatment

It is anticipated from the kinetics of the main reaction that IV is the
predominant chlorination side product of the derivatization reaction, since
formation of Il is greatly favored over Ill. Further, IV elutes in a portion of the
chromatogram (Figure 2) in which there are no chromatographic interferences
from the sample matrix, while V elutes near several matrix components. This
facilitates routine and unambiguous detection of IV by HPLC retention time.
For these reasons, detectability of IV in the derivatized solution was selected as
the marker for ICI quality evaluation and V will no longer be discussed.

Validation of the HPLC and Derivatization Methods

The capabilities of the derivatization procedure / HPLC method
combination were validated to a level appropriate for the application in
accordance with International Conference on Harmonization (ICH)
guidelines.29,30 In addition to the demonstrated method specificity for the
compounds of interest (I, II, 111, IV, and V), the chromatographic method was
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RESPONSE

Figure 3. Linearity of the chromatographic method for compound L.

determined to be linear for serial dilutions of Il in methanol over the
concentration range of 0.3066 mg/mL to 3.066E-5 mg/mL, or 200% to 0.02%
of the method target concentration of 0.15 mg/mL (R = 0.99934) (Figure 3).
The injection precision of 11 was determined from six replicate injections of a
single 0.15 mg/mL preparation to be 0.4% RSD.

The method reproducibility for multiple preparations of the derivatization
reaction using samples 3 and 2 IC1 are provided in Tables 3 and 4, respectively.
These experiments represent the worst case scenario for evaluating IC1 - the
chlorine excess in IC1 is small enough to produce levels of IV near the method
LOD / LOQ. The results for the experiments in Table 3 are all interpreted as
“unacceptable IC1” since impurity IV was consistently detected. The
reproducibilities of quantitation of impurity IV for preparations 1 and 2 of Il
were 28.9 % and <0.1% RSD, respectively, at the 0.1 % level and the overall
reproducibility was 26.1% RSD.
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Table 3

Derivatization/HPLC Procedure Reproducibility for Sample 3 ICI

n i v Evaluation of ICI
Sample 3 - Preparation 1 99.40 0.48 0.08 unacceptable ICI
Analyst 1 99.34 0.48 0.14 unacceptable ICI
99.34 0.48 0.14 unacceptable ICI
% RSD - Preparation 1 <0.1% <0.1% 28.9

Sample 3 - Preparation 2 99.63 0.19 0.09 unacceptable ICI
Analyst 2 99.62 0.21 0.09 unacceptable ICI
99.61 0.21 0.09 unacceptable ICI

% RSD - Preparation 2 <0.1% 5.7 % <0.1%

% RSD-Overall 0.1% 44.4% 26.1%

Table 4

Derivatization/HPLC Procedure Reproducibility for Sample 2 ICI

n HI v Evaluation of ICI
Sample 2 - Preparation 1 99.40 0.60 n.d. acceptable ICI
Analyst 1 99.38 0.62 n.d. acceptable ICI
99.39 0.61 n.d. acceptable ICI
% RSD - Preparation 1 <0.1% 16% n/a
Sample 2 - Preparation 2 99.66 0.34 n.d. acceptable ICI
Analyst 1 99.71 0.29 n.d. acceptable ICI
99.71 0.29 n.d. acceptable ICI
% RSD - Preparation 2 <0.1% 9.4% n/a
% RSD-Overall 0.2% 36.4% n/a

These results from two different analysts demonstrate that IC1 sample 3
will consistently generate both detectable and quantitatable levels of IV,
suggesting that both the derivatization procedure and HPLC analysis are
acceptably robust.
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The results in Table 4 obtained from experiments with IC1 sample 2 once
again demonstrate the reproducibility and robustness of the method for two
preparations of an “acceptable IC1” sample. The experimental variability
observed in the levels of Il for the derivatization samples is similar to that
observed for numerous formal reactions to n, and is therefore not due to errors
associated with the HPLC or derivatization methods. 1

The HPLC method limit of detection (LOD) for IV was determined as the
lowest concentration for which the signal to noise ratio >3:1, which occurred
at 0.01% for a formal reaction sample in Table 2 and 0.08% for an injection of
the derivatization solution sample in Table 3. No additional chromatographic
interferences with 1V were observed for derivatization samples vs. formal
reaction samples (Figures 1and 2), hence it is believed 0.01% IV would also be
detectable in derivatization solutions. The limit of quantitation (LOQ) for IV
was estimated as 3.3 x LOD or 0.03%. The concentration range of Il in the
derivatization preparation over which IV remained detectable (method range)
was 300 % to 38% of that described in the experimental section. System
suitability requirements include baseline resolution (R > 2.0) of Il, Ill, and IV
and detection ofa 0.1% spike of IV into a methanolic solution of Il.

CONCLUSIONS

Trace levels of excess chlorine (iodine deficit) in IC1 produce minor, but
undesired, chlorination side products IV and V during the iodination of
aromatic aniline compound Il. Direct means of analysis of IC1 raw material are
not capable of reproducibly detecting either trace levels of chlorine excess or
trace iodine deficits, and as such can not be used as a predictive tool for
evaluating IC1 raw material prior to use in this type of reaction. To better
characterize IC1, an indirect means of assessing the quality of the material has
been developed to differentiate IC1 samples.

The method described in this paper uses a “bench top” laboratory version
of the synthetic reaction in question, followed by HPLC. This new technique
was demonstrated to be both adequately specific and sensitive for the
application described, while remaining simple and rapid enough to serve as a
routine derivatization procedure for an analytical raw materials testing
laboratory.  The derivatization method was demonstrated to reproducibly
identify IC1 samples with levels of excess chlorine (iodine deficit) which
produce as little as 0.1% of IV. The ability to determine the chlorination
potential of IC1 as a raw materials screening test gives one the option to
remediate the raw material before use, thus avoiding removal of various
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chlorinated impurities downstream which may be less desirable. The principles
used for this specific application should be suitable for related iodination
reactions so as long as a suitable laboratory derivatization reaction can be
developed.
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ABSTRACT

In a simple, rapid isocratic HPLC method sugars (glucose,
galactose, saccarose, maltose, lactose), uric and orotic acids were
separated on a Spherisorb NH2, 5 pm Chromatographic column
and detected using refractive index and ultraviolet (x = 280 nm)
detectors in series. The identification was made by comparison
of the retention times with those of the corresponding standards;
xilose and melizitose were used as internal standards. The
determinations were performed in the linear range of 0.5-30.0
g/L for sugars, 1.0-18.0 mg/L and 0.5-20.0 mg/L for uric acid
and orotic acid, respectively. The detection limits were 0.20 g/L
for xilose. glucose, galactose, and lactose and 0 10 g/L, 0.35 g/L.
0.40 g/L for saccarose, maltose, and melizitose, respectively. For
uric and orotic acids the detection limits were 0.5 mg/L and 0.1
mg/L. respectively. The validity of the method was verified. For
recovery studies of internal standards (I.S.), several
determinations were conducted, using the standard addition
method at three specific concentrations (1.0. 5.0. and 10.0 g/1).
The recoveries ranged from 95 to 101%.
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The precision of the method was also evaluated, the %CV
being 1.01, 0.51, 0.45, 0.73, 0.82, 0.82, and 0.74 for xilose,
saccarose, maltose, lactose, melizitose, uric acid, and orotic acid,
respectively. The sample pre-treatment was simple with a single
extraction. The good precision and accuracy obtained proved
that this method is suitable for routine analysis.

INTRODUCTION

The infant formulae industry tries to obtain powdered formulae that upon
reconstitution have a composition similar to that of the human milk, thus, their
composition relatively to some constituents, namely the sugars, is not the same
as the cow's milk, from which they are originally prepared. Regulation
establishes which sugars can be added and their limits.1 Other constituents
such as uric and orotic acids are endogenous in milk, consequently, they appear
naturally in infant formulae. Uric acid is an undesirable constituent as opposed
to orotic acid whose presence is important, however the suplementation of the
infant formulae with orotic acid is still a controversial subject.2

The determination of sugars (glucose, galactose, saccarose, maltose,
lactose), uric, and orotic acids on infant formulae takes on considerable
importance with respect to the quality control of those products, for both
labelling and nutritional reasons. To this end, a precise, reproducible, rapid,
and economic analytical procedure is required for routine quality control in
infant formulae industry. Owing to the good characteristics of separation,
identification, and evaluation of different components in complex matrices
showed by the HPLC methodology, alied to a good precision and accuracy,
HPLC methods have been employed to analyze uric and orotic acidss-4 and
sugarsss in dairy products. An attempt for simultaneous determination of
some sugars and organic acids on cheese,7 using an ion-exchange column has
been reported.

The objective of our research was the development of a rapid, simple, and
specific method for simultaneous determination of sugars, uric, and orotic acids
in infant formulae by HPLC - UV/RI. Xilose and melizitose were used as
internal standards. With the HPLC chromatographic column used (Spherisorb
NH2) and according to the literatures the separation between glucose and
galactose is difficult, but the separation of saccarose, maltose, lactose, and
melizitose is good. The ion-exchange columns are considered preferential on
the separation of monossacarides, but they present difficulties on the separation
of some disaccharides.s
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The separation of uric and orotic acids on ion exchange columnss has
proved to be well reproducible, but owing to the column characteristics and
slow elution, the peaks were broad and the sensitivity of the method
correspondingly low. In order to retain the selectivity of ion-exchange
chromatography, but improve the sensitivity, we attempted to use ion-pair
formation of uric and orotic acids and separation on a Spherisorb NH2 column.

The objective of our research was the development of a rapid, simple, and
specific method for simultaneous determination of sugars, uric, and orotic acids
in infant formulae by HPLC - UV/RI. Xilose and melizitose were used as
internal standards.

MATERIALS AND METHODS

Reagents and Solutions

All reagents used were (p.a) from Merck. The standards for the orotic and
uric acids were from Sigma Chemicals Co. The water used for chromatography
analysis had a resistance greater than 15 M il This was filtered through a
membrane of 0.45 pm porosity and subsequently degassed. The acetonitrile
(Lichrosolv) used was, Merck "gradient grade”. The mobile phase used was
acetonitrile/HCL 0.01M (84:16).

Apparatus

The chromatographic analyses were carried out in a Gilson, high
performance liquid chromatograph equipped with a type 305 pump and a type
7125 Rheodyne Injector with a 20 pi loop. A Gilson variable wavelength
UV/VIS detector, a 132 RI detector and a Gilson 712 HPLC System Controller
Software were also used.

The detectors were connected in series. The UV detector, set at 280 nm,
was used for quantification of uric and orotic acids. The RI detector was used
for quantification of sugars. The chromatographic separation was achieved
with a Spherisorb NH2 chromatography column, 5 pm, 250 mm x 4.6 mm i.d..
The analyses were performed isocratically at a flow rate of 1.0 mL/min and at
room temperature.
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Calibration and Calculations

Single standard solutions of sugars and acids were prepared to establish
elution times. Quantification was based on the internal standard method, using
xilose and melizitose as internal standards (I S.). Five aqueous mixed
standards for sugars (xilose, glucose, galactose, saccarose, maltose, lactose,
melizitose), rnic, and orotic acids covering a broad concentration range were
prepared to establish calibration curves. Resulting peak heights were
determined for duplicate 20 pi injections. Standard curves for each component
were prepared by linear regression of peak height vs concentration.
Afterwards, individual standard solutions were added one by one to infant
formulae samples to verify correct identification of peaks using elution times.

Sample Preparation

Approximately 1.5 g of previously homogenized infant formulae powder
was dissolved in 2 mL of warm distilled water. 0.5 mL of 5% oxalic acid (w/v)
and 5 mL of 95% ethanol were then added. The mixture was homogenizeded
for 5 min. The volume was adjusted to 20 mL with deionized water and
allowed to stand for 10 min. The supemant was injected into the 20 pL loop
with a 5 mL syringe fitted with a syringe filter holder containing 0.2 pm
membranes filters.

Precision of the Method

Complete duplicate analyses were performed on all samples to enable
calculation of average deviations which were useful as a mesure of the
extraction and chromatographic reproducibility. The precision of the analytical
method was evaluated by measuring the peak height 10 times on the same
sample.

Recovery Study

The recovery of internal standards added to infant formulae was evaluated
to determine the accuracy of the test. Infant formulae were analyzed in
duplicate before and after the addition of known amounts of I.S. Three
different concentration levels of internal standards were analyzed, complete
duplicate analyses were performed.
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Figure 1. Typical dhrometogras of agueous standard solutions. A - sugars from Rl
Getector.  Sugar standards: (1) xilose, (2) glucose, (3) galactose, (4) saccarcse, (5)
meltose, (6) lactose, (7) melizitose. B - Acids from UV detector at 280 nm Acid
standards: (1) uric, (2) orotic.

RESULTS AND DISCUSSION

Standard Calibration Curves

Simultaneous determination of sugars, uric, and orotic acids in infant
formulae samples was made possible by using the UV and RI detectors
connected in series. Typical chromatograms depicting separation of aqueous
standard solutions of sugars and organic acids are shown in Fig. 1
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Table 1

Sugars, Uric andOrotic Acids Composition of Infant Formulae Samples3

Samples Glucose Galactose Saccarose M altose Lactose Uric Acid Orotic Acid
(g/100g) (g/1009) (g/1009) (g/1009) (g/1009) (mg/100g) (mg/1009)

1 N.D. N.D. N.D. N.D. 54.2 2.3 6.80 £0.11 26.7 £ 1.0

2 N.D. N.D. N.D. N.D. 58.2 £ 1.1 8.02 +0.07 25.1 0.9

3 N.D. N.D. N.D. N.D. 456 £2.2 6.10 £ 0.09 21.8+ 11

4 N.D. N.D. N.D. N.D. 54.4 +0.8 10.8 £0.10 37.6 £ 1.7

5 N.D. N.D. N.D. N.D. 55.8 0.9 5.12 £0.09 15.1 +0.8

6 0.51 +0.03 <0.3 7.12£0.24 3.40 £+0.10 478+ 1.2 8.67 £0.13 23.1 +0.3

7 N.D. N.D. 5.18 + 0.71 N.D. 46.7 £ 1.3 4.17 £0.09 142 +0.7

8 0.53 £0.4 N.D. N.D. 0.61 £0.08 26.7 £0.5 109 +0.20 341 + 11

aValues are expressed as mean + standard deviation oftwo determinations.
N.D. - not detected.

Under the assay conditions described, a linear relationship between the
concentration of sugars and the refractive index was obtained. The same
happened between the concentration of uric and orotic acids and the UV
absorbance at 280 nm. This linearity was maintained over the concentration
range of 0.5-30.0 g/L for sugars, 1.0-18.0 mg/L for uric acid, and 0.5-20.0
mg/L for orotic acid.

The correlation coefficient for each standard curve invariably exceeded
0.99 for all compounds. The calibration curves for sugars, uric, and orotic
acids were obtained by duplicate determinations of each of the calibration
standards and the peak height values (arbitrary units) were plotted as average
values.

The relative percent average deviations of duplicates were less than 2 % in
all cases. The average regression equation for xilose, glucose, galactose,
saccarose, maltose, lactose, melizitose, uric, and orotic acids were y = 147.77 x
+0.981;y = 135.64 x + 0.331; y = 82.704 x + 0.355; y = 81.393 x + 0.859; y =
187.51 x + 5.10;y = 31.761 x+ 1.75;y = 20.592 x + 2.106; y = 25.331 x + 7.1;
y = 18.852 x + 5.1, respectively.

The detection limit was calculated as the concentration corresponding to
three times the SD of the background noise, obtained with 10 determinations.
The detection limits were 0.20 g/L for xilose, glucose, galactose, and lactose
and 0.10 g¢/L, 0.35 g/L, 0.40 g/L for saccarose, maltose, and melizitose,
respectively. For uric and orotic acids the detection limits were 0.5 mg/L and
0.1 mg/L, respectively.
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(b)

Figure 2. Typical dyoretograns of infant formrulae (chromatographic conditions
described in the text).  The letters and the nunbers correspod to the letters and
nunbers in Fig. 1 with respect to peak identification.

Typical Analytical Results and Chromatograms for Infant Formulae

Typical results and average deviations of duplicate determinations for a
variety of commercial infant formulae are presented in Table 1. Figure 2 (a
and b) shows the typical chromatograms for infant formulae. Figure 3 (a and
b) shows the chromatograms for infant formulae with internal standards
addition, after having been subjected to identical treatment.
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Figure 3. Typical chromatogras of infant formulae spiked with 1.S. (chromeatographic
conditions described in the text). The letters and the nunmbers correspond to the letters
and nunbers inFig. 1 with respect to peak identification.

The initial solvent peaks for all chromatograms occur between 1 and 2
min and result from water and other unretained components. The precision of
the method was also evaluated by measuring the peak height of each
compound. 10 times on the same sample. The %CV being 1.01, 0.51, 0.45,
0.73, 0.82, 0.82, and 0.74 for xilose, glucose, galactose, saccarose, maltose,
lactose, melizitose, uric acid, and orotic acid, respectively (concentration of
saccarose, maltose, lactose, uric, and orotic acids in infant formula were 7.12
g/100 g, 3.40 ¢/I0OOg, 47.8 @/lOOg, 8.67 mg/l0OOg, and 23.1 mg/lO0g
respectively).
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Table 2

Recovery Study of Internal Standards Added to
Homogenized Infant Formulae Powder

Xilose
Added (g/L) Found (g/L) Standard CV% Recovery
1.00 0.953 0.006 0.63 95.3
5.00 4.95 0.087 1.75 99.0
10.0 9.51 0.006 0.063 95.1

Mean value 96.5 + 2.2%

Melizitose
Added (g/L) Found (g/L) Standard CV% Recovery
1.00 0.953 0.006 0.63 95.3
5.00 492 0.029 0.59 98.4
10.0 9.51 0.012 0.13 95.1

Mean value 96.2 + 1.9%

Recovery Study

As can be seen from Figure 2 (b), there is no chromatographic indication
of interfering endogenous compounds during the retention time relating to
xilose and melizitose. Table 2 presents the results obtained from the study of
internal standards recovery. Internal standard recovery percentages ranged
between 95 and 101% for the three concentrations studied, the average percent
recovery was 96.5 + 2.2 % for xilose and 96.2 + 1.9 % for melizitose. These
two findings highlight the appropriateness of the chosen internal standards and
can be taken as a guarantee of the accuracy of the method developed.

CONCLUSIONS

The described procedure seems to fulfill the criteria of selectivity,
sensitivity, reproducibility, and convenience of a method suited for routine
assay of various sugars, uric acid, and orotic acid in infant formulae. The main
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advantages of this method are simple sample preparation (a single extraction)
and the use of a single NH2 HPLC column which does not need to be
regenerated and has a lower cost compared with ion-exchange columns.
Furthermore, the method is rapid and easy to carry out. The method, herein,
presented, possesses the demonstrable simplicity of allowing simultaneous
analysis of five sugars and two organic acids in less than 15 minutes.

The results obtained allow us to foresee that the developed methodology
could be extended to monitoring the levels of these compounds in other types of
milk produts. The merging of all these qualities makes the method extremely
useful for routine analysis and, especially so, after its automation.
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THE BOOK CORNER

RELIABLE DESIGN OF MEDICAL DEVICES, Richard C Fries. Marcel
Dekker, Inc.. New York. 1997, 703 pages, $195.00. ISBN: 0-8247-9843-0.

This book has been written with the intention of collecting, in one place,
the current state of affairs pertaining to the design of medical devices. The
author points out how the design and functional complexity of medical devices
has increased during the recent past, and how this affects the nature of the
devices required for current use. His particular concern is that, as device
functionality becomes more intricate, concerns arise regarding efficacy, safety,
and reliability, which play an ever-increasing role.

These ever-increasing requirements are counter-balanced by the concerns
of the commercial side of the business, which seeks to have the devices
produced for the lowest cost in the shortest time possible. Medical device
development is seen as a complex process that requires the careful integration
of diverse disciplines, technical activities, standards, regulatory requirements,
and administrative project controls. The need for systematic approaches to
product development and maintenance is necessary to ensure a safe and
effective device for the user and patient, an economical and competitive success
for the manufacturer, and a reliable, cost-effective, investment for the user.

For his approach, the author has chosen the Reliability Assurance
program. In this manner, one can provide the theoretical and practical tools by
which the probability and capability of systems and their components to
perform required functions can be specified, predicted, designed, tested, and
demonstrated. His primary goal is to acquaint the developer of medical
devices, as well as the purchaser of medical equipment, with the basic concepts
and major issues of medical device reliability, to describe current product
development processes and techniques, and to provide a basis for evaluating
new technologies. He seeks to provide a practical approach to the formation
and operation of a reliable assurance program, emphasizing a practical
approach.
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The book has been organized so as to follow the typical product
development process. The first section introduces the reader to the concept of
medical devices as being compromised of hardware and software. The concept
of hardware/software failure is discussed as a prelude to the discussion of
Reliability Assurance, and the section concludes with reviews of current device
safety, and of economics ideas and issues.

Section 2 deals with the forest of device standards and regulations as these
exist on both the domestic and the international scene. Domestically, the role
of FDA in the regulation of medical devices is discussed, along with current
guidelines and regulations, including the pending guideline on Human Factors.
Internationally, the Medical Device Directives, and their impact on the product
development process, are discussed. Other hardware regulations and standards
are then reviewed, including ISO, IEEE, and military standards.

Section 3 deals with the specification and design of a medical device,
beginnning with the definition of the product. As part of developing the
specification of the device, risk management and human factors are considered,
as well as the use of metrics. The hardware discussion addresses design
alternatives, selecting components that will meet the intended use of the device,
establishing a safety margin, establishing load protection, developing a
Requirements Traceability Matrix, and selecting among various design
technologies. The software discussion addresses design alternatives, selecting
the software architecture, choice of methodology, selection of language,
developing a Requirements Traceability Matrix, and selecting among various
design techniques. Finally, the coding of the software concludes the design
portion of the life cycle.

Section 4 discusses system verification and validation, whereby one proves
that the design meets its specifications. The basics and various types of testing
are reviewed, followed by the various types of testing which can be conducted.
Verification and validation are discussed for both hardware and software, with
examples being taken from actual product development activity. The section
concludes with an analysis of test data that has been accumulated, and the
calculation of reliability parameters.

Section 5 deals with manufacturing as a continuation of the product
development process. A device may be reliably designed, but if it is not reliably
manufactured, it will not be a success. The current Good Manufacturing
Practices regulations are discussed. The possible outsourcing of manufacturing
is discussed, and critically compared to the analogous in-house process.
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Configuration management and its many implications are also reviewed.
Finally, techniques for the analysis of field data are discussed in relation to the
building of an efficient database for all product development personnel.

This book represents a comprehensive and encompassing view of the
entire procedure which accompanies the design, development, and eventual
manufacture of a medical device. Written by an author who has clearly lived
the process (and survived), it is amply evident to this reviewer that one need
acquire no other book if one was to undertake a similar mission. Those seeking
to succeed in the area of medical device manufacture must acquire and read this
book cover-to-cover if they wish to maintain a competitive advantage. Readers
should note that this volume makes a very appropriate companion to that
written by S. C. Gad, Safety Evaluation of Medical Devices, Which was
recently issued by the same publisher and is reviewed below.

SAFETY EVALUATION OF MEDICAL DEVICES, Shayne Cox Gad, Marcel
Dekker, Inc.. 1997, 388 pages. $165.00, ISBN: 0-8247-9827-9.

This volume has been written with the sole objective of providing a
practical guide for those who are responsible for, or concerned with, ensuring
the safety of medical devices for patients, health care providers, and those
involved in their manufacture. As such, the basic aspects of device regulation
and materials utilized in devices have been addressed. In areas where it was
deemed appropriate, the history and underlying science have also been
presented to allow the reader to make an informed decision.

The first chapter provides a solid introduction, covering the scope of
medical devices and their markets, a brief history of medical devices, the
regulatory basis of safety evaluation, and toxicity testing as it applies to devices.
The second chapter is one of the most useful in the book, in that it lays out a
road map for developing a test program. This chapter is followed by a short
outline of sampling and sample preparation.

At this point, the author catalogs the diverse range of possible testing in a
series of chapters which are replete with illustrative examples. Covered in this
sequence are the testing programs related to cytotoxicity, blood compatibility,
irritation and pyrogenicity, immunotoxicology, implantation studies,
genotoxicity, subchronic and chronic toxicity, carcinogenicity, reproductive,
and developmental toxicity.
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The volume ends with several special topics chapters, which cover
important topics not treated in the earlier chapters. The science of dealing with
sterility and heavy metals is touched upon, and a solid coverage of clinical
studies for medical devices follows. A number of special studies and special
cases are treated in the following chapter. However, the author saves the best
for last, discussing a number of highly relevant case histories and providing the
history as to how these problems were resolved.

The author has attempted to present a program for the safety evaluation of
devices and device materials, as would be implemented during the overall
development of new products. The approach appears to be sound, and the
quantity of practical information (a lot of which has been drawn from the
author’s experience) makes this book very worthwhile for workers in the field.
In fact, this volume makes a very appropriate companion to that written by R.
C. Fries, Reliable Design ofMedical Devices, which was recently issued by the
same publisher and is reviewed above.

Reviewed by

Harry G. Brittain, Ph.D.
Acute Therapeutics, Inc.
g8 Courter Avenue
Maplewood, NJ 07040
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EDUCATION ANNOUNCEMENT

BASIC PRINCIPLES OF HPLC
AND HPLC SYSTEM TROUBLESHOOTING

A Two-Day
In-House Training Course

The course, which is offered for presentation at corporate laboratories, is
aimed at chemists, engineers and technicians who use, or plan to use, high
performance liquid chromatography in their work. The training covers HPLC
fundamentals and method development, as well as systematic diagnosis and
solution of HPLC hardware module and system problems.

The following topics are covered in depth:
e Introduction to HPLC Theory
* Modes of HPLC Separation
» Developing and Controlling Resolution
* Mobile Phase Selection and Optimization
 lon-Pairing Principles
e Gradient Elution Techniques
¢ Calibration and Quantitation
* Logical HPLC System Troubleshooting

The instructor, Dr. Jack Cazes, is founder and Editor-in-Chief of the Journal
of Liquid Chromatography & Related Technologies, Editor of Instrumentation
Science & Technology, and Series Editor of the Chromatographic Science Book
Series. He has been intimately involved with liquid chromatography for more
than 35 years; he pioneered the development of modern HPLC technology. Dr
Cazes was Professor-in-Charge of the ACS Short Course and the ACS Audio
Course on GPC, and has taught at Rutgers University. He is currently Visiting
Scholar at Florida Atlantic University.

Details may be obtained from Dr. Jack Cazes, P. O. Box 970210, Coconut
Creek, FL 33097. Tel: (954) 570-9446; E-Mail: cazes@worldnet.att.net.
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LIQUID CHROMATOGRAPHY CALENDAR

1998

FEBRUARY 26 - 28: Sample Handling and Analysis of Organic
Pollutants, Archamps, France. Contact. ACTIVE Assoc. Office, clo
Pharmapeptides, CUR Business Park, 74166 Archamps, France.

FEBRUARY 28 - MARCH 1: 28th Annual Spring Prog, in Polymers:
Degradation & Stabilization of Polymers, Hilton Head Is., South Carolina.
Contact: A. V. Patsis, SUNY New Paltz, Inst, of Mater. Sei., New Paltz, NY
12561. Email: ims@ mhv.net.

MARCH 1-5: 28th International Symposium on Environmental
Analytical Chemistry (ISEAC 28), University of Geneva, Switzerland.
Contact: ACTIVE Assoc. Office, c/o Pharmapeptides, CUR Business Park,
74166 Archamps. France.

MARCH 1-6: PittCon 98, New Orleans, Louisiana. Contact: PittCon ’98,

Suite 332, 300 Penn Center Blvd., Pittsburgh, PA 15235-5503, USA. Tel:
(800) 825-3221; FAX: (412) 825-3224.

MARCH 8 -12: AIChE Spring National Meeting, Sheraton, New Orleans.
Contact: AIChE, 345 East 47th St., New York, NY 10017, USA.

MARCH 15 - 18: 14th Rocky Mountain Regional Meeting, Tucson,
Arizona. Contact: R. Pott, Univ of Arizona, Tucson, AZ 85721.
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MARCH 23 - 25: 5th Meeting on Supercritical Fluids: Materials and
Natural Products Processing, Nice, France. Contact: F. Brionne,
Secretariat. ISASF, E.N.S.I1.C., 1 rue Grandville, B.P. 451, F-54001 Nancy
Cedex, France. Email: brionne@ ensic.u-nancy.fr.

MARCH 29 - APRIL 2: 215th ACS National Meeting, Dallas, Texas.
Contact: ACS Meetings, 1155 16th Street, NW, Washington, DC 20036, USA.

MAY 3-8: HPLC’98 - 22nd International Symposium on High
Performance Liquid Phase Separations and Related Techniques, Regal
Waterfront Hotel, St. Louis, Missouri. Contact: Janet Cunningham, Ban-
Enterprises, P. O. Box 279, Walkersville, MD 21793, USA.

MAY 20 - 22: 32nd Middle Atlantic ACS Regional Meeting, Wilmington,
Delaware. Contact: G. Trainor, DuPont Merck, P. O. Box 80353,
Wilmington. DE 19880-0353. Email: reglmtgs@acs.org.

MAY 26 - 29: VHIth International Symposium on Luminescence
Spectrometry in Biomedical and Environmental Analysis:  Detection
Techniques and Applications in Chromatography and Capillary
Electrophoresis, Las Palmas de Gran Canaria (Canary lIslands), Spain.
Contact: Dr. Jose Juan Dantana Rodriguez, University of Las Palmas of G. C.,
Chem. Dept., Faculty of Marine Sci., 35017 Las Palmas de G. C., Spain. Tel:
34 (9) 28 45.29.15 / 45.29.00; FAX: 34 (9) 28 45. 29.22; Email:
josejuan.santana@ quimica.ulpgc.es.

MAY 27 - 29: 30th Central Regional ACS Meeting, Ann Arbor, Michigan.
Contact: D. W. Ewing, J. Carroll Univ., Chem. Dept., Cleveland, OH 44118.
Tel: (216) 397-4241. Email: ewing@ jevaxa.jeu.edu.

JUNE 1-3: 31st Great Lakes Regional ACS Meeting, Milwaukee,
Wisconsin. Contact: A. Hill. Univ. of Wise., Chem. Dept., Milwaukee, WI
53201, USA. Tel: (414) 229-4256; Email: reglmtgs@acs.org.

JUNE 2-5: Third International Symposium on Hormone and Veterinary
Drug Residue Anbalysis, Congres Centre Oud Sint-Jan, Bruges, Belgium.
Contact: C. Van Peteghem. Dept, of Food Analysis, University of Ghent,
Harelbekestraat 72, B-9000 Ghent, Belgium. Tel: (32) 9/264.81.34.

JUNE 10 - 12: 53rd ACS Northwest Regional Meeting, Columbia Basin
College, Pasco, Washington. Contact: K. Grant, Math/Science Div,
Columbia Basin College, 2600 N 20th Ave, Pasco, WA 99301, USA.
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JUNE 13 -19: 26th ACS National Medical Chemistry Symposium, Virginia
Commonwealth Univ/Omni Richmond Hotel, Richmond, Virginia. Contact:
D. J. Abraham, Virginia Commonwealth Univ, Dept of Med Chem, P. O. Box
581, Richmond, VA 23298, USA. Tel: (804) 828-8483.

JULY 12 - 16: SFC/SFE’98: 8th International Symposium & Exhibit on
Supercritical Fluid Chromatography, St. Louis, Missouri. Contact: Janet
Cunningham, Barr Enterprises, P. O. Box 279, Walkersville, MD 21793, USA.

AUGUST 23 - 28: 216th ACS National Meeting, Boston, Massachusetts.
Contact: ACS, 1155 16th Street, NW, Washington, DC 20036, USA.

AUGUST 31 - SEPTEMBER 3: AIChE Conference on Safety in Ammonia
Plants & Related Facilities, Charleston Place, Charleston, South Carolina.
Contact: AIChE, 345 East 47th St., New York, NY 10017, USA. Tel: 1-800-
242-4363.

SEPTEMBER 7 - 11: 15th International Symposium on Medicinal
Chemistry, Edinburgh, Scotland. Contact: M. Campbell, Bath University
School of Chemistry, Claverton Down, Bath, BA2 7AY, UK. Tel: (44) 1225
826565; FAX: (44) 1225 826231; Email: chsmmc@ bath.ac.uk.

SEPTEMBER 13 - 18: 22nd International Symposium on
Chromatography, 1SC’98, Rome, Italy. Contact: F. Dondi, Chem. Dept.,
Universita di Ferrara. Via L. Borsari, 46, 1-44100 Ferrara, ltaly. Tel: 39 (532)
291154; FAX: 39 (532) 240707; Email: mo5@dns.Unife.it.

SEPTEMBER 23 - 25: International Symposium on Preparative and
Industrial Chromatography and Allied Techniques (SPICA 98),
Strasbourg, France. Contact: Mile. Francoise Brionne, E.N.S.I.C., 1, rue
Grandville, B.P. 451, F-54001 Nancy Cedex, France.

SEPTEMBER 24 - 26: XIVth Conference on Analytical Chemistry,
sponsored by the Romanian Society of Analytical Chemistry (S.C.A.R.),
Piatra Neamt, Romania. Contact: Dr. G. L. Radu, S.C.A.R., Faculty of
Chemistry, University of Bucharest, 13 Blvd. Reepublicii, 70346 Bucharest -
111, Romania.

NOVEMBER 15 - 20: AIChE Annual Meeting, Fontainbleu/Eden Roc,
Miami Beach, Florida. Contact: AIChE, 345 East 47th St., New York, NY
10017, USA.


mailto:chsmmc@bath.ac.uk
mailto:mo5@dns.Unife.it

3440 LIQUID CHROMATOGRAPHY CALENDAR

1999

MARCH 7 -12: PittCon ‘99, Orlando, Florida. Contact: PittCon ‘99, Suite
332, 300 Penn Center Blvd., Pittsburgh, PA 15235-5503, USA.

MARCH 21 - 25: 217th ACS National Meeting, Anaheim, Calif Contact:
ACS Meetings, 1155 16th Street, NW, Washington, DC 20036-4899, USA.

AUGUST 22 - 26: 218th ACS National Meeting, New Orleans, Louisiana.
Contact: ACS Meetings, 1155 16th Street, NW, Washington, DC 20036-4899,
USA. Tel: (202) 872-4396; FAX: (202) 872-6128; Email: natimtgs@acs.org.

OCTOBER 8 - 13: 51st ACS Southeast Regional Meeting, Knoxville,
Tennessee. Contact: C. Feigerle, Chem Dept, University of Tennessee,
Knoxville, TN 37996, USA. Tel: (615) 974-2129; Email: reglmtgs@acs.org.

2000

MARCH 5 - 10: PittCon 2000, Chicago, Dlinois. Contact: PittCon 2000,
Suite 332, 300 Penn Center Blvd., Pittsburgh, PA 15235-5503, USA.

MARCH 26 - 31: 219th ACS National Meeting, Las Vegas, Nevada.
Contact: ACS Meetings, 1155 16th Street, NW, Washington, DC 20036.
Email: natimtgs@acs.org.

JUNE 25 - 30: HPLC’2000 - 24th International Symposium on High
Performance Liquid Phase Separations, Seattle, Washington. Contact:
Barr Enterprises, P.O.B. 279, Walkersville, MD 21793, USA.

AUGUST 20 - 25: 220th ACS National Meeting, Washington, DC.
Contact: ACS Meetings, 1155 16th Street, NW, Washington, DC 20036-
4899, USA. Email: natimtgs@acs.org.

2001

APRIL 1-6: 221st ACS National Meeting, San Francisco, Calif.
Contact: ACS Meetings, 1155 16th Street, NW, Washington, DC 20036.
Email: natimtgs@acs.org
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AUGUST 25 - 31: 222nd ACS National Meeting, Chicago, lllinois. Contact:
ACS Meetings, 1155 16th Street, NW, Washington, DC 20036-4899,
USA. Email: natimtgs@acs.org.

2002

APRIL 7 - 12: 223rd ACS National Meeting, Orlando, Florida. Contact.
ACS Meetings, 1155 16th Street, NW, Washington, DC 20036-4899, USA.

SEPTEMBER 8 -13: 224th ACS National Meeting, Boston, Mass. Contact:
ACS Meetings, 1155 16th Street, NW, Washington, DC 20036-4899, USA.
Email: natimtgs@acs.org.

2003

MARCH 23 - 28: 225th ACS National Meeting, New Orleans, Louisiana.
Contact: ACS Meetings, 1155 16th Street, NW, Washington, DC 20036-4899,
USA. Email: natimtgs@acs.org.

SEPTEMBER 7 - 12: 226th ACS National Meeting, New York City.
Contact: ACS Meetings, 1155 16th Street, NW, Washington, DC 20036-4899,
USA. Tel: (202) 872-4396; FAX: (202) 872-6128; Email: natimtgs@acs.org.

2004

MARCH 28 - APRIL 2: 227th ACS National Meeting, Anaheim,
California. Contact: ACS Meetings, 1155 16th Street, NW, Washington, DC.

AUGUST 22 - 27: 228th ACS National Meeting, Philadelphia,
Pennsylvania. Contact: ACS Meetings, 1155 16th Street, NW, Washington,
DC 20036-4899, USA. Tel: (202) 872-4396; FAX: (202) 872-6128.

2005
MARCH 13 - 18: 229th ACS National Meeting, San Diego, California.

Contact: ACS Meetings, 1155 16th Street, NW, Washington, DC 20036-4899,
USA. Tel: (202) 872-4396; FAX: (202) 872-6128; Email: natimtgs@acs.org.
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AUGUST 28 - SEPTEMBER 2: 230th ACS National Meeting,
Washington, DC. Contact: ACS Meetings, 1155 16th Street, NW,
Washington, DC 20036-4899, USA. Tel: (202) 872-4396; FAX: (202) 872-
6128; Email: natimtgs@acs.org.

2006

MARCH 26 - 31: 231st ACS National Meeting, Atlanta, GA. Contact: ACS
Meetings, 1155 16th Street, NW, Washington, DC 20036-4899, USA. Tel:
(202) 872-4396; FAX: (202) 872-6128; Email: natimtgs@acs.org.

SEPTEMBER 10 - 15: 232nd ACS National Meeting, San Francisco,
California. Contact: ACS Meetings, 1155 16th Street, NW, Washington, DC
20036-4899, USA. Tel: (202) 872-4396; FAX: (202) 872-6128; Email:
natimtgs@acs.org.

2007

MARCH 25 - 30: 233rd ACS National Meeting, Chicago, lllinois. Contact:
ACS Meetings, 1155 16th Street, NW, Washington, DC 20036-4899, USA.
Tel: (202) 872-4396; FAX: (202) 872-6128; Email: natimtgs@acs.org.

AUGUST 19 - 24: 234th ACS National Meeting, Boston, Massachusetts.
Contact: ACS Meetings, 1155 16th Street, NW, Washington, DC 20036-4899,
USA. Tel: (202) 872-4396: FAX: (202) 872-6128; Email: natlmtgs
(aacs.org.

The Journal of Liquid Chromatography & Related Technologies will
publish, at no charge, announcements of interest to scientists in every issue of
the journal. To be listed in the Liquid Chromatography Calendar, we will need
to know:

a) Name of the meeting or symposium,

b) Sponsoring organization,

¢) When and where it will be held, and
d) Whom to contact for additional details.

Incomplete information will not be published. You are invited to send
announcements to Dr. Jack Cazes, Editor, Journal of Liquid
Chromatography & Related Technologies, P. O. Box 970210, Coconut
Creek, FL 33097, USA.
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Annonaceous acetogenins, HS-CCC
for the separation of, 627-635

Antibiotics

macrocyclic, as a chiral selector for
capillary electrophoresis,
887-898
monobactam, HPLC with UV

detection for determination of,
1091-1101

Anti-HIV agent (+)dihydrocalanolide
A, non-nucleoside, HPLC
measurement of, 651-659

Antioxidants, simultaneous RP-HPLC
determination with preservatives
in cosmetics and pharmaceutical
preparations, 1797-1808

Antisense oligonucleotides, CZE
determination of sodium
acetate in, 1185-1195

Anti-tuberculosis drugs, HPLC
determination in human body
fluids, 4597169

Apomorphine, microdialysis and
microbore HPLC with
electrochemical detection for
analysis and pharmacokinetics
in rat brain, 481-490

Archidendron ellipticum, hydrophilic
interaction chromatography for
separation of high molecular
weight saponins of, 2415-2426

Aromatic amino alcohol drugs,
enantiomeric separation by
chiral ion-pair chromatography
on a silica gel plate, 1507-1514

Aromatic compounds, acidic, retention
in ion exclusion chromatogra-
phic separations, 1005-1013

Aspartame and its decomposition
products, separation and deter-
mination in bulk material and

3455

diet soft drinks by HPLC and
CZE, 1437-1444

Association constants, determination
in cyclodextrin- or vancomy-
cin-modified MCE, 203-216

Asulam, determination by liquid
chromatography with pre-
column derivatization,
603-615

Atenolol, CZE quantitative deter-
mination in human urine,
3377-3387

Avermectin analog, picogram
determination in dog plasma by
HPLC with fluorescence
detection, 443-458, 971

I-Azabicyclo[2.2.1]heptan-3-one
enantiomers, chiral HPLC sepa-
rations on polysaccharide-based
stationary phases, 1243-1256

Azadirachtin-B, purification by
preparative HPLC using the
recycling mode, 1633-1636

B

Beads, porous poly(vinylphenol-co-
divinylbenzene), as a polar
separation medium far SEC,
227-243

Benazepril, HPLC determination in
pharmaceuticals, 2135-2142

Benzodiazepine, reversed-phase
liquid chromatographic
separation of, 1741-1756

Benzoyl hydrazine reagent, for
monosaccharide determination
by HPCE, 1123-1137

Benzylchloride, HPLC determination
of trace levels in environmental
samples, 3193-3202
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Beta blocker atenolol, CZE quantita-
tive determination in human
urine, 3377-3387

Beverages, alcoholic and non-
alcoholic, quantitative HPTLC
determination of natural and
synthetic colors in, 101-110

Bile, HPLC isolation and spectro-
scopic characterization of
metabolites from rats receiving
intravenous rapamyecin,
1689-1701

Binary carbonyls, group ¢ and 7,
HPLC of, 1959-1966

Biopolymer separations, charac-
terization of wide-pore
reversed phase columns for,
1667-1687

Biphenyls

HPLC determination in environ-
mental samples, 3193-3202

substituted, RP-HPLC deter-
mination of lipophilicity of,
3029-3037

Bone resorption, ion exchange HPLC
determination of pyridinium
crosslinks in urine as markers
of, 1921-1930

Bovine serum albumin, silica-
immobilized, influence of
hydrogen chloride on the liquid
chromatographic properties of,
21-29

Bromoperoxidases, from pPseudo-
monas putida and Corallina
pilulifera, HPLC with spectro-
photometric detection for
determination of metal ions in,
2367-2376

Bunching, of nonlinear data,
1049-1055

SUBJECT INDEX TO VOLUME 20
C

Caffeine
HPLC determination in a
pharmaceutical preparation,
2123-2133
simultaneous determination with
ergotamine in pharmaceutical
formulation by capillary
electrophoresis, 47-55
simultaneous determination with
furanic aldehydes in coffee by
HPLC with a diode-array
detector, 2949-2957
Calixarenes, liquid chromatographic
separation of, 1197-1209
Capillary electrochromatography
(CEC), molecularly imprinted
polymer particles filled, for
enantioseparation of D,L-
phenylalanine, 1489-1506
Capillary electrophoresis
applications, handbook of (book
review), 3089-3093
for counting integral numbers
of y-carboxyglutamic acids
per peptide chain,
2009-2021
for determination of the alkaloids in
coptis-evodia herb couple,
63-78
for determination of sufentanil in
human plasma, 1311-1326
evaluation of a macrocyclic
antibiotic as a chiral selector
for, 887-898
for evaluation of proteolytically
released carbohydrate-
containing peptides of bovine
prothrombin fragment 1,
987-1004
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free solution, of basic proteins and
drugs using cationic polymer
coated capillaries, 707-718
guidebook, principles, operation,
and applications (book review),
1637-1639
handbook of (book review),
2293-2296
with indirect UV detection
for determination of amino acids
in urine, 2475-2493
for determination of precon-
centration of aliphatic amines
from water, 79-100
with laser-induced fluorescence
detection, for determination of
aliphatic amines in water,
2193-2205
procedures manual (book review),
1809-1814
for the quantitation of a residual
quaternary amine in bulk drug
and process streams, 257-272
for the separation of chiral
compounds of environmental
interest, 1337-1365
for separation of oxytetracycline
and its related substances,
273-282
for simultaneous determination of
caffeine and ergotamine in
pharmaceutical formulation,
47-55
See also Capillary zone electro-
phoresis; High-performance
capillary electrophoresis;
Micellar capillary
electrophoresis
Capillary gas adsorption chroma-
tography (book review),
2297-2299
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Capillary gas chromatography (book
review), 976-978
Capillary zone electrophoresis (CZE)
of aspartame and its decomposition
products in bulk material and
diet soft drinks, 1437-1444
for determination of active
ingredients in giangli yinggiao
containing vitamin C tablets,
3245-3255
for determination of sodium acetate
in antisense oligonucleotides,
1185-1195
for quantitative determination of
the p-blocker atenolol in
human urine, 3377-3387
versus MEKC in the separation of
phenols of environmental
interest, 1-20
Carbohydrates, dextran, flow FFF for
monitoring the biological and
physical reactivity in seawater
incubations, 2815-2833
y-Carboxyglutamic acids, capillary
electrophoresis for the integral
number per peptide chain,
2009-2021
Carboxylic acids, optimization of
RP-HPLC determination in
plant materials by use of an
ion-pair reagent, 1773-1787
Carrots, GPC determination of
organophosphorus pesticide
residues in, 771-777
Catharanthus roseus plants,
RP-HPLC/electrospray
ionization mass spectrometry
for determination of vincristine
and vinblastine in, 1159-1174
CCC. see Countercurrent chroma-
tography
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CCKB. see CholecystokininB
CEC. see Capillary electro-
chromatography
Cell sorting, continuous-flow,
application of cylindrical
SPLITT and quadrupole
magnetic field to, 2887-2905
Cellulose tris(3,5-dimethylphenyl
carbamate) chiral column,
direct liquid chromatographic
separation of 3R-trans, 3S-cis,
and3R-cis 1,1-dimethylethyl
(4R-cis)-6-cyanomethyl-2,2-
dimethyl-1,3-dioxane-4-acetate
enantiomers on, 2441-2450
Cephalomannine, CCC separation of
taxol from, 57-61
Channel orientation, effect on thermal
diffusion and polymer retention
in thermal FFF, 2703-2722
Chelation ion chromatography, for
on-line sample pretreatment
and determination of
lanthanides in complex
matrices, 3173-3188
Chemiluminescence detection, F1PLC
with
of corticosteroids and p-nitro-
phenacyl esters based on the
luminol reaction, 2965-2977
determination of porphyrins by,
681-691
using a conventional silica based
column, morphine determina-
tion by, 311-325
Chenodeoxycholic acid, determina-
tion in pharmaceutical prepara-
tions of ursodeoxycholic acid
by HPLC with coulometric
electrochemical detection,
757-770
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Chinese medicinal prescriptions,
HPLC determination of
Scrophulariae radix polar
constituents in, 1617-1632

Chiral compounds, of environmental
interest, capillary electro-
phoresis for the separation of,
1337-1365

Chiral selector, for capillary
electrophoresis, a macrocyclic
antibiotic as, 887-898

Chiralcel OJ-R, for chiral reso-
lution of phenothiazine
compounds and trimipramine,
693-705

4-Chloroaniline, determination in
honey by liquid chromatogra-
phy with electrochemical
detection, 1591-1603

Chlorobenzene, HPLC determination
oftrace levels in environmental
samples, 3193-3202

7-Chloro-6,4'-difluoroquinolone,
formation of a vinyl alcohol
derivative during sample
preparation for HPLC,
525-535

Chlorophenols, RP-HPLC separation
of positional isomers of
(erratum), 155

4-Chlorophenyl urea, determination
in honey by liquid chroma-
tography with electrochemical
detection, 1591-1603

Chloroquine, determination in
biological samples by high-
speed HPLC with fluorescence
detection, 1103-1113

Chloropheniramine maleate, HPLC
assay in tablet formulations,
2221-2231
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CholecystokininB(CCKB) receptor
antagonists, C5-cycloalkyl-
amine-1,4-benzodiazepin-2-
one, chiral HPLC enantiomeric
separation of a series of,
111-121

Cholera toxin, size exclusion
HPLC for analysis of
conformational changes of,
1515-1521

Chromatographic detectors (book
review), 974-976

Cilazapril, HPLC determination
in pharmaceuticals,
2135-2142

Cisatracurium and its metabolites,
HPLC assay in human urine,
2041-2051

Clopamide, HPLC with electro-
chemical detection for
monitoring in human urine and
pharmaceutical formulations,
637-650

Coffee

green, HPLC with diode-array
detector for determination of
hydroxycinnamic acids in,
2023-2030

HPLC with diode-array detector for
simultaneous determination of
furanic aldehydes and caffeine
in, 2949-2957

Cold wall temperature, effects on
thermal FFF, 2757-2775

Colloidal interactions, study by
sedimentation FFF,
2525-2541

Colloidal substrates, FFF deter-
mination ofthe rates of
surfactant adsorption to,
2509-2524
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Columns

cellulose tris(3,5-dimethylphenyl
carbamate) chiral, for direct
liquid chromatographic
separation of 3R-trans,
3S-cis, and 3R-cis
1,1-dimethylethyl (4R-cis)-
6-cyanomethyl-2 2 -
dimethyl-1,3-dioxane-4-
acetate enantiomers on,
2441-2450

efficiency, comparison for
methanol/water and aceto-
nitrile/'water mixture,
1741-1756

microbore, analysis ofe-N-2-
furoylmethyl-L-lysine in
concentrated milk by
RP-HPLC with, 719-729

mixed-mode HPLC, use with
ELSD for simultaneous
resolution and detection ofa
drug substance, impurities, and
counter ion, 1409-1422

octyldecylsilane, for HPLC
determination of trimipramine
enantiomers, 3107-3119

short narrow bore, mobile phase
programming in liquid
chromatography using,
2031-2039

silica based, for morphine
determination by HPLC with
improved chemiluminescence
detection, 311-325

wide pore reversed phase,
characterization for biopolymer
separations, 1667-1687

Column-switching chromatography,

for analysis of diuretics in
urine, 1867-1885
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Compendial quality assessment, opti-
mized and validated HPLC
methods for

for methylxanthine derivatives,
1233-1242
for opium alkaloids, 3257-3268

Complex matrices, chelation ion
chromatography for on-line
sample pretreatment and
determination of lanthanides in,
3173-3188

Concanavalin A-bead cellulose,
affinity chromatography of
glycoenzymes and
glycoproteins on, 1367-1379

Continuous-flow cell sorting,
application of cylindrical
SPLITT and quadrupole
magnetic field to, 2887-2905

Copolymers, retention behavior in ther-
mal FFF and GPC, 2741-2756

Coptis-evodia herb couple, capillary
electrophoresis determination
of the alkaloids in, 63-78

Corticosteroids, chemiluminescence
HPLC based on the luminol
reaction of, 2965-2977

Cosmetics, simultaneous RP-HPLC
determination of antioxidants
and preservatives in, 1797-1808

Cough preparations, HPLC deter-
mination of pentoxyverine in,
3049-3059

Coumarins

chromatographic separation on
diol-modified silica gel phase,
2089-2098

pure, evaluation using TLC-densi-
tometer, spectrophotometer,
and HPLC with photodiode
array detector, 1887-1901
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Counter ion, simultaneous resolution
and detection with a drug
substance and impurities using
a mixed-mode HPLC column
with ELSD, 1409-1422

Countercurrent chromatography
(CCCQC), for separation of taxol
and cephalomannine, 57-61

See also High-speed countercurrent
chromatography

Critical micellar concentration,
MEKC estimation for sodium
dodecyl sulfate systems in
saline media, 1327-1336

Cyanogenic glycosides, separation by
RPC with UV and PAD,
335-349

C5-Cycloalkylamine-1,4-benzo-
diazepin-2-one CCKBreceptor
antagonists, chiral HPLC
enantiomeric separation ofa
series of, 111-121

Cyclodextrin-modified MCE,
determination of association
constants in, 203-216

Cyclodextrins, commercial, ELSD for
purity control of, 1015-1035

p-Cyclodextrins

as mobile phase additives for HPLC
determination oftrimipramine
enantiomers, 3107-3119
native and derivatized, as chiral
mobile phase additives for
enantiomeric HPLC separation
of chiral drugs, 855-869
stationary phases, compared with
heptakis-2,3-O-dimethyl-p-
cyclodextrin stationary phases
enantioselectivity of, 3279-3295
selectivity and retention of,
3297-3308
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CZE. see Capillary zone electro-
phoresis

D

Density, influence on retention of
zeolite particles in gravitational
FFF, 2637-2646

Deoxyribonucleic acid (DNA)

animal tissue, improved sample
preparation for quantitative
HPLC determination of 5-
methyl-deoxycytidine in,
1279-1293
HPLC measurement of polyamines
and lipidic amines binding to,
1789-1796
Derivatization
for determination of ethosuximide
in plasma, 1579-1589
determination of methanol in plas-
ma by HPLC with, 1967-1978
determination of selegiline main
metabolites in plasma by HPLC
after, 797-809
with FITC, for determination of
aliphatic amines in water,
2193-2205
postcolumn
comparison of UV and fluores-
cence detectors in liquid chro-
matographic analysis after,
511-524
for HPLC determination of
dihydrostreptomycin sulfate in
kidney and meat, 2259-2268
with 4 -(2 -pyridylazo)-resorcinol,
for simultaneous determination
of zinc(Il) and iron(lll) in
human serum, 2357-2366
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pre-column
determination of asulam and
amitrole by liquid chroma-
tography with, 603-615
o-phthaldialdehyde, use with
HPLC for determination of
NGmonomethyl-L-arginine,
1839-1848
reagents, determination of toluene
diisocyanate in air using di-n-
butylamine and 9-N-methyl-
aminomethyi-anthracene as,
2207-2219
Desethylchloroquine, determination
in biological samples by high-
speed HPLC with fluorescence
detection, 1103-1113
Dexrazoxane, HPLC analysis in
plasma and urine, 583-601
Dextran carbohydrates, flow FFF for
monitoring the biological and
physical reactivity in seawater
incubations, 2815-2833
Di-n-butylamine, as derivatization
reagent for the determination
oftoluene diisocyanate in air,
2207-2219
1,3-Dichloro-6,7,8,9,10,12-hexa-
hydroazepino[2,l-b] quinazo-
line monohydrochloride, ion-
pair HPLC assay in bulk
pharmaceutical chemical,
1539-1551
Dielectrophoresis, combined with
FFF, 2857-2872
Diet soft drinks, separation and
determination of aspartame and
its decomposition products by
HPLC and CZE, 1437-1444
Diflubenzuron, HPLC determination
in fish feed, 1115-1121
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(+)Dihydrocalanolide A, HPLC
measurement of, 651-659

Dihydrostreptomycin sulfate, HPLC
determination in kidney and
meat using post-column
derivatization, 2259-2268

1,2-Dilinoleoyl-3-oleoyl-glycerol,
HPLC determination in Panax
ginseng, 899-905

1,1 -Dimethylethyl (4R-cis)-6-cyano-
methyl-2,2-dimethyl-1,3-diox-
ane-4-acetate enantiomers, 3R-
trans, 3S-cis, and 3R-cis, direct
liquid chromatographic separa-
tion on a cellulose tris(3,5-
dimethylphenyl carbamate)
chiral column, 2441-2450

Diode-array detector

simultaneous determination of
furanic aldehydes and caffeine
in coffee by HPLC with,
2949-2957
simultaneous determination of

hydroxycinnamic acids in
green coffee by HPLC with,
2023-2030

Diol-modified silica gel phase,
chromatographic separation of
coumarins and flavonoids on,
2089-2098

Diphosphines, alkyl-chained, HPLC
of, 1959-1966

Dipyridamole, stability-indicating
HPLC determination in Dipyri-
damole Injection, 2109-2121

Diquat, monitoring in serum by ion-
pairing bare-silica stationary
phase HPLC, 3339-3350

Direct injection assay, of angiotensin
converting enzyme in tissue
extracts, 3309-3315
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Diuretics, analysis in urine by
column-switching
chromatography and
fluorescence detection,
1867-1885

DNA. see Deoxyribonucleic acid

Drugs

aromatic amino alcohol,
enantiomeric separation by
chiral ion-pair chromatography
on a silica gel plate,
1507-1517

chiral, enantiomeric HPLC
separation using native and
derivatized p-cyclodextrins as
chiral mobile phase additives,
855-869

free solution capillary electro-
phoretic separation using
cationic polymer coated
capillaries, 707-718

simultaneous resolution and
detection with impurities and
counter ion using a mixed-
mode HPLC column with
ELSD, 1409-1422

Dyes

natural and synthetic, quantitative
HPTLC determination in
alcoholic and non-alcoholic
beverages, 101-110

separation and determination by
ion-pair chromatography,
3073-3088

E
Ebiratide, HPLC with peroxyoxalate

chemiluminescence detection
for, 2377-2387
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Electric fields, non-uniform, FFF
using, 2857-2872
Electroanalytical chemistry (book
review), 811-814
Electrochemical detection
coulometric, determination of
chenodeoxycholic acid in
pharmaceutical preparations of
ursodeoxycholic acid by HPLC
with, 757-770
determination of 4-chloroaniline
and 4-chlorophenyl urea in
honey by liquid chroma-
tography with, 1591-1603
HPLC with
for isocratic concurrent assay of
metabolites of norepinephrine
and 5-hydroxytryptamine,
1931-1943
for monitoring clopamide in
human urine and pharmaceu-
tical formulations, 637-650
microbore HPLC with
for analysis and pharmaco-
kinetics of apomorphine in rat
brain, 481-490
for determination of glutamate in
rat brain microdialysates,
3039-3047
serum inorganic iodide deter-
mination by paired-ion
RP-HPLC with, 1445-1459
Electroosmotic flow, asymmetrical,
for FFF of charged particles,
2873-2886
Electrospray ionization mass
spectrometry
combined with RP-HPLC for
determination of vincristine
and vinblastine in catharan-
thus roseus plants, 1159-1174
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for evaluation of proteolytically
released carbohydrate-con-
taining peptides of bovine
prothrombin fragment 1,
987-1004
as an online detector for low
molecular weight polymer
separations with flow FFF,
2843-2856
ELSD. see Evaporative light
scattering detection
Environment
capillary electrophoresis for the
separation of chiral compounds
of interest in, 1337-1365
CZE versus MEKC in the
separation of phenols of
interest in, 1-20
Erbium, enrichment and separation
by HS-CCC, 1995-2007
Ergotamine, simultaneous deter-
mination with caffeine in
pharmaceutical formulation by
capillary electrophoresis,
47-55
Erythromycin and related impurities,
HPLC analysis in pharmaceu-
tical formulations, 553-565
Esters, of racemic and meso-2,3-
dibromobutane-l,4-dioic acids,
adsorption mechanism on
silica, 3146
Ethanol extract, crude, of Salvia
przewalskii Maxim, MEKC
studies of, 1211-1220
Ethosuximide, determination in
plasma by derivatization and
HPLC,1579-1589
Eukaryotic protein synthesis
initiation factor 2, non ideal
SEC of, 143-153
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Evaporative light scattering detection

(ELSD)

advantages for the purity control of
commercial cyclodextrins,
1015-1035

analysis of quaternary ammonium
compounds by HPLC with,
1037-1047

quantitation of neutral lipid
mixtures by HPLC with,
1829-1838

use with a mixed-mode HPLC
column for simultaneous
resolution and detection ofa
drug substance, impurities, and
counter ion, 1409-1422

Experimental design, for the

optimization of HPLC
methodology for the separation
of stereoisomers, 501-509

Fat emulsion, intravenous,
characterization by sedi-
mentation FFF and PCS,
2599-2614

Fat-soluble vitamins, simultaneous
separation and detection in
milk, 2389-2397

Fenbendazole, its sulphoxide
sulphone, and hydroxylated
metabolites, retention profile in
ion-pair liquid chroma-
tography, 1175-1184

Fenitrothion, liquid chromatographic
assay in pesticide formulations,
1423-1435

Ferritin, iron assay and size exclusion
HPLC of, 3351-3364
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FFF. see Field-flow fractionation
Field-flow fractionation (FFF)
with asymmetrical electroosmotic
flow, of charged particles,
2873-2886
flow
effects of surfactants on wheat
protein fractionation by,
2835-2842
electrospray mass spectrometry
as an online detector for low
molecular weight polymer
separations by, 2843-2856
frit-inlet asymmetrical, for
stopless separation of proteins,
2803-2814
for monitoring the biological and
physical reactivity of dextran
carbohydrates in seawater
incubations, 2815-2833
separation of lipoproteins
from human plasma by,
2777-2802
gravitational
age-dependent elution of human
red blood cells in, 2543-2553
for characterization of sulphides,
839-854
influence of density on retention
of zeolite particles in,
2637-2646
second-order effects on retention
of silica particles in,
2615-2635
isoperichoric focusing, for
characterization of particles
and macromolecules,
2555-2577
of particles, feasibility studies of
photophoretic effects in,
2907-2929
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sedimentation
for characterization of intrave-
nous fat emulsion, 2599-2614
for determination of the rates of
surfactant adsorption to
colloidal substrates, 2509-2524
effect of particle surface coatings
on the adsorption of orthophos-
phate using, 2647-2667
at gravitational field of red blood
cells, studies of injection
conditions of, 2579-2597
for study of colloidal interactions,
2525-2541
surface phenomena in, 2669-2685
thermal
cold wall temperature effects on,
2757-2775
effect of channel orientation on
thermal diffusion and polymer
retention in, 2703-2722
of particles, surface phenomena
in, 2687-2702
retention behavior of copolymers
in, 2741-2756
a standardless method of deter-
mination of molecular weight
and polydispersity of a poly-
styrene sample by, 2723-2739
using non-uniform electric fields of
dielectrophoresis, 2857-2872
Fish
rainbow trout, HPLC with
absorbance detection for
analysis of, 2269-2280
tropical, HPLC with UV detection
for determination of sodium
acifluorfen in, 1945-1957
Fish feed, HPLC determination of
diflubenzuron and teflu-
benzuron in, 1115-1121
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FITC. see Fluorescein isothiocyanate
Flame ionization detector, qualitative
and quantitative determination
of methyl esters, free fatty
acids, mono-, di-, and
triacylglycerols via HPLC
with, 1079-1090
Flavonoids, chromatographic
separation on diol-modified
silica gel phase, 2089-2098
Fluorescein isothiocyanate (FITC),
determination of aliphatic
amines in water using
derivatization with, 2193-2205
Fluorescence detection
for analysis of diuretics in urine,
1867-1885
assay of flurbiprofen in rat plasma
by HPLC with, 1849-1855
determination of abamectin in
forest matrices by HPLC with,
1757-1772
determination of free-form
amphetamine in rat’s brain by
liquid chromatography with,
1605-1615
filter and tunable, comparison for
the HPLC simultaneous
quantitation of lactone and
carboxylate forms of topotecan
in plasma, 1523-1537
high pressure liquid
chromatography, for
determination of total
homocysteine and other thiols
in pediatric samples,
1391-1408
high-speed HPLC, for determina-
tion of chloroquine and
desethylchloroquine in
biological samples, 1103-1113
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[Fluorescence detection continued]
laser-induced, determination of
aliphatic amines in water using
derivatization with FITC and
capillary electrophoresis with,
2193-2205
picogram determination of aver-
mectin analog in dog plasma
by HPLC with, 4437158, 971
use with RP-HPLC for determina-
tion of metyrosine and its meta-
bolite in serum, 3009-3016
Fluorescence detectors, comparison
with UV detectors in the liquid
chromatographic analysis of
glyphosate deposits after post-
column derivatization,
511-524
Fluoxetine, determination in human
plasma by ion-interaction
RP-HPLC, 3017-3028
5-Fluorouracil and its metabolites,
HPLC analysis and validation
in rat plasma, 471-480
Flurbiprofen, assay in rat plasma by
HPLC with fluorescence
detection, 1849-1855
Fluvoxamine, HPLC with UV
detection for determination in
human serum, 283-295
Foods, reductive voltammetric HPLC
determination of aflatoxin B,
in, 1057-1065
Forest matrices, HPLC with fluor-
escence detection for deter-
mination of abamectin in,
1757-1772
Free fatty acids, qualitative and
quantitative determination via
HPLC coupled with a flame
ionization detector, 1079-1090
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Fumaric acid, HPLC determination in
rat plasma, urine, and fecal
samples, 3365-3376

Furanic aldehydes, simultaneous
determination in coffee by
FIPLC with a diode array
detector, 2949-2957

Furosine. see e-V-2-Furoylmethyl-L-
lysine

e-N-2-Furoylmethyl-L-lysine (Furo-
sine®), analysis in concentrated
milk by RP-HPLC with a
microbore column, 719-729

G

Gangliosides, serum, a variant for
isolation of, 1149-1157

Gas chromatography-mass
spectrometry (GC-MS), for
determination of sufentanil in
human plasma, 1311-1326

GC-MS. see Gas chromatography-
mass spectrometry

Gel permeation chromatography (GPC)

for determination of organophos-
phorus pesticide residues in
carrot, 771-777
retention behavior of copolymers

in, 2741-2756

Glucosinolate, comparison of a
styrene-divinylbenzene
copolymeric anion exchanger
and a polymethacrylate
copolymeric anion exchanger
for separation of, 907-921

Glutamate, determination in rat brain
microdialysates by microbore
HPLC with electrochemical
detection, 3039-3047
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Glycoenzymes, affinity chroma-
tography on concanavalin
A-bead cellulose, 1367-1379

Glycoproteins, affinity chroma-
tography on concanavalin
A-bead cellulose, 1367-1379

Glycosides, cyanogenic, HPLC
separation of, 335-349

Glyphosate deposits, comparison of
UV and fluorescence detectors
in liquid chromatographic
analysis after post-column
derivatization, 511-524

GPC. see Gel permeation chroma-
tography

Guanethidine sulfate, in serum, de-
velopment of automated sen-
sitive system for, 2099-2108

H

Hemoglobin hydrolysate, peptic
peptide mapping by HPLC on
line with photodiode array
detection, 1717-1739

Heptakis-2,3-0-dimethyl- p-cyclo-
dextrin stationary phase,
compared with p-cyclodextrin
stationary phases

enantioselectivity of, 3279-3295

selectivity and retention for struc-
tural and geometric isomers,
3297-3308

High-performance anion exchange
chromatography with pulsed
amperometric detection
(HPAEC-PAD), with a post-
column enzyme reactor, for
quantitative analysis of
debranched amylopectin,
297-310

3467

High-performance capillary electro-
phoresis (HPCE), use of
benzoyl hydrazine reagent for
monosaccharide determination
by, 1123-1137

High-performance liquid
chromatography (HPLC)

with absorbance detection, post-
column electrochemical
oxidation of leuco malachite
green for the analysis of
rainbow trout flesh by,
2269-2280

after derivatization, for deter-
mination of selegiline main
metabolites in plasma,
797-809

of alkyl-chained diphosphines and
group s and 7 binary
carbonyls, 1959-1966

for analysis of aminophylline in
thigh cream formulations,
2399-2414

for analysis of the cardioprotective
agent dexrazoxane in human
plasma and urine, 583-601

for analysis of commercial neohes-
peridin dihydrochalcone,
2063-2073

for analysis of erythromycin and
related impurities in
pharmaceutical formulations,
553-565

for analysis of honey phenolic
acids, 2281-2288

for analysis and validation of 5-
fluorouracil and its metabolites
in rat plasma, 471-480

of aspartame and its decomposition
products in bulk material and
diet soft drinks, 1437-1444
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[HPLC continued]
for assay of chloropheniramine
maleate in tablet formulations,
2221-2231
assay of cisatracurium and its meta-
bolites in urine, 2041-2051
for assay of tebufenozide
insecticide in suspension
formulations, 2451-2459
with chemiluminescence detection
of corticosteroids and p-nitro-
phenacyl esters based on the
luminol reaction, 2965-2977
for determination of porphyrins,
681-691
using a conventional silica based
column, for morphine
determination, 311-325
chiral
for enantiomeric separation of a
series of C5-cycloalkylamine-

1,4-benzodiazepin-2-one CCKB

receptor antagonists, 111-121
for separation of 1-azabicyclo-
[2.2.1]heptan-3-one and 1-

alkoxycarbonylalkyl-
pyrrolidine-3-carboxylic acid
alkyl ester enantiomers on
polysaccharide-based
stationary phases, 1243-1256
for separation of Dand L enanti-
omers of [(phenylsulfonyl)-
amino]-3-oxo-l-octadecanol,
2959-2964
column-switching, for assay of
minocycline of nude mice
serum, 1257-1267
for compendial quality assessment
of methylxanthine derivatives,
1233-1242
of opium alkaloids, 3257-3268

SUBJECT INDEX TO VOLUME 20

coupled with a flame ionization
detector, for qualitative and
quantitative determination of
methyl esters, free fatty acids,
and mono-, di-, and triacyl-
glycerols, 1079-1090

with derivatization

for determination of ethosuxi-
mide in plasma, 1579-1589
for determination of methanol in

human plasma, 1967-1978

for determination of anti-
tuberculosis drugs in human
body fluids, 459-469

for determination of benazepril and
cilazapril in pharmaceuticals,
2135-2142

for determination of diflubenzuron
and teflubenzuron in fish feed,
1115-1121

for determination of fumaric acid,
3365-3376

for determination of 3-oxo0-A4 and
3-0x0-A46-bile acids in human
urine, 923-934

for determination of pentoxyverine in
cough preparations, 3049-3059

for determination of polar constit-
uents ofScrophulariae radix in
traditional Chinese medicinal
prescriptions, 1617-1632

for determination of progesterone
in nanocapsules, 3233-3243

for determination of taxol and
related taxanes from Taxus
callus cultures, 3147-3154

for determination of trace levels of
benzylchloride, chlorobenzene,
naphthalene, and biphenyl in
environmental samples,
3193-3202
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for determination of tramadol in
pharmaceutical dosage forms,
779-787
for determination of trilinolein and
1,2-dilinoleoyl-3-oleoyl-
glycerol in Panax ginseng,
899-905
for determination ofthe UDP-glu-
curonyl transferase activity for
7-hydroxycoumarin in rabbit
tissue samples, 217-226
for determination of vitamin Bb
caffeine, acetylsalicylic acid,
and salicylic acid in a
pharmaceutical preparation,
2123-2133
with diode-array detector
for simultaneous determination of
furanic aldehydes and caffeine
in coffee, 2949-2957
for simultaneous determination of
hydroxycinnamic acids in
green coffee, 2023-2030
direct, for separation and isolation
of limonoids from Khaya
senegalensis, 3189-3192
with electrochemical detection
coulometric, determination of
chenodeoxycholic acid in
pharmaceutical preparations of
ursodeoxycholic acid by,
757-770
for isocratic concurrent assay of
metabolites of norepinephrine
and 5-hydroxytryptamine in the
same urine extract sample,
1931-1943
microbore, for analysis and
pharmacokinetics of
apomorphine in rat brain,
4817190

3469

microbore, for determination of
glutamate in rat brain
microdialysates, 3039-3047
for monitoring clopamide in
human urine and pharmaceu-
tical formulations, 637-650
with ELSD
for analysis of quaternary
ammonium compounds,
1037-1047
for quantitation of neutral lipid
mixtures, 1829-1838
enantiomeric, of selected chiral
drugs using native and
derivatized p-cyclodextrins as
chiral mobile phase additives,
855-869
for evaluation of taxoids from
Taxus sp., 3135-3145
with fluorescence detection
for assay of flurbiprofen in rat
plasma, 1849-1855
for determination of abamectin in
forest matrices, 1757-1772
filter and tunable, comparison for
simultaneous quantitation of
lactone and carboxylate forms
oftopotecan in plasma,
1523-1537
for picogram determination of an
avermectin analog in dog
plasma, 4437158, 971
formation of a vinyl alcohol
derivative during sample
preparation of 7-chloro-6,4'-
difluoroquinolone for, 525-535
high speed with fluorescence
detection, for determination of
chloroquine and desethyl-
chloroquine in biological
samples, 1103-1113
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[HPLC continued]

ion exchange, for determination of
pyridinium crosslinks in urine
as markers of bone resorption,
1921-1930

ion-interaction, for determination
of hallucinogenic species in
Amanita muscaria, 413-"424

ion-pair

bare-silica stationary phase, for
monitoring paraquat and diquat
in serum, 3339-3350
for 1,3-dichloro-6,7,8,9,10,12-

hexahydroazepino[2,1-b]
quinazoline monohydro-
chloride in bulk pharmaceutical
chemical, 1539-1551

for isolation and spectroscopic
characterization of metabolites
from the bile of rats receiving
intravenous rapamycin,
1689-1701

on line with photodiode array
detection, for peptic peptide
mapping, 1717-1739

for measurement of the binding of
polyamines and lipidic amines
toDNA, 1789-1796

for measurement of the non-
nucleoside anti-HIV agent
(+)dihydrocalanolide A,
651-659

methodology, optimization by
experimental design for the
separation of stereoisomers,
501-509

with peroxyoxalate chemilumines-
cence detection, of the
synthetic peptide ebiratide,
2377-2387

with photodiode array detector, for

SUBJECT INDEX TO VOLUME 20

evaluation of pure coumarins,
1887-1901

with post-column derivatization,
for determination of dihydro-
streptomycin sulfate in kidney
and meat, 2259-2268

with precolumn phenacylation, for
the assay of valproic acid and
its salts in pharmaceutical
dosage forms, 2075-2087

with pre-column o-phthaldialde-
hyde derivatization, for deter-
mination of NGmonomethyl-L-
arginine, 1839-1848

preparative, using the recycling
mode, for purification of
azadirachtin-B, 1633-1636

for quantitative determination of
5-methyl-deoxycytidine in
animal tissue DNA, 1279-1293

reductive voltammetric, for detec-
tion of aflatoxins, 1057-1065

for separation of glycosides,
335-349

size exclusion

for analysis of conformational
changes of cholera toxin,
1515-1521
of ferritin and magnetoferritin,

3351-3364

of small and large molecules with
nonporous silica-based
stationary phases, 183-201

and SPE, for determination of
amitriptyline and nortriptyline
in human plasma, 1067-1078

SPE of perphenazine from blood
serum for, 935-942

SPE with, for quantitation of
pimethixene in human milk
and plasma, 789-796
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with spectrophotometric detection,
for determination of metal ions
in bromoperoxidases from
Pseudomonas putida and
Corallinapilulifera,
2367-2376
stability-indicating
for the determination of
dipyridamole in Dipyridamole
Injection, 2109-2121
for the determination of oxytocin
acetate in Oxytocin Injection,
USP, Synthetic, 567-581
for the quantitative analysis of
rooperol tetra-acetate,
3061-3072
with tandem mass spectrometric
detection, for assay of
sertindole and its metabolites,
2241-2257
using partial least squares and
principal component
regression, for determination of
folpet, procymidone, and
triazophos in groundwater,
4251142
with UV detection
for assay of serum amphotericin-
B ,1857-1866
for determination of fluvoxamine
and paroxetine in human
serum, 283-295
for determination of a
monobactam antibiotic,
1091-1101
for determination of sodium
acifluorfen in tropical fish,
1945-1957
for determination of taurine in
infant formulae and breast
milk, 1269-1278

3471

and fluorescence detection,
for derivatization of alcohols
with carboxylic-sulphonic
mixed anhydrides,
1553-1577
and mass spectrometry, for
analysis of SFE of mycotoxins
from feeds, 537-551
UV/RI, for simultaneous
determination of sugars, uric
acid, and orotic acids in infant
formulaes, 3419-3429
See also Reversed-phase high-
performance liquid
chromatography
High-performance thin layer
chromatography (HPTLC),
quantitative, for determination
of natural and synthetic colors
in alcoholic and non-alcoholic
beverages, 101-110
High pressure liquid chromatogra-
phy, and fluorescence
detection, for determination of
total homocysteine and other
thiols in pediatric samples,
1391-1408
High-speed countercurrent
chromatography (HS-CCC)
for the enrichment and separation
of holmium and erbium,
1995-2007
for the separation of Annonaceous
acetogenins, 627-635
Holmium, enrichment and separation
by HS-CCC, 1995-2007
Homocysteine, total, high pressure
liquid chromatography with
fluorescence detection for
determination in pediatric
samples, 1391-1408
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Honey
HPLC analysis of phenolic acids and
application to honey botanical
characterization, 2281-2288
liquid chromatography with elec-

trochemical detection for
determination of 4-chloroani-
line and 4-chlorophenyl urea
in, 1591-1603

HPAEC-PAD. See High-performance
anion exchange chromatogra-
phy with pulsed amperometric
detection

HPC. See High-performance capillary
electrophoresis

HPLC. See High-performance liquid
chromatography

HPTLC. See High-performance thin
layer chromatography

HS-CCC. See High-speed counter-
current chromatography

Hydrogen chloride, influence on the
liquid chromatographic proper-
ties of silica-immobilized bo-
vine serum albumin under nor-
mal-phase conditions, 21-29

Hydrophilic interaction chromatogra-
phy, for separation of high
molecular weight saponins of
Archidendron ellipticum,
2415-2426

Hydrophobicity index ), estimation
and comparison with the
RP-HPLC lipophilicity
parameters log k' and log kw
1703-1715,2495

Hydrophobicity studies, application
of RP-HPLC determination of
partition coefficients of 2-
amino-2-oxazolines to,
671-679
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Hydroxycinnamic acids, HPLC with
diode-array detector for deter-
mination of hydroxycinnamic
acids in green coffee,
2023-2030

7-Hydroxycoumarin, HPLC deter-
mination of the UDP-glu-
curonyl transferase activity for,
217-226

Hydroxytryptamine metabolites,
HPLC with electrochemical
detection for simultaneous
extraction and quantification
with norepinephrine
metabolites, 1931-1944

Immobilized iron(111) metal affinity
chromatography, for the
separation of phosphor-
ylated macromolecules,
123-142

Indirect chromatography, for
characterization of iodine
monochloride, 3401-3417

Infant formulae

HPLC with UV detection for
determination of taurine in,
1269-1279

HPLC-UV/RI for simultaneous
determination of sugars, uric
acid, and orotic acids in,
3419-3429

Inorganic cations and anions, simul-
taneous separation by ion
chromatography using strong
anionic/zwitterionic mixed
micelles as the stationary
phase, 1221-1232
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Insecticide, tebufenozide, HPLC
assay in suspension
formulations, 2451-2459

lodide, inorganic, determination in
serum by paired-ion RP-HPLC
with electrochemical detection,
1445-1459

lodine monochloride, indirect chro-
matographic characterization
of, 3401-3417

lon chromatography

for separation and determination of
organogermanium compounds,
943-956
using strong anionic/zwitterionic
mixed micelles as the station-
ary phase, for simultaneous
separation of inorganic cations
and anions, 1221-1232
using zwitterionic surfactants as the
stationary phase and water as
the mobile phase, 1903-1919
lon exclusion chromatographic separa-
tions, retention of acidic aromatic
compounds in, 1005-1013
lon-interaction HPLC, for determina-
tion of hallucinogenic species
in Amanita muscaria, 413124
lon-pair liquid chromatography
chiral, for enantiomeric separation
of aromatic amino alcohol
drugs, 1507-1514
retention profile of fenbendazole,
its sulphoxide sulphone, and
hydroxylated metabolites in,
1175-1184
for separation and determination of
dyes, 3073-3088
for separation of isomers of pyri-
dinedicarboxylic acids,
2233-2240

3473

lon-pair reagent, for optimization of
RP-HPLC determination of
carboxylic acids in plant
materials, 1773-1787

Iron assay, of ferritin and magneto-
ferritin, 3351-3364

Iron(111), simultaneous determination
with zinc(Il) in human serum
by liquid chromatography
using post-column deriva-
tization with 4-(2-pyridylazo)-
resorcinol, 2357-2366

Isometallothioneins, RP-HPLC
quantification of basal amounts
in cultured cells, 617-625

K

Khaya senegalensis, direct HPLC
separation and isolation of
limonoids in, 3189-3192

L

Lanthanides, on-line sample pretreat-
ment and determination in
complex matrices by chelation
ion chromatography,
3173-3188

Legumes, determination of free and
glycosy lated vitamin B6in,
957-969

Lignan, of Saururus cernuus,
reversed phase column
chromatography of, 3121-3134

Limonoids, separation and isolation
from Khaya senegalensis by
direct HPLC, 3189-3192

Lipid mixtures, neutral, quantitation
by HPLC with ELSD,
1829-1838
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Lipophilicity
parameters log k' and log kw
RP-HPLC, estimation and
comparison with the
hydrophobicity index w0,
1703-1715,2495
of substituted biphenyls, determina-
tion by RP-HPLC, 3029-3037
Lipoproteins, separation from plasma
by flow FFF, 2777-2802
Low molecular weight polymers
electrospray mass spectrometry as an
on-line detector for separations
with flow FFF, 2843-2856
SEC of, 4037411
Luminol reaction, chemilumines-
cence HPLC of corticosteroids
and p-nitrophenacyl esters
based on, 2965-2977

M

Macrocyclic antibiotic, as a chiral
selector for capillary
electrophoresis, 887-898

Macromolecules

characterization by isoperichoric
focusing FFF, 2555-2577

phosphorylated, immobilized
iron(111) metal affinity
chromatography for the
separation of, 123-142

Magnetoferritin, iron assay and size
exclusion HPLC of, 3351-3364

Malachite green, leuco, post-column
electrochemical oxidation of,
for the analysis of rainbow
trout flesh using HPLC with
absorbance detection,
2269-2280
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Mass spectrometry, SFE of myco-
toxins from feeds with analysis
by liquid chromatography with,
537-551

MCE. See Micellar capillary electro-
phoresis

Medical devices

reliable design of (book review),
3431-3433

safety evaluation of (book review),
3433-3434

MEKC. See Micellar electrokinetic
chromatography

Metal chelating analytes, potassium
tetrakis-(I//-pyrazolyl)-borate
as a mobile phase additive for
improved chromatography of,
3329-3337

Metal ions, HPLC with spectrophoto-
metric detection for determina-
tion in bromoperoxidases from
Pseudomonas putida and Cor-
allinapilulifera, 2367-2376

Metallated petroporphyrin models,
MEKC separation of,
2979-2995

Methanol, determination in human
plasma by derivatiza-
tion-HPLC, 1967-1978

Methyl esters, qualitative and
quantitative determination via
HPLC coupled with a flame
ionization detector, 1079-1090

9-N-Methyl-aminomethyl-anthra-
cene, as derivatization reagent
for determination of toluene
diisocyanate in air, 2207-2219

5-Methyl-deoxycytidine, sample
preparation method for quan-
titative HPLC determination in
animal tissue DNA, 1279-1293
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Methylxanthine derivatives, opti-
mized and validated HPLC
methods for compendial qual-
ity assessment of, 1233-1242

Metyrosine and its metabolite,
determination in serum by
RP-HPLC with SPE and fluor-
escence detection, 3009-3016

Micellar capillary electrophoresis
(MCE), cyclodextrin or
vancomycin-modified,
determination of association
constants in, 203-216

Micellar electrokinetic chroma-
tography (MEKC)

for estimation of critical micellar
concentration of sodium
dodecyl sulfate systems in
saline media, 1327-1336

for separation of metallated
petroporphyrin models,
2979-2995

for studies of crude ethanol extract
of roots of Salvia przewalskii
Maxim, 1211-1220

using mixed sodium dodecyl
sulfate and sodium cholate,
167-182

versus CZE in the separation of
phenols of environmental
interest, 1-20

Micellar liquid chromatography

(MLC)
with hybrid eluents, neural network
capability for retention
modeling in, 731-742
selectivity in, 351-376, 311-402

Microbore liquid chromatography,
for determination of tetrahy-
drobiopterin and its analogues
in biological samples, 825-837
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Microdialysis
for analysis and pharmacokinetics
of apomorphine in rat brain,
481-490
for determination of ffee-form
amphetamine in rat’s brain,
1605-1615
Milk
breast, HPLC with UV detection
for determination of taurine in,
1269-1278
concentrated, RP-HPLC with
microbore column for analysis
of e-N-2-furoylmethyl-L-lysine
in, 719-729
human, SPE using HPLC for quan-
titation of pimethixene in,
789-796
simultaneous separation and
detection of common fat-
soluble vitamins in, 2389-2397
Minocycline, column-switching
HPLC assay in nude mice
serum,1257-1267
Mixed chemically bonded phases,
with alkylamide and aminopro-
pyl ligands, chromatographic
properties of, 2313-2325
Mixed micelles, strong anionic/zwit-
terionic, as the stationary phase
for simultaneous separation of
inorganic cations and anions by
ion chromatography, 1221-1232
MLC. See Micellar liquid chroma-
tography
Mobile phase
flow programming, in liquid chro-
matography using short narrow
bore columns, 2031-2039
ion chromatography using water as,
1903-1919
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Mobile phase additives
chiral, native and derivatized p-cy-
clodextrins, for enantiomeric
HPLC separation of chiral
drugs, 855-869
p-cyclodextrin, for HPLC
determination of trimipramine
enantiomers, 3107-3119
potassium tetrakis-(l//-pyrazolyl)-
borate, for improved
chromatography of metal
chelating analytes,
3329-3337
Molecular weight, standardless
determination for polystyrene
by thermal FFF, 2723-2739
Mono-, di-, and triacylglyerols,
qualitative and quantitative
determination via HPLC
coupled with a flame ionization
detector, 1079-1090
Monobactam antibiotic, determina-
tion by HPLC with UV
detection, 1091-1101
NGMonomethyl-L-arginine, deter-
mination in human and dog
serum by pre-column o-phthal-
dialdehyde derivatization and
HPLC, 1839-1848
Monosaccharide, determination by
HPCE using benzoyl hydrazine
reagent, 1123-1137
Morphine, determination by HPLC
with improved chemilumi-
nescence detection using a
conventional silica based
column, 311-325
Multiangle light scattering, for
polydispersity study of narrow
polystyrene standards,
2169-2180
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Mycotoxins, SFE from feeds with
analysis by liquid chromatogra-
phy with UV detection and with
mass spectrometry, 537-551

N

Nadolol and enantiomers, HPLC
separation on Chiralcel OD
column (erratum), 661-662

Nanocapsules, HPLC determination
of progesterone in, 3233-3243

Naphthalene, HPLC determination of
trace levels in environmental
samples, 3193-3202

Neohesperidin dihydrochalcone,
commercial, HPLC analysis of,
2063-2073

Neural network, capability for
retention modeling in MLC
with hybrid eluents, 731-742

p-Nitrophenacyl esters, chemilumi-
nescence HPLC based on the
luminol reaction of, 2965-2977

Nonactin and its homologues,
analytical RP-HPLC separation
of, 1295-1300

Nonlinear data bunching, 1049-1055

Non-nucleoside anti-HIV agent
(+)dihydrocalanolide A, HPLC
measurement of, 651-659

Non-suppression conductivity detec-
tion, analysis of alkyl sulfon-
ates by RP-HPLC with,
2053-2061

Norepinephrine metabolites, HPLC
with electrochemical detection
for simultaneous extraction and
quantification with 5-hydroxy-
tryptamine metabolites,
1931-1944
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Norfluoxetine, determination in
human plasma by ion-inter-
action RP-HPLC, 3017-3028

Nortriptyline, SPE and HPLC
determination in human
plasma, 1067-1078

0]

Oleaginous vehicle, extraction and
quantification of recombinant
bovine somatotropin from,
245-256

Oligomers, liquid chromatography of
(book review), 973-974

Oligonucleotides, antisense, CZE
determination of sodium
acetate in, 1185-1195

Opium alkaloids, optimized and
validated HPLC methods for
compendial quality assessment
of, 3257-3268

Organogermanium compounds, sepa-
ration and determination by ion
chromatography, 943-956

Organophosphorus pesticide residues,
GPC determination in carrot,
771-777

Origin, version 4 (software review),
2289-2291

Orotic acid, simultaneous deter-
mination in infant formulaes
with sugars and uric acid by
HPLC-UV/RI, 3419-3429

Orthophosphate adsorption, sedimen-
tation FFF for estimation of,
the effect of particle surface
coatings on, 2647-2667

3-Ox0-A4 and 3-oxo0-A46-bile acids,
HPLC determination in human
urine, 923-934
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Oxytetracycline and its related sub-
stances, separation by capillary
electrophoresis, 273-282

Oxytocin acetate, stability-indicating
HPLC for determination in
Oxytocin Injection, USP,
Synthetic, 567-581

PAD. See Pulsed amperometric
detection
Panax ginseng, HPLC determinations
of trilinolein and 1,2-dilinole-
oyl-3-oleoyl-glycerol in,
899-905
Parallel flow restrictor, for super-
critical fluid chromatographic
detection, 3389-3399
Paraquat, monitoring in serum by
ion-pairing bare-silica station-
ary phase HPLC, 3339-3350
Paroxetine, HPLC with UV detection
for determination in human
serum, 283-295
Partial least squares, for HPLC
determination of pesticides in
groundwater, 425-442
Particles
characterization by isoperichoric
focusing FFF, 2555-2577
charged, FFF with electroosmotic
flow of, 2873-2886
photophoretic effects in FFF of,
2907-2929
surface phenomena in thermal FFF
of, 2687-2702
Partition coefficients, RP-HPLC
determination for 2-amino-2-
oxazolines, 671-679
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PCS. See Photon correlation
spectroscopy
Pediatric samples, high pressure
liquid chromatography with
fluorescence detection for
determination of total
homocysteine and other thiols
in, 1391-1408
Pentoxyverine, HPLC determination in
cough preparations, 3049-3059
Peptide-related and other drugs,
biofluid assay for (book
review), 157-158
Peptides
chains, capillary electrophoresis for
counting integral numbers of y-
carboxyglutamic acids on,
2009-2021
peptic, mapping by HPLC on line
with photodiode array
detection, 1717-1739
proteolytically released carbohydrate-
containing, of bovine prothrom-
bin fragment 1, electrospray
ionization mass spectrometry and
capillary electrophoresis
evaluation of, 987-1004
synthetic, HPLC with peroxyoxa-
late chemiluminescence detec-
tion of ebiratide as, 2377-2387
Peroxy-oxalate chemiluminescence
detection, HPLC with, the syn-
thetic peptide ebiratide,
2377-2387
Perphenazine, SPE from blood serum
for HPLC, 935-942
Pesticides
HPLC determination in ground-
water using partial least squares
and principal component
regression, 425°142
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HPLC with precolumn deriva-
tization for determination
of asulam and amitrole,
603-615
liquid chromatographic assay of
aminocarb and fenitrothion in,
1423-1435
organophosphorus, determination
of residues in carrot by GPC,
771-777
study of retention behavior for
reversed phase liquid chroma-
tographic separation by
quantitative structure-retention
relationships, 871-885
Petroporphyrin models, metallated,
MEKC separation of,
2979-2995
Pharmaceutical formulations
bulk, ion-pair HPLC assay for 1,3-
dichloro-6,7,8,9,10,12-
hexahydroazepino[2,1-b]
quinazoline monohydro-
chloride in, 1539-1551
HPLC analysis of erythromycin
and related impurities in,
553-565
HPLC determination of benazepril
and cilazapril in, 2135-2142
HPLC determination of tramadol
in, 779-787
HPLC determination of vitamin B,,
caffeine, acetylsalicylic acid,
and salicylic acid in,
2123-2133
HPLC with precolumn phenacyla-
tion for the assay of valproic
acid and its salts in, 2075-2087
RP-HPLC simultaneous determina-
tion of antioxidants and
preservatives in, 1797-1808
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tablets, HPLC assay of chloro-
pheniramine maleate in,
2221-2231
of ursodeoxycholic acid, HPLC
with couloraetric electro-
chemical detection for
determination of cheno-
deoxycholic acid in, 757-770
See also Drugs
Phenolic acids, HPLC analysis in
honey, 2281-2288
Phenols, of environmental interest,
CZE versus MEKC inthe
separation of, 1-20
Phenothiazine compounds, chiral
resolution on Chiralcel OJ-R,
693-705
D,L-Phenylalanine, enantioseparation by
molecularly imprinted polymer
particles filled CEC, 1489-1506
[(Phenylsulfonyl)amino]-3-o0xo0-1-
octadecanol, chiral HPLC
separation of Dand L
enantiomers of, 2959-2964
Phosphorylated macromolecules,
separation by immobilized
iron(l11) metal affinity
chromatography, 123-142
Photon correlation spectroscopy
(PCS), for characterization of
intravenous fat emulsion,
2599-2614
Photophoretic effects, in FFF of
particles, 2907-2929
Pimethixene, quantitation in human
milk and plasma by SPE using
HPLC, 789-796
Planar chromatography systems,
chemometric account for
retention of lysosomotropic
alkanolamines in, 2327-2355
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Plasma, SPE using HPLC for quanti-
tation of pimethixene in,
789-796

Polyamines, HPLC measurement of
binding to DNA, 1789-1796

Polydispersity

of narrow polystyrene standards,
multiangle light scattering
study for, 2169-2180

standardless determination for
polystyrene by thermal FFF,
2723-2739

Polymer coated capillaries, for free
solution capillary electro-
phoretic separation of basic
proteins and drugs, 707-718

Polymeric extraction sorbent, for SPE
determination oftricyclic
antidepressants in serum,
2461-2473

Polymers

effect of channel orientation on
retention in thermal FFF,
2703-2722
low molecular weight
electrospray mass spectrometry as
an online detector for separations
with flow FFF, 2843-2856
SEC of, 403411

Polymethacrylate copolymeric anion
exchanger, versus styrene-di-
vinylbenzene copolymeric
anion exchanger for glucosino-
late separation, 907-921

Polysaccharide-based stationary
phases

for chiral HPLC separations of 1-aza-
bicyclo[2.2.1]heptan-3-one and
1-alkoxycarbonylalky 1-pyr-
rolidine-3-carboxylic acid alkyl
ester enantiomers, 1243-1256
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[Polysaccharide-based stationary
phases continued]
effects of alcohol modifiers on the
separation of 1-alkoxycarbon-
yl-alkyl-pyrrolidine-3-
carboxylic acid alkyl ester
enantiomers on, 2181-2192
Polystyrenes
high molecular weight, degradation
during the SEC separation
process, 2155-2167
light scattering polydispersity study
of narrow standards of,
2169-2180
standardless determination of
molecular weight and polydis-
persity by thermal FFF,
2723-2739
Poly(vinylphenol-co-divinylbenzene)
beads, porous, as a polar
separation medium for SEC,
227-243
Pore structure, of zirconia, control for
chromatographic applications,
1651-1666
Porphyrins, determination by HPLC
with chemiluminescence
detection, 681-691
Post-column electrochemical oxida-
tion, of leuco malachite green
for the analysis of rainbow
trout flesh using HPLC with
absorbance detection,
2269-2280
Postcolumn enzyme reactor, quanti-
tative analysis of debranched
amylopectin by HPAEC-PAD
with, 297-310
Potassium tetrakis-( 1//-pyrazolyl)-
borate, as a mobile phase
additive for improved
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chromatography of metal
chelating analytes, 3329-3337
Precolumn phenacylation, assay of
valproic acid and its in
pharmaceutical dosage forms
by HPLC with, 2075-2087
Preservatives, simultaneous
RP-HPLC determination with
antioxidants in cosmetics and
pharmaceutical preparations,
1797-1808
Principal component regression, for
HPLC determination of pesti-
cides in groundwater, 425-442
Progesterone, HPLC determination in
nanocapsules, 3233-3243
Protein synthesis initiation factor 2,
eukaryotic, nonideal SEC of,
143-153
Proteins
basic, free solution capillary
electrophoretic separation
using cationic polymer coated
capillaries, 707-718
stopless separation by frit-inlet
asymmetrical flow FFF,
2803-2814
wheat, effects of surfactants on
fractionation by flow FFF,
2835-2842
Prothrombin fragment 1, bovine,
electrospray ionization mass
spectrometry and capillary
electrophoresis for evaluation
of proteolytically released
carbohydrate-containing
peptides of, 987-1004
Pulsed amperometric detection
(PAD), RPC with, for
separation of cyanogenic
glycosides, 335-349
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Purity, of commercial cyclodextrins,
advantages of ELSD for
control of, 1015-1035

Pyridinedicarboxylic acids isomers,
separation by ion-pairing
chromatography, 2233-2240

Pyridinium crosslinks, ion exchange
HPLC determination in urine
as markers of bone resorption,
1921-1930

4-(2-Pyridylazo)-resorcinol, simul-
taneous determination of
zinc(ll) and iron(I11) in human
serum by liquid chromato-
graphy using post-column
derivatization with, 2357-2366

Pyrimidines and their dihydrogenated
metabolites, simple chromato-
graphic analysis of, 3155-3172

Q

Qiangli yinggiao containing vitamin C
tablets, CZE determination of
active ingredients of, 3245-3255

Quadrupole magnetic field, applica-
tion to continuous-flow mag-
netic cell sorting, 2887-2905

Quanidino-phase, for quantitative
analysis of saccharides in
liquid chromatography,
2941-2948

Quantitative structure-retention
relationships, study of retention
behavior of pesticides for re-
versed phase liquid chromato-
graphic separation by, 871-885

Quaternary ammonium compounds,
analysis by HPLC with ELSD,
1037-1047
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R

Racemic and meso-2,3-dibromobu-
tane-1,4-dioic acids esters,
adsorption mechanism on
silica, 3146

Rapamycin (sirolimus), intravenous,
HPLC isolation and spectro-
scopic characterization of
metabolites from bile of rats
receiving, 1689-1701

Recombinant bovine somatotropin,
extraction and quantification
from oleaginous vehicle,
245-256

Red blood cells

human, age-dependent elution in
gravitational FFF, 2543-2553

sedimentation FFF at gravitational
field of, 2579-2597

Reductive voltammetric HPLC, for
detection of aflatoxins,
1057-1065

Retention

of acidic aromatic compounds in
ion exclusion chromatographic
separations, 1005-1013
behavior
of copolymers in thermal FFF
andGPC,2741-2756
of pesticides, for reversed phase
liquid chromatographic separ-
ation by quantitative structure-
retention relationships,
871-885
in thermal FFF, cold wall tem-
perature effects on, 2757-2775
characteristics, of titanium dioxide
and polyethylene-coated
titanium dioxide as reversed-
phase supports, 2997-3007
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[Retention continued]
data, for RP-HPLC, relationship
with pKa values in a series of
2-amino-2-oxazolines,
1381-1389
of lysosomotropic alkanolamines in
planar chromatography
systems, chemometric account
for, 2327-2355
modeling, in MLC with hybrid
eluents, neural network
capability for, 731-742
of polymer in thermal FFF, effect
of channel orientation on,
2703-2722
profile, of fenbendazole and its
sulphoxide sulphone and
hydroxylated metabolites in
ion-pair liquid chromatogra-
phy, 1175-1184
in RP-HPLC, lipophilicity
determination of substituted
biphenyls by RP-HPLC,
3029-3037
and selectivity in liquid chromato-
graphy (book review), 811-812
of silica particles in gravitational
FFF, analysis of second-order
effects on, 2615-2635
of zeolite particles in gravitational
FFF, influence of density on,
2637-2646
Retinyl palmitate, analysis in stan-
dard reference material 1846,
3317-3327
Reversed-phase chromatography
(RPC), with UV and PAD, of
cyanogenic glycosides,
335-349
Reversed phase column chroma-
tography, for isolation of the
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lignan constituents of
Saururus cernuus, 31213134
Reversed-phase high-performance

liquid chromatography
(RP-HPLC)

for analysis of water and fat soluble
vitamins in pharmaceutical
preparations and biological
fluids, 3203-3231

combined with electrospray ioniza-
tion mass spectrometry for de-
termination of vincristine and
vinblastine in Catharanthus
roseus plants, 1159-1174

for determination of lipophilicity of
substituted biphenyls,
3029-3037

for determination of partition coef-
ficients of 2-amino-2-oxazo-
lines, 671-679

ion-interaction, for determination
of fluoxetine and norfluoxetine
in human plasma, 3017-3028

ion pair, with amperometric detec-
tion, for determination of
biogenic amines and related
compounds in the heart of the
snail, 2427-2439

lipophilicity parameters log k' and
log kw estimation and com-
parison with the hydro-
phobicity index ioQ,
1703-1715,2495

with a microbore column, for
analysis of furosine® in
concentrated milk, 719-729

with nonsuppression conductivity
detection, for analysis of alkyl
sulfonates, 2053-2061

optimization for determination of
carboxylic acids in plant
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materials by use of an ion-pair
reagent, 1773-1787
paired-ion, with electrochemical
detection, for serum inorganic
iodide determination,
1445-1459
for quantification of basal amounts
of isometallothioneins in
cultured cells, 617-625
relationship between retention data
and pKa values in a series of 2-
amino-2-oxazolines,
1381-1389
for separation of nonactin and its
homologues, 1295-1300
for simultaneous determination of
antioxidants and preservatives
in cosmetics and pharmaceu-
tical preparations, 1797-1808
using SPE and fluorescence detec-
tion, for determination of
metyrosine and its metabolite
in serum, 3009-3016
Reversed-phase liquid chroma-
tography, for separation of
benzodiazepine, 1741-1756
Rooperol tetra-acetate, quantitative
analysis by a stability-
indicat-ing HPLC technique,
3061-3072
RPC. See Reversed-phase chroma-
tography
RP-HPLC. See Reversed-phase high-
performance liquid
chromatography

S

Saccharides, computational chemical
analysis of a guanidino-phase
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for liquid chromatographic
analysis of, 2941-2948

Salicylic acid, HPLC determination
in a pharmaceutical
preparation, 2123-2133

Saline media, MEKC estimation
of critical micellar
concentration of sodium
dodecyl sulfate systems in,
1327-1336

Salvia przewalskii Maxim roots,
MEKC studies of crude ethanol
extract of, 1211-1220

Saponins, high molecular weight,
separations from Archidendron
ellipticum by hydrophilic inter-
action chromatography,
2415-2426

Saururus cernuus, reversed phase
column chromatography for
isolation of the lignan
constituents of, 3121-3134

Scrophulariae radix polar constit-
uents, HPLC determination
in traditional Chinese
medicinal prescriptions,
1617-1632

SEC. See Size-exclusion
chromatography

Second-order effects, on gravitational
FFF retention of silica
particles, 2615-2635

Selectivity, in micellar liquid
chromatography, surfactant
bonded phase interactions

C8and cyanopropyl, 311-402
C18 351-376

Selegiline main metabolites,
determination in plasma by
HPLC after derivatization,
797-809
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Sertindole and its metabolites, HPLC
with tandem mass spectro-
metric detection for assay of,
2241-2257

Serum gangliosides, a variant for
isolation of, 1149-1157

SFE. See Supercritical fluid
extraction

Silica

first-level analysis of the adsorption
mechanism of esters of racemic
and meso-2,3-dibromobutane-
1,4-dioic acids on, 31—46

influence of hydrogen chloride on
the liquid chromatographic
properties of bovine serum
albumin immobilized on,
21-29

particles, second-order effects on
gravitational FFF retention of,
2615-2635

Silica gel

phase, diol-modified, chromatogra-
phic separation of coumarins
and flavonoids on, 2089-2098

plate, enantiomeric separation of
aromatic amino alcohol drugs
by chiral ion-pair chroma-
tography on, 1507-1514

Silica-based stationary phases,
nonporous, HPLC of small
and large molecules with,
183-201

Sirolimus. See Rapamycin

Size-exclusion chromatography
(SEC)

degradation of high molecular weight
polystyrenes during the sepa-
ration process of, 2155-2167

of low molecular weight polymers,
403 411
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for measurement of pore size distri-
butions, surface areas, and pore
volumes of zirconia and
zirconia-silica mixed oxide
stationary phases, 1471-1488
non ideal, of eukaryotic protein
synthesis initiation factor 2,
143-153
uniformly sized, porous poly(vinyl-
phenol-co-divinylbenzene)
beads as a polar separation
medium for, 227-243
Sodium acetate, CZE determination
in antisense oligonucleotides,
1185-1195
Sodium acifluorfen, determination in
tropical fish by HPLC with UV
detection, 1945-1957
Sodium cholate, with sodium
dodecyl sulfate for MEKC,
167-182
Sodium dodecyl sulfate
with sodium cholate for MEKC,
167-182
systems, MEKC estimation of
critical micellar concentration
in saline media, 1327-1336
Solid phase extraction (SPE)
of biogenic amines from wine
before chromatographic
analysis of their AQC
derivatives, 743-755
for determination of amitriptyline
and nortriptyline in human
plasma, 1067-1078
of perphenazine from blood serum
for HPLC, 935-942
for separation of water and fat
soluble vitamins in pharma-
ceutical preparations and
biological fluids, 3203-3231
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for trimipramine enantiomers,
3107-3119
use with RP-HPLC for determina-
tion of metyrosine and its
metabolite in serum,
3009-3016
using HPLC, for quantitation of
pimethixene in human milk and
plasma, 789-796
using a polymeric extraction
sorbent, for determination of
tricyclic antidepressants in
serum, 2461-2473
Somatotropin, recombinant bovine,
extraction and quantification
from oleaginous vehicle,
245-256
SPE. See Solid phase extraction
Spectrophotometric detection, deter-
mination of metal ions in
bromoperoxidases from
Pseudomonas putida and
Corallinapilulifera by HPLC
with, 2367-2376
Split-flow thin channel separation
(SPLITT), cylindrical, appli-
cation to continuous-flow
magnetic cell sorting,
2887-2905
SPLITT. See Split-flow thin channel
separation
Stability-indicating HPLC
for the determination of
dipyridamole in Dipyridamole
Injection, 2109-2121
for the determination of oxytocin
acetate in Oxytocin Injection,
USP, Synthetic, 567-581
for the quantitative analysis of
rooperol tetra-acetate,
3061-3072
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Standard reference material 1846,
liquid chromatographic
analysis of all-rac-a-tocopheryl
acetate, tocopherols, and
retinyl palmitate in, 3317-3327

Stationary phases

p-cyclodextrin versus heptakis-2,3-
O-dimethy I-p-cyclodextrin
comparison of the enantio-
selectivity of, 3279-3295
comparison of the selectivity
and retention of, for structural
and geometric isomers,
3297-3308
nonporous silica-based, for HPLC
of small and large molecules,
183-201
polysaccharide-based
for chiral separations of 1-
azabicyclo[2.2. ITheptan-3-one
and 1-alkoxycarbonyialkyl-
pyrrolidine-3-carboxylic
alkyl ester enantiomers,
1243-1256
effects of alcohol modifiers on
the separation of 1-alkoxy-
carbonyl-alkyl-pyrrolidine-3-
carboxylic acid alkyl ester
enantiomers on, 2181-2192
strong anionic/zwitterionic mixed
micelles, for simultaneous
separation of inorganic cations
and anions by ion
chromatography, 1221-1232
zirconia and zirconia-silica mixed
oxide, SEC measurement of
pore size distributions, surface
areas, and pore volumes of,
1471-1488
zwitterionic surfactants, for ion
chromatography, 1903-1919
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Stereoisomers, use of experimental
design in the optimization of
HPLC methodology for the
separation of, 501-509

Stopless separation, of proteins by
frit-inlet asymmetrical flow
FFF, 2803-2814

Styrene-divinylbenzene copolymeric
anion exchanger, versus poly-
methacrylate copolymeric
anion exchanger for glucosino-
late separation, 907-921

Sufentanil, determination in human
plasma by capillary electropho-
resis and GC-MS, 1311-1326

Sugars, simultaneous determination
in infant formulae with uric
and orotic acids by
HPLC-UV/RI, 3419-3429

Sulfides, characterization by
gravitational FFF, 839-854

Supercritical fluid chromatographic
detection, using a parallel flow
restrictor, 3389-3399

Supercritical fluid extraction (SFE),
of mycotoxins from feeds with
analysis by liquid chromato-
graphy with UV detection and
with mass spectrometry,
537-551

Supports, reversed-phase, retention
characteristics of titanium
dioxide and polyethylene-
coated titanium dioxide as,
2997-3007

Surface coatings, of particles, sedimen-
tation FFF for the estimation of
the effect on the adsorption of
orthophosphate, 2647-2667

Surface phenomena

in sedimentation FFF, 2669-2685
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in thermal FFF of particles,
2687-2702
Surfactant-bonded phase interactions, in
micellar liquid chromatography
C8and cyanopropyl, 3777102
C18 351-376
Surfactants
effects on wheat protein fractiona-
tion by flow FFF, 2835-2842
FFF ofthe rates of adsorption to
colloidal substrates, 2509-2524
zwitterionic, as the stationary phase
in ion chromatography,
1903-1919

T

Tandem mass spectrometric
detection, assay of sertindole
and its metabolites by HPLC
with, 2241-2257

Taurine, HPLC with UV detection for
determination in infant
formulae and breast milk,
1269-1279

Taxoids, HPLC evaluation from
Taxus sp. crude extracts,
3135-3145

Taxol

and related taxanes, HPLC
determination from Taxus
callus cultures, 3147-3154

separation from cephalomannine by
CCC, 57-61

Taxus

callus cultures, HPLC
determination of taxol and
related taxanes from,
3147-3154

crude extracts, HPLC evaluation of
taxoids from, 3135-3145
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Tebufenozide insecticide, HPLC
assay in suspension
formulations, 2451-2459

Teflubenzuron, HPLC determination
in fish feed, 1115-1121

Tetrahydrobiopterin and its ana-
logues, microbore liquid
chromatography for
determination in biological
samples, 825-837

Thermal diffusion, in thermal FFF,
effect of channel orientation
on, 2703-2722

Thigh cream formulations, HPLC
analysis of aminophylline in,
2399-2414

Thin-layer chromatography (TLC)

densitometer, for evaluation of pure
coumarins, 1887-1901

for isolation of serum gangliosides,
1149-1157

Thiols, high-pressure liquid chroma-
tography with fluorescence
detection for determination in
pediatric samples, 1391-1408

Titanium dioxide and polyethylene-
coated titanium dioxide, reten-
tion characteristics as reversed-
phase supports, 2997-3007

TLC. See Thin-layer chromatography

Tocopherols, analysis in standard
reference material 1846,
3317-3327

Toluene diisocyanate, determination
in air using di-n-butylamine
and 9-N-methyl-aminomethyl-
anthracene as derivatization
reagents, 2207-2219

Topotecan lactone and carboxylate
forms, comparison of filter and
tunable fluorescence detection
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for HPLC simultaneous
quantitation in plasma,
1523-1537
Tramadol, HPLC determination in
pharmaceutical dosage forms,
779-787
Tricyclic antidepressants, determina-
tion in serum by SPE using a
polymeric extraction sorbent,
2461-2473
Trilinolein, HPLC determination in
Panax ginseng, 899-905
Trimipramine
chiral resolution on Chiralcel OJ-R,
693-705
enantiomers, HPLC determination
in human serum, 3107-3119

U

UDP. See Uridine diphosphate
Ultraviolet (UV) detection
determination of fluvoxamine and
paroxetine in human serum by
HPLC with, 283-295
HPLC with
for determination of monobactam
antibiotic, 1091-1101
for determination of sodium
acifluorfen in tropical fish,
1945-1957
for determination of taurine in
infant formulae and breast
milk, 1269-1278
for serum amphotericin-B assay,
1857-1866
indirect
determination of amino acids in
urine by capillary electro-
phoresis with, 2475-2493
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[UV detection continued]
for determination of
preconcentration of aliphatic
amines from water, 79-100
RPC with, for separation of
cyanogenic glycosides,
335-349
SFE of mycotoxins from feeds with
analysis by liquid chroma-
tography with, 537-551
Ultraviolet (UV) detectors,
comparison with fluorescence
detectors in the liquid
chromatographic analysis of
glyphosate deposits after post-
column derivatization,
511-524
Uric acid, simultaneous determina-
tion in infant formulae
with sugars and orotic acid by
HPLC-UV/RI, 3419-3429
Uridine diphosphate (UDP)-
glucuronyl transferase activity,
HPLC determination for 7-
hydroxycoumarin in rabbit
tissue samples, 217-226
Ursodeoxycholic acid, HPLC with
coulometric electrochemical
detection for determination of
chenodeoxycholic acid in
pharmaceutical preparations of,
757-770
UV. See Ultraviolet

\%

Valproic acid and its salts, HPLC
with precolumn phenacylation
for assay in pharmaceutical
dosage forms, 2075-2087
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Vancomycin-modified MCE,
determination of association
constants in, 203-216

Vincristine and vinblastine, determin-
ation in Catharanthus roseus
plants by RP-HPLC/
electrospray ionization
mass spectrometry, 1159-1174

Vinyl alcohol derivative, formation
during sample preparation of 7-
chloro-6,4'-difluoroquinolone
for HPLC, 525-535

Vitamin B,, HPLC determination in a
pharmaceutical preparation,
2123-2133

Vitamin B6, free and glycosylated, in
legumes, 957-969

Vitamin C tablets, giangli yingqgiao
containing, CZE determination
of active ingredients of,
3245-3255

Vitamins

fat-soluble, simultaneous separation
and detection in milk,
2389-2397

water and fat soluble, simultaneous
determination in pharmaceuti-
cal preparations and biological
samples after SPE separation
and RP-HPLC analysis,
3203-3231

wW

Wheat protein, effects of surfactants
on fractionation by flow FFF,
2835-2842

Wine, SPE of biogenic amines before
chromatographic analysis of
their AQC derivatives,
743-755
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4 Zirconia
control of pore structure for

Zeolite particles, influence of density chromatographic applications,

on retention in gravitational 1651-1666

FFF,2637-2646 and zirconia-silica mixed oxide
Zinc(I), simultaneous determination stationary phases, SEC

with iron(l11) by liquid chroma- measurement of pore size

tography using post-column distributions, surface areas,

derivatization with 4-(2-pyridy- and pore volumes of,

lazo)-resorcinol, 2357-2366 1471-1488
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