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SCALE UP RELIABILITY

Simple, Economical and Direct

Produced to the Same Exacting Specifications,

E. Merck Silica Based Chromatography Products Provide
the Highest Performance with Identical Selectivity and
Guaranteed Reproducibility Regardless of the

Method and Size of Your Sample

...Makes the Transfer from
Analytical to Prep and
Production Scale Easy,
Reliable, and Reproducible

Use HPTLC to Economically Scan
Chemistries to Determine the Best
Selectivity

E. Merck HPTLC plates are available in a wide
range of bonded phases which provide a fast, easy,
and direct method for product screening. HPTLC
can be particularly useful for “In-Process” control
during prep LC with Lobar® Prepacked Columns.

Lobar Prepacked Glass LC Columns Offer
Convenience, Economy, and Performance
for Preparative Chromatography in the Lab
Lobar Glass Columns are packed with E. Merck
LiChroprep® materials which are guaranteed to
provide identical selectivity. They are a convenient
and cost-effective alternative to HPLC for isolating
prep quantities of product. Available in three sizes
to accommodate a variety of loading capacities.

LiChroprep Packing Materials Guarantee
Selectivity and Reproducibility for Scale Up
40-63 pm E. Merck has produced LiChroprep packing
materials with the same guaranteed selectivity for
over 20 years. Available in four different particle
5540 ym size ranges, scale up reproducibility is guaranteed.
= ORDER DIRECT
For more information call 800/922-1084 or write:

®
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Guaranteed
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E E. Merck
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different particle sizes . " EM SEPA TIONS

A Division of EM Industries, Inc.

480 Democrat Road ¢ Gibbstown, New Jersey 08027
(609) 224-0742 = (800) 922-1084 * FAX: (609) 423-4389
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Why let one bad apple
spoil all your work?

Get reproducible results
with Whatman.

Call 1-800-242-7530
for afree sample and more information.

Reproducibility problems are more than just frustrating: They cast
doubt on the validity of your analysis. Why not get the reproducible
results you need from Whatman?

Whatman has the most complete line of sample prep products in
the industry—over 500 in all-and every one is unconditionally guaran-
teed to work within your exacting tolerances. In fact, reproducible
results are the #1 reason so many professionals have made the switch
to Whatman.

Our technical staff is ready to help you improve your method’s
reproducibility—whether your problems are procedural or involve the
shortcomings of another manufacturer’s product.

So the next time you're less than satisfied with the results you're
getting, call Whatman. We'll spoil you, not your work.
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Whatman

Whatman Laboratory Division

Whatman Inc., 8 Bridewell Place, Clifton, New Jersey 07014
Telephone: 201-773-5800 Telex: 133426 Fax: 201-472-6949
Whatman (word and device) and Whatman (word only) are trademarks of Whatman Paper Ltd. 746-11-203

The reproducible results you need. Guaranteed.
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Introducing
Genesis™

A new age in FTIR spectroscopy begms.

It's simplicity. For the first time ever, spectroscopists and non-spectroscopists alike can start
gathering spectra instantly. Without special training. Without memorizing cryptic commands.
As the acknowledged leader in easy-to-use software, we're proud to announce that Genesis #s simplicity.

Without sacrifice. New microelectronic technology gives you the performance you demand, Mattson
and the large sample compartment you need, in a revolutionary new design: Genesis is the smallest Revolutionary. Evolutionary.
spectrometer ever made. Yet, it's Designed For Ruggedness and Reliability (DFRZ) ™ @Z: i

It's ahead of its time. We designed Genesis like we design all of our instruments — with an m——
; ; : ) ] ANALYTICAL SYSTEMS

eye to the future. It's ready to evolve with changes in technology. It's ready to grow with you.

1001 Fourier Drive Madison, W1 53717

Welcome to the new a8t of FTIR. Cahn, Orion, Mattson and Unicam are

Call (608) 831-5515 and ask about Genesis today. Or fax us at 608-831-2093. operating divisions of Analytical Technalagy, Inc.

© 1992, Mattson Instruments, Inc.
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Every Research-Grade FT-IR
Should Have These Four Features.
Only One Does.

Before you buy an FT-IR, compare it to the
Perkin-Elmer System 2000 FT-IR Spectrometer.

The System 2000 is the only FT-IR with an
optical bench that can be equipped with up
to four identical primary = =
beams. That
means un-

sompromised. = o System 2000: —
optical perfor-  performance plusversatility.
mance and unsurpassed applications versatility.

It's the only FT-IR with Dynascan™an
interferometer immune to tilt and shear prob-
lems. That means performance approaching
theoretical limits. And Perkin-Elmer is the only
manufacturer whose FI-IR spectrometers
are all certified as designed and manufactured
under the strict quality requirements of
ISO 9001. That means assurance of reliability
and performance.

The System 2000 is without question the
price/performance leader. That means you
can’t buy a higher performance FT-IR for
anywhere near the price.

Superior features. Superior performance.
Superior value. That means the System 2000
| is the only research-grade FT-IR you need.

For more information, contact your local
Perkin-Elmer office. For product literature in
the U.S,, call 1-800-762-4000.

rRKIN ELMER

USA

Circle 72 for Information only. ~ Circle 73 for Sales Call.
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Oeeing is Believing

ANALOG LOCK-IN

Both amplifiers are locked to a 350 Hz reference with
with 10 W sensitivity, 60 dB dynamic reserve, and a
300 ms, 12 dB time constant. The interfering signal is
10 mY at 600 Hz. Both outputs are recorded by the
SR850's 16 bit A/D inputs.

Don't be limited by your analog lock-in amplifier. Look at the difference when measuring a signal embedded in
noise under identical instrument settings. The analog lock-in is noisy and has a sizeable error, while the SR850
DSP Lock-In Amplifier is quiet and accuratel

The SRE50 uses digital signal processing to replace the traditional analog demodulator, low pass filters, and
DC amplifiers. The result is no gain error, output drift or stability tradeoff for using high dynamic reserve. The
SR850 also has features that no other lock-in can match; polar graphs of R and Theta, direct printing or plot-
ting from the instrument, detection of any harmonic up to 102 kHz, a sweeping synthesized reference source,
and much more.

We're so sure that the SR850 DSP Lock-In Amplifier will make your measurements better, we want you to
see for yourself. Just call our application engineers at (408) 744-9040, tell them how you're using your
analog lock-in, and we'll send you an SR850 for two weeks so you can see the difference.

Ferformance, Presentation, Ease of use. Seeing is Believing.

* 100 dB dynamic reserve without prefilters

® 0.001° phase resolution
* 0.001 Hz - 102 kHz operation
s $7500

The introductory price of $4750 has been extended until June 15th.

STANFORD RESEARCH SYSTEMS
SRS

1290 D. Reamwood Avenue, Sunnyvale, CA 94089
TEL (408)744-9040 s FAX (408)744-9049
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No Problem!

» Nicolet's new Magna-IR™ |

and Impact™ spectro-
meters with OMNIC™ software
will change the way you
think about FT-IR technology.

You can easily replace

the source, laser, detectors,
and power supply-without
getting in over your head.

screwdriver.

Nicolet offers the first FT-IR systems
with user-changeable components.
Each is pinned-in-place, eliminating

3 complicated alignment
adjustments and a
service call. This saves
you time and money.

Mugna Diagnostics 1.0
Magna IR Optical Bench Diagnostics
Nicolet Instrument Corporation

Power Laser Source Electronics Detector
] B [¥ &
The above icons represent the main components of the Magna-IR optical bench. If an icon

s covered by a red slash mark, like this [7] that comporient 1s malfunctioning. Click
on the icon 10 diagnose the pmhlsm or to view information about that component

If you have questions about this diagnostic, call Customer Support al 1-800-356-5665 if you
are in the United States. If not, please call your local Nicolet service representative.

Use the following buttons to navigale between screens in this software application:
Use 4] 1o retum to the previous screen.

Use | #] to return 1o this screen

| Bench Perdormance Tests | Bench Configuration | I
N v v ey | s o - o

The only tool kit you'll ever need is a

No guessing.
No waiting.

No problem!

Contact Nicolet at 800- 356 8088 for
an eye opening demonstration or circle

the reader service
number to receive NlCOlet

more information. INSTRUMENTS OF DISCOVERY

Plus, you are ensured of
reliable FT-IR performance
through Nicolet’s advanced
diagnostics program. With
a click of the mouse, you
are instantly updated on the
system’s operating status.

The intelligent FT-IR choice!

5225 Verona Road / Madison, W1 53711-4495 / TEL: 608/271-3333 / FAX: 273-5046
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UPCOMING
RESEARCH

Second Dissociation Constant of 3-(N-Morpholino)-
2-hydroxypropanesulfonic Acid and pH of Its Buffer
Solutions

Certified pH values and selected thermodynamic proper-
ties for the second in a series of pH buffer standards spe-
cifically designed for physiological measurements are de-
termined at temperatures from 0 to 50 °C.

Y. C. Wu, P. A. Berezansky, Daming Feng, and W. F.
Koch*, Inorganic Analytical Research Division, National Insti-
tute of Standards and Technology, Gaithersburg, MD 20899

Time- of-Flight Secondary lon Mass Spectrometry of
Poly(alkyl methacrylates)

A high-resolution TOF-SIMS study of acrylic polymers
in the mass range 800—3500 is reported. Polymers show
repeating patterns of clusters of individual lines; the pat-
terns are related to the mechanism of chain fracture and
cluster structure to hydrogen transfer reactions.

Paul A. Zimmerman and David M. Hercules*, Department
of Chemistry, University of Pittsburgh, Pittsburgh, PA 15260
and Alfred Benninghoven, Physikalisches Institut der Uni-
versitdt Miinster, Wilhelm-Klemm Strasse 10, Miinster, Ger-
many

Reduction of Secondary lon Mass Spectrometry Matrix
Effect for High Dose Chromium and Cobalt Implanted
Silicon

The energy spectrum of >2Cr* proves that energy filter-
ing can be used to significantly reduce the SIMS matrix
effect caused by high Cr or Co concentration in the Si
substrate.

Chunsheng Tian* and Gerhard Stingeder, Institut fiir Ana-
lytische Chemie, Technische Universitdt Wien, Getreidemarkt
9/151, A-1060 Wien, Austria and Henning Bubert, Institut fiir

Spektrochemie und angewandte Spektroskopie, Bunsen-
Kirchhoff-Strasse 11, D-4600 Dortmund 1, Germany

Micro Flow Rate Particle Beam Interface for Capillary
Liquid Chromatography/Mass Spectrometry

A commercially available particle beam interface is mod-
ified to accommodate the micro flow rate from a packed
capillary column. The modified device exhibits improved
sensitivity, better response to high-water-content mobile
phases, and no noticeable instrument contamination as a
result of mobile-phase introduction.

Achille Cappiello* and Fabrizio Bruner, Istituto di Scienze
Chimiche, Universita di Urbino, P. Rinascimento 6, 61029
Urbino, Italy

These articles are scheduled to appear in
AC RESEARCH in the near future.

*Corresponding author

Quantitative Microdialysis under Transient Conditions

A method for quantitative microdialysis under transient
conditions allows simultaneous determination of extra-
cellular analyte concentration and probe recovery. In
vivo recovery is shown to be subject to change following
drug administration.

R. J. Olson and J. B. Justice, Jr.*, Department of Chemistry,
Emory University, Atlanta, GA 30322

Multidimensional Gas Chromatography with Parallel
Cryogenic Traps

Successful implementation of MDGC with two parallel
cryogenic traps using chromatographic conditions com-
patible with GC/IR/MS requirements is described. It is
suggested that MDGC systems employing more than two
parallel cryogenic traps and multiple analytical GC col-
umns could be useful.

N. Ragunathan, Kevin A. Krock, and Charles L. Wilkins*,
Department of Chemistry, University of California, Riverside,
Riverside, CA 92521

Kalman Filter- Optimized Simulation for Step Voltammetry

An extended Kalman filter is used to optimize a general-
ized step voltammetry simulation. Double-layer-
corrected estimates of charge-transfer parameters are
obtained from experimental voltammograms in a single
pass by fitting the filter-optimized simulation model.
Robert S. Bear, Jr., and Steven D. Brown*, Department of
Chemistry and Biochemistry, University of Delaware, Newark,
DE 19716

Homogeneous Electrochemical Inmunoassay Using a
Perfluorosulfonated lonomer-Modified Electrode as
Detector for a Cationic-Labeled Hapten

A Nafion film-modified electrode is used to detect a co-
baltocenium-labeled amphetamine in the low-nmol
range. The electrochemical technique is combined with
homogeneous competitive immunoassay of amphetamine.
Benoit Limoges and Chantal Degrand*, Université Blaise
Pascal de Clermont-Ferrand, Thermodynamique et Electro-
chemie en Solution, URA 434, Laboratoire d’Electrochimie Or-
ganique, 24 Avenue des Landais, 63177 Aubiére, France,
Pierre Brossier, Université de Bourgogne, Faculté de Phar-
macie, Unité d’Immunoanalyse, 7 Boulevard Jeanne D’Arc,
21033 Dijon, France, and Ronald L. Blankespoor, Depart-
ment of Chemistry, Calvin College, 3201 Burton S. E., Grand
Rapids, MI 49546

Miniaturized Diameter Flexible Amperometric Lactate
Probe

Amperometric lactate electrodes are built by sequentially
adsorbing a high molecular weight redox polycation and
lactate oxidase on the tip of an epoxy-embedded bundle
of carbon fibers.

Dan Li Wang and Adam Heller*, Department of Chemical
Engineering, University of Texas at Austin, Austin, TX 78712
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S ARTORIUS KNOWS

—E::Net—

D e )
“THE EUROPEAN NETWORK FOR
‘QUALITY SYSTEM ASSESSMENT AND CERTIFICATION

After a century-long history of
innovation, Sartorius is among the
first companies to be certified under
1SO 9001 standards.

and we’re sharing the results.

Last year Sartorius AG was awarded ISO 9001 certification. And
after experiencing firsthand the intense ISO auditing processes,
we know how difficult it is to reach their high standards.

And we know how to make it easier for you . . . by supplying
complete documentation on all Sartorius instruments, including
ready-to-use maintenance and servicing forms; and by designing
many new product features—specially-engineered for QA ease
and enhancement.

Quality Assurance certification is an important business move in
today’s global market. But with Sartorius as your partner, ISO 9000
can be an easy move...to success.

sartorius

140 Wilbur Place

Bohemia, Long Island, NY 11716
Phone: 800-635-2906

FAX: 516-563-5065
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UPCOMING
RESEARCH

Langmuir-Derived Equations for the Prediction of Solid
Adsorbent Breakthrough Volumes of Volatile Organic
Compounds in Atmospheric Emission Effluents

Equations are developed for the prediction of Tenax GC
breakthrough volumes in high-concentration mixtures of
VOCs and for important competitive adsorption effects.
Pau Comes, Norbert Gonzalez-Flesca, and Tamara Mé-
nard, INERIS, Groupe Air, Parc Technologique Alata, BP 2,
60550-Verneuil-en-Halatte, France and Joan O. Grimalt*,
Department of Environmental Chemistry (CID-CSIC), Jordi Gi-
rona, 18 08034-Barcelona, Catalonia, Spain

Analysis of a Recombinant Protein Preparation on Physical
Homogeneity and State of Aggregation

An analytical method based on time-resolved fluores-
cence is proposed to determine the homogeneity of pro-
tein preparations and to detect high molecular weight
protein contaminants or aggregates in solution.

J. C. Brochon*, P. Tauc, F. Mérola, and B. M. Schoot,
LURE, CNRS-CEA-MEN, Centre Universitaire Paris-Sud, Bat.
209D, F91405 Orsay, France, and ROUSSEL-UCLAF, Centre de
Recherche, F93230 Romainville, France

Determination of Equilibrium Constants by Chemometric
Analysis of Speciroscopic Data

The analysis described is general and determines both
the equilibrium constant and the spectral responses of
the components. The proposed method, which is more ac-
curate than traditional single-point approaches to ana-
lyzing spectroscopic titration data, may replace these
methods because of its relative simplicity.

Mikael Kubista*, Robert Sjéback, and Bo Albinsson, De-
partment of Physical Chemistry, Chalmers University of Tech-
nology, S-412 96 Gothenburg, Sweden

Solventless Collection of Analytes by Rapid
Depressurization after Static Supercritical Fluid Extraction

Following static SFE, analytes can be efficiently col-
lected by rapidly depressurizing the CO, effluent
through a small i.d. stainless steel tube into a capped
vial.

David J. Miller* and Steven B. Hawthorne, Energy and En-
vironmental Research Center, University of North Dakota, Box
8213, University Station, Grand Forks, ND 58202 and Mary
Ellen P. McNally, E. I. du Pont de Nemours and Company, Du
Pont Agricultural Products Experiment Station, Wilmington,
DE 19880-0402

Continuous-Flow Fast Atom Bombardment Liquid
Chromatography/Mass Spectrometry of Carotenoids

Microbore HPLC is combined on line with continuous-
flow FABMS for molecular weight and retention time
identification of carotenoids. The sensitivity of this
LC/MS method is comparable to UV—vis absorbance
photodiode array detection.

Richard B. van Breeman¥*, Harold H. Schmitz, and Steven
J. Schwartz, Department of Chemistry, Box 8204, and Depart-
ment of Food Science, Box 7624, North Carolina State Univer-
sity, Raleigh, NC 27695-8204

Potentiometric Discrimination of Organic Amines by a
Liquid Membrane Electrode Based on a Lipophilic
Hexaester of Calix[6]arene

A liquid membrane electrode based on a long aryl
hexaester of calix[6]arene that has an inclusion cavity for
organic guests can discriminate organic amines accord-
ing to their steric shapes.

Kazunori Odashima, Kenichi Yagi, Koji Tohda, and Yoshi
Umezawa*, Department of Chemistry, Faculty of Science, Hok-
kaido, Kita 10-Jo Nishi 8-Chome, Sapporo, Hokkaido 060,
Japan

Tandem Time - of-Flight Mass Spectrometer

A compact TOF/TOF instrument incorporates two dual-
stage reflectron analyzers and a collision cell for obtain-
ing structural information by collision-induced dissocia-
tion.

Timothy J. Cornish and Robert J. Cotter*, Middle Atlantic
Mass Spectrometry Laboratory, Department of Pharmacology
and Molecular Sciences, The Johns Hopkins University School
of Medicine, Baltimore, MD 21205

Partial Least Squares Techniques in the Energy Dispersive
X-ray Fluorescence Determination of Sulfur— Graphite
Mixtures

Partial least squares fitting is applied to evaluation of
spectra in the ED-XRF determination of sulfur in graph-
ite. The PLS method can predict sulfur concentrations
with an accuracy better than 5% in the concentration
range of 2—-60% sulfur.

Jurgen Swerts and Piet Van Espen*, University of Antwerp,
Department of Chemistry, Micro and Trace Analysis Centre,
Universiteitsplein 1, 2610 Wilrijk, Belgium, and Paul Geladi,
University of Ume&, Department of Organic Chemistry, S901
87 Umea, Sweden

Chemical Modification by Ascorbic Acid and Oxalic Acid in
Graphite Furnace Atomic Absorption Spectrometry

Pyrolysis of ascorbic acid and oxalic acid in a heated
graphite tube atomizer produces elevated levels of Hy,,
and COy,. The extent of the shift in appearance temper-
ature of Pb shows correlation with variations in the lev-
els of Hyy and CO,, produced by pyrolysis.

John P. Byrne, University of Technology Sydney, P.O. Box
123, Broadway NSW 2007, Australia, and Chuni L. Chakra-
barti*, Glen F. R. Gilchrist, Marc M. Lamoureux, and Pe-
ter Bertels, Centre for Analytical and Environmental Chemis-
try, Department of Chemistry, Carleton University, Ottawa,
Ontario K18 5B6 Canada

Affinity Electrophoresis in Multisectional Polyacrylamide
Slab Gels Is a Useful and Convenient Technique for
Measuring Binding Constants of Aryl Sulfonamides to
Bovine Carbonic Anhydrase B’

Convenient preparations of heterogeneous multisectional
polyacrylamide slab gels are described. The gels contain
immobilized affinity ligands and are used to measure
binding constants of ligand to protein.

Yen-Ho Chu, James K. Chen, and George M. Whitesides*,
Department of Chemistry, Harvard University, Cambridge, MA
02138
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EDITORIAL

The Handsome
600-Pound Gorilla

Who is the handsome 600-pound gorilla
beating up on analytical problems these
days? I suspect I'd get several volun-
teers for such a statement, but I'm pick-
ing mass spectrometry as this month’s
gorilla for another edition of my discus-
sions of analytical chemistry frontiers.

Molecular MS has for decades been an
important analytical tool for molecular
formula, mass, and structure identifica-
tion. Researchers have successfully deci-
phered the fragmentation chemistry of
the electron impact ionization source,
and GC has been wed with digital data
storage systems and moderate-cost
time-of-flight and quadrupole mass an-
alyzers. Ultrahigh resolution and tan-
dem instruments also played a substan-
tial role in mass spectral research and
applications.

There is a certain parallel between
the introduction of **C and multidimen-
sional techniques into proton NMR spec-
troscopy and recent developments in
MS. Important discoveries have taken
place, and the pace of change has quick-
ened. Although classical mass spectral
approaches remain a solid foundation of
analytical applications, there is a vastly
broadened horizon of challenges and op-
portunities. Mass spectrometric experi-
ments are under development to probe
the three-dimensional structures or
folding of biopolymers.

The drivers of change are several.
Matrix-assisted laser desorption, fast
atom bombardment, and electrospray
ion sources have opened more routine
ways to volatilization and ionization, in-
cluding multiple ionization, of large
mass structures. Tandem or multiple
mass analysis can be done with high
resolution and mass accuracy on four-
sector combinations or at moderate cost
with quadrupole devices. Probably most
important are the sophisticated new
techniques of inducing gas-phase disso-
ciation chemistry with controllable en-
ergy deposition and reactive target

gases as well as the opportunity to use
time as a variable in ion—molecule reac-
tions with cyclotron resonance and quad-
rupole ion storage devices. The elucida-
tion of large mass structures requires
more delicate and chemically versatile
ways to pry such structures apart.

The applications that can be envi-
sioned through these new advances are
most obvious and exciting in the biomo-
lecular area. Coupled with new separa-
tions capabilities and principles emerg-
ing in capillary electrophoresis, CZE/MS
may assume a future importance rival-
ing that of GC/MS. Drinking the full
content of this new cup will require re-
search aimed at understanding the
newly accessible dissociation chemistry
of very diverse large mass structures of
biological origin. This will be a substan-
tial task, and choices of its focus will be
important to the field; the dividends
may include greatly enhanced roles for
the analytical community in analysis
and research in molecular biology.

The opportunities and challenges are
not confined to biological applications.
Surface-induced dissociation is emerg-
ing as another route to controllable en-
ergy deposition in ions; it may also yield
new wrinkles in functional group analy-
sis of molecular surfaces. I look forward
to incorporation of the recent innova-
tions into simplified low-cost instru-
ments useful for routine monitoring/
sensing applications in the human and
natural environment.

It is good to see MS assuming a more
central role as a vigorous player in mea-
surement science frontiers. It should
commensurately assume a larger place
in our undergraduate- and graduate-
level curicula as well as in continuing
education. The opportunities for young
scholars in this field seem quite bright.

L
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NEWS

1994 Waters Symposium Proposals

Proposals are solicited for the 1994 James L. Waters
Annual Symposium, which will recognize the collabora-
tive work of groups involved in the invention, develop-
ment, and implementation of analytical instrumentation
of established exceptional importance. Previous sympo-
sia have covered GC, atomic absorption spectrometry,
and IR spectrometry; this year’s symposium will be on
NMR spectroscopy.

Proposals should include recommendations for the
analytical instrumentation to be recognized as well as
names of inventors, entrepreneurs producing and mar-
keting commercial instruments, and additional re-
searchers at the forefront of the technology. Proposals
should also recommend speakers who can authorita-
tively address the invention, production, and use of the
instrumentation. Proposals should be submitted by
April 30 to Chair, Waters Symposium Committee, Soci-
ety for Analytical Chemists of Pittsburgh, Conference
Office, Suite 332, 300 Penn Center Blvd., Pittsburgh, PA
15235-5503. Proposals for the 1995 symposium are also
being accepted.

EAS Awards Nominations

The Eastern Analytical Symposium (EAS) requests
nominations for the 1994 awards in the fields of analyt-
ical chemistry, near-IR spectroscopy, separation sci-
ences, and magnetic resonance. Each award recognizes
an individual who has helped to shape these respective
fields. Each award winner will be presented with a
plaque at the 1994 annual meeting, which will be held
Nov. 14-18 in Somerset, NJ. In addition, the winner of
the Award for Achievements in the Fields of Analytical
Chemistry will receive a $1000 honorarium; other
award winners will receive $500 each.

Nominations, consisting of a biographical sketch and
a letter specifying the nominee’s accomplishments,
should be sent to Chair, EAS Awards Committee, P.O.
Box 633, Montchanin, DE 19710-0633. Nominations are
held active for three years. Deadline is Sept. 30.

Genetic Bit Analysis for Horses and
Humans

When purchasing a race horse, the potential owner has
a keen interest in the animal’s bloodlines—who an ani-
mal’s parents are determines not only the price of the
horse, but whether the animal “has it in "im” to be
worth the investment of time and money.

Breeding records, blood tests, and markings are part
of the system currently used for determining a horse’s
parentage. These methods can be expensive and compli-
cated, and they are not always conclusive. Scientists at
Molecular Tool, a biotechnology company in Baltimore,
MD, have developed a technique called genetic bit anal-
ysis (GBA) for the horse racing industry as a way to im-

prove upon the current system. GBA is based on en-
zyme-linked immunosorbent assay (ELISA).

Horse chromosomes, like human chromosomes, occur
in pairs. A nucleotide at a particular site on one chro-
mosome of a pair has a corresponding nucleotide on the
other chromosome. The corresponding nucleotides may
be identical or different, because each one is inherited
from a different parent. If a foal’s nucleotides at the two
corresponding sites on a particular chromosome match
one or both nucleotides at the same corresponding sites
of the (supposed) parents, that horse is likely to be one
of the foal’s parents.

The test developed by Molecular Tool checks 20 differ-
ent sites. The greater the number of nucleotide matches,
the more likely that animal is indeed the foal’s parent.
The test verifies to a probability of 97% the identity of
the foal’s parents.

The financial backing of the horse racing industry
was critical to GBA development. Once the technique
proved effective for horses, it was only natural that it
should be extended to humans. Working with The Johns
Hopkins Medical Institutes, Molecular Tool is using
GBA for human chromosomes. Researchers are design-
ing tests that can identify individuals who have genetic
diseases, with a goal of doing 50,000 tests per year. Be-
cause GBA promises to be quick, accurate, easily auto-
mated, and inexpensive, the company hopes that this
biotechnological advance will be able to contribute to
lowering medical costs.

1994 Bomem-Michelson Award

Nominations are sought for the Bomem—Michelson
Award, which is given annually at the Pittsburgh Con-
ference to a scientist who has advanced the techniques
of vibrational, molecular, Raman, or electronic spectros-
copy. Contributions may be theoretical or experimental.
The award consists of a medal and an honorarium.

Nominees must be at least 37 years of age and ac-
tively working in the fields mentioned above. Nominat-
ing and seconding letters, a curriculum vitae, and de-
scriptions of specific research efforts should be sent to
David Cameron, BP Research, 4440 Warrensville Center
Rd., Cleveland, OH 44128. Deadline is May 1.

For Your Information

NIST is making available its first set of certified soil
standard reference materials. Three different soil sam-
ples are certified for baseline, moderate, and high levels
of trace elements monitored by the EPA. Laboratories
will be able to assess the actual percentages of toxic
chemicals recovered by their own methods. Commercial
reference material producers will also be able to evalu-
ate the quality of their products. The reference materi-
als (SRMs 2709, 2710, and 2711) cost $193 each. To
purchase, contact NIST, Standard Reference Materials
Program, Rm. 205, Bldg. 202, Gaithersburg, MD 20899-
0001 (301-975-6776; fax 301-948-4403).
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John T. Stock
Department of Chemistry
University of Connecticut
Storrs, CT 06269-3060

I well remember the time when we
were told that the balance, buret,
and other volumetric glassware were
the prospective chemist’s best
friends. In my London high school,
we were taught to push measuring
equipment to the limit. I recall two
“zero-cost” experiments. We had to
estimate, to the nearest 0.1 mL, the
volumes of water contained in a se-
ries of 100-mL measuring cylinders.
Then came the “weighing by swings”
of separate small objects A and B,
when we noted the sum of these two
weights. Finally, we weighed A and
B together and learned that, how-
ever good the balance, satisfactory
agreement of the two totals required
a self-consistent set of weights! In
this REPORT I focus the development
of various types of instrumentation,
emphasizing the value of historical
instruments as an important part of
the scientist’s heritage.

Balances

My first encounter with balances oc-
curred when, as a small boy, I was
taken to the Science Museum in
London. I quickly passed by exhibits
without buttons or handles to make
things move. However, I recall being
stopped by the collection of historic
balances. I was impressed by the
Ramsden “cone beam” instrument
shown in Figure 1. Later, I read that
this balance had come into being at
the behest of the tax collector—the
British government needed accurate
figures for the specific gravities of
alcohol-water mixtures so that the
proper duty on “spirituous liquors”
could be levied. Some four decades
later, as Honorary Research Fellow,
I reported on the museum’s entire
collection of balances (1).

Eventually, these studies were ex-
tended (2, 3). When searching for
historic instruments, or even for
facts about them, one often reaches
an apparent dead end. This occurred
while I was searching for the bal-
ances used to re-establish the Impe-
rial pound after the British stan-
dards of weights and measures had
been destroyed in a fire in 1834. I
found the location of the smallest
balance and also learned of the fate
of the mid-sized one (2). However, I
could not trace the major instrument
(4). William Hallowes Miller (1801—
80), who described the lengthy work
of re-establishment, gave the follow-
ing account of this balance.

These comparisons were made with a bal-
ance of extreme delicacy procured from
Mr. Barrow. In its construction it nearly
resembles the balances of the late Mr.
T. C. Robinson. The beam is made suffi-
ciently strong to carry a kilogramme in
each pan. The middle knife edge is about
1.93 inch long, and rests, when the bal-
ance is in action, throughout its whole
length on a single plane surface of quartz.
The surfaces of quartz which rest upon
the extreme knife edges, and from which
the pans are suspended, are also plane.
The distance between the extreme knife
edges is about 15.06, and the length of
each about 1.05. . ..

Despite numerous inquiries and
searches since 1965, this balance has
not been found. This is doubly seri-
ous; not only is there a loss of a su-
perb example of instrument making,
but also the balance was the means
by which a national standard was re-
established.

Despite the failure to achieve the
main objective, the inquiries did en-
lighten me in other directions. I had
not known that Henry Barrow
(1790-1870), who made the missing
balance, was hired at the request of
then Captain George Everest (1790—
1866) as instrument maker for the
Great Trigonometrical Survey of In-
dia (8).
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Like many others, I had regarded
the so-called chainomatic balance as
an American invention of 1916. In
this type of balance, the adjustable
drag of a fine chain is used to elimi-
nate the need for weights smaller
than 0.1 g. In fact, the principle had
been described a quarter century
earlier, and a “chain balance” was
available in France before 1899 (6).

Although requiring great care in
design, construction, and adjust-
ment, the two-pan balance is essen-
tially a simple device and shows that
an instrument does not have to be
complicated to be valuable. An ex-
treme example is the surgeon’s one-
piece scalpel. Another is the blow-
pipe, which has a most interesting
history (7). Between 1751 and 1863,
no fewer than 11 elements were dis-
covered with the aid of this highly
portable device. The buret, appear-
ing as a one-piece pour-type vessel
nearly two centuries ago, acquired
the vertical form with stopcock in
1846 (8).

Given that their literary output
was often limited to bills, trade
cards, and the like, the early instru-
ment makers tend to be forgotten.
Their memorials lie in the discover-
ies made by the scientists who used
the instruments. Such users often
became expert glass workers; great
mechanical ability was claimed less
frequently. Charles Vernon Boys
(1855—1944) possessed such ability
in the highest degree. His profes-
sional career began at London’s
Royal School of Mines, where he
worked on an unusual technique for
measuring electrolytic conductivity
and then on the production of ex-
tremely fine quartz torsion fibers (9).

In 1798, Henry Cavendish (1731—
1810) determined the gravitational
constant. He torsionally measured
the attraction between massive lead
balls and smaller ones hanging from
the ends of a 6-foot-long beam.
When Boys described his redetermi-
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nation of this constant in 1895, he
used tiny gold balls suspended from
a beam only 0.9 in. long. Another
striking application of Boys’ mechan-
ical ability was the “radio-microme-
ter,” reportedly able to detect heat
equivalent to that given off by a can-
dle a mile away. Both of the Boys in-
struments as well as his fiber-mak-
ing equipment are in the London
Science Museum.

When the coal-gas industry began
in the early 1800s, its output was
used for open-flame lighting. Ac-
cordingly, the quality of the gas was
assessed by its illuminating power.
Toward the end of the century, the
use of gas spread to lighting by gas
mantles (10) and heating. Eventu-
ally, a declared calorific value of the
gas became a legal requirement.
Boys became a gas referee in 1897
and developed the flow calorimeter,
which became the official British
test instrument. He then designed
and built the extremely complicated
recording gas calorimeter shown in
Figure 2. However, Boys did not de-
spise the simple; in Figure 3, he is
shown with another interest—soap
bubbles!

Optical instrumentation

The development of optical devices
gave the instrument makers a new
problem. Often they depended on a
subcontractor to provide lenses and
other components. The first need for
the maker of optical devices was
defect-free glasses of differing re-
fractive indices. Composite lenses
could then be made from these mate-
rials, so that the spherical and chro-
matic aberrations associated with
one-piece lenses could be minimized.
This led to a considerable improve-
ment in telescope lenses during the
18th century (11). Obviously, this
improvement passed to the design of
optical instruments in general.
Figure 4 shows French optician
Charles Chevalier (1804-59) and

Figure 1. Ramsden balance, 1789.

The pans and suspensions are missing.
(Reproduced with permission of the Trustees of
the Science Museum, London.)

British physicist Charles Wheat-
stone (1804-75). Chevalier made
lenses for Jules Duboscq (1817-86),
inventor of a colorimeter widely used
until well into the present century
(12). Duboscq was a pioneer in ste-
reoscopic and other photography,
and his existing daguerreotypes are
highly regarded.

Electrical instrumentation

Progress in all fields of science often
depends upon the availability of suit-
able electrical instrumentation, as
described in a previous report (13).
The development of methods for the
measurement of electric current is

REPORT

described in a Science Museum
monograph (14). The laying of trans-
atlantic cables, begun in 1858, fos-
tered the development of high-sensi-
tivity galvanometers. Knowing that
telegraphic signals from across the
Atlantic were very weak, William
Thomson (1824-1907), later Lord
Kelvin, realized that he needed a
“frictionless pen” to record on the
traveling paper tape. In his “siphon
recorder,” patented in 1867, ink was
fed to a fine glass tube mounted on
the deflection coil, so that the tip of
the tube was just clear of the tape.
An applied potential between the tip
and a plate beneath the tape caused
the continuous ejection of ink in tiny

Figure 2. Recording gas calorimeter,
1922.

drops (15). Thus, “ink-jet” printing is
by no means new.

The siphon recorder was, of course,
merely a detector. The problem of
the quantitative recording of very
small voltages or currents was taken
up by Hugh Longbourne Callendar
(1863—-1930). Figure 5 shows his re-
corder, patented in 1897, designed
for platinum-resistance thermome-
try. A sensitive galvanometer exerts
its control by energizing one or an-
other of a pair of relays, according to
the direction of the galvanometer de-
flection. The pen is then driven by
clockwork across the chart, until a
contact on a slidewire has returned
the deflection to zero.

Other examples of power-assisted
small-signal recording are the
“thread recorder,” in which the freely
moving pointer of the galvanometer
is periodically depressed on an inked
thread above the chart roll, and the
Leeds and Northrup “Micromax” and
earlier potentiometric recorders. In
forms such as the steam-engine indi-
cator, “X-Y” response developed
quite early in the engineering indus-
try. The laboratory electrical X-Y
recorder owes its origin to home
workshop activities in the period
1936 to 1938 (16).

Mechanics and hydraulics

Automation or mechanization in the
fields of mechanics and hydraulics
appeared more than 1000 years ago.
More recent examples are the 1728
pattern-weaving loom, which was
controlled by punched cards, and the
Boulton—Watt steam-engine gover-
nor of 1788. About 1880, examples of

Figure 3. Charles Vernon Boys.

(Reproduced with permission of the Trustees of
the Science Museum, London.)
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mechanization in the laboratory be-
gan to appear (17). These were sim-
ple devices to control heating by gas
for a fixed time, or for evaporation to
a predetermined stage. Somewhat
more complicated were arrange-
ments for mechanizing the tedious
washing of a gravimetric precipitate
and for the repetitive raising and
lowering of mercury levels, which
were needed in high-vacuum pump-
ing systems.

Figure 6 shows an arrangement of
the same period for the repeated agi-
tation of the gas—liquid interface in
a selected absorption vessel of an Or-
sat gas analyzer. Water from A runs
continuously into cylinder B. In this
cylinder, a long test tube is placed
over the central tube, the lower end
of which is at E. Air pressure, caused
by the rising water, is transmitted
from G through H, J, M, and N to the
bottle on the right, so that the liquid
level in the absorption vessel is de-
pressed. When the water level in the
cylinder reaches D, the rapid siphon-
ing through the central tube relieves
the pressure, thus restoring the level
in the absorption vessel. The cycle
then repeats.

Widespread furnace operation
made flue-gas carbon dioxide moni-
tors important industrial analytical
instruments. (An account of the his-
tory of these devices has appeared
[18]). The first patents were granted
in Germany in 1893. For several
years after this, manual flue-gas
monitoring was still commonly prac-
ticed. By 1916, however, the use of

recording monitors had become so
widespread that the U.S. Bureau of
Mines issued an extensive bulletin
on the performance of competing de-
vices. At that time, some of the de-
vices involved quite complicated
glassware, as indicated in Figure 7.
Some other examples of early in-
dustrial mechanization are the pro-
cessing of photographic, dyeing, or
cooking operations; the dosing of wa-
ter to remove turbidity; and a frac-
tional distillation installation of
1907, which relied on the assump-
tion that boiling point and density
increase together (19). By the 1920s,
the theory and practice of distillation
had greatly developed; sophisticated
column controls were then in use.

Electrochemistry

In 1873, Willoughby Smith (1828—
91) observed that the electrical resis-
tance of a bar of selenium decreased
when the bar was exposed to light.
This discovery led to the light-
sensitive selenium cells used in vari-
ous early devices. A picture telegra-
phy apparatus was described in
1881. A more practical example was
the comparison photometer shown in
Figure 8, which was reproduced from
the 1907 patent (20). Selenium in the
cell is rapidly oscillated between po-
sitions a and b. The distances of the
light sources i and j are then ad-
justed so that the signal of the detec-
tor, a meter or telephone receiver,
remains unchanged.

A more striking application used
the selenium cell in a complicated

mechanization of water softening by
the lime—soda process (21). This ap-
paratus sampled the treated water,
added reagents such as phenolphtha-
lein, photoscopically assessed the
state of the sample, adjusted the dos-
ing with the softening agents if nec-
essary and, finally, emptied the sam-
pling vessel.

A paper published in 1923, when
alkali-metal photoelectric cells had
become available, commented that
only a few industrial applications of
light-sensitive cells had been pro-
posed (22). Typical applications were
for counting, control of liquid level
and, more ambitious, optical Marsh-
testing for arsenic, a catalyst poison
in burner gases involved in the pro-
duction of sulfuric acid.

In 1776, Cavendish made the first
quantitative comparisons of electro-
lytic conductivity. His only “indica-
tor” was the highly subjective experi-
ence of electric shock! Much later
came developments such as high-
precision absolute measurements,
conductometric titrimetry, and con-
ductometric monitoring (23). ‘Moni-
toring that uses the marked change
in conductivity caused by the pres-
ence of very low concentrations of
electrolytes is crucial for the assess-
ment of the quality of distilled or
demineralized water. On the other
hand, modern industrial electrode-
less instrumentation can handle ma-
terials such as hot sodium hydroxide
solution, oleum, and raw sewage.

The Nernst equation, formulated
in 1889, is a cornerstone of electro-
chemistry. One of Walther Nernst’s

Figure 5. Callendar recorder, 1897.

Figure 4. Charles Chevalier (left) and Charles Wheatstone, ca. 1843.
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colleagues at Leipzig was Robert Beh-
rend (1856-1926), who eventually
published about 100 papers (24).
With one remarkable exception, es-
sentially all of these concerned or-
ganic chemistry. The exception was
his 1893 account, in which he de-
scribed the application of Nernst’s
work to the measurement of the sol-
ubilities of sparingly soluble mercu-
rous salts. Behrend realized that his
technique could be used to follow the
course of precipitation reactions; he
described the first potentiometric ti-
trations, those of halides with silver
nitrate solution.

Recent collaborative reports have
discussed the choice of the hydrogen
electrode as the base for the electro-
motive series, and the development

Figure 6. Partially mechanized gas
analyzer, 1880.

u

of the pH meter and the glass pH
electrode (25). By 1909, Haber and
Klemensiewicz had developed the
glass electrode and had used it in
potentiometric acid—base titrimetry.
Because of the high electrical resis-
tance of the glass membrane, ob-
servations had to be made with a
quadrant electrometer. The transfor-
mation of the glass electrode from a
specialized item into a routine pH-
measuring device had to await devel-
opments in electronics. In the in-
terim, pH measurements were made
colorimetrically or, by use of elec-
trode systems of low electrical resis-
tance, potentiometrically.

Although the hydrogen electrode
meets this electrical requirement, it
needs a supply of hydrogen and is
susceptible to deactivation by “poi-
soning.” Nevertheless, this electrode
was used in industry (26). In re-
sponse to the deactivation problem, a
robust electrode system with easily
replaceable platinum elements was
patented in 1923. The system, which
incorporated a calomel reference
electrode, was used in a scheme that
permitted the recording of the pH of
a flowing stream and governed the
making of additions to keep the pH
constant.

Although limited to samples in
which the pH was less than about 8,
the simplicity of the platinum—quin-
hydrone electrode made it a widely
used alternative to the hydrogen
electrode in the period before the
general advent of the glass electrode
(27). Successful attempts were made

to record the pH of flowing streams
by continuous dosing with a solution
of quinhydrone.

When pH measurements accurate
to within 0.1-0.2 units are accept-
able, the antimony—antimony oxide
electrode, another low-resistance de-
vice, can be used with the added ad-
vantages of robustness and simplic-
ity. Figure 9 shows a typical
antimony—calomel unit of the early
1930s. The indicator electrode is
simply elemental antimony, which
acquires its oxide coating during use.
By the late 1930s, industrial users of
the antimony electrode numbered in
the hundreds.

At a symposium held in Atlanta in
the spring of 1991 to mark the bicen-
tenary of the birth of Michael Fara-
day (1791-1868), one of the papers
outlined the pathway leading from
the report of the electrolysis of water
in 1800 to the enunciation of the
laws of electrolysis in 1834 (28). To
determine the total amount of elec-
tricity used in an experiment, Fara-
day devised several forms of the vol-
tameter, based on the gasometric
measurement of the products of the
electrolysis of water. These proce-
dures were studied by other workers,
who made increasingly accurate
measurements of the electrochemical
equivalent of water (29).

Believing that metal deposition
from aqueous solution was a second-
ary process, Faraday sought quanti-
tative data from the much more dif-
ficult electrolysis of fused salts. The
crystalline nature of the deposited
silver gave problems when he tried
fused silver chloride. A few months
after Faraday’s 1834 publication,
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Figure 7. Interior of Sarco carbon
dioxide monitor, 1907.

Figure 8. Selenium cell comparison
photometer, 1907.
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pH electrode system, ca. 1930.



Carlo Matteucci (1811-68) described
the (aqueous) silver-deposition vol-
tameter. As an added irony, the
Faraday constant, now known to
within a few parts per million, is
based on the silver voltameter. Nobel
Laureate Theodore William Richards
(1868-1928) was one of the many
who successively improved the preci-
sion of the silver voltameter (30). In
1902 he suggested that the anachro-
nistic term, voltameter, should be re-
placed by the descriptive term, cou-
lometer. During the period 1908-47,
the ampere was internationally de-
fined in terms of the rate of deposi-
tion of silver from aqueous silver ni-
trate solution. Various other
chemical and electromechanical cou-
lometers came into use, followed by
electronic coulometers.

Two major areas of electrolysis do
not require the attainment of 100%
current efficiency, however desir-
able. The first is electropreparation,
described in the vast literature of
laboratory organic syntheses (31-33).
Some of these syntheses have
reached industrial scale. The mas-
sive production of aluminum, sodium
hydroxide, and chlorine are examples
of inorganic applications (34). In-
tense hardness, which may hinder or
prevent the use of conventional tools,
does not affect electromachining,
which involves selective anodic de-
struction of the metal to be shaped or
drilled (35).

The other area is electrogravime-
try, at one time a major technique
for the determination of certain met-
als. On the basis of his short paper of
1864, Oliver Wolcott Gibbs (1822-
1908) is usually named as the origi-
nator of this technique. However, the
German railway chemist, C. Luckow,
claimed to have been using the
method since 1860. It is likely that
this claim was well founded; cer-
tainly Luckow, and not Gibbs, went
on to develop the technique (36). By
changing conditions such as pH, it is
sometimes possible to analyze mix-
tures by successive deposition.

A notable advance in both the pre-
parative and the analytical aspects
of electrolysis came from the realiza-
tion that selectivity depends largely
on control of the potential of the
working electrode. Henry Julius
Sand (1873-1944), known mainly for
the chronopotentiometric equation
that bears his name, was a leading
exponent of internal-electrolysis,
controlled-potential, and microchem-
ical electrogravimetry (37).

The use of controlled cathode po-
tential by Fritz Haber (1868—1934)
made possible the elucidation of the

reaction stages in the electroreduc-
tion of nitrobenzene (38). He, like
Sand and others, had to control the
potential manually; the potentiostat
did not appear until 1942.

The introduction of the electric
light bulb brought forth the problem
of assessing a customer’s usage of
the dc electricity then being sup-
plied. Thomas Alva Edison (1847—
1931) did this by passing a known
fraction of the current through amal-
gamated zinc electrodes immersed in
zinc sulfate solution. Periodically,
the anode was reweighed to assess
the cost (39). In 1882, Edison used
this principle in a meter incorporat-
ing a balance beam, the periodic tilt-
ing of which operated a mechanical
counter.

In response to the increasing use
of commercial electricity, various
other electrolytic meters appeared.
Typical is a prepayment meter. Cop-
per electrodes in copper sulfate solu-
tion are used; the anode hangs from
the right-hand end of the balance
beam, which operates a mercury
switch that is normally in the open
position. Coins inserted in the meter
are guided into the larger bucket,
causing the beam to tilt, the switch
to close, and the electrolysis to begin.
Eventually, the decrease in anode
weight allows the beam to return to
its original position; the supply is in-
terrupted until a further payment is
made. Although attempts were made
to retain electrolytic meters when
power supplies changed from dc to
ac, they were eventually supplanted
by electromechanical instruments.

The determination of quantities of
electricity by measuring the products
of electrolysis began with Faraday. A
typical reverse approach, coulometric
titration, involving the quantitative
generation of a titrant by a known
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Figure 10. Continuous coulometric
recorder, 1948.

(Reproduced from Reference 45.)

quantity of electricity, was not de-
scribed until 1938 (40). The interven-
tion of World War II probably de-
layed developments, but eventually
coulometric titration at constant cur-
rent became a widely used tech-
nique. A great advantage is simplic-
ity. Neither potentiostat nor
coulometer is needed; the measured
variable is merely that of time.

The massive literature on coulo-
metric titration (41, 42) contains
many examples of automation or
mechanization (43, 44). Apparently,
the first example (not a constant-
current device) was that shown dia-
grammatically in Figure 10. This ti-
trator was originally designed during
World War II for the continuous bro-
mometric determination of mustard
gas in air (45). Developed later as an
industrial instrument, the titrator
found other uses, such as monitoring
mercaptan odorants in town gas sup-
plies. The contaminated air is
pumped into the central compart-
ment, causing the sulfuric acid—
potassium bromide electrolyte solu-
tion to circulate. Negative feedback
controls the rate of generation of bro-
mine so that a very slight excess is
maintained in the cell.

The determination of acids in chlo-
ride medium was one of the earliest
coulometric titrations (40). A plati-
num cathode and a silver anode were
used, and an added pH indicator so-
lution provided visual end-point de-
tection. This type of technique is ob-
viously inapplicable in the presence
of any substance more easily reduced

¢ N

i
= 7‘ > !
Figure 11. Aston mass spectrograph,

1918.

(Reproduced with permission of the Trustees of
the Science Museum, London.)
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than hydrogen ions or water. This
difficulty was overcome by external
titrant generation. In 1951, this ap-
proach was used in a mechanized
constant-current acid—base titrator.

The value of historic instruments

Compared with most modern equip-
ment, the devices that have been de-
scribed are generally simple. How-
ever, instrumentation experts, like
other progressives, stand on the
shoulders of their predecessors.
Some years ago, I pointed out that
historic instruments are an endan-
gered species (46). It is easy to canni-
balize or to jettison an obsolescent
instrument. This may not matter un-
less the instrument in question is
unique or is the last of its kind. Al-
though plentiful in their day, early
examples of carbon dioxide monitors
or process controllers (47) are now
rarely encountered. Aston’s first
mass spectrograph (Figure 11) is ob-
viously unique. We are still making
unique instruments—the prototypes
on which production models are
based!

A damaged or even incomplete his-
toric instrument can sometimes be
restored. Apart from the experts in

museum workshops, there are spe-
cialists whose restorative skill is
matched by the respect they have for
instruments on which they work
(48). The great museums of the world
are much more than mere exhibitors.
They guard the scientific heritage of
our successors, they educate, and
they are centers of research. On my
regular visits to the London Science
Museum, I am always amazed by the
numbers of school parties of all ages
that arrive daily. Perhaps, as I did,
these visitors begin with a little
“handle-turning.” But they soon pass
on to a realization of what we owe to
science and technology!

This work was partially carried out under the
Research Fe]]ows}up Program of the Science
Museum, London.
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Molecular Dosimetry

Cancer researchers are using molecular dosimetry to measure
the reactivity of carcinogens with target DNA molecules and to
determine whether there are threshold levels of exposure.

“ arning: The Surgeon
General Has Deter-
mined That Smoking

May Be Dangerous To Your Health.”
But how dangerous? And how much
tobacco smoke is enough to cause the
variety of cancers, heart disease, and
birth defects that well-established
epidemiological and animal exposure
studies have shown it causes?

For the more than 3000 identified
compounds in tobacco smoke, as well
as for a myriad of environmental and
food-related contaminants and tox-
ins, policy makers and public health
officials have the unenviable job of
trying to figure out, on the basis of
these types of studies, the biological
risk to humans exposed to these
compounds.

Many compounds, including known
toxins and carcinogens, produce a
wide range of reactions in individu-
als, and lesions or tumors may not
appear until years after an exposure.

FOCUS

Some carcinogens interact with each
other, some initiate tumors, some
promote tumors, and some must be
metabolized to produce an actively
genotoxic form. These complications
make it difficult to quantitate the
carcinogenicity of a compound by us-
ing gross measures of external or in-
ternal exposure. “Total body bur-
den,” or the concentration of toxin
taken up by the body, is used as a
measure of internal exposure. But
because of physiological and meta-
bolic differences among individuals
and among species, the amount of
toxin present does not necessarily re-
flect how much damage it will cause.

Molecular dosimetry is one way
cancer researchers are beginning to
quantify the potency of carcinogens
and to determine whether there are
threshold levels of exposure to them.
This technique measures the chemi-
cal reactivity of a potential or known
carcinogen, mutagen, or other geno-
toxin with a host “target molecule”—

generally DNA. Most models of car-
cinogenicity assume that the
genotoxin acts by mutating or dam-
aging DNA, but in molecular dosim-
etry some proteins are also examined
as easily obtainable indicators with
similar reactivity. Many genotoxic
agents are electrophilic species that
form covalent adducts with bases
along the DNA strand and with cer-
tain amino acid residues in proteins.

Steven Tannenbaum, of the De-
partment of Chemistry and the Divi-
sion of Toxicology at the Massachu-
setts Institute of Technology, says,
“Molecular dosimetry at MIT really
started about 30 years ago with Ger-
ald Wogan’s first studies of aflatoxin
adduction to DNA.” Researchers took
what had been discovered in animal
experiments—the observation that
the carcinogen formed adducts with
DNA and proteins—and tried to use
quantification of the adducts as a
measure of the effective dose, or the
amount of genotoxin that actually
reaches and affects the DNA. “The
key to doing molecular dosimetry [ef-
fectively] is the use of new analytical
techniques that can measure adduct
concentrations at the femtomole lev-
els that might be found in people,”
says Tannenbaum.

One advantage of measuring the
reactivity of genotoxic agents with
DNA is that although physiology and
metabolism vary widely among spe-
cies and among individuals, the
mechanisms of DNA regulation,
transcription, and translation are
fairly consistent among vertebrates.
Because the chemistry of purified
DNA is even more uniform, it may be
more accurate to extrapolate rates of
DNA-adduct formation among spe-
cies than it is to extrapolate rates of
tumor formation. Another advantage
of molecular dosimetry is that it can
be performed on human urine or
blood samples in vitro rather than
requiring harmful in vivo exposure
to potential carcinogens.

Tracking down the adducts

Tannenbaum’s group uses GC/MS
with negative ion chemical ioniza-
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tion (NICI) or electron ionization
(EI) detection to measure the ad-
duct-forming capabilities of aromatic
amines and PAHs—particularly re-
active metabolites of benzo[alpyrene
(BaP)—with hemoglobin (Hb) or
DNA. In many studies of humans,
Hb is obtainable in greater quantity
than DNA and its adducts have been
used as surrogates or biomarkers for
DNA adduct formation at critical
sites, although actual rates of adduct
formation for Hb and DNA may dif-
fer. Hb is found enclosed in red blood
cells (RBCs), and its accessibility as
a target is similar to that of DNA,
which is enclosed within the nucleus.

To measure the rate of adduct for-
mation in Hb for known PAHs, Tan-
nenbaum isolates RBCs from human
blood, incubates them with known
doses of purified active forms of the
carcinogens, washes and lyses them,
removes the membranes by centrifu-
gation, and precipitates the Hb
(which now presumably contains ad-
ducts with PAH residues) from the
cytosol by adding HCl and acetone.
The isolated Hb is washed with
1-butanol to remove free PAHs and
sulfur-bonded adducts to glutathione
(GSH), a coprecipitating peptide that
plays an important role in scaveng-
ing toxins from the body and is also
studied in molecular dosimetry.

The Hb is digested to completion
with a nonselective protease, and in-
dividual amino acids are extracted
with ethyl acetate and separated by
either C;3 HPLC or GC/MS. The
PAHs used are diastereomers of BaP
epoxides (the actively genotoxic
forms of BaP). When Hb from 1 mL
of whole blood is mixed with 350
nmol of epoxide, the resulting amino

acid—BaP adducts, isolated in the
form of diols and tetrols, can be de-
tected in the single-femtomole range.
Part of the attraction of molecular
dosimetry is that it permits chemists
to predict how active a potential car-
cinogen might be in vivo, although
extrapolation of structure—function
characteristics cannot be substituted
for testing any particular carcinogen
experimentally. According to Tan-
nenbaum, simple chemical proper-
ties such as electrophilicity are bet-
ter for predicting carcinogenic
activity of small alkylating agents
than of larger compounds. With
bulky carcinogenic agents, steric fac-
tors and chirality come into play,
and it becomes harder to predict
genotoxicity from the compounds’
chemical structures. In addition, the
method of hydrolyzing the adducts—
acid- or base-catalyzed, or neutral—
can affect whether the adducts are
recovered as syz or anti forms.
Optimal GC/MS detection meth-
ods vary by the type of carcinogen
being tested and by the target mole-
cule, says Tannenbaum. Most of his
group’s MS methods were developed
for small derivatized adducts with
MW < 1000. Because Hb adduct es-
ters with BaP analogues are some-
what labile, the adducts are deriva-
tized before GC/MS is performed.
Analysis of the adducts by GC/MS is
semi-automated for aromatic amines
but not, as yet, for PAHs, because
the derivatization method for
NICI-MS detection of PAH adducts
is trickier. For most PAH-Hb ad-
ducts, NICI-MS results in much less
fragmentation than does EI-MS.
“With NICI, the advantage over EI is
in the signal-to-noise ratio, not in

Table I. Biomarkers for carcinogenicity assessment by

molecular dosimetry

the sensitivity,” says Tannenbaum.

HPLC with fluorescence line-
narrowing spectroscopy (FLNS) is
another adduct detection method be-
ing used by Tannenbaum’s group.
Tannenbaum says, “We picked up
the technique from Gerald Small’s
group [at Towa State University].
FLNS is comparable in sensitivity to
GC/MS, but no one has done a side-
by-side comparison yet.” (See also
Jankowiak, R.; Small, G. J. Aznal.
Chem. 1989, 61, 1023 A-1031 A.)
Tannenbaum says he is planning a
comparative study of the two meth-
ods in the next year and adds that
although FLNS is still primarily
qualitative, his group has figured out
a way to make it quantitative for Hb
adducts.

“Real-life” molecular dosimetry

Molecular dosimetry can also be
used to monitor real-life adduct for-
mation in people who have been ex-
posed to environmental carcinogens.
Tannenbaum’s group has assayed
blood samples from smokers for BaP-
like adducts by isolating Hb from
RBCs, hydrolyzing it with protease,
passing the digest solution twice
over an immunoaffinity column with
a monoclonal antibody ligand raised
against PAH adducts, and concen-
trating the eluted adducts. Origi-
nally the adducts were analyzed by
synchronous fluorescence spectros-
copy at AA = 34 nm, and the amount
of pyrene-like fluorescent species
was calculated by using a trauns-anti-
[**C]BaP-tetrol standard curve.
Tannenbaum says his group has
since abandoned that method for the
more accurate GC/MS and FLNS
techniques. Typical in vivo environ-
mental concentrations are 0.2—10
pmol/g of Hb.

Although Hb adducts provide a
convenient and abundant source of
information on genotoxicity, DNA
adducts are most closely tied to the
initiation of carcinogenesis and mu-

Biomarker Matrix Half-life Exposure Significance
GSH adduct Urine Hours Acute Detoxification
metabolites or metabolic
activation
Serum albumin Peripheral ~ 25 days Short-term General
adducts blood internal
exposure,
likely
genotoxic
Hemoglobin Peripheral ~ 120 days Semichronic Effective dose,
adducts blood likely
genotoxic
DNA adducts  Target tissues > 120 days Chronic Effective dose,
genotoxic
DNA adduct Urine Chronic Effective dose,
repair ible
products detoxification
with repair
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tag is, and they indicate longer
exposure to genotoxins. They can be
determined in target tissues such as
liver, kidney, bone marrow, and
germ-line cells, but fairly invasive
procedures must be used to collect
the samples. However, products of
DNA repair and excision are often
excreted intact in urine and can be
determined by several methods.
Gerald Wogan, director of the Di-
vision of Toxicology at MIT, has car-
ried out small-scale population stud-
ies in China and in Gambia, West
Africa, to determine the relationship
between dietary intake of aflatoxin
and formation of adducts to DNA or



to serum albumin, a biomarker for
short-term exposure. Aflatoxin, a my-
cotoxin produced by Aspergillus flavus,
can contaminate cereals, peanuts, and
other foods. It has been linked to in-
creased incidences of liver cancer in
China and Africa. Wogan’s group used
monoclonal antibody immunoaffinity
chromatography, followed by HPLC
with UV or fluorescence detection, to
detect DNA—aflatoxin adducts and
aflatoxin breakdown products in urine
samples.

Other DNA adduct detection meth-
ods include 32P postlabeling, a less
instrumentally complex method that
is nonselective and has a detection
limit of less than one adduct per 10°
or 10*° nucleotide bases in samples
of 1-10 g DNA. The DNA is digested
with endonucleases to nucleotide-3’-
monophosphates and enzymatically
radiolabeled with [y->2P]-ATP at the
5’-position. The labeled adducts are
resolved by four-directional TLC for
a fingerprint of adduct nucleotides
and quantified by autoradiography.

Molecular dosimetry as an
epidemiological tool

Molecular dosimetry is not the ulti-
mate measuring tool for carcinogenic
risk, says Tannenbaum, but rather
part of an overall scheme of toxic ex-
posure assessment performed at sev-
eral levels, each providing a different
type of information. The chemical in-
teraction of a purified known agent
with a purified target molecule in an
isolated system determines the effec-
tive dose once the agent has access
to the target molecule. Uptake and
adduction in intact cells indicate
some of the localized physiological
and metabolic factors that influence
the target molecule’s exposure to an
agent. Whole-body controlled-
exposure studies in animals are
needed to determine the toxicokinet-
ics of exposure to an agent, and large
population studies—many of them
morbidity and mortality evalua-
tions—indicate the outcomes of ex-
posure.

Because each level of exposure
evaluation gives a different piece of
information, the in vitro methods of
molecular dosimetry are not likely to
replace animal exposure studies al-
together, says Tannenbaum. “Molec-
ular dosimetry may simplify animal
studies—it may even shorten them
by helping direct their focus on the
most likely agents and mecha-
nisms—but ultimately, it’s not likely
to replace them,” he remarks.

Still, prospects are good that mo-
lecular dosimetry will become part of
standard regulatory genotoxicity risk

assessment schemes to provide more
precise information on the action of
agents on human target molecules.
In 1991 the International Agency for
Research on Cancer assigned a group
to meet in Lyon, France, to evaluate
carcinogenic risks. The group con-
cluded, “As the range of data on
mechanisms of action of carcinogens
increases, so the set of possible . . .
substantive types of evidence avail-
able . .. will increase. At the same
time, inclusion in human studies of
measures related to mechanisms

(e.g., molecular dosimetry. . .) will
increase the scope and sensitivity of
epidemiological research” (Cancer
Res. 1992, 52, 2357—-61).

Although molecular dosimetry will
not replace animal testing or epide-
miological outcome studies outright,
it may change some of the current
risk classifications by providing a re-
fined connection between exposure
and genotoxicity and by giving epi-
demiologists a new molecular tool for
assessing carcinogenic risk.

Deborah Noble
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NEW PRODUCTS

PHG-1 glass combination pH mi-
croprobe has a tip diameter of 1.2 mm
to allow pH measurement in sample
volumes down to 1 ulL for biotechnol-
ogy applications. It can be immersed in
harsh buffers as well as solutions of
pH 0-14. Physitemp 401

Instrumentation

CE system. HP 3D capillary electro-
phoresis system is fully automated
with random access for up to 48 sam-
ples. The system includes on-capil-
lary detection using a diode array
detector, extended light path capil-
laries for increased sensitivity, and a
self-aligning mechanism for capil-
lary changeover time of under 2 min.
Forced-air cooling controls capillary
temperatures from 10 °C below am-
bient to 60 °C. Hewlett Packard

402

Immunoassay. Real-time process
monitor for immunoassays is used to
monitor purification, fermentation,
and other biopharmaceutical produc-
tion processes. The monitor tracks
concentration and purity of products
or contaminants by passing part of
the process stream through an
immunoassay-based sensor cartridge
or a perfusion chromatography col-
umn at high flow rate. Assays are
performed in cycles of 15-20 s or

1 min, depending on the application.
PerSeptive Biosystems 403

Particle size analysis. Micro Vol-
ume Module for LS series laser dif-
fraction particle size analyzers ac-
commodates small samples of 1-50
mg in a 12-mL diluent volume. The
wetted surfaces are corrosion- and
solvent-resistant, and the module
handles viscosity up to 100 cen-
tipoise, with variable-speed stirring
and run times of 10 s. Coulter 404

TOFMS. LaserTec BenchTop ma-
trix-assisted laser desorption time-
of-flight mass spectrometer for
biopolymer molecular weight deter-
minations has automated control of
laser intensity and sample position
tracking for unattended operation.
Equipped with a 0.7-m linear flight
tube and a nitrogen laser, the spec-
trometer provides a video sample
monitor for viewing individual sam-
ples and a joystick for fast manual
operation. The carousel holds 24
samples. Vestec 405

NMR. Unityplus 750-Hz NMR spec-
trometer, designed for commercial
biochemical structure determina-
tions, is available with as many as
six interchangeable rf channels that
can be configured for indirect detec-
tion, triple and quadruple resonance
experiments, and other applications.
Varian 406

Spectrophotometry. Model 920
UV-vis spectrophotometer features
true double-beam, full double mono-
chromator optics and is externally
controlled via an IBM-compatible
computer. The instrument has con-
tinuously variable spectral slit
width, with stray light < 0.0003 % T
at 220 nm and photometric noise
< 0.00005 AU rms, and can scan up
to 7000 nm/min. Automated accesso-
ries include a routine sipper, batch
sampler, gel scanner, reflectance at-
tachments, and ambient cell holders
with up to 14 cell positions. GBC
407

HPLC. LC-295 UV—vis detector has
programmable wavelength selection
for up to 20 wavelength changes per
run, allowing users to choose the op-
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timal wavelength for each sample
component. The detector uses dual-
beam optics and has a range of 195—
600 nm. It includes autozero correc-
tion for each wavelength change and
self-checks the deuterium lamp and
the energy throughput for both
beams. Perkin Elmer 408

Mercury analysis. High-speed
cold-vapor mercury analyzer fea-
tures on-line sample digestion and
follows EPA Method 245.2. The sys-
tem can run 40 samples per hour and
has a detection limit of 40 pptr. A
DOS-controlled 76-position auto-
sampler and data acquisition soft-
ware are included. Columbia Analyt-
ical Instruments 409

XRD. Materials Research Diffrac-
tometer with modular construction
maps regions of reciprocal space in
epitaxial and thin-film structure
studies, and can identify strain,
stress, and wafer curvature in sin-
gle-crystal and polycrystalline mate-
rials. The diffractometer incorpo-
rates a computer-controlled Bartels
four-crystal monochromator and can
be equipped with a diffracted beam
analyzing crystal for measurements
by triple-axis technique. It also uses
a conventional divergence slit and
parallel plate collimator for analysis
of polycrystalline and textured mate-
rials. Optical configurations can be
switched in seconds, and samples are
handled on a wafer stage, 75-mm x—y
translation stage, or an open Eule-
rian cradle. Philips Analytical 410

Software

Data acquisition. ChromTalk chro-
matography interface software col-
lects data in the background from up
to 12 instruments simultaneously.
The software monitors incoming
data and converts it, performs calcu-
lations, checks for quality control
samples, and transfers to a LIMS
automatically. Labtronics 411

For more information, please circle
the appropriate numbers on one of
our Reader Service Cards.




Titrino 716 Metrohm dynamic titra-
tor performs acid—base, redox, precip-
itation, complexometric, Karl Fischer,
and other titration methods, as well as
amperometric or voltammetric titra-
tions with an integrated polarizer. The
titrator can be interfaced with a printer,
balance, sample changer, or PC.
Brinkmann 412

Spectrometry. SpecInfo Online
database on STN International con-
tains 114,000 NMR, IR, and MS
spectra of organic compounds. Users
can search by entering a chemical
structure online, entering a complete
NMR spectrum as a list of peak posi-
tions, or editing an NMR spectrum
selected from the database. The
database software can also predict
NMR spectra from entered struc-
tures for later comparison with ex-
perimental results Chemical Con-
cepts 413

Chromatography. Konikrom chro-
matography data system performs
data acquisition and storage; peak
integration, timing, and identifica-
tion; detector response calibration;
quantitation; chromatogram repro-
cessing; and visual analysis. Up to
two instruments with four detectors
each or vice versa can be supported.
The system works within Windows
for multitasking data acquisition,
methods development, calibration,
and calculation and chromatogram-
editing functions. Konik 414

Manufacturers’ Literature

Chromatography. Waters Column
newsletter features Nova-Pak C,q
columns and applications for the ex-
traction of mycolic acid from tuber-
cular cultures, isolation of antisense
oligonucleotides, and high-perfor-

mance GPC of epoxy resins. Chro-
matograms and protocol notes, along
with ordering information for col-
umns, are included. 32 pp. Millipore/
Waters Chromatography 415

Process chemistry. Guidelines for
Auditing Process Safety Management Sys-
tems describes alternatives for devel-
oping audit programs in chemical
process safety management. Pre-
and postaudit activities, protocols,
data gathering, methods, sources,
and organizational changes are dis-
cussed. 136 pp. American Institute of
Chemical Engineers 416

Clinical chemistry. Brochure de-
scribes Reply clinical chemistry ana-
lyzer and has sections on reagents,
ISE benefits, data processing, and
instrument support as well as infor-
mation on the automated features.
8 pp. Olympus 417

SFE. Training videotapes describe
applications for SFE methods using
CO, for determination of fat content
in foods; EPA Method 3560 determi-
nation of environmental pollutants;
and general sample preparation, in-
cluding polymer analyses. 15 min.
Isco 418

XRF. Brochure discusses on-line ele-
mental analysis by XRF and includes
descriptions and photographs of lig-
uid analyzers, coating gauges, gran-
ular sample analyzers, and other in-
struments from the Model 600 series.
12 pp. Asoma 419

Catalogs

Laboratory supplies. Catalog con-
tains a separations feature section
with complete listings for filtration
and chromatography products. Also
included are bioreactors, a UV cross-
linker, anemometers, fiber-optic il-
luminators, and a 24-page section of
immunochemicals. Whatman 420

Gases. European version of spe-
cialty gases catalog contains prod-
ucts for environmental compliance
monitoring, supercritical fluid tech-
niques, and toxic organic measure-
ments as well as specialty gases and
gas-handling equipment. Informa-
tion on concentration ranges, ship-
ping, cylinder sizes and contents,
and maximum allowable concentra-
tions is provided. Also included are
metric conversions, DIN valve out-
lets and connections, and other for-
mat changes for European custom-
ers. Scott Specialty Gases 421
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Analytical Chemistry
in the Aftermath
of the Gulf War

D. L. Donohue and Rolf Zeisler
International Atomic Energy Agency
Wagramerstrasse 5

P.O. Box 100

A-1400 Seibersdorf

Austria

The 1991 Gulf War came to an end
with the acceptance by Iraq of the
cease-fire terms embodied in United
Nations Security Council Resolution
687. This resolution specifically
called upon the International Atomic
Energy Agency (IAEA), assisted by
the U.N. Special Commission, to
carry out inspections of all Iraqi nu-
clear installations and to develop a
plan to destroy, remove, or render
harmless all items related to the de-
velopment of nuclear weapons or nu-
clear-weapons-usable material.
Within two weeks of that resolu-
tion, an JAEA Action Team was
formed. Its first inspection, which
took place within six weeks, con-
sisted of sorting through the rubble
of the buildings in Tuwaitha, the
main research center of the Iraq

0003-2700/93/0365-359A/$04.00/0
© 1993 American Chemical Society

Atomic Energy Commission. The
team took custody of all nuclear ma-
terials and visited the Tarmiya site.
As time went on, other inspections
by the IAEA in collaboration with
the U.N. Special Commission en-
abled investigators to obtain a
clearer picture of what had been a
multibillion-dollar clandestine pro-
gram to produce a nuclear weapon.
The TAEA Action Team succeeded
in implementing, on very short no-
tice, a comprehensive program of in-
spection activities by calling upon an
impressive range of technical and
administrative resources within the
IAEA and its member states. The
TIAEA laboratories in Seibersdorf,
Austria, played an important role in
this effort by performing hundreds of
analytical measurements on samples
brought back by inspectors. These
analytical results were used to plan
subsequent inspections and to verify
the declarations made by the Iraqi
authorities about their activities
prior to the war. In this ANALYTICAL
APPROACH we will describe some of
the contributions made by the JAEA

laboratories to ensure the success of
the Action Team’s mission, and we
will attempt to convey some of the
challenges we faced during this
project.

Background

Two specific laboratories in the
TAEA’s Department of Research and
Isotopes were responsible for sup-
porting the Action Team. The Chem-
ical Analysis and Isotopic Analysis
Units of the Safeguards Analytical
Laboratory (SAL) and the Chemistry
Unit of the Physics, Chemistry, and
Instrumentation (PCI) Laboratory
performed the majority of the mea-
surements. Additional analytical
support was provided by government
laboratories in the member states,
the Austrian Research Center in
Seibersdorf, the Atom Institute of
the Austrian Universities in Vienna,
and a commercial analytical labora-
tory.

In the initial phases of the project,
inspectors and analytical chemists
were confronted with the need to de-
fine what, if any, undeclared nuclear

ANALYTICAL CHEMISTRY, VOL. 65, NO. 7, APRIL 1, 1993 « 359 A



ANALYTICAL
APPROACH

activities had taken place; where
and, if possible, when they took
place; and by what means they were
accomplished. To answer these ques-
tions, it was important to consider
all aspects of the suspect process
when the sample collection and anal-
ysis system was designed.

Considering the degree of destruc-
tion of the Iraqi facilities and the
Iraqis’ efforts to conceal certain as-
pects of their program, it was neces-
sary to collect a large number of en-
vironmental or construction material
samples to search for unusual traces
of nuclear materials. To facilitate
this sampling, inspectors were sup-
plied with materials such as filter
papers for smear samples and plastic
or glass bottles for bulk samples. At
the laboratory, the samples were
coded and split into three parts: one
sample for assay in the IAEA labora-
tories, one for possible analysis in a
laboratory outside the IAEA, and one
for archival purposes.

The initial goal of the analytical
chemists was to quickly answer the
following questions:
¢ Is there radioactive material in the
sample? What radionuclides are
present?
® Are uranium or other actinide ele-
ments present in the sample?

* Are isotopically disturbed uranium
or compounds of uranium that are
indicative of a particular enrichment
process present?

* What are the quantities of radio-
nuclides, fission products, or actinide
elements in the samples?

It was imperative that the inspec-
tors and chemists closely coordinate
their efforts in determining the best
method of sample treatment, priori-
ties for analysis, and where to send
the subsamples for outside measure-
ments. The inspectors requested a
variety of measurements to aid in
the investigation of both declared
and undeclared nuclear activities in
Iraq. The range of sample types
shown in Table I includes environ-
mental samples from nuclear facili-
ties, construction materials used in
U enrichment or Pu production, and
nuclear-grade process materials.

Analytical capabilities

SAL. The analysis of nuclear materi-
als for U and Pu content as well as
isotopic composition was and still is
the main work performed by the SAL
in support of IAEA safeguards under
the nonproliferation treaty and other
agreements. In this article, however,
we will focus on the types of samples
(including some listed in Table I)

that were unique to the inspections
in Iraq or those that required the ap-
plication or development of new ana-
lytical methods and protocols.

The techniques selected for analy-
sis by the SAL (I) require high preci-
sion and accuracy, high selectivity
for U or Pu and, in some cases, high
sensitivity (because of the problems
associated with shipping large sam-
ples). Table II lists the analytical
techniques applied at the SAL for
analysis of the samples obtained by
the Action Team. Certain techniques

such as high-resolution gamma ray
spectrometry and X-ray fluorescence
(XRF) spectrometry can be used to
measure a large number of isotopes
or elements. For this reason, these
methods were used extensively in
screening the non-nuclear material
samples, whereas the more tradi-
tional Safeguards Analytical tech-
niques were used for the nuclear ma-
terial samples.

PCI Laboratory. The PCI Labo-
ratory performs a broad range of
measurements in support of JAEA

Table I. Analytical measurements requested for samples
obtained by the IAEA Action Team

Sample category Sample type Information requested
Non-nuclear Presence and amount of
materials U an
Environmental Smears Presence of other
Vegetation radionuclides
] Presence and amount of F,
Debris Cl, U, and Pu isotopes
Rocks, ores Presence of high
Water explosives
Construction Graphite Purity, type, or identity
materials Steel
Beryllium
Unknown metals
Nuclear U metal Amount of U and Pu
materials U compounds Amount of U and Pu

Pu compounds

Po
U, Pu waste and scrap

isotopes
Amount of Po
Compounds of U and Pu
Trace elements

in U compounds

Table Il. Analytical techniques used at the SAL

Component measured

High-resolution
gamma ray spectrometry

Alpha particle
spectrometry

X-ray fluorescence
spectrometry

K-edge densitometry

McDonald/Savage
potentiometric
titration

NBL modified Davies/Gray
potentiometric titration

Optical emission
spectrometry
Thermal ionization MS

Isotope dilution MS
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Pu isotopic abundances
Amount of 2¢'Am, 27N
Presence of radionuclides

238py abundance
Presence of 2'°Po

Major, minor, trace
elemental analysis

Amount of U, Pu, Th, Np
in solutions

Amount of Pu in pure
nuclear materials
Amount of U in pure nuclear materials

Trace elements in U compounds

U, Pu isotopic abundances
Amount of U, Pu in small samples
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programs. The activities of the PCI
Laboratory range from the measure-
ment of radionuclides in the environ-
ment (e.g., the international Cherno-
byl project) to the provision of quality
control standards under the Analyti-
cal Quality Control Services pro-
gram. Techniques for the screening
and analysis of inspection samples
from Iraq, which are divided between
destructive and nondestructive anal-
ysis methods, are shown in Table III.

To determine F and Cl, neutron
activation analysis (NAA) with auto-
mated equipment can be used for the
rapid evaluation of a large number of
samples (2). Gamma ray spectrome-
try was used extensively to screen
samples for radioactivity and to de-
tect the presence of uranium above
the background level of ~ 1 ug/g of
sample. Also measured by gamma
ray spectrometry were fission prod-
uct elements that remained in the
samples after reprocessing of the
spent reactor fuel. The advantage of
this method is that results are pro-
vided quickly, without elaborate
sample preparation. Another advan-
tage is the broad range for detecting
radionuclides without requiring
prior knowledge of sample composi-
tion.

XRF analysis, whether with exci-
tation by an X-ray tube or by a
radioisotopic source such as 1°°Cd, is
also a rapid screening technique
with a detection limit for uranium of
~ 1 pg/em?®. Most other elements of
interest (except for the lightest ones)
were also measured by this method,
and it was ideal for determining the
composition of metals, powders, or
solutions. Quantitative information
can be obtained if appropriate stan-
dards are available.

Among the destructive analytical
techniques used, laser fluorometry
offers the highest sensitivity and ac-
curacy for uranium determination
(3). This method relies on the optical
fluorescence of uranium compounds
following illumination by UV laser
light. The sample preparation for
such measurements involves ashing
the specimen in air at 500 °C to re-
move all organic components, fol-
lowed by dissolution in hot nitric
acid. In some cases, it is necessary to
use a solvent extraction procedure to
chemically separate the U from in-
terfering elements. The final mea-
surement by laser fluorometry is
performed in a phosphate medium to
achieve a high luminescence yield.

Information about the concentra-
tion of uranium and many other ele-
ments in dissolved samples was ob-

tained with inductively coupled
plasma optical emission spectrome-
try (ICP-OES). This method was es-
pecially useful for measuring the
trace elements in water samples
from the pool of the Soviet IRT-5000
reactor and from the spent-fuel stor-
age ponds. The presence in such
samples of elements from the fuel
cladding or core would be indicative
of corrosion or damage to the fuel
and would have had serious conse-
quences. The ICP-OES results, in
conjunction with the pH and conduc-
tivity measurements, gave a consis-
tent picture of the integrity of the
fuel rods in these locations.

Finally, certain measurements of
Pu in Iraqi samples were performed
with alpha particle spectrometry.
The sensitivity and selectivity of this
method for Pu is quite high; it has a
detection limit of < 1 ng (4). Quanti-
tation of the amount of Pu present
was accomplished by the addition of
a 236Puy tracer of known quantity. In-
terference by U in this measurement
is minimal because it has lower spe-
cific activity and emits lower alpha
particle energies.

Sample-handling protocol

The analytical schemes applied to
the non-nuclear material samples
were specially developed to allow the
inspectors to make rapid and selec-
tive measurements without demand-
ing optimum performance in terms
of precision. Another important ob-
jective was to obtain as much infor-
mation as possible from a sample be-
fore it was destroyed by further
chemical processing.

Usually, a preliminary measure-
ment was performed to screen sam-
ples for the presence of important
components such as uranium, pluto-
nium, or other radionuclides. Initial
screening for uranium was per-
formed by workers at the Austrian

Research Center in Seibersdorf.
They used alpha particle counting in
an ionization chamber for the high-
est sensitivity. In both the SAL and
the PCI laboratory, additional
screening was carried out with high-
resolution gamma ray spectrometry
and energy-dispersive XRF spec-
trometry. Gamma ray spectrometry
has a high sensitivity (nanogram to
microgram levels) for radionuclides
with relatively short half-lives, as in
the case for many fission products
and certain isotopes of Pu. The XRF
method was used to screen for the
presence of uranium, with a detec-
tion limit of ~ 1 ug/cm?®. Because
uranium is a naturally occurring ele-
ment that is present in soil at a con-
centration of ~ 1 ug/g, there were
certain analytical problems associ-
ated with the “blank” levels, prima-
rily in the environmental samples.

Following initial screening mea-
surements, samples that showed ele-
vated levels of U or Pu were mea-
sured by other nondestructive
methods, such as NAA (for F and Cl
content), before being submitted for
chemical dissolution and further de-
structive analysis. Care was taken in
the chemical treatment of the sam-
ples to minimize the danger of con-
tamination. The primary methods
used for the determination of U con-
tent—laser fluorometry and isotope
dilution MS along with other com-
plementary methods—were espe-
cially valuable in the analysis of ura-
nium ores from Al Qaim, as
discussed below.

The chemical treatment of samples
containing U or Pu depended on the
matrix. Filter paper smears were di-
gested in nitric acid; soils, ores, and
rocks were dissolved in nitric/hy-
drofluoric acid; and graphite or
metal pieces with suspected surface
contamination were leached with ni-
tric or hydrochloric acid. Certain an-

Table lll. Analytical techniques used at the PCI Laboratory

Analytical technique

Component measured

Nondestructive analysis
Neutron activation analysis
Gamma ray spectrometry
X-ray fluorescence

spectrometry
Conductivity and pH

Destructive analysis

Laser fluorometry

Inductively coupled plasma optical
emission spectrometry

Alpha particle spectrometry
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alytical techniques such as isotope
dilution MS required that the sam-
ples undergo further chemical pro-
cessing steps. Thus the analysis of
one sample could involve a signifi-
cant amount of effort and measure-
ments with several analytical tech-
niques.

More than 500 environmental or
smear samples and nearly 600 nu-
clear material samples from the 15
Action Team inspections in 1991 and
1992 were analyzed at Seibersdorf.

External analytical support

In addition to the measurements
performed at Seibersdorf, selected
samples were distributed to labora-
tories outside of the IAEA that could
offer special analytical services or a
rapid response for screening mea-
surements. The Austrian Research
Center in Seibersdorf supplied alpha
particle measurements for the
screening of non-nuclear material
samples for the presence of U and, in
collaboration with the Atom Insti-
tute of the Austrian Universities in
Vienna, carried out NAA. Samples of
steel were sent to a commercial met-
allurgical laboratory to determine
their type and, therefore, their use-
fulness for building gas centrifuge
components (used for uranium en-
richment). Government laboratories
in several member states accepted
samples on which they performed
highly sensitive and precise mea-
surements.

Results of analytical
measurements:
selected examples

Several cases will be described in
which analytical measurements were
performed on non-nuclear material
samples supplied by the Action
Team. These cases exemplify the
range of measurement techniques
applied and demonstrate how the
results of such analyses can be com-
bined with the inspectors’ observa-
tions for a more complete under-
standing of the nuclear activities
under investigation.

Evidence of electromagnetic
separation of uranium isotopes.
The revelation that Iraq had been
using the electromagnetic isotope
separation (EMIS) process for en-
riching 2°*U came as a surprise to
many people in the scientific com-
munity. It was not until the third in-
spection that the Iraqgi authorities
admitted to the existence of this pro-
gram and described their activities
in detail. This declaration by the Ira-
gis contained information about the

large facilities at Tarmiya and Ash
Sharquat, the number of isotope sep-
arators (calutrons) that were operat-
ing at Tuwaitha and Tarmiya, and
the amount of 2**U that was success-
fully separated. The Action Team
was shown parts of the isotope sepa-
rators that had been dismantled, de-
stroyed, and buried in an attempt to
conceal this program. A few parts
from the ion sources and collectors of
the calutrons were brought back for
analysis. In addition, samples were
taken from the declared product
batches, covering a range of 2*°U en-
richment from depleted (< 0.1 wt%)
to ~ 6 wt%.

Figures 1 and 2 show photos of an
ion source and collector pieces from a
1200-mm calutron declared to have
been in operation at Tarmiya. These
graphite pieces were scraped with a
razor blade to remove ~ 1 g of powder
from the surface that was then

leached in nitric acid to dissolve the
uranium. This was followed by isoto-
pic measurements using a thermal
ionization mass spectrometer (Finni-
gan MAT-261). Results are shown in
Table IV. The ion sources that were
sampled for analysis contained only
natural uranium. The data from the
sampled collector pieces showed en-
richments not exceeding 6%.

The Iraqi authorities declared five
batches of uranium nitrate product
solution from the EMIS process work
at Tarmiya. These were said to con-
tain several hundred grams of en-
riched uranium with a 2*U content
of between 3 and 6 wt%, as well as
other recovered material with de-
pleted or near-natural 23°U abun-
dance. The product solutions had
been removed from five tanks
at Tarmiya and buried in plastic
bottles. Each bottle was sampled by
the TAEA inspectors; the samples

Table IV. Results of isotopic measurements for calutron pieces

Sample 1.D. 235 abundance (wt %) Remarks

lon source 1 0.71 Natural U

lon source 2 0.71 Natural U
Collector 1-1 0.76 Slightly enriched
Collector 1-2 5.82 Enriched
Collector 1-3 4.76 Enriched
Collector 1-4 0.39 Slightly depleted
Collector 1-5 6.84 Enriched
Collector 2-1 0.06 Highly depleted
Collector 2-2 5.94 Enriched
Collector 2-3 4.22 Enriched
Collector 2-4 0.79 Slightly enriched

Figure 1. lon source from electromagnetic isotope separator.
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were analyzed at the SAL with ther-
mal ionization MS to determine the
isotopic composition and with isotope
dilution MS to determine the ura-
nium content (Table V).

The measured isotope information
closely matches the declared infor-
mation. Investigators combined the
concentration data with the mea-
sured volumes of solution in the bot-
tles to determine the total amount of
material present.

Evidence of plutonium produc-
tion. In 1991 Iraq declared that it
had established a program for repro-
cessing spent fuel to recover Pu. This
was carried out by dissolving one
“exempted” spent-fuel assembly
from the 10% enriched fuel for the
Soviet IRT-5000 reactor, yielding

~2.26 g of Pu. It was subsequently
discovered that the Iraqis also irra-
diated natural U fuel pins in the
IRT-5000 reactor. This resulted in
production of an additional 2.7 g of
Pu.

IAEA inspectors sampled all of
these plutonium-bearing materials
and sent them to Seibersdorf for im-
mediate analysis. By using the most
rapid analytical method, high-reso-
lution gamma ray spectrometry, a
measurement of the Pu isotopic
abundances (except for 24?Pu) and
the >*!Am content was obtained.
From these data, it was possible to
infer the most recent date of chemi-
cal processing of the samples, which
gave an approximate timetable for
the undeclared activities. Table VI

Figure 2. Graphite collector pieces from electromagnetic isotope separator.

Table V. Results of measuring uranium nitrate solutions

Sample Declared 25U Measured 25U
(wt %) (wt %) concentration (mg/g)

Tank 1-1 <0.1 0.088 0.781
Tank 1-2 <0.1 0.094 0.787
Tank 2-1 0.1-0.5 0.176 0.583
Tank 2-2 0.1-0.5 0.176 0.581
Tank 3-1 0.5-1.0 0.614 0.294
Tank 3-2 0.5-1.0 0.614 0.295
Tank 4-1 1-5 3.23 0.702
Tank 4-2 1-5 3.26 0.130
Tank 5-1 5-10 5.80 1.221
Tank 5-2 5-10 5.81 0.647
Tank 5-3 5-10 5.81 0.992
Tank 5-4 5-10 5.80 0.517
Tank 5-5 5-10 5.81 0.800
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contains the isotopic data obtained in
this manner. The ?**Pu abundances
and the estimated separation dates
were used to confirm the irradiation
and reprocessing activities that were
eventually declared.

Uranium recovery from phos-
phate ores. A large fraction of ura-
nium materials from the EMIS pro-
cess came from domestic uranium
mines at Al Jesira and Al Qaim. The
amount of uranium obtained can be
estimated from the weight of ore pro-
cessed and the concentration of ura-
nium in the ores. This information
would represent the upper limit on
the amount of indigenously produced
uranium starting materials that
were available for the EMIS process
or other processes in Iraq. Relatively
small differences (10-20%) in the
uranium concentration in these ores
could lead to differences of many
tons in the total production.

Ore samples were brought back to
Seibersdorf by the inspection teams;
the U content was determined by
gamma ray spectrometry and, after
dissolution, by laser fluorometry,
ICP-OES, and isotope dilution MS.
The results for each ore sample ob-
tained from the different techniques
agreed within the uncertainty limits.
Inspectors used these data to check
the accuracy of the declared through-
put of the uranium plant.

Identification of construction
materials. Investigators collected a
group of samples to determine the
nature of certain industrial processes
used in Iraq and their possible con-
nection to clandestine nuclear activ-
ity. For example, it was suspected
that several pieces of steel were be-
ing used to make gas centrifuge
equipment for uranium enrichment.
Special types of steel (maraging
steel) are needed for making the ro-
tors of gas centrifuges that must
withstand very high stress (5). The
types can be identified by their ele-
mental compositions (18% Ni, 12%
Co, and 4-5% Mo) and by their met-
allurgical properties. The samples
received were small irregular pieces,
each weighing ~ 5 g. They were ana-
lyzed by wavelength-dispersive XRF
spectrometry, using a commercially
available instrument. Three types of
ordinary stainless steel were found,
none of which was the special type
used for centrifuge rotors.

XRF spectrometry was also used to
investigate a heavy gray metal cylin-
der ~ 15 cm long and 2.5 ¢m in diam-
eter that might have been part of de-
velopment work relevant to nuclear
weapons. Investigators determined



that the sample was 50% W, 20—25%
Co, 1-2% Cu, and 1-2% Nb. There
were obviously other components
(primarily light elements) that could
not be measured. These data, com-
bined with the measured density of
the sample (13.5 g/cm®), were consis-
tent with the conclusion that this
was a bar of sintered tungsten car-
bide with cobalt as the binder. Such
materials are commonly used for
making machine tools.

Detection of 2'°Po. Documents
returned by the sixth inspection
team revealed that the Iragis had
been working on radioisotope neu-

tron generators for triggering a
chain reaction in a nuclear explosive
device. These neutron generators can
be made with beryllium and the al-
pha particle-emitting isotope '°Po.
Therefore, the presence of 2*°Po in
samples would support evidence of
the existence of this program and
would possibly indicate where the
work had been carried out.

One smear sample from a glove
box that had been removed from Tu-
waitha and buried in the desert
showed unusually high alpha parti-
cle activity, according to contamina-
tion readings in the field. Smear

Table VI. Results of Pu isotopic analysis

Rﬁﬂ rocessed 239
fuel batch abundpnl:lee Pu c(‘;r)‘m sEss;laT:l‘i:‘:l
(Wt %) date
Exempted—1 87.38 0.565 2/89
Exempted—2 87.38 0.902 1/89
Exempted—3 87.38 0.100 2/89
Exempted—4 87.36 0.097 10/88
Natural—1 94.54 0.047 7/90
Natural—2 9457 0.036 7/90
Natural—3 95.89 0.050 %
Natural—4 98.32 1.087 8/90
Natural—5 99.10 0.498 3/90
Natural—6 97.95 0.842 12/90

*Note: 24Am could not be measured because of the presence of fission products.
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Figure 3. Alpha particle spectrum of smear sample (solid line) and Pu control

standard (dashed line).

samples were taken and returned to
Seibersdorf, where an alpha particle
energy spectrum was taken, as
shown in Figure 3. The dashed spec-
trum resulted from a control stan-
dard containing 22®Pu, 23°Pu, and
240py, which was used to establish
the calibration of the energy axis.
The solid-line spectrum is that of the
smear sample, which clearly shows a
peak at 5.3 MeV, in agreement with
the expected energy for alpha parti-
cles from 21°Po. Results from a gov-
ernment laboratory in a member
state confirmed this interpretation.

Measurement of water samples
from fuel storage pits. In addition
to the investigation of nuclear activi-
ties, the Action Team was given the
task of removing all highly enriched
nuclear fuel—both fresh and irradi-
ated—from Iraq. The fuel is present
in several locations; it is in the reac-
tor pool and the spent-fuel storage
pool of the Soviet IRT-5000 reactor
as well as in 14 pits in a storage lo-
cation outside of Tuwaitha. Before
arranging the transport of this fuel,
it is of critical importance to know
whether the fuel has corroded to the
point of releasing fission products
into the surrounding water. Samples
of ~ 100 mL were taken from each lo-
cation and brought back to Seibers-
dorf for analysis. The samples were
screened for radioactivity with
gamma ray spectrometry, followed
by pH and conductivity measure-
ments as well as trace element anal-
ysis by ICP-OES to look for evidence
of corrosion of the cladding (alumi-
num and magnesium).

In all cases, radiation measure-
ments were at or near background
levels, and only small amounts of
137Cs appeared in the suspended
solid material. The pH and Mg and
Al concentrations did not suggest
any significant corrosion of the fuel
cladding. These types of measure-
ments will be continued to monitor
the integrity of the spent fuel until it
can be removed from Iraq.

Conclusions

These examples demonstrate the
range of analytical techniques used
at Seibersdorf to evaluate samples
brought back by the Action Team.
The information derived from the
analyses proved to be of critical im-
portance in verifying the Iraqi decla-
rations and planning follow-up ac-
tivities. The value of the analytical
results can also be measured by
what was #ot found, namely convinc-
ing evidence of yet undeclared nu-
clear programs. In this respect, we
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rely on the sensitivity and selectivity
of the analytical methods for ura-
nium, plutonium, and other impor-
tant components of the samples.
This project taught us some valu-
able lessons. We learned that there
must be prior consultation with ana-
lysts in planning the sampling effort.
Here, the emphasis is on the choice
of sampling and analysis methods
that will give accurate data, free
from interferences and blank effects.
Investigators must validate sam-
pling methods, keeping in mind the
requirements and potential problems
associated with the techniques that
will be applied. Also, analytical
methods that give rapid, reliable re-
sults must be chosen. In critical in-
stances, verification by independent
methods should be employed.
Finally, inference methods that
take into account the sources of ran-
dom and systematic error inherent
in the data should be applied to the
results. In many cases, this analyti-
cal uncertainty can make the differ-
ence between a correct conclusion
and a faulty one.
The IAEA was fortunate to have the
proper analytical capabilities in place

so that it could rapidly mobilize in
support of this unprecedented inspec-
tion effort. In the future, it will be
necessary to build on the experience
gained thus far and to strengthen the
analytical expertise available to the
TAEA to respond to changing needs.

The authors thank the staff of the Safeguards
Analytical Laboratory; the Physics, Chemistry,
and Instrumentation Laboratory; the director of
the TAEA laboratories; and the staff of the
IAEA Action Team for their indispensable con-
tribution to this work.
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Fluorescence Detection and Size Measurement of Single DNA

Molecules

Alonso Castro, Frederic R. Fairfield, and E. Brooks Shera”
Biophysics and Theoretical Biology Groups, Los Alamos National Laboratory, Los Alamos, New Mexico 87545

We have developed a technique for the detection and size
discrimination of single DNA molecules In a hydrodynamically
focused flowing solution. Double-stranded A DNA molecules
at 3 X 10-'° M were stained with the fluor t dye TOTO-1
and were Individually detected. The technique makes use of
afrequency-doubled mode-locked Nd:YAG laser to repetitively
exclte the molecules as they traverse the tightly focused laser
beam. The flowing sample solution was hydrodynamically
focused down to a 20-um-diameter stream by a raplidly flowing
water sheath. The sheath flow technique Is well sulted for
laser-induced fluorescence detection of small-volume, low-
concentration samples. The emitted fluorescence photon burst
originating from a single DNA molecule was detected with a
microchannel plate photomuitipller based single-photon counter,
which used time-gated electronics for Raman and Rayleigh
scattering rejection. In addition, a mixture of A DNA and
smaller single-cut fragments has been simultaneously detected
and Identifled by size. The advantages over other techniques
for the detection and size determination of DNA fragments are
discussed.

INTRODUCTION

The detection and identification of minute amounts of
nucleic acids is required in many fields, such as molecular
biology, biotechnology, medical diagnostics, and forensic
analysis. Radioactive labeling is the most widely used
technique for the detection of trace amounts of DNA,2
primarily because of its sensitivity, which extends down to
the picogramrange. However, the difficulties associated with
the lifetime, handling, and disposal of radioactive reagents
have created an interest in alternative detection strategies.
Recently, for example, Rye et al.? have developed a method
for the detection of DNA in agarose gels based on fluorescence
emission. This method has a sensitivity of 4 pg per band,
which approaches that of radiolabeling methods. Neverthe-
less, many applications require the detection of even smaller

* Author to whom correspondence should be addressed at Mail Stop
43

4.
(1) Sambrook, J.; Fritsch, E. F.; Maniatis, T. Molecular Cloning, 2nd
ed.; Cold Spring Harbor Laboratory Press: New York, 1989; pp 6.21,
E.2L.

i (2) Maxam, A. M.; Gilbert, W. Methods Enzymol. 1980, 65, 499-559.

(3) Rye, H. 8.; Yue, S.; Wemmer, D. E.; Quesada, M. A.; Haugland, R.
P_; Mathies, R. A.; Glazer, A. N. Nucleic Acids Res. 1992, 20, 2803—-2812.

This article not subject to U.S. Copyright.

samples of DNA. Currently, the polymerase chain reaction
technique (PCR)** is widely used to amplify specific DNA
sequences, making detection more feasible. Although PCR
isa highly effective amplification mechanism, the use of many
PCR cycles may introduce ambiguities arising from contam-
ination and by mechanisms not yet fully understood.>7 Itis
for these reasons that it isimportant to develop more accurate,
sensitive, and faster techniques for the detection of small
amounts of DNA.

In this paper, we describe the use of our recently developed
technique of single molecule detection®® to efficiently detect
single DNA molecules in a hydrodynamically focused flowing
solution. The technique involves repetitive laser excitation
of individual molecules, detection of the emitted fluorescence
light with a microchannel plate photomultiplier based single-
photon counter, time-gated electronics, and signal processing.
The signature of the passage of individual molecules is a burst
of photons that occurs as the molecule traverses the laser
beam.

Since the fluorescence quantum yield of DNA is very small,
we use a modified version of the staining technique used by
Hirschfield!? in his early observations of individual protein
molecules. In the present experiments we stained the native
DNA with the fluorescent dye TOTO-11! (a dimer of thiazole
orange). TOTO-1, which intercalates between the DNA bases,
has a binding affinity constant nearly 1000 times larger than
that of the most widely used DNA intercalator, ethidium
bromide.? Also, when bound to DNA, the TOTO-1-DNA
complex fluorescence quantum yield increases by a factor of
1100 compared to that of free TOTO-1.2 This makes it an
excellent candidate for ultrasensitive detection of DNA
molecules.

In the present experiments, we demonstrate the detection
of full length duplex A phage DNA molecules (48 502 base
pairs). In addition, a mixture of A DNA and smaller single-

(4) Scharf, S. J.; Horn, G. T.; Erlich, H. A. Science 1986, 233, 1076—
1078.

(5) Bej, A. K.; Mahbubani, M. H.; Atlas, R. M. Crit. Rev. Biochem.
Biophys. 1991, 26, 301-334.

(6) Dunning, A. M.; Talmud, P.; Humphries, S. E. Nucleic Acids Res.
1988, 16, 10393.

(7) Kwoh, S.; Higuchi, R. Nature 1989, 339, 237.

(8) Shera, E. B,; Seitzinger, N. K.; Davies, L. M.; Keller, R. A_; Soper,
S. A. Chem. Phys. Lett. 1990, 174, 553-551.

(9) Soper, S. A;; Davies, L. M.; Shera, E. B. J. Opt. Soc. Am. B. 1992,
9, 1761-1769.

(10) Hirshfield, T. Appl. Opt. 1976, 15, 2965-2966.

(11) Molecular Probes, Inc., Eugene, OR.

(12) Huang, Z., Molecular Probes, Inc., personal communication.
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Figure 1. Schematic drawing of the experimental set-up.

cut fragments have been simultaneously detected and iden-
tified by size.

EXPERIMENTAL SECTION

A schematic drawing of the apparatus we have used for the
detection of single molecules is shown in Figure 1. A Spectra-
Physics 3800 frequency-doubled mode-locked Nd:YAG laser
producing 70-ps pulses at 532-nm wavelength and 82-MHz
repetition rate was used as the excitation source. Thelaser output
was directed through a variable neutral density filter which
at ted the laser i ity to 50-70 mW. The laser beam was
focused into the sample cell by a pair of crossed cylindrical lenses
to yield a 500 X 10-pm spot (honzontal and vertical 1/e? values,
respectively). This arr t provided uniform excitation
along the entire cross section of the hydrodynamically focused
sample stream (see below). The sheath flow cell was constructed
from a glass square-bore capillary with inside dimensions of 800
X 800 pm (Figure 2). The sample was gravity fed through a
100-pm-diameter stainless steel hypodermic needle into the
square cell. A sheath of water was pumped by a Harvard
Apparatus Model 22 syringe pump through a 0.1-um Millipore
filter and into the square cell at about 0.8 mL/h. This rapidly
flowing water sheath hydrodynamically focused the sample
stream to a final diameter of 20 um. The combined use of a large
horizontal beam dimension and a small stream diameter should
permit homogeneous illumination of the sample, such that all
molecules experience identical laser excitation intensities. This
modification of the tightly focused Gaussian laser beam profile
used in prevmus expenments" was required if meaningful
are to be made. The
detection volume created by the intersection of the laser beam
and the focused sample stream was 3 pL. The sheath flow
technique!® is well sulted for laser-induced fluorescence of low-
[ ion of the small probing volume
produced, which provides low background fluorescence and
uniform excitation of the . Fluc light was coll
by a 40X 0.65 N.A. microscope ob]ectlve, spatxally filtered by a

fluc y meast

(13) Zarrin, F.; Dovichi, N. J. Anal. Chem. 1985, 57, 2690-2692.
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Figure 2. Cross section of the sheath fiow cell (not to scale). The
sheath liquid flows through a glass square-bore cell (0.8-mm i.d.) and
hydrodynamically focuses the sample stream from the 100-um-i.d.
injection tube down to 20 um. The laser beam travels perpendicular
to the drawing plane.

1.2- X 0.4-mm rectangular slit, spectrally filtered by a 555/30 nm
eight-cavity Omega Optics interference filter, and detected by
aHamamatsu R1562U microchannel-plate photomultiplier tube
cooled to0°C. The MCP-PMT signal was amplified by a Hewlett-
Packard 8447F amplifier, shaped by a Tennelec TC454 discrim-
inator and sent to the gate and stop inputs of a Tennelec TC863
time to amplitude converter (TAC). A fraction of the laser beam
was split off by a beam splitter and sent to a fast photodiode to
provide the start pulses for the TAC. A time-gate window was
set such that both prompt Raman and Rayleigh scattering were
rejected, and only delayed fluorescence photons were detected.®
Events occurring during the time window were counted by a
CAMAC Joerger S3 multichannel scaler. The CAMAC bus was
interfaced via a CES Model CBD-8210 VME interface to a Sun
workstation. The data stream from the scaler was stored on disk
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for off-line analysis and was also analyzed in real-time using a
VME-bus color monitor driven by the Sun computer. This
display provides a chart-recorder-style graph of the photon bursts
that occur as individual DNA molecules pass through the laser
beam, thus facilitating rapid experimental optimization.

Determination of the sample stream flow velocity was ac-
complished in a separate measurement by observation of 1-pm
fluorescent microspheres as they flowed through the detection
volume. A microscope objective imaged the detection volume
intoa CCD video camera whose output was recorded and analyzed
frame-by-frame. The linear flow velocity was determined in this
way to be 700 um/s, which corresponds to a transit time through
the laser beam of about 20 ms. A similar procedure was employed
to determine the sample stream diameter, which was considered
to be the same for microspheres and DNA, since the effects of
diffusion are negligible in both cases under our experimental
conditions.

A DNA (full-length and Xba I digest) and TOTO-1 were
purchased from New England Biolabs (Massachusetts) and
Molecular Probes (Eugene, OR), respectively. Sample solutions
were prepared by diluting the A DNA in TE buffer (10 mM Tris,
1 mM EDTA, pH 8.0) to the desired concentration. TOTO-1
was added to yield a final base pair to dye ratio of 5:1. Water
was deionized and doubly distilled prior to use, and all solutions
were prepared immediately before each experiment.

RESULTS

(a) Time-Gate Optimization and Estimation of the A
DNA-TOTO-1Complex Fluorescence Lifetime. Inorder
to determine the position of the time-gate window for best
rejection of Raman and Rayleigh scattering, a time-delay
histogram of the TAC output was accumulated for a 2 X 10-12
M )\ DNA solution in TE buffer to which TOTO-1 was added
at a base pair to dye ratio of 5:1. The results of this
measurement are depicted in Figure 3, where the position of
the selected time-gate window is shown. The fluorescence
lifetime was determined to be approximately 1.7 ns. Also
shown in Figure 3 is the time-delay histogram for a TOTO-1
solution in TE buffer at the same concentration, but without
A DNA (the prompt peak due to Raman and Rayleigh
scattering is clearly evident). A comparison of the two curves
indicates the large enhancement in TOTO-1 fluorescence upon
intercalation into DNA.

(b) Detection of Single Full-Length A\ DNA Molecules.
To demonstrate the detection of individual DNA molecules,
we used a flowing sample consisting of 3 X 10-1> M A DNA
molecules (48 kbp) stained with TOTO-1 at a base pair todye
ratioof 5:1in TE buffer. Atthisconcentration, the probability
of a DNA molecule occupying the detection volume is 0.004.
The probability of two molecules occupying the detection
volume at the same timeisthen 1.6 X 10-°. Thus, the detection
of two or more DNA molecules at the same time is unlikely.
The results of the experiment are shown in Figure 4. Each

ANALYTICAL CHEMISTRY, VOL. 65, NO. 7, APRIL 1, 1993 ¢ 851

300 DNA + TOTO-1 in TE buffer

Waeighted Sum (arbitrary scale)

100

Time (sec)
Flgure 4. Weighted sum plots for a 3 X 10-'5 M solution of DNA-
TOTO-1 complex in TE buffer (top) and for a similar solution without
DNA, i.e., TOTO-1 in TE buffer (bottom).

observed peak is the integrated photon burst emitted by an
individual DNA molecule as it traverses the laser beam. An
average of 400 photons per A DNA molecule were obtained.
The total number of detected molecules, N, for the 819.2-s
data stream was 346. This quantity is in agreement with the
estimated value of 326, as calculated by the equation

N =covT

where ¢ is the concentration, ¢ is the sample stream cross-
sectional area, v is the stream flow velocity, and T is the
duration of the experiment. The comparison of the observed
and computed number of DNA molecules indicates that the
detection efficiency is 100% within our estimated experi-
mental error.

For better visualization of the photon bursts, the data
stream was subjected to a weighted sum algorithm given by

[

S®) =) wm dt+m

=0

where k covers a time interval of the order of the molecular
passage time, d(¢ + 7) is the data point at time £ + 7, and w(7)
are weights that resemble the photon burst shape (a double-
sided symmetrical ramp was used in the present case). The
experiments were also performed under identical conditions
with a similar samplesolution except that DNA was not added,
i.e., TOTO-1 in TE buffer at the same concentration. The
resulting data stream is shown at the bottom of Figure 4. No
photon bursts were detected in this case.

(¢) Simultaneous Detection of A DNA and A Xba
Digest. In a second series of experiments, a mixture of A
DNA (48 kbp) and A DNA Xba I digest was used. The Xba
Idigest of A DNA yields two fragments of about 24 kbp each.
The concentration of the mixture components was adjusted
toobtaina 1:1ratioof large (48 kbp) to small (24 kb) fragments
at 3 X 10-15 M each. Since the amount of intercalated dye
is proportional to the DNA size,® one would expect to observe
fluorescent molecules of two different brightnesses corre-
sponding to the two DNA fragment sizes. This is indeed the
case, as shown by the histogram plot of the number of peaks
vs peak amplitude in Figure 5. The distribution centered at
about 150 intensity units corresponds to 24 kb DNA pieces,
and the one centered at 300 corresponds to 48 kb DNA pieces,
yielding the expected 2:1 intensity ratio. Thus, we have been
able to quantify the detection of DNA molecules of different
sizes witharesolution of 12-15% , as determined by the widths
of the histograms in Figure 5. Once again, the number of
detected molecules was in agreement with the calculated
value: 651 vs 640, respectively.

We believe that the size resolution in the present mea-
surements is limited primarily by two factors: (1) statistical
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Figure 5. Histogram of the number of molecules vs fluorescence
intensity for a mixture of A DNA (48 kbp) and A DNA Xba digest (24
kbp) at 3 X 10-'5 M each.

fluctuations in the number of photons detected from indi-
vidual molecules (shot noise) and (2) lack of uniformity of
laser illumination across the sample stream caused by
imperfections in the glass capillary and by diffraction effects.

DISCUSSION

The present results suggest techniques that may be useful
in developing biotechnological, clinical, and forensic methods
that do not require extensive DNA amplification using PCR
or other methods. As mentioned, the sensitivity limit for
fluorescence detection of DNA in agarose gels is of the order
of 4 X 1012 g/band.? A similar sensitivity can be achieved
with radioactive labeling methods. In the present case, the
detection and size identification of a single 24 kbp DNA

(14) Steen, H. B. In Flow cytometry and sorting, 2nd ed.; Melamed,
R. M, Lindmo, T., Mendelsohn, M., Eds.; Wiley-Liss: New York, 1990;
Chapter 29.

fragment translates into a sensitivity limit of 3 X 10-17 g.
However, the size resolution of gel electrophoresis can be
only a few percent or less, depending on the fragment sizes
being separated, and may be as small as 0.2% for sequencing
gels, whereas our technique has a current size resolution of
12-15%. Nevertheless,in many cases, only afew DNA lengths
may be present in a sample, and high resolutionis not required.
We are currently working to improve the resolution of our
technique to differentiate among DNA fragments which differ
in size by a few percent.

For comparison, another technique which uses fluorescence
emission for the detection of DNA is flow cytometry.
Determination of the DNA content of a single Escherichia
coli bacteria has been reported using this technique.!
However, the DNA content of the E. coli genome is about 4
X 108 base pairs, more than 100 times greater than that of the
single fragments detected in the present experiments.

The sensitive detection of other individual biological
molecules has important applications. Our current single
fluorophore detection limit allows us to study solutions of
concentrations in the sub-femtomolar range. Potential
applications include the detection and measurement of low
levels of pollutants or toxins, and the study of hormones
directly at their biologically active levels of 10-12M and below.
Currently, these concentrations are only detectable through
indirect biological means.
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Fiber Optic pH Sensor Based on Phase Fluorescence Lifetimes

Richard B. Thompson® and Joseph R. Lakowicz

Center for Fluorescence Spectroscopy and Department of Biological Chemistry, School of Medicine, University of
Maryland, 108 North Greene Street, Baltimore, Maryland 21201

Afiber optic pH sensor based on single fiber phase fluorescence
Iifetime measurements of commerclally avallable fluorescence
Indicators Is described. The apparatus Is a straightforward
modification of an existing phase fluorometer and exhibits
accuracy and precision of approximately 0.02 pH unit. The
approach Is applicable to other analytes and Indicators, as
well as evanescent wave sensing schemes.

INTRODUCTION

Fiber optic chemical sensors represent an emerging tech-
nology likely to have important applications in clinical
diagnosis, pollution monitoring, oceanography, chemical
process monitoring, and other fields.'~* Fiber optic sensors
offer the capability of continuous determination of chemical
analytes in remote, inaccessible, hazardous, or in vivo
environments. Many different analytes have been determined
or quantitated using fiber optic sensors, including ions, small
molecules,and macromolecules. Whilesome chemical sensors
based on absorbance and other phenomena have been
described,>® most fiber optic sensors are based on photolu-
minescence effects, especially fluorescence.” The sine qua
non of fluorescence-based sensors is transducing the presence
or concentration of the analyte as a change in fluorescence
observable through alength of optical fiber. While performing
fluorometry through optical fibers is not trivial,®® much of
the effort in the field is directed at achieving desirable levels
of sensitivity, selectivity, dynamicrange, and accuracy through
development of the transducing mechanism.

Among the fluorescence-based sensors, most have relied
upon monitoring a change in fluorescence intensity at a single
wavelength whichis correlated with the presence and amount
of the analyte. While the virtues of fluorescence in analytical
chemistry are well-known, the drawbacks of intensity mea-
surements are also well-known, including the susceptibility
to photobleaching and quenching, variation in probe con-
centration, inner filter effects, scattering, source level vari-
ations, susceptibility to temperature variations, and the
presence of interfering fluorescent materials and Raman
scatter. Some of these problems are straightforward to
address, but others cannot be alleviated for many applications.
Recognizing this, many workers have employed fluorescent

* To whom cor uld be add d.

(1) Wolfbeis, O. S. 'Ed. Bwsensors CRC Press: Boca Raton, FL, 1991;
3 Vols.

(2) Wise, D., Wingard, L., Eds. Biosensors with Fiber Optics; Humana
Press; Clifton, NJ, 1991.

(3) Seitz, W. R. Anal. Chem. 1984, 56, 16A-34A.

(4) Wolfbeis, O. S., Ed. Proc. SPIE—Int. Soc. Opt. Eng. 1991, 1510,
42 pp.

(5) Villarruel, C. A.; Dominguez, D. D.; Dandridge, A. Proc. SPIE—Int.
Soc. Opt. Eng. 1987, 798, 225-9.

(6) Butler, M. A. Appl. Phys. Lett. 1984, 45, 1007-9.

(7) Thompson, R. B. In Topics in Fluorescence Speciroscopy Vol. II:
Biochemical Applications; Lakowicz,J. R., Ed.; Plenum Press: New York,
1991; pp 345-65.
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3139-44.
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techniques wherein the presence of the analyte causes a
wavelength shift in the excitation or emission, permitting the
amount of analyte to be correlated with the ratio of fluo-
rescence intensities at two wavelengths. These ratiometric
techniques are relatively insensitive to photobleaching or the
fluorophore amount, source intensity fluctuations, quenching,
and influences such as temperature; they are also easier to
calibrate. Among the analytes determined in this way are
pH,10 Ca?+,11 Mg?*, and inhalation anesthetics.’? Unfortu-
nately, this approach is not immune to inner filter effects or
fluorescent interferents, and it is evidently difficult to design
fluorescent indicators that have the requisite selectivity for
and sensitivity to a particular analyte and also exhibit a
suitable shift in fluorescence excitation or emission. It is
particularly difficult to envision such indicators for analytes
other than atoms or small molecules.

Recently, Lakowicz,!3 Wolfbeis,!4 and others? have shown
that the presence or level of an analyte can be correlated with
a change in fluorescence lifetime of a suitable indicator and
that this approach has some important advantages over
analytical methods based on fluorescence intensity changes.
Among these advantages are insensitivity to excitationsource
fluctuations, scattering or absorption of excitation or emission,
variation in fluorophore levels due to washout or photo-
bleaching, facile calibration, and reduced susceptibility to
fluorescent interferents and influences such as temperature.
Lakowicz and Szmacinski®s also demonstrated an important
advantage of the lifetime approach, namely a broad dynamic
range. Of course, an ordinary pH indicator operating under
the law of mass action will exhibit 10-90% of its total response
(absorbance or fluorescence intensity) over a range of 100-
fold in concentration, and the total dynamic range cannot be
more than about 3 orders of magnitude or so because greater
absorbance or fluorescence measurement precision is difficult
to achieve in practice. By judicious selection of excitation
and emission wavelengths to favor particular forms of the
indicator, Lakowicz and Szmacinski showed that a single
indicator (not exhibiting multiple equilibria), such as carboxy-
SNARF-6, could measure pH over a range from pH 5.5 to 10.
This property is of particular interest when an indicator
cannot be synthesized with precisely the desired equilibrium
constant. Moreover, it seems likely that the design of
indicators exhibiting lifetime changes in the presence of the
analyte may be easier than for those exhibiting wavelength
shifts. Finally, instrumentation for the measurement of
fluorescence lifetimes has become simpler and cheaper, due
to advances in laser, electronics, and computer tech-
nology.1316-1¢ For all these reasons, fluorescence lifetime-
based chemical analysis is likely to grow.

(10) Zhujun, Z.; Seitz, W. R. Anal. Chim. Acta 1984, 160, 47-54.

(11) Tsien, R. Y. Methods Enzymol. 1989, 172, 230—41.

(12) Yager, P. Y.; Thompson, R. B.; Merlo, S. U.S. Pat. No. 5,094,819,
1992.

(13) Lakowicz, J. R. Laser Focus World 1992, 28 (5), 60~80.

(14) Lippitsch, M. E.; Pusterhofer, J.; Leiner, M. J. P.; Wolfbeis, O.
S. Anal. Chim. Acta 1988 205, 1-6.

(15) Lakowicz,d.R.;S: inski, H. Submitted for publi
Chem.
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Flgure 1. Apparatus for measuring phase fluorescence lifetimes through
a single optical fiber. The cuvette holder in a commercial phase
fluorometer is replaced by the off-axis paraboloid, objective, and fiber
holder as described in the text.

From the point of view of optical fiber sensors, lifetime-
based sensing offers additional advantages. First, due to
microbending, mode transformation, and passage through
slip rings, the apparent fluorescence intensities measured
through multimode optical fibers can fluctuate, even if other
factors such as source intensity are held constant. These
problems are reduced or absent for single mode fibers, but
such fibers are difficult to use for routine fluorescence sensing.
For remote sensing applications such as in oceanography,
ease of calibration of the lifetime approach is a decisive
advantage; we note that wavelength ratiometric approaches
require distance-dependent calibration in most fibers due to
the steep wavelength dependence of fiber transmission with
length. Hieftje and Bright® and later Bright?* described fiber
optic phase fluorometers which differ somewhat from the
apparatus described in Figure 1. In particular, they used
much more powerful laser sources in a two-fiber configuration,
and measured fluorescence lifetimes of several compounds.
The two-fiber configuration, where excitation and emission
are conducted through different fibers, has some drawbacks?
including unsuitability for evanescent wave excitation, the
difficulty of constructing the sensing tip, occasional problems
with getting good registration between the portion of sample
illuminated and the fluorescence collected, and the additional
complexity and cost of the second fiber. While they did not
use their devices for sensing per se, the data in Bright?¢ are
comparable to ours. Apart from the drawbacks of the two-
fiber approach, the apparatus of Brightshould be satisfactory
for lifetime-based sensing.

For these reasons we chose to adapt our existing fiber optic
sensor design®% to the measurement of fluorescence lifetimes
using the frequency domain technique and apply this
apparatus to the measurement of pH as an example. We
note that this approach is not only feasible with pH but other
chemical analytes as well.

EXPERIMENTAL SECTION

Apparatus. The fiber optic phase fluorometer is a modifi-
cation of our existing design,* adapted for use with a commercial

(16) Imasaka, T.; Ishibashi, N. Anal. Chem. 1990, 62 (3), 363A-71A.

(17) Thompson, R. B.; Frisoli, J. S.; Lakowicz, J. R. Anal. Chem. 1992,
64, 2075-2078.

(18) Feddersen, B.; Piston, D.; Gratton, E. Rev. Sci. Instrum. 1989, 60,
2929-36.
(19) Lakowicz,J. R., Ed. Topics in Fluorescence Spectroscopy; Plenum
Press: New York, 1991; 3 Vols.

(20) Golden, J. P.; Shriver-Lake, L. C.; Anderson, G. P.; Thompson,
R. B,; Ligler, F. 8. Opt. Eng. 1992, 31, 1458-1462.

(21) Thompson, R. B.; Gratton, E. Anal. Chem. 1988, 60, 670-4.

(22) Berlow, R., Ed. Merck Manual of Diagnosis and Therapy, 13th
ed.; Merck, Sharp, and Dohme: Rahway, NJ, 1977; Chapter 24.

(23) Walt, D. R. Deep Sea Res., in press.

(24) Bright, F. V. Proc. SPIE—Int. Soc. Opt. Eng. 1988, 909, 23-8.
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Figure 2. Distal sensingtip schematic. Glass capillary tubing is epoxied
to an SMA connector attached to the distal end of the fiber. The
dialysis membrane is secured by the O-ring, forming a small chamber
that contains the c-SNAFL-2 dextran conjugate.

phase fluorometer (ISS K2, Champaign, IL); the apparatus is
depicted schematically in Figure 1. The turret is removed from
the sample chamber and replaced with a 6- X 6-in. breadboard,
on which are mounted an off-axis parabolic mirror (Janos A8037-
105), with a 0.062-in. hole along its mechanical axis, and a precision
fiber positioner (Newport-Klinger FP-1015), with its microscope
objective replaced with a 25-mm f/1 synthetic fused-silica lens
(Newport-Klinger SBX-019); both positioner and mirror are
conveniently mounted on small three-axis translators. The
optical fiber (General Fiber Optics Catalog No. 16-200S 200-um
core plastic clad silica, 2-5 m long) is held in the positioner with
a fiber holder, a glass capillary tube, or an SMA 905 connector
(Amphenol). In addition, the emission polarizer holder was
removed and replaced with a 75-mm focal length fused-silica
lens (Newport-Klinger SBX 025) to focus the fluorescence
emission on the PMT photocathode. Excitation was provided
by a Liconix 4214NB helium cadmium laser (442 nm, 10 mW cw)
or an Ton Laser Technology 5000 Series air-cooled argon ion laser
(50 mW all lines). For alignment purposes it was convenient to
launch a HeNe laser beam back down the fiber into the
fluorescence collection optics. Excitation intensity was enhanced
by insertion and adjustment of a !/ wave plate (Karl Lambrecht,
Chicago, IL) in the laser beam prior to its passage through the
beam-splitting polarizer.

Forsome experiments the fluorescent indicators were dissolved
in solution at low micromolar concentrations and the distal end
of the fiber was dipped therein. For sensing applications the
indicator was immobilized at the distal end by covalent attach-
ment to 70 000 molecular weight dextran and confined in a
chamber adapted from an SMA 905 connector (Figure 2) or a
Zeppezauer tube. Dialysis tubing stretched over the end permits
passage of ions while retaining the indicator.

Reagents. Resorufin (sodium salt), carboxy-SNAFL-2, and
SNAFL-2 dextran were products of Molecular Probes, and Rose
Bengal was from Aldrich; all were used without further purifi-
cation. Water was distilled and passed through a Milli-Q water
purification system; buffer salts were analytical reagent grade
and were used without further purification.

RESULTS AND DISCUSSION

We decided to compare the precision and relative accuracy
of the fiber optic phase fluorometer depicted in Figure 1 to
thoseroutinely achieved with non fiber optic instrumentation
in order to determine if the approach was feasible and to
form some estimate of the accuracy and precision by which
analytes such as pH might be determined by this method.
We took the results in ref 15 as being perfectly accurate with
regard to what phase angle, demodulation ratio, or complete
frequency response of a given indicator corresponds to a
particular pH. Our goal is to assess any additional error
introduced by the use of an optical fiber in the measurements.
Our assessment of accuracy is therefore based on the closeness
of our results to those in ref 15 and on the xg? for fits to
complete frequency responses. The xg? is an indicator of
accuracy because in this case, where we have a good
understanding of the form of the data (the model) and an
independent measure of the precision of the data from the
standard deviations of the measurements at each frequency,
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Figure 3. pH-dependent phase shifts (circles) and demodulation factors
(trlangles) measured for resorufin in a cuvette (filled symbols) and
through an optical fiber (open symbols). The cuvette data are from
ref 15.

the xg? cannot be low for an inaccurate result. Thus we
measured the phase shift and demodulation of resorufin in
0.1 M citrate-phosphate buffer solutions at various pH’s using
resorufin at pH 7.5 as a standard and compared them with
the results of Lakowicz and Szmaczinski,'® as depicted in
Figure 3. The conditions of excitation (442 nm), modulation
frequency (135 MHz), and emission filtration (Corning 3-76)
match those of Lakowicz and Szmaczinski, except that an
additional 2-mm path length fused-silica liquid filter con-
taining 1% potassium dichromate in water was inserted in
the detection optical train between the 3-76 filter and the
off-axis paraboloid to prevent photoluminescence being
excited in the 3-76 by stray laser light;® we do not anticipate
that this affected the results much, as the liquid filter does
not absorb appreciably at the wavelengths of resorufin
emission. For the samples at lower pH the detector gain
and/or the amount of the resorufin indicator in the sample
were increased to obtain adequate intensity; a virtue of this
method is that these factors do not affect the results much,?
as can also be seen in Figure 3.

It is evident from Figure 3 that the apparent phase angles
and demodulation factors are very similar to those measured
previously by Lakowicz and Szmacinski,' and thus it is quite
feasible to measure pH through an optical fiber by this
method. The low fluorescence intensity and quantum yield
of resorufin at low pH prevented acquisition of data in this
case at pH’s below 5.4. We note that the modulated laser
power launched in the fiber was less than 0.5 mW and that
more powerful excitation should increase the fluorescence
intensity and permit measurements at lower pH using
resorufin. Note that using much higher laser power or high
peak powers with a small fiber core can result in damage to
the core or nonlinear effects. Apparently, the data obtained
through the optical fiber are not much less accurate than
those observed in a cuvette, and their precision as indicated
by the standard deviations of the individual measurements
isless good, but comparable. The averagestandard deviations
of the phase and modulation data in Figure 3 measured
through an optical fiber (three repetitions each of sample
and reference) are 0.351° and 0.007, respectively, which are
about 2-fold larger than the values typically seen in this
laboratory, when samples are measured in cuvettes, and used
in calculating xg2 Much of this difference can be attributed
to the low fluorescence intensity due to modest excitation
power and to the inefficiency of optical fibers for collecting
emission.
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Figure 4. Frequency-dependent phase shifts (circles) and demodulation
ratios (squares) measured through 2 m of optical fiber for resorufin in
0.1 M potassium phosphate buffer pH 7.5 versus Rose Bengal as a
standard.

As an independent measure of the accuracy of the method,
and its utility at frequencies other than 135 MHz, we measured
the frequency-dependent phase shifts and demodulation
ratios of resorufin in 0.1 M sodium, potassium phosphate pH
7.5 buffer using Rose Bengal as a reference?’ and used these
data to determine its fluorescence lifetime in the usual manner.
The best fit value for the results shown in Figure 4 was a
single component of 3.36 £ 0.11 ns, in good agreement with
the results of Lakowicz and Szmacinskil® (2.96 ns), which
were obtained in 80 mM Tris—HCI buffer at pH 7.3. The
accuracy of the individual phase and modulation measure-
ments can be adduced from the resulting value of xg? when
the average standard deviations of the phase and modulation
measurements (0.351° and 0.7 %, respectively) are employed
in the calculation. The resulting xg? is 9.9, indicating that
the measurements are reasonably accurate.

Our results indicate that rather accurate and precise pH
measurements can be made with this apparatus. In the case
of resorufin, in the pH range roughly from 5 to 6, where the
phase angle varies approximately linearly with pH, a change
of 1.0 pH units corresponds to a phase of 27° (Figure 3) or
0.037 pH unit/deg. Thus if we ordinarily obtain accuracy
and precision in our phase measurements of 0.35°, we can
expect pH measurements accurate to 0.015 pH unit. For
some applications, such as blood pH monitoring?2 or microbial
cell growth monitoring, this accuracy is adequate, but for
other applications, such as monitoring oceanic CO,, it is not.2%
Resorufin represents a favorable case in that it exhibits a
very large lifetime (and thus phase) difference between the
protonated and unprotonated forms, whereas other probes
are not so good; of course, the phase difference cannot be
greater than 90°. However, the precision of these measure-
ments might be very much improved in a phase fluorometer
optimized for operation at a single frequency, rather than the
more flexible, broad-band commercial phase fluorometer used
in these experiments. Note also that given the ability to vary
the wavelengths of excitation and emission for a particular
probe, the optimum response can be achieved.!®

Comparable results were obtained for the pH indicator
carboxy-SNAFL-2 in solution using an argon ion laser for
excitation, using a different excitation wavelength (514 nm)
than those of Lakowicz and Szmacinski (543 and 563 nm). In
particular, Figure 5 depicts phase angles and demodulations
measured through the optical fiber using the apparatus
depicted in Figure 1 and in a cuvette. The slight systematic
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error apparent at high pH suggests that some slight aging of
the samples may have occurred over a 1-month period, but
otherwise they appear to be quite robust. In many cases it
is impractical to add a fluorescent indicator such as resorufin
or carboxy-SNAFL-2 to a sample whose pH is to be deter-
mined. In these cases it is preferable to immobilize an
indicator at the distal end of the fiber. In this instance we
chose to encapsulate carboxy-SNAFL-2 as a conjugate to
70 000 molecular weight dextran in the distal cuvette chamber
depicted in Figure 2. Dialysis tubing secured over the end
served to prevent leakage of the SNAFL~-dextran, while
permitting the passage of protons. In addition to being
convenient, the isolation of the indicator from some fluo-
rescent interferents which may be present in solution is also
an advantage.? The rapidity of response of pH probes is of
importance in many applications, and therefore the kinetics
of the phase shift of carboxy-SNAFL-2 immobilized in the
distal cuvette-type probe in Figure 2 were measured as the
pH was abruptly varied. The results of such an experiment
are depicted in Figure 6. Under these conditions of rapid
mixing, the estimated time for mixing is 10-15 s, which is
somewhat more than the instrumental time constant of the
ISS phase fluorometer. The drift in phase angle was about
1deginaperiod of 2h. Inthe experiment depicted in Figure
6, a time constant of over 2 his observed. This is overtly slow
for nearly all applications, and clearly the slow response can
be attributed to slow diffusion through the dialysis tubing
and mixing within the distal cuvette chamber. ' Since some
miniature electrochemical pH probes exhibit time constants
of less than 30 s, it is evident that the fiber optic sensor time
constant could also be improved by miniaturization of the
sensing tip and substitution of a different membrane or by
covalently attaching the fluorescent indicator to the distal
end of the fiber.

In these experiments, the results are unaffected by de-
modulation of the excitation due to modal or material
dispersion due to the short length (2-5 m) of fiber employed.”

(25) Berndt, K. W.; Gryczynski, 1; Lakowicz, J. R. Rev. Sci. Instrum.
1990, 61, 1816-20.
(26) Patonay, G.; Antoine, M. D. Anal. Chem. 1991, 63, 321A-TA.
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The plastic clad silica fiber employed here has a bandwidth
of approximately 15-20 MHz km and an estimated material
dispersion of several hundred picoseconds per kilometer per
nanometer. For more remote experiments, it might be
necessary to employ gradient index multimode fibers with
bandwidths due to modal dispersion of 400 MHz km, which
is a higher frequency response than the detector used in these
experiments, the HamamatsuR928 PMT. Formultikilometer
sensing, it might be necessary to employ single mode fibers
with single frequency near-IR lasers, but fluorescent indicators
useful with such excitation sources are not yet available.

CONCLUSIONS

Itisdifficult to predict the ultimate performance achievable
with the fiber optic lifetime-based sensor, but there seems to
be no overt barrier to performance comparable to typical pH
electrodes. Obviously, the fiber approach is unsuited to
routine applications which require low cost, but for other
applications it is likely to be useful or even indispensible.
Among the importantissues remaining are improved accuracy
and precision, together with faster response time. A really
useful development would be the synthesis of fluorescent
lifetime indicators excitable by diode lasers. Phase fluo-
rometry using diode lasers as a source is straightforward,!".2>
and this approach has many advantages from the standpoint
of cost, durability, detection limits, low interference, and
simplicity.’62¢ In addition, light of red and near-IR wave-
lengths is much less attenuated in optical fibers than shorter
wavelengths, which is important for remote sensing appli-
cations.
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Flow Injection Donnan Dialysis Preconcentration of Trace
Metal Cations for Inductively Coupled Plasma Atomic Emission

Spectrometry

Narasimhan Kasthurikrishnan and John A. Koropchak”
Department of Chemistry and Biochemistry, Southern Illinois University, Carbondale, Illinois 62901-4409

The on-line combination of flow Injection Donnan dlalysis
(FIDD) with Inductively coupled plasma atomic emission
spectrometry (ICP-AES) Is shown to provide enrichment
factors of over 200 for cations with an 8-min dlalysis time,
allowing nanogram per liter level detection limits. These results
are obtained for recelver solutions conslsting either of Sr2*
or Mg?*, providing complementary free spectral ranges and
the applicabllity of FIDD-ICP-AES to trace metal cation
analysis for both transition and rare earth elements. The
enrichment factors obtained are linear over a wide range of
concentrations and limits of detection (LODs) approximately
100 times lower than for direct aspiration are obtained using
modest experimental conditions. Additional iImprovements in
enrichment factors are obtained with Increases In dialysis
time and/or flnal sample solutlon temperature. A signal
enhancement factor of 650 with an LOD of 11 ng/L for
monovalent silver cation Is demonstrated using a 30-min
dlalysis, a 42 °C final solution temperature, and longer lengths
of catlon-exchange tubing.

Donnan dialysis is a process which can preconcentrate a
given ionic species, either cation or anion, into a concentrated
electrolyte solution by establishing an ionicstrength gradient
across an ion-exchange membrane.! The electrolyte solution
of higher ionic strength, known as the receiver solution, is
maintained at a lower volume than the sample solution
containing the ion of interest.2 For cation Donnan dialysis,
cation-exchange membranes are used. These membranesare
highly permselective to cations; that is, in principle anions
cannot diffuse through the membrane. Under the influence
of theionicstrength gradient, cations from the receiver diffuse
into the sample solution. Since anions are impermeable to
the membrane, cations from the sample solution must diffuse
through the membrane into the receiver in order to maintain
electroneutrality. The latter process is the phenomenon
termed Donnan dialysis. As the volume difference between
the receiver and sample solution is large and the sample ions
are efficiently transported to the receiver, preconcentration
within the receiver results. Of the two types of cation-
exchange membranes that are commonly used, tubular cation-
exchange membranes have shown to provide higher enrich-
ment than flat cation exchange membranes due to their
decreased receiver volume to surface area ratio.? On-line
studies of tubular cation-exchange membranes of various
thickness have determined better preconcentration factors
per unit time for the thin-wall membranes.? This is due to
theincreased transport rate across the membrane, as Donnan
dialysis is constrained by the processes that occur in the bulk
of the membrane.

(1) Wallace, R. M. Ind. Eng. Chem. Process Design Dev. 1967, 6, 423.

(2) Cox,d. A.; Gray, T.; Yoon, K. S.; Twardowski, Z. Analyst (London)
1984, 109, 1603.

(8) Cox, J. A.; Twardowski, Z. Anal. Chem. 1980, 52, 1503.

(4) Koropchak, J. A,; Allen, L. Anal. Chem. 1989, 61, 1410.
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With Donnan dialysis, one can reject counterion interfer-
ences,” normalize matrices,>® and achieve sample matrix
independent enrichment over a wide range of conditions.®

- The compatibility of Donnan dialysis with voltammetry,3

high-pressure ion-exchange chromatography,’ pulse polarog-
raphy,’ and flame atomic absorption spectrometry (FAAS)
hasbeen described. With FAAS on-line tubular experiments,
a compromise between optimum Donnan dialysis flow rate
(static) and the high flow rate (3-6 mL/min) of FAAS had to
be achieved. ICP-AES measurements provide considerably
lower LODs and require much lower flow rates as compared
to FAAS. Replacing FAAS with ICP-AES should result in
better limits of detection (LODs) with a Donnan dialysis
process. The approach to combine Donnan dialysis in a
continuous-flow mode with ICP-AES has been demonstrated
using conventional- and low-flow nebulizer systems.® Pre-
viously, FAAS or ICP-AES experiments performed with
continuous aspiration of the receiver solution containing
3-10% dissolved solids resulted in nebulizer, burner, or torch
blockage.? On-line preconcentration studies with the use of
a tubular ion-exchange membrane and flow injection tech-
nique (flow injection Donnan dialysis or FIDD) have provided
high enrichment factors and about 100 times lower LODs
than for direct aspiration with FAAS within approximately
5 min.# With flow injection techniques, the sample that is
preconcentrated in the receiver solution is fed to the nebulizer
or torch for only short periods of time, alleviating blockage
problems. Thus, the extension of FIDD to ICP emission
techniques appears promising.

In this work we are demonstrating the applicability of flow
injection Donnan dialysis (FIDD) with ICP-AES as the
detector for a wide variety of cations. Since the selection of
receiver solution plays an important role in FIDD, the ideal
receiver solution for ICP-AES is discussed. Particular
attention is paid to the various interferences involved in a
typical ICP-AES experiment, such as spectral and matrix
interferences that affect the signal enhancement. The
difference between signal enhancement factor (SEF) and
enrichment factor (EF) is elucidated, and the importance of
variables such as dialysis time and temperature on signal
enhancement is characterized. Discussion of results describ-
ing the concentration independence of SEF and dispersion
effects on signal enhancements are included.

EXPERIMENTAL SECTION

Donnan dialysis studies were performed using 0.33-mm-i.d X
0.51-mm-o.d thin wall Nafion 811 cation-exchange tubing (Perma
Pure Products, Toms River, NJ). These dimensions are for the
drytubing. Inordertomaximize contact with the samplesolution,

(5) Koropchak, J. A.; Dabek-Zlotorzynska, E. Appl. Spectrosc. 1987,
1, 1231.

(6) Cox, J. A.; Twardowski, Z. Anal. Chem. Acta 1980, 119, 39.

(7) DiNunzio, J. E; Jubara, M. Anal. Chem. 1983, 55, 1013.

(8) Koropchak, J. A.; Dabek-Zlotorzynska, E. Anal. Chem. 1988, 60,
328.
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the tubing was loosely coiled around a three-prong holder. The
dialysis experimental set up used was very similar to the one
described previously.* The cation-exchange membranes were
stored in deionized distilled water (DDW) at all times, except
when dialyzing. Unlessstated otherwise, all dialysis experiments
were carried out for 8 min at room temperature (23 °C). No
extensive pretreatment of the membrane was necessary before
the start of a dialysis experiment other than flushing the
membrane with carrier to achieve base line signal followed by
injection of 5-mL receiver solution. Once the base-line signal
was obtained, the injection loop (i.e. the tubular ion-exchange
membrane) was washed externally with DDW, filled with receiver
solution, removed from DDW, and inserted into the sample
solution. Stirring of the sample solution and timing of the dialysis
began. Stirring here was achieved magnetically using a hot plate
stirrer. At the end of the predetermined time of dialysis, the
sample was injected, the signal measured, the flow to the ICP
disconnected, and the membrane flushed with higher flow rates
of the carrier after replacing the membrane in DDW to ensure
aquickreturn of the signal to the baseline. Though the optimum
operating sample volume is 500 mL, or more, for Donnan dialysis,*
the sample volume was fixed at 350 mL for these studies for
convenient sample handling purposes. The length of the cation-
exchange membrane tubing used in these studies was 0.95 m for
most studies, and the nitric acid carrier solution concentration
was 1 M. To demonstrate higher enrichment factors for some
studies, a 500-mL le solution vol and a 2-mlength tubing
wasused. The flowrate of the carrier stream for the flow injected
dialysates was 1.5 mL/min for all the elements except for Pb and
Tl where the flow rate was 1.3 mL/min. All solutions were
prepared from analytical reagent-grade (or better) salts or acids
dissolved in DDW or dilute nitric acid. All glassware was
scrupulously cleaned by soaking in nitric acid followed by storage
with DDW until usage. Limits of detection reported here are
based on 3 X standard deviation of the blank.

The spectrometric measurement system consisted of a Perkin-
Elmer (Norwalk, CT) 5500 ICP modified with a dynamic
background correction facility. The spectrometer was purged
with nitrogen gas for studies with short wavelengths (below 200
nm). The monochromator for this system is a Czerney-Turner
design with a 408-mm focal length and a grating having 2880
lines/mm and blazed at 210 nm. A Wavetek (San Diego, CA)
Sweep/Trigger VCG Model 1114 provided the modulation of
frequency and amplitude for a quartz refraction plate located
prior to the exit slit of the spectrometer. A Keithley (Cleveland,
OH) Model 485 picoammeter provided the signal amplification,
and a Stanford Research Systems (Palo Alto, CA) SR 510 lock-
in-amplifier provided the final background corrected signals. The
output from the lock-in-amplifier was connected to a Fisher
Recordall Series 5000 linear chart recorder for almost all the
studies, except for cases where the output from the picoammeter
was input to a Multitech 700 PC via a Metrabyte (Taunton, MA)
DAS-8 interface. The computer used for signal readout in this
case was equipped with Asystant Plus Software (MacMillan, New
York). The computer data acquisition was used primarily for
the collection and storage of wide wavelength range spectral scans.

A cross-flow nebulizer was used for all studies. Direct
aspiration linear calibration curves for various elements were
obtained by feeding the sample solution into the cross flow ICP
nebulizer with a Gilson (Middleton, WI) Minipuls 2 peristaltic
pump. Inmost cases, plasma operating conditions were 14 L/min
coolant, 1 L/min auxiliary, and 1.1 KW of power. Measurements
were made in the normal analytical zone (NAZ) at 15-mm
observation height above the load coil, except in the case of T1*
where the height was 18 mm. Dispersion values are reported as
the ratio of the true analyte concentration to the observed
concentration of the analyte at the detector. The observed
concentration at the detector was determined by injecting the
same analyte concentration through the membrane. Matrix
effects are expressed as the percent reduction in signal intensity
of the analyte to the true signal intensity of the analyte in the
absence of a matrix.

RESULTS AND DISCUSSION

Throughout this report we will be describing Donnan
dialysis in terms of signal-enhancement factors (SEFs) as

FIDD

Signal Intensity

200 [ Direct Aspiration

2 mglL

1 min to baseline

00 200 000 w00 000 10000
Time (sec)

Flgure 1. Typical raw data for Donnan dialysis (500 ug/L) and direct

aspiration (2 mg/L) of Pb2* with a 3-min dialysis and room temperature

sample solution using a Mg?* receiver.

opposed to enrichment factor (EFs). The EF is the ratio of
the concentration of the ionic species of interest after dialysis
inthereceiver to that of its initial concentration in the sample
and thus describes the exact level of preconcentration. The
SEF is the ratio of the peak signal for on-line Donnan dialysis
to the steady-state signal resulting from direct aspiration at
the optimized flow rate of that particular instrument (an ICP-
AES in this case). In anideal case, the SEF observed should
be the same as the EF. With an ICP-AES and FIDD
combination, matrix effects, dispersion, and spectral intef-
erences may cause the SEF to differ from the EF. Matrix
effects occur when the analyte of interest is present in a highly
concentrated matrix. More often than not, the analyte signal
intensity is reduced due to the matrix, and thus the SEF
obtained is lower than the EF. But, it is possible that the
analyte signal intensity may be enhanced for certain elements
under different conditions of operation. In such cases, the
SEF obtained would be higher than the EF. Dispersion effects
are associated with flow injection techniques and generally
reduce the analyte signal intensity, resulting in a lower SEF.
Spectral interferences are of various types, and like matrix
effcts can either reduce or enhance analyte signal intensity,
resulting in lower or higher SEFs. Thus the deviation of SEF
from EF may be positive or negative due to the above
mentioned factors.

Figure 1 shows typical raw data for the Donnan dialysis
process signal where a 0.5 mg/L Pb?* sample solution was
dialyzed for 3 min. At the end of the 3 min of preconcen-
tration, the sample was injected and the signal measured.
Figure 1 shows the peak sharpness and shape of the Donnan
dialysis signal. Data acquisition was terminated with 1 min
remaining for the signal to reach base line. Since direct
aspiration of a 2 mg/L Pb?* solution provided a signal height
(background subtracted) of about 70 units on the Y axis,
direct aspiration of a 500 ug/L solution would give a signal
height of 17.5 units, assuming a linear calibration curve. The
standard deviations obtained for blank soluticns by both
direct aspiration and Donnan dialysis were observed to be
the same. Thus, if one were to calculate an SEF for Pb2* in
this case, it would be the ratio of the respective signal heights
by Donnan dialysis and direct aspiration. In this case, the
calculated SEF would be 570/17.5 or 32.

An important step in performing a FIDD-ICP technique
is to select the receiver which would yield the best SEF and
be compatible with the ICP. Unlike studies of FIDD-FAAS,
for measurements using an ICP various types of spectral
interferences, which might limit the selection of receiver
electrolyte, need to be considered. The problem created by
line overlap interference may lead to positive errors in SEF
determinations and degraded signal-to-noise ratios, especially



Table I. Receiver Effect?

SEF
receiver Cu Pb

0.2 M magnesium sulfate, 85
0.5 mM aluminum nitrate,
0.1 M nitric acid

0.5 M strontium nitrate, 75 80 72
1.2 mM aluminum nitrate,
0.1 M nitric acid

0.25 M strontium nitrate, 65 80 7L
0.25 M cesium nitrate,
1.2 mM aluminum nitrate,
0.1 M nitric acid

'0.25 M strontium nitrate, 65 81 76

0.25 M rubidium nitrate,
1.2 mM aluminum nitrate,
0.1 M nitric acid

t =

¢ The wavelengths for the elements are the same as given in Table
II. SEF signal enhancement factor. Flow rates: 1.3 mL/min for Pb
and T, 1.5 mL/min for Cu. The room temperature was 20 °C.

if the receiver is the contributing source. This spectral
problem caused by concomitant line overlap may be elimi-
nated simply by choosing an alternate wavelength where there
is no overlap from the interferent. But the detection limits
for the alternate analyte line wavelength may be worse and
some compromise may be required. The important criteria
involved in selecting a receiver electrolyte are the valencies
of the receiver cations and their affinities for exchange sites
on the membrane. Previous studies have shown thata 0.2 M
Mg2*—0.5 mM A3+ combination at pH 1 yields similar EFs
for monovalent as well as divalent sample cations.2 The A3+
cation present in the receiver solution has strong affinity for
negative exchange sulfonate sites on the membrane, thereby
allowing lower selectivity analyte ions to diffuse efficiently.?
This is because volume diffusion (movement of analyte ions
across solvent filled channels of the membrane) instead of
chemical kinetics will limit the rate of transport in such a
case.l? Forthe selection of counterions to the receiver cations,
sulfate anions are preferred as they are less Donnan permeable
than chlorides and nitrate.!! Our studies with various
receiversresulted in similar SEFs asshownin TableI. Studies
were performed with three different elements using four
different receiver combinations. All the elements behaved
similarly, except for slightly higher SEFs with the magnesium
receiver. The results obtained in Table I allow the flexibility
of choosing an alternate receiver electrolyte for the precon-
centration step in the case of a line overlap spectral problem.
Thus, in case of a spectral line overlap interference from the
receiver electrolyte, one can switch to an alternate receiver
electrolyte without sacrificing SEFs. This is important, as
SEFsare adirect reflection of the preconcentrating efficiency
of the Donnan dialysis process. Secondly, no compromise in
LODs is required, as there is no need to choose an alternate
wavelength of the analyte.

Figures 2 and 3 depict the spectral scans obtained during
the continuous input of primarily magnesium and strontium
receiver, respectively. Clearly, the strontium receiver is
preferable for wavelengths ranging from 248 to 330 nm,
whereas the magnesium receiver is more suitable for the
wavelength range of 218-275nm. Other than the prominent
clean spectral regions of the receivers, a closer look at the two
spectrareveals their complementarynature. The highamount
of dissolved solids in the receiver is shown by the intense

(9) DiNunzio, J. E.; Wilson, R. L.; Gatchell, F. P. Talanta 1983, 30,
57.

(10) Cox, J A 'I‘wa:dowslu Z Anal. Lett 1980, 13 (A 14), 1283

(11) Cox, J. A.; Gajek, G. R; C . W
Trochimezuk, W. Anal Chem 1982 54, 1153
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Figure 2. Spectrum obtained during continuous aspiration of the Mg?*+
receiver (0.2 M magnesium suifate, 0.5 mM aluminum sulfate, and 0.1
M nitric acid). Asterisk-marked numbers show prominent aluminum
lines, and the underlined numbers in bold print stand for magnesium
lines.
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Figure 3. Strontium r spectrum obtained with it
aspiration of the Sr2* receiver (0.5 M strontium nitrate, 1.2 mMaluminum
nitrate, and 0.1Mnitricacid). Asterisk-marked numbers show prominent
aluminum lines, and the underlined numbers in bold print stand for
strontium lines.

peaks for both magnesium and strontium. Thus, a possibility
of wing overlap spectral interference exists, and for the same
reason it would be unwise to choose the magnesium receiver
for an element of wavelength 278 nm or stronium receiver for
an element of wavelength 215 nm. An example of such a case
would be divalent cadmium at 214.45 nm where one is
restricted to the use of the magnesium receiver. Since
aluminum is present in very low concentrations within the
receiver, there are only a few intense aluminum lines in the
spectra. Though the wavelength scans shown here provide
the necessary information about the choice of receiver, a
confirmatory study of the selected receiver should be done
at the wavelength desired by actual injection through the
membrane at the highest sensitivity level possible. This
eliminates interference from any weak lines that are not visible
in the spectra obtained. For example, Cu?* at 324.7-nm
wavelength suffered from spectral line overlap interference
from the magnesium receiver, whereas there was no inter-
ference in the case of strontium receiver. Once the extent of
interference, if any, is known, the analyst has the choice of
either avoiding the interfering spectral region or operating at
such high concentration levels of the analyte so as to render
the contribution from the interferent insignificant. In our
studies with a wide range of elements, we used the magnesium
receiver for all elements except Cu?*, where a strontium-
based receiver was used due to line overlap spectral inter-
ference from magnesium.
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Figure 4. Signal enhancement factors as a function of dialysis time
for sample solutions fixed at 21 °C (®) and as a function of sample
solution temperature with an 8-min dialysis time (#). The magnesium
receiver was used for all experiments.

Of the parameters that affect the Donnan dialysis pre-
concentration process, the dialysis time, and temperature of
the sample solution are particularly important. We inves-
tigated the effect of these variables using a fixed membrane
tubing length, stirring rate, and sample volume. The effects
of sample solution temperature and dialysis time for divalent
cadmium with a magnesium receiver are shown in Figure 4.
For the solution temperature studies, the dialysis time was
fixed at 8 min, and for the dialysis time study, the sample
solution was maintained at room temperature (23 °C). For
higher temperature studies, a temperature gradient of the
sample solution from room temperature to the final desired
temperature was achieved within the fixed 8-min dialysis by
varying the rate of increase. SEFs were found to increase
from 60 to 180 as the final temperature of the sample solution
was varied from room temperature to 65 °C. The increase
in SEF with increased temperatures results from the increased
transferrate across the membrane. An earlier study reported
an increase of 4% in the transfer rate across the membrane
per degree for Li* using a KCl receiver and a temperature-
controlled bath.’2 Qur studies were performed by providing
a temperature gradient rather than constant maintenance of
temperature. Inaddition to Cd?*, ourstudies performed with
other elements (Zn?*, Pb?*) confirmed the trend of increased
SEFswith increased temperatures. Figure 4 alsoshows SEFs
increasing from 40 to over 300 as the dialysis time increased
from 5 to 60 min. Using the combination of high sample
temperatures and longer dialysis times, exceedingly high SEFs
can be obtained. Increases in temperature and time provide
increases in SEF that are additive of the two effects. For
example an 8-min dialysis of Cd?* with the sample solution
at 21 °C provided an SEF of 64 (reference SEF), and increasing
the dialysis time to 15 min at 21 °C gave an SEF of 100 (an
increase of 36 in SEF). An increase in temperature from 21
to 36 °C with 8-min dialysis provided a SEF of 98 with an
increase of 2.67/°C in SEF (35 increase in SEF). When an
experiment was performed with a dialysis time to 15 min and
a sample solution temperature of 34 °C, an SEF of 134 was
obtained (an increase of 70 in SEF). The net increase in SEF
(70) is thus found to be approximately the sum of the
cumulative increases in SEF (36 + 35) that would be obtained
if the experiments for increasing dialysis time and temperature
are performed separately. This additive effect helps one to
predict the SEF that would be obtained when both time and
temperature are varied. Of the other variables, previous
workers have reported that increasing the rate of stirring

(12) Cox, J. A.; DiNunzio, J. E. Anal. Chem. 1977, 49, 1272.
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Figure 5. A log-log plot of signal to noise ratio against concentration
for Ag+ with FIDD-ICP-AES (M) and with direct aspiration (CI). The
magnesium receiver, an 8-min dialysis, and room temperature solutions
were employed for FIDD-ICP-AES.

Table II. Comparison of Detection Limits®

limit of detection (ug/L)

direct Donnan
element wavelength (nm)  aspiration dialysis SEF
Ag) 328.06 6.5 0.06 120
Cd(II) 214.43 6.42 0.10 64
Cr(III) 205.55 19.00 0.5 38
Cu(Il) 324.75 445 0.04 113
Fe(Il) 238.20 8.2 0.13 70
Ni(II) 221.60 22.9 0.3 70
PbdI) 220.35 62 0.8 85
TIA) 190.86 162 1.82 108
Zn(ID) 213.80 45 0.06 96
La(III) 333.75 13 0.28 45
Nd(III) 401.23 42 0.84 50

2The SEFs obtained here are with 8-min dialysis at room
temperature (21-23 °C) using strontium receiver for copper and
magnesium receiver for all other el ts. SEF,signalenh 1t
factor. Plasma operating conditions are mentioned in the Experi-
mental Section. The valencies of the cations are given in parentheses.

from 4 to 7 Hz has doubled the transport rate, resulting in
increased SEFs.2

Typical log-log plots of SNR versus concentration obtained
using either Donnan dialysis or direct aspiration for Ag* are
shown in Figure 5 with their respective detection limits. The
plot shows the high linearity of response obtained after
Donnan dialysis of a wide range of analyte concentrations,
confirming the concentration independence of SEF. The
significant difference in the LODs for direct aspiration (6.5
ug/L) and Donnan dialysis (60 ng/L) for silver is a repre-
sentation of the preconcentrating efficiency of Donnan dialysis
process for that element. These results were obtained for a
moderately short dialysis time (8 min) and low sample solution
temperature (23 °C).

The applicability of Donnan dialysis to a wide variety of
cations is evident from Table II, which lists the various
elements studied, the wavelength chosen, both Donnan
dialysis and direct aspiration LODs, and their respective signal
enhancement factors. For the determination of this data, a
relatively short dialysis time, low sample temperature (23
°C), and 350-mL sample volume were chosen as compromise
conditions of convenience. By using higher sample temper-
atures or longer dialysis times, lower LODs and higher SEFs
canbe obtained. Itisclearthatone candetect concentrations
aslow as 40 ng/L with Donnan dialysis for Cu?* and nanogram
per liter levels of the other elements for these compromise
conditions. Hence, the combination of FIDD and ICP-AES
provides nanogram per liter detection limits with very short



dialysis times at room temperature. Of the transition
elements, Cr®* is known to form kinetically inert complexes,
and the replacement of water molecules that are coordinated
to Cr®* by other ligands is a slow process at room temperature.
The Cr®* complexes persist in solution even under thermo-
dynamically unstable conditions, making chromium substi-
tutioninert. Onehypothesisis thattheslow kinetics of ligand
exchange is the cause for the lower SEF of trivalent chromium
ion. In addition to the trivalent chromium from transition
elements, the table also includes SEF data for a few trivalent
ions from the lanthanide series. In these cases, the SEF's are
also lower than those for mono- and divalent transition
elements, but are slightly higher than for Cr3*. Although the
slow kinetics of ligand exchange may limit the SEF in case
of Cr®*, the additional SEF data for trivalent lanthanides
indicates a possibility of SEFs being lower with trivalent cation
Donnan dialysis in general. In such a case, the difference in
SEFs for the mono- and divalent transition elements com-
pared with trivalent cations could be explained. The dif-
ference in SEFs between Cr3* and lanthanide trivalent cations
could be due to the added effect of slow kinetics of ligand
exchange with Cr3*. Preconcentration of trivalent rare earth
elements by Donnan dialysis has been described, and lower
enrichment factors were reported, compared to divalent
cations.® Coxand DiNunzio observed that trivalently charged
cations would be more susceptible to interference effects from
multicharged cations in the sample compared to divalent
cation.!? We performed preliminary studies with a divalent
(Pb%**) and a trivalent (Cr3*) sample cation by adding
increasing concentrations of a trivalent cation (Nd3*) toserve
the purpose of an interferent. The results obtained by us
indicateno difference in behavior among the di- and trivalent
cations in the presence of an interferent. An interference
was observed in both cases only when the typical ionicstrength
limit of Donnan dialysis (0.01 u) was reached. Further
investigation into the behavior of trivalent cations is presentiy
underway.

Based on our definition of SEF, the EF should be higher
with FIDD-ICP-AES as measurements with ICP-AES suffer
from matrix effects considering that the concentration of Mg2*
in the receiver is 24 g/L. Moreover, with any flow injection
technique, band broadening (dispersion) is a common oc-
currence. Dispersion can occur both by convection and
diffusion. Withnarrow tubing sizes, diffusion perpendicular
to the flow direction (radial diffusion) might occur. In such
a case, the signals obtained would be Gaussian-shaped due
o the combined effect of convection and radial diffusion.
The signal shapes that we obtain indicate that convection
was the main dispersion phenomenon with FIDD under the
operating conditions described. Dispersion is governed by
the tubing length, flow rate, and sample volume. Increased
dialyzed sample volumes will decrease dispersion, whereas
larger transport tube lengths will result in an increase.
Previously with on-line continuous analysis, SEFs were
reported to be higher with longer lengths of tubing.5¢ With
FIDD-FAAS, however, EFs were reported to show an
optimum between 0.5 and 1 m for the thick-wall membranes
and then reduce further with increasing lengths.¢ This is
because sample to receiver volume ratio decreases with
increasing lengths of the tubing. The above trend was not
continued below 0.5 m due to substantial dispersion effects
that occurred with reduced receiver sample volumes. Thus
in FIDD, a compromise between membrane length and
receiver sample volume is desired. As our studies involved
thinner membranes, the optimum tubing length should shift
from that of thicker membranes tolonger membrane lengths.
Thisis explained by the fact that it would take longer lengths
of thinner membranes compared to thicker for a fixed receiver
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Table ITI. Comparison of SEF and EF*

matrix
element SEF dispersion effects (%) EF
Cd(ID 64 2.0 24 159
Cr(IIl) 38 2.0 20 93
Cu(l) 113 2.0 9 230
NidI) 70 2.0 18 167
TI(D) 108 1.8 18 234
Zn(I) 96 2.0 8 209

¢The wavelengths and plasma operating conditions for the
elements were the same asgiven in Table II. The comparison between
SEF and EF is made for an 8-min dialysis time.

sample volume which is crucial due to its dispersion effects.
Our studies found the optimum length to be around 2 m for
the type of membrane that we used. Another factor of
significance with FIDD that affects the SEF is the extra-
injector flow volume. The effect of low and high volumes on
SEFs have been studied.! By minimizing this volume,
dispersion effects are lower and higher SEFs can be attained.

Table III lists the matrix effects and dispersion levels
determined for various elements, showing that the actual EFs
are higher than the SEF's that we are reporting throughout.
Most ICP-AES instruments operated under recommended
conditions in the presence of a high dissolved solids matrix
cause a depression insignal. Matrix effect studies previously
done show that neither the nebulizer nor the changes in test
solution uptake rate are responsible for this depression.’ Most
studies that we performed were under conditions typically
optimum for multielement analysis, although measurements
were made in a single element mode. Signal depressions of
about 18-25% for Ni2*, Cd2?*, Cr3+, Fe2*, Pb?*, and TI* were
observed with the magnesium receiver compared to mea-
surements using a dilute HNO; sample matrix. For Cu?*,
there was less than 10% depression with the strontium
receiver. Zn?* at the chosen wavelength showed an 8%
depression with the magnesium receiver. The studiesshown
here tend to agree with those reported by Thompson.13 It is
important to emphasize, however, that the matrix of the
receiver solution is not significantly altered by the dialysis
process such that the matrix of the analyte after dialysis is
essentially constant from sample to sample, independent of
the original sample composition. Thus, these results only
illustrate the difference between SEFs and EFs for FIDD-
ICP-AES, and not a matrix interference.

We investigated the combined effect of various optimum
parameters on the SEF for Ag*. Figure 6 shows the signal
resulting from the Donnan dialysis of 60 ng/L silver with a
80-min dialysis time, a 0.7 °C/min temperature gradient
(initial and final values being 21 and 42 °C, respectively),
500-mL sample volume, and 2-m tubing length. A signal to
noiseratio (SNR) of 16.2 was obtained for this concentration,
corresponding to an SEF of 650. This improvement in SEF
by a factor of 5.4 over an 8-min dialysis at room temperature
is due to the additive nature of the various effects of higher
temperature, longer tubing length, larger sample volume, and
longer dialysis time. The figure shows that the signal obtained
for the dialysis is entirely due to the analyte, as the blank
dialysis performed under identical conditions with the
magnesium receiver did not result in a change in the
background level. The detection limit for FIDD-ICP-AES
was lowered from 60 ng/L to 11 ng/L by using the higher
temperature, longer dialysis time, larger sample volume, and
longer tubing length. The combined effect of the various
parameters is a way to attain low LODs for ultratrace analyses.

(13) Thompson, M.; Ramsey, M. H. Analyst 1985, 110, 1413.
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Figure 8. A plot of signal intensity vs time for silver with magnesium
receiver is obtained with a 30-min dialysis, temperature gradient of 0.7
deg/min (initial, 21 °C; final, 42 °C), and 2 m of tubing. The analyte
concentration was 60 ng/L. The arrow indicates the instant when the
dialysate of a blank solution (DDW) was injected after performing a
dialysis under conditions similar to that for the analyte.

CONCLUSION

An attractive feature of FIDD for preconcentration is that
hardware requirements are minimally different than those
for direct aspiration analysis. Only the tubing and a stirrer
are required beyond the typical instrumental setup for
ICP-AES, making it a simple, low-cost addition to the
experiment. SEFs of approximately 100 can be obtained for
an 8-min dialysis of a room temperature solution. One can
achieve increased SEFs and much lower LODs by increasing
the temperature of the sample and by increasing the dialysis
time. If in addition to the above we increase the sample

(14) Cox, J. A;; Slonawska, K.; Gatchell, D. K. Anal. Chem. 1984, 56,
850.

volume, optimize the tubing length for a particular type of
membrane, and minimize dead volumes, LODs down to
picograms per liter can be realized. Thus, if one deems it
necessary to achieve a certain fixed SEF, a variety of factors
can be adjusted to achieve that level. Another feature of the
technique is that all cations from the sample are simulta-
neously preconcentrated with cation Donnan dialysis. Thus,
the technique is amenable to simultaneous multielement
analysis with ICP-AES, using a direct reading spectrometer.
As is true of cation preconcentration with a cation-exchange
membrane, anion preconcentration can be performed with
an anion-exchange membrane. However, the SEFs obtained
in the latter case would be significantly lower as good-quality
tubular anion-exchange membranes are still unavailable.
Neutral, or counterionic metal forms are not extracted during
the Donnan dialysis process, and hence, the process can be
used for metal speciation studies.* If Donnan dialysis is
combined with ICP-MS, in addition to the possibility of
extremely low LODs, some counterion isobaric interferences
might be reduced. The main limitations to the Donnan
dialysis technique are its ability to function only in a specified
range of ionic strengths and the requirement for relatively
large sample volumes for highest enrichment.

ACKNOWLEDGMENT

We are grateful to Perma Pure Corp. for providing us with
the cation-exchange membranes. We also thank the Office
of Research Development and Administration, SIU-C, for
financial support of this project.

RECEIVED for review October 26, 1992. Accepted January
2, 1993.



Anal. Chem. 1993, 65, 863-865

863

Luminescence Rule of Polycyclic Aromatic Hydrocarbons in
Micelle-Stabilized Room-Temperature Phosphorescence

Jin Weijun and Liu Changsong®

Department of Chemistry, Shanxi University, Taiyuan 030006, People’s Republic of China

This paper studles the effect of the triplet energy on micelle-
stabllized room-temperature phosphorescence (MS-RTP) of
polycyclic aromatic hydrocarbons (PAHs). The results of the
experiments show that It Is difficult or impossible to induce
MS-RTP of PAHs when the triplet energy Is less than about
14 000 cm™', which may be a critical value for Inducing MS-
RTPof PAHs. Inaddition, this paper also discusses the effects
of ring size and linearity on MS-RTP of PAHs.

Room-temperature phosphorimetry (RTP) has been de-
veloped rapidly since 1974. Winefordner and co-workers'-?
established the general use of RTP as an analytical technique
because of its simplicity, high sensitivity, and good selectiv-
ity.3¢ Establishment of the MS-RTP method, especially
chemical deoxygenation MS-RTP, is one of the major
technical advances in the use of RTP.>®# RTP has been
applied to the determination of trace amounts of many organic
compounds of biochemical and environmental interest.® MS-
RTP is useful for analysis of PAHs in the environment,>1%:11
as is solid-substrate RTP.?

Vo-Dinh?® conducted a study of the effect of ring size and
molecular linearity on the phosphorescence wavelength of
PAHs. In this paper, the effects of the triplet energy and the
ring size and linearity of PAHs on the intensity ratio, Ip/Ir,
as well as on RTP and fluorescence intensities, etc. in the
micelle system have been studied. The results of these
experiments indicate that for MS-RTP the effect of the ring
size and linearity on RTF and RTP wavelengths is in
accordance with the literature.? On the other hand, our
experiments also show that Ip/Ir decreases rapidly with the
decrease of the triplet energy of PAHs. That is, fluorescence
intensities increase, while phosphorescence intensities de-
crease, relatively, with a decrease in the triplet energy. Thus,
it will most likely be difficult or impossible to induce MS-
RTP of PAHs when the triplet energy is less than about 14 000
cm-L,

EXPERIMENTAL SECTION

Instruments. All records of luminescence spectra and
measurement of luminescence intensities were carried out with

(1) Paynter, R. A;; Wellons, S. L.; Winefordner, J. D. Anal. Chem.
1974, 46, (6), 736.

(2) Wellons, S. L.; Paynter, R. A.; Winefordner, J. D. Spectrochim.
Acta 1974, 304, 2133.

(3) Parker, R. T.; Freedlander, R.; Dunlap, R. B. Anal. Chim. Acta
1980, 120, 1-17.

(4) LueYen-Bower, E.; Ward, J. L.; Walden, G.; Windfordner, J. D.
Talanta 1980, 27, 380-382.

(5) Cline Love, L. J.; Skrilec, M.; Habarta, J. G. Anal. Chem. 1980, 52
(4), 754.

(6) Skrilec, M.; Cline Love, L. J. Anal. Chem. 1980, 52 (11), 1559-1564.
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(11) Jin, WeiJun; Liu, ChangSong Proceeding of International 4th
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Science Press: Bejing & New York, 1991.
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aMPF-4 fluorescence spectrophotometer (HITACHI), equipped
with a thermostatic cell holder. The spectrometer used a 150-W
xenon arc lamp as the excitation light source and a RysF
photomultiplier (Hamamatsu Co.) as the detector.

Reagents. Anthracene and naphthalene, chemical grades,
were supplied by Shanghai Reagent Corp. and recrystallized from
warm ethyl alcohol. Phenanthrene, chrysene, and benz[al-
anthracene (purum) were purchased from Fluka. Fluoranthene,
1,5-dimethylnaphthalene, fluorene, benzo[alpyrene, perylene,
and pyrene are HPLC grade from Fluka which were obtained
from The Institute of Coal Chemical Research, Academia Sinica,
Shanxi, P. R. China. Stock solutions of PAHs were prepared by
dissolving PAHs in an aqueous 0.5 mol/L sodium dodecyl sulfate
(SDS) solution, respectively.

SDS, purchased from Shen Yang reagent factory, was twice
recrystallized from warm ethyl alcohol (95%, AR). Thallous
nitrate, sodium sulfite, etc., Analyzed Reagent Grade, were
purchased from Shanghai Reagent Co. Sub-boiling doubly
distilled water was used to prepare all solutions.

The luminescence intensities shown in Table I and Figure 1
are “uncorrected spectra”. The 12-nm slit was used for excitation,
and the 9-nm slit was used for emission.

RESULTS AND DISCUSSION

Relationship between the Triplet Energy and Ip/Ir.
In the previous paper,!! we mentioned that in the presence
of thallous nitrate, the fluorescence of phenanthrene and 1,5-
dimethylnaphthalene is almost quenched, but the fluorescence
of fluoranthene, pyrene, and benz[a]anthracene is still very
intense. In addition, the literature” reported that perylene
does not display MS-RTP. In our experiment, perylene and
anthracene do not display MS-RTP either. Generally,
anthracene, which is a very weak phosphor, can only display
weak RTP in a very rigid environment, for example, in 5-CD-
paper substrate.l? We try to explain why these phenomena
appear from the triplet-singlet energy differences AE(T-S).
The triplet energies of PAHs studied and the Ip/Iy ratios
corresponding to [T1*] = 0.025 and 0.035 mol/L are listed in
Table I, and their interrelation is given in Figure 1.

From Figure 1, we can see that Ip/Ir decreases rapidly with
a decrease in the triplet energy and tends toward zero when
the triplet energy is less than 14 000 cm-l. There is an
exception for fluorene. Although its Iy and Iy are very strong
under the experimental conditions, the I;/Ir is small. The-
oretically, the nonradiative rate constant corresponding to
the intersystem crossing (ISC) process T;—S,strongly depends
on the magnitude of the energy gap AE(T;—Sy), that is, the
rate constant increases exponentially with decreasing AE(T;—
Sp).#1314 The intersystem crossing rate is so great that
radiative transition cannot occur when the triplet energy is
less than about 14 000 cm-. The phosphorescence wave-
lengths of anthracene reported in the literature!2 are 674 and
690nm. The former responds to maximum phosphorescence
intensity. The triplet energy converted by 674 nm is 14 928

(12) Vo-Dinh, T.; Alak, A. M. Appl Spectras 1987 14 ©), 963
(13) Rohatgi- ﬂdw‘jee K.K.F of Ph

Wiley & Sons: New York, 1978.
(14) Siebrand, W. J. Chem. Phys. 1967, 47 (7), 2411-2422.
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Table I. Triplet Energy of Some PAHs and the Ip/Ir Ratio?

Ip/Iy ratio
no. of triplet [TI*] = [TI*] = wavelength, nm?

compd benzene rings linearity® energy, cm™! 0.025 mol/L 0.035 mol/L Ex Erm Epy
fluorene 21888 0.32 0.52 276 312 457
phenanthrene 3 B 21014 4.5 6.5 294 365 476
naphthalene 2 L 20 980 2.0 4.1 284 328 477
1,5-dimethylnaphthalene 2 L 20 385 2.2 3.0 297 338 491
chrysene 4 B 19 510 1.6 2.3 324 364 513
fluoranthene 18 287 0.77 0.95 361 442 547
pyrene 4 B 16 748 0.88 1.2 335 390 597
benzo[e]anthracene 4 B 16 573 0.40 0.58 360 389 603
benzo[alpyrene 5 B 14510 0.0048 0.0075 381 408 689
anthracene 3 L 15 035¢
perylene 5 12 600¢
naphthacene 4 L 10 140¢

@ Temperature: 25-26 °C. [SDS]: 0.05 or 0.03 mol/L. [N32803]: 0.06 mol/L. pH ~ 7. [PAHs]: 5 X 10-5mol/L. ® L = linearity, B = bent.

< From ref 14. ¢ Epy = fluor wavelength, Epy = th
5 Table II. Triplet Energies and T1*/Na* Ratios
Corresponding to Maximum RTP Intensities?
1.PHENANTHRENE
2.NAPHTHALENE triplet TI*/Na*
»:"" 4 [3.1.5-DIMETHYLNAPHTHALENE PAHs energy, cm~! mole ratio, %
— :E::;:i:i S phenanthrene 21740 313
i fluoranthene 18510 38.5
5 | SFYRENE benzo[a]anthracene 16520 46.7
7.BENZO(@)ANTHRACENE s
8.BENZO(Q)PYRENE @ [Na*] = [SDS] + 2[NayS0s]; TI*/Nat = [T1*]/([Na*] + [T1*]).
g be more difficult to interpret them clearly. But it is not
appropriate to attribute completely the factors that affect
ol the phosphorescence yield to T; — S; processes. The other
aspects still require further study.
Relationship between Triplet Energy and the TI*/
5 ; Na* moleratio. Generally, PAHs show intense fluorescence,
iidoo, oo, 70, 2066 Fik and no phosphorescence can be detected in the SDS system.
Only external HA perturbation, via thallous ions, is added to
Erer) the SDS system; fluorescence is quenched and phosphores-

Figure 1. Interrelation between the triplet energy (E;) and the Ip/ Iz
ratio.

cm-l. The triplet energy of anthracene reported in the
literature!® is 43 kcal/mol, ie., 15035 cm. Therefore
anthracene is a weak phosphor. The triplet energies of
perylene and naphthacene reported in the literature!® are 36
and 29 kcal/mol, i.e., 12 600 and 10 140 cm-, respectively.
Thus it is very difficult or impossible to induce their MS-
RTP.

Actually, the phosphorescence or triplet yields of PAHs
and their susceptibility to increase by heavy-atom (HA)
perturbation are the result of a complex interplay of radiative
and radiationless transition rates. The three main radia-
tionless processes that compete with the luminescence or
radiation process are S! — S, S; — Ty, and T; — S;. The
nonradiative rate constants of these processes are closely
related to the individual energy separation between the
electronic states corresponding to the process.®131418 The
rate constants of internal conversion (S;— Sy) and intersystem
crossing (S; — Ty, Ty — S) are very important factors in
determining the RTP yield. However, T, statesmay intervene
between S; and T, but none may intervene between T; and
So. Thus the phosphorescence and intersystem crossing are
directly interrelated by a common electronic transition, T;
— Sp. If the effects of the three processes above on
phosphorescence were considered simultaneously, it would

(1::) Bartrop, J. A.; Coyle, J. D. Principles of Photochemistry,2nd ed.;
197.
(16) Dreeskamp, H.; Pabst, J. Chem. Phys. Lett. 1979, 61 (2), 262-265.

cenceis enhanced. Thallous ions, as SDS counterions, partly
replace Na* on the micelle surface and further form thallous
dodecyl sulfate (TIDS). However, TIDS is easily precipitated
at lower temperature and the T1*/Na* mole ratio is less than
30% in the system.” Nugara et al.1” reported that the T1*/
Na* mole ratio can reach 50% without precipitation with a
mixed micellesystem. Maximum phosphorescence intensities
of naphthalene are obtained when the T1*/Na* ratio is 30%.
In our experiments, the Tl*/Na* ratio can be close to 50%
because of adopting a higher temperature, 25-26 °C. For a
given PAH, Ip/Ir increased with an increase in T1* concen-
tration or reached a maximum value and then decreased with
a further increase in TI* concentration. Generally, phos-
phorescence intensities show a steady increase when the T1+
concentration ranges from 0 to 0.025 or 0.035 mol/L, but
phosphorescence and fluorescence intensities decrease si-
multaneously when the T1* concentration is more than 0.025
or0.085mol/L. Theexperimentsshow thatthe T1*/Na*ratio
is not the same in the SDS system for various PAHs when
phosphorescence intensities reach maximum. It may also be
concerned with the triplet energy of the PAHs. The triplet
energies and T1*/Na* ratios of PAHs corresponding to
maximum RTP intensities are shown in Table II. Because
it is difficult to induce RTP at lower triplet energies, a higher
TI* ion concentration and an intense magnetic field would
be required. However, the TI* ion concentration cannot be
increased indefinitely because of the solubility of TIDS, the
quenching of T1* ion at high concentration, and other action.'”

(17) Nugara, N. E; King, A. D., Jr. Anal. Chem. 1989, 61 (13), 1431—
1435.
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Figure 2. Excitation and emission spectra of benzo[a]pyrene.
Conditions: [SDS], 0.05 mol/L; [thallous nitrate], 0.035 mol/L; [benzo-
[a]pyrene], 2 X 10-5 mol/L. Key: F = fluorescence (I = 3300); P
= phosphorescence (I = 25).

Effect of Ring Size and Linearity on the RTP. Our
results on the effect of ring size and linearity on the RTP
wavelength are in accordance with the literature,’® as shown
in Table I. On the other hand, PAHs which possess linearity
and large ring sizes fluoresce easily but, relatively, bent PAHs
phosphoresce easily. For example, anthracene is an intense
fluorescence compound but naphthalene and phenanthrene
are intense phosphors.

Analytical Considerations. Phosphorescencespectraare
usually located in the red regions. This is an aspect of RTP
selectivity. As shown in Figure 2, for benzo[a]pyrene, the
excitation and emission wavelengths are 381 and 689 nm,
respectively; little emission occurs at 689 nm. Therefore,
although benzo[alpyrene has a very low Ip/ I ratio, analytical
selectivity of MS-RTP using the feature of its longer excitation
and emission wavelengths is higher than for fluorometry.
Therefore, MS-RTP not only may reduce a complex sepa-

(18) Vo-Dinh, T.; Hooyman, J. R. Anal. Chem. 1979, 51 (12), 1915—
1921.

ANALYTICAL CHEMISTRY, VOL. 65, NO. 7, APRIL 1, 1993 = 865

ration procedure but also may “pick out™® benzo[a]pyrene
from a complex environmental sample.

CONCLUSION

The relationship between the triplet energy and the Ip/Ir
and T1*/Na* ratios has been demonstrated. The effect of
the ring size and linearity of PAHs on MS-RTP is shown.
Analytically, sensitivity and selectivity should be considered
simultaneously to decide whether MS-RTP or fluorometry
should be chosen for PAHs analysis. Several primary
beneficial predictions can be made on the basis of our results
which may shorten the experimental procedure; for example,
for analysts, they can judge by the Er value if a certain PAH
isof intense MS-RTP. Thisis helpful for selecting the proper
analytical methods (fluorometry or phosphorimetry) for this
compound. The effect of Er on the Tl*/Na* ratio and
phosphorescence yields is only one of various factors. Other
factors still need further study. We believe that the conclusion
of this experiment is also significant for use with other RTP
methods for PAH analysis, for example, solid-substrate RTP.
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Detection of Liquid Injection Using an Atmospheric Pressure
lonization Radiofrequency Plasma Source

Jianguo Zhao and David M. Lubman”

Department of Chemistry, The University of Michigan, Ann Arbor, Michigan 48109

An pheric pr rf pl source which operates In
a varlety of different buffer yam has been developed as an

izatl thod 1or g Ic samples Introduced by liquid
Into atm c pressure lonlzation mass spec-
Iromelry (API/MS). The rf source can operate In He at <1
W of load power at 165 kHz. It can also be sustained In Ar,
N,, alr, and CO, at a load power of <15 W. In most cases
studled, the protonated molecule, MH™, Is observed with little
or no fragmentation even under the relatively high current
conditions of the discharge. However, using increasingly higher
acceleration voltages betweenthe skinmors Inthe differentially
pumped region bet ic e and high
vacuum, one can Induce lragmentatlon vla collision-induced
dissoclation. This can be assisted In these experiments via
the use of a heavy buffer gas. The detection limits achleved
for ri/API plasma detection are typically in the low femtomole
region for small organic molecules Including mitters,
PTH-amino acids, steroids, drugs, p Ides, and explosh
The detection can be performed with quantitation over atleast
4 orders of magnitude.

INTRODUCTION

There has been great interest over the last decade in the
development of new methods for interfacing liquid chroma-
tography to mass spectrometric detection. In particular,
atmospheric pressure ionization has served as a highly
sensitive means of performing ionization for liquid injection
into mass spectrometry.l-12 Moreover, API methods provide
a convenient means for separation of the liquid carrier and
analyte, thus avoiding the introduction of large amounts of
liquid effluent directly into the mass spectrometer pumping
station. The operation of atmospheric pressure ionization
sources is based upon the generation of kiloelectron volt
electrons that ionize the components in the air, which initiate
charge or proton transfer through a series of ion/molecule
reactions.? Since this is essentially chemical ionization at
atmospheric pressure, the method is very efficient for
molecules which have a high proton or electron affinity. In
addition, the protonated molecule is generally observed for
easy identification in the positive mode while M- or (M - H)-
is observed in the negative mode.

(1) Thomson, B. A; Iribarne, J. V. J. Chem. Phys. 1979, 71, 4451-63.

(2) Carroll, D. L; Dzidic, I.; Horning, E. C.; Stillwell, R. N. Appl.
Spectrosc. Rev. 1981, 17, 337-406.

(3) Thomson, B. A,; Iribarne, J. V. Anal. Chem. 1982, 54, 2219-24.

(4) Sakairi, M.; Kambara, H. Mass Spectrosc. 1983, 31, 87-95.

(5) Spangler, G. E.; Cohen, M. J. In Plasma Chromatography; Carr,
T. W., Ed.; Plenum Press: New York, 1984; p 1.

(6) Covey, T. R.; Lee, E. D.; Bruins, A. P.; Henion, J. D. Anal. Chem.
1986, 58, 1451A-61A.

(7) Yamashita, M.; Fenn, J. B. J. Phys. Chem. 1984, 88, 4451-9.

(8) Bruins, A. P.; Covey, T. R.; Henion, J. D. Anal. Chem. 1987, 59,
2642-6.

(9) Sakairi, M.; Kambara, H. Anal. Chem. 1988, 60, 774-80.

(10) Sakairi, M.; Kambara, H. Anal. Chem. 1989, 61, 1159-64.

(11) Ketkar, S. N.; Dulak, J. G.; Fite, W. L.; Buchner, J. D.;
Dheandhanoo, S. Anal. Chem. 1989, 61, 260-4.

(12) Shen, W. L.; Satzger, R. D. Anal. Chem. 1991, 63, 1960-4.
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The methods used as API sources traditionally have
included the Ni 8 or corona discharge, both of which have
been successfully used as ionization sources for liquid
chromatography mass spectrometric detection.2%%19 Ni 8
sources have been widely used in commercial APIand electron
capture devices because of theirlong-term reliability; however,
Ni B sources produce a relatively small electron density and,
as a result, generally require a large volume in which to
efficiently ionize the sample. Corona discharge sources
produce a higher electron density than Ni 8 sources, but still
have the disadvantage of a small discharge current (<1 pA)
located close to the orifice (1-4 mm) so that a limited sampling
time may result in incomplete ionization. Also, the ion—
molecule reactions and the resulting products may vary
depending on the background and the distance between the
needle and the orifice and may be easily saturated at high
sample concentration levels.

In an attempt to enhance detection of liquid injection via
API/MS, several new ionization sources have been recently
developed. In our own laboratory an atmospheric pressure
dc plasma source in helium has been used as a means of
ionization for organic samples introduced by liquid injection
into API/MS.13-15 This plasma source operates in the
abnormal glow discharge regime!® and can operate typically
up to 1 mA of current at atmospheric pressure, i.e., 3 orders
of magnitude greater than the corona source. Even at the
high currents used in this plasma source, soft ionization is
routinely obtained with little or no fragmentation, even with
relatively labile molecules. This relatively soft ionization is
obtained under these conditions since the ionization mech-
anism ultimately still appears to be proton transfer via ion—
molecule reactions. In addition, detection limits for small
organic molecules reaching down into the low femtomole level
are routinely obtained with linear quantitation over at least
3—4 orders of magnitude. The main limitation of this dc
plasma, though, is that it can operate only in helium and not
in other buffer gases.

In other work, microwave sources have also been used to
ionize organic molecules at both atmospheric pressure and at
reduced pressure.!2® Microwave-induced plasma sources
have been used quite extensively as atomic ionization sources
forsome time.”-2! However, in recent work Satzger developed
alow-power atmospheric pressure microwave-induced helium
plasma source in which the He plasma could be maintained
at a low (10-30 W) power level.!? This source could ionize

(13) Sofer, L; Zhu, J.; Lee, H. S.; Antos, W.; Lubman, D. M. Appl.
Spectrosc. 1990, 44, 1391-8.

(14) Zhao, J.; Zhuy, J.; Lubman, D. M. Anal. Chem. 1992, 64, 1426-33.

(15) Ma, C.; Michael, S. M.; Chien, M.; Zhu, J.; Lubman, D. M. Rev.
Sci. Instrum. 1992, 63, 139-48.

(16) Poussel, E.; Mermet, J. M.; Deruaz, D.; Beaugrand, C. Anal. Chem.
1988, 60, 923-17.

(17) Wilson, D. A.; Vickers, G. H.; Hieftje, G. M. Anal. Chem. 1987,
59, 1664-70.

(18) Heppner, R. A. Anal. Chem. 1983, 55, 2170-4.

(19) Quimby, B. D.; Sullivan, J. J. Anal. Chem. 1990, 62, 1027-34.

(20) Carnahan, J. W.; Gelhausen, J. M. Anal. Chem. 1989, 67, 674-17.

(21) Calzada, M. D.; Quintero, M. C.; Gamero, A.; Gallego, M. Anal.
Chem. 1992, 64, 1374.

© 1993 American Chemical Socisty



organic molecules with production of the molecular ion,
although usually accompanied by rather extensive fragmen-
tation. In addition, the plasma could operate stably only
using He as the plasma gas. In other work, Mermet and co-
workers'® developed a microwave-induced plasma at low
pressure (<0.1 Torr) as a soft ionization source for mass
spectrometry. By adjustment of the power and the pressure,
molecular ions were obtained for a number of organic
compounds, although generally accompanied by rather ex-
tensive fragmentation. Several rare gas buffers could be used
in this low pressure MIP, and relatively low power (<50 W)
was employed.

Inthe present work we introduce the atmospheric pressure
rf plasma as a novel ionization source for organic molecules
for API/MS. The rf discharges have been used for low
pressure plasma ionization for atomic analysis?22? for some
time. Also, atmospheric pressure helium rf discharges have
been used as excitation sources for atomic emission spec-
trometry in a graphite furnace.242> However, in this work we
present a high current rf plasma at atmospheric pressure that
can softly ionize organic molecules. This rf plasma can be
coupled to liquid injection methods for ionization and
detection at significantly high flowrates. Usingtherfplasma
source, very soft ionization can be obtained for a range of
organic molecules of biological interest. Generally only the
MH* ion is obtained, with little or no fragmentation unless
decomposition occurs in the nebulization process. This rf
plasma source can operate at very low power levels, i.e., ~1
W, in helium buffer. In addition, the rf plasma can operate
in a host of buffer gases at 1 atm, including He, Ny, air, Ar,
and CO,, unlike the dc plasma. Inaddition, we demonstrate
the effectiveness of the high current available in the plasma
source for detection of trace quantities of sample in the
femtomole range, with quantitation over several orders of
magnitude. Moreover, fragmentation for structural analysis
can be performed using collision-induced dissociation (CID)
in the low pressure region between the two differentially
pumped skimmers, which varies as a function of the buffer
gas and voltage used. Indeed, it is demonstrated that the use
of heavy buffer gases in the rf plasma source can be used to
induce significant CID in the differentially pumped region
as compared to a He buffer.

EXPERIMENTAL SECTION

The atmospheric pressure rf plasma source used in this work
isshown in Figure 1. The system consists of a heated pneumatic
nebulizer, a vaporization chamber, a plasma ionization chamber,
and a differentially pumped dual orifice interface. This setup
is very similar to that used in previous work for the dc plasma
source!4 with several modifications and, thus, will be described
in limited detail here. The basic device consists of a liquid
chromatography pump which delivers the sample, dissolved in
a solvent, through the heated pneumatic nebulizer assembly to
the vaporization chamber, where the sample is vaporized and
the solvent is removed. The sample then passes thorugh a duct
into a second chamber, where it is ionized by the rf plasma source
in 1 atm of buffer gas. The resulting ions pass through a pair
of differentially pumped skimmers, which sample the on-axis
component of the ion beam. The ions are then mass analyzed
and detected by a SpectraEL atmospheric pressure ionization
quadrupole mass spectrometer.

The LC pump delivery, nebulization, vaporization, and ion-
ization setup are very similar to that used with the dc plasma.'4
In the case of the rf plasma source, liquid flow rates from 10

(22) Duckworth, D. C.; Marcus, R. K. Anal. Chem. 1989, 61, 1879-86.
(23) Duckworth, D. C.; Marcus, R. K. Appl. Spectosc. 1990, 44, 649—

5.
(24) Sturgeon, R. E.; Willie, S. N.; Luong, V.; Berman, S. S.; Dunn, J.
G. J. Anal. At. Spectrom. 1989, 4, 669-72.
(25) Liang, D. C.; Blades, M. W. Spectrochim. Acta 1989, 44B, 1059~
63.
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pL/min up to 1 mL/min were used, although in most of the
experiments described in this work the flow rate was in the 85
wL/min flow range. The solvent was generally 50:50 methanol:
water, but other solvent combinations were sometimes used to
dissolve the peptides. The operation of the actual ionization
source was very similar to the dc source, except that an rf power
supply was used instead. Inthe case of helium as the buffer gas,
the plasma was ignited and maintained at <1-W load power. The
forward power generated by the supply was 2-5 W. This low
power could produce breakdown in He over the temperature
range between 25 and 350 °C at a typical frequency of 165 kHz
which was used in these experiments.

The rf power supply used was an ENI Model HPG-2, which
hasspecial shielded cables and connectorsso that rf is not radiated
into the laboratory environment. This rf power supply has a
built-in impedance matching unit. The impedance matching is
achieved by changing the rf at a certain rf power level until the
load power indication is maximized, followed by rotating the
impedance matching switch until the load power to forward power
ratio is maximum. The frequency for the best impedance
matching in most cases is 165 kHz. This power supply is capable
of generating rf over the frequency range of 125-375 kHz at a
maximum forward power of 200 W. However, this capability is
almost 2 orders of magnitude more power than was required in
most of these experiments described herein. Indeed a simple
and relatively inexpensive rf generator could be used as an
ionization source in these experiments. A higher frequency, i.e.,
13.6 MHz, rf source was also used in these experiments; however,
the 125-250 kHz rf range was found to produce the most stable
plasma. The peak-to-peak voltage in the experiments using the
ENI Model HPG-2 unit could be measured directly from an
output on the back of the unit onto an oscilloscope. In addition,
a procedure of measuring the rf power dissipated in the plasma
provides a way of determining the discharge current. The average
discharge current generated in the plasma can be found as I =
P/V where P = the power dissipated in the plasma and V = RMS
voltage. The result is that in He, for example, at a power
dissipated in the plasma of 1 W, a peak-to-peak voltage of 2000
V results and a discharge current of 1.40 mA is obtained. Of
course, in an rf plasma the sum of the currents is 0 since there
is no net charge flow from one electrode to another. But there
is a charge flow at all times with different magnitudes and
directions. The discharge current calculated herein is a dc
equivalent current.

The plasma could be operated stably in every one of several
different buffer gases used, although higher power was often
required to maintain the plasma and the power needed varied
as a function of the buffer gas. In the case of N at least 15 W
(forward) power was required, whereas in CO, 14 W was used,
and usually some small amount of He was needed to produce
breakdown. Of course, higher powers could always be used to
increase the current and, thus, the number of ions produced in
these experiments. The flow of gas in the nebulizer and the flow
of dry gas must be optimized for each gas in order to optimize
the signal produced by the rf plasma source.
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Table I. Radiofrequency Plasma Ionization Spectra in Helium

mj i :
molecule MW (0) O sjos poaks
Peptides
Tyr-Gly-Gly-Phe-Leu 555 290 556 (MH*) (17) 406 (13) 329 (23) 297 (73) 216 (100) 200 (40) 129 (20)
Phe-Phe-Phe-Phe-Phe 753 290 754 (MH?) (3) 502 (8) 419 (29) 295 (100)
Phe-Phe-Phe-Phe 606 290 607 (MH) (11) 419 (24) 295 (100) 164 (23)
Phe-Gly-Phe-Gly 426 270 427 (MH") (11) 330 (60) 232 (20) 219 (37) 202 (100)
Phe-Gly-Gly-Phe 426 290 427 (MH*) (41) 291 (100) 235 (19) 220 (35) 70 (30) 63 (89)
Gly-Gly-Phe-Leu 392 270 393 (MH*) (100) 334 (21) 298 (21) 277 (56) 262 (63) 245 (24) 203 (11)
Phe-Phe-Phe 459 290 460 (MH*) (100) 419 (33) 295 (81) 164 (47) 116 (52)
Phe-Gly-Gly 279 230 280 (MH*) (100) 205 (28) 120 (7) 74 (67)
Gly-Gly-Leu 245 230 246 (MH™*) (100)
Gly-Gly-Phe 279 260 280 (MH™) (31) 164 (100) 119 (77)
Gly-Leu-Tyr 351 290 352 (MH™) (20) 3701-1(]\(/%-1 -('-1 6 296 (17) 277 (22) 235 (69)
220 (100) 203 (29)
Gly-Phe-Phe 369 290 370 (MH") (6) 351 (9) 291 (100) 219 (8) 204 (5)
Leu-Trp 319 260 320 (MH*) (59) 302 (MH - 131 (51)
H,0)* (100)
Gramicidin S 1141 315 1142 (MH*) (100) 981 (18) 903 (32) 750 (16) 179 (18)
PTH-Amino Acids
PTH-serine 222 195 223 (MHY) (100)
PTH-glutamate 264 205 265 (MH*) (100)
PTH-proline 232 195 233 (MHY) (100)
PTH-aspartate 249 205 250 (MH*) (100)
Drugs
cocaine 339 187 205 304 (MH-
hydrochloride HC* (100)
caffeine 194 235 230 195 (MH*) (100)
dibucaine 379 90 205 345 (MH-
hydrochloride HCD* (100)
thebaine 311 192 205 312 (MH*) (100)
eserine 275 107 150 276 (MHY) (100)
atropin 289 116 120 290 (MHY) (100)
papaverine 339 225 205 340 (MHY) (100)
oxycodone 315 220 230 316 (MH™)(100)
lidocaine 234 69 150 235 (MHY) (100)
prazepam 324 146 175 325 (MH?) (100)
amitriptyline 313 200 175 278 (MH-
hy oride HCD* (100)
codeine 299 155 200 300 (MH*) (100)
methadone 345 230 210 310 (MH-
hydrochloride HCD~ (100)
Steroids
estrone 270 260 265 271 (MHY) (100)
cholesterol 386 149 230 369 (MH-
H,0)* (100)
estradiol 272 179 230 273 (MH*) (100) 255 (MH - 305 (MH +
H,0)* (12) MeOH)* (12)
Antibiotics
penicillin G 334 217 120 335 (MH*) (47) 157 (100)
ampicillin 349 199 205 350 (MHY) (100) 157 (60)
valinomycin 1110 190 300 1111 (MH*)(100) 670 (19)
tetracycline 444 175 175 445 (MH®) (160) 427 (MH - 397 (15) 255 (11) 143 (10) 129 (15)
H,0)* (53)
Vitamins
thiamine 337 260 120 144 (100)
hydrochloride
nicotinic acid 123 239 230 124 (MHY) (100)
nicotinamide 122 130 230 123 (MH*) (100)
pyridoxine 169 160 230 170 (MH*) (100)
ascorbic acid 176 192 215 177 (MH*) (100)
Explosives
TNT 227 80 150 227 (M-) (100) 257 M + 244 M + 210 M- 197 M-
NO)- (15) OH)- (11) OH)- (11) NO)- (36)
RDX 222 203 230 222(M) (N 268 M + 325 (40) 101 (44)
NO,)- (100)
HMX 296 278 315 296 (M) (5) 326 M+ 336 (82) 364 (21) 395 (18)
NO)- (100)
Pesticides
azinphos-ethyl 345 53 205 346 (MH™)(100) 158 (29) 133 (22)
diazinon 304 90° 175 305 (MHY) (100)
methidathion 302 40 120 303 (MH*) (100)
phosmet 319 72 230 320 (MH)(100) 193 (10) 161 (57)
fenamiphos 303 49 175 304 (MH™) (100)
chlormephos 234 85¢ 175 235 (MHY) (100)
fenitrothion 277 118 120 278 (MH) (100) 156 (93)
malathion 330 157¢ 150 331 (MH*) (100) 205 (6)



Table I. (Continued)

ANALYTICAL CHEMISTRY, VOL. 65, NO. 7, APRIL 1, 1993 » 869

mj T ;
molecule MW ©0) °C) major peaks
Pesticides
ronnel 321 42 175 322 (MH*) (100) 156 (22) 140 (47) 125 (47) 109 (53)
dimethoate 229 52 175 230 (MH*) (100)
Catecholamines

tyramine 137 164 175 138 (MH*) (100)
melatonin 232 116 150 233 (MH*) (100)
DOPA 197 272 275 198 (MH*) (100)
serotonin 212 168 205 177 (MH -

hydrochloride HCD* (100)
norepinephrine 169 148 160 170 (MH*) (100) 152 (MH -

H,0)* (11)
homovanillic acid 182 143 160 183 (MH*) (100) -
COOH)* (3)

normetanephrine 219 207 215 184 (MH - 166 (MH - HC1 -

hydrochloride HCD* (100) H;0)* (7)
phenylephrine 203 140 150 168 (MH - 150 (MH - HCI -

hydrochloride HCD* (100) H,0)* (2)
vanilmandelic acid 198 134 150 181 (MH - 153 (MH - H,0 -

H,0)* (100) CO)* (10)

@ Boiling point.

The mass spectrometer is an atmospheric pressure ionization
quadrupole mass spectrometer. This device can scan up to 1200
amu with a resolution of up to 1000, although generally only
nominal unit resolution was used to enhance the sensitivity. The
detector was a high-gain channeltron electron multiplier (Detector
Technology DT203) which was set up in the pulse-counting mode.
The typical scan rate used was 50 amu/s over a range of 260-520
amu. The signal was accumulated in the pulse-counting mode
and subsequently stored in a computer. When the sensitivity
was evaluated, the mass spectrometer was set to monitor a single
ionat a preselected mass (usually the MH*) and a counter (RIDL
Model 49-28) was used to obtain the ion and background counts.
The mass range was calibrated with aniline (MH*, 94) and also
iodine, which produces peaks at m/z 127 (I*) and 254 (I;*). The
quadrupole was reresonated periodically to keep the rf in phase
for optimum performance.

The peptides, small biologicals, and drugs were obtained from
Sigma Chemical Co. and used without further purification. The
organophosphorous pesticide samples were obtained from the
Environmental Protection Agency Repository, Research Triangle
Park, NC, with the exception of malathion, which was obtained
from Chem Service (West Chester, PA). The explosives were
obtained courtesy of L. Van de Kieft of Ballistic Research
Laboratories (Aberdeen Proving Ground, MD). For safety, the
samples were prepared in solution under a chemical hood, and
in all cases, polyethylene gloves and face masks were used since
many of these compounds are readily absorbed through the skin.
The effluent of the atmospheric pressure ionization chamber
was flowed into an air exhaust unit. Inthe case of the explosives,
one needs to prevent static electricity discharges that may ignite
them. Thus, it is essential that a wooden spatula is used in
handling the compound and to discharge static electricity buildup
prior to sample preparation.

RESULTS AND DISCUSSION

Soft Ionization. One of the key issues in the use of API
sources is the ability to obtain soft ionization. The mass
spectral results obtained upon liquid injection of various
organic compounds into the API/rf plasma source is shown
in Table I. The results in this table were obtained for the rf
plasmain1atm of helium at ~1 W of rfload power. However,
as to be shown later, these compounds could all be detected
in rf plasmas in other buffer gases including Ar, N, air, and
CO,, and the mass spectral patterns observed were very similar
under comparable conditions to those used to obtain the
results in Table I. In almost every compound studied, the
molecularion, MH*, wasobtained. Indeed, asshownin Table
1, in many cases the molecular ion was observed with no or
little accompanying fragmentation. Even in the case of

Table II. Sensitivities of Selected Compounds Detected by
rf Plasma Ionization in Helium*

detection

molecule MW mp SIM T(°C) limit

Gly-Gly-Leu 245 246 (MH*) 235 Ing
PTH-Ser 222 223 (MH™*) 235 4pg
cocaine 339 187 304 (MH- 200 4pg
hydrochloride HCH*
estrone 270 260 271 (MH*) 260 170 pg
valinomycin 1110 190 1111 (MH™Y) 235 45 pg
nicotinamide 122 130 123 (MHY) 200 20 pg
TNT 227 80 227 (M) 175 48pg
dimethoate 229 52 230 (MH*) 150 3.5pg
tyramine 137 164 138 (MHY) 200 1.5pg

@ The solvents are CH;COOH/CH;CN (9:1) for valinomycin and
methanol for all other compounds.

Gramicidin S at m/z 1142, a strong MH* peak was observed.
Softionization is obtained despite the high currents produced
in the rf plasma. In the case of some of the samples, in
particular the peptides, some fragmentation was obtained.
This fragmentation appears to be due to decomposition during
the nebulization—vaporization process and not due to collision-
induced dissociation, as will be shown later in this work. In
addition, He* or other buffer gas ions from the discharge are
generally not observed because of charge exchange, and only
minor background peaks from the H,O and/or MeOH cluster
ions are observed. Interfering ion peaks from the solvent are
rarely observed. Also, the fragmentation obtained from the
rf plasma is comparable to the dc plasma, although in many
cases the rf plasma source appears to provide slightly softer
ionization.

Detection Limits. A second key property of the rf plasma
source at atmospheric pressure is its superb sensitivity. This
is demonstrated in Table II, which shows the results of
quantitative work that was performed for samples of several
different classes of compounds under single-ion-monitoring
(SIM) conditions. These results were obtained with the rf
plasma in He, but similar results were obtained for other
buffer gases as well. In these experiments a known amount
of sample was dissolved in the solvent, and lower concen-
trations were made by successive dilutions. The sample/
solvent solution was then injected via syringe pump at a rate
of 20 pL/min for ~0.5 min. The protonated molecule peak
was monitored using ion counting electronics during this
period. In the case of most of the small organic compounds
of biological interest, a SIM detection limit in the low picogram
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Figure 2. Quantitative measurement on tyramine using the API/rf
plasma with liquid injection in methanol solvent and helium buffer gas.

region was generally observed. The detection limits shown
in Table II are very comparable to those obtained using the
dc plasma, although an improvement in detection limit of
1-2 times was usually obtained with the rf plasma. In
addition, as shown in Figure 2, quantitation can be obtained
for tyramine over at least 4 orders of magnitude, although
above this regime the curve becomes nonlinear. The lower
limit of detection was determined with a signal to noise ratio
of 3 and was limited by background ions detected by the
single-stage quadrupole. The excellent sensitivity is due to
the high current density and the resulting efficient ionization
of the sample under atmospheric pressure conditions. Asin
the case of the dc plasma, the limiting factor here appears to
be the constant low background in the single quadrupole
instrument. This might be eliminated with a tandem
quadrupole device. Of course this excellent sensitivity has
been obtained under SIM conditions, and the full-scan
detection limit will be much higher. For tyramine, a full-
scan sensitivity of 5.2 ng was obtained. Of course, the full-
scan sensitivity could be improved markedly by a non-
scannning device or a device with a much higher duty cycle
in detection.

Radiofrequency Power Level Effect on Sensitivity.
The sensitivity limits quoted in Table II are based upon
optimized experimental conditions at a given rf power level.
Several factors may influence the determined sensitivity limit
and were thus investigated. In particular, the rf power can
significantly affect the signal level. The sensitivity limits in
Table II were obtained in 1 atm of He at a load power of <1
W. However, asshown in Figure 3, an increase in the rf power
level from 2 to 5 W can increase the total ion yield by a factor
of 8 and the yield of the MH* by 1.5 times. Similar increases
in ion current can also be observed in other buffer gases.

Temperature Effects. The temperature is another
significant factor in the determined sensitivity limit. InFigure
4 is shown a plot of the effect of the nebulizer temperature
on the signal intensity measured using the rf plasma source.
Inthe case of tyramine, for example, there is a strong increase
in the signal as the nebulizer temperature is increased over
the range used in this experiment—nearly a factor of 10 times
increase insignal over arange of 80 °C. Thisisalmost certainly
due to the enhanced efficiency for desolvation at higher
temperature. In addition, an increase in the temperature
also results in a decrease in the solvent background signal.
The effect of the temperature on the rf plasma source
ionization region was also investigated. An increase in the
ionization chamber temperature once again significantly

400

Counts

200

RF Power Level (watts)
Figure 3. Effect of rf power level on signal intensity on tyramine in
methanol solvent and helium buffer gas at given chamber/nebulizer
temperatures (180/225 °C) and liquid flow rate (35 pL/min).
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Figure 4. Effect of nebulizer temperature on signalintensity on tyramine

inmethanol solventand helium buffer gas at given chamber temperature
(180 °C) and liquid flow rate (20 uL/min).
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Figure 5. Effect of liquid flow rate of tyramine in methanol and helium
buffer gas on the sensitivity at given chamber/nebulizer temperatures
(1807225 °C).

enhances the signal at a given rf power level, sample
introduction rate, and concentration. This is probably
partially due to further enhanced desolvation in the discharge
region at elevated temperature.

Liquid Flow Rate and Solvent Composition Effects.
The effect of liquid injection flow rate on sensitivity was also
investigated asshownin Figure 5. Theresultsare verysimilar
to those obtained with the dc discharge. As the flow rate is
increased at a given temperature, the sensitivity decreases.
This is probably due to the less efficient nebulization of the
sample at the increased flow. The extra solvent also tends
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Figure 6. Collision-induced dissociation (CID) effect on Gly-Gly-Leu in 50:50 methanol:water solvent and helium buffer gas. The CID was induced
by varying the voltage between the skimmers at (a) 40 V, (b) 60 V, (c) 80 V, and (d) 100 V.

to quench the plasma. The effect of solvent composition on
sensitivity was also examined by varying it from 20:80 MeOH:
H,0 t0 100% MeOH. At a temperature of 200 °C, which is
sufficiently high to efficiently nebulize any of these solvent
combinations, the solvent composition was not found to affect
the sensitivity. In addition, neither the solvent flow rate nor
the composition had any significant effect upon the mass
spectrum observed for the different compounds studied in
this work.

Sources of Fragmentation. (i) Thermal Decomposition.
The conditions used in these experiments may affect the
fragmentation patterns and, thus, the determination of the
sensitivity. In most of the samples studied, relatively soft
ionization with production of MH* was obtained. However,
with many of the peptides listed in Table I, we found that
some fragmentation always results. This fragmentation may
be due to several phenomena, most likely thermal decom-
position at the relatively high nebulization temperatures used.
However, relatively high temperatures were required for
vaporization and nebulization of these compounds by liquid
injection. Over the temperature range studied, the frag-
mentation was not found to vary significantly.

(i1) Collision-Induced Dissociation (CID). Other mech-
anisms for fragmentation may be either electron impact in
the plasma at the high currents used in these experiments or
relaxation of He* metastables which may transfer a great
deal of excess energy to the analyte. Another possibility for
generating fragmentation is CID in the intermediate pressure
region between the two skimmers. In order to check for CID,
we varied the voltage difference across the two skimmers in
order to see if the fragmentation changed as the difference
increased. Over the normal range of voltages that would be
used, no significant difference in fragmentation was observed
as the voltage was varied. However, as the voltage was
increased above this range, rather extensive fragmentation
due to CID could be generated which varied as a function of

Table III. Comparison of MH* and Fragment Ion
Intensities in Different Buffer Gases for Gly-Gly-Leu

buffer gas® MH* 187 130 115 85 73

He 100 8 37 10 13 4
Ar 38 22 50 19 100 0
air 34 34 60 17 100 9
Np 12 18 T 22 100 1
COo/He 25 36 80 14 100 24

a rf power levels in watts: He = 2, Ar = 3, air = 16, N, = 16, and
COo/He = 13.

Scheme I. Fragmentation Pattern of Gly-Gly-Leu
(MW = 245)

voltage. This is illustrated in Figure 6a—d for the peptide
Gly-Gly-Leu, where at low accelerating voltage, i.e., 40 V in
Figure 6a, basically only the MH* is observed. However, as
the voltage is successively raised up to 100 V in Figure 6b—d,
extensive fragmentation is generated at the expense of the
MH* which can be assigned as shown in the accompanying
Scheme 1.

Buffer Gas Dependence of Spectra. The massspectrum
obtained from the rf plasma source is very dependent upon
the buffer gas used. This point is illustrated in Table III for
the peptide Gly-Gly-Leu injected from MeOH/H20 (1:1)
solventat 230 °C into the rf plasma using various buffer gases.
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Figure 7. Comparison of CID between skimmers for tyramine in different buffer gases: Effect of buffer gas molecular weight on frag

for (a) 60 V in helium, (b) 20 V in nitrogen, (c) 80 V in helium, and (d) 80 V in nitrogen.

Scheme II. Fragmentation Pattern of Tyramine
(MW = 137)

For the results shown in this table, an accelerating voltage
of 60 V was used in all cases. The results show that under
these conditions, when He is used as the buffer gas, then the
MH* is the base peak and little fragmentation is observed.
However, when the heavier buffer gases are used, significant
fragmentation results, and m/z 85 becomes the base peak
and MH* becomes a relatively small peak in the spectrum.
The increased fragmentation when the heavier buffer gases
are employed is most likely due to the more effective collisional
activation of the ions by these heavier gases in the expansion
region between the two skimmers. "This effect is also shown
in Figure 7 for tyramine, where at an acceleration voltage of
60V astrong MH* peak with little fragmentation is observed
for He buffer gas while for N the acceleration voltage has to
be lowered to 20 V to achieve soft ionization. However, at
anacceleration voltage of 80 V, the spectra change significantly
where in the case of tyramine a strong MH* with little
fragmentation is still observed in He; whereas, if N» is used
as the buffer, then the MH* peak becomes a minor peak and
significant fragmentation results. This fragmentation is
assigned asshown in Scheme II. Thus, although the rf plasma
does operate in buffer gases other than He and can produce
soft ionization, the results obtained will be very dependent
upon the conditions used.

Radiofrequency Power Level Effect on Fragmenta-
tion. The observed fragmentation can also be affected by

the power level used in the rf plasma. This phenomenon is
demonstrated in Figure 8 for tyramine ionized by the rf plasma
in N, at various power levels. The acceleration voltage
between the skimmers has been raised sufficiently so that
some fragmentation is observed at an rf plasma generated at
16 W. In this case the MH* is observed, but the fragment
atm/z = 120is observed as the strongest peak in the spectrum.
However, as the rf power is successively increased to 24 W,
the MH* almost disappears and other fragment ion peaks
are observed beside the m/z = 120. This increased frag-
mentation may be due to several contributing effects. These
might include the effects of the more energetic electrons in
the plasma itself which induce fragmentation or, alternatively,
the increased plasma potential may increase the ion kinetic
energies and thus the extent of CID as the ions expand in the
region between the skimmers. Nevertheless, we can conclude
that the appearance and degree of fragmentation of the sample
in the rf plasma source depends upon several factors that can
be controlled in this experiment. Also, as demonstrated in
Figure 8, an increase in the power level consequently results
in a higher signal intensity.

In order to study further the utility of the rf plasma source
for ionization and detection of organic samples from liquid
injection, we have studied the use of this source for several
different classes of molecules. The strengths and limitations
of the rf plasma source are examined in the following sections:

Catecholamines and Indoleamines. Animportantgroup
of molecules studied include the indoleamines, catechola-
mines, and their derivatives. The sensitive detection of these
compounds from both blood and urine would be of great utility
in the investigation of neuroblastomas and other neurogenic
tumors, Parkinson’s disease, and psychological stress.?> These
amines were examined in the positive mode since they
generally have high proton affinities. In the case of each
compound examined in Table I, the MH* peak was detected
with little or no fragmentation using the rf plasma source in
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Figure 8. Effect of rf power level on signal intensity and fragmentation
for tyramine In nitrogen buffer gas at (a) 16 W, (b) 20 W, and (c) 24
w.

He at 1 atm. Similar results were obtained for other buffer
gases. A typical spectrum is shown in Figure 9 for serotonin,
an important neurotransmitter and a very labile compound.
This spectrum was taken at 205 °C with an rf load power of
1 W using injection from liquid methanol at a flow rate of 35
pL/min. Even under these rather severe conditions, no
fragmentation is observed. This remains basically true for
all the compounds studied in this group. In the case of the
dc plasma, some fragmentation was observed for melatonin
under similar conditions; however, no fragmentation was
observed using the rf plasma source. The results were also
similar to those obtained by Kambara using a liquid injection—
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Figure 8. API/rf plasma mass spectrum of serotonin hydrochloride

in helium from liquid injection in 50:50 methanol:water solvent.

nebulization method with a corona ionization source.®1° The
ultimate sensitivity achieved for the detection of tyramine
reached down to 1.5 pg, or 7 fmol. This general level of
detection was achieved for most of this class of compounds.

PTH-Amino Acids. The detection of PTH-amino acids
was studied using the rf plasma source in He and other buffer
gases. The detection of PTH-amino acids is very important
because these are the end products of Edman degradation,
a procedure that is routinely used for protein sequencing.
Extending the lower limit of protein sequencing, which is
generally in the 50-pmol regime, would be especially useful
for the sequencing of proteins that are available in very small
quantities.?8 The results obtained for the detection of PTH-
amino acids by the rf plasma using liquid injection—-nebuli-
zation from methanol solvent are shown in Table I. In the
examples studied the MH* peak is observed without frag-
mentation. This lack of fragmentation would be particularly
important for identification in Edman analysis. The soft
ionization obtained is clearly improved, even compared to
the dc plasma source where PTH-Asp and PTH-Glu are
ionized with rather extensive fragmentation. The measured
sensitivity as determined by successive dilutions for PTH-
Ser was 4.0 pg. This limit is roughly comparable to that
obtained by the dc plasma source but is nearly 8 orders of
magnitude better than can be achieved routinely by Edman
methods.

Peptides. Several underivatized oligopeptides have been
studied using the rf plasma source in various atmospheric
pressure buffers. As shown in Table I, the MH* peak was
observed in every case. Insome of the peptides the MH* was
the base peak with little accompanying fragmentation. In
other cases fragmentation was observed at the expense of the
MH?*. Nevertheless, repeatable fragmentation is obtained
which is easily interpretable in terms of the structure of the
molecule. This was demonstrated for several examples in
the previous work for the dc plasma. In comparison, the
peptide Gly-Gly-Phe-Leu provided similar spectra for the de
and rf plasma sources as shown in Table I of this work and
Figure 7 of ref 14. The spectra are similar, although there
are differencesinrelativeion abundances. Itshould be noted
that the conditions under which the two spectra were taken
were not exactly the same. In both cases though, the base
peak is the MH* at m/z 392. In addition, cleavages of the
peptide bond produce the Y-type fragments Yo and Y;at m/z
277 and 334, respectively. Although Y; at m/z 130 was not
observed, the cleavage of the peptide bond occurred with the
retention of the charge on the N-terminal end to produce the

(26) Robinson, R. Tumors that Secrete Catecholamines; John Wiley
& Sons: Chichester, 1980.
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Figure 10. API/rfplasma spectra of Gly-Gly-Phe-Leu atan acceleration
voltage of 80 V In (a) He and (b) Ny.

B; fragment at m/z 262. These important fragments were
produced by both the rf and dc plasma sources. The
fragmentation that results in these experiments may be due
to several effects, including thermal decomposition at the
relatively high nebulization temperatures used for peptides
(230-315 °C). Unfortunately, this high temperature was
required for desolvation and detection of these species.
Alternatively, some fragmentation may be due to either
electron impact in the plasma or He metastables which may
transfer charge and a great deal of excess energy to the analyte,
thus causing fragmentation. These competing mechanisms
can not be distinguished, but the method does provide
reproducible spectra for identification and structural analysis.

Further fragmentation for structural analysis can be
obtained via the use of CID. In comparison, the use of CID
with a buffer gas between the two skimmers for Gly-Gly-
Phe-Leu is shown in Figure 10 for both He and N, buffer
gases. In the case of CID induced by He, the high mass
fragments (i.e., m/z >203) are very similar to those obtained
without CID. However, the use of CID in He results in a
number of lower mass fragments, including Y, at m/z 130 so
that the entire Y series, which represents cleavage at the
peptide bond with charge retention on the carboxylic acid
end, is observed. In addition, the B, fragment at m/z 115 is
also now observed. This fragmentation contrasts with that
obtained in N, where very extensive fragmentation is
observed. In addition to the fragments observed with the
use of He buffer, the Ny-induced CID results in a host of
extra ion peaks, some of which can be assigned as internal
fragments as shown in Scheme III, or others which result
from rearr ts or cl with N,. Nevertheless, the
results of Figure 10 demonstrate the ability to induce
fragmentation of varying degrees with the use of different
atmospheric pressure buffer gases in these experiments. The

Scheme III. Fragmentation Pattern of
Gly-Gly-Phe-Leu (MW = 392)
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other peptides in this work can be similarly fragmented using
either increasingly higher voltage as in Figure 6 or by varying
the buffer gas as in Figure 10.

A quantitative study for the detection of Gly-Gly-Leu was
performed using successive dilutions of the compound pre-
pared in 50:50 water:methanol solvent. The tripeptide was
introduced into the rf plasma source in He using liquid
injection—-nebulization at a nebulizer temperature of 235 °C.
The lower limit of detection was 1 ng (~4 pmol) with a signal
to noise ratio of 3. Although the molar sensitivity is not as
good for some of the other species in Table II, it is nevertheless
still excellent. However, as in the dc plasma,’ as the size of
the peptide increases the molar sensitivity becomes increas-
ingly larger and, thus, will probably not be competitive with
other techniques such as electrospray for larger peptides. The
limitation here is probabiy the inability to efficiently desolvate
larger peptides at the temperature range available in our setup.
Nevertheless, even Gramicidin S, at m/z 1142, could be
detected in this work at an estimated concentration of 1 mg/
mL.
Steroids, Antibiotics, and Vitamins. The detection of
antibiotics and steroids is an important problem in the
pharmaceutical industry and in drug testing and monitoring.
This group of molecules of general biological interest is
appropriately analyzed by LC/MS since they are relatively
labile, but are sufficiently stable to provide strong intact
molecular ion peaks in an API source, as shown in previous
work.1? Indeed, the steroids, antibiotics, and vitamins studied
using the rf plasma source in He or other buffer gases
invariably exhibit the MH* peak with little or no fragmen-
tation. In several cases a water molecule is lost during the
nebulization—ionization process, but in most cases other
significant fragmentation is not observed. The determined
detection limit for valinomyecin, for example, reaches down
to 45 pg or ~40 fmol, whereas nicotinamide can be detected
down to 100 fmol. The detection limit for antibiotics using
the rf plasma source appeared to be significantly better than
those achieved in previous work!? by Kambara, where typically
low nanogram sensitivity was obtained. However, itis difficult
to make a valid comparison between these two experiments
since different types of mass spectrometers were used under
very different conditions. The detection limit for the steroid
estrone was 170 pg, which appeared to be atypical of the
steroids studied herein.

Drugs. Various drugs were examined which are of
importance for clinical monitoring, forensic studies, and
contraband detection and identification. This group of
compounds is appropriately analyzed by LC/MS methods
since they have high melting points (150 °C), but they are not
particularly labile. In every case a strong MH* peak is
observed with no fragmentation. The results are very



comparable to those obtained in previous work using the de¢
plasma source. It should be noted that rather extensive
fragmentation can be induced using heavy buffer gases in the
CID region. A quantitative determination of the lower limit
of detection for cocaine was performed using liquid injection
from methanol solvent at 205 °C using the rf plasma. The
lower limit of detection was 4 pg (13 fmol) with a signal to
noise ratio of 3. The other drug compounds such as
methadone and amitriptyline also were detected with sen-
sitivities in the low picogram range. The detection limits for
cocaine and these drug compounds generally appears to be
several times improved with the use of the rf plasma source
as compared to the dc plasma used in previous work.!*

Pesticides. A number of phosphoroorganic pesticides
which are relatively volatile but also labile were investigated
by liquid injection into the rf plasma source. The use of
various LC/MS methods has been important for the moni-
toring of these compounds in the environment. In studies
with the rf plasma, the MH* was detected in almost every
case with almost no fragmentation. These results can be
compared to the dc plasma or Ni 8 API sources, where often
significant fragmentation was observed in many of these same
compounds.’ The results obtained for these pesticides were
obtained under similar conditions using both the dc and rf
plasma. Two very illustrative examples include azinphos-
ethyl and ronnel, in which the base peak is a relatively low
mass fragment and the MH* may be of relatively low intensity
using thedeplasma or the Ni8source. However, the rf plasma
results in a strong MH* peak in both cases with only minor
fragmentation. The cause of these differences between the
results obtained with rf and dc plasmas is not clear; however,
they may be due to differences in the degree of ionization by
other mechanisms such as energetic metastable decay.

The pesticide dimethoate was quantitated using liquid
methanol injection into the rf plasma at 150 °C. The lower
limit of detection was 3.5 pg or 15 fmol. This is a factor of
~2.5 better than that obtained by the dc plasma. The
detection here was performed in the positive mode, although
these compounds could also be detected in the negative mode.
However, the positive mode generally provides much better
sensitivity for these phosphoroorganic compounds, with
detection limits in the low picogram range. The actual
concentration in the carrier can be calculated by knowing the
flow rate of the buffer gas and the time of measurement. In
the experiments reported in this work, He was used as the
buffer and the calculated concentration of dimethoate was
~1 ppt. This measurement can be particularly important
though in the case of the rf versus the dc plasma source since
air can be used as the buffer gas in the rf source. Thus, the
rf plasma could be used for real air sampling of related
phosphoroorganic compounds that are used as chemical
warfare agents.?® The capability for real air sampling may
be an important advantage of the rf plasma.

Explosives. Several key explosives were studied vialiquid
injection—nebulization into the atmospheric pressure rf plasma
source. As shown in previous work, the negative ionization
mode has proven to be optimal for detection.!31¢ Thesensitive
detection of explosives is important in several applications,
including forensic studies following bomb explosions, mon-
itoring of soil and water for explosives pollution due to
improper disposal, and air monitoring for explosives detec-

(27) Crimmins, D. L.; Grant, G. A.; Mende-Mueller, L. M.; Niece, R.;
Slaughter, C.; Speicher, D. W.; Yuksel, K. V. In Techniques in Protein
Chemistry III; Angeletti, R. H., Ed.; Academic Press: New York, 1992;

p 35-43
= (28) See Proceedings of the 1989 U. S. Army Chemical Research,

and E; ing Center Sci ic Conferenceon Chemical
Defense Research; Williams, J. D., Ed.; Aberdeen Proving Ground, MD,
Nov 1989.
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tion.2%30 In an attempt to determine the limitations for
explosives detection for such applications, we studied the
detection of TNT, RDX, and HMX. The latter two are
particularly difficult to detect because of their high melting
point and low volatility. These compounds were dissolved in
methanol and injected into the rf plasma for ionization. In
the case of TNT, a strong M- is detected as the base peak.
Other peaks of much lower relative intensity are observed
which are characteristic of the API mass spectrum of TNT.
In the case of RDX, a relatively small M- is observed. The
base peak is the (M + NO,)- as observed with the dc plasma
and the Ni 8 source. In the case of HMX, a small M- peak
is observed once again, and the base peak is observed at (M
+ NO)-. HMX has an extremely low vapor pressure and is
very difficult to detect by heating alone;*! however, a signal
can be easily observed with the use of liquid injection
nebulization and rf plasma ionization.

The lower limit of detection was quantitatively determined
for TNT. Using liquid injection—nebulization into the rf
plasma, a detection limit of 4.8 pg or ~21 fmol was determined
with a signal to noise ratio of 8. The actual concentration in
the He carrier was found to be 4.4 ppt. This experiment was
performed with less than 1 W of load power from the rf power
supply. This level of detection is certainly sufficient for
forensic or soil-monitoring problems. In addition, the rf
plasma can operate with air buffer and so at least in theory
could be used for air monitoring, although the detection limits
may not be quite sufficient for explosives monitoring in many
applications.

CONCLUSION

A radiofrequency plasma that can operate under atmo-
spheric pressure conditions has been developed as an ion-
ization source for organic species contained in the effluent of
liquid injection. This rf plasma source can operate in an
atmospheric pressure buffer of He, Ar, N», air, or CO,. Inthe
case of He, the rf plasma can operate at a load power of <1
W, while for the other buffer gases a higher power is needed
to sustain the plasma that is usually less than 15 W. Even
with the relatively high currents that result in the plasma,
generally soft jonization results with the production of the
protonated molecule, MH*. Often, some fragmentation may
accompany the MH* which probably results from the heated
nebulization of the samples, many of which are thermally
labile, or from the presence of metastables in the plasma. In
addition, CID can be induced by the buffer gas in between
the twoskimmers in the intermediate pressure region between
the atmospheric pressure cell and the high vacuum region by
increasing the acceleration voltage between the two skimmers.
The use of a heavy buffer gas has been shown to be particularly
useful for enhancing fragmentation for structural analysis.
Furthermore, the ionization properties of the plasma have
been characterized in regard to parameters such as the rf
power level, buffer gas, temperature, and liquid flow rate and
composition. The atmospheric pressure rf plasma source can
provide very high sensitivity in detection, often in the low
femtomole regime, for a variety of samples, including neu-
rotransmitters, PTH-amino acids, drugs, pesticides, and
explosives. This may correspond to as little as parts-per-
trillion detection in the carrier gas. Quantitative measure-
ments were performed, and linearity over 4 orders of
magnitude was achieved.

The atmospheric pressure rf plasma source may find
potential wide use as an ionization source for microbore liquid

(29) Yinon, J. Mass Spectrom. Rev. 1982, 1, 257.

(30) Yinon, J.; Zitrin, S. The Analysts of Explosives; Pergamon Press:
Oxford, 1981.

(31) Huang, S. D.; Kolaitis, L.; Lubman, D. M. Appl. Spectrosc. 1987,
41, 1371-6.
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chromatography detection of the relatively small organic
molecules described in this work. It would, thus, most likely
become a competitor to other API sources such as the Ni 8
and corona discharge sources with certain distinct advantages
in several applications. In particular, the rf plasma source
has the potential for enhanced sensitivity compared to the
Ni 8 or corona discharge sources due to the high current
densities produced in the plasma. Inaddition, Nigand corona
sources produce relatively small discharge currents, and the
ion—molecule reactions can become easily saturated as the
concentration of analyte increases. The rf plasma has shown
linear detection over more than 4 orders of magnitude and
still does not become easily saturated even as the concen-
tration increases. Also, the corona source is located close to
the orifice so that a limited sampling time may result in
incomplete ionization, whereas the rf plasma source samples
from a large volume of space sufficiently far from the orifice
so that incomplete sampling is no longer a problem. The

atmospheric pressure dc plasma source also has some of these
properties; however, the major advantage of the rf plasma is
that it can operate in a variety of buffer gases other than He.
The atmospheric rf plasma though cannot compete with
electrospray in the nebulization and ionization of large
molecules, but rather is most effective in the massrange under
500 amu.
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Collisional Fragmentation of Glycopeptides by Electrospray
Ionization LC/MS and LC/MS/MS: Methods for Selective
Detection of Glycopeptides in Protein Digests

Michael J. Huddleston, Mark F. Bean,” and Steven A. Carr”

SmithKline Beecham Phar

Mass spectrometric methods of glycopeptide-specific detection
Inliquid chromatography/electrospray mass spectrometry (LC/
ESMS) of glycoproteln digests are explored using a varlety
of glycopeptide models and then applled to soluble complement
receptor type I, a 240-kDa glycoproteln contalning 25 potential
sites of N-glycosylation. The most specific method, requiring
a triple quadrupole, Involves monitoring of sugar oxonlum
fragment lons during precursor-lon scan ESMS/MS. Signals
derived from nonglycosylated peptides are virtually eliminated,
resulting In a total-lon current chromatographic trace of only
the glycopeptides present In the digest. The corresponding
mass spectra yleld molecular weight and glycopeptide
microheterogenelty Information. An alternative and comple-
mentary approach that we term collisional-excltation scanning
also Involves fragmentation of glycopeptides to sugar oxonlum
lon fragments but does not Involve any mass-selection process,
permitting the experiment to be performed on a single
quadrupole Instrument. The resulting total lon chromatogram
Is similar to the UV chromatogram (215 nm), but a selected-
lon chromatogram for carbohydrate-specific lons such as the
N-acetylhexosamine oxonium lon (m/z 204) produces a
glycopeptide-specific trace. Although there can sometimes
be peptide Interferences In the spectra of the Indicated
glycopeptide-containing chromatographic peaks, this latter
approach permits peptide mapping to be performed on the
same data set that also indicates the location of glycopeptid:
Inthe chromatogram. Both methods are suitable for detection
of glycopeptides with all common classes of oligosaccharides
In either N- or O-linkage to the peptide.

INTRODUCTION

Determining the locations, heterogeneity, and structures
of oligosaccharides in recombinant glycoproteins is valuable
to the biotechnology industry because such information can
be used to correlate efficacy with structure and is often needed
for regulatory purposes.l? To date, most techniques for
carbohydrate analysis have involved chemical or enzymatic
release of carbohydrates prior to analysis.®* However,
characterizing glycopeptides, as opposed to analyzing the pool
of released carbohydrates from a glycoprotein, has the
advantage that the sequence context of each specific family
of glycoforms is preserved. Several methods for locating
glycopeptide-containing fractions in an HPLC map of a
glycoprotein digest have been developed. The phenolsulfuric
acid method, a classic colorimetric approach for oligosac-

ticals, P.O. Box 1539, King of Prussia, Pennsylvania 19406

charide detection, is still one of the more frequently used
methods of glycopeptide detection and localization because
it is simple and quantitative and can be performed on
glycoproteins, glycopeptides, or oligosaccharides.” Never-
theless, localization of glycopeptides in a chromatographic
run by this method does require testing of each of the isolated
fractionsseperately. Glycopeptides can beselectivelyisolated
from protein digests by appropriate use of lectin binding
(concanavalin A or wheat germ agglutinin are often used);
mass spectrometry can then be used for initial characterization
of the molecular weight and microheterogeneity, although
care must be taken to thoroughly desalt samplesisolated from
lectin columns.® Alternately, lectins can be made part of a
glycopeptide-specific staining procedure.” Recently, there
has been progress in adapting chemical methods to quick,
high-throughput analyses using microtiter plates and mic-
rosamplereaders.? Glycopeptide structural information from
the above methods is often scant or absent.

Several mass spectrometric (MS) techniques are used for
locating glycopeptides. All of these have the advantage over
chemical or lectin-based methods in that they yield molecular
weight information. Together with prior knowledge of the
recombinant protein sequence and of the range of carbohy-
drate structures previously characterized from the expression
cell line used, molecular weight measurements can reveal a
relatively detailed picture of the site of glycosylation, the
oligosaccharide structural classes present, and their molecular
heterogeneity. One of the earlier such methods involved
analytical HPLC separation (with UV? or UV and mass
spectrometric detection'®) of the components of a protein
digest before and after PNGase F enzymatic release of
N-linked oligosaccharides followed by a search for differences
between the two chromatograms. This method was limited
to N-linked glycopeptides. Other MS methods depend on
the frequently observed heterogeneity of the carbohydrate
portion of the glycopeptide; a glycopeptide with more
carbohydrate attached tends to elute slightly earlier in
reversed-phase separations than the glycopeptide containing
less carbohydrate. Although the chromatographicseparation
is insufficient for UV detection to resolve the peaks, the
adjacent mass spectra appear quite different.’! As a result,
adiagonal line can be observed after plotting m/z versus time
whereas peptides result in lines parallel to the m/z axis.!?
Alternately, a peak-pair searching algorithm can be used to

(5) Dubois, M.; Gilles, K. A.; Hamilton, J. K.; Rebers, P. A_; Smith, F.
Anal. Chem. 1956, 28, 350-356.

(6) Bean, M. F,; Bangs,J D.; Doering, T. L.; Englund, P. T.; Cotter,
R. J. Anal. Chem. 1989, 61, 2686—2688

(7) Hsi, K.-L.; Chen, L.; Hawke, D. H.; Zieske, L. R.; Yuan, P.-M. Anal.
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Rasmussen, J. R. Bio/Technology 1991, 9, 1347-1355.

(3) Hardy, M. R.; Townsend, R. R. Proc. Natl. Acad. Sci. U.S.A. 1988,
85, 3289-3293.
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query LC/ESMS data by automatically searching the mass
spectral data for characteristic m/z differences between
spectral peaks such as those corresponding to hexose or
N-acetylhexosamine.!® Both of these methods fail in the
absence of site microheterogeneity.

The need to find faster, more sensitive, more selective, and
more universal techniques for locating glycopeptides during
chromatography of glycoprotein digests becomes pressing
when dealing with larger glycoproteins with many potential
glycosylation sites. For example, the soluble complement
receptor glycoprotein (sCR1) discussed in this paper is 240
kDa and has 25 potential sites of N-glycosylation. A tryptic
digest of this glycoprotein is expected to produce 174 tryptic
fragments, many of them glycopeptides. The HPLC sepa-
ration of this digest is exceedingly complex, and most of the
glycopeptides coelute with peptides in the digest. Thus,
techniques for glycopeptide detection that rely solely on
HPLC UV difference mapping before and after removal of
carbohydrate® can only identify a small percentage of the
glycopeptides present. Manually interrogating individual
chromatographic fractions by chemical or massspectrometric
means quickly becomes unwieldy and time-consuming as the
number of fractions increases. What we needed was an on-
line HPLC method which not only detected the location of
glycopeptide-containing fractions but also yielded structural
information while retaining the peptide sequence context of
the attachment site.

N-linked oligosaccharides expressed in mammalian cells
have somewhat restricted heterogeneity with well-charac-
terized structural types; the most common are represented
by the following: deoxyhexose (fucose), hexose (mannose or
galactose), N-acetylhexosamine (N-acetylglucosamine or N-
acetylgalactosamine), and N-acetylneuraminic acid with the
same Man;GleNAc,-(Asn-X-Ser/Thr) core. O-Linked oli-
gosaccharides usually contain hexose (galactose) or N-acetyl-
hexc ine (N-acetylgalactosamine) with a common HexNAc-
(Ser/Thr) core. Our objective was to develop methods for
specific detection and molecular weight determination of all
types of glycopeptides using liquid chromatography/electro-
spray mass spectrometry (LC/ESMS). In this paper we
describe the collision-induced fragment ions of oligosaccha-
rides and glycopeptides that may be exploited for selective
detection of glycopeptides in complex digests. Neutral-loss
scanning and parent- or precursor-ionscanning are compared.
The analytical utility of collision-induced dissociation (CID)
in Q2 of a triple quadrupole and CID in the ion source region
of a single quadrupole, together with a novel method we refer
to as collisional-excitation scanning, are discussed. Simul-
taneous with our initial presentation of this work on glyco-
peptide-specific detection,’®!4 Conboy and Henion presented
preliminary data on the use of high-orifice voltage CID LC/
ESMS for glycopeptide analysis.!>16 An application of the
methodology described in this paper to fetuin glycoprotein
and its extension to the distinction of O- and N-linked
glycopeptides has been published elsewhere.l”

EXPERIMENTAL SECTION

Chemicals. Man,GlcNAc, Gal-GalNAc-Ser, and the Asn-
linked oligosaccharides illustrated in Figure 1 were obtained from

(13) Carr, S. A; Armbruster, T.; Hemling, M. E.; Soneson, K. K.;
H M. J. Proceedings of the 39th ASMS Conference on Mass
Spectromeh'y and Allied Topics, Nashville, TN, May 19-24, 1991; pp

83-484.

(14) Huddleston, M. J.; Bean, M. F.; Barr, J. R.; Carr, S. A. Proceedings
of the 39th ASMS Conference on Mass Spectrometry and Allied Topics,
Nashville, TN, May 19-24, 1991; pp 280-281.

(15) Conboy, J. J.; Henion, J. D. Proceedings of the 39th ASMS
Conference on Mass Spectrometry and Allied Topics, Nashville, TN,
May 19-24, 1991; pp 1418-1419.

(16) Conboy, J. J. Ph.D. Thesis, Cornell University, New York, 1992.

(17) Carr, S. A.; Huddleston, M. J.; Bean, M. F. Protein Sci., in press.

(a) Galp1-4GIcNACp1-2Mana1-6
Manf1-4GIcNACB1-4GICNACH1-N-Asn
Gal1-4GIcNAch1-2Mana1-3

(b)  NeuSAca2-5Galp1-4GIcNAc1-2Mana1-6
Manf1-4GIcNAc1-4GIcNAcS1-N-Asn
NeuSAcu2-6Galp1-4GIcNAC1-2Manal-3

(€)  Mana1-2Manoi-6 .
Mana1-6

o 3~
Manc1;eMang .9 \AanB1-4GlcNAc51-45IcNAcﬁ1-N-Asn
Mana1-2Manat-2Manal-3

(d) Galp1-3GaiNAcat-O-Ser

Figure 1. Structures of model glycopeptides: (a) biantennary complex
Asn-linked oligosaccharide, M(monoisotopic or m.i) = 1754.6; (b)
same structure but with A-acety acids at the branch termini,
M/m.i.) = 2336.8 (c) triantennary oligomannose Asn-linked oligosac-
charide, M{m.i.) = 1996.7; (d) O-linked disaccharide, M{m.i.) = 470.2.

BioCarb Chemicals (Accurate Chemical & Scientific Corp.,
Westbury, NY) and used without desalting or purification. A
soluble, recombinant form of the CD4 surface glycoprotein (the
lymphocytic receptor of the HIV virus) which lacks the trans-
membrane domain (known as soluble or sCD4) was expressed in
Chinese hamster ovary cells and purified at SmithKline Beecham
aspublished.'® Thesecreted, truncated form of the HIV envelope
protein gp120 (85 kDa) missing the first 31 amino acids from the
mature form and containing the first four amino acids of tPA at
the N-terminus was cloned, expressed in Drosophila cells, and
purified at SmithKline Beecham as previously described.’* The
clone of soluble human complement receptor type I, a recom-
binant soluble form of type I complement receptor lacking the
transmembrane and cytoplasmic domains® (sCR1, also known
as TP-10 HD, 250 kDa) was received from T Cell Sciences, Inc.
(Cambridge, MA), and the protein was expressed in Chinese
hamster ovary cells.

Enzymatic Digests. The native glycoproteins gp120,sCD4,
and sCR1 were each reduced and S-carboxymethylated prior to
proteolytic digestion with trypsin by the same procedure.
Reduction was performed in 0.5 M Tris-HCI buffer, pH, 8.3,
containing 2 mM EDTA and 6 M guanidine hydrochloride with
dithiothreitol in a 50-fold molar excess over cysteine. Denatur-
ation and reduction were allowed to proceed under nitrogen for
3 h at 37 °C. An aliquot of aqueous iodoacetic acid (100-fold
molar excess over DTT) that had been degassed and pH adjusted
to 8.3 with NH,OH was added and the reaction allowed to
continue for 1 h. The glycoprotein was dialyzed against 3.5 L of
50 mM NHHCO; for 15 h at 4 °C and stored dried at 70 °C.
Prior to proteolytic digestion, the samples were dissolved in 0.050
M NH,HCO; buffer at pH 8.5. TPCK-treated trypsin (Cooper
Biomedical, Malvern, PA) dissolved in the same buffer was added
in two equal portions 3 h apart to give a final enzyme-to-substrate
ratio of 1:50. Digests were incubated at 37 °C for 6 h and halted
by lowering the pH to <4 with dilute acetic acid.

Flow Injection and Liquid Chromatography. Oligosac-
charide model compounds, MansGlcNAc and Gal-GalNAc-Ser,
were infused at 250 pmol/pL and the Asn-linked oligosaccharide
models (Figure 1) flow injected at 100 pmol/xL in 50% methanol,
50% water, 0.2% formic acid (v/v/v) by means of a Model 22
syringe pump (Harvard Apparatus, S. Natick, MA). Chromato-
graphicseparations for microbore LC/MS/MS experiments were
performed using a Brownlee Labs Micro Gradient System syringe
pump and a 1.0 X 100-mm Aquapore column packed with 7-um-
diameter particle, 30-nm pore size, Cig-bonded silica (Applied
Biosystems, Foster City, CA). The eluting solvent was run as a
linear gradient from (A) 0.1% trifluoroaceticacid (TFA) in water

(18) Deen, K. C.; McDougal, J. S.; Inacker, R.; Folena-Wasserman, G.;
Arthos, J.; Rosenberg, J.; Maddon, P. J.; Axel, R.; Sweet, R. W. Nature
1988, 331, 82-84.

(19) Culp,J S.; Johansen, H.; Hellmig, B.; Beck, J.; Matthews, T. J.;
Delers, A.; g, M. Bio/Technology 1991, 9, 173-177.

(20) Welsman, H. F.; Barrow, T.; Leppo, M K Marsh, H. C.,, Jr;
Carson, G. R.; Concino, M. ¥y Boyle, M. P.; Roux, K. H; Weisfeldt, M.
L., Fearon, D. T. Science 1990, 249, 146-151.
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Figure 2. Diagram of the LC/ESMS system. OR = orifice. Q(0-3) = quadrupole rod sets 0-3 (Q1 and Q3 are mass analyzers). FP = faraday
plate. CEM = channel-electron multipler. High-OR refers to a relatively high voltage potential between OR and Q0, used to induce fragmentation

of molecules prior to the first mass analyzer.

to (B) 90% acetonitrile, 10% H,0,0.09% TFA using the following
program: 0—60% B during 75 min and 60-100% B in 5 min at
a flow rate of 40 pL/min. For microbore LC/MS/MS analyses
we injected ca. 800 pmol of protein digest. The microbore LC/
MS setup is illustrated in Figure 2. The column effluent is split
10:1 by means of a (Valco, Houston, TX) low dead-volume “tee”
union with fused-silica capillary tubing outlets (Polymicro
Technologies, Phoenix, AZ) of different diameters and lengths
toproduce the desired splitratio. The major portion of the stream
flowed through a 100-pm-i.d. capillary to a Hewlett-Packard
1050 variable wavelength UV detector (Hewlett-Packard Co.,
San Fernando, CA) operated at 215 nm and then to a Gilson 203
fraction collector (Gilson Medical Electronics, Middleton, WI);
the minor portion of the split stream passed to the electrospray
nebulizing needle tip through a 50-um-i.d. capillary.

Mass Spectrometry. Electrospray mass spectra were re-
corded on an API-III triple-quadrupole mass spectrometer
(Perkin-Elmer Sciex Instruments, Thornhill, Canada) fitted with
an articulated, pneumatically-assisted nebulization probe and
an atmospheric pressure icnization source. The tuning and
calibration solution consisted of an equimolar mixture of poly-
(propylene glycol) (PPG) 425, 1000, and 2000 (3 X 10-5, 1 X 104,
and 2 X 104 M, respectively) in 50/50/0.1 H,O/methanol/formic
acid (v/v/v), 1 mM NH4OAc. Calibration across the m/z range
10-2400 was effected by multiple-ion monitoring of eight NH,-
OAc/PPG solution ion signals. Mass-to-charge ratio assignments
in the figures are the measured peak tops and will be more closely
related either to the monoisotopic or to the average mass
depending on the molecular weight. Although computed peak
centroids traditionally yield better mass assignments than peak
tops, the presence of various charge states and the resulting
variation in peak widths in a single spectrum makes such
centroiding error-prone.

The ion spray voltage was operated at 4.5 kV with 35-40 psi
“zero” grade compressed air nebulization gas flowing at 0.8 L/min.
A curtain of nitrogen gas (99.999 % ) was used to keep atmospheric
gases out of the analyzer at a flow rate of 1.2 L/min. Normal and
precursor-ion mass spectra were acquired by scanning QI.
Product-ion spectra were taken by colliding the Q1-selected
precursor ion of interest with argon gas in Q2 and scanning Q3
to analyze the fragment-ion products; precursor-ion scans were
performed the same way except that Q1 was the scanning and
Q3 the selecting quadrupole. Neutral-loss spectra required
scanning Q1 and Q3 synchronously but offset one from the other
by the m/z of interest. For all tandem MS experiments the
99.999% argon collision target gas thickness was (5-7 X 10
molecules/cm? a figure computer-derived from a capacitance
manometer reading of the gas inlet pressure and a formula for
the downstream density of a free jet.?! Precise collision energy
measurements were not made, although these can be approxi-
mated as being somewhat greater than the ion charge state
multipled by the voltage potential (20-40 V) between the Q0 and
Q2 quadrupoles.

(21) French, J. B. Can. Aeronaut. Space Inst. Trans. 1977, 3, 1.

Normal scan ESMS and LC/ESMS spectra were recorded at
instrument conditions sufficient to resolve the isotopes of the
PPG/NH,* doubly-charged ionat m/z 520 (85 % valley definition).
Although the observation of 0.5 m/z isotope spacing is a reliable
indication of a doubly-charged ion under normal conditions, such
distinctions could not always be made with confidence for fast-
scanning LC/ESMS where fast scan rates produce relatively small
ion-current samples and nonideal spectral peak shape.

For precursor-ion tandem MS, the analyzing quadrupole (Q1)
was operated at a resolution of about unit m/z (using a 35% peak
valley definition at low m/z and a 60% peak valley definition at
high m/z), while the mass-selecting quadrupole Q3 was set to
pass a 2-3-Da window around the ion of interest so as to enhance
sensitivity. Orifice potential (OR), quadrupole rod offsets, and
collision gas pressure were adjusted using the Man,GlcNAcmodel.
Although the leeway for optimization is broad, we carefully adjust
the instrument parameters for acquisition of LC/ESMS/MS
spectra with low levels of analyte (<50 pmol). We have found
that the optimal orifice potential is 55 V, although other values
were used in earlier experiments (see figure legends). All tandem
MS spectra have been smoothed once.

Collisional-excitation scanning (see Results and Discussion)
can be implemented on the Sciex instrument in two ways: linear
ramping of the orifice voltage with m/z is provided for in the
software package; it is also possible to use mutiple-ion monitoring
with two very wide ion windows to maintain the sampling orifice
potential high (140 V) during the low m/z scan window (150-500)
and maintain it at a low (65 V) voltage in the second ion window
which encompasses the scan from m/z 500 to 2100 (see Figure
T). Itisthelatter approach that we now prefer, and we sometimes
refer to this approach as a stepped orifice-voltage scan.

RESULTS AND DISCUSSION

The carbohydrate nomenclature used in this paper employs
the abbreviations Hex (hexose), HexNAc (N-acetylhex-
osamine), and NeuAc (N-acetylneuraminic acid) to refer to
the carbohydrate residues without specifying which of the
isobaric and mass spectrometrically equivalent isomers are
actually present (e.g., mannose, glucose, etc. are a subset of
hexose). In the mass spectra, loss of neutral carbohydrate
moieties or pieces thereof from the charged parent ion are
designated with a “-”. For example, -Hex (—CgH;005, 162
Da) indicates a loss of neutral dehydrohexose. Carbohydrate
fragment ions with structures formally equivalent to oxonium
ions are indicated with a “+” sign following the structure; for
example Hex* (C¢H;;05*, m/z 163) implies the oxonium ion
of hexose. It is important to note that -Hex and Hex* (and
the other corresponding carbohydrate fragment pairs) differ
by one hydrogen (1 Da) from one another; this nomenclature
simplifies annotation of the mass spectra. Designationssuch
as (HexNAc-Asn + H)* and (Hex;HexNAc + H)* indicate
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Flgure 3. Product-ion MS/MS of m/z878.0 (M + 2H)?*) for 500 pmol
of Asn-linked oligosaccharide 1a. An asterisk (*) indicates fragments
formed by two-bond cleavages. Sum of 7 scans (m/z 10-1800, step
1.0, 16.8 s/scan); orifice voltage = 55 V.

structures corresponding tosmaller, intact molecules derived
from the charged parent molecule by fragmentation and
hydrogen rearrangement.

Because glycopeptides contain hexose or N-acetylhex-
osamine isomers which fragment in a predictable manner
upon collisional excitation, it seemed reasonable that we would
be able to recognize glycopeptides in a complex mixture by
their characteristic collision-induced dissociation (CID) frag-
ment ions. Moreover, such diagnostic fragment ions would
allow selective identification of glycopeptide-containing chro-
matographic fractions during LC/MS analyses of enzymatic
digests of glycoproteins. To test these hypotheses, we have
employed pneumatically-assisted electrospray ionization on
a triple-quadrupole mass analyzer in the configuration
illustrated in Figure 2. Pneumatically-assisted electrospray
has been shown previously to have advantages over contin-
uous-flow fast atom bombardment for sensitive detection of
glycopeptides.!! Exploration of various normal and tandem
MS scan modes (product-ion, precursor-ion, and neutral-
loss) was initiaily performed on a small oligosaccharide model,
Man,GlcNAc (M, = 869.3), and later on Asn-linked and Ser-
linked oligosaccharides (Figure 1). The peptide-linked oli-
gosaccharides were better glycopeptide models for our
purposes in that formation of HexNAc* oxonium ion frag-
ments required two-bond cleavages, as in true glycopeptides.

Product-Ion Scanning for Model Glycopeptides. The
structurally-informative fragment ions shown in Figure 3
resulted from tandem MS selection of the (M + 2H)2* of the
Asn-linked oligosaccharide (Figure 1a) for CID product-ion
scanning. The results illustrate that low-energy (typically
<150 eV) collisions of protonated glycopeptides yield an
abundance of fragments that form by two-bond cleavages
between saccharides (indicated by asterisks in the figure).
Cleavages of the saccharide rings are not observed. Nearly
all the observed fragmentation occurs along the branches (with
charge localization either on GlcNAc-Asn or on the core
GlcNAc adjacent to the mannose branch). Loss of one but
not both of the branch arms is observed. The Hex-HexNAc*
ion which is intense in this tandem mass spectrum might be
expected to be relatively weaker in the case of high-mannose
glycopeptides where formation of an equivalent ion requires
loss not only of both branches but also of the GleNAc-peptide
core (a three-bond cleavage). We prefer m/z 204 (HexNAc*)
as the most universal indicator of glycopeptides because its
formation requires, in the worst case, only a two-bond cleavage,
and because most O-linked carbohydrates are attached to
Ser or Thr via N-acetylhexosamine.

Neutral-Loss Scanning for a Model Oligosaccharide.
“Constant” or “fixed” neutral-loss scanning is a mode of
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Figure 4. Neutral loss MS/MS for 687 pmol of Man,GicNAc. Q1 and
Q3 mass filters were offset one from the other by m/z 161.8. Sum
of 10 scans (m/z 175-1000, step 0.2, 8.25 s/scan); orifice voltage
= 80V.

analysis in which Q1 and Q3 are scanned synchronously but
offset from one another by a constant, user selectable
difference in the mass-to-charge ratio (m/z). The only ions
that arrive at the detector are those which dissociate in Q2,
losing sufficient mass to be accepted by the offset second
analyzer stage (Q3) of the triple quadrupole instrument. The
spectrum displayed is that of the precursor ions (the Q1 scan).

So-called “constant neutral loss” scans require a little
explanation for multiply-charged precursor ions. Although
the two scanning quadrupcles, Q1 and Q3, are offset by a
constant m/z difference in the ions they pass, the neutral loss
in the collision gas region of Q2 cannot always be called
“constant” because the mass will vary according to the charge
state of the precursor ions. For example, in Figure 4 we
observe neutral losses of Man; (162 Da) from the singly
charged parent of Man,GleNAc and loss of Man, (324 Da)
from the double charged parent, in the same neutral-loss
spectrum. In this case, the precursor and product m/z differ
by 162 in both fragmentation pathways although the actual
mass lost is different. Oddly, it would appear from the data
that the neutral loss of dehydrohexose was derived not from
the protonated molecule but from the potassium-cationized
molecularspecies. Thebase peak inthe normal-scanspectrum
of this same compound corresponds to the (M + Na)* while
the (M + H)* has a signal intensity equal to 25% of the base
peak; neither are observed in the neutral loss data. Neutral-
loss scans for an m/z difference of 203 (HexNAc) gave only
weak data (not shown). Therefore, neutral-loss scanning for
structure-specific detection in electrospray mass spectrom-
etry, where observation of molecular ions with widely varying
charge states is the rule rather than the exception, is not
practical for our intended purposes. These difficulties also
point to the need to modify the recommended terminology;2
the words “constant” or “fixed” neutral loss are not appropriate
in situations where there may be variation in the ion charge
state. Here we have used the abbreviated term neutral-loss
scan.

Precursor-Ion Scanning for Model Glycopeptides.
Precursor-ion scanning gives a spectrum of all precursor ions
that dissociate to yield the selected product. This experiment
provided useful information upon selection of the oxonium
ions m/z 204 (HexNAc*) and m/z 366 (Hex-HexNAc™, not
shown) for the three model N-linked glycopeptides (Figure
la—c) and the small O-linked glycopeptide Gal-GalNAc-Ser
(Figure 1d). Thespectra (Figure 5a—d) reveal predominantly
unfragmented glycopeptide ion signals. Weak peaks which
may arise from sample heterogeneity (loss of N-acetyl-

(22) Todd, J. F. J. Pure Appl. Chem. 1991, 63, 1541-1566.
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Figure 5. Comparison of precursor-ion MS/MS of m/z204.0 (HexNAc*)
for 500 pmol of Asn-linked oligosaccharides 1a-d, respectively. Sum
of 17 scans (m/z 500-2100, step 0.5, 6.4 s/scan); orifice voltage =
55 V.
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Figure 8. Precursor-ion MS/MS of m/z 204.0 (HexNAc™) for ca. 120
pmol of an isolated oligomannose glycopeptide from the tryptic digest
of gp120 glycoprotein. M(av) for Hexs, dHex, = 2832.9. Sum of 24
scans (m/z 250-1500, step 0.2, 12.5 s/scan); infusion rate 0.75 ulL/
min in 1:1 MeOH-H,0 with 10% acstic acid; orifice voitage = 90 V.

neuraminic acid) are observed in Figure 5b and can also be
observed in pulsed amperometric detection HPLC for this
same sample. However, it is not possible to reliably distin-
guish sample heterogeneity from fragmentation-derived sugar
losses which result in ions of the same mass. The spectrum
of the O-linked glycopeptide (Figure 5d) is similar to those
obtained for the N-linked glycopeptides in that the only peaks
observed were derived from protonated or cationized, intact
glycopeptide. The information obtained is independent of
the precursor-ion charge state, the type of glycopeptide
(complex, as in Figure 5a,b, or oligomannose, as in Figure 5¢)
or whether it is N-linked or O-linked.

The precursor-ion scan experiment was repeated using
glycopeptide-containing fractions isolated from glycoprotein
digests by HPLC: anisolated oligomannose glycopeptide from
gp120 and an isolated glycopeptide with a complex-type
oligosaccharide from sCD4. For gp120, the mass spectra
obtained by Q3 selection of either of the oxonium ion
fragments m/z 163 (Hex*) or 204 (HexNAc*) exhibited
glycopeptide molecular weight related peaks clearly indicating
the heterogeneity of the glycoforms at the given attachment
sites; nointerferences from peptide componentsin the isolated
fractions were observed. For example, the precursor-ionscan
of m/z 204 for the gp120-derived glycopeptide (Figure 6)
indicates that the carbohydrates attached are of the oligo-
mannose class, varying in composition from Hex,HexNAc,
to HexgHexNAc,, in some cases with deoxyhexose (fucose)
attached. For the glycopeptide with complex-type carbo-
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hydrates from sCD4, selection of either the m/z 204 (Hex-
NAc*) or 366 (Hex-HexNAc*) product ions revealed the
molecular weights of the various glycoforms (data not shown).
In the case of sCD4, selection of m/z 163 failed to yield
precursor-ion spectra, presumably due to the absence of
oligomannose glycopeptides for which this ion appears to be
relatively selective. Although precursor-ion scans of the
oxonium ions m/z 147 (fucose) or m/z 292 (IN-acetylneuraminic
acid) could be used to reveal the presence of these sugars,
such information is in practice usually available from mo-
lecular weight considerations alone if the peptide sequence
isalsoknown. Collision-induced dissociation of glycopeptides
to the HexNAc* oxonium ion (m/z 204) has proven in these
experiments to be general for oligosaccharides and glyco-
peptides containing N-acetylhexosamine either in the inner
core or along the branches of the chains. Like peptide
immonium ions, oxonium ion fragments can derive from two-
bond cleavages. It seems likely that such multiple-bond
cleavages are favored by low-energy, multiple collisions in
carbohydrates as they are in peptides.?® At present, we have
not determined from which of the inner core N-acetylhex-
osamines the oxonium ion originates, although the data for
the Gal-GalNAc-Ser glycopeptide clearly indicates that it can
derive from the N-acetylhexosamine linking the carbohydrate
to the peptide.

Precursor-Ion Scanning LC/ESMS/MS and Normal
LC/ESMS of a Tryptic Digest of sCR1 Glycoprotein.
Because m/z 204 represents a fragment ion generic to all
glycopeptide structural types, it was chosen for precursor-
ion scanning LC/ESMS/MS experiments in which we used
the mass spectrometer as a glycopeptide-specific HPLC
detector, simultaneously acquiring mass spectral information
on the molecular weight and heterogeneity of each glyco-
peptide during chromatography of a glycoprotein enzyme
digest. We have performed this experiment on three reduced
and carboxymethylated glycoprotein tryptic digests: sCD4
(two sites of glycosylation) (data not shown), GP120 (24
potential sites of N-glycosylation) (data shown for an isolated
glycopeptide only, Figure 6), and sCR1 (25 potential sites of
N-glycosylation) (Figures 7a, 8a,and 9). Inaddition we have
compared these results with normal scanning LC/ESMS of
the same digests. Representative data are discussed below.

The total ion current traces from precursor-ion scanning
of m/z 204 and normal m/z scanning during LC/ESMS of a
tryptic digest of sCR1 are displayed in Figure 7a and 7b,
respectively. The precursor-ion scan trace (Figure 7a)
indicates 20 or more possible glycopeptides. The normal LC/
ESMS total ion current trace (Figure 7b) is deceptively simple
for there are more than 200 components that are poorly
resolved even under the long gradient elution conditions used.
In Figure 8 we compare the mass spectra for peak A (Figure
7) obtained by m/z 204 precursor-ion scanning LC/ESMS/
MS with the mass spectra obtained by normal scan LC/ESMS.
Numerous peptide ion signals are observed in the normal
m/z scan data (Figure 8b) (e.g. m/z 617-665 and m/z 860)
together with the signals for the glycopeptide. In Figure 8a,
the selectivity of the precursor-ion scanning method for
glycopeptide detection is evident; we find a series of glyco-
peptide molecular weight-related signals separated by in-
crements of N-acetylneuraminic acid and deoxyhexose, and
there is no interference from nonglycosylated peptides. The
mass spectrum of peak B from the precursor-ion LC/ESMS/
MS experiment (Figure 9) represents a rather large bian-
tennary glycopeptide (M;(av) = 6221 for the highest M,
component). Heterogeneity in the content of N-acetyl-
neuraminic acid and deoxyhexose is again evident from the

(23) Bean, M. F; Carr, S. A,; Thorne, G. C,; Reilly, M. H.; Gaskell, S.
dJ. Anal. Chem. 1991, 63, 1473-1481.
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Figure 7. Compariscn of total ion chromatograms for 800 pmol of a
tryptic digest of reduced and carboxymethylated soluble complement
receptor, type 1(sCR1) scanned from m/z 450 to 2400, step 0.3, 6.23
s/scan, orifice voltage = 80 V (not optimal): (a) precursor ions of m/z
204 (HexNAc*), LC/ESMS/MS and (b) normal scan LC/ESMS.
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Figure 8. Comparison of the mass spectra for peak A (Figure 7a,b)
obtained by (a) precursor-ion LC/ESMS/MS of m/z 204 (HexNAc™)
and (b) normalscan LC/ESMS. Mav)of glycopeptide (NeuAc,, dHex)
= 3267.6. C = S{carboxymethyl)cysteine.
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Figure 9. Precursor-ion (parents of m/z 204.0) mass spectrum of
region highlighted as peak B in Figure 7. M{av) of glycopeptide (NeuAc;,
dHex;) = 6221.2 (measured = 6219.7). C = S-{carboxymethyl)-
cysteine.

m/z spacings between peaks in the various parent-ion clusters.
The spectra shown here are summed over the width of the
chromatographic peak and therefore yield an approximate
image of the glycoform heterogeneity at each of the given
attachment sites.

The detected glycopeptides were assigned to their peptide
context by subtracting the probable oligosaccharide mass from
that of the glycopeptide, and then searching the protein
sequence for candidate peptides with this mass that also
contained the necessary consensus sequence for N-linked
glycosylation (Asn-X-Ser/Thr). In the absence of any struc-
tural information on the carbohydrate, a list of possible
peptide molecular weights is obtained by subtracting the
masses of specific carbohydrate structures (guided by the
known range of structures found on glycoproteins expressed
in the given cell system) from the determined molecular
weights of the glycopeptides. Of course this indirect method
is only a starting point in the structural characterization.
After the MS techniques described in this paper are used to
locate glycopeptides in the chromatogram, the carbohydrate
moieties of the isolated glycopeptides would be released by
enzymatic or chemical means and the carbohydrates analyzed
by other methods such as MS of the permethylated deriv-
atives, or high-performance anion-exchange chromatogra-
phy.242

Collisional-Excitation Scanning. Inelectrospray mass
spectrometer systems the extent of fragmentation induced
in the intermediate pressure region before the first mass filter
(Q1) canbe varied. Such collision-induced dissociations prior
to mass analysis were an integral part of the design of early
atmospheric pressure ionization sources, being used primarily
todesolvate sampleions, although breaking of covalent bonds
was alsonoted.?82” Morerecently, this technique of controlled
fragmentation has been applied to partial sequencing of
peptides.?2?® On the Sciex instrument, CID before mass
analysis is controlled by varying the voltage on the orifice
itself (Figure 2). With an orifice voltage of 65 V, desolvation
is achieved with minimal fragmentation, while 120 V results
in marked fragmentation of covalent bonds. The effects of
the two orifice voltages on the Asn-linked oligomannose
glycopeptide 1c are shown in Figure 10a,b. In panel A, the
orifice voltage was 140 V between m/z 150 and 500, and then
it was stepped down to 65 V from m/z 501 to 2100; in panel
B the orifice voltage was held constant at 120 V throughout
the m/z scan. Although sequential loss of hexoses can be
observed from the doubly-charged parent in both spectra,
only the data from the constant high orifice potential
experiment (Figure 10b) exhibits significant losses of from
one to five hexoses from the singly charged molecule.

The orifice potential effects ion translational energy and
the resultant conversion to excitation energy upon collisions
with gas molecules in the analyzer region immediately after
the orifice. This simple mode of CID has the advantage,
when compared to tandem MS CID, of improved product-
ion resolution and ion intensity, but it has the disadvantage
of not having any precursor-ion selectivity. Operating with
higher orifice voltages has other implications: lower molecular
charge states are favored, metal-cationized molecules often
predominate over protonated molecules (presumably because
they require higher excitation energies to dissociate), and
overall sensitivity can be diminished for some samples. These
effects are clearly illustrated in Figure 10, although we do not
observe a sensitivity loss at higher orifice voltages for this

(24) Barr, J. R.; Anumula, K. R.; Vettese, M. B.; Taylor, P. B,; Carr,
S. A. Ancl. Biochem. 1991, 192, 181-192.

(25) Carr, S. A; Barr, J. R.; Roberts, G. D.; Anumula, K. R.; Taylor,
P. B. Methods Enzymol. 1990, 193, 501-518.

(26) Buckley, J. A. Ph.D. Thesis, University of Toronto, Toronto,
Canada, 1974.

(27) Buckley, J. A.; French, J. B.; Reid. N. M. Can. Aeronaut. Space
J. 1974, 20, 231-233.

(28) Smxt.h R.D.; Loo, J. A; Barinaga, C. J.; Edmonds, C. G.; Udseth,
H.R. J. Am. Soc. Mass Spectrom. 1990, 1, 53-65.

(29) Katta, V.; Chowdhury, S. K; Chmt,B T. Anal. Chem. 1991, 63,
174-178.
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Figure 10. Comparison of the collisional-excitation scan mass spectrum
(a) with the high orifice potential (120 V) scan spectrum (b) for 500
pmol of the triantennary oligomannose Asn-linked oligosaccharide
illustrated in Figure 1c. Sum of 14 scans (m/z 150-2100, step 0.33,
6 s/scan). The dotted line indicates that the orifice voltage was
stepped from 140 to 65 V at m/z 500 in (a) while it was maintained
at a constant 120 V in (b).

molecule. The gas-phase molecular dimers and trimers seen
at 65V in Figure 10a are seen to dissociate at 120 V in Figure
10b.

Conboy and Henion!516 have shown that the use of high-
orifice potentials throughout an LC/ESMS run resulted in
abundant, diagnostic, low-mass fragments for glycopeptides.
However, use of high-orifice potentials during the entire m/z
scan can distort the apparent glycoform heterogeneity through
fragmentation of the carbohydrate or peptide component of
the glycopeptides; this is in contrast to spectra acquired with
low orifice voltages where the molecular heterogeneity
information provided by the data is relatively reliable. Some
fragmentation of labile saccharide moieties occurs even at
low orifice potentials (see Figure 10).

One means of maintaining the glycoform heterogeneity
information and the sensitivity while inducing diagnostic
fragmentation is to scan or step the orifice voltage (excitation
energy) with mass (see the Experimental Section), as illus-
trated in Figure 10. During the low m/z portion of the scan
(up to ca. m/z 500), the high orifice voltage results in CID
prior to the first mass analyzer and yields characteristic
fragment-ion signals for the carbohydrate portion of the
glycopeptide. Theselow-mass fragments include the oxonium
ions and their related water-loss peaks, Hex* (m/z 163),
HexNAc+ (m/z 204), NeuAct (m/z 292), and Hex-HexNAc*
(m/z 366), as illustrated in Figures 10 and 11. The higher
potential setting of the orifice was found to optimize at ca.
140 V for production of HexNAc* fragments using the
oligomannose glycopeptide. The relatively low (65 V) orifice
voltage used for the higher m/z region of the scan (m/z >500)
declusters any attached solvent adducts but is insufficient to
produce appreciable fragmentation so that intact glycopeptide
ions predominate. The combination of the two orifice voltages
in a single scan results in production of diagnostic, sugar-
related fragments at the low m/z end and parentions of intact
glycopeptides at the high m/z end of the mass spectrum. We
refer to this novel scanning procedure as collisional-excitation
scanning. Such experiments can readily be performed on
single quadrupoles outfitted with an electrospray ionization
source. The Sciex data system permits linear scanning or
stepped changes in the orifice potential; for simplicity we
prefer the single step approach.

Collisional-excitation scan MS of the oligomannose Asn-
linked glycopeptide model (Figure 1c) produces a variety of
ion signals for the intact molecule (Figure 10) involving
combinations of H*, NH,*, Na*, and K* cations with one to
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Figure 11. Comparison of the low m/z regions of the collisional-
excitation scan mass spectra for 500 pmol of the Asn-linked
oligosaccharides illustrated in Figure 1a—c, respectively. Orifice voltage
was at 140 V from m/z 150 to 500. See legend to Figure 10 for other
details.

three charges per molecule as well as gas-phase dimers and
trimers. We have found that commercially available oli-
gosaccharide standards are often laden with salts, probably
due to methods of isolation and purification which are not
tailored to mass spectral analyses. No attempt was made to
drive the cationization to one species other than to acidify
the solvents with formic or acetic acid (see the Experimental
Section). The spectral complexity observed in the flow
injection ESMS analysis of commercially available glyco-
peptide models is largely due to the presence of excess salts
that produce a variety of cationized forms. These complexities
are not observed in LC/ESMS or LC/ESMS/MS analyses of
glycoprotein digests employing salt-free, acidified mobile
phases. In these cases proton transfer is the dominant
cationization process observed (see Figures 8 and 9).

The low m/z region of the collisional-excitation scan mass
spectra (Figure 11) for the three glycopeptide models of Figure
1 illustrate that there are two intense fragment ion signals
common to both complex and high-mannose branched
glycopeptides: m/z204 (HexNAc*) and 366 (Hex-HexNAc*).
Signals at m/z 163 (Hex*) are predictably more intense in the
high-mannose spectra while 292 (NeuAc") is distinctive for
N-acetylneuraminic acid-containing glycopeptides. Because
there are not terminal N-acetylhexosamines in any of these
molecules, it is clear that the HexNAc* fragment ions must
arise from two-bond cleavages.

CONCLUSIONS

The data presented in this paper illustrate the utility of
precursor-ion scanning LC/ESMS/MS for glycopeptide de-
tection at a sensitivity level nearly equivalent to that of normal
scan LC/ESMS but with greater specificity. The loss of
resolution in the MS/MS method does not adversely affect
interpretation of the data, although it is possible that poorer
mass aceuracy in LC/ESMS/MS might make distinction of
hexosamines and hexoses (1-Da difference) problematic, if
hexosamines were part of the structure. We should note that
precursor-ion scanning for m/z 204 occasionally detected
peptides that fragmented to yield m/z 204; for instance, in
the sCD4 data (now shown) an intense y + 2H fragment ion
corresponding to Gly-Lys from the tryptic peptide Val-Val-
Leu-Gly-Lys was observed. The collisional-excitation LC/
ESMS method, although a rather less selective method of
glycopeptide detection, does allow simultaneous peptide
mapping and improved sensitivity and mass accuracy and in



884 « ANALYTICAL CHEMISTRY, VOL. 65, NO. 7, APRIL 1, 1993

favorable cases has sufficient resolution to identify doubly-
charged ions by their 0.5 m/z isotope-cluster signals. We
envision the two techniques to be complementary and use
both in our analyses of glycoproteins.

There has been no effort in this paper to probe the limits
of analysis, defined as the least quantities of analyte for which
tandem mass spectra of essentially uncompromised quality
could be obtained,? for the glycopeptide-specific LC/ESMS/
MS. While the present studies have been carried out at the
high picomole level of protein digest, we have successfully
carried out identical studies on glycoproteins using as little
as 25 pmol of material.'” Improvements in sensitivity are
due largely to the use of smaller internal diameter HPLC
columns (packed fused-silica capillaries with i.d. <0.32 mm).
By virtue of the very small peak elution volumes of these
columns, the absolute concentration of peptide and glyco-
peptide entering the mass spectrometer is increased relative
tothe same amount of sample applied to a larger bore column.

A drawback to the use of these columns is that fraction
collection is more difficult. Columns with diameters of 0.5
mm and larger therefore have an advantage since they permit
collecting of fractions for further characterization of the
oligosaccharide and peptide components where necessary.
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Caplllary zone electrophoresis (CZE) was successfully applied
to the chiral separation of basic drugs after additlon of a sultable
cyclodextrin chiral selecior to the electrophoresis buffer.
Commerclally avallable cyclodextrins (a-, 8-, and y-cycio-
dextrin and heptakis(2,6-dl-O-methyl)-8-cyclodexirin) were
evaluated for their enantloselectivity toward 10 compounds
having rather complex molecular structures. In contrast to
liquid chromatographic attempts, the enantiomers of all
racemates Investigated could be resolved with a resolution of
more than 1.4, except for one (R 1.1), and showed theoretical
plate numbers up to 265,000 with good peak shapes. Apart
from well-known parameters such as the concentration of the
chiral selector added, the resolution was found to depend
strongly on the applied fleid strength. Itis shown and explained
that the impact of the field strength on the electrophoretic
mobllitles and the coefficlent of electroosmotic flow, and thus
on the resolution, cannot be Ignored, particularly at enanti-
oseparations of cationic compounds. Quantitative aspects of
chiral separations were studied, showing that less than 0.5 %
of an Isomeric Impurity, relative to the main optical isomer,
can be determined while maintaining good accuracy, ac-
ceptable resolution, and good precision. The feasibility of
Increased sample throughput by Injection of next samples
while previous separation(s) are still In progress Is demon-
strated. The results obtained clearly show the potential of
cyclodexirin-modified CZE toward quality control of enanti-
oselective syntheses, enantlopurification schemes, and phar-
maceutical formulations.

INTRODUCTION

The separation of enantiomers is of primary importance
in pharmaceutical analysis. Liquid chromatography (LC),-3
capillary gas chromatography (GC),%5 and supercritical fluid
chromatography (SFC)é can be used for enantioselective
separations. Since many drugs are rather involatile, polar,
or even ionic, it is obvious that separation in the liquid phase
will be favored. The main disadvantages of LC approaches
using chiral stationary phases are (i) the columns are relatively
expensive; (ii) the performance is often much lower than with
regular LC columns; and (iii) many different types of these
LC columns are required in order to cover a relatively narrow
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(1) Allenmark, S. G. Chr aphic enanti ation:

range of racemic compounds. Capillary zone electrophoresis
(CZE) offers rapid and efficient separations of ionic and
ionizable compounds.” Initially, CZE was applied mainly to
the field of biochemical analyses, but in recent years, its
applicability has been demonstrated in all fields of chemical
analysis.?® CZE might be an attractive alternative for
enantioseparations; one single CZE capillary can be subse-
quently filled with electrophoresis buffers containing different
chiral selectors. Contrary to LC approaches with a chiral
selector dissolved in the mobile phase, interactions of the
enantiomers with the chiral selector will not be hindered by
a packed stationary phase. Moreover, thanks to the small
volume of a CZE system, rather expensive or commercially
unavailable chiral selectors can be applied. Examples of chiral
selectors used in CZE are maltodextrins,! bile salts,'*2 chiral
functionalized micelles,!® cyclodextrins,¢-25 crown ethers,??
cyclodextrins combined with SDS micelles,? cyclodextrins
incorporated into a gel matrix,?” and cyclodextrins coated on
the capillary wall.22 The cyclodextrins represent a range of
cyclic glucopyranoses having a characteristic conical shape
withahydrophobic cavity and a polar exterior. Cyclodextrins
(CD’s) and their alkylated derivatives are able to form
inclusion complexes with many substances, including racemic
drugs. The complex constants are primarily determined by
the size, geometry, hydrophobicity, and hydrogen-bonding
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Figure 1. Molecular structures of the racemic drugs investigated.

ability of the analytes. Generally, the electrophoretic mobility
of a CD-analyte complex will be much lower than the mobility
of the free (uncomplexed) molecule. Consequently,separation
of enantiomers will occur, provided that the complexation
constants of the optical isomers are different. Chiral sepa-
rations performed by cyclodextrin-modified CZE so far show
baseline resolution and high plate numbers (N > 100 000) for
derivatized amino acids, ephedrines, and epinephrines.16-1°
The feasibility toward structurally more complex drugs, such
as thioridazines, ketotifen drugs, and quinagolide, has been
demonstrated recently by Snopek et al.!® and Kuhn et al.22
In this study, cyclodextrin-modified CZE has been applied
to the chiral separation of structurally complex basic drugs
(Figure 1), most of them belonging to the cardiovascular or
CNS-active compounds. Some ephedrines were included for
comparison purposes. The impact of the applied field
strength on the resolution, thus far ignored as an optimization
parameter in cyclodextrin-modified CZE, has been studied
in more detail. In addition, quantitative aspects of chiral
separations using CZE have been studied, showing both the
dependence of the resolution on the enantiomer ratio, the
accuracy associated with, as well as calibration and precision
data. The feasibility of increased sample throughput while
maintaining adequate resolution has been studied prelimi-
nary. Data obtained have been compared critically with other
LC? and CZE studies.

EXPERIMENTAL SECTION

Apparatus. An Applied Biosystems (San Jose, CA) Model
270A capillary electrophoresis system?® was used, equipped with
a variable-wavelength UV absorbance detector and operated at
200 nm and a 0.5-s rise time. CZE was performed in a 70-cm X
50-pm-i.d. fused silica capillary (Applied Biosystems); the length

(29) Moring, S. E.; Colburn, J. C.; Grossman, P. D.; Lauer, H. H. LC-
GC Int. 1990, 3, 46-54.

to the detection window was 50 cm. A 70-cm X 50-um-i.d. C18-
coated fused silica capillary (CElect-H250, Supelco, Bellefonte,
PA) was used for some of the experiments. Separations were
carried out in the constant voltage mode. The oven temperature
was set at 30 °C, unless stated otherwise. Samples were
introduced into the capillary via a controlled vacuum system;
the injection time was 0.5 s which corresponds to a volume of
approximately 1.5 nL (precision better than 1-2% according to
the specs from the manufacturer). Sample injections were
followed by a 0.5-s injection of water in order to wash the electrode
and the outside of the fused silica capillary. Data were recorded
using a Fisons Model VG-Multichrom integration system.

Reagents. Tris(hydroxymethyl)aminomethane (TRIS), a-cy-
clodextrin, 3-cyclodextrin, y-cyclodextrin, (+)- and (-)-N-methyl-
ephedrine, D-(+)-norephedrine hydrochloride, L-(-)-norephe-
drine, (+)-ephedrine hydrochloride, and (-)-ephedrine were
obtained from Fluka (Buchs, Switzerland). Ephedrine, norephe-
drine, and N-methylephedrine have been abbreviated in Figure
1 as E, N, and M, respectively. Heptakis(2,6-di-O-methyl)-8-
cyclodextrins were obtained from Sigma (St. Louis, MO) and
Cyclolab (Budapest, Hungary). The other drugs under inves-
tigation (A, B, R, C, D, F, and G in Figure 1) were kindly provided
by Organon Research (Akzo Pharma, Oss, The Netherlands);
some of them have been used before in LC studies using chiral
stationary phases.® All other chemicals were analytical-grade
and obtained from J. T. Baker (Deventer, The Netherlands).
Water was purified in an Alpha-Q (Millipore, Bedford, MA)
apparatus.

Procedures. Electrophoresis buffers were prepared by dis-
solving 30 or 60 mM TRIS-base in water and adjusting the pH
with concentrated phosphoric acid to the value desired (pH 2.4—
3.3). CD’s were dissolved in TRIS-phosphate buffer. Buffers
were filtered through 0.45-um Spartan 30/B membrane filters
(Schleicher & Schuell, Dassel, Germany) prior to use. Stock
solutions of the drugs (1 mg/mL) were prepared in water, acidified
with phosphoric acid topH 2.5. Sample solutions were prepared
by 10-30-fold dilution of the stock solutions with the electro-
phoresis buffer. The resolution between the optical isomers was
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calculated by using the triangle method® and the equation

Rg = 2[(t,— £))/ (wy + wy)] 1)

in which ¢ is the migration time and w the peak width. Plate
numbers, apparent and electrophoretic mobilities, and the
coefficient of electroosmotic flow were calculated using the
equations in ref 31.

RESULTS AND DISCUSSION

Separation Principles. The separations of the basic
racemic drugs were carried out at acidic pH (2.4-3.3)
throughout this study. Consequently the drugs and their
CD complexes migrate toward the cathode as shown in Figure
2. Thefree CD’s are uncharged and will move with the velocity
of the electroosmotic flow, which is very low in this pH range.
The CD’s can be considered as a pseudostationary phase.
One might argue that “electrokinetic capillary chromatog-
raphy” (EKC)? should be the name for this separation mode.
However, most of the EKC papers deal with uncharged
analytes; in this work, the analytes do have a charge and are
subjected toelectricforce. Therefore, “cyclodextrin-modified
CZE” is to be preferred and used throughout this paper.
Contrary to LC methods, an uncharged sample matrix (e.g.
an excess of a chiral selector originating from an industrial
enantiopurification process) does not interfere with the
separation since the cationic analytes migrate much more
rapidly than the neutral matrix components, the latter being
simply washed out prior to the separation of the next sample.
The separation in CD-modified CZE can be optimized by
selection of a suitable CD type's (including mixtures of CD’s9),
the concentration of the CD,2022 the temperature?, the
addition of other solvents such as alcohols or acetonitrile,!82022
the choice of the counteranion,!” and the pH!® of the
electrophoresis buffer. Recently, atheoretical model has been
developed which predicts that the difference in apparent
mobility of the optical isomers versus the concentration of
CD will show a maximum. Unfortunately, band broadening
due to diffusion, mass transfer and the electroosmotic flow
were not included in the model for convenience. It should
be noted that even small values of the electroosmotic flow
might be significant for the resolution of basic compounds.
The resolution equation in CZE,” assuming dispersion to be
diffusion controlled only,

Rg = (0.25 X N®) [(op; =~ Hep)/ (opm + Beod] ()

(30) Snyder, L. R.; Kirkland, J. J. Introduction to Modern Liquid
Chromatography, 2nd ed.; John Wiley & Sons, Inc.: New York, 1979;
Chapter 2.

(31) Nielen, M. W. F. J. Chromatogr. 1991, 542, 173-183.
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in which g.; is the electrophoretic mobility of the analyte,
Kepm the mean of the two electrophoretic mobilities, ue.r the
coefficient of electroosmotic flow, and N the number of
theoretical plates, predicts that the maximum resolution will
be obtained when the electroosmotic flow is in the opposite
direction of the electrophoretic migration. In the present
situation, the direction will be the same and the impact of
changes in the (absolutely small) coefficient of electroosmotic
flow and changes in the electrophoretic mobilities cannot be
ignored, as will be shown below. Because of this, emphasis
on resolution optimization rather than apparent mobility
differences was preferred.

Selection of Cyclodextrins. a-CD,3-CD,and v-CD have
increasing inner diameters of the hydrophobic cavity. The
optimum fit of the compounds investigated (Figure 1) will be
most likely a combination of inclusion of the aromatic part(s)
and hydrogen bonding with a secondary hydroxyl group at
the rim of the CD. The commercially available alkylated
CD’s are suspected for being mixtures.? Two brands of
heptakis(2,6-di-O-methyl)-8-CD’s were compared for the
separation of compounds B, F, N, and E. The results are
shown in Figure 3A,B. The resolution for norephedrine (N)
is the same and for ephedrine (E) only slightly different (Rs
1.36 versus 1.27), but for compounds F (Rs 1.61 versus 1.07)
and B (Rs0.59 versus 0.66), different brands show significantly
different enantioselectivities. The chiral separation of N-
methylephedrine (M), not included in earlier ephedrine-type
studies,16-1821 could be easily performed in the same CZE
system, with high efficiency (144.000 plates) and baseline
resolution (Rs 1.56). Also mixtures of norephedrine and
N-methylephedrine enantiomers could be resolved; however,
mixtures of ephedrine and N-methylephedrine enantiomers
showed partial overlap between (-)-N-methylephedrine and
(+)-ephedrine. Baseline resolution of ephedrine racemates
can be obtained after pH optimization (pH 10.0);32 addition
of heptakis(2,6-di-O-methyl)-3-CD should be adequate for
obtaining chiral separation of an N-methylephedrine and
ephedrine mixture. No chiral separation could be obtained
for norephedrine (N) and N-methylephedrine (M) using
nonalkylated a-, 8-, or y-CD. Only ephedrine (E) could be
partially resolved using a system with 20 mM §-CD (saturated
solution at room temperature) as a chiral selector. Increasing
the saturation level of 8-CD by specific additives such as urea
might be an option® but was not considered in this work
since the presence of an excess of urea might counteract the
resolution improvement obtained at higher 8-CD concen-
trations.®* From the tetracyclic compounds C, D, F, and G,
the F enantiomers could be resolved in any CD system except
for the a-CD. The y-CD system, however, required rather
high CD concentrations (100 mM) while showing less reso-
lution than the 8-CD or the heptakis(2,6-di-O-methyl)-3-CD
system. (-CD systems showed enantioselectivity toward all
of the tetracyclic racemates. Minor differences in the
molecular structure (cf. C, D, F, and G) had a strong impact
on the resolution obtained. A typical electropherogram is
shown in Figure 4. The double-charged F enantiomers
migrate with the highest mobility (see also Figure 3). The
structurally similar C and D enantiomers are almost baseline
resolved. The G enantiomers, being the most hydrophobic,
show the highest affinity for the 8-CD selector; without 8-CD,
compound G is the second peak, but with 8-CD added, the
electrophoretic mobility decreased by a factor of 1.8. The C
and G enantiomers could not be resolved with other CD’s as
chiral selector. The D enantiomers, on the other hand, showed

(32) Liu, Y.-M,; Sheu, S. J. J. Chromatogr. 1992, 600, 370-372.

(33) Pharr, D. Y.; Fu, Z. S.; Smith, T. K.; Hinze, W. L. Anal. Chem.
1989, 61, 275-279.

(34) Altria, K. D.; Goodall, D. M.; Rogan, M. M. Chromatographia
1992, 34, 19-24.
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Figure 3. Separation of F, N, E, and B enantiomers using heptakis(2,6-di-O-methyl)-3-CD obtained from two different manufacturers: (A) Sigma
and (B) Cyclolab. Conditions: buffer, 30 mM TRIS-phosphate (pH 2.5) with 40 g/L of the alkylated 8-CD; CZE at +30 kV and 30 °C, sample,

F and B, 0.1 mg/mL; N and E, 2 X 10~* M in buffer; other conditions, see the Experimental Section.
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Figure 4. Separation of F, D, C, and G enantiomers in a 8-CD system. Conditions: buffer, 30 mM TRIS-phosphate (pH 3) with 20 mM $-CD;
CZE at +15 kV and 30 °C samples, 0.1 mg/mL in buffer; other conditions, see the Experimental Section.

better resolution in an a-CD system. Actually, the cavity of
an a-CD is too small for inclusion of the tetracycle compounds.
Inthe case of the D enantiomers, however, the unsubstituted
aromatic ring will enter the cavity while the hydroxyl group
is in a favorable position for hydrogen bonding with the
secondary hydroxyl groups at the rim of the CD. The
electropherogram thus obtained is shown in Figure 5. It can
be seen that the same system provided baseline resolution
for the R enantiomers. Initially, the chiral separation of the
A isomers turned out to be difficult; only the 8-CD system
provided some enantioselectivity (Rs 0.63). It has been
suggested that an increase in buffer concentration will

intensify the hydrophobicinteractions with 8-CD and increase
the enantioselectivity.?? Following that approach, the res-
olution of the A enantiomers was found to increase beyond
unity at 60 mM TRIS-phosphate (Figure 6A) and even further
at 100 mM.

The best separation performances obtained after screening
of the a-, -, and y-CD’s and heptakis(2,6-di-O-methyl)-3-
CD’sfor their enantioselectivity toward the compounds shown
in Figure 1 have been summarized in Table I. From this
table it can be seen that all basic drugs studied show
resolutions of more than 1.4, except for racemate A (Rg 1.1).
It should be noted that LC methods did not provide any
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Figure 5. Separation of D and R enantiomers in an «-CD system. Conditions: buffer, 30 mM TRIS-phosphate (pH 2.5) with 60 mM a-CD; other

conditions, see Figure 4.
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Figure 6. Separation of F, C, G, and A enantiomers in a 8-CD system. Conditions: buffer, 60 mM TRIS-phosphate (pH 2.5) with 20 mM 3-CD;
CZE at +15 kV and 26 °C; samples, 0.1 mg/mL in buffer. CZE was performed in (A) an uncoated fused silica and (B) a C18-coated fused silica

caplllary. Other conditions, see the Experimental Section.

resolution for the enantiomers of compounds B and C, and
the enantioseparation of A, D, F, and G by LC required the
use of three different columns.3 Contrary to LC results, peak
symmetries in cyclodextrin-modified CZE are very good, and
the plate numbers are up to 100-fold higher.

Coated Capillaries. Basic analytes are suspected for
unintended interactions with uncoated fused silica capillaries.
One way of suppression of these interactions is the use of
coated CZE capillaries. In fact, early studies showing chiral
separations of ephedrines and epinephrines by cyclodextrin-
modified CZE were performed in polyacrylamide-coated
capillaries.’6-18 We compared a C18-coated capillary with a

fused silica capillary, using the separation of Figure 6A as a
modelsystem. The result is shown in Figure 6B. From these
figures, hardly any differences and certainly no improvements
with the coated capillary can be seen. Migration times,
resolutions, and plate numbers were similar, except for
compound G; the plate number showed a decrease of ca. 20%
and the peak showed considerable tailing in the coated
capillary. Probably a relatively stronger hydrophobic inter-
action of compound G with the C18 phase is responsible for
this observation. It was concluded that the excess of
protonated amine (TRIS-phosphate buffer) and the acidic
pH were sufficient means to suppress ionic interactions with
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Table I. Optimum Separation Performance after Screening of Electrophoresis Buffers, Containing Different CD’s, for Their

Enantioselectivity toward the Racemic Drugs Shown in Figure 1

compound
A B R (o] D F G E N M
resolution 112 141 1.91 1.58 1.51 2.32 1.86 2.02 3.04 197
plate number 145 000 120 000 140 000 147 000 136 000 265 000 141 000 138 000 166 000 127 000
analysis time (min) 41 53 23 26 22 15 34 30 28 29
temperature (°C) 26 26 30 26 30 26 26 26 26 30
voltage (kV) +15 +15 +15 +15 +15 +15 +15 +15 +15 +15
CD type B8 DMB a B8 o B B DMB DMB DMB
CD conen (mM) 20 402 60 20 60 20 20 40° 40° 402
TRIS conen (mM) 60 30 30 60 30 60 60 30 30 30
pH 2.5 25 2.5 2.5 2.5 2.5 25 2.5 2.5 2.5
2 DM} concentrations in grams per liter.
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1:80 /\\\
1.60 —— 2.00 —o—y
Rs 140 /\ e
1.20 —a—¢
1.00 E'/LA:\"\H i o 2
0.80 ——6 |
0.60 e 1.00 £ ——
0.40 — A
0.20
0.00 + 4 ' ; : i |
0 100 200 300 400 500
Field strength (V/cm) 00 ; ; : . .
0.00 20.00 40.00 60.00 80.00 100.00
2500007 B Enantiomer ratio
= 200000 Figure 8. Resolution of N and E enantiomers versus the ratio of the
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£ 150000 —o—c of 144, 216, 289, 361, and 433 V/cm, respectively. The
2 — resolutions obtained showed optimum values at 15 kV (Figure
& 100000 7A) and a rapid decrease at higher field strengths. The
—0—A interaction of the analytes with the CD’s (and thus the
50000 enantioselectivity) is diffusion-controlled and requires suf-
ficient separation time; too high migration velocities will
9 b 4 decrease the resolution. Interestingly, plots of the differences
0 100 200 300 400 500 inapparent (or electrophoretic) mobilities of the enantiomers
Field strength (V/cm) did not show any significant dependence on the applied field
strength. Consequently optimization considering mobility
- _ 03 C differences only yields misleading results. Plotsof the number
% T 03 / ——F of theoretical plates versus the field strength should show a
".‘> - linear dependence in CZE provided that dispersion is diffusion
& 2 025 —o—C controlled only.” The situation is more complex in cyclo-
5 5 02 dextrin-modified CZE, as can be seen in Figure 7B. Itshould
"&" Pé 015 D’&_’M/ﬂ 6 be noted that the nonlinearity is unlikely caused by Joule
ol i N — & heating. According to Nelson et al.,? the contribution of the
E X 0 o——-&M radial temperature gradient—caused by Joule heating—to the
2 2‘ 0.05 / ——EF total dispersion, must be negligible in this work, since the
. - X : capillary dimensions were 50-um i.d./375-um o.d., forced air

0 100 200 300 400 500
Field strength (V/cm)
Figure 7. Impact of the applied field strength on (A) the resolutions,
(B) the mean plate numbers, and (C) the mean electrophoretic mobilities

of the enantiomers of F, C, G, and A. Conditions: see Figure 4, except
for the pH, which was adjusted to 2.5.

the uncoated fused silica capillary, which was used further
in all other experiments.

Impact of the Applied Field Strength. The impact of
the applied field strength on the resolution was studied using
the chiral separation of the F, C, G, and A racemates in the
B-CDsystem. Conditions were the same as in Figure 4, except
for the pH which was adjusted to pH 2.5. CZE was performed
at 10, 15, 20, 25, and 30 kV, corresponding to field strengths

cooling was used, and the power generated never exceeded
1.1 W/m (the currents ranged from 8 up to 25 pA only).
Probably the increased dispersion due to mass transfer in
and out of the CD’s will be the main reason for the nonideal
behavior of the plate number. The datain Figure 7B assuch,
however, do not explain the resolution optimum in Figure
TA. As mentioned above the difference in mobilities of the
optical isomers did not change with the applied field strength;
but the absolute values of the apparent mobilities did increase,
even up to 50%. These increases originated from both an
increase in peos (from 0.033 to 0.071 X 10-2 cm? V-1 s1), and
increases in . values as can be seen in Figure 7C. The more
than 2-fold increase in peorat higher field strengths was neither

(35) Nelson, R. J.; Paulus, A.; Cohen, A. S.; Guttman, A.; Karger, B.
L. J. Chromatogr. 1989 480, 111-127.
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an exclusive phenomenon for TRIS-phosphate buffer—sodium
phosphate showed a similar behavior—nor due to a big
decrease in viscosity (Joule heating was relatively low, cf.
above). The origin of this increase was not investigated in
more detail. The increase in p., values was explained as
follows: As stated above, the radial temperature gradient in
our capillary could be ignored. The absolute rise in tem-
perature at higher field strengths, however, will be significant
and can be estimated to be ca. 5 °C,% thus accounting for a
10% increase in mobilities due to the lower bulk viscosity. In
addition, the CD complex constants are known to be sensitive
toward temperature changes:?2 even a minor temperature
increase by Joule heating might be significant and decrease
the CD complex constant. Remember that the ., of the free
drugs is higher than the g, of the analyte-CD complex, so
due to a decreased interaction of the analytes with the CD
peudostationary phase at higher field strengths, the mobilities
observed willshow an increase at higher fields. Tosummarize,
the increased mobilities at higher field strengths are caused
by a decrease in bulk viscosity and a decrease in interaction
of the analytes with the CD’s; the latter decrease most likely
being caused by a thermal contribution, an increase in the
velocity of the CD pseudostationary phase (due to the increase
in electroosmotic flow) and a diffusion limitation due to the
increase in analyte velocity as such.

Now the optimum in the resolution plots can be explained
using eq 2 and the data from Figure 7B,C. At low field
strengths, the increases in the plate numbers are more than
sufficient for compensation of the increases in (keof + Hepm),
cfeq2. Atfield strengths above 215 V/cm, the plate numbers
do not increase sufficiently in order to compensate the
increases in (feor + Hepm). Consequently the resolutions tend
todecrease after the initial increase, thus yielding the maxima
in the resolution plots in Figure 7A. Such a resolution
optimum will show up particularly at chiral separations of
cationic analytes. Anionic compounds on the other hand are
usually separated at an electroosmotic flow in a direction
opposite to the electrophoretic migration. Then changes in
Heot @0d ey values, having opposite signs in that case, will
have amuch smaller impact, if any, on the resolution at higher
field strengths. The latter statement is supported by recent
data from Sepaniak et al.’® who succeeded in the chiral
separation of dansylated phenylalanine at pH 9 within 90 s,
using a field strength of 700 V/cm.

Quantitative Aspects of Cyclodextrin-Modified CZE.
Many papers about the use of cyclodextrins in capillary
electrophoresis show chiral separations, but quantitative data
are often not included. In practice one is not only interested
in good resolution but moreover in the accurate determination
of minor optical impurities relative to the main isomer. These
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Figure 10. Enantiomer ratios found divided by the ratios prepared
versus the enantiomer ratio of the (+)- and (~)-isomers. Conditions,
see text.

aspects were studied using norephedrine (N) and ephedrine
(E), whose individual optical isomers are readily available.
The chiral separations were carried out at +25 kV and using
an electrolyte of 30 mM TRIS-phosphate (pH 3) with 40 g/L
heptakis(2,6-di-O-methyl)-8-CD added. Synthetic mixtures
were prepared having a 2.5-, 5-, 10-, 20-, 50-, and 100-fold
excess (2.5 X 10-3 versus 2.5 X 10-°> M) of the (+)-isomers
relative to the (-)-isomers. Each sample was analyzed in
duplicate. The response factors of the enantiomers in a CD
environment are different,!” so peak heights and peak areas/
time were normalized using the responses obtained at an
enantiomer ratio of 1:1. The resolutions as a function of the
enantiomer ratio are shown in Figure 8. From this figure, it
can be seen that the resolutions decrease rapidly when the
enantiomer ratio increases. Nevertheless, even at 100-fold
excess of the main optical isomers, resolutions of 1.4 (N) and
1.0 (E) remain of the initial 2.1 (N) and 1.4 (E), see also Figure
9. According to Table I, only the A enantiomers show an
initial resolution of less than 1.4 at a 1:1 enantiomer ratio;
consequently, only in the case of the A enantiomers, the
detectable enantiomer ratio at a desired resolution of 1.0 will
be definitely lower than 100:1. The accuracies of the
enantiomer ratios found versus the ratios prepared are shown
in Figure 10. It canbe seen that quantitation by peak heights
fails already below an enantiomer ratio of 2.5:1. Itis obvious
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Figure 11. Increased sample throughput in the separation of the B

using (A) five hydrodynamic (0.5 s vacuum) injections and (B)

five electrokinetic (20 s at +5 kV) injections at 10-min intervals, while the separations of the previous samples are still in progress. Conditions,

see text.

that peak areas (corrected for migration time) have to be
used; even at a 100-fold excess of the main optical isomers,
the enantiomer ratios can be determined with good accuracy
(0.998 for N and 1.04 for E). The area/time data of the (-)-
isomers were used to calculate the linearities of the calibration
curves, covering a range of (2.5-83) X 10-5M. The calibration
plots were linear, having correlation coefficients (n = 7) of
0.9997 and 0.9998 for (-)-norephedrine and (-)-ephedrine,
respectively. These values can compete with the data in ref
21, in which a narrow range (12.5-37.5 ppm epinephrine) was
covered and the use of an internal standard was stated to be
essential. Actually, we have been running our apparatus for
almost 3 years in rather different application fields, and we
never found a need for an internal standard to improve our
precision and/or linearity data. The detection limits of (-)-
norephedrine and (-)-ephedrine were calculated to be 1 X
10-5 M. The highest enantiomer ratios which could be
detected reliably were 200:1. The precisions at enantiomer
ratios of 1:1 were determined at 20 kV using a mixture of the
F, N, E, and B racemates. The relative standard deviations
of the peak areas/time of the individual optical isomers ranged
from 1.2 to 2.5% RSD (n = 6). The precisions of the
enantiomer ratios were even better of course (the optical
isomers are each others internal standard): 0.2-1.5% RSD
(n = 6). At higher enantiomer ratios, the precision might
decrease because of an increase in integration errors for the
minor optical isomer. However, using the N and E data of
the accuracy test (which was carried out in duplicate), the
precisions determined were still better than 1.6 %, except for
the experiments at a 100-fold excess, which showed precisions
of 6.9 and 2.9% for the N and the E enantiomers, respectively.

Analysis Time. It was demonstrated above that an initial
resolution of 1.4 at an enantiomer ratio of 1:1 is still adequate
for quantitative chiral separation. The optimum resolutions
presented in Table I are more than sufficient for most of the
compounds investigated. Consequently, the analysis times
of those compounds can be shortened by performing the chiral
separations at higher field strengths, thereby compromising
the resolution (cf. above). Following this approach, the
analysis times can be reduced by 50% for the chiral
separations of the R, F, G, E, N, and M racemates, while
maintaining sufficient resolution for quantitative analysis.
The chiral separations of the A and B racemates took more
than 40 min (cf. TableI), whichis very long for a CZE method.
The resolutions of the A, B, and to a lesser extent the C and
D enantiomers do not allow the use of much higher field
strengths, and the sample throughput has to be increased in
an alternative way. The separation of the B enantiomers,
normally taking about 50 min, was used as a model system.
The conditions were the same as in Table I, except for the
temperature which was set to 30 °C. The samples were
injected either hydrodynamically (0.5 s vacuum) or electro-
kinetically (20 s at +5 kV). Five samples were injected at
10-min intervals while the CZE separation(s) of previous
sample(s) were still in progress. The results are shown in
Figure 11A,B. At least five samples can be analyzed within
90 min (throughput 18 min/sample) without intermediate
washing of the CZE capillary, provided that the sample matrix
is known and reproducible (which is true in enantiosyntheses
or enantiopurification plants, and in pharmaceutical formu-
lations). Figure 11A represents hydrodynamicinjections;that
is, the separation is not only interrupted (voltage off), but the



next injection also induces a hydrodynamic flow (parabolic
profile) inthe capillary. The additional dispersion associated
with, can be clearly seen by comparing samples B1 and B5,
whose separations were interrupted four times and not at all,
respectively. The resolution increased from 1.05 up to 1.20
and the plate number from 90.000 up to 135.000, in the order
of B1toB5. Figure11B,representingelectrokineticinjections,
shows that the interruptions as such are irrelevant as
compared with the dispersion originating from the hydro-
dynamically induced parabolic flow profile in Figure 11A;
the electrokinetic injections caused only a minor decrease
(instead of an increase) of the resolution (from 1.3 to 1.2) and
the plate number (from 145.000 to 140.000) in the order of
B1 to B5. Thus despite the long analysis time required for
sufficient chiral resolution, the sample throughput can be
increased to a similar level as for the other drugs.

CONCLUSION

Chiral separations of structurally complex basic drugs were
successfully performed by cyclodextrin-modified capillary
zone electrophoresis using uncoated fused silica capillaries.
Contrary to LC methods, 9 out of the 10 drugs investigated
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showed resolutions higher than 1.4. The resolution was found
to be strongly dependent on the applied field strength, around
215 V/cm being the optimum. This behavior was explained
by the impact on the resolution of the increase in the
coefficient of electroosmotic flow and in electrophoretic
mobilities at higher field strengths. The separation systems
described showed good precision, linearity, and accuracy; 0.5%
of an optical impurity relative to the main isomer could be
determined. The sample throughput was improved by
repeated injections while the separations of previous samples
were still in progress.

It can be concluded that cyclodextrin-modified CZE offers
an attractive, reliable, and (in its use) inexpensive alternative
to chromatographic separation methods and should be the
method of choice wherever possible. Nevertheless, LC
methods using chiral stationary phases still have the benefit
of the possibility of upscaling toward the semipreparative
level, and therefore they will continue to have a position in
this field.
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Kinetic Detection Method for the Quantification of Isoenzymes

on Electrophoretic Media
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A hod has been di ped for the quantitative determl-
natlon of Isozymes that combines electrophoreslis, charge-
coupled device Imaging, denaturation, and kinetic analysis.
Detection of the Isozymes after electrophoresis Is achieved
by Introducing a substrate that upon reaction with the isozymes
forms a colored or fluorescent product. A tetrazollum dye
and 4-methylumbeliiferyl phosphate (MUP) are used to
visuallze lactose dehydrogenase (LDH) and alkaline phos-
phatase (ALP), respectively. The rate of product formation
can be related to the actlvity of the isozy Poorly lved
bands can be distinguished by the addition of a denaturant,
guanidine hydrochioride that differentlally deactivates the
Isozymes. The data are then analyzed using zero- and first-
order kinetic models. Studies with LDH show that this method
Is as accurate and precise as traditional fixed time methods
of analysis for the quantification of well-separated Isozyme
bands on planar separation media, with an average precision
of 6.4% as compared to 7.4 % with a fixed time analysis. The
ALP studles provided Information on the capabllity of the
method for quantification of poorly resolved bands after
electrophoresis. Linear callbration curves were obtained for
the bovine Intestinal and liver ALP In the range of 0-200 and
0-700 units/L, respectively. The deactivation Is
conslstent for liver Isozyme samples containing 180-640 units/
L

INTRODUCTION

Several methods have been developed over the past decade
for the quantification of enzymes separated by electrophoresis
methods. Because enzymatic activity is detected on a planar
surface, the identification of the various isozymes for well-
separated species can be determined by comparison with
known samples run under identical conditions in the lane
adjacent to the unknown sample.! More recent advances in
this area have addressed the quantification of those isozymes
that are not well resolved by the initial separation process.
The main thrust of new ideas in this area has been the
introduction of charge-coupled device (CCD)? imaging systems
as an improvement over video cameras and densitometers®#
that have been used as detection systems for these analyses.2+9

Inthe proposed method, the detection of the isozymes after
cellulose acetate electrophoresis is achieved by introducing

* Address correspondence to this author.
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a substrate, which forms a colored or fluorescent product
when catalyzed by theisozymes. Consecutive images arethen
taken of the electrophoresis membrane with a CCD camera
during the time period of the reaction. The rate of product
formation can berelated to the activity of the isozymes present
in the samples. This general approach has been proposed
previously for thin-layer chromatographic separation and
analysis of amino acids.1?

In order to characterize our method we have looked at two
enzyme systems. The first, lactose dehydrogenase (LDH),
provides well-resolved bands after electrophoresis and is used
to compare this method with other typical methods of analysis.
LDH (v-lactate:NAD-oxidoreductase (EC 1.1.1.27)) is a
clinically important enzyme which gives rise to five isozymes.
The release of the isozymes due to injury or hepatobilary,
hematologic, renal, or neoplastic diseases causes alterations
in the isozyme distribution pattern. The resulting patterns
have been shown to be characteristic for those particular
diseases. We felt that it was important to characterize a well-
resolved isozyme system before we attempted a more difficult
unresolved system.

The second enzyme, alkaline phosphatase (ALP), does not
give resolved bands for all of its isozymes and is used to assess
the ability of the kinetic analysis method to resolve overlapped
bands. Alkaline phosphatase, orthophosphoric monoester
phosphohydrolase (EC 3.1.3.1), is an enzyme found in human
serum with isozymes derived from liver, bone, intestinal, and
placental tissues. Other methods of analysis that have been
used to study ALP include zone electrophoresis, isoelectric
focusing, affinity chromatography, and high-performance
liquid chromatography,!-1® but none of these methods are
completely satisfactory for the quantification of ALP isozymes.
Improvements in the ability to reliably quantify the isozymes
present in serum should provide improved diagnostic criteria
for a variety of disease states.20:21
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The use of various chemicals to cause differential inhibition
of the ALP isozymes has been used by several investigators
as a means of resolving and quantifying these isozymes. The
list of possible chemical inhibitors includes urea, I-tryptophan,
l-phenylalanine, and guanidine hydrochloride (GuHCI).22
Miggiano and co-workers have studied the time dependence
of urea deactivation of ALP isozymes?3 using a pseudo-first-
order kinetic model which revealed unique inactivation
profiles for eachisozyme. Alternatively, Shephard and Peake
used GuHCI to selectively deactivate the four major ALP
isozymes found in serum.2¢ They concluded that GuHCl had

several advantages over urea as an inhibitor, including faster.

inhibition, improved reproducibility, and the ability to use
a lower reagent concentration. However, Tillyer has shown
that the errors associated with this type of approach may be
larger than acceptable in clinical laboratories.?> Fitzpatrick
and Pardue used simulated data to establish an understanding
of the factors which affect the simultaneous determination
of catalysts (enzymes) when inhibited by a common inhib-
itor.28 Their analysis is based on the use of a first-order
inhibition model. Recently, these authors followed up this
study by evaluating various reaction conditions for absorbance
and fluorescence-based methods to quantify two component
mixtures of ALP.272¢ The data for both methods were
analyzed using curve fitting of the inhibition kinetic data.
The upper activity limit for these methods was 322 units/L,
which is less than the average activity found in sera with
elevated levelsof ALP. Although their method is fairly precise
for two isozyme systems, it becomes increasingly more difficult
touse when additional isozymes are present. Solution-phase
studies using two isozymes of ALP in the presence of GuHCl
showed that the deactivation rates for the two isozymes differ
and that this difference can be exploited to quantify the
isozymes when present in the same sample.?’-29

Electrophoresis has been used for many years as a means
of separating ALP isozymes. Although agarose gels are
popular as a separation media in clinical labs, for the purpose
of these experiments cellulose acetate has several advantages
over agarose gels. One of our main concerns is that the
thickness of the agarose gels would result in slower diffusion
and thus affect either the reaction between the enzyme and
the denaturant or the reaction between the enzyme and the
substrate. Cellulose acetate hasthe added advantages of being
cheaper, more reproducible, and readily available. This
separation method takes approximately 40 min, and there
areseveral commercially available procedures, including those
from Helena® and Gelman Sciences.?!

Enzymes kinetics in the presence of a denaturant can be
described quantitatively by the following equation:3233

k2 [E]o(l ] e—h;t)
kg
Equation 1 is the kinetic model used for data analysis, where

[P]= @
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the AP, P, (the background contribution), and the deactivation
constant, k3, are determined from a nonlinear least-squares
fit of the data. AP is defined as the preexponential factor,
as shown in eq 2, where ky[E]j is the enzyme activity. The

ky[E]o
AP = & 2)

data analysis method used is a nonlinear regression based on
the extended Kalman filter, a recursive, digital parameter
estimation method which has been used previously for kinetic
data analysis.?®3¢

EXPERIMENTAL SECTION

Chemicals and Solutions. LDH marker (Gelman Sciences,
Ann Arbor MI), a solution containing all of the five isozymes of
LDH, was used asthe LDH sample. The reagentsand procedures
for LDH analysis were provided by Gelman Sciences. The
procedure for visualization of LDH isozymes is a colorimetric
technique based on the reduction of a tetrazolium dye, 2,5-
diphenyl-3-(4,5-dimethylthiazol-2-yl)-2H-tetrazolium bromide,
that was prepared as directed by Gelman.3> The procedure was
followed directly except for the changes described below.36

Stock solutions of alkaline phosphatase (ALP), Type XX XIIT
from bovine liver and Type I from bovine intestine (Sigma, St.
Louis, MO), were made to contain approximately 100 and 50
units/L, respectively. These activities are based on the reported
values of 9.7 and 2.0 units/mg solid as determined by Sigma. A
unit is defined as the amount of enzyme required to hydrolyze
1.0 pmol of p-nitrophenyl phosphate per minute at pH 10.4 and
37 °C.?" Dilutions of these stock solutions were prepared in the
range of 0—100 units/L for the liver isozyme and 0—50 units/L for
the intestinal isozyme. All ALP sample solutions were prepared
in 2-amino-2-methyl-1-propanol (2A2M1P) (Eastman Kodak Co.,
Rochester, NY) buffer which contained 2.5 X 10°* M MgCl,
(Mallinckrodt, Paris, KY). The pH was adjusted to 10.0 by the
addition of concentrated HCl. Mg?* was added to the buffer
solution because its presence is responsible for maintaining the
ALP structure required for catalytic activity.38

The ALP substrate was 4-methylumbelliferyl phosphate
(MUP, Sigma, St. Louis, MO). ALP hydrolyzes MUP to form a
highly fluorescent product, 4-methylumbelliferone (MU). MU
fluoresces at 460 nm when excited at 366 nm. MUP was chosen
because it is one of the most sensitive substrates for ALP and
it allows for detection of product early in the reaction.? MUP
was made in two different buffers. The substrate concentration
in each buffer solution was the same (2.23 mM), and both buffer
concentrations were 0.9 M. The first buffer, 2A2M1P, was chosen
because 2-amino alcohols can act as phosphoryl group acceptors,
in place of HyO. This causes the reaction product to be a
2-aminoalkyl phosphate rather than inorganic phosphate, re-
sulting in an increased rate of dissociation of the product from
theenzyme. Ethylaminoethanol (EAE) buffer (Eastman Kodak,
Rochester, NY) was the second buffer used. The EAE buffer
solutions also contained 5.65 X 10~ M ZnCl; and 3.74 M NaCl
(both from J. T. Baker Chemical Co., Phillipsburg, NJ) and 2.5
X 10-° M MgCl,. The EAE solution was brought to pH 10.0 by
the addition of concentrated NaOH. GuHCI (4 M), the dena-
turant, was prepared in deionized water. All the above solutions
were refrigerated when not in use and are stable for 8 days under
these conditions. Because the concentration of AMUP must be
greater than the Michaelis-Menten constant, K., a concentration
of approximately 2.2 mM was used. For solution studies, Lewis
found that this was approximately 100 times the K, for bovine
intestinal isozyme, which had the highest K, of the isozymes

(34) Rutan, S. C. Chemom. Intell. Lab. Syst. 1989, 6, 191-201.

(35) Vesell, E. S.; Bearn, A. G. Proc. Soc. Exp. Biol. Med. 1957, 45, 753.

(36) LDH Isozyme Substrate Set; Gelman Sciences, Ann Arbor, MI,
1985.

(37) McComb, R. B.; Bowers, G. N., Jr.; Posen, S. Alkaline Phosphatase;
Plenum Press: New York, 1979; Chapter 7.

(38) Bosron, W.F.; Anderson, R. A.; Falk, M. C,; Kennedy, F. S.; Vallee,
B. L. Biochemistry 1977, 16, 610-614.
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Figure 1. Schematic diagram of CCD imaging instrumentation.

studied.??” We have since determined that the apparent K., of
the isozymes on the cellulose acetate is approximately 10 times
that observed in solution and have increased the substrate
concentration for subsequent experiments to 22 mM.

Apparatus. Electrophoresis was done in a Sepratek elec-
trophoresis chamber (Gelman Sciences, Ann Arbor, MI). The
electrophoresis was carried out in high-resolution buffer (tris-
barbital-sodium barbital (TRIS), pH 8.8) on cellulose acetate
electrophoresis strips (Sepraphore I1I). Each electrophoresisstrip
can accommodate eight samples in parallel lanes. A Sepratek-8
applicator was used to apply uniform quantites (8 L) of sample
to the electrophoretic membrane. The substrate transfer strips
were nitrocellulose membranes. All electrophoresis materials
were purchased from Gelman Sciences, and the Gelman proce-
dures for electrophoresis were followed.?!36

A CCD camera system (Star I, Photometrics, Tuscon, AZ)
equipped with a Thompson CCD (TH7883, PM Grade) was
mounted on a Bogen TC-1 copy stand. An illumination stage
(Reprostar II, Camag, Wrightsville Beach, NC) was used to
illuminate the gels with either white light or UV light at 366 nm.
A microscope stage warmer (MP 100 DM), (Kitazato, New York,
NY) was placed on the illumination stage and could be used to
thermostat the membrane during data collection. The camera
head temperature is controlled by a thermoelectric cooler (LC
200, Photometrics, Tuscon, AZ). The camera had a Nikon 50-
mm lens with the f stop set at 22. The images were transferred
to a Data World 386-33-MHz computer through a National
Instruments IEEE-488 board. The computer is used for storage
and analysis of the images and is equipped with a dual-mode
caching disk controller and extended memory to improve disk
access time and storage capabilities. An entire image can be
stored on the hard disk in approximately 10 s. The imaging
system was contained within a light-proof closet (Camag,
Wrightsville Beach, NC). A schematicdiagram ofthisinstrument
is shown in Figure 1.

Procedure. Electrophoresis was based on the procedures
published by Gelman for LDH and ALP separations. For
electrophoresis, sample solutions are applied to alternate lanes
of the membrane. Two ice packs are used to cool the chamber
during electrophoresis. After electrophoresis, the membrane is
placed on a glass slide within the imaging chamber. The transfer
strip, soaked in substrate, is placed on the electrophoresis
membrane for 15s. The transfer strip is carefully lifted from the
membrane to prevent band broadening or mixing of the isozyme
bands. After substrate application, a repetitive image program,
CCD, is used to collect and store sequential images. CCD was
written using Microsoft C, version 6.0 (Microsoft Corp., Redmond,
WA) and allows the analyst to control the camera settings and
data acquisition and storage. Typically, 30 2-s exposures are
taken at 30-s intervals, using the high gain setting. The delay
time between substrate application and the first image is noted
for use in the kinetic analysis program. In all experiments, the
elapsed time between substrate application and the acquisition
of the first image was less than 1 min. If GuHCl is to be added
to the membrane, it is added to the membrane after the substrate
via a transfer strip for 10 s.

Storage of a complete image (576 X 384 pixels) requires
approximately 440K bytes of disk storage space. Deleting
unnecessary data reduces the image size to 349 X 116 pixels which
requires only 79K bytes of disk space. To correct the images for
the unique light sensitivity of each pixel a dark image (Ip) and

Figure 2. Diagram of electrophoretic membrane after electrophoresis,
illustrating data summation and background subtraction process. Box
A contains isozyme intensity data; the boxes B contain background
signal data.

a flat field frame (Iz) are needed. The dark image, taken while
the shutter is closed, corrects for the background dark current.
The flat field frame is the response of each of the pixels to a
uniformly illuminated image. Inthe case of ALP, thisisa transfer
strip that has been soaked in a solution of the fluorescent product,
MU. For the LDH analysis, a blank membrane is used. This
flat fielding correction is calculated as®

_Uz-IpM
5 (Ip == ID)

where I¢ is the corrected image, I is the original image, and M
is the mean pixel intensity for Ir — In. This calculation is done
bya PASCAL (Turbo Pascal v.6.0, Borland International, Scotts
Valley, CA) computer program, FLATF. The next stage of data
analysis is accomplished by a program ZERO, for zero-order data,
and a program FIRST for first-order data. Both programs were
also written in PASCAL. The coordinates of a box containing
all the information for a single lane are determined. This box
isshown in Figure 2, box A, and the same size box is used for each
lane on the membrane. The pixel intensities within this box are
summed across the X direction so that each lane is represented
by a vector of intensity values in the Y direction. The columns
(Figure 2, boxes labeled B) to either side of box A are summed
in the X direction and put in a second vector which represents
the background intensity. The background vector is subtracted
from the data vector for each lane to give an electropherogram.
This procedure is done for every image collected in a single timed
experiment.

For each position along the Y-axis, the intensity values vs time
give rise to a kinetic profile for the reaction. These profiles are
fit using an appropriate kinetic model, and the enzyme activity
for each position along the Y-axis is determined. A plot of the
activity vs position is made, where the area under the curve is
directly proportional to the total activity of the enzyme present
on the membrane.

3

RESULTS AND DISCUSSION

Inorder for the proposed technique to be useful, the kinetic
datamust be reproducible. There are several variables which
can affect the results from these experiments including
temperature, ionicstrength, transfer method for both substrate
and denaturant, and moisture content of the membrane during
imaging. Originally we thought that cooling of the membrane
as the solutions evaporated might affect the rate of reaction
oftheisozymes. This wasinvestigated by placing a thermistor
on top of the membrane and monitoring the surface tem-
perature during the reaction. The only change in the
temperature occurred within the first minute, and this was
less than a half a degree increase; this change did not have
an appreciable effect on the reaction kinetics. Throughout

(39) STAR I Camera System: Image Processing Software;
Photometrics: Tuscon, AZ, 1989.
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Figure 3. (a) Multiple electropherograms of LDH isozymes. Images
were taken every 15 s. Distance is expressed as pixel number. (B)
Activity profile of LDH isozymes obtained by zero order kinetic analysis
of electropherograms In A. Activity is expressed as the slopes of the
kinetic profiles, counts/second.
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the remainder of the experiment the temperature remained
constant (£0.1 °C).

The process of transferring solution to the surface of the
membrane is another potential source of variability. Re-
quirements for successful substrate introduction are as
follows: excess substrate ([S] > K) is introduced, substrate
introduction is rapid, lateral diffusion of the isozyme bands
is minimized, and a minimum amount of isozyme is removed
from the membrane by the transfer strip. We have taken
images of the transfer strips after contact with the electro-
phoresis membrane and found that only a small amount of
product appears over time. There appeared to be a uniform
transfer for all lanes on the membrane, and therefore we
believe this is not an important source of variability. During
some of the experiments we noticed a shifting of the peak
maxima as the reaction proceeds which we ascribed to
directional diffusion of the isozymes within the membrane.
The diffusion was always toward to point of enzyme appli-
cation. Although we do notyetunderstand this phenomenon,
this can be corrected using the data analysis programs ZERO
and FIRST by aligning the peak maxima before kinetic
analysis. This correction only works well for data with alarge
signal to noise ratio. In a second effort to correct for the
shifting peak maxima, we used a 10-min electrophoresis of
the membrane prior to application of sample. Peak maxima
in subsequent experiments did not shift. This also provided
another advantage of reducing the effect of contaminants
such as fingerprints and dust particles or other irregularities
in the membrane and provided a more consistent background
signal.

A comparison was made between this kinetic method and
a fixed-time method of analysis. The conventional method
of LDH analysis records the intensity of the bands after a
fizxed period of time, usually with a densitometer. The kinetic
method is based on the series of consecutive electropherograms
shown in Figure 3A. Because LDH is observed using a
colorimetric reaction, the bands increase in the negative
direction, as an increasing amount of light is absorbed. The
profile obtained from the calculated activity values for these
data are shown in Figure 3B. A zero-order model was used
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Table I. Results of Kinetic and Fixed Time Analysis for
LDH Isozymes

kinetic® fized time® kinetic? fixed time®
isozyme % area % area RSD (%)c RSD (%)
LDH1 131 +£2:1 13.0£1.3 16 10
LDH 2 5.6+0.4 50+09 6.2 17
LDH3 19.3%0.7 19.9+0.9 3.8 4.3
LDH4 27.1%0.9 26.1£0.9 34 3.3
LDH5 349%09 36.1£ 0.9 2.6 2.4

2 Based on a zero-order kinetic fit. Images were taken every 30
s for 10.5 min. ® Based on analysis of one image taken after 10.5 min.
¢ Relative standard deviation.
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Figure 4. Kinetic profiles at the peak maximum for several activities

of liver ALP isozyme: (—) in the absence of the denaturant GuHCI,

(- - -)in the presence of GuHCI. The activities (units/L) are {a) 644 and
(b) 362.

20 60

since no denaturant was present. The area under each of the
peaks in Figure 3B is directly related to the activity of the
isozyme present in the initial sample. A comparison of these
areas and the areas obtained from a single image taken after
10.5 min was made, and the resulting data are shown in Table
1. Because the kinetic method of analysis is based on data
obtained over a longer period of time with more data points,
it is expected to be a more precise method; however, the two
methods gave results with similar relative standard devitions.
Some of the larger errors (i.e., LDH 1) for both methods are
due to uncertainties in determining the baseline for inte-
gration.

The next series of experiments was designed to ascertain
the sensitivity of the method and to determine if the method
could be used to detect the low levels of ALP isozymes found
inserum. ALP bovine isozymes were used in this evaluation.
Kinetic profiles for two activities of liver ALP are shown in
Figure 4 (solid lines). The linearity of these profiles is
indicative of a zero-order kinetic process. The results for the
regression analyses of calibration curves derived from these
data areshownin TableII. Although these valuesencompass
the normal range of isozyme activities in serum we have also
extended these ranges to 1000 and 250 units/L for liver and
intestinal isozymes, respectively. Some additional calibration
data for these activity ranges are also shown in Table II. This
extended range of activities is useful for characterizing samples
with elevated isozyme levels. The difference in the slopes for
the liver and intestinal isozymes has been confirmed by
solution phase experiments and is probably due to differences
in the specific activity of the isozymes toward MUP as
compared to the specific activity toward p-nitrophenyl
phosphate, the substrate used by Sigma in determining the
enzyme activities.
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Table II. Regression Analysis

isozyme activity range® GuHCl Ne slope intercept stde error
liver® 0-90 no 8 0.00269 + 0.00019 0.018 + 0.010 0.016
int 0-40 no 8 0.0181 £ 0.0013 0.055 + 0.030 0.047
liver® 180-640 no 6 0.0193 £ 0.0010 —0.14 + 0.41 0.38
liver® 180-640 yes (4M) 6 0.0316 + 0.0014 -1.15 £ 0.55 0.51
int® 40-150 no 6 0.00777 =+ 0.00038 —0.048 £+ 0.037 0.035
intb 40-150 yes (4M) 6 0.00255 = 0.00037 0.040 £ 0.036 0.034

¢ Selected kinetic profiles shown in Figure 4 (solid lines). ® Data shown in Figure 5. ¢ Activity expressed in units per liter. ¢ Number of data

points. ¢ Standard error of linear regression results.
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Flgure 5. Calibration curves and least-squares fit for (A) liver ALP and
(B) intestinal ALP: (M) without GuHCI; (A) with GuHCI(4 M).

The differences in the rate of enzyme deactivation in the
presence of the denaturant, GuHCI, has been exploited to
distinguish overlapped bands for mixtures containing two
isozymes. Therate constants, ks, for the GuHCl deactivation
of liver and intestinal isozymes are different. Forthe intestinal
isozyme, significant deactivation by GuHCl is not observed.
However, kinetic profiles for the liver isozyme reacting with
GuHCI are no longer linear but are curved, demonstrating a
first-order deactivation of the isozyme. Figure 4 (dotted
curves) shows examples of kinetic profiles observed for two
samples of the liver isozyme in the presence of GuHCL
Calibration curves for liver and intestinal isozymes with and
without GuHCI are shown in Figure 5A,B. The calculation
of the calibration curve in the presence of GuHCI assumes
that the sole effect of the GuHCl is the first-order deactivation
of the enzyme over the time period measured. The values
shown are the resulting estimates for the activity before the
addition of GuHCI. Initially, the reason for the lower slope
in the presence of GuHCI was not known. However, recent

Table III. Deactivation Constant for Liver ALP=

activity deactivation activity deactivation
(units/L)  constant (10-3s-1)®>  (units/L) constant (10-3-1)®
638 25+04 319 2.8+0.2
479 34+0.3 243 24£0.2
363 2.8+0.2 181 2.1£0.2

overall: (2.7 +0.4) X 103s!

@ Results for a first-order fit in the presence of 3 M GuHCL. » The
average of 15 pixels at the top of the peak.

experiments in our laboratory have shown that the difference
in ionic strength of the substrate solution and the GuHCl
solution can account for this change in slope.#? The ionic
strength of the MUP buffer was 0.9 M and the ionic strength
of the GuHCI solution was 4 M.

In order to confirm this hypothesis, an experiment was
done where the ionic strength of the substrate solution was
adjusted to match that of the GuHClI solution. In this case,
EAE was used as the buffer, since 2A2M1P was insoluble in
high ionic strength solutions.# GuHCl was introduced
between the fifth and sixth images, and the GuHCI transfer
strip was kept on the membrane for 10s. The initial portion
of the data (images 1-5) was linear, and after the fifth image,
the profile began to exhibit curvature. We fit the first five
points to a zero-order kinetic model, and the remaining points
to a first-order kinetic model. The apparent decrease in
activity seen for the data shown in Figure 5A,B was not
observed here, confirming our assumption that the ionic
strength plays a role in producing the lower slopes observed
for GuHCI calibration curves.

If a differential kinetic method is to be reliable, the
deactivation constant for each isozyme should depend only
on the GuHCI concentration and the type of isozyme. The
k3 values across one band on the electrophoresis membrane
are reasonably consistent near the peak maximum. Table ITT
lists the deactivation constant, &3, for several different samples
of the liver isozyme and demonstrates that the deactivation
constant is also consistent for samples with varying activities.
This will be especially significant for distinguishing the bone
and liver isozymes of ALP which cannot be completely
resolved using electrophoresis.

CONCLUSIONS

The long-term goal of the work presented here is to develop
a new procedure which will permit the separation and
quantitation of all the ALP isozymes present in serum. We
have shown that the combination of electrophoresis and
imaging with kinetic analysis can be used to separate and
quantify individual isozymes of LDH and ALP. The use of
a denaturing agent, such as GuHC], allows us to differentiate

(40) Wong, J. T.; Hampton, R. S.; Rutan, S. C.; Chlebowski, J. F. Clin.
Chem. 1992, 38, 2560-2561.
(41) McComb, R. B.; Bowers, G. N., Jr. Clin. Chem. 1972, 18, 97.



between two isozyme forms that are not fully resolved by
electrophoresis. The deactivation constants for the isozymes
are independent of activity. This method should be useful
for the separation and quantification of other isozyme systems
aswell. Any system which can produce either an absorbance
or a fluorescent signal can be monitored with this method.
Therelatively short analysis time required should be beneficial
for clinical diagnosis. Investigations of human serum con-
taining ALP isozymes with this method are currently un-
derway.
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Capillary Electrophoresis/Electrospray lonization Mass

Spectrometry:

Improvement of Protein Detection Limits Using

On-Column Transient Isotachophoretic Sample

Preconcentration
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On-column transient isot U ple p {
has been utllized for d ing ntration detection limits
In caplllary electrophoresis (CE)/electrospray lonization mass
spectrometry analysis (ESI/MS) of protein samples. Mixtures
of model proteins have been separated In the cationic mode
using a coated caplllary and have been analyzed by mass
spoctromolry coupled on-lineto an oloctroopray Interface wlih
lal sheath flow arrang
belwoen B-lactoglobulins A and B and the BGE was lound
to occur under certain conditions. The detection level was
evaluated using caplllary zone electrophoresis (CZE)/MS,
caplllary Isotachophoresis (CITP)/MS and the on-column
combination of translent CITP/CZE/MS. In CZE/MS, the
sample concentration necessary to obtain a reliable full scan
spectrum was In the range of 10-° M (~500 fmol injected in
a 75-um-l.d. caplllary). In the CITP/MS mode, a sample
could In principle be p ated by | orders of
magnlludo. The Isotachophoretically stacked zones over-
lapped one another, and the minor compononis, focused to
very narrow zones of Iou ihan 1 s, could not be rellably
Identified. F A rep an ldeal
ion technique for CZE vhereby the benefits of
both CITP and CZE are maintained. By propor selection of
butfers, the on- bination of both CITP and
CZE (tramlom CITP/CZE) was used to decrease the
concentration detection limits for a full scan CZE/MS analysis
by a factor of 100 to ~107 M. Such an approach can bo
employed with currently avallabl lal CE equi

INTRODUCTION

Thereis currently a great deal of interest in the development
of capillary electrophoresis/mass spectrometry (CE/MS) for
the separation and identification of charged species ranging
from small ions to proteins.’® The importance of this
combination stems from the advantageous features of both
CE and MS. Capillary electrophoresis provides significant
separation efficiency and analytical speed for a broad range
of substances in solution, while mass spectrometry provides
peak identification. Furthermore, the flow rates from the
capillary column are compatible with on-line coupling to MS.

* Author to whom correspondence should be addressed.

1 On leave from Institute of Analytical Chemistry, Veveri 97, 611 42
Brno, Czechoslovakia.
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In an early report on coupling capillary electrophoresis to
a mass spectrometer,® an on-line valve was used to transfer
CITP-separated zones into a mass spectrometer equipped
with an electron ionization source. Although this technique
should properly be referred to as an off-line technique, the
potential of mass spectrometry for identification of analytes
separated by capillary electrophoresis was clearly demon-
strated. The first reports of the on-line coupling of CZE to
MS used an electrospray source for the ionization and transfer
of analyte ions into a quadrupole mass spectrometer.? Later,
fast atom bombardment (FAB) was also employed for the
ionization and sample transfer into the mass spectrometer.™-?
Recently, other types of mass spectrometers such as time of
flight!0 and ion trap!! have been tested for coupling to CE.

For the determination of high molecular weight ions,
electrospray ionization has an advantage in the formation of
multiply-charged ions that can be conveniently analyzed by
a mass spectrometer in the m/z range up to 4000. Exact
molar masses can then be easily calculated from the observed
distribution of charge states of the molecule.’? With respect
to coupling of CE to MS, electrospray has the further
advantage of operating at atmospheric pressure so that
hydrodynamic flow in the separation capillary (with its
attendant parabolic flow profile) does not result or can be
simply overcome.

Mass detection levels for proteins determined by CZE/MS
are typically in the high femtomole range,® but when the
concentration of the sample injected is considered, the
detection level is frequently insufficient (~10-5 M). One
solution to this detection level problem is the use of selected
ion recording,!® which is known to significantly decrease the
detection limits as compared to full scan analyses; however,
this method requires prior knowledge of ions that will be
present in the sample. In cases where detection limits of a
CE/MS analysis are an issue, sample preconcentration,
preferably in an on-line arrangement, should be considered
as a possible method to improve detection without the loss
of accuracy. Several approaches for decreasing the concen-
tration detection limits for CE analyses by on-column
preconcentration have been described. Principally, they can
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be divided into two classes—sorption!4!5 and electrophoretic
techniques.’¢-20 While the sorption techniques require a
precolumn and somewhat complex instrumentation, the use
of electrophoretic techniques is simpler and more general.
This study has as its goal the development of a simple
preconcentration technique for CZE/MS where higher sample
volumes could be injected. The use of sample stacking via
low conductivity sample matrices as a means of increasing
injection volume!6 was first tested. Next, CITP was inves-
tigated, followed by a combination of CITP and CZE. The
on-line coupling of CITP to ESI/MS has been previously
demonstrated.2! While the concentrating capability of CITP
is excellent, the optimization of separation conditions,
particularly in the case of protein analysis, is not straight-
forward. On the other hand, when ITP is used solely as a
preconcentration technique, the selection of leading and
terminating electrolytes can be easily accomplished. The
coupling of CITP as a preconcentration step to CZE was
already explored with UV18-2022 gand fluorescence?? detectors
and recently with a mass spectrometer.¢ So far, coupled
column systems were solely explored where preconcentration
was carried out in a CITP wide bore preseparation tube
connected to a CZE capillary of smaller internal diameter.
This technique permits sample preconcentration by at least
3 orders of magnitude; however, it requires somewhat
complicated instrumentation. Recently we have demon-
strated the possibility of on-column transient CITP precon-
centration of protein samples where both CITP preconcen-
tration and CZE separation proceed in one capillary on a
commercial instrument equipped with a UV detector.2?
The present work reports results on the use of on-column
transient CITP sample preconcentration for decreasing the
detection limits of protein determination by CE/ESI/MS.
This method is compared to sample stacking via low con-
ductivity sample matrices and CITP alone. It will be shown
that transient CITP provides a simple means of decreasing
detection limits by 2 orders of magnitude over normal CZE.

EXPERIMENTAL SECTION

Mass Spectrometer and Interface. The mass spectrometer
was a Finnigan MAT TSQ700 (Finnigan, San Jose, CA) triple
quadrupole equipped with an electrospray ionization source.
Several modifications to the electrospray interface (Figure 1)
were necessary to couple CE with ESI/MS. The stainless steel
needle supplied with the instrument was replaced with a
polyimide coated fused silica capillary used in CE. This change
was made to eliminate any junctions that could be detrimental
to the separation and to enable the end of the capillary to be
located at the electrospray needle tip. The interface utilized a
coaxial liquid sheath, as shown previously,? as well as a coaxial
gassheath.? Theliquid sheath tube supplied by the manufacturer
was replaced by stainless steel tubing (Small Parts, Inc., Miami
Lakes, FL) of ~0.4-mmi.d.and ~0.7-mm-0.d.,and the gassheath
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Figure 1. Diagram of the capillary electrophoresis/electrospray
interface. S is septum, LST is liquid sheath tube, LS is liquid sheath
entry port, GST s gas sheath tube, GS is gas sheath entry port, AR
is anode reservoir, CE is CE capillary, NC is nitrogen curtain drying gas,
ESCis cylindrical electrospray electrode, ESI-HPVS is the electrospray
high voltage power supply, Ah is the height difference between the
anode and cathode ends of the column, and CE-HPVS is the caplllary
electrophoresis high-voltage power supply. See the Experimental
Section for further details.

tip was also replaced with a tip having an orifice of 1.0-mm i.d.
The liquid sheath tip was narrowed to ~0.5 mm to improve the
electrospray stability.?® The fused silica separation capillary
terminated 0.5 mm inside the liquid sheath tip. A silicone septum
was also added to prevent back flow of sheath liquid along the
capillary.

Figure 1 further shows that the difference in height (Ah)
between the anode reservoir and the tip of the electrospray needle
(the cathode end of CZE column) was ~10 cm. A partial vacuum
was created due to the flow of the gas sheath at the capillary tip,
and with the ends of the capillary at equal height, a significant
bulk liquid flow toward the cathode took place. In order to
compensate for this pressure drop, the level of the anode reservoir
was lowered. Capillary isotachophoresis was employed to de-
termine the level at which no bulk flow occurred. The capillary
was first filled with the leading electrolyte (0.01 M ammonium
acetate, pH 5), and then ~150 nL of 10 M methyl green dye
was siphon injected. The injection end of the capillary was then
placed in the terminating electrolyte reservoir (0.001 M acetic
acid), and the current was applied. The current was turned off
when the dye had focused into a narrow 2-mm-long band.
Movement of the zone could easily be observed through the
polyimide coating of the capillary, due to the high concentration
of this focused dye. The height of the reservoir was adjusted
until no movement of the dye was observed in either the forward
or the reverse direction.

The electrospray needle, as shown in Figure 1, was maintained
atground potential while the sampling orifice was at about —4000
V when operating in the positive ion mode. The drying gas
(nitrogen curtain) for the electrospray was maintained at about
100 °C at a flow rate of 6 L/min, while the sheath gas flow was
set at approximately 2 L/min. The liquid sheath consisted of
1% acetic acid in 50% 2-propanol/water, flowing at a rate of 4.0
pL/min. Tuning and calibration of the mass spectrometer were
performed using a 5 pmol/uL myoglobin solution. The third
quadrupole of the mass spectrometer was scanned from m/z 600
to 2000 at 1 scan/s for all analyses while the first and second
quadrupoles were operated in the rf only mode. The quadrupole
manifold was heated to 70 °C, and the electron multiplier was
set at 1.5 kV with the conversion dynode at —15 kV.

Capillary Electrophoresis. The electrophoresis apparatus
was made in-house using a CZE1000R (Spellman, Plainview, NY)
high-voltage power supply. The CE columns were fused silica
capillaries (Polymicro Technologies, Phoenix, AZ) 75-um i.d.,
360-um o.d., and 50-cm length, coated in-house with linear
polyacrylamide.?” The polyacrylamide coating minimized ad-
sorption by proteins to the capillary walls and eliminated
electroosmotic flow within the capillary. The voltage for the
CZE and transient CITP analyses was 18 kV with a resultant
current of 6 uA. The constant current applied during the CITP
analyses was 6 pA with voltage increasing from 7 to 17 kV.

Solutions. Thestandard proteins were purchased from Sigma
Chemical Co. (St. Louis, MO) and were used without further

(26) Chowdhury, S. K.; Chait, B. T. Anal. Chem. 1991, 63, 1660-1664.
(27) Hjerten, S. J. Chromatogr. 1985, 347, 191-197.
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Flgure 2. CZE/MS full scan (m/z 600-2000) reconstructed ion
electropherogram of 9.0 uM cytochrome ¢ (1) and 5.4 uM myoglobin
(2) In the BGE. Injection volume: 50 nL (injected quantity of 450 and
270 fmol, respectively). BGE: 0.02 M 6-aminchexanoic acid + acetic
acid, pH 4.4. CE conditions: constant voltage 18 kV, current 6 uA.

purification. Thesampleswere dissolved in either the background
electrolyte or distilled/deionized water for CZE separations. The
CZE background electrolyte (BGE) was 0.02 M 6-aminohexanoic
acid in water, adjusted to pH 4.4 with glacial acetic acid. The
CITP leading electrolyte was 0.01 M ammonium acetate adjusted
to pH 4.4 with glacial acetic acid, and the terminating electrolyte
was 0.001 M acetic acid. For the transient CITP experiments,
the samples were diluted in the CITP leading electrolyte buffer
and the background electrolyte was the same as that used in the
CZE experiments. All buffer chemicals were purchased from
Sigma.

Sample Injection. The CE column was first washed with
thebackground electrolyte or, in the case of CITP, with the leading
electrolyte. The sample was then siphon injected by inserting
the column into the sample vial and elevating the vial by 20 cm
for 10-150 s, producing an injection volume of 50-750 nL.

RESULTS AND DISCUSSION

In order to provide a baseline from which to judge the
preconcentration methods, initial studies were performed with
CZE/MS, with the sample dissolved in the background
electrolyte. Figure 2 shows the full scan reconstructed ion
electropherogram (RIE) of 50 nL of a sample containing
cytochrome ¢ and myoglobin in which the proteins were
diluted in the background electrolyte (6-aminohexanoic acid)
to a concentration of ~10-° M. This injection volume of 50
nL is larger than typically used in CZE and was chosen so
that reliable mass spectra could be obtained. In this figure,
the signal to noise ratio (S/N) for cytochrome c is 12:1. An
improved S/N may be obtained by dissolving the sample in
water or low concentration buffer!” with subsequent focusing
of the larger volume injected. Figure 3a shows the full scan
RIE of 150 nL of a sample containing lysozyme (1), cytochrome
¢ (2), ribonuclease A (3), myoglobin (4), 8-lactoglobulin A
(5), B-lactoglobulin B (6), and carbonic anhydrase (7) dissolved
in water. An example of the spectra obtained by averaging
the scans under the peaks is shown in Figure 3b, and the
deconvolution of that spectrum is shown in Figure 3c. Initial
preconcentration across the sample/BGE boundary was
responsible for improved detection signal of 3.5 times that of
the sample dissolved in the BGE.

Few of the proteins in Figure 3a were still detectable in the
RIE of a 1:10 dilution (108 M) of this sample with water as
shownin Figure4a. While massspectra of separated proteins
could still be obtained, clearly the zone identification of an
unknown component at these concentrations would be
difficult. The analysis time was significantly longer with, for
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Figure 3. (a) CZE/MS full scan (m/z 600-2000) reconstructed ion
electropherogram of a 150-nL injection of 12 uM each of lysozyme
(1), cytochrome c(2), rib A(3), myoglobin (4), 8-lactog

A (5), B-lactoglobulin B (6), and carbonic anhydrase (7) dissolved in
water. BGE: 0.02M 6-aminohexanoic acid + acetic acid, to pH 4.4;
(b) spectrum of lysozyme taken from averaging the scans under the
peak; (c) deconvoluted spectrum of lysozyme. M, for lysozyme Is
14 306.3¢ CE conditions as in Figure 2.

example, cytochrome ¢ eluting 12 min later in Figure 3a and
23 min later in Figure 4a than in Figure 2 where the sample
was dissolved in the BGE. The increased migration time is
due to the voltage drop across the initial sample zone caused
by the low electrical conductivity of the zone compared with
the BGE. The electric field strength is not uniform through-
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Figure 4. (a) CZE/MS full scan (m/z 800-2000) reconstructed ion
electropherogram of a 150-nL injection of 1.2 uM each of lysozyme
(1), cytochrome ¢ (2), ribonuclease A (3), myoglobin (4), S-lactoglobulin
A (5), B-lactoglobulin B (6), and carbonic anhydrase (not detected)
dissolved in water. BGE: 0.02 M 8-aminohexanoic acid + acetic acid,
pH 4.4; (b) deconvoluted spectrum of S-actogiobulin B. M for
B-lactoglobulin B Is 18 277.3¢ Note the complex formation at M, =
18 401.9. The molecular weight of 6-aminohexanoic acid is 130. CE
conditions as in Figure 2.

out the capillary but is lower in the BGE than in the original
sample zone, resulting in slower migration of the sample ions.
This could be overcome by working with constant current;
however, excessive sample Joule heating would result. Thus,
when a sample is dissolved in water or dilute electrolyte,
sample deterioration may occur due to low ionic strength and
increased Joule heat generation across the sample zone.?8
The deconvolution of the spectra of both the 8-lactoglobulin
A and B-lactoglobulin B in Figures 3a and 4a led to the
interesting observation of two values of mass, one at the correct
mass for the protein and one at 130 mass units greater. The
charge states corresponding to these peaks are identical,
indicating that some form of complexation with the protein
was occurring. Since 6-aminohexanoicacid (BGE constituent)
has a molecular weight of 130, and the standard deviation of
mass for both the complexed and uncomplexed protein was
<3.0, theresulting increase of 130 in mass suggests the protein
is complexing with the BGE. Figure 4b shows the decon-
voluted spectrum of 8-lactoglobulin B. Atlow concentrations
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the B-lactoglobulin/BGE complex was significantly more
abundant than the uncomplexed species. This resultindicates
that one needs to be cautious in interpreting data obtained
in CZE with buffered electrolytes. As has been reported,?
it may be possible to eliminate complex formation by
increasing the nozzle to skimmer voltage to break up a complex
in the source; however, this was not pursued here since the
intent of this study was not to explore complexation; moreover,
in this process, the sample may be fragmented leading
potentially to interpretation errors.

As noted, one drawback of CZE is the limited volume of
the sample that can be injected into the column without
deterioration of the separation. In this study, the maximum
volume that could be injected when the sample was dissolved
in the BGE was 50 nL, and when the sample was dissolved
in water the maximum injection volume was 150nL. Although
the injection volume could in principle be further increased
with water as the sample matrix, the injection volume was
still limited by the fact that the analysis time would increase
significantly with the water matrix. The analysis time could
be decreased by using uncoated capillaries with attendant
electroosmotic flow, but in this case some proteins could
adsorb to the capillary wall. This would be especially true
for the basic proteins in this study.

Capillary isotachophoresis was next tested in an attempt
to increase further the volume injected. Figure 5a shows the
CITP/MS reconstructed ion electropherogram of a sample
containing lysozyme (1), ribonuclease A (2), and $-lactoglo-
bulin A (3) with 6-aminohexanoic acid added as a low
molecular weight spacer to separate ribonuclease A from
B-lactoglobulin A. In this case, large amounts of sample (250
nL, 50 pmol) were injected. A region of increased signal is
visible prior to the elution of the 8-lactoglobulin A zone. The
increased signal is likely due to detection of a mixed zone of
6-aminohexanoic acid and §-lactoglobulin A. The deconvo-
luted spectrum of this region is shown in Figure 5b. Asinthe
CZE/MS electropherogram, the analysis of this region sug-
gested that a complex was formed between the spacer and
B-lactoglobulin A.

The analytes in CITP elute in a stack of narrow bands. In
the analysis of samples of trace concentration, these bands
could become extremely narrow such that the mass spec-
trometer could not scan over the necessarily wide m/z range
at the speed required to prevent overlap of the eluting peaks.
A typical example of the narrow zones possible in CITP with
UV detection is in Figure 6, which shows the separation of
the same proteins as in Figure 5a, but the amount injected
was 5 times less. Narrow ITP zones could easily be detected
since the time constant of the UV detector was 0.1 s. This
sample amount injected (5 pmol of each) could not be reliably
detected by the mass spectrometer under the conditions
specified because the time-based length of all three protein
zones was only 12 s and the shortest zone was only 2 s wide.
With the requirement of at least 1 s/scan for full scan analysis,
reliable mass spectra of individual trace components could
notbeobtained. In principle, therate of elution of ITP zones
could be slowed by decreasing the electric field so that wider
bands in terms of time could allow MS scanning. However,
lower fields would lead to poorer resolution and longer
migration times in CITP. Furthermore, separation at high
fields, with a subsequent reduction in the field strength after
UV detection, would be difficult to precisely control. Finally,
optimization of protein separations by CITP is not straight-
forward. )

An advantage of CITP, however, is the possibility of
injecting and focusing relatively large sample volumes. On

(28) Vinther, A.; Soeberg, L.; Nielsen, J.; Pedersen, J.; Biederman, K.
Anal. Chem. 1992, 64, 1878-191.

(29) Loo, J. A,; Udseth, H. R.; Smith, R. D. Rapid Commun. Mass
Spectrom. 1988, 2, 207-210.
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Figure 5. (a) CITP/MS full scan (m/z 600-2000) reconstructed ion
electropherogram of a 250-nL injection of 200 uM of lysozyme,
T A, Bl lobulin A with 6- vic acid added as
a spacer. Leading electrolyte: 0.01 M ammonium acetate + acetic
acld to pH 4.4. Terminating electrolyte: 0.001 M acetic acid. The
[B-lactoglobulin A peak is split in two due to instability in the electrospray
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60s
quura 6. CITP analysis with UV detection of 25 nL of 200 uM lysozyme
(1), i A(2), 6 h acid (3), mixed zone of (3)
and (5), and $-lactoglobulin A (5). Az = UV absorbance at 280 nm.
Leading electrolyte: 0.01 M ammonium acetate + acetic acid, pH 4.4.
Terminating electrolyte: 0.001 M acetic acid, pH 4.4. CE conditions:
constant current 6 uA, voltage increased from 7 to 17 kV.
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Figure 7. Transient CITP/MS full scan (m/z600-2000) reconstructed

process. (b) Deconvoluted spectrum of B-lactoglobulin A comp

with 6-aminohexanoic acid. CE conditions: constant current 6 pA,
voltage increased from 7 to 17 kV. M, = 18 362 for S-lactoglobulin
A.

the other hand, CZE offers the advantage of better peak
separation, generally with peak widths of sufficient time for
full scan MS of proteins. We, therefore, combined the
advantages of CITP and CZE by employing transient CITP
prior to CZE analysis.?? Using a simple mixture of two
standard proteins, the utility of transient CITP was tested.
The sample was diluted in 5 X 10-* M ammonium acetate
with ammonium serving as the leading ion with the 6-ami-
nohexanoate cation of the BGE acting as the terminating ion
during the transient CITP migration.

Initially, the column was filled with the BGE, followed by
siphon injection of 750 nL of the sample dissolved in
ammonium acetate buffer. The end of the column was then
returned to the BGE reservoir. The ammonium ions (which
have high mobility) moved ahead of the sample ions when
the field was applied. At this point the sample ions stacked
behind the ammonium zone in a narrow band and began
moving at constant velocity (as in CITP). The ammonium
ions, however, continued to move through the slower BGE.
Consequently, the concentration of ammonium ions in the
ammonium zone rapidly decreased below the concentration

ion ek pherogram of 450 nm cytochrome ¢(1)and 270 nM myoglobin
(2)in 0.005 M ammonium acetate buffer. The peak marked (+)Is from
the rear b y of the zone. volume = 750
nL (injected quantity of 337 and 202 fmol, respecﬂvely) BGE: 0.02
M 6-aminohexanoic acid + acetic acid, pH 4.4. CE conditions as in
Figure 2.

necessary for ITP migration.3® At this point, the zones
separated as in CZE.

Using transient CITP, we were able to inject and detect
sample concentrations that were significantly lower in mag-
nitude thanin CZE without preconcentration. Figure 7 shows
the full scan reconstructed ion electropherogram of the protein
sample containing cytochrome ¢ (1) and myoglobin (2) diluted
in 5 X 10 M ammonium acetate to a concentration of 10-7
M, which is roughly 100 times lower than in Figure 2 (sample
dissolved in BGE) and is 30 times lower than Figure 3a (sample
dissolved in water). Furthermore, under this condition, the
peaks in Figure 7 are narrower and more intense than those
in Figures 2 and 3a, r« g in higher signals; however, the
comparison of separation efficiency is not possible since due
to the focusing step, a shorter migration length is available
for the consecutive CZE separation.

Next, transient CITP/MS of the protein mixture containing
lysozyme (1), cytochrome ¢ (2), ribonuclease A (3), myoglobin

(30) Gebauer, P.; Bocek, P.; Thormann, W. J. Chromatogr. 1992, 608,
47-57.
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Figure 8. (a) Transient CITP/MS full scan (m/z 600-1850) reconstructed ion electropherogram of ~500 nM each of lysozyme (1), cytochrome
¢ (2), ribonuclease A (3), myoglobin (4), B-lactoglobulin A (5), S-lactoglobulin B (6), and carbonic anhydrase (not detected) in 0.005 M ammonium
acetate buffer. The peak marked (#)is from the rear boundary of the ammonium zone. Injection volume =750nL. BGE: 0.02M 6-aminohexanoic
acid + acetic acid, pH 4.5. CE conditions as in Figure 2. (b) The spectrum of lysozyme obtained by averaging the scans under the peak in the
electropherogram. (c) The deconvoluted spectrum of lysozyme. (d) The deconvoluted spectrum of S-lactoglobulin B.

(4), B-lactoglobulin A (5), 8-lactoglobulin B (6), and carbonic
anhydrase (not labeled) was performed. The sample con-
centration was ~5 X 10-7M for each protein. Figure 8ashows
the full scan reconstructed ion electropherogram of the
analysis of this mixture. When compared to Figure 3a, the
increased sensitivity is apparent from the fact that the total
ion currents for the peaks of greatest intensity are equivalent
while the sample concentration is 24 times less in Figure 8a.
In addition, the spectra, obtained from averaging the scans
under the peaks shown in Figure 8b—d, indicate increased
signal to noise ratios over what was obtained in Figures 3 and
4, and the biomasses calculated for these spectra are more
accurate as a result of this greater signal to noise ratio.
Further examination of Figure 8a shows that there is an
additional peak (*) eluting ahead of lysozyme (also in Figure
7). Thispeakis caused by the rear boundary of the ammonium
zone, resulting in transient increase in the ion current of the
electrospray at that point. In addition, in Figure 8d, the
intensity of the complex of 6-aminohexanoic acid with
B-lactoglobulin A is much lower when compared to Figure 4b
since the protein concentration is significantly higher, due to
sample focusing, in Figure 8d. At the same time, the
concentration of 6-aminohexanoic acid in the protein zone is
significantly lower due to the electroneutrality principle.
B-lactoglobulins A and B in Figure 8 as in Figures 3a and 4a

reveal broad bands probably due to the known multimer
formation of these proteins in the pH range of 4-5.3! Finally,
carbonic anhydrase is missing in Figure 8 as a result of the
fact that this protein does not preconcentrate under the
specific conditions, because its effective mobility at this pH
(7 X 105 cm?/V-s as calculated from Figure 3a) is less than
that of the BGE (15 X 10-° cm?/V-s). For preconcentrating
proteins of low mobilities, the BGE would need to contain a
co-ion with an effective electrophoretic mobility less than
6-aminohexanoic acid such as g-alanine (5 X 10-° ¢cm?2/V-s at
pH 4.4). The selection of BGE co-ion can be made by
comparing the electrophoretic mobilities of the sample
components obtained by preliminary CZE experiments with
those found in published tables.3

CONCLUSIONS

As found with UV detection,?23 on-column transient
isotachophoretic sample preconcentration can be successfully
used for improvement of the concentration detection limits

(31) Grinberg, N.; Blanco, R.; Yarmush, D. M.; Karger, B. L. Anal.
Chem. 1989, 61, 514-520.

(32) Pospichal, J.; Gebauer, P.; Bocek, P. Chem. Rev. 1989, 89, 419
430.

(.33) Foret, F.; Szoko, E.; Karger, B. L. Electrophoresis, submitted.
(34) Smith, R. D.; Loo, J. A.; Edmonds, C. G.; Barinaga, C. J.; Udseth,
H. R Anal. Chem. 1990, 62, 882-899.
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in CZE/ESI/MS. This enhancement is a result of the
preconcentration of a large sample volume injected into the
capillary. In the most simple case described here, two
conditions must be fulfilled. First, the injected sample must
be supplemented by co-ions with high electrophoretic mobility
that can act as leading ions for the ITP migration in the early
stages of the separation. In the case of cationic separation
demonstrated here, ammonium can be selected as a universal
leading ion since its electrophoretic mobility is among the
highest of all cations. Furthermore, ammonium ion, unlike
other highly mobile inorganic ions such as sodium or
potassium, does not interfere with the electrospray process.
Depending on the original salt concentration of the sample,
the addition of an ammonium salt in a 0.001-0.01 M
concentration will be generally satisfactory in practice. If
necessary, a desalting pretreatment step can be performed
prior to CE analysis. The second condition requires that the
background electrolyte used for CZE separation contain a
co-ion with low electrophoretic mobility that can serve as a
terminating ion during the transient ITP migration. Suitable

substances can be found among organic amines, amino acids,
and Good’s buffers, and the respective electrophoretic mo-
bilities are listed in tables.2 When the proper BGEisselected
and a well-coated capillary is used to prevent adsorption,
transient on-column ITP preconcentration provides repro-
ducible and quantitative results. In a separate study,’
quantitation of protein with concentrations less than
108 M was achieved using UV detection.
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Our previously reported procedure for analyzing pesticides in
aqueous samples involving liquid-solid extraction by graphitzed
carbon black (GCB) followed by liquid chromatography was
appropriately modified for extending the analysis to very polar
pesticides and pesticide metabolites. For this purpose, a 1-g
GCB reversible extraction cartridge was adopted. Pesticide
reextraction was performed by back-flushing the cariridge
with a suitable eluant phase. The advantages of back-flush
over forward flush desorption are lllustrated. On extracting
2 L of drinking water splked with the pesticides considered,
the performance of the GCB cartridge was compared to that
of a 1-g C4; bonded sllica cartridge as well as to those of
discontinuous and continous liquid-liquid extraction (LLE)
techniques. Theinfluence of the presence of humic substances
In water on the quality of the analysis of the pesticides
considered was assessed. The limits of quantification (5 times
the limit of detection) of this method for the pesticides
consldered by analyzing municipal waters were below 0.1
ug/L, except for vamidothion and cymoxanil. Quantitative
recoverles of even the most polar pesticides were obtained
by submitting to the analysis volumes of ground and surface
water samples no greater than 1 and 0.5 L, respectively.

INTRODUCTION

In the last 20 years, the technique of extracting organic
compounds from aqueous samples by means of suitable solid
sorbents has drawn a growing interest as it eliminates several
well-known problems associated with the use of liquid-liquid
extraction (LLE). Following the introduction of bonded-
phase porous silica in small, low-cost cartridges from various
suppliers, the use of liquid-solid extraction (LSE) has
expanded substantially and it has been included in many
analytical procedures elaborated for determining a large
variety of pesticides.l-7 In spite of this growing popularity,
the U.S. EPA, revising overall pesticide analytical methods,
has very recently elaborated methods still involving the use
of the LLE technique.? Probably, the reasons for this choice
are that only few studies®2 have investigated the extent to

which naturally occurring materials, such as suspended
particulate matter and humic substances, may affect the LSE
of pesticides. Moreover only little information!3-15 is found
in the literature on the capability of sorbent cartridges of
retaining highly polar pesticides, when extracting large
volumes of water. This matter deserves more attention since
a recent trend in agriculture involves the use of pesticides
that are more water soluble than their predecessors and
pesticide residues often occur at concentrations lower than
1 pg/L.

Veryrecently at our laboratory we developed a multiresidue
HPLC method!® for monitoring 89 pesticides in environmental
waters at part per trillion levels. To extract pesticides, we
use small extraction cartridges filled with graphitized carbon
black (GCB). This well-known adsorbent has already proved
to be effective in extracting polar compounds, such as
phenols’® and chloroanilines!? from water samples. Direct
comparison between GCB cartridges and octadecyl-bonded
silica (C,g) showed that the former adsorbent has a much
higher ability to extract some polar pesticides from water.!4
With respect to Cys, an additional advantage of using GCB
is that base-neutral/acid fractionation of the extracted
pesticides can be achieved by differential elution, by suitably
exploiting the presence on the GCB surface of sites able to
exchange anions.181°

The object of this work has been that of evaluating the
feasibility of a general scheme of multicomponent trace
analysis, based on LSE extraction and HPLC-UV quanti-
tation, for monitoring in natural waters a large number of
pesticides, having a very broad range of polarities. In view
of this, we paid particular attention to the extractability from
large water volumes of those pesticides and pesticide me-
tabolites that, being highly soluble in water, are supposed to
be difficult to extract by both the LLE and LSE techniques.
For this purpose, we adopted a 1-g GCB cartridge, whose
design allows the reextraction of the analytes to be performed
by back-flush elution.

EXPERIMENTAL SECTION

Reagents and Chemicals. Excepting aldicarb and butocar-
boxim sulfoxides and cymoxanil, all authentic pesticides were
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Figure 1. Schematic view of the 1-g GCB extraction cartridge.

purchased from Riedel-de-Haen, Selze, Germany.

Cymoxanil was from Eurobase, Milan, Italy. Aldicarb and
butocarboxim sulfoxides were individually prepared according
to a procedure reported more extensively elsewhere.?? Aldicarb
and butocarboxim were separately dissolved in methanol-water
(1:1) and oxidized at 4 °C by addition of a slightly excess amount
of sodium metaperiodate. After 3days, the reaction was blocked
by adding sodium thiosulfate. Asdetermined by HPLC analysis,
the yield of the reaction was about 95%. Individual standard
solutions were prepared by dissolving 50 mg of each analyte in
50 mL of methanol. By the chromatographic system adopted,
it was not possible to separate all the analytes considered by a
single chromatographic run. For recovery studies, we prepared
two distinct composite working standard solutions by mixing
50-400 uL of each pesticides standard solution and diluting to
10 mL with methanol.

In particular, the composition of solution 1 was as follows (in
parentheses the concentrations of the analytes expressed as mg/L
are reported): omethoate (20), butocarboxim sulfoxide (20),
aldicarb sulfoxide (20), butoxycarboxim (20), aldicarb sulfone
(10), methomyl (10), deisopropylatrazine (5), dicrotophos
(10), fenuron (5), metamitron (10), vamidothion (40), iso-
carbamid (10), chloridazon (5), dimethoate (20), mevinphos
(10), butocarboxim (20), aldicarb (20), metoxuron (5),
bromacil (20), metribuzin (10), dichlorvos (40). The com-
position of solution 2 was oxamyl (10), monocrotophos (10),
desethylatrazine (5), cymoxanil (40), hexazinone (10), and
phosphamidon (10).

Humic acid sodium salts were supplied by Aldrich Chemical
Co. (Milwaukee, WI). A humic acid solution having a concen-
tration equivalent to an organic carbon content (DOC) of about
200 mg/L was prepared according to a previously reported
procedure!! but by avoiding the further dilution with water of
the concentrated humic acid solution after centrifugation.
Ascorbic acid was from Carlo Erba (Milan, Italy). For HPLC,
distilled water was further purified by the Elgastat UHQPS
apparatus (Elga, Buchs, England). Methanol and itrile of

for preparing extraction cartridges were kindly supplied from
Supelco Inc. (Bellefonte, PA). The extraction cartridge was
prepared by packing 1 g of GCB and locating polyethylene frits
above and below the sorbent bed. To avoid crushing the
Carbograph particles, which results in a decrease of the perme-
ability of the cartridge, the upper frit was placed gently on the
sorbent bed. Before processing water samples, the cartridge was
washed with 8 mL of methylene chloride-methanol and 4 mL of
methanol followed by 20 mL of 10 g/L ascorbic acid in HCl-
acidified water (pH2). The trap was fitted into aside arm filtering
flask and connected to the water sample-containing bottle through
aTeflon tube. Liquids were forced to pass through the cartridge
by vacuum (20-30 mmHg) from a water pump.

Procedure. Aqueous samples were fortified with known
volumes of either working standard solution 1 or 2. When tap
water was analyzed, 0.5 g of Na,S,03-5H;0/L of water was added
toavoid oxidation of some pesticides and other unwelcome effects
that have been previously discussed.* Sodium thiosulfate was
preferred to the sodium sulfite used previously,!* as the latter
salt was observed to provoke some degradation of aldicarb and
butocarboxim, probably due to a Bertagnini addition reaction-
like mechanism occurring between sodium bisulfite and the two
carbamates.

Environmental water samples were collected in empty solvent
bottles and stored at 4 °C until used. Ground water samples
having a dissolved organic carbon (DOC) concentration between
0.8 and 1.5 mg/L were collected from various sources near Rome
and Venice. Surface water samples (4.3-8.9 mg/L DOC) were
sampled from rivers and lakes situated between Florence and
Rome. Unless they contained large amounts of suspended
sediments, water samples were extracted unfiltered. When
necessary, Whatman GF/C glass-fiber pads (pore size 10 pm)
were used. Pesticide-amended aqueous samples were agitated
for 30 s and, after 10 min, connected to the sorbent cartridge by
the Teflon tube. Water was forced to pass through the cartridge
at a flow rate of about 100 mL/min by reducing the pressure in
the vacuum apparatus to the minimum. After the sample had
passed through the cartridge, the water pump was disconnected,
and the cartridge was turned upside down and washed with 5mL
of distilled water, at a moderate flow rate. Most of the water was
expelled by vacuum for 1 min. The residual water content was
further decreased by slowly passing 0.9 mL of methanol through
the cartridge. Again, the trap was air-dried for 1 min. By doing
s0, it was roughly estimated that 250-300 pL of water was still
present in the cartridge and carried through the rest of the
procedure. Then, the water pump was disconnected, a round-
bottom glass vial with an inside diameter of about 1.4 cm was set
beneath the cartridge, and the analytes were eluted by passing
through the trap, at flow rates of about 56 mL/min, 1 mL of
methanol followed by 6 mL of methylene chloride-methanol (80:
20, v/v). The last drops of the eluant system were forced out by
a further decrease of the pressure into the flask. When glass
vials narrower than those described above were used, a persistent
double layer, the higher one consisting of water-methanol and
the lower one consisting of methylene chloride-methanol, was
formed during the solvent blow down step. In these conditions,
the final extract may still contain some methylene chloride, that
interferes with the subsequent separation and quantification by
HPLC.

Concentration of the extract down to about 0.25 mL was
performed by a water bath at 27 °C under a nitrogen stream for
solvent removal. In these conditions, no trace of methylene
chloride was presentin the final extract.’> After the final extract
volume was measured by a 500-uL syringe, 25 uL of it was injected
into the HPLC apparatus. If higher volumes of the extract were
injected, a consistent broadening of the early eluting peaks was
noted.

HPLC Analysis. Liquid chromatography was carried out
with a Varian (Walnut Creek, CA) Model 5000 chromatograph

gradient grade was from Riedel-de-Haen. All other solvents were
of reagent grade and were used as supplied.

GCB (74-130 um), commercially referred to as Carbograph,
was supplied from Carbochimica, Roma, Italy.

Void, reversible plastic tubes (see Figure 1) and plastic frits

(20) Leonard, N. J.; Johnson, C. R. J. Org. Chem. 1962, 27, 282-284.

quipped with a Rheodyne Model 7125 injector having a 50-uL
loop and with a Model 2550 UV detector (Varian). Columns (25
cm X 4.6-mm i.d.) filled with 5-um siliceous materials (Supelco)
were used. The primary column contained a LC-18 DB packing
and the confirmational column contained a LC-CN (cyano)
packing. For separating pesticides by the primary column the
initial mobile-phase composition was as follows: solvent A, water
containing 2% methanol; solvent B, acetonitrile. With the
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Table I. Liquid Chromatography Retention Times and Recovery of Pesticides Added to 2-L Aliquots of a Drinking Water

Sample by Extracting Them with Both 0.3- and 1-g GCB Cartridges (Spike Level: 0.3-1.2 pg/L)

retn time, min

recovery,® %

pesticide class water solubility,® g/L Cis CN 0.3-g GCB 1.0-g GCB
1. omethoate phosphorotioate miscible 5.9 3.7 31 78
2. butocarboxim sulfoxide metabolite 6.6 34 60 102
3. aldicarb sulfoxide metabolite 7.6 34 30 91
4. butoxycarboxim carbamate 208 9.7 6.2 42 98
5. aldicarb sulfone carbamate 10 10.2 6.2 8 72
6. oxamyl carbamate 280 10.4 14 84 101
7. methomyl carbamate 58 113 78 88 100
8. monocrotophos phosphate 1000 12,5 7 90 98
9. atrazine, deisopropyl- metabolite 12.6 84 98 102
10. dicrotophos phosphate miscible 14.8 9.4 90 97
11. fenuron phenylurea 4 17.0 10.0 98 99
12. metamitron triazinone 2 17.6 10.9 86 95
13. vamidothion phosphorothioate 4000 18.2 114 93 97
14. isocarbamid carbamate 13 18.8 10.4 92 99
15. atrazine, desethyl- metabolite 19.0 11.5 100 97
16. chloridazon pyridazinone 0.4 194 134 102 100
17. dimethoate phosphorodithioate 25 20.2 12.7 83 96
18. mevinphos phosphate miscible 23.2 127 90 92
19. cymoxanil urea 1 234 10.8 92 92
20. butocarboxim carbamate 0.35 24.4 12.6 89 93
21. aldicarb carbamate 6 26.2 12.8 92 95
22. metoxuron phenylurea 0.7 274 22.2 98 97
23. hexazinone triazinedione 33 284 18.2 101 96
24. bromacil uracil 1 28.8 174 100 97
25. phosphamidon phosphate miscible 29.6 20.4 101 98
26. metribuzin triazinone il 30.2 15.4 99 100
27. dichlorvos phosphate 10 31.6 14.3 85 88

@ Values taken from various sources. > Mean values calculated from three determinations.

primary column, acetonitrile was programmed linearly from 5%
t030% after 35 min. The addition of methanol to water served
to improve both the symmetry and sharpness of the peak for
cymoxanil. Withthe confirmational column, solvent A was water
and solvent B was a water-methanol-acetonitrile (50:25:25)
mixture. The initial mobile-phase composition was 0% B, that
was programmed linearly to 32% after 24 min. The temperature
of the columns was held at 30 °C. The flow rate of the mobile
phase was 1.5 mL/min. The analytes were monitored with the
detector setat 210nm. Moreover, although very pure, acetonitrile
was not as pure as the water used by us for the gradient elution.
When operating at low AUFS ranges with the UV detector set
at 210 nm, this resulted in a certain base-line drift that disturbed
correct quantification of the analytes. A less pronounced drift
was obtained by contaminating water with a little amount of
methanol.

The concentrations of the pesticides in water were calculated
by measuring manually the peak height of each pesticide and
comparing them with those obtained from standard solutions.
These were prepared by taking known and appropriate volumes
of the working standard solutions, evaporating the methanol,
and reconstituting the residue with 250 uL of water-methanol
(50:50 v/v). For each pesticide considered, we observed that the
response of the UV detector was linearly related to injected
amounts within the range 0.025-2 ug.

RESULTS AND DISCUSSION

For this study, we selected 23 pesticides and 4 pesticide
metabolites by adopting the criteria of considering those
pesticides of common use that have a water solubility equal
to about or higher than 0.5 g/L and that are UV-absorbing
species. For analyzing the selected compounds, we adopted
the HPLC technique, as many of them are not easily amenable
to analysis by standard GC methods. According to these
criteria, Table I lists the selected pesticides together with
some of their properties and retention times on both the
primary column (C,s-DB) and the confirmational column
(cyano). Inourexperience, the use of a confirmational column
is effective for decreasing the probability of false positives.
However, the goal of obtaining a high-confidence identification
of target compounds in complex mixtures can be reached

only by the use of a mass spectrometer as a structurally-
specific HPLC detector.

In the same table recovery data obtained by extracting 2-L
aliquots of a pesticide-amended drinking water sample with
the cartridge under evaluation and with a previously adopted
300-mg GCB cartridge!® are reported for comparison. It
appears that the 1-g extraction cartridge is of more effective
use for extending the multicomponent analysis of organic
pollutants to very polar analytes.

Figure 2 shows typical chromatograms relative to a pro-
cedural blank from the extraction cartridge under evaluation
and from analyzing 2 L of chlorine-free, municipal water
samples spiked with selected pesticides at the individual level
of 0.25 ug/L. .

Extracting water samples spiked with the pesticides
considered at concentrations lower than 1 ppb by the 1-g
GCB cartridge and reextracting the analytes in the conven-
tional mode, that is by allowing the organic solvent mixture
toflowtrough the sorbent bed in the same way as that followed
by the water sample, led to about 30 and 50% losses of
metribuzin and metamitron, respectively, as shown in Table
II. Doubling the volume of the eluant system did not improve
the recovery of these two compounds. On the other hand, no
significant loss of the two pesticides was observed if, before
reextracting the analytes, the cartridge was turned upside
down and it was back-flushed with the eluant system. Ina
previous paper,’4 we showed that a few quinone groups
contaminating the GCB surface!® were responsible for partial
irreversible adsorption of particular compounds able to react
with them. This unwelcome effect was eliminated by
pretreating the 300-mg GCB cartridge with an aqueous
solution of ascorbic acid, that reduces quinones toless reactive
hydroquinones. Partial loss of the two analytes observed
during desorption from the 1-g GCB extraction cartridge in
the conventional mode may be explained by assuming that
(i) when the aqueous sample is passed through the GCB bed,
hydroquinones are in part reconverted to quinones by oxygen
dissolved in water; (ii) chemisorption effects by quinones occur
only in an anhydrous environment, and (iii) metribuzin and
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municipal water spiked with
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with the UV detector set at 210 nm and at 20 mAU full-scale sensitivity.

Table II. Recovery of Metribuzin and Metamitron
Extracted from 2-L Aliquots of Drinking Water by Both
Back-Flushing and Forward Flushing Desorption

at the individual level of 0.25 ug/L. Chromatograms were recorded
Peak numbering corresponds to that reported in Table I.

Table III. Eluant Phase Volumes Needed for Reextracting
Some Selected Pesticides by Both Forward Flushing and
Back-Flushing the 1-g GCB Extraction Cartridge

recovery,® % volume,® mL
1-g GCB 0.3-g GCB forward elution back-flush elution
forward forward neutral acid neutral acidic
compd flushing back-flushing flushing back-flushing compd phase phase phase phase
metamitron 51 93 85 92 Neutral
metribuzin 72 98 98 100 diuron b 3
linuron 6 3
@ Mean values obtained from three determinations. azinphos ethyl 9 3
h 18 6
DDT 6 3
metamitron contained in the water sample are adsorbed on Adids
the initial part of the sorbent bed. bromoxynil 6 3
When these assumptions are accepted, partial irreversible g‘:‘"’};"'“ml Zg g
% Fard % A osel
adsorption of the two pesticides can take place during their Seitarlovaphend] o 8

elution along the sorbent column with the organic solvent
mixture. The advantage of using back-flush elution over
forward flush elution is that of avoiding an excessive time of
contact between the two eluates and the quinone groups
spread along the sorbent column. This hypothesis was
substantiated by observing that, when a smaller extraction
cartridge was used, such as that containing 300 mg of GCB,
only a moderate loss of metamitron was obtained by forward
flush desorption.

When a large-size extraction cartridge is used, an inherent
advantage of desorbing the analytes by reversing the cartridge
is that small volumes of the eluant phase can suffice to
reextract even those adsorbates that, having a large affinity
for the sorbent surface, are slowly eluted by any eluant system.
With low eluate volumes, time for the solvent removal is saved
and the risk of evaporative loss of the most volatile analytes
is reduced. The extent of the advantage of back-flushing

@ Volume of the mobile phase sufficient for eluting 90% of the
adsorbed analyte. ® Mean values obtained from triplicate experiments.

over forward flushing desorption was evaluated by extracting
with the 1-g GCB cartridge 2 L of a water sample spiked with
some selected pesticides considered in our previous study.!®
Neutral pesticides were desorbed by the same solvent mixture
as that reported in the Experimental Section, while acidic
compounds were eluted by using a suitably acidified meth-
ylene chloride-methanol mixture.!> Fractions (3 mL) of each
eluant system were separately collected and, after solvent
removal, analyzed by HPLC. Results reported in Table IIT
show that, by reversing the cartridge, the analyte reextraction
was achieved by making use of much lower volumes of both
mobile phases. It is also noteworthy that by back-flushing
the cartridge with the neutral solvent mixture, the possibility



Table IV. Recovery Data Obtained on Extracting, with
Various Techniques, Pesticides Added to 2 L of a
Municipal Water Sample (Spike Level: 1-4 ug/L)

% recovery = RSD®

compd DLLE CLLE Cis GCB

omethoate 58+79 68+82 3+45 83%6.2
butocarboxim sulfoxide 1314 1711 3+42 102+48
aldicarb sulfoxide 16+17 23+12 4+29 9352
butoxycarboxim T4£69 8348 4+32 98+28
aldicarb sulfone 58+11 61x14 621 7T5£83
oxamyl 5110 6796 24+£12 10121
methomyl 6411 170£73 10£20 100%2.0
monocrotophos 68+53 86+£76 42+16 98£27
deisopropylatrazine 87+43 94+49 1514 102+3.8
dicrotophos 78+83 89+43 8310 98+3.0
fenuron 60+7.8 85+68 19+12 99+28
metamitron T9+£42 8721 28+£12 95x4.5
vamidothion 5784 T0+74 8754 98+38
isocarbamid 74+£104 95+84 7862 97+34
desethylatrazine 85+41 95+24 30£13 97£3.7
chloridazon 7542 90x41 3111 100+3.0
dimethoate 78+59 90+6.2 22+14 9843
mevinphos 79+£6.7 84x57 92+6.0 94x46
cymoxanil 89+9.1 93+£72 28%+11 94£34
butocarboxim 82+49 90+£23 63%£9.2 95%4.0
aldicarb 6812 78+£12 5594 99+4.0
metoxuron 83+51 89%4.2 101+33 97+26
hexazinone 7511 91+89 88+40 98+34
bromacil 74+£73 89+£53 87T£50 9719
phosphamidon 84+95 90+11 94+37 98+25
metribuzin 19+74 92+£79 7072 96£33
dichlorvos 64+84 80%59 64+93 85+10
grand mean 69 79 46 96

¢ Mean values obtained from four determinations.

of isolating acidic analytes from the base—neutral cartridge is
notprecluded. Definitively, when using a 1-g GCB extraction
cartridge, the analyte desorption is much more conveniently
performed by back-flushing elution, also considering that, in
this way, chemisorption effects occurring for particular
analytes, discussed above, are circumvented.

For the polar pesticides considered in this study, the
extraction efficiency of the 1-g GCB cartridge was compared
with those obtained by using discontinuous LLE (DLLE)
and continuous LLE (CLLE) as well as by a 1-g C g extraction
cartridge. Experiments were performed by adding pesticides
to 2-L aliquots of chlorine-free municipal water sample and
analyzing. DLLE of the water sample was performed by using
three separate 120-mL portions of methylene chloride and
following a previously reported procedure.!* CLLE was
carried out by bubbling 120 mL of methylene chloride through
the aqueous sample for 3 h.2! Water samples were passed
through the two cartridges filled respectively with the C;g
and GCB materials, by the maximum flow rates possible with
the apparatus used. The measured flow rates were about 15
and 100 mL/min, respectively, for the C;sand GCB cartridges.
The reextraction of the analytes from the GCB cartridge was
carried out as reported in the Experimental Section, while 10
mL of methanol was used for the analyte desorption from the
C,gsorbent cartridges. Recovery data obtained by using the
various extraction techniques are reported in Table IV. As
can be seen, the 1-g C,3 extraction cartridge is inadequate to
the multicomponent analysis of pesticides in the pptr region.
Better results were obtained by the LLE technique. In
particular, the CLLE technique appears to be more effective
than the popular DLLE technique for extracting polar
compounds from water. Compared to the DLLE technique,
additional advantages of CLLE are that it is less laborious
and more amenable to automation and requires a substantially

(21) Stelluto, S.; Marcomini, A.; Di Corcia, A.; Marchetti, M.; Capri,
S.; Liberatori, A. Ann. Chim. 1990, 80, 369, 377.
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lower solvent volume. Even this technique, however, failed
toextract two very polar pesticide metabolites, butocarboxim
and aldicarb sulfoxides.

Among the various extraction techniques compared, that
employing a 1-g GCB cartridge had the highest ability to
retain hydrophilic pesticides from large water volumes.
Recoveries better than 90% were obtained for the pesticides
considered, except for omethoate, aldicarb sulfone, and
dichlorvos. Reanalysis by another GCB cartridge of the water
sample extracted by the first cartridge showed that omethoate
and aldicarb sulfone were partly lost in the water effluent.
Some loss of dichlorvos was found to occur during the solvent
reduction step.

Johnson et al.!! have recently shown that the extraction
efficiency of a Cg cartridge for certain selected pesticides
was seriously affected when pesticides were dissolved in a
distilled water sample containing Aldrich humic acids (10
mg/L DOC) to simulate a natural water sample with a high
DOC. Additional experiments and considerations led the
authors to the conclusion that loss of pesticides was not caused
by saturation effects but by a mechanism of association of
pesticides with humicacids. Theselatter substances, passing
unadsorbed through the chemically bonded silica bed, are
able to drag with them smaller, associated organic molecules.
In order to verify whether a similar, negative effect could
take place when the extraction procedure proposed by us was
used, experiments similar to those performed by the authors
cited above were repeated. Water samples (1 L) with a 5 and
10 mg/L DOC were prepared by adding suitable volumes of
the Aldrich humic acid solution to distilled water. These
samples were then amended with the pesticides considered
in this study and also with those considered by Johnson et
al. Spike levels ranged from 2 to 8 ug/L. After about 1.5 h,
each spiked water sample was extracted by two in-line 1-g
GCB cartridges. Experiments were done in duplicate. After
the water sample was passed through the two cartridges in
tandem, they were disconnected and pesticides were reex-
tracted from both cartridges. Analysis by HPLC of the final
extracts showed that when water samples with 5 mg/L DOC
were analyzed, all the pesticides were completely retained by
the first cartridge. On the contrary, when 1 L of the water
sample with 10 mg/L DOC was analyzed, relative amounts
equal to 35, 18, 20, and 39%, respectively, of omethoate,
butocarboxim sulfoxide, aldicarb sulfoxide, and aldicarb
sulfone, that were not found in the first cartridge, were
extracted from the second one. Inparticular, for the pesticides
considered by Johnson et al., no anomalous effect due to the
presence in water of humic acids was evident. Therefore, the
only effect caused by the presence of a relatively high amount
of humic substances in water was that of partially saturating
the GCB cartridge. Theresultsobtained by usdonot exclude
the occurrence of some kind of association between the
pesticides considered in these experiments and humic acids.
It is possible that the pesticide-humic acid complex passing
through the GCB bed is captured by the anion-exchange sites
existing on the GCB surface. Pesticides are then released by
humicacidsspecifically adsorbed to the sorbent surface, when
the organic system is passed through the cartridge.

With respect to the LLE technique, a serious disadvantage
of the LSE technique is that, when environmental water
samples are extracted, competitive adsorption processes
between the components of the aqueous matrix and the
analytes can overload the column to the point that the
accuracy of the analysis is seriously affected. The only
effective way of estimating the influence of the matrix effect
on the accuracy of an analytical procedure making use of
LSE is that of analyzing a reasonably large number of
environmental aqueous samples from various sources after
spiking them with the analytes of interest. The accuracy of
the method under consideration was assessed by spiking with
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Table V. Accuracy of This Method for the Deter of Sel d Pesticides in Various Aqueous Environmental Matrices
(Spike Level: 1-4 ug/L)
ground water (14 samples) river water (8 samples)
10L 2.0L 05L 10L
av recovery, % range av recovery, % range av recovery, % range av recovery, % range

omethoate 92 84-101 72 49-84 94 92-102 84 74-94
butocarboxim sulfoxide 98 92-103 94 87-97 98 95-102 93 83-100
aldicarb sulfoxide 95 90-101 90 82-94 98 94-100 91 80-96
butoxycarboxim 97 96-103 92 86-94 98 95-100 98 94-101
aldicarb sulfone 91 82-96 48 43-62 93 86-96 71 57-86
oxamyl 929 93-103 100 94-102 100 97-103 99 95-101
methomyl 100 94-101 101 95-100 99 95-102 100 95-102
monocrotophos 98 93-102 98 94-101 100 96-104 104 97-109
deisopropylatrazine 99 96-101 99 94-100 99 93-101 98 94-99
dicrotophos 98 93-100 96 93-99 98 94-100 97 93-101
fenuron 101 96-104 100 97-101 101 96-103 102 96-106
metamitron 96 88-100 95 90-100 95 91-101 96 89-100
vamidothion 96 95-101 99 94-101 97 94-100 98 94-102
isocarbamid 98 94-99 98 95-99 98 93-101 98 96-102
desethylatrazine 100 95-102 98 94-100 103 96-108 107 98-111
chloridazon 96 94-99 97 93-98 98 97-100 96 96-101
dimethoate 97 93-99 99 94-100 100 95-102 98 95-102
mevinphos 95 94-100 96 94-100 a7 94-99 97 94-100
cymoxanil 93 84-97 94 88-101 95 88-100 95 90-102
butocarboxim 96 95-99 97 93-99 96 94-98 95 94-97
aldicarb 97 93-99 98 94-100 98 97-100 96 95-99
metoxuron 98 94-100 96 95-99 97 94-103 100 98-106
hexazinone 97 95-99 101 97-104 99 96-101 102 95-104
bromacil 98 94-100 98 93-102 98 95-100 97 94-99
phosphamidon 97 96-99 96 95-99 97 94-100 96 94-99
metribuzin 94 94-98 95 93-99 93 92-96 97 94-100
dichlorvos 84 81-93 86 83-94 85 80-91 88 80-90

Table VI. Percent Recovery® of Some Selected Pesticides
after Partial Solvent Removal

final volume, pL.
compound 180 230 250 280 1800

dichlorvos 81 85 95 91 85
molinate 8 86 94 97 74
butylate 56 67 83 90 60
trifluralin 66 85 91 96 85
DDT 69 80 96 99 98

@ Mean values obtained from triplicate experiments. ? Recoveries
after addition of 50 uL of methanol to 180 L of the final extract.

the pesticides considered several ground and surface water
specimens from different sources located around Rome,
Florence, and Venice. The DOC contents of the ground water
samples ranged between 0.8 and 1.5 mg/L, while the DOC
contents of the surface water samples were in the range
between 4.3 and 8.9 mg/L. Mean recoveries calculated from
these measurements (Table V) show that aldicarb sulfone
was largely lost when analyzing 2 and 1 L, respectively, of
ground and surface water samples. Moreover, under these
conditions, omethoate and aldicarb sulfone recoveries were
distributed in an unacceptably wide range. These results
indicate that, when the analysis of these two pesticides has
to be performed in the aquatic environment, the volumes of
ground and surface waters to be submitted to the extraction
procedure should not exceed 1 and 0.5 L, respectively.

In trace analysis, the volume of the eluate from the sorbent
cartridge is generally reduced under a gentle nitrogen stream.
The final volume of the extract is the result of a compromise
aimed to maximize the enrichment factor without significant
evaporative losses. When using LSE coupled to RP-HPLC,
an additional positive effect of minimizing the extract volume
by solvent evaporation is that the relative amount of water
in the eluate increases. This makes the final extract more
compatible with the mobile phase of the RP-HPLC system
with the result that larger volumes of the extract can be
injected into the HPLC column without peak broadening.
For the pesticides considered, suitable experiments showed

that the final volume of the eluate from the GCB cartridge
could be made as low as 180 L with only a moderate loss of
the most volatile pesticide, namely dichlorvos (Table VI). In
these conditions, 35 uL of the final extract could be injected
into the HPLC column with only a moderate peak broadening
of the first three eluted analytes. However, when the eluate
blow-down experiments were extended to two volatile pes-
ticides, such as butylate and molinate, and two nonvolatile,
hydrophobic pesticides, namely DDT and fenvalerate, sig-
nificant losses of these compounds were noted if the extract
volume was made lower than 250 uL. Adsorption effects on
the glass walls of the vial could be responsible for the apparent
loss of the two hydrophobic analytes, considering that a
progressive decrease of the eluate volume increases the water
content of the moiety in which the analytes are dissolved. In
conclusion, when a general multicomponent analysis has to
be performed, the final extract volume should not be made
lower than about 250 pL. In this case, to avoid peak
broadening of the early eluting compounds, the maximum
volume of the final extract injectable into the HPLC column
should not be higher than 25 pL.

For the polar pesticides under evaluation, considering the
analysis of 2 L of drinking water, concentrating the relative
extract to 180 pL, and injecting 35 uL of this, the estimated
limits of quantitation (5 times the limits of detection) ranged
between 13 and 85 ng/L, except for dichlorvos, vamidothion,
and cymoxanil, whose limits of quantitation were respectively
110, 130, and 195 ng/L.
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Determination by Heteronuclear NMR Spectroscopy of the
Complete Structure of the Cell Wall Polysaccharide of
Streptococcus sanguis Strain K103T

G. Prabhakar Reddy, Chi-Chou Chang, and C. Allen Bush®
Department of Chemistry & Biochemistry, University of Maryland Baltimore County, Baltimore, Maryland 21228

Although complete structures of complex polysaccharides have
traditionally been determined by chemical degradative meth-
ods, a number of recent developments in instrumentation have
greatly facliitated this task. We lllustrate the application of
several of these methods In a determination of the complete
covalent structure of the polysaccharide from Strepfococcus
sanguls K103, which Is composed of an octasaccharide
repeating subunit linked by phosphodiester bonds. Carbo-
hydrate analysis by HPAE-PAD and by reverse-phase chro-
matography of benzoylated derivatives of the hydrolysis
products of the polysaccharide gave glucose (3 mol), galactose
(1mol), rhamnose (2 mol), N-acetylglucosamine (1 mol), and
galactose 6-phosphate (1 mol). Circular dichroism of the
O-benzoylated monosaccharides showed the absolute con-
figurations to be b for all residues except for rhamnose, which
IsL. The 'H NMR spectrum was completely assigned by two-
dimensional homonuclear methods (DQF-COSY, NOESY,
HOHAHA). The stereochemistry of pyranosides was assigned
from 34y, coupling constant values determined from these
experimenis. The *C spectrum was assigned by 'H-detected
heteronuclear multiple-quantum correlation ('H['*C] HMQC)
and by the hybrid method of HMQC-COSY. The glycosidic
linkage positions of the polymer were determined by 'H-
detected multiple-bond correlation (*H['*C] HMBC) and by
2D-NOESY spectra. The position of the phosphodiester linkage
was determined by splliting observed In the '*C resonances
due to *'P couplings leading to the overall structure given in
Chart I.

INTRODUCTION

Determination of the complete covalent structure of the
complex carbohydrate of a glycoprotein, glycolipid, or bac-
terial polysaccharide is a rather more subtle and difficult
task than sequencing a protein or polynucleotide. Not only
must the sequence of monosaccharides be determined, but
thelinkage position, anomeric configuration, and the absolute
configuration are also required. It is notoriously difficult to
predict the outcome of chemical reactions involving sugars
of highly varied functionality, and this fact has complicated
the development of routine chemical procedures for degra-
dation and sequence analysis. Although some enzymatic
methods have been shown to be extremely valuable, the
number of known endo- and exoglycosidases is too limited to
provide a general method for structure determination.
Therefore there is considerable interest in development of
new methods based on analytical instrumentation. We
describe the integration of three recently introduced methods
in the determination of the structure of the cell wall
polysaccharide of Streptococcus sanguis strain K103.

* Research supported by NIH Grant DE-09445. This study was
presented at the 31st Annual Meeting of the Eastern Analytical
Symposium, Somerset, NJ, Nov 16-20, 1992.

0003-2700/93/0365-0913$04.00/0

The antigenic and lectin receptor activities of the cell wall
polysaccharides of the viridans streptococci depend on distinct
structural domains at the reducing as well as at the nonre-
ducing terminal. Lectin-mediated interactions between dif-
ferent bacteria have been demonstrated among members of
the human flora and are thought to contribute to the formation
of mixed microbial communities on teeth.1-® Previousstudies
in our laboratory on the structures of the cell wall polysac-
charides of Streptococcus oralis 34,* Streptococcus mittis
J22,5 S. oralis ATCC 105578 S. oralis C104,7 and Strepto-
coccus gordonii 38% have shown that each functions as a
receptor molecule for the galactose- and N-acetylgalac-
tosamine-reactive fimbrial lectins of Actinomyces viscosus
and Actinomyces lundii in the early stages of dental
plaque formation. The polysaccharide structures are made
up of different hexa- or heptasaccharide repeating units linked
by phosphodiester bonds. Recognition of these structures
by the lectins of Actinomyces sps. was postulated to depend
on the exposure of internal Gal 8-(1—3)GalNAc or GalNAc
B-(1—>3)Gal by the flexible Gal; 8-(1—6) linkage.

As part of our continuing investigations of the structural
basis for the lectin—carbohydrate binding, the polysaccharide
from Streptococcus sanguis K103 was isolated and studied.
This polysaccharide is a receptor for the castor bean lectin
(RCA 120) but not for Actinomyces, and it does not appear
to be antigenically related to those of the strains SS34, SS38,
J22, C104, and 10557, (J. O. Cisar, unpublished results). To
further explore the lectin and antigenic properties of strep-
tococcal polysaccharides, the structure of the polysaccharide
from S. sanguis K103 was determined by high-resolution
NMR. In the course of these studies we have attempted to
evaluate the steps which are essential to the structure
determination of complex polysaccharides by NMR spec-
troscopy.

MATERIALS AND METHODS

Isolation of the Polysaccharide. The cell wall polysac-
charide of S. sanguis K103 was isolated by similar methods

(1) McIntire, F. C.; Crosby, L. K.; Vatter, A. E.; Cisar, J. O.; McNeil,
M. R; Allen Bush, C. A.; Tjoa, S. S.; Fennessey, P. V. J. Bacteriol. 1988,
170, 2229-2235.

(2) Cisar, J. 0; B M. J; Sandburg, A. L. In Molecular Basis
of Oral Microbial Adhesion; M h S.E.,Rosan, B.,Eds.; American
Society for Microbiology: Washington, DC, 1985; pp 159-163.

(3) Cisar, J. O. In Microbial Lectins and Agglutinins: Properties and
Biological Activity; Mirelman, D., Ed.; John Wiley and Sons: New York,
1986; pp 183-196.

(4) Abeygunawardana, C.; Allen Bush, C. A_; Susan, S. T.; Fennessey,
P. V.; McNeil, M. R. Carbohydr. Res. 1989, 191, 279-293.

(5) Abeygunawardana, C.; Allen Bush, C. A; Cisar, J. O. Biochemistry
1990, 29, 234-248.

6) Abeygunawardana,C Allen Bush, C. A; Cisar, J. O. Biochemistry
1991, 30, 6528653

(0] Abeygtmawardam,C Allen Bush, C. A,; Cisar, J. O. Biochemistry
1991, 30, 8568-8577.

® Reddy G.P; Abeygunawardana,c Allen Bush C. Az C)sar,J 0.
Pr of the 11th n Gly
Toronto, ON, Canada, June 30-July 5, 1991; Glycoconjugate J.1991, 8
3), 235 (abstract)
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described previously for the other strains.>7 Briefly, crude cell
walls were prepared from bacteria cultured in 20 L of complex
media and digested with mutanolysin (M-3765, Sigma Chemical
Co., St. Louis, MO) to solubilize the polysaccharide. Thesoluble
fraction, obtained after precipitation of protein in the presence
of cold 5% trichloroacetic acid, was applied to a column of DE52
anion exchanger (Whatman BioSystem Ltd., Maidstone, Kent,
England) equilibrated with 10 mM sodium phosphate, pH 8.0,
and eluted with this buffer followed by a gradient (0-100 mM)
of NaCl in starting buffer. The K103 polysaccharide emerged
as the anionic component in the extract and was recovered from
fractions and further purified by gel filtration.

Sugar Composition. The carbohydrate composition of the
polysaccharide was determined by high-performance anion-
exchange chromatography with pulsed amperometric detection
(HPAEC-PAD) with the Dionex Bio-Lc system.® A sample of
polysaccharide (200 ug) was hydrolyzed with 4 N trifluoroacetic
acid (TFA; 200 uL, 100 °C, 2 h). After TFA was evaporated
under a stream of nitrogen, the sample was taken up in 200 uL
of deionized water and analyzed by the HPAE-PAD system using
the Carbopac PAl column (4 X 250 mm). Neutral monosac-
charides and amino sugars resulting from the acid hydrolysis
were eluted with 15 mM NaOH at 1 mL/min. Phosphorylated
monosaccharides were eluted by the following gradient:solvent
A was 100 mM NaOHj; solvent B was 100 mM NaOH containing
1 M sodium acetate; the flow rate was 1 mL/min. The column
was equilibrated in 90% A and 10% B, and the sample was
injected. Thesampleswere eluted with a two-stage linear gradient
from 10% to 20% solvent B in 20 min and from 20% to 50%
solvent B in 30 min. Peaks were identified by comparing the
retention times with that of standard monosaccharides and
monosaccharide phosphates (Sigma).

The carbohydrate composition of the polysaccharide was also
determined by HPLC as perbenzoylated methyl glycosides
(monosaccharides) according to the method of Jentoft.!* The
polysaccharide sample (1 mg) was methanolyzed with 1 N HC1
in MeOH at 80 °C for 4 h. Following re-N-acetylation of any
hexosamine present, constituent methyl glycosides were per-
benzoylated as described earlier.> The peaks (UV absorbance at
230 nm) in the reverse-phase chromatography (Spherisorb C-18
ODS-II, 3 um, 15 cm; Alltech Associates) were assigned from the
retention times of perbenzoylated methyl glycosides prepared
from standard harides. The O-benzoylated sugars all
partition to the toluene phase in the toluene-water partition
which precedes the HPLC analysis in this protocol. The
phosphorylated monosaccharide, which is not cleaved in the
methanolysis step, was recovered from the aqueous layer. The
water layer was dried and treated with 0.5 mL of cold HF at 4
°C for 24 h to cleave the phosphate. It was dried and
perbenzoylated by the above methods in order to identify the
phosphorylated sugar and to determine its absolute configuration.

CD Spectroscopy. The absolute stereochemistry of the sugar
components was determined by circular dichroism spectroscopy
(Jasco J-710) in the region 200-270 nm on perbenzoylated
monosaccharides collected from HPLC as described.!? All the
samples were dissolved in acetonitrile with a sample cell of 1 cm
thicknessholdinga 3-mL volume. Spectrawere multiplyscanned,
smoothed, and treated with baseline correction with the help of
the J-710 software. Before CD spectra were recorded, the
concentration of each sample was determined from UV absor-
bance using the extinction coefficient of the benzoylated chro-
mophore at 229.5 nm (e 15300) and that of the acetamido
chromophore (e 1175).

NMR. Spectra were recorded on a General Electric GN-500
spectrometer. The observed 'H chemical shifts are reported
relative to internal standard sodium 4,4-dimethyl-4-silapentane-
1-sulfonate (DSS) with acetone as an internal standard at 2.225
ppm. The carbon chemical shifts are reported tointernal acetone
(31.07 ppm). The polysaccharide sample (25 mg) was exchanged

(9) Hardy, M. R.; Townsend, R. R.; Lee, Y. C. Anal. Biochem. 1988,
170, 54-62.

(10) Dzanex Technical Note; TN 20; Dionex Corp. Sunnyvale, CA,
March 1

(11) Jentoft,N Anal. Biochem. 1985, 148, 424-433.

(12) Kaluarachchi, K.; Bush, C. A. Anal. Biochem. 1989, 179, 209-215.

in D,0 (99.8 atom % D) and lyophilized three times. The final
sample was prepared by dissolving the dried sample in 500 pL
of high-purity D,0 (99.96 atom % D).

Two-dimensional spectra were recorded at 25 °C without
sample spinning. Data were acquired in phase-sensitive mode
using the method of States et al.! in the GN-500. DQF-COSY, 4
TQF-COSY,® and NOESY*® were recorded at 500 MHz with
standard pulse sequences. A phase-sensitive homonuclear Hart-
man-Hann spectrum (HOHAHA) was recorded!1” with isotropic
mixing by the MLEV-17 method using the pulse sequence of Bax
and Davis.’® Typically, 2 X 256 X 1024 or 2 X 384 X 1024 data
sets were collected and zero filled in ¢, to give a final data matrix
of 1K X 1K real points. The spectral width was 2403 Hz in the
1H dimension and 12 500 Hz in the *C dimension for all the
heter lear two-di ional experiments for a digital reso-
lution in *C and 'H dimensions of +0.1 and +0.005 ppm/point,
respectively. Broad-band 'H-decoupled 1*C spectra were obtained
at 125 MHz with a 12.5-kHz spectral width and 32K complex
data points. The 90° 1°C pulse length was 12 us, and MLEV-16
decouplmg was used.’® 'H-13C correlation spectra were recorded
inthe proton-detected mode using dard X-nucl
hardware in the GN-500 with a 5-mm RPT probe. The pu]se
sequence for single-bond correlation spectra (HMQC) was that
of Bax et al.® WALTZ-16 decoupling at the carbon frequency
was used during acquisition. Multiple-bond-correlation spectra
(HMBC) were recorded in phase-sensitive mode using the pulse
sequence of Bax and Summers.?? Delays of 3.4 (*/2Jcx) and 50
ms (1/nJdcy) were used with a 1.5-s relaxation delay between
acquisitions. The HMQC-COSY experiment,?® combining 'H-
detected heteronuclear multiple-quantum coherence (HMQC)
with homonuclear correlation (COSY), was recorded without 13C
decoupling during the acquisition.

NMR data processing was carried out on VAX station 3200
using the FTNMR program of Dennis Hare, (Hare Research Inc,
Woadinville, WA). GN data were transferred via ethernet to the
Vax station and converted toreadable files by an in-house program
(GENET). Experimental details and processing parameters of
the spectra are given in the figure captions.

RESULTS

The 'H NMR spectrum (Figure 1) of the S. sanguis K103
polysaccharide in D0 at 500 MHz shows eight resonances in
the anomeric region, with three of them (4.615, 4.501, and
4.443 ppm) having a doublet line shape of approximately 8
Hz. The resonance having a semiquartet at 5.629 ppm
suggests an anomeric proton of an a-glycosyl phosphate
residue. The high-field region of the spectrum shown in Figure
2 contains two methyl resonances at 1.330 and 1.249 ppm (d,
J = 6.0 Hz) and a sharp peak at 2.126 ppm consistent with
the presence of two 6-deoxy sugars and an acetamido sugar.

The 13C spectrum (Figure 1) of the polysaccharide shows
eight carbon signals in the region expected for anomeric
resonances and the HMQC spectrum (Figure 1) shows that
they correlate with the anomeric *H resonances, confirming
the presence of eight sugar residues in the repeating subunit.

(13) States, D J.; Hakerborn, R. A.; Ruben, D. J. J. Magn. Reson.
1982, 48, 286-29:

(4)RanceM 0.W.; Bodent G.; Wagner, G.; Ernst,
14{85R. ‘Wauthrich, K. Biochem. Bwphys Res. Commun. 1983, 117, 479

(15) Piantini, U.; Sorensen, O. W.; Ernst, R. R. J. Am. Chem. Soc.
1982, 104, 6800-6801.
(16) Braunschweller, L.; Ernst, R. R. J. Magn. Reson. 1983, 53, 521—

528.

(17) Davis, D. J.; Bax, A. J. Am. Chem. Soc. 1985, 107, 2820-2821.

(18) Bax, A.; Davxs, D. G. J. Magn. Reson. 1985, 65 355-360.

(19) Levitt, M. H.; Freeman, R.; Frenkiel, T. J. Magn. Reson. 1982, 47,
328-330.

(20) Bax, A.; Griffey, R. H.; Howkins, B. L. J. Magn. Reson. 1983, 55,
301-315.

(21) Shaka, A. J.; Keelar, J.; Frenkiel, T.; Freeman, T. J. Magn. Reson.
1983, 52, 335-338.

(22) Bax, A_; Summers, M. F.J. Am. Chem. Soc. 1986, 108, 2093-2094.

(23) Gronenborn, A. M.; Bax, A.; Wingfield, P. T.; Clore, G. M. FEBS
Lett. 1989, 243, 93-98.
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Figure 1. Phase-sensitive, '*C-decoupled, 'H-detected multiple-quantum-correlation spectrum (H['3C] HMQC) of the polysaccharide from S.
sanguis K103 at 500 MHz. The data matrix was 2 X 384 X 1K complex points with 48 scans per t; value. The spectral window was £6250
Hz In the F, dimension (*3C) and £1201 Hz in the F, dimension ('H). Relaxation delays of 1.5-s, 3.40-ms (1/,'Jcx), and 426-ms acquisition time
were used in the experiment. Data were apodized in t, by Gaussian line broadening of 3 Hz and 90° sine-bell apodization with zero filling in the
t; dimension to obtain a 1K X 1K real matrix. Peaks are labeled with a capital letter identifying the residue followed by the number assigning
the carbon (proton) atom. The 1D proton spectrum and 1D carbon spectrum are shown on top and left, respectively.

The 13C resonances at 17.50 and 17.68 ppm (not shown) are
consistent with the assignment to the methyl carbon of two
6-deoxy sugars. The resonance at 54.17 ppm is characteristic
for a carbon atom attached to a nitrogen, as in an N-acetamido
sugar. Further evidence for an acetamido sugar is provided
by the resonance at 175.21 ppm characteristic of a carbonyl
carbon and one at 23.04 ppm for methyl carbon (data not
shown).

Carbohydrate analysis by the HPAEC-PAD method gave
3 mol of glucose (Glc), 2 mol of rhamnose (Rha), 1 mol of
N-acetylglucosamine (GlcNAc), and 1 mol of galactose (Gal)
when the column was eluted with 15 mM NaOH, thus
accounting for only seven residues. It was observed previously
with the polysaccharides of similar strains>7 that cleavage of
the phosphate attached to C-6 of the nonreducing terminal
was incomplete under the hydrolysis conditions employed
for the carbohydrate analysis, thus leaving it as a 6-phos-
phorylated monosaccharide. Expecting similar results for
this polysaccharide, we eluted the column with the acetate
gradient described under Materials and Methods, which is
used to identify phosphorylated sugars.’® A peak at 24.4 +
0.5 min corresponds to the retention time of standard gal-
6-P0O,;. Reverse-phase HPLC of the O-benzoyl derivatives

identified the same seven sugar residues as found by HPAE-
PAD chromatography, suggesting that acidic methanolysis
does not cleave the phosphorylated sugar. But after HF
treatment of the aqueouslayer in the toluene-water partition,
followed by perbenzoylation, a peak corresponding to galac-
tose was detected in HPLC.

CD bands were detected in the 230-nm region for the
O-benzoylated monosaccharides. The absolute configuration
of each sugar was deduced by the exciton chirality method.!2
The data (Table I) clearly show the assignment of both
rhamnose residues to the L configuration and the three glucose
residues to the D configuration. If the tworhamnose residues
had opposite configuration, the CD signals would be expected
to cancel, and if the three glucose residues were not all D,
cancellation would reduce the observed Ae¢ and A values to
1/5 the value in standards. It is also evident from the data
that the other two sugars, GlcNAc and two galactoses, are in
the D configuration. The chromatographic and CD data
indicate that the polysaccharide is composed of 3 mol of D-Gle,
2 mol of L-Rha, 2 mol of D-Gal, and 1 mol each of N-acetyl-
D-glucosamine and phosphate. These data are consistent with
an octasaccharide repeating unit polymerized through a
phosphodiester linkage.
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Figure 2. Homonuclear Hartman-Hann spectrum (HOHAHA) of the
poly ide from S. is K103 at 500 MHz. The spin-locking
\Ime was 70 ms. The dafa matrices were 2 X 256 X 1K complex
points with 32 scans per t, value. Gaussian line broadening with 6 and
3 Hz was used in the t, and t, dimensions respectively. Spectra were
zero filled in ¢, to obtain 1K X 1K real matrices.

Table I. Circular Dichroism Data for Perbenzoylated
Methyl Glycosides

perbenzoylated long 1 h short 1 h

methyl glycoside ~ A¢ Ae A Ae N

standards
a-D-Gal 70 46.55 237.6 —23.48 221.8
B-D-Gal 68 46.70 237.5 —20.82 221.9
a-D-Gle 11 10.03 233.8 -1.19 219.4
B-p-Gle 19 15.16 235.6 -3.74 219.5
a-L-Rha 80 60.77 236.6 -19.05 221.2
a-L-Fuc -87 —69.25 236.6 18.07 221.4

a-D-Man -59 -43.89 2384 14.92 222.6
a-D-GalNAc 15 9.95 2383 —-4.56 222.5

a-D-GleNAc  -23  -17.37 2391 582 2234
K103
a-D-Gal 70 4676 2377 2282 2219
B-D-Gal 66 4754 2376 -1844 2211
a-D-Gle 1 993 2354 -1.55 2194
8-D-Gle 19 1525 2351 -3.75 2196
a-L-Rha 80 6318 2368 -17.09 2215
a-D-GleNAc  -22 1652 2387 585 2231

a-D-Gal-6-PO, 69 48.18 2375
B-p-Gal-6-PO; 66 4877 2376

—20.93 222.2
-16.86 222.1

@ A = Ae(long \) — Ae(short A). See ref 12.

Identification of the stereochemistry of the individual sugar
components was straightforward and similar to the methods
reported earlier.>” The well-separated downfield 'H anomeric
signals provided a good starting point in tracing out the
individual spin systems, based on their characteristic mul-
tiplicity patterns and vicinal coupling constant values,2
observed in the DQF-COSY spectrum.25:26

(24) Altona, A.; Hasnoot, C. A. G. Org. Magn. Reson. 1980, 13, 417—
429

(.25) Dabrowski, J.; Ejchart, A.; Kordowiez, M.; Hainfland, P. Magn.
Reson. Chem. 1987, 25, 338-381.
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Figure 3. 'H phase-sensitive homonuclear DQF-COSY spectrum of
the polysaccharide from S. sanguis K103 at 500 MHz. The data matrix
was 2 X 256 X 1K complex points, 32 scans per t; value. Sine-bell
apodization with 30° and 65° phase shifts were used in the t, and t;
dimensions, respectively. Data were zero filled in the t; dimension to
obtain a final data matrix with 1K X 1K real points. Both positive and
negative contours are shown in the piot.

The H-1/H-2 cross peak for the most downfield resonance,
residue F, at 5.629/3.633 ppm shows displacement of reso-
nances in w; and ws cross sections, apparently due to long-
range coupling of 31P in the DQF-COSY spectrum (Figure 3).
The H-2/H-3 cross peak is well separated and shows partial
cancellation of the central components, indicating equal /23
and JJ34 coupling constants. The assignment of H-4 and H-5
was not possible from the DQF-COSY spectrum due to
overlapping of H-3/H-4 and H-4/H-5 cross peaks giving a
distorted multiplet structure. The crosssection taken through
the anomeric (H-1) protonin the HOHAHA spectrum (Figure
2) for this residue clearly shows connectivity up to H-3, and
the line shape of the H-3 resonance (pseudotriplet) identifies
it as the gluco configuration having equal J53 and J34 coupling
constants (=9 Hz). Due to the close proton chemical shift
values of H-3 and H-5 for this residue, we have relied on
heteronuclear experiments, HMQC and HMBC, for the exact
assignments of the chemical shift and the coupling constants.
Forstrongly coupled proton resonances, the intraresidue long-
range 'H-13C connectivities observed in the HMBC spectrum
(Figure 4) provide chemical shift information. The long-
range intraresidue correlations observed in the HMBC
spectrum depend on the relative stereochemistry of the sugar
unit. Correlation peaks are generally observed between
resonances for residues with relatively large two- and three-
bond 3C-'H coupling constants, which have been reported
for peracetylated methyl glycosides by Morat et al.2’” Thus
the anomeric proton (residue F) gave long-range correlation
peaks to C-3 and C-5 as shown in the HMBC spectrum (Figure
4). Once the carbon chemical shift is known, the proton
chemical shift value can easily be obtained from the HMQC
spectrum. In this way, resonance assignments up to H-5 were
obtained and cross sections taken through C-3 (Figure 5a)
and C-4 (Figure 5b) of the HMQC spectrum for residue F
show a pseudotriplet line shape for both the resonances,

(26) Berman, E. Eur. J. Biochem. 1987, 165, 385-391.
(27) Morat, C.; Taravel, F. R.; Vignon, M. R. Magn. Reson. Chem.
1988, 26, 264-270.
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Figure 4. 'H-detected, 'H-'3C multiple-bond-correlation spectrum ('H-
['*C]HMBC) of the polysaccharide at 500 MHz. The data matrix was
2X 384 X 1K complex points with 32 scans per ¢ value. The spectral
window was £6250 Hz in the F, dimension and £1201 Hz in F,.
Relaxation delays of 3.4 ('/, 'Jeu) and 50 ms ('/» "Jeu) were used in
the experiment. Data were apodized In t, by Gaussian line broadening
of 3 Hz and 90° sine-bell apodization in t; together with zero filling to
obtaina 1K X 1K real matrix. The data are presented in mixed mode,
absorption in F, and absolute value in F».
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Figure 5. Cross section taken through C-3 (a) and C-4 (b) for residue
F, a-Gle, and cross section taken through C-3 (c) and C-4 (d) for
residue D, B-Glc, from the HMQC spectrum.

confirming the gluco configuration. The assignments of H-6
and H-6" were obtained by the HMQC-COSY method, which
is described below. The anomeric configuration was found
tobe a for this residue on the basis of the observed J;, coupling
constant (~3.1 Hz) and an H-1/H-2 cross peak observed in
the NOESY spectrum (Figure 6). Thusresidue F isidentified
as a-glucose.

Cross-peak connectivity from the downfield anomeric
resonance at 5.129 ppm yielded proton assignments up to
H-4 for residue B, from both DQF-COSY (Figure 3) and
HOHAHA spectra (Figure 2). Cross-peak fine structure of
the H-1/H-2 and H-3/H-4 cross peaks in the DQF-COSY
spectrum shows small active couplings for 15 and J34 (=3.4
Hz), indicating a sugar residue having the a-galactopyranose
configuration.56 As expected for sugars with the galactopy-
ranose configuration, the H-4/H-5 cross peak was not observed
in the DQF-COSY spectrum due to the small coupling (Jy5
<1Hz). The H-1 proton for this residue gave an intraresidue
cross peak to C-3 and C-5 in the HMBC spectrum (Figure 4),
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Flgure 8. Phase-sensitive NOESY spectrum of the S. sanguis K103
polysaccharide at 500 MHz. The data matrix was 2 X 256 X 1K
complex points with 32 scans per t; value. The spectral width was
2403.84 Hz, with 300-ms mixing time. Processing parameters are
shifted sine bell with 65° in t; and Gaussian line broadening with 3.0
Hz in the ¢, dimension, respectively, with zero filling in the ¢, dimension
to obtain 1K X 1K real points.

and the corresponding H-5 resonance was assigned from the
HMQC spectrum. The H-6 and H-6’ resonance assignments
were obtained from either DQF-COSY (Figure 3), TQF-COSY
(data not shown), or HMQC-COSY spectra.

The anomeric resonance at 4.998 ppm, residue E, gave a
cross peak to the H-2 resonance at 4.212 ppm in the DQF-
COSY spectrum (Figure 3). Further, in the HMQC spectrum
(Figure 1), the H-2 resonance correlated with a carbon
resonance appearing at 54.17 ppm identifying this residue as
the N-acetamido sugar detected in the chromatographic
carbohydrate analysis. The large distorted cross peak for
the H-2/H-3 resonance (Figures 2 and 3) indicates close
chemical shift values for the H-3 and H-4 resonances and
prevents observation of connectivity beyond H-3 in the DQF-
COSY spectrum. Heteronuclear experiments (described
below) were used to obtain accurate assignments and multiplet
shapes of the individual resonances for this acetamido sugar,
labeled as residue E. However the residue must be a-N-
acetylglucosamine since the carbohydrate analysis by both
the HPAEC-PAD and reverse-phase HPLC methods showed
the presence of only one acetamido sugar in the polysaccha-
ride.

The proton resonances at 4.922 and 4.858 ppm appeared
asaunresolved singlets (J1, <2 Hz). The anomericresonance
at 4.922 ppm, assigned as residue H, gave a cross peak to the
H-2 proton at 3.758 ppm, and correlation starting from the
methyl signal (H-6) at 1.249 ppm was traced out in the DQF-
COSY spectrum (Figure 3) to H-3 (3.758 ppm), which had
the same chemical shift as H-2 (3.758 ppm). The HOHAHA
spectrum (Figure 2) also supported the assignment of this
residue as rhamnose. For a situation such as this in which
the H-2 and H-3 resonances have identical chemical shift
values, the HMQC-COSY spectrum can be utilized in
assigning accurate chemical shift and multiplet shapes as
will be described below. The anomeric configuration of this
residue was determined to be o from the 2D NOESY spectrum
(Figure 6), which shows NOE connectivity from H-1 to H-2
as the only intraresidue NOE cross peak.®
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Figure 7. Cross sections of the phase-sensitive HMQC-COSY spectrum
of the polysaccharide at 500 MHz recorded without '*C decoupling
during the acquisition. The data matrix was 2 X 256 X 1K complex
points with 64 scans per t, value. The spectral window was 6250
Hz in the F; dimension and %1201 Hz in the F, dimension. Relaxation
delay of 1.5 s was used. Gaussian line broadening (3 Hz) in #, and
sine-bell apodization In ; were used prior to Fourier transformation.
Data were zero filled in the ¢; dimension to obtain a 1K X 1K real matrix
with digital resolution of £0.005 ('H) and 0.1 ppm/point (**C). Cross
section taken through C-6 (a) for residue G, $-Glc, and cross section
taken through C-5 (b) for residue D, $-Gic, from the HMQC-COSY
spectrum.

a1 4.0 3.9

The other narrow resonance at 4.858 ppm, assigned as
residue C, showed an H-1/H-2 cross peak in the HOHAHA
spectrum (Figure 2) and in the DQF-COSY spectrum at lower
contour level. The remaining assignments were straightfor-
ward starting from the upfield methyl proton at 1.330 ppm
in the HOHAHA and DQF-COSY spectra, confirming that
residue C isthe second rhamnose. The anomeric configuration
is B since the NOESY spectrum (Figure 6) gave intraresidue
NOE cross peaks to H-2, H-3, and H-5.5

The anomeric resonance at 4.615 ppm (J;, = 8 Hz), residue
D, shows an H-1/H-2 cross peak with partial cancellation of
the central components in the DQF-COSY spectrum, indi-
cating equal J1, and J53 coupling constants. Exact values of
the J;; and Ju3 coupling constants were obtained from the
well-resolved H-2 resonance in the resolution-enhanced 1D
spectrum (Figure 1). The connectivity was traced out from
the DQF-COSY spectrum starting from the anomeric reso-
nance up to H-5 and was further confirmed with the HOHAHA
spectrum (Figure 2). Due to the cancellation of the central
componentsinthe DQF-COSY spectrum, the exact line shapes
were obtained from the HMQC spectrum, which clearly shows
the resonances for H-3 (Figure 5¢c) and H-4 (Figure 5d) as
pseudotriplets, indicating equal /23, J34, and Jys5. The large
coupling constants identify residue D as glucose in the
B-configuration. Further, the NOE cross peaks (Figure 6)
observed between H-1 to H-3 and H-5 confirm this residue
as $-glucose. The H-6 and H-6' for this residue were assigned
from the HMQC-COSY spectrum. In this spectrum, a cross
section taken through C-5 (Figure 7b) showed relay peaks to
H-6 and H-6".

The proton resonance at 4.501 ppm, residue G, gave a cross
peak to the H-2 resonance at 3.332 ppm in the DQF-COSY
spectrum, and the exact coupling constants J;; and J53 were
obtained from the well-resolved H-2 (triplet) resonance from
the 1D spectrum (Figure 1). Due to the close chemical shift
values for the H-3, H-4, and H-5 protons for this residue, the
DQF COSY spectrum and HOHAHA spectrum failed to
provid ts for these resc Asaresult
of identical carbon chemical shift values for C-3 and C-5, the
HMQC spectrum also gave unresolved cross peaks for H-3/

C-3 and H-5/C-5 resonances. The problem was resolved in
the long-range heteronuclear correlation spectrum HMBC,
Figure4. The assignment up to H-3 was easily obtained from
the DQF-COSY spectrum (Figure 3) and the H-3 resonance
in the HMBC spectrum gave cross peaks to C-2 and C-4, thus
providing the assignment of H-4 from the HMQC spectrum
(Figure 1). Further, a cross peak from H-4 to C-6 for this
residue in the HMBC spectrum enabled assignment of the
corresponding H-6 and H-6 from the HMQC spectrum. The
assignments for this residue were completed by observation
of a HMBC cross peak from H-6 to C-5. The pseudotriplet
line shape obtained from the isolated H-4/C-4 cross peak in
the HMQC orin the HMQC-COSY spectrum clearly identifies
this residue as the gluco configuration. The anomeric
configuration for this residue was identified as 8 on the basis
of NOESY cross peaks observed from H-1 to H-3 and H-5 as
well as from the J;; coupling constant (8.2 Hz).

Ther ining proton r at 4.443 ppm, residue A,
showed a large active coupling (J12 = 8 Hz) in the H-1/H-2
cross peak in the DQF-COSY spectrum and a small active
coupling (J54 = 3.6 Hz) in the H-3/H-4 cross peak, indicating
a B-galactopyranose configuration.’® As expected, no cross
peak was observed between H-4 and H-5 due to the small Jy5
coupling (<1 Hz). The H-5 resonance for this residue was
obtained from the NOESY spectrum (Figure 6) as the
anomeric proton gave a cross peak to the H-3 and H-5
resonances. The resonances of H-6 and H-6', which appeared
at the same chemical shift values, were obtained from the
HMQC-COSY spectrum.

Although most of the assignments were derived from the
homonuclear (HOHAHA, NOESY, DQF-COSY) and simple
heteronuclear methods (HMQC, HMBC), some problems
resulting from chemical shift overlap were encountered in
these experiments. They were overcome by the hybrid
experiment, HMQC-COSY, which utilizes the advantage of
greater spectral dispersion in the 13C dimension combined
with homonuclear correlation. A crosssection taken through
a particular carbon frequency shows direct correlation peaks
that are analogous to the diagonal peak in the COSY spectrum
in addition to relay peaks to vicinal protons. Large vicinal
proton couplings give stronger relay peaks while smaller
couplings tend to give weaker relay peaks. When this
experiment is recorded without 13C decoupling during ac-
quisition, direct peaks are split by Jcy coupling displacing
them from peaks of vicinal protons which are strongly coupled.
Thus the relay peaks which are not split by 13C coupling appear
between the components of the direct peak, thereby allowing
accurate assignments of both chemical shift and proton
multiplet shape.

The utility of the HMQC-COSY method can be demon-
strated in assigning proton and carbon resonances for residue
E, a-GlcNAc, which posed problems in both the DQF-COSY
and HOHAHA spectra. As we already identified the H-2/
C-2 cross peak for this residue from the DQF-COSY and
HMQC spectrum, the cross section taken through the C-2
carbon in the HMQC-COSY spectrum showed relay peaks to
the vicinal protons, H-1 and H-3 (Figure 8a), thus providing
assignment of H-3 and C-3. The cross section taken through
C-3 identifies the vicinal protons, H-2 and H-4 (Figure 8b),
providing the exact chemical shift of the H-4 proton. The
cross section taken through C-4 showed a relay peak to the
H-5 proton (Figure 8c), enabling the assignment of the
corresponding C-5 from the HMQC spectrum. Finally, the
cross section taken through the C-5 resonance (Figure 8d)
identified the relay peaks to the H-6 and H-6' protons. The
same approach was used to verify the assignments obtained
by the other experiments for residue F, a-Glc. The cross
section taken through C-3 for this residue in the HMQC-
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Figure 8. Cross section taken through C-2 (a), C-3 (b), C-4 (c), and
C-5 (d) for residue E, a-GicNAc, from the HMQC-COSY spectrum.
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Figure 9. Cross section taken through C-3 (a) and C-5 (b) for residue
F, a-Glc, and cross section taken through C-2 (c) and C-3 (d) for
residue H, a-Rha, from the HMQC-COSY spectrum.

COSY spectrum shows relay peaks to H-2 and H-4 (Figure
9a), and the cross section from C-5 not only identifies H-4,
but also H-6 and H-6’ (Figure 9b).

The assignment for a-Rha (residue H) is complicated by
strong coupling of the H-2 and H-3 proton resonances at 3.758
ppm. But the dispersion in the carbon dimension (C-2 at
71.40 ppm and C-3 at 70.88 ppm) allows interpretation of the
cross sections through C-2 and C-3 of the HMQC-COSY
spectrum, providing accurate 'H chemical shifts. Inthe cross
section from C-2 at 71.40 ppm (Figure 9c), the H-2 signal was
split by lJcy, revealing a relay peak at 3.758 ppm from the
H-3proton. The crosssection taken through C-3 (70.88 ppm)
gave arelay peak at 3.758 ppm (Figure 9d) due to the vicinal
proton H-2, which had the same chemical shift value as H-3
(3.758 ppm) in addition to a relay peak at 3.409 ppm for the
H-4resonance. Thus, one can effectively assign both chemical
shift and multiplet shape from the HMQC-COSY spectrum
even in case of 'H chemical shift degeneracy.

We have found the HMQC-COSY spectrum to be especially
useful in connecting the H-6 and H-6’ resonances with H-5
of their respective sugars in the polysaccharide. Although
the triple-quantum-filtered COSY (TQF-COSY) has been
found useful for assignment of H-5 and H-6 of galactose
residues, it is less useful for glucose residues.>¢ We have not
observed cross peaks arising from H-5 to H-6 and H-6’ in the
TQF-COSY spectrum for the glucose residues in the polysac-
charide (data not shown), perhaps as a result of a small
coupling between H-5 and one of the H-6 resonances. The
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HOHAHA spectrum also failed to provide the connectivity
to the H-6 and H-6’, but the connectivities were observed in
the HMQC-COSY spectrum, either in cross sections taken
through C-5 giving relay peaks to H-6 and H-6’ or in cross
sections taken through C-6 giving relay peaks to H-5. As an
example, Figure 7b shows the cross section taken through
C-5, for residue D, giving relay peaks to H-6,6’ and Figure 7a
shows the cross section taken through C-6, for residue G,
showing the relay peak to its H-5 proton. Similar approaches
were used in identifying the rest of the H-6,6’ connectivities
for the other sugars in the polysaccharide. (All these
connectivities observed for this polysaccharide are summa-
rized in Table IIL)

Given the complete proton and carbon assignments in Table
11, the glycosidic linkage positions are readily assigned from
the data of the HMBC spectrum (Figure 4). Allthe anomeric
protons except H-1 of a-glucose (residue F) gave correlation
to the aglycon carbon atom through 3Jcy coupling across the
glycosidic linkage, defining the linkage position of the
respective monosaccharides forming the repeating unit of the
polysaccharide. The anomeric proton of 8-Gal, residue A,
showed long-range correlation to B C-6, defining the linkage
as B-Gal(1—6)-a-Gal. The anomeric proton of residue B (a-
Gal), in addition to intraresidue cross peaks to its C-3 and
C-5 gave an interresidue cross peak to C C-3 (3-Rha), defining
thelinkage a-Gal(1—3)-8-Rha. The anomeric proton of 3-Rha
(residue C) showed an interresidue correlation to D C-4,
indicating the linkage 8-Rha (1—4)-8-Glc in the polysaccha-
ride. Further, the H-1 proton of residue D (8-Glc) shows an
interresidue long-range correlation to E C-4, and the anomeric
proton of residue E (a-GlcNAc) gave a long-range correlation
to F C-2, in addition to intraresidue cross peaks to C-3 and
C-5, thus defining the linkage 8-Gle(1—4)-a-GleNAc(1—+2)-
a-Glc in the polysaccharide. The two remaining residues,
a-Rha (residue H) and $-Glc (residue G), were found to be
linked to the same residue, i.e., a-GleNAc (residue E), as
shown by their long-range interresidue cross peaks observed
in the HMBC spectrum. The anomeric proton of a-Rha
(residue H) in addition to the intraresidue cross peaks to C-2,
C-3, and C-5, showed a clear interresidue cross peak to E C-3,
indicating the linkage as 1—3 to the a-GlcNAc (residue E).
The remaining anomeric proton for residue G (8-Glc) gave
a long-range interresidue cross peak to E C-6, defining its
linkage position as 1—+6 to the same a-GlcNAc (residue E),
thus providing complete linkage assignments in the polysac-
charide. As summarized in Table III, the 2D-NOESY
spectrum (Figure 6) also showed correlation cross peaks
defining the glycosidic linkages described above.

No interresidue long-range correlation cross peak was
observed for the anomeric proton of the a-Gle (residue F) in
either the HMBC or the NOESY spectrum, indicating
involvement in the phosphodiester linkage forming the
repeating unit. The position of the phosphodiester linkage
is suggested by the 3P scalar couplings observed in the
resolution-enhanced 13C spectrum (data not shown). Both
C-1 (2Jpc =~ 6.0 Hz) and C-2 (®3Jpc ~ 7.0 Hz) of residue F
(a~Glc) show 1¥C-3P coupling, and the anomeric 'H resonance
is also split by 31P coupling. 3C—3'P coupling is also observed
at C-6 (Jpc ~ 3.5 Hz) for residue A (8-Gal), suggesting a
phosphodiester linkage between C-1 of a-Gle (residue F) and
C-6 of 8-Gal (residue A).

All the observed long-range inter- and intraresidue cross
peaks observed in the HMBC spectrum, as well as the data
from the other experiments, are summarized in Table IIL
These linkage assignments, together the phosphodiester
linkage between a-Glc (residue F) and $-Gal (residue A),
yielded the structure shown in Chart I for the repeating unit
for the polysaccharide from S. senguis K103.



920 = ANALYTICAL CHEMISTRY, VOL. 65, NO. 7, APRIL 1, 1993

Table II. Ch 1 Shifts of Str is K103 Polysaccharide in D,0 at 25 °C
residue
assgnmt a-GlcF «-Gal B a-GlcNAcE a-Rha H B-Rha C B-GleD B-Gle G B-Gal A
H Chemical Shifts®
H-1 5.629 5.129 4.988 4.922 4.858 4.615 4.501 4.443
H-2 3.633 3.849 4.212 3.758 4.278 3.259 3.333 3.513
H-3 3.849 3.956 4.000 3.758 3.686 3.654 3.509 3.658
H4 3.484 4.071 4.014 3.410 3.463 3.564 3.405 3.964
H-5 3.869 4.379 4.235 4.476 3.424 3.490 3.458 3.838
H-6 3.787 3.816 4.216 1.249 1.330 3.871 3.738 4.05
H-¢/ 3.854 4.039 4.028 3.968 3.918 4.05
13C Chemical Shifts?
C-1 93.63 96.81 97.47 101.86 101.30 102.13 102.86 104.05
C-2 71.78 68.99 54.17 71.40 68.25 74.33 73.70 71.62
C-3 71.85 69.95 76.70 70.88 78.89 76.11 76.54 73.34
C-4 70.04 69.90 74.25 72.71 71.16 71.67 70.42 68.93
C-5 73.70 70.58 71.16 69.38 72.91 75.25 76.52 74.38
C-6 61.15 69.70 67.19 17.50 17.68 61.94 61.50 64.95

¢ 1H NMR chemical shifts are with reference to internal DSS with acetone as the internal standard (2.225 ppm downfield from DSS). 13C
NMR chemical shifts are with reference to internal DSS with acetone as the internal standard (31.07 ppm downfield from DSS).

Table III. Summary of Observed Connectivities in NMR Spectra of the Poly haride from Str sanguis K103 in
D,0 at 25 °C2
expt a-GlcF a-GalB  a-GlcNAcE o-Rha H B-RhaC B8-GleD B-Gle G B8-Gal A
HOHAHA
H-1 H-2,3 H-2,34 H-2,3 H-2 H-2 H-2,34,5 H-2,3,4,5 H-2,3,4
H-6 H-2,3,4,5 H-2,3,4,5
NOESY
H-1 H-2,EH-1* H-2, CHb-2, H-2,FH-2* H-2,EH-3* H-2,3,5,DH-4* H-3,5,EH-4* H-3,5,EH-6,6'® H-3,5, BH-6°
CH-3
HMQC-COSY
C-1 H-2 H-2 H-2 H-2 H-2
C-2 H-3 H-1,3 H-1,3 H-3 H-3 H-1,3 H-1 H-1
C-3 H-24 H-4 H-24 H-24 H-24 H-24 H-4 H-4
C-4 H-3,5 H-3 H-5 H-3,5 H-3,5 H-3,5 H-3,5 H-3
C-5 H-4,6,6 H-6,6" H-6,6’ H-4,6 H-4,6 H-4,6,6" H-4,6,6’ H-6,6"
C-6 H-5 H-5 H-5 H-5 H-5 H-5 H-5
HMBC
H-1 F3,F5 B3,B5,C3% E3,E5F2® H2 H3,H5E3 (2 D4 E4b E6® B6®
H-2 E1,F3 B4 E3,E4 H3 C3,C4 D1,D3 G1,G3 Al1,A3
H-3 F2 B2 E4 H4 C4 D4, D2 G2, G4 A2
H-4 F3,F5,F6 B2,B3 E3 H3,H5 C3,C5 D3, D5 G3,G6 A3, A2
H-5 B6 A4, A6
H-6 E5 H4, H5 C4,Cs5 G5

@ The individual residues are identified by capital letters, and the 3C resonance is identified by a capital letter followed by a number for
the carbon atom assigned. All protonsshow signals arising from one-bond correlations with their attached carbon atoms in HMQC. ? Interresidue

connectivities.

Chart I

A B C

G
Glc B-(1—6)

El F

[— 6)Gal f-(1—6)-Gal a-(1—3)-Rha B-(1—4)-Gle f-(1—4)-GlcNAc a-(1—2)-Glc a-(1 — POy ]

CONCLUSIONS

A number of problems may be encountered in the use of
the heteronuclear 1H-13C NMR method for determination of
a polysaccharide structure given a sample of sufficient size
to make a 5-15 mM solution, which is required for these 'H-
detected experiments with natural-abundance 13C. Approz-
imately 1020 mg of polysaccharide was used in the exper-
iments reported here. First, strongly coupled 'H signals

1
Rha a-(1—3)
H

prevent tracing of the spin system and determination of
multiplet pattern which is required for identification of the
stereochemistry of the pyranoside sugars. We have described
how this problem can be generally solved by HMQC-COSY.
If the *C chemical shifts are also close, HMBC spectra are
often useful. Second, gauche protons may have small 3Jyuy
preventing tracing of the spin system of the sugar ring.
Examples in this polysaccharide are the small J, 5 in pyra-
nosides with the galacto configuration and small J;  in sugars



with the manno configuration such as rhamnose. We have
described how HMBC can overcome this difficulty since it
follows Jcy rather than Jyy. NOESY spectra may also be
useful in this case since the gauche protons with small coupling
are close in space and have large NOE. A problem related
to the small coupling constants is short T; and wide NMR
lines resulting from long rotational correlation times of the
polysaccharide. Internal motion in the polymer alleviates
this problem and is related to polysaccharide structure and
dynamics. The line widths for the polysaccharide from S.
sanguis K103 and related polymers having the teichoic acid
type linkage are relatively narrow.2? Application of this
method to polymers with less internal flexibility, such as the
capsular polysaccharide of Vibrio vulnificus, was possible at
a higher NMR probe temperature.?®
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Although the absolute configurations of the monosaccha-
rides in this polysaccharide are those most commonly found,
the great variability of the structures of bacterial polysac-
charides requires an unambiguous determination. The CD
method used in this work, which is a natural adjunct of the
HPLC method for carbohydrate analysis, gives the absolute
configurations of all the sugars including amino sugars and
sugar phosphates. The method is distinct from the more
commonly used method involving high-resolution chroma-
tography of glycosides with chiral alcohols.®® Ithastheadded
advantage that a sound theoretical basis for distinguishing
optical isomers is provided by the chiral exciton theory.
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Effect of Model Organic Compounds on Potentiometric
Stripping Analysis Using a Cellulose Acetate

Membrane-Covered Electrode

Joseph H. Aldstadt and Howard D. Dewald"

Department of Chemistry, Clippinger Laboratories, Ohio University, Athens, Ohio 45701-2979

The effects of model surfactants (sodium d yl sulfate,
Triton X-100), proteins (ovalbumin, gelatin), and carbohydrates
(agar, starch) as well as p-camphor and humic acid on a
cellulose acetate dlalysis membrane-modified mercury film
electrode (CM-MFE) Inp tri lysis (PSA)
are described. The CM-MFE (1000 amu molecular weight
cutoff) minimized lnlederence by these compounds to the
PSA . The tant current stripping analysis
(CCSA) mode was found to provide a more stable response
than the use of Hg(II) as chemical oxidant with the CM-MFE.
Results presented for urine and natural water samples
demonstrate the analytical utllity of the CM-MFE In PSA.

INTRODUCTION

Potentiometric stripping analysis (PSA) is a powerful
technique for rapidly measuring trace levels of heavy metals.12
Aswith the more commonly used technique of anodicstripping
voltammetry (ASV), a metal analyte (M) is first preconcen-
trated as a mercury amalgam during the “deposition step™

M™ + ne+xHg = M(Hg),

ASV and PSA differ, however, during the second step, known
as the “stripping step”. In ASV, a potential waveform is
applied, and the current arising from oxidation of the metal
analyte out of the amalgam is measured. In PSA, the metal
analyte is stripped from the amalgam using oxidants in
solution. The potentiostat is disconnected following the
deposition step, and the time required to pass through the
metal’s redox potential is measured. Using mercuric ion as
the stripping agent, the stripping step in PSA is described
by:

MHg), + (n/2)Hg™ = M"* + (x + n/2)Hg

In a variation of PSA, called constant current stripping
analysis (CCSA), the metal analyte is stripped by a constant
oxidizing current passed through the working electrode rather
than by a chemical oxidant. Ineither PSA or CCSA, the time
required to oxidize the analyte is directly proportional to the
concentration of the metal ion.

The adsorption of proteins and surfactants or the accum-
ulation of reaction products on the electrode surface can result
inagradual loss of electrode activity when a mercury electrode
is used in the determination of heavy metals in complex
mixtures.>6 An obvious way to improve selectivity in PSA

(1) Jagner, D. Analyst (London) 1982, 107, 593-599.

(2) Hussam, A.; Coetzee, J. Anal. Chem. 1985, 57, 581-585.

3) Brezomk,P L.; Brauner, P. A;; Stumm, W. WaterRes 19786, 10,
605612

@ Commoh A; Buffle, J.; Haerdi, W. J. Electroanal. Chem. 1980,
110, 259-275.

(5) Sagberg, P.; Lund, W. Talanta 1982, 29, 457-460.

(6) Nelson, A.; Mantours, R. F. C. J. Electroanal. Chem. 1984, 164,
265-272.
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is by using modified electrodes to protect the surface from
adsorptive interferences.

In stripping analysis, two general categories of polymer-
modified electrodes (PMEs) have been used to improve
method selectivity: specific and nonspecific. Specific PMEs
are ion-exchanging polymers (“ionomers”) that selectively
preconcentrate analyte within the polymer, while nonspecific
PMEsserve to control access to the electrode surface by acting
asdiffusion barriers. The perfluorosulfonate cation-exchange
resin Nafion has been used as a specific PME material in
anodic stripping voltammetry (ASV)”8 and PSA? for the
determination of heavy metals in various environmental and
clinical samples. For nonspecific PMEs, cellulose acetate
films101! and cellulose acetate dialysis membrane-covered
electrodes!?>-!4 have been reported in ASV. The cellulose
acetate films used by Wang and Hutchins-Kumar could be
prepared with molecular weight cutoffs as low as ~200 amu,
while commercially available dialysis membranes with lower
limits of 1000 amu were employed by Smart and Stewart.

We have found that the nonspecific cellulose acetate PME
material is more advantageous in routine analytical appli-
cations than the specific Nafion PME material, primarily as
a result of significant preconcentration by the Nafion. Six
or more replicates per sample are required to obtain a steady
signal using a Nafion-modified MFE in ASV, and consecutive
samples show a carry-over effect.! The nonspecific cellulose
acetate dialysis membrane-modified MFE (CM-MFE) does
not preconcentrate analyte asseverely, thereby requiring fewer
replicates per sample and minimizing carryover. The primary
disadvantage of using a CM-MFE arises from the presence
of the relatively thick membrane at the redox surface in
decreasing the sensitivity. However, we have observed that
relative to an unmodified MFE, the sensitivity of a CM-MFE
(1000 amu cutoff) is reduced by a factor of ~18 in ASV but
only by a factor of ~6 in PSA.

For anonspecific polymer such as cellulose acetate, a process
of dialysis occurs across the solution-membrane—electrode
interphases. The driving force in dialysisis the concentration
gradient across the membrane where the permeability of the
membrane governs partitioning between the membrane and
adjacent phases. The flux (J) across the membrane is defined

(7) Hoyer, B.; Florence, T. M.; Batley, G. E. Anal. Chem. 1987, 59,
1608-1614.
(8) Hoyer, B.; Florence, T. M. Anal. Chem. 1987, 59, 2839-2842.
(9) Huiliang, H.; Jagner, D.; Renman, L. Anal. Chim. Acta 1988, 207,
17-26.

(10) Wang, J.; Hutchins, L. D. Anal. Chem. 1985, 57, 1536-1541.
(11) Wang, J.; Hutchins-Kumar, L. D. Anal. Chem. 1986, 58, 402-407.
(12) Schimpff, W. K. Dissertation, University of Michigan, 1971.
(13) Stewart, E. E.; Smart, R. B. Anal. Chem. 1984, 56, 1131-1135.
(14) Smart, R. B.; Stewart, E. E. Environ. Sci. Technol. 1985, 19, 137-

140.
(15) Aldstadt, J. H.; Dewald, H. D. Anal. Chem. 1992, 64, 3176-3179.
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dx

I=aC
where x is the direction perpendicular to the membrane
surface, ¢ is the time, P is the permeability of the membrane,
and C, and C, are the concentrations of analyte on the sample
and detector sides of the membrane surface, respectively (Cs
and Cy will differ from the bulk concentrations except at
equilibrium).!® The electrochemical driving force across the
membrane gives rise to a steeper concentration gradient from
the change of oxidation state upon amalgamation (in a 1:1
stoichiometry). The use of CCSA with a dialysis membrane-
modified electrode for the method described herein eliminates
an opposing gradient of divalent cations within the membrane
[i.e., analyte vs the Hg(II) oxidant], thereby increasing the
dialysis efficiency.

Electroanalytical techniques for studying the effect of
complex organic compounds that differ in the excitation,
response, measurement duration, and type of electrode have
different specific sensitivities to these substances.” Although
many applications of PSA with a MFE in complex matrices
(e.g., urine, milk, and blood) have been reported,’®2 a
thorough characterization of the MFE in PSA by the major
classes of interfering substances (proteins, carbohydrates, and
surfactants) does not exist. We report here our results using
the MFE and the CM-MFE in PSA for several model
compounds of these classes.

=P(C,-Cy

EXPERIMENTAL SECTION

Apparatus. A Radiometer TraceLabModel PSU20 potentio-
metricstripping analyzer with Model SAM20 sample station was
used for allmeasurements. A 3-mmi.d. glassy carbon disc working
electrode, saturated calomel reference electrode (SCE), and
platinum wire auxiliary electrode were also obtained from
Radiometer.

Reagents and Supplies. Allreagents were prepared in water
that was de-ionized and then doubly distilled. Heavy metal
standards (nitrate salts) were prepared volumetrically from
atomic absorption standards (Fisher Scientific, Pittsburgh, PA).
A pH of 3 (the isoelectric point of cellulose acetate?!) was
maintained in solutions for analysis in order to minimize ion
exchange within the membrane as well as to prevent the formation
of metal hydroxides. OPTIMA-grade nitric acid (Fisher Sci-
entific) was used for the adjustment of pH; reagent-grade nitric
acid (Fisher Scientific) was used elsewhere. Pb(II) and Cd(I)
samples (50 ppb each) were prepared in 10 mM KNO; (pH 3.0).

Model organic compounds were prepared at 250 mg/L from
technical grade stock and stored at4 °C. Sodium dodecyl sulfate
(SDS) (Pierce), Triton X-100 (Z. D. Gilman, Inc.), humic acid
(Janssen Chimica), ovalbumin (Merck), and gelatin (Fisher
Scientific) were prepared by dissolution in reagent water.
D-Camphor (Eastman) wasdissolved in 1 mL 0f95% (v/v) ethanol
before aqueous dilution. The agar (Sargent-Welch) and starch
(Fisher Scientific) solutions were prepared (without preservative)
using standard procedures.?

Spectrum Spectra/Por 7 cellulose acetate dialysis membranes
(20 pm thickness and ~10 A pore diameter) with a nominal
molecular weight cutoff of 1000 amu were obtained from Fisher
Scientific. As permeability decreases exponentially with in-

(16) Martms E.; Bengtsson, M.; Johansson, G. Anal. Chim. Acta 1985,
169, 31~

an Cosovm, B.; Vojvodic, V. Limnol. Oceanogr. 1982, 27, 361-369.

(18) Almestrand L.; Jagner, D.; Renman, L. Talanta 1986, 33, 991—
995.

(19) Almestrand, L.; Jagner, D.; Renman, L. Anal. Chim. Acta 1987,
193, 71-79.

(20) Almestrand, L.; Betti, M.; Chi, H.; Jagner, D.; Renman, L. Anal.
Chim. Acta 1988, 209, 339-343.

(21) Heyde, M. E.; Peters, C. R.; Anderson, J. E. J. Colloid Interface
Seci. 1985, 167, 111-115.

(22) Standard Methods for the Examination of Water and Waste-
water; APHA: Washington, DC, 1981; p 401.
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creasing solute size,? a sharp molecular weight cutoff point does
not exist with these membranes.

Urine samples were obtained from laboratory personnel while
natural water samples were gathered from the Hocking River
near Athens, OH, downstream of a sewage treatment facility. All
samples were acidified to 0.5 M using nitric acid and were stored
in polyethylene containers. Each sample was spiked with Pb(II)
and Cd(II) standards immediately prior to analysis.

Procedures. Container Cleaning. Heavy metal reagent
solutions were stored in polyethylene containers that had been
soaked in 0.1 M HNO; for at least 1 week.

Electrode Polishing. The working electrode was polished on
a felt pad with 0.05 um y-Al,O; (Buehler Ltd., Lake Bluff, IL),
followed by rinsing with 6 M nitric acid and reagent water before
drying in the air.

MFE Preparation. MFEs were prepared in solution ex situ
using 0.40 mM Hg(NO) in 0.13 M HNO; for 20 min at-900 mV
(all potentials are vs SCE). Mercury films were obtained by
holding the potential at -900 mV for 30 s and then stepping the
potential to —100 mV for 5s. Forty of these 35-s periods were
run consecutively. Following this cycling period, the potential
was held at =100 mV for 120 s. Stripping was performed using
40 pM Hg(NOs), and dissolved oxygen as oxidants or with the
constant current stripping analysis (CCSA) mode (1-5 pA).

CM-MFE Preparation. The membranes were prepared and
stored as described by Stewart and Smart.!® Spectra/Por 7
cellulose acetate dialysis membranes were heated for 20 min at
70 °C in reagent water, followed by 48 h at 4 °C in reagent water
to remove traces of the sodium azide preservative. To prevent
degradation by cellulytic microbes, the tubing was stored at 4 °C
and transferred to freshly boiled reagent water daily. Stock
dialysis membranes (i.e., unwashed) were refrigerated per the
manufacturer’s instructions. Care was exercised so that the
membrane was neither stretched nor allowed to dry out.2
Membranes (11-mm diameter) were cut with a cork borer on a
glass plate before placement on the polished glassy carbon surface.
A preformed cap (9 X 12 mm) made of heat-shrink PTFE tubing
was used to hold the membrane in place on the end of the working
electrode. The CM-MFE was prepared as described above for
the MFE except that 4.0 mM Hg(NO;); in 0.13 M HNO; was
used. The CM-MFE was stored overnight by polarizing it at
—100mV in 10 mM KNOj3 under a blanket of nitrogen. Stripping
with the CM-MFE was performed using CCSA (5-15 pA).

PSA. A relative standard deviation of <5% (n = 4) was
required for the Pb(II) peak area response before proceeding
with the addition of an organic interferent. The sample solution
was equi]ibrated for 5 min with gentle stirring upon addition of
each orgamc interferent. Bet le replicates, approxi-
mately 2 min elapsed in order to save and plot the data. The
following electrochemical protocol was typically used for PSA
measurements: initial (deposition) potential of 900 mV; final
potential of ~-300 mV; deposition time of 60-120 s for the model
organic compounds, 120-300 s for the river water and urine
samples. The solution was stirred during the deposition step
and was quiescent for 15 s prior to and during the stripping step.
Prior to each deposition period, the electrode was held at 100
mV for 15 s to remove impurities (e.g., contaminating copper
ion). Solutions were not deaerated.

The power of the background subtraction procedure deter-
mines the success of trace-level PSA% and ASV? techniques.
The standard PSA background correction method?’ subtracts
the usually faint capacitance-dominated signal from the sample
signal by repeating a brief (~1 s) deposition immediately after
the stripping of the sample has completed. In typical PSA
methods this is effective, but with a PME—especially a specific
PME such as Nafion under typical experimental conditions used

(23) Colton, C. K.; Smith, K. A.; Merrill, E. W.; Farrell, P. C. J. Biomed.
Mater. Res. 1971, 5, 459-488.

(24) Kesting, R. E. Synthetic Polymer Membranes, 2nd ed.;
Wiley-Interscience: New York, 1985; Chapter 4.

(25) Turner, D. R.; Robinson, S. G.; Whitfield, M. Anal. Chem. 1984,
56, 2387-2392.

(26) Whang C.-W.; Page, J. A,; vanLoon, G. Anal. Chem. 1984, 56,

(27) GraneIh,A Jagner, D.; Josefson, M. Anal. Chem. 1980, 52, 2220~
2223
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Figure 1. Effect of oxidant on Pb(II) determination (50 ppb) with the
CM-MFE. With 40 uM Hg(II) and dissolved oxygen as oxidant (O) and
with a constant current (5 pA) applied during the stripping step (O).

v
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Figure 2. Comparison of the response using a MFE (- - -) and a CM-
MFE (—) to Pb(1I) and Cd(II) using CCSA (50 ppb each). Raw data
(without background correction, smoothing, or filtering) is shown.

in this study—the background signal is large because analyte
preconcentration maintains a higher concentration of analyte
within the membrane near the MFE surface. We found that,
even for nonspecific PMEs such as cellulose acetate dialysis
membranes, the background can approach ~25-50% of the
sample signal. Therefore, the Radiometer digital curve-fitting
“BASE” routine? was used for background correction with the
CM-MFE, as it was found that subtraction of a short deposition
period potentigram yielded a distorted peak shape as a result of
changes in peak potential between the sample and background.
Each sample response was measured in quadruplicate, with
averaging of the last three replicates. Peak area data were
corrected for dilution, and both peak area and peak potential
data were normalized to the average initial background (i.e., no
added interferent) value.

RESULTS AND DISCUSSION

Choice of Oxidant. A typical comparison of the response
using Hg(Il) as oxidant and the electrode as oxidant (i.e.,
CCSA) forthe CM-MFE isshown in Figure 1. The normalized
peak area signal for 15 repetitive measurements on the same
50 ppb Pb(II) sample solution had a relative standard
deviation (RSD) of 9.7% with Hg(II) as oxidant and 4.1%
with CCSA for the Pb(II) signal. It was also noted that the
use of a digital filter (eight-point average and nine-point
Savitzky—Golay algorithm) yielded consistently higher RSD
values for this type of data, perhaps because the smoothing
of the very sharp peaks observed resulted in large differences
in peak heights prior to integration.

MFE vs CM-MFE. Figure 2 depicts typical results for
CCSA with a MFE and CM-MFE. The Pb(II) and Cd(II)
peak potentials were —458 £+ 1 and —655 = 1 mV, respectively,
for the MFE and —446 & 2 and —621 + 1 mV, respectively, for
the CM-MFE (n = 32). The stripping potential in CCSA is
governed by the Nernst equation. Uncompensated resistance

(28) TraceLab Trace El t Lab y P
(Version 2.1), Radiometer A/S, 1991.
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Figure 3. Response to gelatin addition for the MFE (o) and CM-MFE
(O) for Cd(11) (closed symbols) and Pb(II) (o] NS

(50 ppb each); peak area response (a, top) and peak potenﬂal response
(b, bottom).

between the reference and working electrode (MFE versus
CM-MFE) will cause the potential to shift.

Model Organic Compounds. The effect of each of the
eight model organic compounds on the Cd(II) and Pb(II)
normalized peak area and normalized peak potential responses
with a bare MFE and with a CM-MFE is discussed below
(Table I).

Proteins. Gelatin and ovalbumin were chosen to model
proteinaceous material found in clinical samples and in natural
waters as a result of microbial activities. Low concentrations
of the globular protein gelatin (MW 75 000), a maxima
suppressor in polarography, have been reported in ASV to
cause 57-65% decreases in the Cd(II) peak current at pH 3-5
and severe shifts in peak potential.}42%-31 Asshown in Figure
3a, for a bare MFE we observed a 50% decrease in the Cd(II)
peak area signal at a gelatin concentration of 3 ppm and over
90% decrease at 15 ppm gelatin. With a bare MFE we
observed a 15% decrease in the Pb(II) peak area. Use of the
CM-MFE resulted in stable Pb(II) and Cd(II) peak area
signals over the range of interferent concentrations tested.
As shown in Figure 3b, the Pb(II) and Cd(II) peak potentials
were relatively unchanged with a CM-MFE while the Pb(II)
and Cd(II) peak potentials for a bare MFE shifted positive
by over 5% and 17% at 15 ppm of gelatin, respectively.

Ovalbumin (MW 45 000), a protein with high hydrophobic
aminoacid content, exhibited effects similar to those observed
for gelatin. As shown in Figure 4a, a severe decrease in the
Cd(II) peak area signal is observed at an ovalbumin concen-
tration of 15 ppm for the bare MFE while the Pb(II) signal
changed 15%. A >15% positive shift of the Cd(II) peak
potential was found for the bare MFE (Figure 4b). Peak
potential drift was not observed with the CM-MFE.

Carbohydrates. Starch and agar were chosen to model the
complex polysaccharides found in clinical samples and in
natural waters as a result of phytoplankton activity. A 6%

(29) Wang, J.; Luo, D. B. Talanta 1984, 31, 703-707.
(30) Wang, J.; Taha, Z. Electroanalysis 1990, 2, 383-387.
(31) Kubiak, W. W.; Wang, J. Talanta 1989, 36, 821-824.
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Table I. Comparison of Normalized Peak Area and Peak Potential Data for Model Organic Compounds (15 ppm) at 50 ppb

Ph(II) and Cd(II)

normalized peak area (100%) normalized peak potential (1.000)¢
CdMFE CdCM-MFE PbMFE PbCM-MFE Cd MFE Cd CM-MFE Pb MFE Pb CM-MFE

gelatin 8.7 97.9 85.0 93.5 0.833 (-114) 0.997 (-2) 0.950 (-23) 0.996 (-2)
ovalbumin 7.9 99.0 85.6 97.1 0.816 (-121) 0.995 (-3) 0.921 (-37) 0.995 (-2)
SDS® 119.0 109.0 125.0 135.0 1.006 (+4) 1.017 (+11) 1.020 (+8) 1.019 (+8)
Triton X-100 86.9 115.0 156.0 107.0 0.889 (-73) 0.911 (-56) 0.848 (-70) 0.973 (-12)
humic acid 101.0 102.0 75.9 519 0.990 (-4) 1.004 (+1) 1.001 (+2) 1.005 (+1)
camphor 108.0 105.0 81.6 109.0 0.992 (-5) 1.002 (+3) 0.985 (-7) 1.001 (+2)
starch 111.0 102.0 90.5 107.0 1.000 (0) 1.060 (+35) 0.985 (-7) 1.015 (+6)
agar® 108.0 125.0 91.3 135.0 1.000 (0) 1.001 (+1) 0.991 (-4) 1.000 (0)

@ The shift in units of mV relative to the analyte metal ion without added interferent is shown in parentheses next to the normalized value.
b A gradual increase in signal suggested contamination of the interferent stock.
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Flgure 4. Response to ovalbumin addition for the MFE (O) and CM-
MFE (O) for Cd(II) (closed symbols) and Pb(II) (open symbols)
determinations (50 ppb each); peak area response (a, top) and peak
potential response (b, bottom).

negative shift in the Pb(Il) peak potential when using the
CM-MFE was observed, while a gradual increase in the agar
peak area response suggested interfering trace metals in the
technical grade preparation (Table I). A lack of significant
changes in the peak area and peak potential responses was
noted, in contrast to previous ASV work where decreases in
the peak current with a bare MFE were observed at low pH.14%

Surfactants. The anionic surfactant SDS (MW 288) and
the nonionicsurfactant Triton X-100 (MW 647) were studied.
Like Wang and Luo,?® we observed erratic responses in the
presence of SDS and a gradual increase in the peak areasignals
for both Pb(II) and Cd(II), suggestive of trace concentrations
of contaminating heavy metals in the stock solutions. Minor
changes in peak potential were observed in the presence of
SDS with either electrode (Table I).

The Triton behavior was the most complex of the eight
model compounds studied. For PSA with a bare MFE as
shown in Figure 5a, the Pb(II) peak area signal at concen-
trations of >5 ppm increased dramatically while the Cd(II)
peak area signal decreased by approximately 15%. Using
the CM-MFE, both peak area signals stabilized significantly.
The peak potential signals shifted positive by 10-15% at 15
ppm with the bare MFE and 5-10% with the CM-MFE
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Flgure 5. Response to Triton addition for the MFE (O) and CM-MFE
(O) for Cd(1I) (closed symbols) and Pb(II) (open symbols) (50 ppb
each); peak area response (a, top) and peak potential response (b,
bottom).

(Figure 5b). It is important to note that in ASV with a CM-
MFE, Triton was shown to be the most problematic interferent
on the normalized Cd(II) peak current signal.l4

Humic Acid. Humic acids are model compounds for the
organic matter found in natural waters.?? They are known
to interfere in electroanalytical measurements by complex-
ation with heavy metals as well as by a poorly understood
adsorptive mechanism.33 Wang and Luo observed severe
decreases in the Cd(II) and Pb(II) peak currents in ASV with
abare MFE in the presence of humicacids.?? Qur observations
(Figure 6) reveal little change in the Cd(II) peak area signal
with either electrode, while the Pb(II) peak area signal
decreases regardless of the electrode used. Thissuggeststhat
complexation in the bulk solution is the major mechanism
for interference with the Pb(II) measurement. The more
severe decrease in the Pbh(II) peak area signal is caused by the
use of a longer deposition time for the CM-MFE. The peak
potentials remain unchanged with either electrode (Figure
6b).

(32) Schnitzer, M.; Khan, S. U. Humic Sub
Marcel Dekker: Chur, 1972.

(38) Zur, C.; Ariel, M. Anal. Chim. Acta 1977, 88, 245-251.

(34) Laitinen, H. A.; Chambers, L. M. Anal. Chem. 1964, 36, 5-11.
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Figure 8. Response to humic acid addition for the MFE (O) and CM-
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Camphor. pD-Camphor, a plasticizer of cellulose esters and
ethers (MW 152), exhibited qualitatively similar effects to
those observed by Stewart and Smart for Cd(II).14 Namely,
a decrease of nearly 20% was seen for the Ph(II) peak area
signal with a bare MFE; the use of the CM-MFE eliminated
this trend as shown in Figure 7a. The peak potentials for
both metal ions and electrodes changed little (Figure 7b).

Environmental and Clinical Application. The deter-
mination of Cd(Il) in river water and urine samples was

Normalized Peak Area

Figure 8. Stability of Cd(II) peak area signal in acidified natural water
(open symbols) and urine (closed symbols) samples with a bare MFE
(O) and with a CM-MFE (O). The clinical sample required a brief
equilibration period before analysis. The deposition time was 300 s
with a constant current during the stripping step of 5 uA.

attempted with the bare MFE and the CM-MFE using CCSA.
As shown in Figure 8, the peak area response in river water
decreased to ~20% of the initial value by the tenth replicate
and became uninterpretable by the second replicate for the
urine sample. Using the CM-MFE, the peak area response
remained relatively steady throughout the 10 trials in both
matrices, with a RSD of 3.6% and 4.7% for the river water
and urine samples, respectively.

CONCLUSIONS

In general, the Pb(II) response to the model organic
compounds was much less affected than the Cd(II) response.
For the model proteins, the diversity of amino acid functional
groups provides proteins with both complexation and ad-
sorption capacities. Because protein adsorption is a major
source of electrode fouling in clinical samples, the ability of
the CM-MFE in PSA to prevent protein fouling is significant.
The use of cellulose acetate films with low molecular weight
cutoffs would minimize further interference by peptides. With
the model carbohydrate compounds, even the bare MFE in
PSA is an improvement over a bare MFE in ASV. With
humic acid, one can use PSA with the CM-MFE to discrim-
inate adsorption from complexation. Since PSA in the
constant current mode is essentially a chronopotentiometric
measurement, it can be used to its advantage as a sensitive
indicator of adsorption processes.* Most significantly,
determinations in the presence of Triton X-100 have been
shown to be a problem in ASV with the CM-MFE,¢ whereas
with PSA the CM-MFE performed well in Triton’s presence.

Finally, although these results using the CM-MFE in PSA
show promise, Florence points out” that a membrane coating
ultimately cannot eliminate all interferences in a sample from
reaching the electrode surface. Even interfering components
that are excluded from the electrode surface may still
complicate the signal by their accumulation at the outer
membrane surface. We are currently investigating the use
of the CM-MFE in a flow injection analysis system to address
this issue.
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Voltammetric Study on a Condensed Monolayer of a Long
Alkyl Cyclodextrin Derivative as a Channel Mimetic Sensing

Membrane

Kazunori Odashima, Minoru Kotato, Masao Sugawara,’ and Yoshio Umezawa'*
Department of Chemistry, Faculty of Science, Hokkaido University, Kita 10-Jo Nishi 8-Chome, Sapporo,

Hokkaido 060, Japan

For a fundamental study on the development of signal-
amplifying chemical sensors that mimic blological lon channels,
a control of membrane permeabllity based on the blocking of
an Intramolecular channel by host-guest complexation has
been Investigated for a condensed monolayer of a long alkyl
derlvative of S-cyclodextrin having a channel-llke structure
(64,88,6°,6°,6F,8F,6%-heptadeoxy-8+,68,6C,6°,6%,6%,65-hepta-
kis(dodecylthlo)-8-cycl tate). Toobtain
experimental evidence for such amode of permeabillity control,
an approach based on horlzontal touch cyclic voltammetry
was carrled out for this condensed monolayer, which was
formed at the alr/water Interface by applying a controlled
high surface pressure to minimize the permeabllity through
the intermolecular voids between the membranous cyclodextrin
molecules. By comparing the permeabillities for three kinds
of electroactive markers that differ in the steric bulkiness
and/or hydrophobicity, rigld evidence was obtained for the
abliity of this cyclodextrin derivative to function as an
Intramolecular channel. The permeability of this channel for
a sterically permeable marker (p-quinone) was shown to be
able to be controlled by blocking the channel with a guest
molecule. By using this condensed monolayer, the selectivity
of permeabliity Inhibition was examined for several organic
guests. The molecular response ratio as a measure of signal
transduction efficiency was up to 10.4.

In tatrad
intetr

INTRODUCTION

The analyte-triggered open/close switching of membrane
permeability would be one of the most promising approaches
toward highly sensitive and selective sensing membranes
because it could lead to a chemical amplification of analyte
concentration. Such a mode of control of the membrane
permeability is effected in a most sophisticated and efficient
manner in ligand-gated ion channels that function in biomem-
branes.!? As a simplest starting point for the development
of a novel class of sensors that would be designated as “ion
channel sensors”,>12we have reported a series of voltammetric

sensors that exploit charged and ordered membranes of
Langmuir-Blodgett (LB) type deposited directly on glassy
carbon electrodes. These LB membranes contained valino-
mycin (1)34 or long alkyl derivatives of polyamine hosts (2,
3)5 as the receptors that are capable of forming host-guest
complexes with cations and anions, respectively (see Figure
1 for the structures). Host-guest complexation by these
membranous receptors induced changes in the cyclic volta-
mmograms of electroactive marker compounds added in the
sample solutions. These voltammetric changes could be
ascribed to a guest-induced modulation of the permeability
for these markers as a result of a change in the net charge
and/or assembly of the ordered membrane. The magnitude
of permeability change induced by adding a guest to a given
concentration depended on the guest structure, resulting in
a voltammetric discrimination of guests.® Of the LB
membrane sensors examined, the one containing a long alkyl
derivative of B-cyclodextrin (3) exhibited an interesting
selectivity which was different from that of the corresponding
sensor containing a simple macrocyclic polyamine (2).> The
voltammetricselectivity of the former sensor possibly reflects
a shape-discriminating effect due to the inclusion of guest
molecules within the 8-cyclodextrin cavity.

All of these LB membrane sensors are based on the control
of permeation of the marker ions through the intermolecular
voids between the membranous host molecules. Of the host
molecules examined, the long alkyl derivative of 8-cyclodextrin
(3)13.14 s characteristic in that it has a channel-like structure
in which the cyclodextrin cavity is expected to function as a
receptor site and channel entrance. However, since the
marker ions used ([Fe(CN)g]*, [Ru(bpy)3]2+, L-ascorbic acid)
aresterically not permeable through the S-cyclodextrin cavity,
the controlling mode that can be expected for the sensor
composed of host 3 as well as for the other LB membrane
sensors is the control of permeability through the intermo-
lecular voids between the membranous host molecules (Figure

- 2(6)" g , M,; S H; U Y. Langmuir 1992, 8, 609
12.

(7) Uto, M.; Michaelis, E. K.; Hu, L. F.; Umezawa, Y.; Kuwana, T.
Anal. Sci. 1990 6, 221-225.

(8) Mi H,;S M.; Odashima, K.; Us , Y.; Uto, M.;
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University of Tokyo, Hongo 7-3-1, Bunkyo-Ku, Tokyo 113, Japan.

! Permanent address: Department of Chemistry, Faculty of Science,
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(1) Miller, C., Ed. Jon Channel Reconstitution; Plenum Press: New
York, NY, 1986.

(2) Stein, W. D. Channels, Carriers, and Pumps: An Introduction to
Membrane Transport; Academic Press: San Diego, CA, 1990.

(3) Sugawara, M.; Kojima, K.; Sazawa, H.; Umezawa, Y. Anal. Chem.
1987, 59, 2842-2846.
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Figure 1. Structures of the host molecules. Valinomycin (1) and long
alkyl derivatives of macrocyclic polyamine (2), polyamino-3-cyclodextrin
(3), and polymercapto-3-cyclodextrin (4). The polyamine hosts (2, 3)
function as anion receptors in their protonated forms. The neutral long
alkyl derivative of S-cyclodextrin (4) was used as the

that such a mode of permeability control is possible with a
condensed monolayer of a long alkyl derivative of S-cyclo-
dextrin (64,68,6¢,6D,6E,6F,6C-heptadeoxy-64,68,6C,6D,6E,6F,6C-
heptakis(dodecylthio)-g-cyclodextrin tetradecaacetate, 4).1920
This host, as well as host 3, is a simple molecule having an
inclusion cavity for organic guests and, in addition, a channel-
like structure for permeation of chemical substances. To
obtain experimental evidence for the permeability control by
the channel blocking, an approach based on horizontal touch
cyclic voltammetry?-2¢ was carried out for a condensed
monolayer of 4, which was formed at the air/water interface
in a Langmuir trough. Since this condensed monolayer was
formed under a controlled high surface pressure, the per-
meation of markers through the intermolecular voids between
the membranous cyclodextrin molecules could be minimized.
Permeability has been compared for the electroactive markers
that are sterically permeable (p-quinone) and not permeable
([Co(1,10-phenanthroline);]2*, [Mo(CN)g]+) through the
B-cyclodextrin cavity (channel entrance). As a result, rigid
experimental evidence was obtained for the ability of this
cyclodextrin derivative to function as an intramolecular

sensory element in the present study.

(a) (b)
Eléctiode Electrode
9 ® 0. OO .O' 000

lGuesx lem
Electrode

Figure 2. Schematic repr ons for p modes of

permeabllity through an ordered layer of a long alkyl derivative ot
cyclodextrin by host-guest oomplexatlon (@) Control of permeation
through the inter: void: the Js cyclodk *‘in

h 1. The permeability of this channel for a sterically
permeable marker (p-quinone) wasshown able to be controlled
by blocking the channel with organic guest molecules.

EXPERIMENTAL SECTION

Materials. The long alkyl derivative of 8-cyclodextrin (4)
was synthesized from B-cyclodextrin (a kind gift from the
Research Laboratory of Nihon Shokuhin Kako Co., Shizuoka,
Japan) according to the method of Tagaki et al.?? with some
modifications. After purification by repeated column chroma-
tography (silica gel, dichloromethane—methanol (97:3)) followed
by recrystallization from ethanol, an analytical sample of 4 was
obtained as a white powder of mp 44.5-46 °C (lit.2° mp 45 °C)
and [a]™p = +95.2 = 0.5° (¢ = 0.966, chloroform, room
temperature (ca. 20 °C)). The structure was confirmed on the
basis of 'H- and *C-NMR, IR, FD-MS, and elemental analyses.
Anal. Caled for Ci54H26604S-3H:0: C, 60.29; H, 8.94; S, 7.31.
Found: C, 60.07; H, 8.75; S, 7.59.

p-Quinone (catalog number 171-00242) was of the highest
quality grade available from Wako Pure Chemical Industries
(Osaka Japan) and used without purification. Tris(1,10-

molecules. (b) Control of permeation through the i I
channels within the membranous cyclodextrin molecules.

2a).>® Someadditionalexamplesofsuchamodeofpermeability
control have been recently reported for electrodes coated with
macromolecules such as polypeptide!®6 and DNA7 or with
organized alkanethiol monolayers.’®* However, considering
that the high efficiency and selectivity of permeation through
biological ion channels is based on a discrete molecular entitiy
with a well-defined channel structure,? it will be quite
significant for the development of artificial “ion channel
sensors” to attain the control of permeability through an
intramolecular channel.

As a simplest starting point, a possibility was examined for
controlling permeability through an intramolecular channel
by blocking the channel with a guest molecule (Figure 2b).
This mode of permeability control is one of the efficient action
mechanisms observed for neurotoxins such as tetrodotoxin
and saxitoxin in the inhibition of biological ion channels.}:2
In this paper, we report experimental evidence supporting

(15) Maeda, M.; Tsuzaki, Y.; Nakano, K.; Takagi, M. J. Chem. Soc.,
Chem. Commun. 1990, 1529-1531.

(16) Maeda, M.; Fu]lta Y.; Nakano, K.; Takagi, M. J. Chem. Soc.,
Chem. Commun. 1991 1724-1725.

(17) Maeda, M,; Mltsuhashx, Y Nakano, K.; Takagi, M. Anal. Sci.
1992, 8, 83-84.

(18) Nakashima, N.; Taguchi, T.; Takada, Y.; Fujio, K.; Kunitake, M.;
Manabe, O. J. Chem. Soc., Chem. Commun. 1991, 232-233.

hroline)cobalt(II) perchlorate ([Co(phen)s] (C104)2) and
potassmm octacyanomolybdate(IV) (K;[Mo(CN)s]) were pre-
pared and purified according to refs 25 and 26, respectively. The
following guest compounds were of the highest quality grade
commercially available and used without purification: Cyclo-
hexanol (101-11) from Nacalai Tesque, Inc. (Kyoto, Japan); benzyl
alcohol (04144-00) from Kanto Chemical Co. (Tokyo, Japan);
1-adamantanol (A 0939), adenosine (A 0152), and cytidine (C
0522) from Tokyo Kasei Kogyo Co. (Tokyo, Japan). Buffer
components were of analytical grade and used without purifi-
cation. Deionized and distilled water, obtained by distilling
deionized water from KMnO; by a batch-type water still
(Autostill Model WB-21, Yamato Scientific Co., Tokyo, Japan),
was used for preparing all subphase solutions. The chloroform
solution of cyclodextrin derivative 4 for the monolayer formation
was prepared using an HPLC-grade chloroform after passing
through a basic alumina column.
Surface Pressure-Molecular Area (7—A) Isotherm. A
Langmuir film balance (Model HBM, Kyowa Kaimenkagaku Co.,

(19) Kawabata, Y.; Matsumoto, M.; Tanaka, M.; Takahashi, H.;
Irinatsu, Y.; Tamura, S.; Tagaki, W.; Nakahara, H.; Fukuda, K. Chem.
Lett. 1986, 1933-1934.

(20) Takahas}u H,; Irinatsu, Y.; Tsujimoto, M.; Kozuka, S.; Tagaki,
W. Nippon Kagaku Ka;shx 1987, 293-299

(21) Fujihira, M.; Araki, T. Chem. Lett. 1986, 921-922.

(22) Zhang, X.; Bard, A.J.J. Am. Chem. Soc. 1989, 111, 8098-8105.

(23) Miller, C. J.; Bard, A. J. Anal. Chem. 1991, 63, 1707-1714.

(24) Miller, C. J.; McCord, P.; Bard, A. J. Langmuir 1991, 7, 2781-
27817,
(25) Schilt, A. A,; Taylor, R. C.J. Inorg. Nucl. Chem. 1959, 9, 211-221.
(26) van de Poel, J.; Neumann, H. M. Inorg. Synth. 1968, 11, 53-56.



HOPG: highly oriented pyrolytic graphite

Figure 3. Experimental system for the ement of surface
pressure-molecular area (w-A) isotherms and the horizontal touch
cyclic voltammetry. W, working electrode; R, reference electrode; A,
auxiliary electrode.

13A 9A 63A
N
- .
.......... N H H
3 \001.4
N/\N/ H H
o

[Co(phen)s]** [Mo(CN)gl*

Figure 4. Appropriate dimensions of the three electroactive compounds
used In the present study as the markers for membrane permeability.

p-Quinone

Tokyo, Japan) equipped with a glass Wilhelmy plate and a Teflon-
coated trough (14 X 70 cm?) was used for both 7—A isotherm
measurements and horizontal touch cyclic voltammetry. The
temperature of subphase solutions was kept at 17.0 + 0.1 °C for
allexperiments. Monolayers were obtained by spreading 100 uLi
of 2 0.25-0.30 mM chloroform solution of cyclodextrin derivative
4 at the air/water interface on the subphase solutions. After the
monolayer was allowed to stand for 15 min for complete
evaporation of chloroform, 7—A isotherms were recorded with a
compression velocity of 17.9 mm min-! (25.1 cm? min-?). The
molecular area of 4 extrapolated at zero surface pressure (Ao)
and the collapse pressure of the monolayer were determined from
the m—A isotherms.

Horizontal Touch Cyclic Voltammetry. The horizontal
touch cyclic voltammetry was carried out as described by Zhang
and Bard® using a three-electrode configuration: a highly
oriented pyrolytic graphite (HOPG) electrode as a working
electrode, an Ag/AgCl electrode (Type HS-205C, Toa Electronics
Ltd., Tokyo, Japan) as a reference electrode, and a platinum
wire as an auxiliary electrode. The HOPG block (area, 12 X 12
mm;? initial width, 2 mm; Union Carbide Corp., Cleveland, OH;
kindly provided by Professor Stephen G. Weber, Department of
Chemistry, University of Pittsburgh) was first connected to a
silver wire with silver paste (Nilaco Corp., Tokyo, Japan), and
then its surface was cleaved by peeling off with an adhesive tape
to obtain a fresh basal plane of the graphite surface.

The experimental system for the horizontal touch cyclic
voltammetry is shown in Figure 3. A computer-controlled
electroanalysis system (Model CYSY-1, Cypress Systems, Inc.,
Lawrence, KS) equipped with an X-Y recorder (Model 7440A,
Hewlett-Packard Co., Palo Alto, CA) was used with the three-
electrode configuration. The monolayer prepared as above was
compressed to a preset surface pressure (50 mN m-!) at the same
barrier movement velocity as described above for the =—A
isotherm measurements. The HOPG electrode was initially held
above the air/water interface with its surface parallel to the
interface. After the compressed monolayer was allowed to stand
for 30 min, the HOPG electrode was first lifted down with a
motor-driven lifter at a displacement speed of 2 mm min-! and
brought into contact with the monolayer, and then was lifted up
by 1 mm at the same speed. This operation was carried out for
eliminating a possibility of vertical compression that could
disorder the oriented monolayer.2? In the present experiments,
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Figure 5. 7—A isotherms measured at 17.0 = 0.1 °C for the long alkyl
derivative of B-cyclodextrin (4) in the presence or absence of
cyclohexanol (10 mM) as a guest and (a) [Co(phen)s]2* (0.10 mM), (b)
[Mo(CN)g]*- (1.0 mM), or (c) p-quinone (1.0 mM) as a marker. The
composition of the subphase solution for each curve was as follows.
Curve A: 0.1M acetate buffer (pH 6.0) containing no guest or marker.
CurveB: the acetate buffer containinga marker. CurveC: the acetate
buffer containing a marker and guest.

no difference in cyclic voltammograms was observed by changing
the lifting distance from 0 to 3 mm.

The most convenient method for adding a guest into the
subphase solution would be a simple injection of the corresponding
guest solution. However, this method is not suitable in this case
because it practically requires a stirring of the subphase solution,
which will cause a distortion of the cyclodextrin monolayer at
the air/water interface. Accordingly, the guest had to be
introduced by the exchange method composed of the first and
second cycles as follows. Inthe firstcycle, a cyclic voltammogram
was recorded first in the absence of the cyclodextrin monolayer
on a buffer solution containing no guest. Then, the cyclodextrin
monolayer was prepared as described above and allowed to stand
for 30 min for stabilization at the preset surface pressure (50 mN
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Figure 8. Cyclic voltammograms of [Co(phen);]2* (0.10 mM) as a
permeability marker, measured on 0.1 M acetate buffer solution (pH
6.0)at 17.0 = 0.1 °C. (a) The effects of the condensed cyclodextrin
monolayer and the cyclohexanol guest. Curve A: measured in the
absence of the cyclodexirin monolayer on the buffer solution containing
no guest. Curve B: measured in the presence of a condensed
monolayer of cyclodextrin derivative 4 on the buffer solution containing
no guest. Curves C-E: measured in the presence of the condensed
cyclodextrin monolayer on the buffer solution containing cyclohexanol
as a guest. The concentrations of cyclohexanol were 5, 10, and 20
mM for curves C, D, and E, respectively. The marker was added as
[Co(phen)s](ClO4),. The surface pressure for compressing the
cyclodextrin monolayer was controlled at 50 mN m-'. The starting
point of the potential scan (-0.2 V) is shown with a cross. The direction
of the potential scan is indicated with an arrow. (b) The background
currents recorded in the presence and of the cyclodextrin

1100 pA

+0.9 +06 +03 402
E/V vs. Ag/AgCl

Figure 7. Cyclic voltammograms of [Mo(CN)a]‘- (1.0 mM) as a

ility marker, buffer (pH
6.0) at 17.0 = 0.1 °C. CUrveA measuedlnmeabsenoeonhe
cyclodextrin monolayer on the buffer solution containing no guest.
Curve B: d in the pr of a d monolayer of
cyclodextrin derivative 4 on the buffer solution containing no guest.
Curve C: measured in the presence of the condensed cyclodemln
monolayer on the buffer solution ¢ 10 mM loh | as
aguest. The marker was addedasK4[Mo(CN)g] The surface pressure
for compi g the cy« in yer was controlled at 50 mN
m-'. The starting point of the potential scan (+0.3 V) is shown with
across. The direction of the potential scan is indicated with an arrow.

I
+06 +02 -0.2 -05

E/V vs. Ag/AgCl
Figure 8. Cyclic of pq (1.0 mM) as a

monolayer on the buffer solution containing no marker or guest are
shown as “blank (A)” and “blank (B)”, respectively. Curves A and B
are those shown In Figure 6a.

min-!). The HOPG electrode was brought into contact with the
monolayer (vide supra) and kept at an initial potential for 30 s,
and then a cyclic voltammogram was recorded. After the
measurement, the monolayer and the subphase solution were
discarded and the trough was thoroughly washed. The HOPG
surface was cleaved by peeling off with an adhesive tape to obtain
a fresh surface. In the second cycle, a cyclic voltammogram was
recorded again in the absence of the cyclodextrin monolayer on
the buffer solution containing no guest in order to ensure that
the surface area of the HOPG electrode did not change by peeling
offitssurface. Then, the buffer solution was discarded, the trough
thoroughly washed, and the same buffer solution containing a
guest was introduced into the trough as a subphase solution. The
condensed cyclodextrin monolayer was prepared, and a cyclic
voltammogram was recorded in the same manner as described
above. For each combination of marker and guest, these cycles
were repeated two or three times.

The potential scan for cyclic voltammograms was conducted
at a sweep rate of 100 mV s! for all markers. In the case of
[Co(phen);]2*, the scan was made from an initial potential of
—0.2 V toward anodic and then back to cathodic directions over
a potential window of 0.8 V ranging from +0.6 to —0.2 V (see
Figure 6). In the case of [Mo(CN)s]*, the scan was made from
an initial potential of +0.3 V toward anodic and then back to
cathodic directions over a potential window of 0.7 V ranging
from +0.9 to +0.2 V (see Figure 7). In the case of p-quinone, the
scan was made from an initial potential of +0.2 V toward cathodic

ility marker, rneasured on 0.1 M acetate buffer solution (pH
60) at 17.0 = 0.1 °C. Curve A: measured In the absence of the
cyclodextrin monolayer on the buffer solution contalnlng no guest.

Curve B: d in the p of a d monolayer of
cyclodextrin derivative 4 on 1he buffer solution containing no guest.
Curves C-E: measured in the p ofthe Y in
monolayer on the buffer luti g CYC as a guest.
The of | were 5 10, and 20 mM for curves

C D, and E, respecﬁvely The surface pressure for compressing the

in was co at 50 mN m~. The starting
pohtofmepotenﬁalscan(+o 2V)is shown with a cross. Thedirection
of the potential scan is indicated with an arrow.

and then back to anodic directions over a potential window of
1.1 V ranging from +0.6 to —0.5 V (see Figure 8). The potential
ranges for the integration of these peaks were —0.1 to +0.6 V,
+0.3t0+0.9 V,and +0.2t0o—0.5 V for [Co(phen);]?*, [Mo(CN)sl*,
and p-quinone, respectively.

Since integrated currents calculated from the cyclic voltam-
mogram area varied with the HOPG block used, each series of
experiments was carried out with a single block of HOPG. Within
the series of experiments for each marker, typical repeatability
(mean deviation) of the integrated current in the absence of the
cyclodextrin monolayer was as follows: [Co(phen)s]2* (0.10 mM),
58.9 £ 1.6 uC (2.7%) for 10 runs; [Mo(CN)g]*+ (1.0 mM), 649
% 7.1 pC (1.1%) for 10 runs; p-quinone (1.0 mM), 2322 + 34 uC
(1.5%) for 14 runs. Inthe case that the integrated current in the
absence of the cyclodextrin monolayer greatly deviated from these
values, the electrode surface was peeled off again until the
expected integrated current was obtained.



RESULTS AND DISCUSSION

Long Alkyl Derivative of Cyclodextrin as a Sensory
Element. Host 41920 as well as host 31314 is one of the new
type of cyclodextrin derivatives developed by Tagaki et al.,?”
which have a characteristic structure that all of the primary
hydroxyl groups are substituted with long alkyl chains. This
structural feature allows the secondary hydroxyl side to face
the aqueous solution to accommodate a guest molecule into the
cavity. It has been shown mainly by m—A isotherm studies
that these cyclodextrin derivatives form oriented mono- and
multilayers either with or without a guest.1®28-30 Since this
type of cyclodextrin derivative has a channel-like structure
with an interfacial receptor site, the development of a novel
type of sensing membrane is expected, provided that an open/
close switching of the permeability of the membrane is effected
by the blocking of the channel with a guest molecule (Figure
2b).

Advantage of Horizontal Touch Cyclic Voltammetry
for Studying Intramolecular Channel Function. The
first step for developing such a channel mimetic sensing
membrane is to obtain rigid experimental evidence for the
intramolecular channel function of the channel mimetic
sensory element. There have been a number of studies aimed
at the development of artificial ion channels based on
derivatives of cyclodextrin and crown ethers.?-3 Some of
these studies have given experimental results showing a
marked increase in the membrane permeability by incorpo-
ration of these molecules into liposomes.31:33.34.3637 However,
it has always been difficult to unambiguously attribute the
permeability increase to their intramolecular channel function
because a possibility of leak outside the channel must also be
taken into account; the incorporation of these channel
compounds could result in an increase of leak outside the
channel by a microscopic distortion of the surrounding lipids.

Inthe present study, an approach based on horizontal touch
cyclic voltammetry was carried out to overcome this funda-
mental problem. This technique, first used by Fujihira?! and
recently sophisticated by Bard,2-2 enables investigation on
the electrochemical properties of oriented monolayers at
varying packing densities under an appropriately controlled
surface pressure. By applying a surface pressure that is
sufficiently high for the formation of a closest packed
monolayer, the intermolecular voids between the membranous
molecules will be minimized so that the leak of the markers
outside the intramolecular channels is expected to be sup-
pressed to a minimum.

As the guests to block the channel and control the
membrane permeability, uncharged organic molecules have
been chosen because it is essential for examining the

(27) Tagaki, W. Yukagaku 1988, 37, 394-401 and the references cited
therein.

(28) Kawabata, Y.; Matsumoto, M.; Nakamura, T.; Tanaka, M.; Manda,
E.; Takahashi, H.; Tamura, S.; Tagaki, W.; Nakahara, H.; Fukuda, K.
Thin Solid Films 1988, 159, 353-358.

(29) Taneva, S.; Ariga, K.; Okahata, Y.; Tagaki, W. Langmuir 1989,
5,111-113.

(30) Taneva, S.; Ariga, K.; Tagaki, W.; Okahata, Y. J. Colloid Interface
Sci. 1989, 131, 561— 66.

(31) Tabushl 1; Kuroda, Y.; Yokota, K. Tetrahedron Lett. 1982, 23,
4601-4604.

(32) van Beijnen, A. J. M.; Nolte, R. J. M.; Zwikker, J. W.; Drenth, W.
Recl. Trav. Chim. Pays-Bas 1982, 101, 409-410.

(33) Neevel, J. G.; Nolte, R. J. M. Tetrahedron Lett. 1984, 25, 2263~

266.

(34) Kragten, U. F.; Roks, M. F. M.; Nolte, R. J. M. J. Chem. Soc.,
Chem. Commun. 1985 1275-1276.
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intramolecular channel function that the permeability for
the electroactive marker is controlled only by the steric factor
and not complicated by the electrostatic factor. When an
uncharged guest is used, the permeability for the marker will
be controlled by the proportion of the channels that are
sterically blocked by the guest molecule. On the other hand,
if a charged guest is used, the permeability for the marker
will be greatly affected by a change in the membranous charge
due to the host-guest complexation with this guest. As
observed in our previous studies,® such a change in the
membranous charge would cause a change in the charge—
charge interaction between the membrane and marker or in
the packing density of the membrane. These effects are
unsuitable for the purpose of the present study because they
could cause a permeability change regardless of the steric
capability of marker compounds to pass through the in-
tramolecular channel.

In the present study, cyclohexanol, benzyl alcohol, 1-ad-
amantanol, adenosine, and cytidine have been chosen as
uncharged guests that can be accommodated into the 8-cyclo-
dextrin cavity and block the channel to sterically inhibit the
permeation of marker compounds. The permeability change
induced as a result of host-guest complexation by the
cyclodextrin derivative (4) in a condensed monolayer has
been compared for the electroactive markers that are sterically
permeable (p-quinone) and not permeable ([Co(phen);]2+,
[Mo(CN)g]+) through the B-cyclodextrin cavity (channel
entrance). Appropriate dimensions of these marker com-
pounds are shown in Figure 4.

7—A Isotherms of Cyclodextrin Derivative 4. To
determine the surface pressure to be applied in the horizontal
touch cyclic voltammetric measurements, a A isotherm
study was carried out with the same conditions as those for
the horizontal touch cyclic voltammetry. Figure 5a—c shows
the A isotherms of the long alkyl cyclodextrin derivative
(4) in the presence or absence of cyclohexanol as a guest and
[Co(phen);]2+, [Mo(CN)s]+, or p-quinone as a marker in the
subphase solution (Figure 5a, 5b, and 5c¢, respectively). These
m—A isotherms indicate the formation of a monolayer of
cyclodextrin derivative 4. For the purpose of examining the
intramolecular channel function, a condensed monolayer must
be formed in which the intermolecular voids between the
membranous cyclodextrin molecules that would cause a leak
of the marker are minimized. Accordingly, the surface
pressure to be applied must be sufficiently high, but should
not be so high as to cause a collapse of the monolayer when
in contact with the HOPG electrode.

From the n—A isotherm measured on a buffer solution
containing no guest or marker, the molecular area extrapolated
at zero surface pressure (Ao) was estimated to be 271 + 2 A2
molecule-l. Thisvalueis closetothat observed on pure water
at the same temperature (261 + 4 A2 molecule), figure not
shown) and also to the reported value at the same conditions
(259 A2 molecule).1928 These Aq values indicate that the
membranous cyclodextrin molecules are oriented with their
cavity entrance (the acetylated secondary hydroxyl side)
facing the subphase solution. However, since these A values
are greater than that calculated from the base area of the
cylindrical structure of 8-cyclodextrin (200-210 A2 molecule-!
for the secondary hydroxyl side), the above monolayer at
zero surface pressure with a molecular area of 260-270 A2
molecule! is still in an expanded state. This is possibly due
to the free rotation of the O-acetyl groups attached to the
secondary hydroxyl groups of the 8-cyclodextrin. By further
compressing the monolayer, the molecular area decreased
and reached just before the membrane collapse to a minimum
value of ca. 200 A2 molecule-?, corresponding to the base area
of B-cyclodextrin.
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As shown in Figure 5a—c, an addition of either marker
compound (0.10 mM of [Co(phen)s]**, or 1.0 mM of
[Mo(CN)gl* or p-quinone) did not affect the m—A isotherm.
However, an addition of the guest (10 mM cyclohexanol)
induced some expansion at the beginning of the monolayer
formation (surface pressure below ca. 25 mN m-!). Since the
formation of a host-guest inclusion complex with an un-
charged guest should not affect the =—A isotherm, the
expansion at low surface pressures can be ascribed to the
insertion of the hydrophobic guest molecules between the
membranous cyclodextrin molecules. In the later stage of
the monolayer formation at higher surface pressures, almost
no expansion was induced by the guest, indicating the
formation of a condensed monolayer in which the guest
molecules that initially existed between the membranous
cyclodextrin molecules were squeezed out. The complex
formation caused some decrease in the stability of the
cyclodextrin monolayer as indicated by decreased collapse
pressures in the presence of the guest in the subphase solution
(Figure 5a—c). With regard to the other guests used for the
selectivity study, i.e., benzyl alcohol (10 mM), 1-adamantanol
(0.3 mM), adenosine (10 mM), and cytidine (10 mM), almost
noexpansion of the monolayer was induced even atlow surface
pressures (figures not shown).

Based on these m—A isotherm results, the surface pressure
for the horizontal touch cyclic voltammetric measurements
has been set to 50 mN m-1, which is close to but somewhat
lower than the collapse pressure of this cyclodextrin mono-
layer. A higher surface pressure just below the collapse
pressure caused a collapse of the monolayer when the HOPG
electrode was brought into contact with it. By controlling at
50 mN m-!, the molecular area of the membranous cyclo-
dextrin would be limited to ca. 210 A2 molecule-! and the
intermolecular voids between the cyclodextrin molecules that
could cause a leak of the marker are expected to be minimized.

Permeability of Marker Compounds through the
Cyclodextrin Monolayer. Permeability through the mono-
layer of cyclodextrin derivative 4 has been estimated from
the accessibility of electroactive markers to the electrode
surface, which in turn can be estimated from the peak potential
and area of cyclic voltammograms (Figures 6-8). The
calculation of the voltammogram area has been made by
integration of either oxidation or reduction peak that cor-
responds to the initial process of the redox cycle, i.e., the
oxidation peak in the case of [Co(phen)3]?* and [Mo(CN)sl*,
and the reduction peak in the case of p-quinone. Permeability
through the condensed cyclodextrin monolayer as well as the
effect of cyclohexanol as a guest was found to be quite
different, depending on whether the electroactive marker used
is sterically permeable (p-quinone) or not permeable ([Co-
(phen)3]2*, [Mo(CN)s]+) through the B-cyclodextrin cavity
(channel entrance).

(a) [Co(phen);]?+ as a Permeability Marker. Figure 6a
shows the cyclic voltammograms of [Co(phen);]** as a
permeability marker. The heterogeneous electron transfer
rate constant (electrochemical standard rate constant; k) of
the [Co(phen);]3+/2+ redox couple is reported to be 6 X 10-2
cm s in water (1 M KCl) at 25 °C.3? Such a fast electron
transfer kinetics of [Co(phen);]2* is a favorable property for
using this compound as a marker for the membrane perme-
ability. Since this marker is initially in the reduced form, a
change in the area of the oxidation peak ([Co'l(phen)s]** —
[CoM(phen)3]3* + e-; the lower half of the cyclic voltammo-
grams in Figure 6) would be a proper measure of the change
in the accessibility of this marker to the electrode surface.
Accordingly, the permeability change was estimated from
the change in the area of the oxidation peak.

(39) Bartelt, H. Electrochim. Acta 1971, 16, 629-635.
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9a and 9b represent the behaviors of the markers that are sterlcally
(a) not permeable ([Co(phen);]2*, [Mo(CN)s]*+) and (b) permeable (-
quinone) through the S-cyclodextrin cavity (channel entrance).

For the calculation of the voltammogram area, the back-
ground current must be taken into account because the
voltammogram peak was much smaller than those for
[Mo(CN)g]+and p-quinone (both 1.0 mM concentration) due
to a lower solubility of [Co(phen);]2+; the measurements had
to be carried out at 0.10 mM concentration. However, the
background currents in both the presence and absence of the
cyclodextrin monolayer gave essentially horizontal lines from
0.1 V (Figure 6b). As a result, a background-corrected
integration could be made simply by integrating the oxidation
peaks of [Co(phen);]2* (curves A and B in Figure 6) from —0.1
V (see the Experimental Section).

It is evident from Figure 6a that the presence of the
cyclodextrin monolayer causes a dramatic decrease in the
area of the oxidation peak with no apparent peak potential
within the potential window (curve A vs B). By correcting
for the background currents in the presence and absence of
the cyclodextrin monolayer (Figure 6b), the decrease in the
area of the oxidation peak was estimated to be 85%.
Furthermore, the change in the cyclic voltammogram upon
an addition of cyclohexanol as a guest (up to 20 mM) was very
small (curve B vs C-E in Figure 6a) as compared to the
corresponding changes when p-quinone was used as a marker
(vide infra; Figure 8). These observations can be explained
by considering the steric incapability of the marker [Co-
(phen);3]2* (ca. 13-A minimum diameter; Figure 4) to pass
through the B-cyclodextrin cavity (ca. 7.5-A diameter).
Consequently, the access of this marker to the electrode
surface would be efficiently inhibited by the cyclodextrin
monolayer, and in addition, the host-guest complexation with
cyclohexanol that blocks the channel would not affect the
marker permeability (Figure 9a).

(b) [Mo(CN);]* as a Permeability Marker. Figure 7
shows the cyclic voltammograms of [Mo(CN)g]+ as a per-
meability marker. This marker also has a favorable property
because the electron transfer is even more feasible as compared
to [Co(phen);]2*; the heterogeneous electron transfer rate
constant (k°) of the [Mo(CN)g]3-/4 redox couple is reported
tobe5X 10! cm s in water (0.2 M KF) at room temperature.*
Since this marker is initially in the reduced form, a change
in the area of the oxidation peak ([Mo!V(CN)gl*- —
[MoV(CN)gl®-+ e~; the lower half of the cyclic voltammograms
in Figure 7) would be a proper measure of the change in the
accessibility of this marker to the electrode surface. Ac-
cordingly, the permeability change was estimated from the
change in the area of the oxidation peak. The background

(40) Saji, T.; Maruyama, Y.; Aoyagui, S. J. Electroanal. Chem.
Interfacial Electrochem. 1978, 86, 219-222.



correction was not made because the measurements at a
marker concentration of 1.0 mM (10-fold as compared to the
case of [Co(phen)z]?*) gave much larger voltammetric peaks,
and as a result the background current was negligible either
in the presence or absence of the cyclodextrin monolayer.

Similarly as in the case of using [Co(phen);]2* as a marker,
amarked inhibition of electron transfer was observed in the
presence of the cyclodextrin monolayer (curve A vs B; 70%
decrease in the area of the oxidation peak). The change in
the cyclic voltammogram upon an addition of cyclohexanol
(10 mM) was very small (curve B vs C). These observations,
again, can be explained by the steric incapability of the marker
[Mo(CN)gl+ (ca. 9-A minimum diameter; Figure 4) to pass
through the B-cyclodextrin cavity (Figure 9a).

(c) Degree of Integrity of the Condensed Cyclodextrin
Monolayerin Contact withthe HOPG Electrode. Despite
the fact that [Mo(CN)g]+ as well as [Co(phen);]2+ is much
too large to pass through the 8-cyclodextrin cavity (channel
entrance), and that the intermolecular voids between the
membranous cyclodextrin molecules should be minimized
under a controlled high surface pressure, a complete inhibition
of electron transfer was not attained for either of these
markers. This could be ascribed, in principle, to the following
two reasons: (i) A leak of the markers through the defects
(bare spots or large pinholes) that exist in the monolayer. (ii)
A long-range electron transfer between the electrode and
markers that are separated from each other at some distance
by the existence of the cyclodextrin monolayer. Of these two
possible reasons, (i) is considered to be the main reason on
the basis of the following discussions.

The theoretical study by Savéant et al.*! demonstrates that
partial blocking of an electrode surface by membranous
molecules or polymers, which generates a large number of
microscopic electroactive sites still free from the membranous
material, causes a change in the shape of cyclic voltammo-
grams. As the fractional coverage of the electrode surface
increases, the current decreases according to a net decrease
in the surface area, and in addition, the anodic to cathodic
peak distance becomes larger according to an apparent
decrease of the heterogeneous electron transfer rate constant.
As the fractional coverage further increases, the current
further decreases and the voltammogram bears a sigmoidal
shape. Atthisstage, the electrode hasanumber of microscopic
active sites, which are sufficiently separated with each other
to act as an array of microelectrodes. Such voltammetric
changes have been clearly observed by Bilewicz and Majda‘24
for a series of evaporated gold electrodes modified with
Langmuir-Blodgett type composite monolayers of 1-octa-
decanethiol and 1-octadecanol under different surface pres-
sures. Finally, under a complete coverage of the electrode,
the current is further reduced and the voltammogram loses
its sigmoidal character. Under such a condition, the current
contains a significant component due to electron tunneling
across the membrane or film 4246

In view of the above discussion, the shapes of curve B in
Figures 6 and 7 can be regarded as in the stage of a large
anodic to cathodic peak separation because no apparent
voltammetric peak was observed within the potential window
ineither of these curves. Although the peak separation seems
to be greater in the case of [Mo(CN)gl*- (curve B in Figure
7), the voltammogram is not yet in the stage of bearing a

(41) Amatore, C.; Savéant, J. M.; Tessier, D. J. Electroanal. Chem.
Interfacial Electrochem. 1983, 147, 39-51.

(42) Bilewicz, R.; Majda, M. Langmuir 1991, 7, 2794-2802.

(43) Bilewicz, R.; Majda, M. J. Am. Chem. Soc. 1991, 113, 5464-5466.

(44) Porter, M. D.; Bright, T. B.; Allara, D. L.; Chidsey, C. E. D.J. Am.
Chem. Soc. 1987, 109, 3559-3568.

(45) Chidsey, C. E. D.; Loiacono, D. N. Langmuir 1990, 6, 682-691.

(46) Miller, C.; Cuendet, P.; Gratzel, M. J. Phys. Chem. 1991, 95, 877—
886.
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typical sigmoidal shape. Accordingly, the electrode reaction
takes place at a large number of sites that are not covered or
only loosely covered with an organized monolayer of the
cyclodextrin molecules, in other words, the defects (bare spots
or large pinholes) that exist in the cyclodextrin monolayer.
The total area of these pinholes should amount to 15 or 30%
of the electrode surface area when calculated on the basis of
the 85 and 70% net decrease in the area of the oxidation
peaks for [Co(phen);]?* and [Mo(CN)g]*, respectively.

The recent study by Chang and Bard*’ demonstrates up
to 1-10% defect in the HOPG surface on the basis of direct
observation by scanning tunneling microscopy; the surface
of freshly cleaved HOPG surface contains not only atomically
smooth planes but also various morphologies of graphite.
Although the existence of these defects may favor the
formation of large pinholes, this factor alone cannot explain
such a large total area of pinholes as described above (15 or
30% of the area of the electrode surface). In fact, almost
complete inhibition of electron transfer has been observed
by Uchida et al.#® in the case of a condensed monolayer of
stearic acid deposited on an HOPG electrode by the Lang-
muir-Blodgett method.

A factor that might partly explain this discrepancy is
the generation of defects in the monolayer that could occur
by a contact with the HOPG electrode. This would be favored
by the presence of edges in the HOPG electrode and/or by
the unbalanced cross-sectional areas within the molecule of
cyclodextrin derivative 4 as compared to simple alkane
derivatives. In the long alkyl derivative of cyclodextrin (4),
the cross-sectional areas of the cyclodextrin moiety and the
long alkyl chains (in total) are ca. 200 and 140 A2, respectively.

Another factor that should be considered is the possibility
of adecreasein the electron-transfer rate. When an electrode
surface is covered with membranous molecules or polymers,
an anodic to cathodic peak separation could be induced in
cyclic voltammograms not only by a simple decrease in the
electrode area (ref 41) but also by a decrease in the electron-
transfer rate. In other words, the peak separation could also
result from a factor that does not reflect the total area of “bare
spots” at which the electron transfer proceeds without a
decrease of the rate. Since the anodic to cathodic peak
separation, regardless of the reason, would cause a part of the
voltammogram peak to be pushed out of the potential window,
an estimation of the total area of “bare spots” from volta-
mmogram areas (vide supra) might lead to an overestimation
if the peak separation was at least partly due to the kinetic
effect described above.

In the present case, the decrease in the electron-transfer
rate, if occurred, would be ascribed to the existence of defects
that are not actually “bare spots” but rather the spots covered
with aloosely packed cyclodextrin monolayer. Inthesespots,
adisordered arrangement of the cyclodextrin molecules would
lead to a situation in which the markers are not able to
sufficiently access the electrode surface but a long-range
electron transfer between the markers and the electrode
surface is still possible.

(d) p-Quinone as a Permeability Marker. Figure 8
shows the cyclic voltammograms of p-quinone as a perme-
ability marker. Since this marker is initially in the oxidized
form, a change in the area of the reduction peak (quinone +
2H* + 2e- — hydroquinone; the upper half of the cyclic
voltammograms in Figure 8) would be a proper measure of
the change in the accessibility of this marker to the electrode
surface. Accordingly,the permeability change was estimated
from the change in the area of the reduction peak. As inthe

(47) Chang, H.; Bard, A. J. Langmuir 1991, 7, 1143-1153.
(48) Uchida, L; Ishiho, A.; Matsue, T.; Itaya, K. J. Electroanal. Chem.
Interfacial Electrochem. 1989, 266, 455-460.
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case of [Mo(CN)g]*+ (vide supra), the background correction
was not made because the background current was negligible
both in the presence and absence of the cyclodextrin
monolayer.

As shown in Figure 8, the presence of the cyclodextrin
monolayer caused some decrease in the area of the cyclic
voltammogram of p-quinone (curve A vs B). But in this case,
the magnitude of change was much smaller (31% decrease in
the reduction peak) than in the case of [Co(phen)s]2* or
[Mo(CN)gl+. In addition, the voltammetric reduction peak
was retained within the potential window though the peak
potential shifted to the negative direction (+0.03 V——0.24
V).

Compared to [Co(phen);]2* and [Mo(CN)g]+, the electron
transfer is much less feasible in p-quinone; the heterogeneous
electron-transfer rate constant (k° of the p-quinone/hy-
droquinone redox couple is reported to be 1.4 X 10~ cm s!
in water (1 MHCIO,) at 25 °C.#® For such a marker, a greater
shift as well as broadening of the cyclic voltammogram peak
is expected to be induced by the presence of the cyclodextrin
monolayer. As a result, a part of the voltammogram peak
might be pushed out of the potential window, which is set for
the measurement of the cyclic voltammogram of p-quinone
in the absence of the cyclodextrin monolayer, in other words,
for the measurement with the bare HOPG electrode. Since
the permeability is estimated from the voltammogram area
in the presence of the cyclodextrin monolayer relative to that
for the bare electrode, the permeability for p-quinone with
a slower electron-transfer kinetics might be underestimated.

Despite such an unfavorable factor for p-quinone, a well-
defined voltammetric peak was still observed within the
potential window and the decrease in the voltammogram area
was much smaller as compared to [Co(phen);]?* and
[Mo(CN)gl+. These voltammetric behaviors clearly indicate
a much more feasible access of p-quinone to the electrode
surface. To interpret these results, it must be taken into
account that p-quinone (ca. 6.3 A shorter width; Figure 4) is
sterically permeable through the 8-cyclodextrin cavity (chan-
nel entrance) and that the cyclodextrin monolayer is suffi-
ciently condensed so that the intermolecular voids are
minimized. These points, taken together, support the per-
meation of p-quinone through the intramolecular channel
formed within the cyclodextrin derivative 4 (Figure 9b). Since
the difference between the voltammograms for p-quinone
and the other two bulky markers is quite remarkable, an
incomplete integrity of the cyclodextrin monolayer in contact
with the HOPG electrode (vide supra) does not invalidate
the above discussion.

As mentioned above, the cyclodextrin monolayer caused a
shift of the reduction peak potential of p-quinone to the
negative direction. Such a shift of the voltammetric peak is
consistent with the discussions in section c¢ because the
noncavity part of the cyclodextrin molecules causes “partial
blocking” of the electrode surface (Figure 10). In this case,
the “fractional coverage” could be as high as 79% if a complete
integrity of the oriented and condensed monolayer was
assumed.

An addition of the guest in the subphase solution caused
further decrease in the voltammogram area (curve B vs C in
Figure8). Furthermore, the extent of decrease became greater
by increasing the concentration of the guest in the subphase
(curve C — D — E). These observations can be most
reasonably explained by a channel blocking effect of the
cyclohexanol guest, leading to an inhibition of the permeation
of p-quinone that can sterically pass through the g-cyclo-
dextrin cavity (Figure 9b). The shift of voltammetric peak

(49) Lacaze, P.-C.; Pham, M. C.; Delamar, M.; Dubois, J.-E. J.
Electroanal. Chem. Interfacial Electrochem. 1980, 108, 9-16.
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Figure 10. Schematic representation of the closest-packed monolayer
of the cyclodextrin molecules facing its base to the aqueous subphase
solution. The shaded area Indicates the noncavity part of the
cyclodextrin molecules.
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Figure 11. Dependence of the cyclic voltammogram area on the
surface pressure applied to the cyclodextrin monolayer. The expected
molecular areas were d In the p. ith In the
p-Quinone (OJ; 1.0 mM), [Mo(CN)s]*- (®; 1.0 mM), and [Co(phen)s] 2*
(O; 0.1 mM) were examined as the markers for permeabliity. Measured
on 0.1 M acetate buffer solution (pH 6.0) at 17.0 = 0.1 °C. The
ordinate indicates the voltammogram area relative to that measured
for the same marker in the absence of the cyclodextrin monolayer.
The voltammogram areas were calculated by the integration of the
following peaks in the p ial ranges d i the
reduction peak in a potential range from +0.2t0 -0.5 V. [Mo(CN)s]*:
the oxidation peak in a potential range from +0.3 to +0.9 V.
[Co(phen)s]2*: the oxidation peak in a potential range from 0.1 to
+0.6 V.
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to the negative direction by increasing the concentration of
the guest (curve B — C — D — E) is consistent with an
increase in the fractional coverage of the electrode surface as
aresult of the channel blocking by host-guest complexation
with cyclohexanol.

Dependence of Marker Permeability on Surface
Pressure. Figure 11 shows the dependence of the cyclic
voltammogram area on the surface pressure applied to the
cyclodextrin monolayer. All of the cyclic voltammetric
measurements described so far were carried out at the highest
surface pressure (50 mN m-1) on the abscissa. By increasing
the surface pressure from 10 to 50 mN m-!, in other words,
by decreasing the molecular area from ca. 260 to 210 A2
molecule-l, the voltammogram areas for all three markers
decreased almost linearly. However, an important point to
be emphasized here is that the magnitude of the decrease was
different between the markers; the decrease for p-quinone
was much smaller than that for the other two bulky markers,
i.e., [Co(phen)s]2* and [Mo(CN)gl4-.

This observation can also be explained by considering the
steric capability of p-quinone to pass through the §-cyclo-
dextrin cavity (vide supra). By increasing the surface
pressure, the total area of the intermolecular voids in the
monolayer would be smaller, but the number of the cyclo-
dextrin molecules (the number of channels) thatare in contact
with the electrode surface would increase. The dependence



Table I. Guest-Induced Decrease in the Area of the Cyclic
Volt ram of p-Qui in the P; of a
Condensed Monolayer of the Long Alkyl Derivative of
B-Cyclodextrin (4)2

relative area

of cyclic guest-induced
concentration voltammogram decrease

guest of guest (M) (%)® (%)
without guest 69.2
cyclohexanol 1.0 X102 625+ 1.5 6.7
adenosine 10X 102 63.7+ 1.2 5.5
cytidine 1.0 X 102 64.6 0.3 46
benzyl alcohol 10X 102 65.3+0.7 39
1-adamantanol 3.0x 10+ 645+ 1.3 4.7

@ Measured at 17.0 £ 0.1 °C in the presence of a condensed
monolayer of -cyclodextrin derivative 4 on 0.1 M acetate buffer (pH
6.0) as a subphase solution. Surface pressure was controlled at 50
mN m-1. The concentration of p-quinone as a marker was 1.0 mM.
b Calculated as a percentage of the voltammogram peak area relative
to that measured in the absence of the cyclodextrin monolayer (bare
electrode). Scanrate: 100mV s-1. The integration was made for the
reduction peak in a potential range from +0.2 to 0.5 V (see the
Experimental Section for the details). The average values of two or
three runs are shown.

of the voltammogram area on the surface pressure for the
markers that are sterically too large to pass through the
B-cyclodextrin cavity ([Co(phen);]2*, [Mo(CN)s]4) would be
controlled only by their permeability through the intermo-
lecular voids. The surface pressure dependence shown in
Figure 11 for these two bulky markers is consistent with this
expectation. On the other hand, the surface pressure de-
pendence for p-quinone that can sterically pass through the
B-cyclodextrin cavity would be controlled by the permeability
through both intermolecular voids and intramolecular chan-
nels. The fact that the decrease in the voltammogram area
upon an increase in the surface pressure is much smaller for
p-quinone (Figure 11) indicates a characteristic aspect of this
cyclodextrin monolayer to retain a considerable part of the
permeability despite the decrease in the total area of the
intermolecular voids between the membranous molecules.
These observations further support the intramolecular chan-
nel function of the cyclodextrin derivative 4 (Figure 9b).
Another point that should be considered is the fact that
adramaticincrease in the voltammogram area upon a decrease
in the surface pressure was observed for both of the two bulky
markers, regardless of whether the marker is hydrophilic
(IMo(CN)g]*) or hydrophobic ([Co(phen);]?*). Such a
behavior is quite different from a much smaller surface
pressure dependence for p-quinone, which is sterically smaller
than [Mo(CN)s]+ or [Co(phen);]?* and can pass through the
B-cyclodextrin cavity. These results indicate that the main
factor controlling the permeability through the intramolecular
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channel of the cyclodextrin derivative is the steric bulkiness
rather than the hydrophobicity of the marker. Suchanaspect
is characteristic of the cyclodextrin monolayer, as compared
to monolayers of simple alkane derivatives. Bilewicz and
Majda*? have recently examined the permeability of elec-
troactive marker compounds through a series of Langmuir—
Blodgett type composite monolayers of 1-octadecanethiol/
1-octadecanol mixture and found that the permeability for
[0s(2,2-bipyridyl);]2* (hydrophobic) was greater than that
for [Ru(NH;3)]®* (hydrophilic). These results have been
ascribed to a more feasible access of the hydrophobic marker
to the electrode surface despite its larger size, indicating that
the permeability through the intermolecular voids is con-
trolled mainly by the hydrophobicity and not by the steric
bulkiness of the marker.

Selectivity of Permeability Control. In the present
study, the voltammetric responses toseveral uncharged guests,
i.e., benzyl alcohol, 1-adamantanol, adenosine, and cytidine,
in addition to cyclohexanol, were examined using p-quinone
as a marker for the permeability change. The results are
shown in Table I. It has been shown by the 7—A isotherm
study that none of these guests causes expansion of the
cyclodextrin monolayer at high surface pressures (vide supra),
confirming the incapability of these guests to be inserted
between the membranous cyclodextrin molecules in a con-
densed monolayer. Accordingly, for this condensed mono-
layer membrane, a new type of selectivity is expected that is
based on the ability of these guests to decrease the membrane
permeability by blocking the intramolecular channel of the
membranous cyclodextrin molecule. Between the guests
examined, some differences were observed for the change in
the voltammogram area. Although the repeatability of the
experiments was close to these small differences, a trend of
selectivity was observed when the averaged values were
compared. Since an incomplete integrity of the present
cyclodextrin monolayer is suggested by the earlier discussions,
the voltammogram area might not be zero even if all of the
cyclodextrin channels are blocked by the guest. Accordingly,
the differences of the change in the voltammogram area
between the guests in Table I might be underestimated.

Only in the case of 1-adamantanol, the measurement was
carried out at a concentration of 0.3 mM because of its low
solubility in water. Since the guest-induced decrease in the
voltammogram area was negligible for 0.3 mM cyclohexanol,
the selectivity of such a voltammetric response could be
regarded as 1-adamantanol » cyclohexanol > adenosine >
cytidine > benzyl alcohol. The greatest decrease in the
voltammogram area by 1-adamantanol, reflecting the greatest
inhibition of marker permeability by this guest, is consistent
with the stronger binding ability of the parent 8-cyclodextrin

Table II. Molecular Response Ratio of the Long Alkyl Derivative of 8-Cyclodextrin (4) for Cycl 1 Guest®
decrease in the
concentration amount of amount of electron molecular
of guest (mM) electron transfer® transfer® response ratio?
without the cyclodextrin monolayer 0 (7.18 = 0.01) X 105
with the cyclodextrin monolayer 0 (5.10 = 0.12) X 105
5 (4.60 = 0.04) x 10'® 5.0 X 1014 73
10 (4.49 = 0.09) x 10'5 6.1 X 1014 8.9
20 (4.39 +£0.13) X 1015 7.1 X 1014 10.4

@ Measured at 17.0 £ 0.1 °C for a condensed mono]ayex of ﬁ—cyclodextnn derivative 4 on 0.1 M acetate buffer (pH 6.0) as a subphase. Surface
pressure was controlled at 50 mN m-1. The ation of p-c as a marker was 1.0 mM. ¢ Calculated from the area of the reduction
peak of cyclic voltammograms. Scan rate: 100 mV s Potent.ml range for the mtegratxon +0.2 to —0.5 V. The average of two to four runs
is shown with the mean deviation. ¢ Calculated as the guest-i dd in the t of electron transfer for each concentration of the
guest. The average value is shown. ¢ Defined as the guest-induced change in the amount of electron transfer relative to the estimated number
of the cyclodextrin molecules in the monolayer that are in contact with the electrode. The average value is shown. See text for the details.
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for 1-adamantanol (K, = 1.6 X 103 M- at 23 °C)>° as compared
with cyclohexanol (K, = 5.0 X 102 M-! at 25 °C)%! in aqueous
solution.

Molecular Response Ratio. The molecular responseratio
was calculated (see ref 5), which was defined in this case as
the guest-induced change in the amount of the electron
transfer between the electrode and marker (p-quinone)
relative to the estimated number of the cyclodextrin molecules
in the monolayer that are in contact with the electrode. This
value would be a direct and convenient measure for the
efficiency of signal transduction. A channel mimetic mode
of signal transductlon could, in pnncxple, lead to an ampli-
fication of the signal.

The amount of the electron transfer from the electrode to
the marker p-quinone in the presence or absence of the
cyclohexanol guest was estimated from the area of the
reduction peak of cyclic voltammograms. From these values,
the decrease in the amount of the electron transfer upon the
addition of each concentration of guest in the subphase
solution was calculated. On the other hand, if a complete
integrity of the cyclodextrin monolayer was assumed, the
number of the membranous cyclodextrin molecules that would
be in contact with the electrode surface could be estimated
as 6.86 X 1012 on the basis of the molecular area of 210 A2
molecule-! at an applied surface pressure of 50 mN m-1. Based
on these values, the molecular response ratios of cyclodextrin
derivative 4 under the present experimental conditions were
calculated (Table II). As expected, the molecular response
ratio increased by increasing the concentration of the guest
so that the permeation of more markers would be inhibited
by the channel blocking as a result of host-guest complexation.
A molecular response ratio up to 10.4 (1.7/s) was obtained
under the present conditions.

CONCLUSIONS

A long alkyl derivative of $-cyclodextrin (4) was exploited
as a channel mimetic sensory element. The permeability of
a condensed monolayer of 4 was controlled by blocking the
intramolecular channel with organic guests. To obtain rigid
experimental evidence for the ability of this cyclodextrin
derivative to function as an intramolecular channel, an

(50) Syamala, M. S.; Ramamurthy, V. Tetrahedron 1988, 44, 7223—
(51) Matsui, Y.; Mochida, K. Bull. Chem. Soc. Jpn. 1979, 52, 2808-
281.

approach based on horizontal touch cyclic voltammetry was
carried out for a condensed monolayer of 4, in which
intermolecular voids between the membranous cyclodextrin
molecules that would cause a leak of electroactive marker
compounds were minimized. The permeability for a marker
that can sterically pass through the g-cyclodextrin cavity
(channel entrance) as in the case of p-quinone was shown to
be able to be controlled by blocking the channel with organic
guests. Consequently, it has been shown that this type of
cyclodextrin derivative affords a new type of channel mimetic
sensory element that displays a selectivity based on the ability
of each guest to decrease the membrane permeabxhty by
blocking the intramol h 1 of the ous host
molecule. Further design of host molecules to improve the
complexation ability and selectivity as well as to introduce
more suitable channel components would lead to artificial
“ion channel sensors” with an efficient chemical amplification
of analyte concentration to attain a higher sensitivity.

ACKNOWLEDGMENT

We gratefully acknowledge Professor Stephen G. Weber,
Department of Chemistry, University of Pittsburgh, Pitts-
burgh, PA, for providing highly oriented pyrolytic graphite
(HOPG) used as the working electrode and the Research
Laboratory of Nihon Shokuhin Kako Co. (Shizuoka, Japan)
for supplying B-cyclodextrin. We also acknowledge Hiroki
Hashimoto and Hiroyuki Sazawa, Department of Chemistry,
Faculty of Science, Hokkaido University, for helpful assistance
in the synthesis of the long alkyl cyclodextrin derivative and
in the horizontal touch voltammetric measurements, respec-
tively. This work was supported from the Grant-in-Aids for
Scientific Research (Y.U.,K.O.) by the Ministry of Education,
Science and Culture, Japan, and from the Japan-U.S.
Cooperative Science Program (Y.U.) cosponsored by the Japan
Society for the Promotion of Science and the U.S. National
Science Foundation. The supports from the Iketani Science
and Technology Foundation (T'okyo, Japan) to Y.U. and from
the Tokuyama Science Foundation (Tokyo, Japan) and the
Tokyo Biochemical Research Foundation (Tokyo, Japan) to
K.O. are also acknowledged. Finally, we express our appre-
ciation to the reviewers of this paper for valuable comments.

RECEIVED for review May 27, 1992. Accepted December
1, 1992.



Anal. Chem. 1993, 65, 937-944

937

Scanning Tunneling Microscopy of Carbon Surfaces:
Relationships between Electrode Kinetics, Capacitance, and
Morphology for Glassy Carbon Electrodes

Mark T. McDermott, Christie Allred McDermott, and Richard L. McCreery®
Department of Chemistry, The Ohio State University, 120 West 18th Avenue, Columbus, Ohio 43210

Polished, fractured, heat-treated, and laser-activated glassy
carbon (GC) surfaces were examined by scanning tunneling
microscopy (STM) In amblent alr. Polished electrodes, as
well as those which were vacuum heat treated (VHT) or laser
activated (25 mW/cm?) after being polished, were comparably
smooth In 2.5-um STM scans, exhibiting root-mean-square
roughness (RMSR) of ~4 nm. Fractured, unpolished surfaces
were significantly rougher (RMSR ~20 nm) and exhibited
numerous nodules with diameters In the range of 50-300 nm.
Polished surfaces laser activated at high-power density (70
MW/cm?) showed unexpected features along polishing scratch-
es, apparently caused by local melting. The heterogeneous
electron-transfer rate constant (k°, cm/s) and capacitance
(C°, uF/cm?) were also determined for the STM-characterized
surfaces. Although rougher surfaces generally exhibited higher
C°, major differences in k° were observed for surfaces with
similar roughness and appearance. The resuits are consistent
with the dominance of surface cleanliness in the mechanism
of laser activation. Combined with past results based on
adsorption, the morphological data indicate that differences
In surface roughness are unimportant for laser activation of
Fe(CN)¢*"* kinetics. Furthermore, the STM images reveal
morphological effects of laser activation and polishing which
were not apparent from previous electrochemical resulis.

INTRODUCTION

Effective applications of solid electrodes in analysis,
synthesis, and energy conversion result in part from an
understanding of electrode surface properties and their effects
on electron transfer. Glassy carbon (GC) is widely used as
an electrode for analysis and as a substrate for modified
electrodeslargely because of its hardness, wide potential range,
durability, and cost. However, the surface properties of a
typical GC electrode are not thoroughly understood due to
the variety of procedures used to prepare these electrodes
and the large number of variables at the surface. The many
procedures and associated effects on electrode kinetics and
capacitance have been reviewed recently.! Because these
surfaces are not well-defined, the major factors which
determine electrochemical behavior have not been completely
determined. The relationship between surface structural
variables of GC and electrochemical phenomena such as
heterogeneous electron-transfer kinetics and differential
capacitance is the subject of this report.

Surface properties of carbon electrodes which affect
electrochemical reactivity may be classified into four

* Author to whom correspondence should be addressed.

(1) McCreery, R. L. In Electroanal. Chemistry; Bard, A. J., Ed,;
Dekker: New York, 1991; Vol. 17, pp 221-374.

(2) Randin, J. P.; Yeager, E. J. Electrochem. Soc. 1971, 118, 711-714.

(3) Randin, J. P.; Yeager, E. J. Electroanal. Chem. 1972, 36, 257-276.

(4) Randin, J. P.; Yeager, E. J. Electroanal. Chem. 1975, 58, 313-322.

0003-2700/93/0365-0937$04.00/0

categories: carbon microstructure, surface roughness, phy-
sisorbed impurities, and chemisorbed species, particularly
oxides. The microstructural properties of various carbon
materials are determined by their microcrystallite size, which
will in turn determine the relative distribution of basal plane
and edge plane regions at the surface. Graphite edge plane
has been shown to differ greatly in electrochemical behavior
from basal regions on ordered graphite surfaces.-1° However,
the electrode activity will also be affected by the remaining
three variables: roughness may determine the number of
active sites, physisorbed impurities may cover or block active
sites, and oxides may alter the mechanism of electron transfer
altogether. Whether or not these variables are important to
the behavior of a given electrode is determined by the electrode
material and preparation history.

Our group and others have reported a number of surface
preparations for GC electrodes. Pertinent examples of
pretreatment methods are polishing,'-13laser activation,4-1°
vacuum heat treatment,'320-22 and exposure of the fresh bulk
carbon by fracturing a GC rod in situ.1718232¢ The purpose
of these and other preparation schemes is to modify one or
more of the GC surface variables mentioned above in order
to affect electron-transfer rates of target redox systems.
However, the effect of any particular electrode preparation
procedure on the many GC surface factors remains unclear.
For example, fracturing a GC electrode in solution should
yield a surface relatively free of chemisorbed and physisorbed
impurities with a microcrystallite size representative of the
bulk carbon material. A polished surface, on the other hand,

(5) Bowling, R.; Packard, R.; McCreery, R. L. J. Am. Chem. Soc. 1989,
111, 1217-1223.

(6) Bowling, R.; Packard, R. T.; McCreery, R. L. Langmuir 1989, 5,
683688

(7) Rice, R. J.; McCreery, R. L. Anal. Chem. 1989, 61, 1637-1641.

(8) Robinson, R. S.; Sternitzke, K.; McDermott, M. T.; McCreery, R.
L. J. Electrochem. Soc. 1991, 138, 2412-2418.

(9) McDermott, M. T.; Kneten, K.; McCreery, R. L. J. Phys. Chem.
1992, 96, 3124-3130.
(10) Kneten, K. R.; McCreery, R. L. Anal. Chem. 1992, 64, 2518-2524.
(11) Kamau, G. N.; Willis, W. S.; Rusling, J. F. Anal. Chem. 1985, 57,
5-551.

54

(12) Hu, L; Karweik, D. H.; Kuwana, T. J. Electroanal. Chem. 1985,
188, 59-72.

(13) Wightman, R. M.; Deakin, M. R.; Kovach, P. M.; Kuhr, P. M,;
Stutts, K. J. J. Electrochem. Soc. 1984, 131, 1578-1583.

(14) Poon, M.; McCreery, R. L. Anal. Chem. 1986, 58, 2745-2750.

(15) Poon, M.; McCreery, R. L. Anal. Chem. 1987, 59, 1615-1620.

(16) Poon, M.; McCreery, R. L.; Engstrom, R. Anal. Chem. 1988, 60,
1725-1730.

(17) Rice, R. J.; Pontikos, N.; McCreery, R. L. J. Am. Chem. Soc. 1990,
112, 4617-4622.

(18) Pontikos, N. M.; McCreery, R. L. J. Electroanal. Chem. 1992,
324, 229-242.

(19) Strein, T. G.; Ewing, A. G. Anal. Chem. 1991, 63, 194-198.
2 6(;0) Fagan, D. T.; Hu, L; Kuwana, T. Anal. Chem. 1985, 57, 2759
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(21) Stutts, K. J.; Kovach, P. M.; Kuhr, W. G.; Wightman, R. M. Anal.
Chem. 1983, 55, 1632-1634.

(22) Hance, G. W.; Kuwana, T. Anal. Chem. 1987, 59, 131-134.

(23) Rice, R.; Allred, C.; McCreery, R. J. Electroanal. Chem. 1989,
263, 163—169.
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possesses a number of impurities and a microcrystalline
structure quite different from that of the bulk carbon.1823.24
The fractured surface exhibits large heterogeneous electron-
transfer rate constants (k°) for the ferro-/ferricyanide redox
system compared to polished GC surfaces, but it is not clear
whether this increase in rate is due to differences in
microcrystallite size, microscopic roughness, surface clean-
liness, or a combination of these variables.

There have been a number of surface techniques employed
to study the surface structure of GC electrodes. Techniques
commonly employed are X-ray photoelectron spectroscopy
(XPS) and Auger electron spectroscopy (AES),1112:2021,25
Raman spectroscopy,'”182 surface-enhanced Raman spec-
troscopy (SERS),2627 and scanning electron microscopy
(SEM).14182528 Scanning tunneling microscopy (STM) has
been used extensively to characterize highly ordered pyrolytic
graphite (HOPG) electrodes at atomic resolution, including
examination of the effects of electrochemical and chemical
oxidation.30-32 In several cases, defects on HOPG surfaces
have been associated with increased chemical and electro-
chemical reactivity.®31%% In an SEM study of GC by
Bodalbhai and Brajter-Toth,? the electrodeposition of copper
at active sites was correlated with roughness and electron-
transfer kinetics for Fe(CN)¢*/3. It was concluded that

polished as well as electrochemically pretreated GC.4! Both
STM studies of electrochemically activated GC concluded
that ECP resulted in a rougher surface relative to the initial
polished surface. We report here an STM study of a number
of other standard pretreatment procedures for GC electrodes.
The surface morphology and relative roughness of conven-
tionally polished, laser-irradiated, fractured, and vacuum heat
treated GC surfaces are correlated with the electrochemical
behavior as determined by the heterogeneous electron-transfer
rate constant, k°, for ferro-/ferricyanide and differential
capacitance, C°, for these surfaces. An essential component
of our approach is observation of both STM images and
electrochemical behavior on the same GC surface in order to
reduce common problems with surface reproducibility. By
comparing STM morphology and electrochemical activity for
polished, laser-activated, fractured, and heat-treated GC,
insights into electrode structure/reactivity relationships were
obtained.

EXPERIMENTAL SECTION

Reagents. All solutions were prepared with water obtained
from a Nanopure IIsystem (Barnstead, Dubuque, IA). Potassium
ferrocyanide was used as received from Baker (Phillipsburg, NJ).
Potassium chloride was used as received from Jenneile Chemical

treatments which increase the density of copp leation
sites also increase the electron-transferrate. Thesetechniques
have been useful for understanding carbon electrode struc-
ture/reactivity relationships, but the structural models for
GC surfaces remain incomplete at the scale below the SEM
resolution limit of ~100 A. A few reports of atomic scale
STM of GC have appeared, 3-8 but in no case was the observed
morphology related to electrochemical behavior. Further-
more, the variety of GC preparation procedures and test redox
systems has made it difficult to compare the performance of
different surfaces under otherwise identical conditions.
Accordingly, the current effort involves the use of STM to
provide surface morphological information about GC surfaces
resulting from several pretreatment procedures and com-
parison of the electrode kinetics and capacitance of these
surfaces. STM is particularly attractive because of high
spatial resolution, especially in the vertical direction. In
addition, SEM images of polished GC have been shown to be
modified by the presence of a carbon microparticle layer.2

Electrochemically activated GC surfaces which had pre-
viously been polished have been imaged by twogroups. Wang
et al. compared surface roughness and topography imaged by
STM for two different methods of electrochemical pretreat-
ment (ECP)* and also used STM to investigate GC surface
passivation due to phenol oxidation.#° Freund etal.compared
STM images and atomic force microscopy (AFM) images of

(25) Engstrom, R. C.; Strasser, V. A. Anal. Chem. 1984, 56, 136-141.
(26) Alsmeyer, Y. W.; McCreery, R. L. Anal. Chem. 1991, 63, 1289—
1295

(27) Alsmeyer, Y. W.; McCreery, R. L. Langmuir 1991, 7, 2370-2375.

(28) Kazee, B.; Weisshaar, D. E.; Kuwana, T. Anal. Chem. 1985, 57,
2739-2740.

(29) Bodalbhai, L.; Brajter-Toth, A. Anal. Chim. Acta 1990, 231,191.

(30) Gewirth, A.; Bard, A. J. J. Phys. Chem. 1988, 92, 5563.

(31) Chang, H.; Bard, A. J. J. Am. Chem. Soc. 1990, 112, 4598.

(32) Chang, H.; Bard, A. J. J. Am. Chem. Soc. 1991, 113, 5588.

(33) Bowling, R.; Packard, P.; McCreery, R. L. J. Am. Chem. Soc.
1989, 111, 1217.

(34) Bowling, R.; McCreery, R. L.; Pharr, C. M; Engstrom, R. C. Anal.
Chem. 1989, 61, 2763.

(35) Snyder, S.R.; White, H. S.; Lopez, S.; Abruna, H. D.J. Am. Chem. )

Soc. 1990, 112, 1333.
(36) Hu, C. Z,; Feng, L.; Andrade, J. D. Carbon 1988, 26, 543-555.
(37) Elings, V.; Wudl, F. J. Vac. Sci. Technol. A 1988, 6 (2), 412-414.
(38) Brown, N. M. D; You, H. X. J. Mater. Chem. 1991, 310, 127-138.
(39) Wang, J.; Martinez, T.; Yaniv, D. R.; McCormick, L. D. J.
Electroanal. Chem 1990, 278, 379—386
(40) Wang, J.; Martinez, , T Yaniv, D. R; McCormick, L. D. J.
Electroanal. Chem. 1991, 313 120-140.

(Cincinnati, OH). Solutions of 1 mM K Fe(CN)s in 1 M KCl
were made fresh daily and purged with purified argon prior to
use.

Electrode Preparation. Glassy carbon (GC-20) working
electrodes were obtained from Tokm and employed in one of
three different mechanical sh diameter GC rod, a
GC disk cut from a 2-mm-thick plate and sanded to shape, and
GC microelectrodes fabricated as described previously.182 All
electrodes (GC disks and microelectrodes) used in the correlation
of roughness and morphology with electrochemical behavior
(Figures 1-3 and Tables I-IIT) were manufactured from a single
2-mm-thick plate of Tokai GC-20. The high-resolution STM
images of fractured GC in Figure 4 were taken on a 3-mm-diameter
Tokai GC-20 rod because of the ease of mounting and lack of
sample tilt compared to fractured GC microelectrodes. No
differences were observed in the STM images between fractured
3-mm GC rods and fractured GC microelectrodes. The elec-
trochemical cell was made of Teflon and was equipped with a
quartz window through which the electrode could be laser
irradiated. Disk electrode areas were defined by a viton o-ring,
and microelectrode areas (ca. 0.5 X 0.5 mm) were defined by the
exposed electrode face surrounded by a sheath of epoxy. The
three-electrode cell was pleted with a Bioanalytical Systems
(West Lafayette, IN) Ag/AgCl (3 M NaCl) reference electrode
and a platinum wire auxiliary electrode.

Polished electrodes were prepared by polishing with 600-grit
silicon carbide paper followed by 1-, 0.3-, and 0.05-um alumina
(Buehler, Lake Bluff, IL) slurries on Microcloth pohshmg cloth

(Buehler). Slurries were p d from dry al and Nan-
opure water. Polished electrodes were sonicated in Nanopure
water for ~5 min before pl t in the electrochemical cell.

Care was taken to ensure that a drop of water remained on the
polished electrode during insertion into the Teflon cell until anlyte
solution wasadded. In-situlaseractivation of polished electrodes
in Nanopure water was performed with a Nd:YAG laser (Model
580-10, Quantel) operating at 1064 nm with 9-ns pulses. Inorder
to partially average spatial and temporal variations of the laser
intensity, three successive pulses were applied to the electrode.
For thisstudy, power densities of 25 and 70 MW/cm?were utilized.
Fracturing procedures were as described previously.1617.2223
Fractured surfaces were created in situ by breaking a GC
microelectrode flush with the surface of the embedding epoxy
(Eccobond 55, Emerson and Cuming, Inc., Woburn, MA).
Electrochemical measurements were taken immediately after
fracturing. Heat treatment procedures were similar to those of
Fagenetal.? Rate constantand capacitance data were obtained

(41) Freund, M. S.; Brajter-Toth, A.; Cotton, T. M.; Henderson, E. R.
Anal. Chem. 1991, 63, 1047-1049.
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Figure 1. Images, 10 000 nm (full-scale x and y), of GC electrodes after different pretreatment conditions: (A) polished GC, z scale 0-50 nm;
(B) polished/laser-activated (25 MW/cm?) GC, z scale 0-50 nm; (C) polished/laser-activated (70 MW/cm?) GC, z scale 0-200 nm; (D) fractured
GC, z scale 0-250 nm.

on a polished surface first and then this surface was removed
from solution and deactivated by exposure to ambient air for
~12h. Afterelectrochemical kinetics and capacitance were again
observed, the same surface was then heat treated and the last set
of electrochemical data was obtained. Vacuum heat treatment
(VHT) was carried outin an UHV chamber at 10-8-10-° Torr. GC
disks were mounted on a sample probe tip, and the temperature
was raised by ohmic heating. Heating and temperature sensing
occurred on the back side of a GC disk electrode (1.5 mm thick),
such thata 700 °C temperature was achieved 1-2h. Heat-treated
electrodes were exposed to ambient air for ~30 s while being
inserted into the Teflon cell and bathed in analyte solution.

Highly oriented pyrolytic graphite (HOPG) was obtained from
Arthur Moore (Union Carbide, Parma, OH). HOPG electrodes
were cleaved with adhesive tape or with arazor blade as described
previously.1°

Electrochemical Measurements. Electrode areas were
determined by chronoamperometry on a 5-s time scale in 1 mM
Fe(CN)¢*/> in 1 M KCL Linear sweep cyclic voltammetry
experiments and k° determination were performed as described
previously®1%1824 utilizing a function generator (Tektronix Inc.,
Beaverton, OR) and an Advanced Idea Mechanics (Columbus,
OH) potentiostat. Differential capacitance measurements were
performed by the method of Gileadi*** and described by us
previously®171823 yging a 100-Hz, 20-mV peak-to-peak triangle

(42) Gileadi, E.; Tshernikovski, N. Electrochim. Acta 1971, 16, 579—
584.

(43) Babai, M.; Tshernikovski, N.; Gileadi, E. J. Electrochem. Soc.
1972, 119, 1018-1021.

wave centered at 0.0 V. All reported C° values are normalized
to the projected electrode area, as determined from chrono-
amperometry. All potentials stated are relative to the Ag/AgClL
(3 M NaCl) electrode. Simulated voltammograms were calculated
with the finite difference approach, and the computer program
was provided by Dennis Evans,* with a constant value of the
transfer coefficient.

STM Conditions. STM images were obtained with a Nano-
scope II (Digital Instruments Inc., Santa Barbara, CA). Most
images were obtained with electrochemically etched 0.01-in.-
diameter tungsten wire tips, as recommended by the manufac-
turer. Mechanically cut Pt/Ir (80/20) tips (Digital Instruments)
were also used for comparison, but no significant differences
between the two types of tips were observable in the STM images
at the relatively low resolution utilized for most of this work. All
images were taken in ambient air, and no changes were noted in
the images for many hours after initial scans.

Low-resolution images (150-nm full scale and greater) were
obtained with the 12 X 12 ym scan head in the “height” image
mode (constant current) with a bias voltage of 500 mV and a
set-point current of 0.5 nA. High-resolution images (25-nm full
scale and lower) were taken with a 0.7 X 0.7 um scan head in the
“current” image mode (constant height) with bias voltages of
20~100 mV and set-point current of 2-5 nA.

GC samples were mounted with silver paste to a thin metal
plate through which the bias voltage was applied. All polished

(44) Corrigan, D. A.; Evans, D. H. J. Electroanal. Chem. 1980, 106,
2817.
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Figure 2. Images, 2500 nm, of electrodes under different pretreatment conditions: (A) polished GC, z scale 0-50 nm; (B) polished/laser-activated
(25 MW/cm?) GC, z scale 0-50 nm; (C) polished/laser-activated (70 MW/cm?) GC, z scale 0-100 nm; (D) fractured GC, z scale 0-175 nm; (E)
polished/vacuum heat treated GC, z scale 0-50 nm; (F) highly ordered pyrolytic graphite, z scale 0-10 nm.

surfaces yielded similar STM images, at the resolution employed,
regardless of the electrode configuration (large disk or micro-
electrode). Images of fractured surfaces were obtained on the
piece fractured from the electrode rather than the electrode itself,
since the electrode would not fit in the STM sample region.
Differentsurfaces as well as several different areas of each surface
were examined to obtain representative images.

RESULTS

Figure 1 shows 10 X 10 pm survey scans of typical GC
surfaces that were evaluated electrochemically. Due toimage
curvature which occurs with large scan areas, the images were
software flattened but not smoothed or filtered. STM height
scales are shown on the right sides of the plots along with the
topographic grey scale; higher points appear as lighter shades.
The images shown in Figure 1 are polished, polished/laser-
irradiated at 25 MW/cm? (denoted P/L 25), polished/laser-

irradiated at 70 mW/cm? (denoted P/L 70), and fractured
surfaces. The polished (Figure 1A) and P/L 25 (Figure 1B)
surfaces appear similar in morphology, with polishing scratch-
es visible in both images, and in height, with features not
exceeding 50 nm in height. The P/L 70 (Figure 1C) and the
fractured (Figure 1D) surfaces cover a greater height range
and exhibit distinct morphological features. The P/L 70
surface exhibits isolated protrusions (shown as bright lines)
that appear to originate from the polishing scratches that
were present on the surface before laser irradiation. The
fractured surface displays protrusions or nodules with di-
ameters ranging from 50 to 300 nm. We have previously
reported nodules on fractured GC electrodes based on SEM
images.18

Parts A-D of Figure 2 show the same types of surfaces
plotted in a 3-D perspective and on a smaller x, y scale. In



Table I. STM Results for Seven Carbon Electrode
Surfaces

surface samples  images = RMSR (nm) Zmax (nm)
polished 6 13 41£1° 36+ 8%
P/L 25 4 10 441 37+10
P/LT70 6 17 11+4 96 + 33
fractured 5 10 205 140 = 30
P/DEAC 2 4 47+1 38+17
P/VHT 3 6 4506 374
HOPG 2 ) 0.24 2.0

@ Standard deviation of RMSR and Zyay for the number of images
examined.

Figure 3. Image, 2500 nm, of (A) fractured GC plotted in a 1:1 aspect
ratio compared to a similar image of (B) polished GC. zscale is 0-750
nm.

addition, images of polished/VHT (denoted P/VHT) and
highly oriented pyrolytic graphite surfaces are shown in Figure
2E and F. Note the difference in z-axis scale from image to
image. With this mode of image display, the differences in
the surface morphologies are particularly noticeable. Pol-
ished, P/L 25, and P/VHT surfaces (Figure 2A, B, and E)
appear similar, with all images employing identical height
scales and exhibiting polishing scratches. The distinctive
morphologies of the fractured and P/L 70 surfaces (Figure
2C and D) are apparent and will be discussed in detail below.
Again, these surfaces exhibit greater height variation than
the other surfaces. Figure 2F is a typical HOPG basal plane
surface containing a step defect for comparison with the other
images.

To provide a quantitative comparison of surface roughness,
the root-mean-square roughness (RMSR) function of the
Nanoscope II software was employed. RMSR is defined as
the standard deviation of the height of the surface calculated
from all points obtained during a given scan. For example,
the image of HOPG in Figure 2F yields an RMSR of 0.24 nm,
while that of fractured GC (Figure 2D) yields 20.4 nm.
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Although RMSR has not been established as a rigorous
quantitative measure of surface roughness, it does provide a
comparison for different surfaces. An additional but less
statistically useful parameter is Zy,.,, which is the difference
between the minimum and maximum surface heights. Z...
and RMSR resultsarelisted in TableI. Note thatboth values
also include standard deviations of Z.,, and RMSR for the
number of images indicated.

Figure 3illustrates how the fractured surface, which exhibits
the highest Z,,,x and RMSR, would appear if plotted with a
1:1 aspect ratio between the x, y scale and the z scale. In
Figure 2, and in typical STM images, the z scales are expanded
in order to enhance surface features. InFigure 3, the distance
on the z axis was adjusted to equal those of the x and y axes.
A polished surface (from Figure 2A) is plotted similarly for
comparison. Without expansion of the z-axis scale, both
surfaces appear much smoother.

The unusual morphology of the fractured GC surface is
shown at successively higher magnification in Figure4. Image
4A shows the variation in nodule diameter, while 4B shows
an intersection of three nodules with ca. 200-nm diameters.
Images C and D show the top of the upper left nodule of
Figure 4B, with a full-scale scan range of 25 nm. Note that
the apparent roughness persists even on a scale of ca. 1 nm.

Electrochemical Results. Table II shows electron-
transfer rate constants and capacitance for the six types of
surfaces examined by STM. The relatively large area of
several electrode types limited the scan rate to 10 V/s or less,
so rate constants above 0.1 cm/s are lower limits of the true
values. As noted by several authors,'21317 the variability of
k° for Fe(CN)s*/3> on polished GC is quite large due to
variations in cleanliness but is often in the range of 10-3-10-2
cm/s. The k° values obtained here are somewhat higher than
typical, but do show a large standard deviation (50% ) typical
of polished surfaces.

Laser activation at either 25 or 70 MW/cm? or fracturing
led to reliably large k° values. Since the AEy’s for these
surfaces were near the reversible limit of 57 mV, k° deter-
minations based solely on AE are of limited accuracy. Figure
5 shows a comparison of the experimental voltammogram for
Fe(CN)¢*/> at a fractured GC surface and a simulated
response for k° = 0.40 and » = 10 V/s. A k° of 0.40 was the
lowest which yielded a good fit to the experiment, so a k°
estimate of >0.4 cm/s is reliable in this case. The aberrant
background on the experimental voltammogram is due to the
differences in the background current between the Fe(CN)g*/3-
voltammogram and that obtained in supporting electrolyte,
leading to inaccurate background subtraction. The back-
ground current on activated GC varies with time, making
background subtraction incomplete. A more rigorous inves-
tigation of Fe(CN)¢*/%- kinetics has been performed on these
surfaces at scan rates which yielded a more reliable rate
constant of 0.5 cm/s.)” The fractured GC and the P/L 70
surfaces exhibited rate constants at least 6 times greater than
that of the initial polished electrode (>0.4 vs 0.060 cm/s).
The rate constant value for the P/L 25 electrode is larger
than that of the original polished surface by more than a
factor of 5 (>0.3 vs 0.060 cm/s). Recall that although the
STM datashow that the fractured and P/L 70 surfaces possess
distinct morphologies with high Z,,, and RMSR values, the
morphology and the Z,,.x and RMSR values of the P/L 25
surface are very similar to those acquired for the polished
surface.

Finally, the P/VHT surfaces yielded rate constant values
similar to the polished surface. These results are consistent
with those of Kuwana et al.? The AE, for Fe(CN)¢*/3 at
10 V/s increased from 98 to 230 mV upon deactivation in
ambient air, but after heat treatment, reactivation of the
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Figure 4. Fractured GC under higher resolution conditions: (A) 500-nm scan with z scale 0-70 nm; (B) 200-nm scan with z scale 0-40 nm; (C)
25-nm scan with z scale 0-20 nm; (D) 25-nm scan with z scale 0-20 nm. Images C and D were acquired at the upper left corner of sample

in image B.

Table II. Electrochemical Results

k° of
RMSR Fe(CN)g*/*- Coe

surface  (nm)®  AE,(mV)® (cm/s) (uF/cm?) N¢
polished 41 9829 0.06 £ 0.03 336 14
P/L 25 4.4 71+12 >0.3 34x7 4
P/L 70 11.0 626 >04 120£31 3
fractured 20.0 584 >04 75+16 4
P/DEAC 4.7 232+42 (84x4) X102 15%2 3
P/VHT 45 96 +13 0.065 £ 0.020 40x5 3
HOPG® 024 >1200 <1Xx10%¢ <1.0

@ Values repeated from Table 1.  » = 10 V/s. ¢ Based on chrono-
amperometricarea. ¢ For electrochemical results,not RMSR. ¢ Values
from ref 8.

electrode occurred to a level equal to or greater than that of
the initial polished surface.

Differential capacitance (C°) values are alsoshown in Table
II. The fractured and P/L 70 surfaces exhibit higher C° values
than the other surfaces as well as the largest variation in
capacitances. C° values for polished, P/L 25, and VHT
surfaces are similar. Note that deactivation decreased C° by
a factor of 2 while decreasing k° of Fe(CN)s*/3- by a factor
of 7 from the original polished surface. The significant
influence of adsorbed airborne impurities on the activity of
GC is illustrated in these decreases in k° of Fe(CN)g*/3-and
C° from the polished to the P/DEAC surface. We have
observed that exposure of a polished GC surface to air for
even a few seconds leads to lower rate constants for
Fe(CN)g*/3-. As noted in the Experimental Section, great
care was taken to ensure that a drop of water remained on
the electrode surface during handling after polishing and
sonication. Also note that the marked decrease in electro-

0.5 0.4 0.3 0.2 0.1 0.0
Potential (V)
Figure 5. Experimental (solid line) and simulated (dashed line) cyclic
voltammograms of 1 mM FE(CN)g*~/3- on fractured GC in 1 M KCl at
v =10 V/s. Simulation assumed a = 0.5, k° = 0.4 cm/s, and Dyeq
= 6.32 X 10-% cm?/s.

chemical activity through exposure to ambient conditions
followed by reactivation via VHT was not accompanied by
significant morphological changes.

DISCUSSION

The STM results discussed above are relevant to two issues
regarding GC surface structure: morphological characteristics
of GC electrodes under different pretreatment conditions and
the quantitation of microscopic roughness and electrochemical
activity. Previous insight on the morphology of GC electrodes
prepared according to the methods reported here has orig-
inated from scanning electron microscopy.’8282° Although
SEM provides the necessary magnification for elementary
image analysis, the resolution (particularly in the vertical
direction) is poor compared to STM. Electrode roughness
has been investigated previously by indirect means such as



Table III. Effect of Laser Power on Surface Protrusions
for P/L Surfaces

power density no./ % avht
(MW/cm?) image® coverage® (nm)°
25 0
30 0.5 1.3 20
40 2 4.5 20
50 5.6 10 26
70 12 42 57

@ Average number of protrusions per 10 X 10 ym scan image based
on four images. ® Percentage of the total area in a 10 X 10 um scan
covered by protrusions. ¢ Average height of protrusions for a given
power density.

adsorption and differential capacitance measure-
ments.171820.2945 One would expect that k° and capacitance
should scale with microscopic area of the electrode, all else
being equal, and that activation may be caused in part by
increases in surface roughness.

At first glance, there does appear to be a correlation between
the STM determined RMSR, k°, and C°. The surfaces with
the largest k° and C° (fractured and P/L 70) also exhibit the
highest RMSR. Further consideration, however,revealsthat
the correlation is inconsistent. Polished, P/L 25, P/VHT,
and P/DEAC surfaces have RMSR values which vary by less
than 15%, while their k°’s vary by at least a factor of 50.
Laser activation at 25 MW/cm? leads to an increase in k° of
more than a factor of 5, yet the RMSR increase is only ~7%.
These results are consistent with those presented previously
based on SEM and phenanthenequinone (PQ) adsorption.1718
They also confirm the conclusions from other laboratories
that changes in microscopic roughness are not sufficient to
explain the effects of activation procedures on kinetics and
adsorption.?®# Large increases in k° occurred upon laser
activation with only minor changes in morphology and
microscopic area as determined from phenanthrenequinone
adsorption.’” In the case of the fractured surface, the higher
RMSR is due to nodules and obviously implies higher
roughness. On the basis of PQ adsorption, the fractured
surface has about twice the microscopic area of the polished
or P/L 25 surfaces.’® Thus variations in roughness could
reasonably account for a factor of ~2 in k°, but the major
source(s) for k° variation must lie elsewhere.

We have previously attributed k° increases caused by laser
activation to the removal of adsorbed impurities.l” This
conclusion is reinforced by the VHT experiments of Fagan
et al.20 and Stutts et al.,?! repeated here with the addition of
STM characterization. Deactivation and subsequent VHT
led to minimal changes in RMSR from the polished surface
yet yielded large variation in k°. As expected for impurity
adsorption, the capacitance decreases for the P/DEAC surface.
The low C° values reported by Fagan et al. were not observed
here, probably due to the very different frequency domains
used in the capacitance measurements. Taken together with
results from other laboratories, the STM and electrochemical
results strongly support the conclusion that the major factor
controlling k° for Fe(CN)s*/3- on GC is surface cleanliness,
with surface roughness playing a minor role. Stated semi-
quantitatively, roughness accounts for a factor of ~2 in
observed k° on GC, while surface cleanliness can affect k° for
Fe(CN)g*/% by factors as large as several hundred.

The second major issue addressed by the STM examination
deals with the morphological effects of various pretreatments,
particularly laser activation. The unique features of the
fractured surface are obvious from SEM or STM. The
increased roughness leads to increases in capacitance and k°

(45) Bodalbhai, L.; Brajter-Toth, A. Anal. Chem. 1988, 60, 2557.
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for fractured surfaces compared to P/L 25 surfaces, but these
effects are not large (a factor of ~2). The major consequence
of in-situ fracturing with regard to k° enhancement is the
avoidance of impurity adsorption. At least at the resolution
employed here, the morphological differences between frac-
tured and polished surfaces do not appear to have major
consequences for observed kinetics. The effect of polishing
isto flatten the tops of nodules, yielding the surfaces of Figures
1A and 2A, accompanied by the undesired consequence of
impurity adsorption.

While laser activation at 25 MW/cm? had no observable
morphological effects at the resolution employed, higher power
densities led to qualitatively distinct features. The protru-
sions apparent in Figure 2C formed along polishing scratches
(apparent in Figure 1C). Atomic force microscope images of
these features were very similar in appearance, indicating
that they are not an artifact due to multiple tunneling points
as the STM tip negotiates the scratches. The density and
height of the protrusions increase with power density (Table
III). At 30 MW/cm? and lower, they are very infrequent or
not present, while at 70 MW/cm?, they cover more than 40%
of the surface. We have reported previously that significant
excursions in C° and PQ adsorption occur at powers above
30 MW/cm? 18 and that a surface temperature simulation
predicts that local melting should occur with a threshold
between 30 and 40 MW/cm? for GC.46 It is likely that the
protrusions are caused by local melting, perhaps followed by
expansion of heated, entrapped gases. The localization of
protrusions on polishing scratches may result from the lower
reflectivity inside the scratches, resulting in more efficient
coupling of the laser light into the GC. In addition, the
thermal conductivity near scratches could be different, leading
to localized temperature variations.

The high-resolution images of the top of a nodule on the
fractured surface (Figure 4C and D) are not of sufficient
resolution to image individual atoms. The apparent rough-
ness, which is on a much smaller scale than that shown in
Figures 1 and 2, could be due to genuine morphological
features or to variations in electronic interactions between
the tip and the surface during scanning. Although these
features are reproducible, it is not yet clear what they
represent. A few reports here appeared on high-resolution
STM of disordered carbon materials.?®-38 Atomic resolution
was achieved, although the polishing procedures employed
leavessome doubtabout the condition of the surface. Unusual
arrangements of carbon atoms were observed, perhaps because
of deviations of the electronic structure of disordered carbons
from that of HOPG. The high-resolution images on the
fractured surface obtained here are of value because the
fractured surface is unmodified by polishing and should be
more representative of bulk structure. Attempts to obtain
atomic scale images of the fractured surface are currently
being made.

SUMMARY

The foremost conclusion drawn from the correlation of
electrochemical properties with STM images is that some
phenomenon other than surface roughening is responsible
for increases in electrode activity toward Fe(CN)g*/3- upon
laser or VHT activation. Thisstatement isespecially apparent
with comparison of the polished and P/L 25 surfaces. Results
show that laser activation at 25 MW/cm? causes no changes
in capacitance and roughness, but causes a drastic increase
in activity as evidenced by the heterogeneous rate constant
for Fe(CN)s*/*-. These results are consistent with a mech-

(46) Rice, R.J.; McCreery, R. L. J. Electroanal. Chem. 1991, 310, 127—
38.
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anism in which electrode activity is determined by exposure
of active sites and activation occurs through a cleaning process.
STM images of polished, P/L 25, P/VHT, and P/DEAC
electrodes show them to be similar in morphology, indicating
that any changes induced by laser activation at low power
densities and vacuum heat treatment at temperatures of ~700
°C are minimal. Fractured and P/L 70 surfaces exhibit
distinct morphologies with a large amount of roughness and
some variability in electrochemical behavior. Morphological
characteristics of the P/L 70 surface are attributed to possible
melting of the GC substrate at high laser power densities,
beginning at 30-40 MW/cm2. Investigation of these surfaces
with AFM and with STM at higher resolution is currently
underway.
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TECHNICAL NOTES

Fluorocarbon-Based Immobilization of a Fluoroionophore for Preparation of Fiber Optic

Sensors
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INTRODUCTION

Fiber optic chemical sensors (FOCS) are based on inter-
actions of an immobilized reagent phase with an analyte in
asamplesolution. Typically, optical fibers are used as optical
waveguides that carry light to and from a species-selective
reagent phase. Interactions with the analyte induce changes
in the optical properties of the reagent phase. Monitoring of
this change in the optical signal allows for the determination
of the analyte.

Immobilization of reagents for optical sensors can be
achieved in a number of ways. Reagents have been entrapped
within polymer matrices! or behind semipermeable mem-
branes.>4 Solid supports (e.g., glass beads or polymer films)
with covalently-attached reagents can be affixed at the sensing
tip®¢ or the reagents can be covalently attached to the fiber
itself.” Recently, Ogasawara et al. reported a FOCS based on
a dynamic immobilization scheme.? In this approach, Cys-
alkyl chains were covalently attached to an optical fiber,
resulting in a hydrophobic region at the fiber surface.
Hydrophobicreagents were then associated with this surface.
The technique was used to develop a sensor for riboflavin
binding protein based on its ability to quench the fluorescence
of 8-octylriboflavin which was associated with the fiber optic
surface. Immobilization has also been accomplished by
adsorption of reagents on polymeric supports,®!1such as poly-
(tetrafluoroethylene) (PTFE).12

PTFE provides an excellent surface for immobilization of
reagents. The reagent phase adsorbed on the PTFE is more
accessible to the analyte than when immobilized on resin
beads.’? The inert surface may also eliminate problems
associated with nonspecific adsorption on the surface of the
FOCS. Indeed, Bright et al. have reported that the stability
of immunosurfaces prepared using functionalized PTFE
membranes is improved over conventional quartz surfaces,®
a fact that can be attributed to reduced denaturation due to

(1) Seiler, K; Wang, K.; Kuratli, M.; Simon, W. Anal. Chim. Acta
1991, 224, 151-16

(2) Kawab Y Kamichika, T;; I 1
Chem. 1990, 62, 2054-2055

(3) heemsn,M K.; Bachas, L. G. Anal. Chim. Acta 1990, 241, 191—
125

(4) Arnold, M. A,; Ostler, T. J. Anal. Chem. 1986, 58, 1137-1140.

(5) Posch, H.E,; Lemer M. J. P.; Wolfbeis, O. S. Freseruus Z. Anal.
Chem. 1989, 334, 162-165.

(6) Bnght F. V Litwiler, K. S.; Vargo, T. G.; Gardella, J. A. Anal.
Chim. Acta 1992, 262 323-330.

) ’I‘romberg,B Js Sepamsk M. J.; Vo-Dinh, T.; Griffin, G. D. Anal.
Chem. 1987, 59, 1226-1230.

(8) Ogasawara, F. K.; Wang, Y.; Bobbitt, D. R. Anal. Chem. 1992, 64,
1637-1642.
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10) Narnyanaswnmy,R. Russell, D. A ; Sevxlla F. Talanta 1988, 35,
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(12) Wyatt, W. A Bright, F. V.; Hieftje, G. M. Anal. Chem 1987, 59,
2272-2276.
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nonspecifically adsorbed portions of the antibody.!* However,
the inertness of PTFE also makes immobilization difficult.
In 1988, Kobos et al. reported an enzyme electrode in which
the enzyme was immobilized on a PTFE membrane.!4 This
was achieved by modifying the enzyme with perfluoro-
alkyl groups that could be embedded in the membrane.
We have synthesized the fluorogenic crown ether 5 (Figure
1) for the development of an optical sensor for alkaline earth
metal ions. This fluoroionophore is immobilized at the tip
of the FOCS through the covalently-attached perfluorinated
alkyl chain, which can be embedded in a PTFE membrane.

EXPERIMENTAL SECTION

Reagents. The following reagents were used as received from
Aldrich (Milwaukee, WI): diaza-18-crown-6 (1,4,10,13-tetraoxa-
7,16-diazacyclooctadecane), formalin (37% formaldehyde solu-
tion in water with 10-15% methanol), benzyl chloroformate, Sure/
Seal dimethylformamide (DMF), and triethylamine. Perfluoro-
octanoyl chloride and 4-methylumbelliferone were obtained from
Strem Chemicals (Newburyport, MA) and Eastman Kodak
(Rochester, NY), respectively. Tris(hydroxymethyl)amino-
methane (Tris) was from Research Organics (Cleveland, OH)
and (ethylenedinitrilo)tetraacetic acid (EDTA) from Mallinkrodt
(Paris, KY). All salt solutions were prepared using analytical
reagent-grade chemicals and deionized (Milli-Q water purification
system, Millipore, Bedford, MA), distilled water.

Synthesis. The starting material for the synthesis of iono-
phore 5 (Figure 1) was commercially available diaza-18-crown-6,
1. Attempted monoacylation of 1 with perfluorooctanoyl chloride
failed toyield the desired monosubstituted derivative 4. However,
the diazacrown ether 1 could be readily converted to monocar-
bamate 2 by treatment with benzyl chloroformate.!s

N-Carbobenzoxy-N'-(perfluorooctanoyl)-1,4,10,13-tetraoxa-
7,16-diazacyclooctadecane (3). Triethylamine (0.17 mL) was
added to asolution of 2 (115 mg, 0.29 mmol) in 4 mL of anhydrous
benzene, followed by perfluorooctanoyl chloride (130 mg, 0.30
mmol) in 1 mL of benzene. The resulting mixture was thenstirred
atroom temperature under argon for 18h. A 10% aqueous NaOH
solution (1 mL) was added, and the layers were separated after
10 min. After adding 15 mL of benzene, the benzene solution
was washed successively with 10% NaOH, 10% HC], water, and
brine and was dried over sodium sulfate. Chromatography on
silica gel yielded 181 mg (0.23 mmol, 79% yield) of 3 ['"H NMR
(CDCly) 6 3.5-3.9 (24 H, m), 5.15 (2 H, ), 7.35 (5 H, 9)].

N-(Perfluorooctanoyl)-1,4,10,13-tetraoxa-7,16-diazacyclooc-
tadecane (4). Product 3 (700 mg, 0.88 mmol) was hydrogenated
in 10 mL of methanol in the presence of 10% Pd/C (30 mg). The
catalyst was filtered off and the filtrate evaporated. After
recrystallization from benzene-heptane, 394 mg (0.60 mmol, 68 %
yield) of product 4 was obtained ['"H NMR (CDCl;) 4 3.25 (4 H,
t), 3.6-4.0 (20 H, m)].

(13) Betts, T. A.; Catena, G. C.; Haung, J; Litwiler, K. S.; Zhang, J.;
Zagrobel.ny,J Brlght,F Y Anal Chim. Acta 1991, 246, 55—63

(14) Kobos, R. K.; Eveleigh, J. W.; Stepler,M L; Ha]ey,B J.; Papa,
S. L. Anal. Chem. 1988 60, 1996-199

(15) Lehn, J. M,; Slmon,J Wagner,J Nouv. J. Chem. 1977, 1, 7T7-84.
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Figure 1. Structures of ionophore 5 and precursors 1-4.
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Figure 2. Construction of FOCS: (A) bifurcated fiber optic bundle, (B)
PTFE sleeve, (C) 2-mm-ong spacer, (D) PTFE membrane with
immobilized ionophore, and (E) PTFE support for membrane.

Condensation of 4 with 4-Methylumbelliferone. Product 4
(131.7mg, 0.20 mmol), 4-methylumbelliferone (37 mg, 0.21 mmol),
triethylamine (0.2 mL), and formalin (0.15 mL) were dissolved
in 6 mL of anhydrous DMF. The resulting solution was stirred
at 55 °C under argon for 22 h. The solvent was evaporated, and
the residue was dissolved in 20 mL of chloroform. The solution
was washed with 10% tartaric acid and brine and was then dried
over sodium sulfate. Chromatography on silica gel yielded 90
mg (0.11 mmol, 53 % yield) of 5 as a colorless oil ['H NMR (CDCly)
624 (3H,s),29 (4H,s),3.54.0(20H, m), 4.15(2H,s),6.1 (1
H,s), 6.8 (1 H,d), 7.4 (1 H, d), 8.0 (1 H, s); FAB-MS 846 (M),
601, 440, 231, 173].

Apparatus. Allspectroscopic measurements were made using
an Oriel (Stratford, CT) modular spectrophotometer, configured
as described earlier.® The major components of the instrument
include a tungsten-filament lamp, a grating monochromator (set
at 358 nm), a glass bifurcated fiber optic bundle, a high-pass
filter with a 420-nm cut off, a photomultiplier tube (PMT), and
a photomultiplier readout device interfaced with a strip-chart
recorder. The high-pass filter was placed in front of the PMT
to discriminate against the exciting radiation.

Probe Construction and Procedure. The probe construc-
tion is shown in Figure 2. A previously-swollen piece of PTFE
membrane (FHUP 047 00, Millipore) was placed in the PTFE
housing and was immersed in a 0.50 mM solution of 5 (in HPLC-
grade methanol from Fisher, Fair Lawn, NJ) for several hours.
The probe was washed with deionized water and placed in 0.010
M Tris-HCI (pH 7.5)/0.50 mM EDTA for approximately 1 h.
The probe was then immersed in fresh 0.010 M Tris-HCI (pH
7.5) and allowed to equilibrate. The change in signal was
monitored as the concentration of analyte was varied by additions
of standard solutions to the buffer. The probe was placed in the
EDTA buffer before each experiment.

RESULTS AND DISCUSSION

Recently, interest has grown in the development of optical
sensors for metal ions. One class of compounds which may
provide an appropriate chromogenic metal-selective reagent
for development of such a sensor is crown ethers. The ability
of crown ethers to complex alkali and alkaline earth ions has
led to their use in a variety of applications,’®17 including ion
chromatography, phase-transfer systems, and ion-selective

(16) Takagi, M.; Nakamura, H. J. Coord. Chem. 1986, 15, 53-82.
(17) Forrest, H.; Pacey, G. E. Talanta 1989, 36, 335-340.

electrodes. Covalent attachment of a chromophore to the
crown ether skeleton has allowed the spectrophotometric
determination of metal ions.’81% FOCS can be developed by
immobilization of such a modified crown ether at the tip of
an optical fiber.

In 1987, Alder et al. reported a fiber optic sensor based on
an immobilized chromogenic crown ether, a “crowned”
nitrophenylazophenol.?? Thereagent was adsorbed on ground
Amberlite XAD-2resin (astyrene/divinylbenzene copolymer),
which was trapped at the end of an optical fiber by a porous
PTFEmembrane. The probe responded reversibly to aqueous
potassium ions in the concentration range 10-°-10-! M and
gave a K*/Na* selectivity ratio of 6.4. The response times
ranged from 2 to 7 min, depending on the change in
concentration. The same group later reported that the probe
was actually more selective for the more highly-charged
calcium ion, with a Ca2*/K* selectivity ratio of 8.3.2! This
probe construction was used with a number of different
chromogenic crown ethers to produce optical sensors for
potassium ions.??

The fluorogenic crown ether 5 was synthesized in order to
evaluate the feasibility of using fluorocarbon-based immo-
bilization of fluoroionophores in fiber optic sensors. A
perfluorinated alkyl chain was substituted on one of the
nitrogens of the diazacrown ether, and 4-methylumbelliferone
(afluorogenic tag) was attached to the other. Monoacylation
of the diazacrown ether skeleton with perfluorooctanoyl
chloride proved to be impractical, producing only the di-
substituted species. However, a monosubstituted carbamate
could easily be prepared.’® After acylation of the remaining
nitrogen, the carbamate group could be cleaved to allow
attachment of the fluorophore. The fluoroionophore was
immobilized by the covalently-bound perfluoroalkyl group,
which embedded itself in a PTFE membrane positioned at
the tip of a bifurcated fiber optic bundle.

Diazacrown ethers with two pendant chromogenicside arms
have been shown to exhibit selectivity for divalent alkaline
earth metal ions over monovalent alkali metals.?? Similar
monoazacrowns with a single chromogenic side arm are also
selective for divalent cations.?42% This suggests that the diaza-
crown 5 with a single chromogenic side arm would also be
selective for alkaline earth metal ions. Association of the
diaza-crown 5 with a metal ion results in the loss of a proton
from the methylumbelliferone moiety. Deprotonation of
umbelliferone induces a change in the fluorescence intensity
which is proportional to the concentration of metal in
solution.26:27

Calibration curves for Ca?* and Mg?* in the 0-5 mM range
are shown in Figure 3. The probe exhibits similar responses
to the two divalent cations. The detection limit for Ca2* is
0.1 mM as determined by the Ca2* concentration that gives
a signal that is 3-fold higher than the peak-to-peak noise
level of the blank. This detection limit is 2.5-fold better than
that reported by Ashworth et al. using chromogenic crown

(18) Lohr, H. G;; Vogtle, F. Acc. Chem. Res. 1985, 18, 65-72.

(19) Takagi, M.; Ueno, K. Top. Curr. Chem. 1984, 21, 33-65.

(20) Alder, J. F.; Ashworth, D. C.; Narayanaswamy, R. Analyst 1987,
112, 1191-1192.

(21) Ashworth, D. C.; Huang, H. P.; Narayanaswamy, R. Anal. Chim.
Acta 1988, 213, 251-257.

(22) Al-Amir, 8. M. S.; Ash , R.; Moss, R.
E. Talanta 1989, 36, 645-650.

(23) Katayama, Y.; Fukuda, R.; Iwasaki, T.; Nita, K.; Takagi, M. Anal.
Chim. Acta 1988, 204, 113-125.

(24) Fery-Forgues, S.; Le Bris, M.-T.; Guette, J.-P.; Valeur, B.J. Chem.
Soc., Chem. Commun. 1988, 384-385.

(25) Wickstrom, T.; Dale, J.; Lund, W.; Buoen, S. Anal. Chim. Acta
1988, 211, 223-229.

(26) Blair, T. L.; Desai, J.; Bachas, L. G. Anal. Lett. 1992, 25, 1823—

(27) Fink, D. W.; Koehler, W. R. Anal. Chem. 1970, 42, 990-993.
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Figure 3. Calibration curves for Ca?* (@) and Mg?* (Q). “Signal”
refers to percent change in fluor y.

ethers immobilized on XAD-2 resin,?! and it is 100-fold better
than reported by Kawabata et al. using a chlortetracycline
fluoroionophore immobilized on anion exchange membrane.?®
This may be attributed to a stronger association of the Ca%*
with the fluoroionophore 5. The response can be reversed by
immersing the probe in an EDTA solution.

The probe gives a response time of less than 1 min in all
our studies. This is a significant improvement over the
response times obtained with immobilization techniques that
involve adsorption of the reagent on particles that are
entrapped behind a membrane at the tip of the sensor.2! The
response time of the latter type of probe is limited by the
time required for diffusion of the analyte across the mi-
croporous membrane and to the region of the probe where
the transduction occurs. With immobilization on the surface
of the PTFE membrane, the need for such diffusion is
eliminated and the response time is limited only by mass

(28) Kawabata, Y.; Tahara, R.; Imasaki, T.; Ishibashi, N. Anal. Chim.
Acta 1988, 212, 267-271.

(29) de Miguel, L; Exbrayat, S.; S in, D. Chr
24, 849-853.

aphia 1987,
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transport to the FOCS surface and the kinetics of the
immobilized reagent—analyte interaction.

The introduction of multiple or branched perfluorinated
carbon chains may help to prevent leaching of the reagent off
the membrane and improve the lifetime of the probe. Indeed,
de Miguel et al. report that multiple-stranded or branched-
chain perfluoroalkyl groups are more retained on a per-
fluorinated stationary phase than singly-stranded analogues.?®
The signal of our probe decreased by about 35% in a 24-h
period. This may be due to a combination of leaching of the
reagent off the membrane and/or decomposition of the
fluoroionophore. However, the same membrane could be
regenerated by immersion in the original reagent solution.
The reproducibility of the calibration curve, as determined
by relative standard deviations of triplicate data points, is
typically about 25%. This relatively low reproducibility can
be attributed to the factors mentioned above. Incorporation
of multiple-stranded perfluoroalkyl groups in the fluoroion-
ophore used should also improve the reproducibility of the
sSensor response.

In conclusion, we have demonstrated the feasibility of using
a fluorocarbon-based immobilization method for the
development of fiber optic sensors. A fiber optic probe using
an immobilized fluorogenic crown ether ionophore was
constructed which responds to Ca?* and Mg?* with response
times of less than 1 min.
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INTRODUCTION

Carbohydrates are important in a number of biological
processes. They are asignificant energy source for both plants
and animals and play a substantial role in biological recog-
nition of proteins. The analysis of carbohydrates in protein
samples is becoming increasingly important with the emer-
gence of a number of biotechnology-derived pharmaceuticals
into the marketplace.

Capillary electrophoresis (CE) is a powerful tool for the
separation of a wide variety of biological compounds. The
distinguishing characteristics of CE are its ability to analyze
extremely small volumes and the high separation efficiencies
that can be obtained. The analysis of carbohydrates is a
particularly challenging analytical problem since these com-
pounds possess no unique chromophore or fluorophore
necessary for direct detection. Carbohydrates have been
detected using CE with indirect fluorescence detection.!
However, this method suffers from high concentration
detection limits, lacks specificity, and requires isolation of
the sugars from other charged species prior to analysis of any
biological samples.

Two groups have employed precolumn derivatization with
UV or fluorescence detection for carbohydrate analysis.
Honda and co-workers separated 12 monosaccharides by CE—-

insingle cells and for the detection of analytes obtained during
microdialysate perfusion.”-1? Detection limits for electroactive
compounds usually are in the nanomolar range.

Pulsed amperometric detection (PAD) at Au electrodes
following high-performance anion-exchange chromatography
(HPAEC) has become the method of choice for the deter-
mination of carbohydrates in a variety of samples, including
foods and beverages, biotechnologically derived products, and
physiological fluids.!-13 PAD at noble metal electrodes
exploits surface-catalyzed oxidations of various functional
groups (e.g., aldehyde, alcohol, amine, and sulfur-containing
moieties). The high electrocatalytic activity at Au or Pt
electrodes for a constant applied potential is often accom-
panied by fouling of the electrode surface.!* LaCourse and
Johnson have used pulsed voltammetry (PV) to evaluate and
optimize carbohydrate response at a gold electrode.!> PAD
overcomes fouling of electrodes by combining amperometric
detection with alternated anodic and cathodic polarizations
to clean and reactivate the electrode surface. Hence, PAD
utilizes multistep potential-time wave forms (E;) to maintain
uniform and reproducibly high electrode activity.

Although there are numerous studies employing PAD at
macroelectrodes, little has been done with PAD at micro-
electrodes. Recently, Ewing et al. employed PV to obtain
volt tric information in static biological microenviron-

UV following precolumn derivatization with 2- pyTi-
dine.2 Although the separation of the monosaccharides was
quite impressive, detection was limited to millimolar con-
centrations of the carbohydrates. A more sensitive method
wasreported by Liu et al., who were able to successfully detect
carbohydrates at the nanomolar level using a two-step reaction
including reductive amination and precolumn derivatization
by 3-(4-carboxybenzoyl)-2-quinolinecarboxaldehyde.? The
disadvantage of this process is that it takes several hours to
accomplish, including 1-2 h for the reduction step and an
additional hour for the derivatization reaction. In addition,
other amines present in the sample can interfere with the
analysis.

Electrochemical detection is an ideal method of detection
for microcolumn-based separation systems because detection
is based on a reaction at an electrode surface.#® Therefore,
in contrast to optical methods where the response of the
detector is dependent on path length, cell volumes can be
made very small with no decrease in sensitivity. This is a
particular advantage in CE, where the path length is typically
lessthan 100 um. Capillary electrophoresis—electrochemistry
has been used extensively for the analysis of catecholamines

(1) Garner, T. W.; Yeung, E. S. J. Chromatog. 1990, 515, 639-644.

(2) Honda, S.; Iwase, S.; Makino, A.; Fujiwara, S. Anal. Biochem. 1989,
176, 12-71.

(3) Liu, J.; Shirato, O.; Wiesler, D.; Novotny, M. Proc. Natl. Acad. Sci.
U.S.A. 1991, 88, 2302-2306.

(4) Wallingford, R. A.; Ewing, A. G. Anal. Chem. 1987, 59, 1762-1766.

(5) Curry, P. D.; Engstron-Silverman, C. E.; Ewing, A. G. Electroanal-
ysis 1991, 3, 587-596.

(6) O’Shea T.J.; Greenhagen, R.D.; Lunte, S. M.; Lunte, C. E.; Smyth,
M. R.; Radzik, D. M.; Watanabe, N. J. Chromatog. 1992, 593, 305-312.

0003-2700/93/0365-0948$04.00/0

ments at Pt microelectrodes.’® In this paper, the feasibility
of PAD as a detection method for capillary electrophoresis
is explored. This is the first report involving PAD at a
microelectrode in a flowing stream. A system has been
developed using off-column detection and a gold wire
microelectrode. The separation and detection by CE-PAD
of several charged carbohydrates of biological interest will be
presented. In addition, the use of this detector for the
determination of glucose in blood will be demonstrated.

EXPERIMENTAL SECTION

Reagents. All carbohydrates were obtained from Sigma
Chemical Co. (St. Louis, MO) and used as received. Semicon-
ductor-grade sodium hydroxide pellets, used in the preparation

(7) Olefirowicz, T. M.; Ewing, A. G. Anal. Chem. 1990, 62, 1872-1876.

(8) O’Shea, T. J.; Telting-Diaz, M.; Lunte, S. M.; Lunte, C. E.; Smyth,
M. R. Electroanalysis 1992, 4, 463-468.

(9) O'Shea, T. J.; Weber, P. L.; Bammell, B. P.; Lunte, C. E,; Lunte,
S. M. J. Chromatogr 1992, 608, 189—19

(10) Chien, T. B,; Wallmgford R. A; Ewing, A. G. J. Neurochem.
1990, 54, 633—638.

(2) Johnson, D. C.; LaCourse, W. R. Anal. Chem. 1990, 62, 589A~
597.

(12) LaCourse, W. R.; Johnson, D. C. Carbohydr. Res. 1991, 215, 159—
178.

(13) Johnson, D. C.; LaCourse, W. R. Electroanalysis 1992, 4, 367—
380.

(14) Gilman, S.In Electroanalytical Chemistry; Bard, A.J., Ed.; Marcel
Dekker: New York, 1967; Vol. 2, pp 111-192.

(15) LaCourse, W. R; Johnson, D. C. Anal. Chem. 1993, 65, 50-55.

(16) Chen, T.K.; Lau, Y. Y.; Wong, D. K. Y.; Ewing, A. G. Anal. Chem.
1992, 64, 1264-1268.
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of the operating buffer, were also obtained from Sigma. All other
chemicals were analytical reagent grade. All solutions were
prepared in NANOpure water (Sybron-Barnstead, Boston, MA)
and passed through a membrane filter (0.2-um pore size) before
use. Stock solutions of carbohydrates were prepared daily.

Apparatus. Electrophoresis in the capillary was driven by
a high-voltage power supply (Spellman Electronics Corp., Plain-
view, NY). Polyimide-coated fused-silica capillary columns of
360-um o.d. and 75-um i.d. were obtained from Polymicro
Technologies (Phoenix, AZ). Sample introduction was accom-
plished using a pressure injection system, and the volume injected
was calculated in the continuous-fill mode by recording the time
required for the sample to reach the detector.

The microelectrode was constructed using a 50-um-diameter
gold wire (Johnson Matthey Electronics, Hertfordshire, UK)
which was bonded to a length of copper wire using silver epoxy
(Ted PellaInc., Redding, CA). Capillary tubes were pulled with
a Liste-Medical (Greenvale, NY) Model 3A vertical pipet puller
toanarrowtip. The gold wire was inserted through the capillary
until it protruded approximately 0.5 cm from the tip. Silicon
adhesive was then applied to the tip at the junction of the capillary
and the gold wire. Once cured, the gold wire was cut to the
desired length, 300-350 pm, using surgical scissors. The gold
electrode was then washed with ethanol followed by copious
amounts of deionized water.

The construction of the complete CE system with electro-
chemical detection has been described in detail elsewhere.5 The
exception is the preparation of the Nafion joint, which is used
to isolate the detection end of the column from the effects of the
applied electrical field. Due to the large currents (ca. 40 uA)
generated using the hydroxide electrolyte in this study, a
modification of the design was used to further lower the resistance
across the Nafion joint. Thus, the final section of capillary was
epoxied to a glass slide and a fracture was made at a previously
prepared score mark. The fracture was then covered with Nafion
solution (5 wt % solution in a mixture of lower molecular weight
. alcohols and 10% water) which was purchased from Sigma. This
was allowed to dry fully. This joint was then submerged in the
cathodic buffer reservoir and the system completed as described
previously.® A three-electrode configuration was used, and the
electrode connections were made to an EG&G Princeton Applied
Research (Princeton, NJ) Model 400 electrochemical detector,
which provided the potential wave form and current output. A
Ag/AgCl reference and a platinum auxiliary electrode were
employed in the CE-EC experiments. A Faraday cage was used
to shield the electrochemical cell from external noise sources.

Pulsed Voltammetry (PV) Experiments. Pulsed voltam-
metric data were obtained at a 50-uM Au electrode with a
computer-controlled potentiostat (Model RDE-4; Pine Instru-
ment Co., Grove City, PA) using a DAS-20 high-speed A/D-D/A
expansion board (MetraByte Corp., Taunton, MA) in an IBM-
AT-compatible computer (Gateway Co., Sioux Falls, SD). The
reference electrode employed was a SCE. Pulse voltammetry
wave forms were generated with ASYST Scientificsoftware (Asyst
Software Technologies, Inc., Rochester, NY).

Separation Conditions. For the CE separations, a capillary
length of 95 cm with an applied voltage of 25 kV was employed.
The run buffer was 10 mM NaOH containing 8 mM sodium
carbonate, pH 12. For detection of carbohydrates, the following
PAD wave form was employed: E; (detection) +325 mV, ¢; 199
ms; E; (oxidative cleaning) +800 mV, ¢, 166 ms; E; (reactivation)
—600 mV, t3 249 ms applied. All potentials are vs Ag/AgCl.

Sample Preparation. For the determination of glucose levels
in blood, 20 uL of human blood was diluted in 1 mL of operating
buffer, filtered, and centrifuged in a Gelman Sciences (Ann Arbor,
MI) two-spin filtration unit. The filtered sample was injected
directly.

RESULTS AND DISCUSSION

Pulsed Voltammetry of Glucose. Figure 1 shows the
current—potential (i—E) response during the positive scans
for glucose at a Au microelectrode in 10 mM NaOH-8 mM
NayCO;. Only the data for the positive scans are shown
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Figure 1. Pulse voltammetric response of glucose at a Au micro-
electrode in 10 mM NaOH-8 mM Na,CO;. Conditions: partially
deaerated with N,. Wave form: Eg, = —600 to +900 mV, £y, = 500
ms, Ly = 240 ms, ty = 200 ms; E,q = 800 mV, s = 166 ms; Eoq
=-600mV, £,y = 249 ms. Summation of nine PAD cycles per point.
Solutions: (-+-) residual; (- - -) 10 uM glucose; (- - -) 50 uM glucose;
(—) 100 uM glucose.

because this response is relevant to the PAD wave forms (in
which the anodic response is measured following a positive
step from the cathodic potential pulse (E..q) to the detection
potential (Eg4), which is much greater than Eq). The
cathodic and anodic signals for the residual correspond to
reduction of dissolved O, (wave A; ca. —600 to —100 mV), the
formation of surface oxide (wave B; greater than ca. +300
mV), and O, evolution from water anodization (wave C, greater
than ca. +700 mV). The “background-corrected” PV re-
sponses for glucose at 10, 50, and 100 M are also shown in
Figurel. Glucose producesa two-step anodicresponse during
the positive scan. The first anodic step corresponds to the
oxidation of the aldehyde group to the carboxylate anion in
this alkaline media (wave Dj; ca. 600 to ca. -100 mV). The
second step has the form of the peak (wave E; ca. -100 to
+450 mV) and corresponds to the combined oxidations of the
aldehyde and alcohol groups of glucose. The anodic signal
during the positive scan is inhibited (greater than ca. +300
mV) corresponding to the onset of oxide formation (wave B).
Thisis as expected for detections which are catalyzed at oxide-
free surfaces.!13 Any Eg4, value in the range of 0to +300 mV
vs SCE will be acceptable for detection of glucose by PAD
under these conditions. Application of this potential in PAD
will enable the universal and direct detection of virtually all
carbohydrates. By judicious selection of the detection
potential, the applicability of this system can be extended to
simple alcohols!! and aliphatic amines and amino acids,!”18
as well as numerous sulfur compounds.1920

Determination of Glucose. Glucose was the analyte of
choice for the initial investigation of the performance of the
detector with CE because of its general importance in a
number of biological systems and its proven record with PAD
detection. The column appeared to be quite stable at the
high pH with migration times not exceeding 3% RSD within
1 day. A column used continuously over a 3-week period
showed variations in migration times of not more than 10%
RSD. Eight successive injections of 1 X 10~ M glucose
exhibited RSDs for migration time and peak height of 1.1%
and 3.3%, respectively.

(17) Polta, J. A.; Johnson, D. C. J. Lig. Chromatogr. 1983, 6, 1727
1743.
(18) Welch, L. E.; LaCourse, W. R.; Mead, D. A.; Johnson, D. C. Anal.
Chem. 1989, 61, 555-559.
(19) Polta, T. Z.; Johnson, D. C. J. Electroanal. Chem. 1986, 209, 159—
69.

169.
(20) Ngoviwatchai, A.; Johnson, D. C. Anal. Chim. Acta 1988, 215,
112
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Figure 2. Electropherogram of 1 X 10-5 M glucose using a 75-um
capillary column: operating buffer, 10 mM NaOH-8 mM Na,COs;
separation voltage, 25 kV; PAD wave form as described in the
Experimental Section.
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Figure 3. Separation of 1 X 10-* M (1) glucc 18, (2) gluc

acid, (3) glucosamine 6-sulfate, and (4) glucosamine 6-phosphate.
Separation conditions as outlined in Figure 2.

The PAD response for glucose was linear over the range 1
X 10-5 to 1 X 102 M with a correlation coefficient of 0.9997
(n="T). Calibration curves prepared over this range yielded
slopes of 299 nA/mM. A detection limit of 9 X 10-7 M based
on a S/N = 3 was estimated from the electropherogram
obtained from an injection of 1 X 10-5 M glucose shown in
Figure 2. Based on an injection volume of 25 nL, this
corresponds to a mass detection limit of 22.5 fmol. The mass
detection limits are 5-fold higher than those reported using
indirect detection;! however, in the latter method 5-um
capillaries were employed, which leads to increased mass
sensitivity. Therefore, although mass detection limits are
comparable, because the injection volume is smaller in 5-uym
columns, the concentration detection limit is poorer with
indirect detection. In this study, 75-um-i.d. capillaries were
used. The mass detection limit could be substantially
improved by the use of columns of smaller inner diameter.

Separation of Charged Carbohydrates. CE-PAD was
employed for the separation and detection of several bio-
logically important charged carbohydrates, including glu-
cosamine, glucosaminic acid, glucosamine 6-sulfate, and
glucosamine 6-phosphate. Figure 3 shows the separation
achieved for these four compounds, with glucosaminic acid

0 ] 10 15 20

time (mins.)

Figure 4. Electropherogram of human blood. Peak corresponds to
85 uM glucose. Separation conditions as outlined in Figure 2.

and glucosamine 6-sulfate nearly baseline-resolved.

Garner and Yeung achieved a separation of the “neutral”
sugars sucrose, glucose, and fructose in less than 10 min at
a similar pH using 20-um capillaries.! However, many other
sugars exhibited the same migration time as these three. Under
the conditions reported here, we were not able to achieve the
high efficiencies necessary for this separation of these three
neutral sugars. This could be due to the fact that a larger
amount of current is generated by the hydroxide electrolyte
in a 75-um capillary than in a 20-um capillary, leading to
Joule heating. An additional factor is the time constant of
the detector, which is designed for LC applications. Future
research will involve the evaluation of new buffer systems,
complexing agents, and other additives to better facilitate
the separation of uncharged carbohydrates.

Determination of Glucose in Blood. To investigate the
selectivity of the detector for the analysis of carbohydrates
in real samples, the determination of glucose in blood was
examined. Illustrated in Figure 4 is the electropherogram of
a1:50 dilution of human blood; the only sample pretreatments
were centrifugation and filtration. The glucose peak repre-
sents an injection of 85 uM glucose, which corresponds to a
concentration in the blood of 4.25 + 0.13 mM (n = 3). This
agrees well with that reported in the literature.?! Only a few
other small peaks are present in the electropherogram,
demonstrating the high degree of selectivity this technique
has toward carbohydrates.

There are several potential advantages of this method over
other methods for carbohydrate analysis. In CE-PAD, unlike
LC-PAD, buffers of high pH can be employed for the
separation without column degradation. Capillaries are also
much less expensive than the io h columns p ly
used for LC separations. The small volumes required for
analysis by CE make it possible to apply this method in those
cases where one is limited by sample size. In addition, this
method permits direct detection, eliminating problems in-
herent in derivatization procedures currently employed for
CE analysis (dilution of sample, incomplete reaction, side
products, long reaction times). The high degree of selectivity
has been demonstrated by the electropherogram of glucose
in blood.

One drawback of this technique is the high pH necessary
for electrochemical detection of carbohydrates, which limits
the pH range that can be employed for the separation.
However, this problem can be overcome either by using Pt
electrodes, which may allow one to work at lower pH values,
or through postcolumn addition of base using one of the
previously described methods for postcolumn derivatiza-

(21) The Merck Manual, 15th ed.; Berkow, R., Ed.; Merck Sharp &
ohme R h Lab ies: Rah NJ, 1987; p 2413.




tion.2222 Oxygen can be a problem when Pt electrodes are
employed; however, deoxygenation has been shown to be
relatively simple to accomplish with CE because of the small
volume of buffer involved.?

The emphasis of future studies will be on the separation
and detection of carbohydrates present on glycoproteins. The
use of this method for the detection of other PAD-active

(22) Rose, D. J.; Jorgenson, J. W. J. Chromatogr. 1988, 447, 117-131.

(23) Pentoney, S., Jr.; Huang, X.; Burgi, D.; Zare, R. N. Anal. Chem.
1988, 60, 2625-2629.

(24) O’Shea, T. J.; Lunte, S. M. Anal. Chem., 1993, 65, 247-250.
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functional groups, such as amines and alcohols, will also be
investigated.
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Ion Chromatography of Sulfur Dioxide, Sulfate Ion, and Dithionate Ion in Aqueous

Mineral Leachates

Lloyd M. Petrie,” M. Emmelyn Jakel, Richard L. Brandvig, and Joseph G. Kroening
Bureau of Mines, U.S. Department of Interior, 5629 Minnehaha Avenue South, Minneapolis, Minnesota 55417

INTRODUCTION

The U.S. Bureau of Mines is conducting research on in situ
leach mining of Mn** and Mn?* oxide ores, a process reliant
on mineral-fluid geochemistry.! Acidic aqueous SO, is being
evaluated because of its low cost and prior evidence that SO,
selectively dissolves manganese oxides before iron oxides and
other host minerals.2® Process development requires mon-
itoring several parallel reductive leaching reactions:

Mn'V0,(s) + SO, = Mn®* + SO* (1)

Mn'™V0,(s) + 250, = Mn** + S,0,> @

Mn™0O0H(s) + SO, = Mn** + S0, +HY  (3)

The above formulas represent the number of oxygen atoms
required to balance the overall equations shown. The actual
coordination of most manganese oxides is six O atoms
octahedrally arranged about Mn** or Mn®* centers.

The objective of this work was to develop a sampling/
analysis procedure for low-level determination of S speciation
for the above reductive dissolution reactions. Accurate
leachate concentrations of SO;, SO, and S;0¢> are needed
to determine fundamental kinetics and process engineering
parameters (e.g. product/reactant ratios).

The aqueous samples requiring S speciation determination
are from laboratory batch, column, and core leaching exper-
iments. These samples contained total concentration levels
for S = 1-35 g/kg, Mn = 0.1-40 g/kg, and Fe = 0-2 g/kg.
Dissolved oxygen was not periodically measured and oxygen
was not excluded during solution handling because field
operations use oxygenated solutions.

First, sample handling procedures were needed. Deter-
mining S speciation in aqueous media is challenging due to
S0, volatility and Mn2*-catalyzed oxidation of S(IV) equi-
libria products, HSO;~ and SO42-.45 Below pH 1.5, S0, is the
abundant form, whose high vapor pressure® (e.g. 359 kPa at
22 °C; 426 kPa at 27 °C) requires sealed vessels and gas-tight
syringes. Eckert and co-workers”® reported (1) significant
Mn?2*-catalyzed oxidation for pH 3 to 5, (2) a proposed metal
coordination-free radical mechanism for HSO3- oxidation,
and (3) S(IV) oxidation inhibition below pH 5 with phenolic
antioxidants (e.g. pyrogallol and hydroquinone). Schroeter

(1) Marozas, D. C.; Paulson, S. E.; Petrie, L. M. SME National Meeting,
Denver, CO, Feb 25-28, 1991, Preprint No. 91-177.

(2) Petrie, L. M. Department of Interior, Bureau of Mines Open File
Report, 1991, No. 6-91.

(3) Pahlman, J. E.; Khalafalla, S. E. Department of Interior, Bureau
of Mines Report of Investigation, 1988, No. 9150.

(4) Schroeter, L. C. Sulfur Dioxide - Applications in Foods, Beverages,
and Pharmaceuticals; Pergamon Press: New York, 1966; pp 7-18.

(5) Cotton, F. A.; Wilkinson, G. Advanced Inorganic Chemistry, 5th
ed.; Wiley-Interscience: New York, 1988; pp 519-21.

(6) CRC Handbook of Chemistry and Physics, T1st ed.; Lide, D. R.,

Ed.; CRC Press: Boca Raton, 1990; pp 6-78.
(7) Huss, A,; Lim, P. K.; Eckert, C.A.J. Phys. Chem. 1982, 86, 4224-8.
8) Huss, A.;Lim, P. K Eckert, C. A. J. Phys. Chem. 1982, 86, 4229~

33.
(9) Lim, P. K.; Huss, A,; Eckert, C. A. J. Phys. Chem. 1982, 86, 4233~
31

‘reviewed earlier work on inhibition of S(IV) oxidation.!® In

the absence of trace metals, dilute solutions of ethanol and
formaldehyde prevent S(IV) oxidation.

Second, sample-specific chemical analysis methods for
S(V), SO, and S;0¢% were needed. Iodate titration for
S(IV) was not sensitive enough for some samples.!! A number
of methods have been developed for airborne SO,, but they
generally rely on oxidation of SO, to SO,>before instrumental
analysis.!?1? Kim and co-workers compared AOAC-approved
methods for SO; in grapes,'* including two ion exclusion LC
methods. Bartroli and co-workers recently reported a p-
aminoazobenzene calorimetric method for SO, in wine.15 Of
the five SO,2- standard methods for water and wastewaters,'®
two have the necessary sensitivity and range—ion chroma-
tography with chemical suppress/conductivity detection and
methylthymol blue autoanalysis.

Fewer analytical methods have been developed for S,0¢>.
The most frequent approach is sequential oxidation of S
species to SO,2, SO, analysis at each step and calculation
of Sy0s%- or other S oxyanions.’-1? We sought a direct
determination method of S;0¢>. Rabin and Stanbury
reported a reversed-phase ion-pair chromatography method
for polythionates, including S;0¢2-.2° Unfortunately, SO.2-
and S;0¢> coeluted in their system. Subsequently, they
developed a simple anion method using Wescan equipment
and 4.0 mM potassium phthalate eluent to resolve SO2- and
S;0¢> peaks.?! Dionex recommended their anion mobile
phase ion chromatography system.?2 Lastly, FTIR spec-
trometry can detect high levels of SO, SO32-, SO.2-, and S:0¢>
in aqueous media, a capability examined in a forthcoming
report.

Due to its analytical range, speed, accuracy, specificity,
and potential for field applications, ion chromatography was
selected as the most promising analytical methodology for
measurement of S(IV), SO2-, and S;0¢> in our mineral
leaching studies.

EXPERIMENTAL SECTION

References to specific products does not imply endorsement
by the Bureau of Mines. A Dionex 4000i ion chromatography
with conductivity detection and Spectra-Physics 4270 integrator
was used. Peak area quantitation was performed for all samples

(10) Schroeter, L. C. Reference4 pp 55-62.

(11) Standard Methods for the ion of Water and Waste-
water,17thed.; Franson, M., Ed.; Am. Public Health Assoc.: Washington,
D.C., 1989; pp 4-200-4-201.

(12) Bhatt, A.; Gupta, V. Analyst 1983, 108, 374-9.

(13) Hallberg, B.; Rulling, J.; Hultman, A.; Hultengren, M. Scand. J.
Work Environ. Health 1984, 10, 305-9.

(14) Kim, H.; Conca, K.; Richardson, M. J. Assoc. Off. Anal. Chem.
1990, 73, 983-9.

(15) Bartroli, J.; Escalada, M.; Jorquera, C.; Alonso, J. Anal. Chem.
1991, 63, 2532-5.

(16) Reference 12, pp 4-204-4-210.

(17) Williams, W. J. Handbook of Anion Determination; Butter-
worths: New York, 1979; pp 501-3.

(18) Siskos, P.; Diamandis, E.; Gillieron, E.; Colbert, J. Talanta 1983,
30, 980-2.

(19) Babiker, B. Analyst 1988, 113, 351-3.

(20) Rabin, S.; Stanbury, D. Anal. Chem. 1985, 57, 1130-2.

(21) Sarala, R.; Islam, M. A;; Rabin, S. B; Stanbury, D. M. Inorg.
Chem. 1990, 29, 1133-42.

(22) Methods Development Using Anion Mobile Phase Ion Chro-
matography; Tech. Note 12R; Dionex Corp.: Sunnyvale, 1984.
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with the peak width = 80 and peak threshold = 12 for the 4270.
803> and SO4* were determined with a Dionex AS4A column
and 1.8 mM NayCO; + 1.7 mM NaHCO; eluent at 2 mL/min.
S,0¢% was determined with Dionex MPIC-NG1 column and 1
mM Na,CO; + 2 mM tetrabutylammonium hydroxide + 20 wt
% acetonitrile at 1.5 mL/min. Total S was determined, without
dilution, using a Philips 1410 XRF spectrometer. A Copenhagen
Radiometer ABUS8O autotitrator was used for iodometric titra-
tions.

ACS reagent-grade chemicals were used. The only source
found for Na,S,05 was Pfaltz and Bauer. Type I water was used
for sample dilutions and final rinses of acid-washed glass and
plasticware.

Leaching solutions were prepared by bubbling gaseous SO,
from compressed gas cylinders into tightly-capped HDPE bottles
equipped with a recirculating water line to mix the gas and water.
A 5 psi N, overpressure was applied to contain the volatile SO,
in the solutions. CAUTION: SO, gas and acidic SO; solutions
pose significant inhalation hazards. Additional important in-
formation is contained in the MSDS. They should be handled
in a hood, and personal protection equipment should be used.

Each sample batch for ion chromatography or manganese
analysis included a prep blank, spiked sample, and blind check
standard. The analyst provided a calibration verification stan-
dard (CVS) and calibration blank. Total S sample batches
included all QC samples but the spiked sample and CVS.

Stock standards for SO42- ion chromatography were prepared
in 1 w/w % formaldehyde and were stable for a minimum of 4
weeks. The stock standards were diluted 100-fold with type I
water to prepare calibration standards. These standards were
stable for 2 weeks.

Two diluents were used to dilute samples for ion chromatog-
raphy. The initial dilution was made with IC diluent no. 1 (1 wt
% formaldehyde + 0.25 m NaCl + 0.02 m HC]). Final dilutions
were made with IC diluent no. 2 (0.1 wt % formaldehyde + 0.025
m NaCl + 0.002 m HCI, pH 2.44).

Samples forion chromatography were not exposed to air during
collection. First, a gas-tight syringe was partially filled with a
known mass of IC diluent no. 1. A small stirring bar was placed
in the syringe to facilitate mixing. Second, Tygon tubing was
attached to the solution sampling port, and sufficient leachate
was drained to fill the tubing. Third, the needle from the gastight
syringe was immediately injected into the filled Tygon tubing,
and several milliliters of fresh leachate were drawn into the
syringe. Fourth, the sample port valve closed and the syringe
was removed. Fifth, the contents of the syringe were gently
handshaken to achieve complete mixing. If additional dilutions
were needed, diluent no. 2 was used.

RESULTS AND DISCUSSION

(a) Sample Handling. Regardless of analytical method,
a sample handling procedure was needed to preserve S
speciation by preventing SO, volatilization and S(IV) oxi-
dationto SO42-. Volatilization losses were minimized through
staff awareness and use of gas-tight syringes.

Sinceion chromatography required large dilutions (1-3000-
fold) of collected leachates, the diluted concentrations of SO,,
S042%, and S;04%- were equal to that for dissolved O, and
Mn?*, making Mn-catalyzed oxidation of SIV) to SO,
significant. To devise a S(IV) preservation procedure,
Eckert’s work™® provided a starting point. First, EDTA
complexation of Mn?*+ was attempted. When leachates were
diluted with pH 3-4 EDTA solutions, the high Mn2+ con-
centrations resulted in Mn hydroxide precipitation and
variable degrees of S(IV) preservation. Next, attention was
focused on organic antioxidants. Diluents containing 0.5-5
wt % mannitol and ethanol prevented S(IV) oxidation in the
absence of Mn2+. Diluents containing 10-3 m hydroquinone
at pH 1 and 5 failed to prevent complete oxidation of S(IV)
when 1.67 X 104 Mn?2* was present. This was a surprising
result since Eckert reported effective prevention of S(IV)
oxidation for [Mn2+] =1.49 X 10~ M, [0.] =0.0018 M, [S(IV)]
= 0.015 M, [hydroquinone] < 1.5 X 106 M, and pH < 5.2
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Figure 1. Pr of Mn-catalyzed oxid: of S(IV) through 8

days in the presence of 0-1.0 mn;ollkg Mn2*. Preservation was at
pH 2.44 with a 0.1 wt % formaldehyde + 0.025 m NaCl + 0.002 m
HCI buffer.

This can be explained by the fact that they added the phenolic
antioxidants to the S(IV) solutions before introducing Mn2+.
To simulate our leachates, we added Mn2+ before diluting
with hydroquinone.

Satisfactory S(IV) preservation was achieved with form-
aldehyde by recalling that HSO;- undergoes nucleophilic
addition to the carbonyl C atom of formaldehyde according
to eq 4:28

H,C—=0 + HSO, — H,C(OH)SO, @

With S(IV) part of an organic bisulfite ion, it cannot readily
complex Mn?* atoms as proposed in the mechanism for Mn2*-
catalyzed O, oxidation.? HSOs-is the primary S(IV) oxyanion
between pH 2 (63 mol %) and pH 4 (96 mol %). To test
formaldehyde preservation, 0.0397 m Nay;SOj; in 0.2 m HCl
samples with varying amounts of MnCl, were diluted with IC
no. 2 (0.1 wt % formaldehyde + 0.025 m NaCl + 0.002 m
HCI), giving diluted samples at pH 2.44. Figures 1 summarizes
the results of these tests. S(IV) oxidation was prevented for
solutions where [Mn?*] was < 0.1 mmol/kg through 8 days,
the maximum holding time anticipated for IC analysis of
leaching test samples.

(b) SO;> and SO Ion Chromatography. Determi-
nation of SO in natural waters using conventional ion
chromatography with suppressed conductivity detection is
well-known. With a S(IV) preservation procedure, conven-
tional anion chromatography can be used to determine S(IV)
as SO, since the eluent is at pH 10.2. Five stock SO32-
standards were diluted to 5-100 ppm SO32- with IC no. 2 (0.1
wt % formaldehyde + 0.025 m NaCl + 0.002 m HCl) and
analyzed in triplicate. SOs?- peaks were well-shaped with a
flat baseline. Linear regression of the data produced a
correlation coefficient = 0.9993. Retention times for SO3%
were 5.41-5.55 min.

A condition common to diluted manganese leachates is
high SO42- concentrations relative to SO;2-. This effect was
investigated for 50 ppm SO;2- with increasing SO,2:S042-
ratios (i.e. 1:1, 3:1, 10:1). For ratios 1:1 and 3:1, the SO32-
measured concentrations were 50.2 and 50.0 ppm, respectively.
Since the SO32- peak was not fully resolved at ratio 10:1, 3:1
can be considered the practical maximum SO,2-:SOs? ratio.

Figure 2 is a typical chromatogram for a column leachate
diluted to a final sample matrix of 0.1 wt % formaldehyde
+ 0.025 m NaCl + 0.002 m HCl. The SO5? peak (22 ppm)
has the same peak shape as the 25 ppm SOs?- standard
solution. The SO3> retention time is 5.39 min vs an average
5.46 min for the 25 ppm SO,% standard. This indicates that

(23) Morrison, R. T.; Boyd, R. N. Organic Chemistry, 2nd ed.; Allyn
and Bacon: Boston, 1966; p 639.
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Figure 2. Typical leachate chromatogram diluted with 0.1 wt %
formaldehyde + 0.025 m NaCl + 0.002 m HCI showing SO5%- (5.39
min, 22 ppm) and SO,?- (7.18 min, 11.0 ppm).
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Figure 3. Typical leachate chromatogram diluted with 0.1 wt %
formaldehyde + 0.025 m NaCl + 0.002 m HCI showing SO,?- (4.56
min) and S,0% (7.50 min, 48.3 ppm).

as the preserved sample is introduced onto the column
bisulfite ion dissociates, producing SO;>- as the only S(IV)
form at eluent pH 0of 10.2 Since the SO, concentration (11.0
ppm) is similar to that of SO5>, there is good resolution for
both two peaks.

(c) S;0¢* Ion Chromatography. Conventional sup-
pressed anion ion chromatography will not detect S;0¢2.
However, Dionex has a mobile-phase ion-pair column (MPIC-
NG1) column that can detect S;0¢2- and SO,2- with the same
suppression and conductivity detection system. On the
MPIC-NG1, retention times for S,0¢> and SO~ were
approximately 7.5 and 4.6 min, respectively.

Stock S;062- standards were again diluted with IC no. 2
(0.1 wt % formaldehyde + 0.025 m NaCl + 0.002 m HCI).
Calibration for S;0¢> was split into a low and high range,
covering 5-50 and 50-200 ppm, respectively. Five standard
calibration curves were run for each range. The high
calibration curve was linear (correlation coefficient = 0.999).
The low calibration curve was alsorelatively linear (correlation
coefficient = 0.991).

S(V) (gkg §)

0
20 21222324 25 2627 28 29 30 31 32 33 34 35 36

Sample No.
[ Il |odate titration 3 lon chromatographyJ

Figure 4. Comparison of S(IV) for column leachates
by (a) iodate titration and (b) ion chromatography for S04~ in g/kg S.

8 8 &

Total S (g/kg )
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Sample No.

M Calculated Total S [] Measured Total S
5. Comparison of total S determination for column leachates
by (a) calculated sum of ion chromatography results for SO;% + S0,
+ S,0¢> and (b) X-ray fluorescence spectrometry in g/kg S.

Since retention times for S;0¢2- and SO,>- were close on
the NG1, SO, interference with S;0¢2- peaks was a concern.
Mixed SO—S;0¢> standards with varying SO,2:S;0¢> ratios
were prepared inIC no.2. Acceptable resolution was achieved
up to a 10:1 ratio. For that sample, the calculated S,0¢*
value (27.8 ppm) compared well with the measured value
(27.7 ppm). For manganese leachates, the SO,2:S;0¢%- ratio
rarely exceeded the 10:1 ratio.

Figure 3 is a typical chromatogram for an IC no. 2 diluted
column leachate, displaying first SO42- at 4.56 min and then
8,062 at 7.50 min. The large peaks before SO,2- and S,0¢%
peaks are due to the diluent matrix. The measured S;0¢>
concentration was 48.3 ppm. However, the NG1 column was
not used for SO,2- determinations for two reasons. First, as
seen in Figure 3, the matrix peaks and the SO.%- peak were
not completely resolved. Second, SO32- and SO, coeluted
in the samples, making quantiative measurement of SO,
impossible with this column. Coelution was confirmed by
running a standard with known SO;32- and SO,2- concentra-
tions through the NG1 and AS4A columns in series. The
NG1 SO.* peak was larger than expected and yet correct
determination was achieved for both SO32- and SO, on the
AS4A column.

(d) Comparison of IC Results to Other Analytical
Results. Inaddition toion chromatography for SO32-, SO42-,
and S;0¢%, S(IV) was determined by iodate titration, and
total S was determined by X-ray fluorescence spectrometry,
providing external accuracy checks of the IC methods.

First, the standard iodate titrations for S(IV) were per-
formed on undiluted subsamples of the same leachates
analyzed by ion chromatography. Figure 4 shows the com-
parison between iodate titration and ion chromatography for
some of the samples from port 2 of a large column leaching
experiment. Except for sample 28 (11.6%) and sample 30



(8.2%) results, the relative percent differences between ion
chromatography and iodate titration were between 0.6 % and
5.7%.

Second, X-ray fluorescence (XRF) spectrometry was used
to determine total S in the same large column leaching
samples. In Figure 5, these “measured” total S results are
compared to “calculated” total S summed from the ion
chromatography data for SO3%-, SO42-, and S;06>. Given the
possibilities for accumulated sampling and analysis errors in
this comparison, the results were good. For the 17 compar-
isons, relative percent differences were between 0.1% and
2.9%.

CONCLUSIONS

We have described sample preparation and ion chroma-
tography procedures that permit rapid, low-level, accurate
measurement of S(IV) as SO;>, SO, and S,0¢* in aqueous
mineral leachates. By using a pH 2.44 buffered diluent
containing formaldehyde, Mn2+*-catalyzed oxidation of S(IV)
to SO42- was prevented. These methods are applicable to a
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wide range of aqueoussamples from the food, manufacturing,
and environmental sectors, particularly when Mn2*, Fed+,
and other metal catalysts are present in the samples. The IC
method for S;06%- may be useful for environmental studies
of SO, reactivity since partial oxidation of SO, can form SO5-
radical which dimerizes to form S;0¢%. It is important to
remember these methods use standard commercial instru-
mentation, columns, and eluents.
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Multiplexed Fluorescence Detector for Capillary Electrophoresis Using Axial Optical

Fiber Illumination
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It is obvious that irrespective of which basic technology is
eventually selected to sequence the entire human genome,-
there are substantial gains to be made if a high degree of
multiplexing of parallel runs can be implemented. Such
multiplexing should not involve expensive instrt tation
and should not require additional personnel, or else the main
objective of cost reduction will not be satisfied even though
the total time for sequencing is reduced. A corollary is that
if a certain basic technology can be readily and efficiently
highly multiplexed, then it may ultimately become the method
of choice to sequence the entire human genome. In fact,
present-day sequencing runs are already being performed in
slab gels with multiple lanes to achieve multiplexing. Un-
fortunately, slab gels are not readily amenable to a high degree
of multiplexing and automation. Difficulties include uniform
gel preparation over a large area, reproducibility over different
gels, loading of sample wells, large physical size of the medium,
uniform cooling, large amounts of media, buffer, and samples
needed, and long run times for extended reading of bases.
The introduction of ultrathin slab gels®4 does address some
of these difficulties. Still, it is hard to imagine how 1000
lanes can be run simultaneously in one instrument.

In the last 2 years, several research groups have shown that
capillary gel electrophoresis (CGE) is an attractive alternative
toslab gel electrophoresis (SGE) for DNA sequencing.58 The
medium used, buffer composition, separation mechanism,
sequencing chemistry, and tagging chemistry for CGE are all
derived from proven SGE schemes. A 25-fold increase in the
sequencing rate per capillary (per lane) has already been
demonstrated. This is a direct consequence of the small
internal diameter of the capillary tubes, typically around 50—
75 pm, greatly reducing Joule heating associated with the
electrical current. Geldistortions and temperature gradients
that can affect resolution of the bands are thus virtually
absent. More importantly, much higher electric fields can be
applied to speed up the separation. For comparison, con-
ventional SGE are limited to field strengths below 50 V/cm
while CGE have been successfully used for sequencing up to
500 V/em.” The unique aspect ratio of capillary gels (25-50
cm long) provides uniform field strengths, and the large
surface-to-volume ratio favors efficient heat removal. These
combine to produce much sharper bands than are possible in
slab gels.

Part of the improvement in sequencing speed in CGE is
counteracted by the inherent ability of slab gels for accom-
modating multiple lanes in a single run. So, unless capillary

(1) Joint U.S. Department of Energy and U.S. Department of Health
and Human Services Report DOE/ER-0452P, Understanding Our Genetic
Inheritance—The U.S. Human Genome Project: The First Five Years;
Washington, DC, April 1990.
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and Sequencmg the Human Genome Board of Baslc onlogy, Commission
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(4) Brumley, R_ L.; Smith, L. M. Nucleic Acid Res. 1991, 19, 412-6.

(5) Cohen, A. S.; Najarian, D. R.; Paulus, A.; Guttman, A.; Smith, J.
A.; Karger, B. L. Proc. Natl. Acad. Sci. U.S.A 1988, 85, 9660-3.
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gels can be highly multiplexed and run in parallel, the above-
mentioned advantages cannot lead to real improvements in
sequencing the human genome. Fortunately, the capillary
format is in fact well suited for multiplexing. Already
mentioned is the substantial reduction of Joule heating per
lane, even given the high applied fields, so that the overall
cooling requirement and electrical requirement remain man-
ageable. The cost of materials per lane is much reduced
because everything, including sample sizes, is smaller. The
reduced band dimensions are ideal for excitation by laser
beams and for imaging onto solid-state array detectors. The
use of electromigration injection provides reproducible sample
introduction with little band spreading and with little effort.
Commercial capillary electrophoresis instruments have al-
ready incorporated the necessary robotics for such an
operation. The small band sizes, however, put stringent
requirements on detection. It is not possible to use large
amounts of DNA fragments because of overloading and
plugging of the gel pores.® So, recently proposed multiplexing
schemes such asmultiple hybridization® and multiple tagging?
cannot be readily implemented in CGE.

Parallel sequencing runs in a set of up to 24 capillaries
have been demonstrated recently.® To prowde sensitive
laser-excited flu tric detection, a conf i
geometry couples a single laser beam to a single photomul-
tiplier tube. Observation is one capillary at a time, and the
capillary bundle is translated across the excitation/detection
region at 20 mm/s by a mechanical stage. This provides
adequate observation time for each capillary (to achieve a
reasonable signal-to-noise ratio for base calling), but fast
enough torepeat the scan every second (to achieve reasonable
temporalresolution). Thatstudy!®clearly demonstrates that
capillaries can be run in parallel for DNA sequencing.

There are some subtle features inherent to the confocal
excitation scheme!® that may limit its use for very large
numbers (thousands) of capillaries. Since data acquisition
is sequential and not truly parallel, the ultimate sequencing
speed will be determined by the observation time needed per
DNA band for an adequate signal-to-noise ratio. Having more
capillaries in the array or being able to translate the array
across the detection region faster will not increase the overall
sequencing speed. That is, to achieve the same signal-to-
noise ratio, if the state-of-the-art sequencing speed of 1000
bases/h per lane’ is used, the number of parallel capillaries’®
will have to be reduced proportionately regardless of the scan
speed. The use of a translational stage may become prob-
lematic for a large capillary array. It has been shown!! that
bending of the capillaries can result in degradation in the
separation efficiency. This is attributed to distortions in the
gel and multipath effects. The amount of bending and cycling
naturally increases with the number in the array. Sensitive
laser-excited fluorescence detection also requires careful

i t both in excitation and in light collection so that

tion
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Figure 1. Mulﬂplexed detection In caplllary electrophoresis. CCD,
charge-c d device AD, adapter column; MB, microscope
body (eyepiece not shown); OF, optical fibers; SC, separation capillary;
CC, caplllary with black coating; MO, 10X microscope objective; GND,
buffer reservoir at ground potential; HV, buffer reservoir at positive
high potential.

efficient coupling with the smalli.d. tubing and discrimination
of stray light are possible.!2 The translational movement
thus has to maintain flatness to the order of the confocal
parameter!%1314 (around 25 um) or else the cylindrical capillary
walls will distort the spatially selected image. Multiple lenses
and beamsplitters, beam scanning optics, or translational
stages are therefore all unattractive. The latter two also have
inherently a low duty cycle which works against multiplexing.

Recently, we have developed an axial beam excitation
scheme for capillary electrophoresis.’®> The excitation laser
is coupled via an optical fiber which in turn is inserted into
the capillary tube. Observation is outside the capillary walls
perpendicular to the axis. In one mode of operation, total
internal reflection of the excitation beam is achieved, so that
no stray light from the quartz walls or the polyimide coating
reaches the phototube. Axial-beam excitation also provides
longer absorption/fluorescence pathlengths, increasing the
signal. Detection at the picomolar level was demonstrated.
We report here the use of this excitation geometry to
simultaneously monitor 10 capillary tubes undergoing elec-
trophoresis. This represents a truly parallel multiplexing
scheme for monitoring large arrays of capillaries. The system
has no moving parts. Data rates are compatible with state-
of-the-art run times in CGE and are fast enough even if there
is another order of magnitude increase in DNA sequencing
rates per lane in the future.

EXPERIMENTAL SECTION

Excitation. A schematic diagram of the multiplexing appa-
ratusisshowninFigurel. Approximately 500 glass optical fibers
(0.002-in. 0.d., P31735, Edmond Scientific, Barrington, NJ) were
grouped together and inserted into a !/g-in.-i.d. heat shrinking
tube. After heating, a razor blade was used to cleave the heat
shrink casing and the enclosed fibers. This fiber bundle was
inserted into the laser beam path by a microscope objective
(Bausch and Lomb, Rochester, NY 16 mm, 10X, BM2888). The
488-nm laser beam (2011-30SL, Cyonics, San Jose, CA) was
partially focused by the objective to provide a beam spot size
that overlaps the desired number of fibers in the illumination
zone. A totallaser power of 5 mW was thus divided among 10-12
optical fibers. The free end of each illuminated fiber was inserted
1.5 cm into a different fused silica capillary as discussed
previously.!s

Detection. The capillary array in the detection region was
imaged onto a charge-coupled device (CCD) camera (Photomet-
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rics, Tuscon, AZ, Series 200) through the camera extension of a
binocular microscope (Bausch and Lomb, Stereo Zoom 7). The
CCD camera was operated in a 25 to 1 column binning mode.1617
This allowed compression of 200 columns and 375 rows of image
data into a 8 X 375 array. Data extraction from the CC200
memory and analysis was carried out on a PC-compatible 80386-
based computer equipped with an IEEE interface. Each frame
of data, corresponding to a 0.1-s CCD exposure taken every 0.9
s, was stored in an individual file. The choice of exposure time
(0.1s) guarantees that even the sharpest and fastest moving bands
in typical CE runs are not broadened due to blurring. Naturally,
it is possible to eventually synchronize the reading of the CCD
with the movement of the bands and gain 1 order of magnitude
in sensitivity.’® The time between exposures (0.8 s) is dictated
by the camera-to-disk transfer rate of our particular computer
hardware and software (0.5 s) and our attempt to limit the total
amount of data collected. The total storage space for the 400
data files collected during a run was under 4 megabytes. With
proper binning and using state-of-the-art CCD hardware and
software, a data rate of 10 Hz can be achieved. Using a simple
BASIC algorithm, the intensities of selected 3 X 5 element regions
representing each separation capillary were summed. These time-
dependent sums are then plotted as electropherograms.

Separation. Silica capillaries (Polymicro Technologies, Phoe-
nix, AZ, 75-pmi.d., 150-pm o.d., No. TSP075150, length = 27 cm)
were prepared by removing 1 cm of polyimide coating with boiling
sulfuricacid 25 cm from the injectionend. Equilibration consisted
of flushing with 0.1 M NaOH followed by filling with running
buffer (10 mM bicarbonate adjusted to pH = 9) and applying a
5-kV potential for at least 10 h prior to fiber insertion. Solutions
of riboflavin (BioRad) and fluorescein (Eastman Kodak) were
prepared in running buffer. The electrophoretic separation was
driven at +7.5 kV using a high-voltage power supply (Glassman,
Whitehouse Station, NJ, Model PS/MJ30P0400-11) with a
platinum electrode at the high-voltage end and a chrommel
electrode at ground.

RESULTS

General Considerations. Perhaps the most serious
limitation of axial detection schemes concerns photochemical
bleaching. This can result from the relatively long exposure
of the analyte band to the intense excitation beam. Proper
attention to this problem in instrument design is essential.
Our earlier experiments,5 where light was propagated along
the entire capillary using total internal reflectance, utilized
an organic absorber, Orange G, to block photochemical
damage until the analyte reached the detection region. In
the present case, with partial internal reflection,'8 only a small
fraction of the incident laser intensity remains in the capillary
after 1 cmof travel. A smallbend (2-cmradius) in the capillary
after the detection region prohibits any further light travel,
thus rendering the use of an organic absorber unnecessary.
An additional electronicshutter in the beam path, which opens
synchronously with the CCD shutter, blocks the incident beam
during the 80% of time when no signal is being collected and
should greatly reduce photochemical damage in the detection
region. The lack of photochemical bleaching is confirmed by
comparing peak heights in single capillaries with different
amounts of cumulative exposure to laser excitation.

The relative ease of capillary mounting and optical align-
ment shown previously has been preserved in this apparatus.
To replace a single capillary in the array, two brackets are
loosened, the malfunctioning or broken capillary is removed,
and a new capillary slid into its place. Assuming that the
fiber bundle has already been positioned properly relative to
the microscope objective, alignment of the excitation beam

(12) Yeung,E S, Sepamak M.J. Anal. Chem 1980, 52 1465A-1481A.

(13) Her Xas R; E Jd; N. J.

Chromatogr. 1990 502 247 255.
H

(14)
1991, 559, 193- 196
(15) Taylor, J. A.; Yeung, E. S. Anal. Chem. 1992, 64, 1741-1744.

J.;Joshi,N.; G N.J.Chromatogr.

(16) Sweedler, J. V.; Bilhorn, R. B.; Epperson, P. M.; Sims, G. R.;
Denton, M. B. Anal. Chem. 1988, 60, 282A—-291A.

(17) Epperson, P. M.; Sweedler, J. V.; Bilhorn, R. B.; Sims, G. R.;
Denton, M. B. Anal. Chem. 1988, 60, 327A-335A.

(18) Sweedler, J. V.; Shear, J. B.; Fishman, H. A,; Zare, R. N.; Scheller,
R. H. Anal. Chem. 1991, 63, 496-502.
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Figure 2. Crosstalk between separation channels in the absence of
spacers. Thirteen capillaries were placed side by side and numbered
consecutively. Peaks A and B are reflecti of the fluore -]
signal in capillary 9, C and D arise from the signal in capillary 11, and
E represents interference from capillary 6. The eluted fluorophore is
3,3'diethytthiadicarbocyanine iodide (DTDCI), appearing at different
times due to variations among the capillaries. The scale is deliberately
magnified to show the artifacts.

Fluorescence Intensity /arbitrary unlits

involves nothing more than the insertion of the optical fiber
into the new capillary. Although this can be accomplished
by hand even with unaided vision, use of the microscope,
which is already in place, speeds up the process. The distance
between the tip of the optical fiber and the observation zone
does affect the net excitation intensity. This is not critical,
however, since variations can be corrected for by calibration
standards.

Crosstalk between the separation channels is another
important design consideration in multiplexed detectors. This
must be eliminated or reduced to a predetermined level before
applications such as DNA sequencing can be addressed.
Crosstalk has two causes: signal light reflections from the
walls of adjacent capillaries and scatter from optics inside
the microscope. When capillaries are placed next to each
other, false peaks are observed in nearby capillaries, as shown
in Figure 2. Our approach is simply to place spacers, which
are the same 150-pm-o.d. capillaries coated with black ink,
between each of the separation capillaries. Using this method
we reduced crosstalk to well below 1% of the observed signal.
Naturally, more sophisticated masks can be built to eliminate
crosstalk completely.

Mobility and Quantitation. Electropherograms for 10
parallel separations of riboflavin and fluorescein are shown
in Figure 3. The retention times for the two components are
similar to those reported previously.!® This indicates that
the electroosmotic flow normally present in an open capillary
is not significantly disturbed by fiber insertion. The indi-
vidual retention times in the 10 capillaries vary noticeably.
The relative standard deviations (RSD) for the migration
times of riboflavin (¢;) and for the migration times of

(19) Whang, C. W.; Yeung, E. S. Anal. Chem. 1992, 64, 502-506.

fluorescein (t) are around 3% and 5.5 % , respectively. Since
the 10 capillaries are unrelated, even the relative migration
times of fluorescein (£/t;) show a 4% RSD. Also, the
calculated mobilities (k) of fluorescein (related to 1/t,—1/t;)
giveaRSD of 5%. Repeat experiments show similar results.
This is to be expected given the uncontrolled nature of the
surfaces inside each capillary, variations in temperature,
variations in capillary i.d., variations in fiber-optic o.d., and
differences in the length of insertion of the fiber. However,
for a given capillary, run-to-run reproducibility was much
better. The ranges of RSD for ¢y, ¢y, to/t;,and pare 0.4-1.1%,
0.4-34%,0.4-2.4%), and 0.4-2.4%, respectively. These are
not too different from typical run-to-run variationsin capillary
electrophoresis in the absence of temperature control and for
constant voltage operation.

Figure 3 also shows large variations in the peak areas among
the 10 parallel capillaries. The RSD ranges from 70% for
riboflavin (A;), 95% for fluorescein (Ay), and 29% for the
relative areas (Ay/A,). Large differences are expected due to
nonuniform coupling of excitation energy into each capillary
and variations in pixel sensitivities across the CCD. These
dominate over the variations of individual capillary surfaces
and geometries. For a given capillary, run-to-run reproduc-
ibility (RSD ranges) for A;, Ao, and Ay/A,; are 6-28%,6-29%,
and 3.6-17%, respectively. Injection bias is responsible for
these variations. These are more pronounced than variations
in migration times because factors like unequal time constants
for electromigration injection, ubiquitous injection,? and the
particular characteristics of the capillary entrance affect the
injected amount but not the migration times. Itisinteresting
to note that the peak areas are not correlated with the
migration times. This indicates that photochemical bleach-
ing!5 is not important in these experiments.

DISCUSSION

Several important observations can be made. First, truly
simultaneous multiplexing of capillary electrophoresis was
achieved because the CCD camera looks at all capillaries at
all times, with data rates fast enough for sequencing at >1
base/s per lane. Second, there are no moving parts and the
injection (HV) end of the capillary bundle can be freely
manipulated without affecting alignment. Third, the 5-mW
excitation laser simply irradiates the entrance of the optical
fiber bundle without critical alignment of the optics to achieve
distribution of energy into each capillary. Fourth, there are
variations in the excitation energies reaching each capillary,
but that can be calibrated for in the same way the individual
CCD pixels are normalized. Fifth, there are variations in
absolute and relative migration times for the two compounds
in the set of electropherograms. This is expected due to the
uncontrolled nature of the capillary walls (electroosmotic
flow), different temperatures, and different geometriesineach
capillary. However, recently we developed a migration index
and an adjusted migration index to specifically correct for
these variations.2! These corrections can be implemented in
the next generation of the instrument. Sixth, there are
variations in the relative peak heights and areas among the
capillaries for the same injected sample concentration. This
is again expected due to bias at injection due to differences
in electroosmotic flow rates, geometries, and injection time
constants of the capillaries. Recently,? we developed a
correction scheme to address this exact problem and have
been able to reduce injection bias to <5%, which is adequate
for DNA sequencing. Alternatively, an approach based on

(20) Lee, T. T.; Yeung, E. S. Anal. Chem. 1992, 64, 1226-1231.
(21) Lee, T. T.; Yeung, E. S. Anal. Chem. 1991, 63, 2842-2848.
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two internal standards can be used.2 These corrections can
be incorporated in future experiments.

We expect this scheme to be capable of true multiplexing
of 1024 capillaries in DNA sequencing runs. This number is

(22) Dose, E. V.; Guichon, G. A. Anal. Chem. 1991, 63, 1154-1158.

based on the number of column elements already available
in modern solid-state imagers. An optical system can be
devised based on our results for 10 capillaries. Fiber bundles
to 1000 are readily available at alow cost. A 1-5-W argon ion
laser can be used to illuminate one end of the fiber bundle,
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conveniently distributing 0.4-2 mW of light to each fiber.
The other end of the fiber bundle can be fanned out into a
flat sheet on a guide, which is simply a set of parallel grooves
tofix thelocation of each fiber to maintain a constant spacing;
1024 separation capillaries can also form a flat sheet on another
guide. Insertion of the fibers (<50 mm) into the capillaries
(~75 mm) should then be straightforward. The imaging
optics can be a standard distortion-free camera lens, matching
each of the optical windows on the capillaries to each pixel
column on the detector. Several rows of pixels can be
binned!6-18 to provide increased dynamic range without
degrading resolution. The data rate of CCD cameras, even
in the high-sensitivity, slow-scan mode, can be around 10 Hz.
Since all channels are monitored at all times, true multiplexing
isachieved. Atalater stage,one can convert this to a charge-
injection device (CID) camera. The advantage is that random
access of data logging and even nondestructive reads are
possible. Oneshould be able to further increase the datarate
by 1 order of magnitude, making the system compatible with
any future increases in the speed of CGE. Data storage is
also substantially reduced because the information can be
evaluated before binning or reading multiple frames.2? Also,
once a base is identified, the other three lanes in the set of
four need not be read or be subjected to data processing. A

(23) Koutny, L. B.; Yeung, E. S. An Expert System for Data Acquisition
to Achieve Constant Signal-to-Noise: Application to Imaging of DNA
Sequencing Gels. Anal. Chem. 1993, 65, 148-152.

(24) Smith, L. M.; Sanders, J. Z.; Kaiser, R. J.; Hughes, P.; Dodd, C.;
Connell, C. R.; Heiner, C.; Kent, S. B.; Hood, L. E. Nature 1986, 321,
674-679.

second-generation imaging design can also include color filters
toaccommodate the four-color sequencing process™? utilizing
different parts of the CID detector.

To compensate for slight variations in migration times from
one capillary to the next'® one can use the migration index
we developed.?! All that is needed is separate current
measurements in each capillary. If series resistors are
connected to each of the capillaries, the resulting voltage can
be monitored sequentially by an A/D converter and a desktop
computer. Our work here shows that measurements every
0.1s aresufficient. So,thisisasimple taskfor 1000 capillaries
using commercially available serial interface boards. The
injection bias can also be corrected an an analogous manner2
to maintain faithful intensity determinations. Our migration
index has not yet been applied to sequencing gels. However,
we have obtained preliminary results on a small number of
sequencing runs. The results are promising in that variations
in length, voltage, and diameter are properly accounted for.
Naturally, more work to validate this correction scheme is
needed and will be pursued in the future.
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Differential Visualization of Transparent Testa Mutants in Arabidopsis thaliana

John J. Sheahan and Garry A. Rechnitz’

Hawaii Biosensor Laboratory, Department of Chemistry, University of Hawaii, Honolulu, Hawaii 96822

INTRODUCTION

Destruction of the ozone layer is resulting in increased levels
of UV-B (280-320 nm) radiation.!# This presents a potential
threat to living organisms.5 If UV-B radiation continues to
increase at current rates, the impact on vegetation could
become significant.

UV-B stress in crops may affect photosynthesis, soluble
proteins, lipids, carbohydrates, nonphotosynthetic pigments,
nucleic acids, plant hormones, and ion transport. This may
result in a wide range of morphological or anatomical effects,
such as changes in leaf area, weight, bronzing, glazing, or
chlorosis, as well as altered seedling growth, dry matter
production, dry matter allocation, or yield.

Fortunately, plants can protect themselves from UV-B
injury. For instance, growth reduction, wall thickening,
increased cell layers, nocturnal fluxes through UV-B sus-
ceptible metabolic pathways, orientation of cellular organelles
distal to the UV-B light source, epicuticular waxes, trichomes,
enhanced DNA repair, antioxidative capacities, and phenolic
production are all possible forms of protection, most of which
have been reviewed previously.®

Of these, phenolic production has been the most thoroughly
characterized. The absorbance of hydroxycinnamic acid
derivatives in the range of 320-390 nm, and of flavonoids in
the range of 270 to 340 nm, suggests that both offer UV-B
protection.” Flavonoid accumulation has a linear fluence—
effect relationship and a fast response after UV-B induction
and occurs in the outer cell layers of plants.8 All of this
suggests that flavonoids are a major class of UV-B protectants,
but some of them have other roles. This is not surprising
considering that there are approximately 2000 flavonoid
structures® in the 12 flavonoid classes of Figure 1. Of the 12
classes, the three most abundant and widespread are the
anthocyanins, flavones, and flavonols. Each is produced in
relatives of Arabidopsis.10

Of these three classes, flavonols serve as the major UV-B
protectants. They are more abundant than the flavones.!!
Several lines of evidence also suggest that they are more
efficient UV-B protectants than the anthocyanins: their
colorless nature indicates that they do not attenuate pho-
tosynthetically active radiation (PAR), their accumulation
in mustard (a relative of Arabidopsis) cotyledons is not
blocked by UV-B stress,2 and they accumulate in the upper
epidermis, rather than the lower epidermis as is the case for

(1) Blumthaler, M.; Ambach, W. Sci 1990, 248, 206-208.

(2) Blumthaler, M.; Ambach, W. Photochem. Photobiol. 1991, 54 (3),
492-432.

3) Green, A. E. 8. Physiol. Plant. 1983, 58, 351-359.

(4) Webb, A. R. Photochem Photoblol 1991 54 (5), 789-794.

5)B J.F. Pl l. B: Biol. 1989, 4, 145-158.

(6) Teramura, A. H. Physiol. Plant 1983, 58, 415-427.

(7) Schnabl, H.; Weissenbock, G.; Sachs, G.; Scha.rf H.J. Plant Physiol.
1989, 135, 249—25

8) We].lma.un E Inthe Encyclapeduz of Plant Physiology, New Series,

16B, Phot Sh: e, W., Jr., Mohr, H., Eds.;
Spnnger—Ver]ag' New York, 1983; p 749.

(9) Harborne, J. B. InSecondwyPlantProducts;Be]l,E.A,(“ lwood
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shown in Figure 2.

anthocyanins,'3 all of which suggests that flavonols are the
major class of flavonoid UV-B protectants in Arabidopsis.

The two major groups of flavonols are the kaempferol and
quercetin glycosides. The fact that they are almost universal
in the leaves of higher plants® indicates that they are the
primary flavonoid UV-B protectants in crop species. With
this in mind, we developed a staining procedure that detects
quercetin glycosides in plant tissue.l

EXPERIMENTAL SECTION

Wild-type (wt) seeds of the Wassilewkija ecotype were
obtained from Ken Feldman, Du Pont, P.0. Box 80402 Wilm-
ington, DE 19880-0402. They were the same ecotype as Dupont’s
T-DNA insertional mutant library, and they had an orange
fluorescence that was indistinguishable from 20 other wild-type
ecotypes (datanotshown). This result suggests that the staining
procedure will have limited use in breeding programs, but does
not preclude its use for mutant isolation.

The chalcone-synthase mutant (¢¢4 locus, F142 line, AIS
accession number 1361) was obtained from the Arabidopsis
Information service, A. R. Kranz, Botanisches Institut, J. W.
Goethe-Universitat Seismayerstr. 70, Postfach 111 932, D-6000
Frankfurt am Main 11, Federal Republic of Germany. It has a
null allele for the ¢¢4locus which maps to chromosome 5 at position
14.9.%5 Since a chalcone synthase clone maps to chromosome 5
position 14.8,' it seems likely that the t¢4 locus is responsible
for chalcone production. Because chalcone is the precursor for
all flavonoids, and chalcone synthase is present as a single copy
per haploid genome in Arabidopsis,” all tissues of the mutant
are likely to lack flavonoids. This is further supported by the
lack of pigmentation in the seed coat and stem of the mutant.

B. V., Eds.; Springer-Verlag: New York, 1980; pp 329-402.

(10) Giannasi, D. E. In The Flavonoids; Harborne, J. B., Ed.; Chapman
and Hall: London, 1988; p 489.

(11) Wollenweber,E Jay, M. In The Flavonoids; Harborne, J. B.,Ed.;
Chapman and Hall: London, 1988; pp 233-302.

(12) Wellmann, E Schneider-Zeibert, U.; Beggs, C. J. Plant Physiol.
1984, 75, 997—1000
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The remaining transparent testa mutants were obtained from
Mary Anderson, Nottingham Arabidopsis Stock Centre, School
of Biological Sciences, University of Nottingham, University Park,
Nottingham NG7 2RD U.K. The chalcone flavanone isomerase
mutant (¢¢5, NW 86) and the dihydroflavonol 4-reductase mutant
(tt3, NW84) have also been identified, and their corresponding
genes have been cloned by genomic subtraction.!® The flavonoid
3’-hydroxylase mutant (¢¢7, NW 88) has been identified by thin-
layer chromatography and maps to the late flowering gene fy at
the end of chromosome 5.° The ttg locus has not been identified
in Arabidopsis thaliana. However, its lack of leaf hairs and the
presence of flavonols suggests that it is equivalent to the e and
g mutants of Matthiola which lack dihydroflavonol 4-reductase
(3-hydroxyflavanone reductase) activity.?

Seedlings were germinated in 3 ppm Norfluorazon (Trade
names Solocam and Zorial which is made by Sandoz Crop
Protection, Chicago IL). Its signal word is caution, and it is in
toxicity class IV, suggesting low toxicity. It interfered with
carotenoid biosynthesis at the level of phytoene desaturation.?!
Because carotenoids were unable to protect the photosynthetic
apparatus, seedlings were bleached white in the presence of light.
On the second day after their germination, they were harvested
and soaked in staining solution for 1 h. The solution consisted
0f3.75 X 10-3% (v/v) TritonX-100and 0.25% (w/v) diphenylboric
acid 2-aminoethyl ester (seerefs 22-24; Sigma, Chemical Abstracts
Registry No. 524-95-8; also called Naturstoff Agent, NA). Its
toxicological properties have not been thoroughly investigated,
but it has an oral rat LD50 of 78 000 mg/kg, which suggests low
toxicity.

The seedlings were removed and placed on a Petri plate
containing 1% agar and 0.5% graphite to provide a dark
photographic background. The stained seedlings were then
excited with along-wave UV light source (Model UVGL-25 UVP,
Inc., San Gabriel, CA 91778). Photographs were taken through
a visible microscope with a 2X fluorescence objective onto
Kodacolor Gold 1600 ASA film. The final magnification was
30X for 4-in. X 6-in. prints. A 0.5-h exposure had specific
fluorescent coloration, but the images and background were
underdeveloped. Longer exposures improved their resolution
but decreased the specificity of color development and are not
shown.

RESULTS AND DISCUSSION

Flavonol research has been hampered by the lack of flavonol
coloration. Flavonol synthase (FS) mutants have not been
identified, and F'S has not been cloned apparently for that
reason. Flavonoid 3’-hydroxylase (F3'H) is shared by an-
thocyanin biosynthesis, so mutants have been isolated, and
a F3’H gene (the “blue” gene) has apparently been cloned by
Calgene Pacific (personal communication), but is not yet
available to the research community.

All of the upstream enzymes shown in Figure 1 have been
cloned. The occurrence of colored pigments downstream of
their biosynthetic pathway is responsible for the rapid progress
in this area, and the same progress could be achieved with
flavonol biosynthesis if the flavonols were visible. Thus we
developed a staining procedure for this purpose.

It provides phenolic precursors with a faint blue fluores-
cence as is shown for tt4 (a chalcone synthase mutant) in

(18) Shirley, B. W.; Hanley, S.; Goodman, H. M. Plant Cell 1992, 4,
333-347.

(19) Koornneef, M.; Luiten, W.; Vlaming, P. de; Schram, A. W.
Arabidopsis Information Service (Frankfurt am Main) 1982, 19, 113-

115.

(20) Heller, W.; Forkmann, G.; Britsch, L.; Grisebach, H. Planta 1985,
165, 284-281.

(21) Sandman, G.; Boger, P. In Encyclopedia of Plant Physiology:
Photosynthesis III. Vol. 19. Sites of herbicide inhibition of the
photosynthetic apparatus; Staehelin, L. A., Arntzen, C. J., Eds.;
Springer-Verlag: Berlin, 1986; p 595.

(22) Brasseur, T.; Angenot, L. J. Chromatogr. 1986, 351, 351-355.

(23) Brasseur, T.; Angenot, L. Phytochemistry 1987, 26 (12), 3331—

ki, J. J. Chr

. 1991, 540, 469-474.

Flgure 2. Fluorescence of A. thaliana transparent testa mutants whose
lesions are shown in Figure 1. The blue tt4 is a chalcone-synthase
mutant, the off-white #5 is a chalcone isomerase mutant, the red 6
is unidentified, and the green tt7 is a flavonoid 3'-hydroxylase mutant.
Both ftgand #t3 lack dihydroflavonol 4-reductase (3-hydroxyflavanone
reductase) activity and have an orange fluorescence which is
characteristic of wild-type.

Figure 2. The blue fluorescence is less pronounced in £t5 (a
chalcone isomerase mutant). Since the t¢5 accumulates fewer
sinapate esters than t£4,25 these results suggest that phenolic
precursors are responsible for the blue fluorescence. The
stain also provides 4/,4’-dihydroxyflavones and -flavonols with
a green fluorescence!*20-2226 gg is shown for ¢£7 (a flavonoid
3’-hydroxylase mutant), and 3’,4’-equivalents!420-2226 with an
orange fluorescence as is shown for wild-type. This orange
fluorescence was also observed in ttg, tt1, tt2, tt3, tt8, tt9,
and t£10. The reddish fluorescence of tt6 suggests that it
also has 3’,4’-equivalents, but it has not yet been identified.

The staining procedure is an improvement over previous
methods utilizing ammonia-?’ in that it does not require
etiolated tissue and its fluorescence is more stable and is
specific for flavonoids. This specificity was demonstrated
by the transparent testa mutants with altered anthocyanin
content. These include tt4, tt5, tt6, and t¢7, all of which lack
wild-type fluorescence. Of the remaining transparent testa
mutants, only ttg and ¢t3 have altered anthocyanin content.
They do not have altered fluorescence, however, because their
lesions are specific to the anthocyanin biosynthesis as isshown
in Figure 1.

The T-DNA insertional mutant library at Dupont was also
screened for mutants with altered fluorescence. Two mutants

(25) Jiayang, Li; Tsai-Mei, Ou-Lee; Raba, R.; Amundson, R. G.; Last,
R. L., submitted to Plant Cell.

(26) Markham, K. R. Techniques of Flavonoid Identification; Aca-
demic Press: New York, 1982; p 24.

(27) Schmelzer, E.; Jahnen, W.; Hahlbrock, K. Proc. Natl. Acad. Sci.
U.S.A. 1988, 85, 2989-2993.



with a green fluorescence were isolated. Complementation
tests revealed that both were allelic to ¢t¢7. These results
further demonstrate the specificity of the staining procedure
for flavonoids in A. thaliana.

CONCLUSIONS

The lack of flavonol coloration has hampered flavonol
research, so we developed a staining procedure that overcame
this problem. We have shown that the proposed staining
procedure differentially stains flavonoids in chlorophyll-
bleached tissue of A. thaliana.

A flavonol synthase (F'S) mutant has not been identified,
and FS is the only gene in flavonol biosynthesis which has
not yet been cloned. The unique fluorescence and visible
coloration of 26 will require further investigation as to whether
it is a flavonol synthase mutant or a flavanone 3-hydroxylase
mutant.

Flavonoid 3’-hydroxylase (F3'H) is also unavailable to the
scientific community. A T-DNA insertional mutant library
screen identified two F3-H mutants, and attempts to clone
a tagged gene are in progress.

ANALYTICAL CHEMISTRY, VOL. 65, NO. 7, APRIL 1, 1993 ¢ 963

Besides identifying mutants with which to clone the last
of the flavonol biosynthetic genes, this staining procedure
provides visual markers which were not before available.
Unlike other model organisms, Arabidopsis has few pigments
with which to analyze rare forms of genetic recombination.
This paper demonstrates several visual markers which will
be used for that purpose.
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