
































Analytical cOI'1'6n/$I-----------

Synopses of significant analytical
articles from other publications

\\ur~ F!ltering out
~"t: {It'. viruses
~ ~ Blood-derived

products such as
clotting factors arc
indispensable in
emergency medi
cine, but the risk oi

vir<l1 ink~ction in humanMsource blood Of
plasI1w remains a problt'm, particularly
with human immuIlodeficiency virus,
which can't be detected directly. [n re-
cent yTarS, companies
have both cht'micaI and chro-

lllatUgTilphiL' nwthclds [or inactivating or
removing viral contaminants from bloodM

derived thecapeutic producls, but these ap
proaches an' hard to scale up without eiM

ther damaging lht, procuet Of reducing its
effectiveness. OJ . .Iesic and col!eagues at
OClapharma Pharmazeutika (Austria) and
Georg Speyer IIaus (Germany) have
eva]ua(<:d a combination of chemical inacti
vation and removal by nanotj]tration for
rcmovirg viruses [rom a concentrate of co
agulation Factor IX.

Coagulation factors wE're extracted

from plasma by SPE, incubated with a so
ution (Jf Tween dete:-gent for several

hours for viral inactivation, and concen
trated by affinity chromatography. The
product was subjected to tangential flow
liltrat;(J:) 011 a commercially prepared
PVDF membrane that had been made ex
tremely hyeJrophilic for virus filtration.
Radial immune diffusion, sodium dodecyl
sulia1l'-polyacrylamide gel electro
phoresis, and size exclusion chromatogra
phy showed viral reduction and slight
protein concentration in the ::;amples after
fihr2tion. Cuagulation assays showed

that FaClor IX retained its function after
detergcct tr<:'£1tn:C11t and filtration. (j. Chro
matog,.. B 1995. 669, 187-%)

Pseudo· reagentless
biosensor
Amperometric glucose biosensor design
requires the immobiiization of glucose oxi
dase in a stable active form and the addi-

don of e1ect:-on transfer mediators, in pan

~o eliminate electroactive interterence by
t'ompounds such as vitamin C that arE'
likely to be present in the sample ma
trix. Third-generation biosellsur fabrica
tion usually involves co-immobilization of

the mediator and the enzyme in a reagent
less process in which the mediator is
already part of the immobilizing polymer
lilm. lIniortunately, substrate sensitivity
for these glucose biosensors is generally
low, with detection limits oj - 1 mmol/1.
John H. T. Luong and R. Stephen Brown
of the National Research Council of Can
ada used the co-immobilization process of

the reagentless biosensors in combina
tion with cation-exchange uptake of a mo
bile mediator lo fabricate a regenerable
glucose biosensor with a mobile mediator.

Glucose oxidase and Nafion, an ion
exchange polymer, were ['odeposited onto
a glassy carbon electrode from aqueous so
lution to fom1 a film. Dimethy[ferricinium
ion was exchanged into the polymer film as
a mediator on Nation electrodes that were
either bare or covered with a dialysis mem
brane to aid retention. rnle ion's incorpora
tion into the film was monitored by cyclic

voltammetry at 25 mVIs. Electrodes with a
dialysis membrane retained the mediator
sufficiently to measure glucose in mediawr
fn_·t~ solutions in the range of 0.1-1 mmol/L

for up to 20 assays. (Anal. Chim. Acta
1995, :ilO, 419-27)

A twist on DNA dynamics
The l'.visting behavior of DNA coils is diffi
cult to measure ior longer than a few
nanoseconds because most of the com
monly used fluorophore compounds, such
as ethidium bromide, that intercalate into

the DNA helix and allow time-resolved nu
orescence measurement have nanosec
ond decay times. Joseph R. Lakowicz and
colleagues at the University of Maryland
School of Medicine and Johns Hopkins
University have used ruthenium com
plexes as tluorophores to extend the time
scale to several hundred nanoseconds in
ti!Jle-resolved anisotropy studies.

The ruthenium complex [Ru(2,2'
hipyridine), (dipyrido [3,2-a: 2',3'-c ]phena
zinc) [2' disf'layed high anisotropy near
02 at - 60 0 C in 100% glycerol when ex
cited in its long-wavelength absorption
bands. When bound to DNA, the com
plex's decay time was> lOO ns and al
lowed intensity to be measured for> 400
ns. Other Ru complexes had decay times
up to 750 ns when bound to DNA, and the
reSf'(l:rc hers concluded that these com

plexes could allow practical time-resolved
tluorescence measurement of DNA tor
siona[ dynamics ior > 1 es. (BlOspectrosco
py 1995, I. 16:Hi8)

~~~~NA'r;; ~":.~:::~~~~~
~ '0 catalyzed

::;:: ~ oxygen
reduction
Gas-permeable
electrodes, in
which the reacting

gas stream is introduced through the back
of the electrode and penetrates through
the porous material to the gas-liquid inter
face, arc often used in fuel cells [or oxlda*
tion or reduction of reacting gas streams.

The mechanism of these reactions is often
complex, however, and its elucidation re
quires snphit'ilicated numerical and experi
mental means. Ovaclia Lev and Michael
Tsionsky of the Hebrew University of
Jen(salem (lsrae[) have studied the elec
trochemical mechanism of pyrolyzed car
bon-supported Co-tetramethoxymeso
porphyrin catalysis of oxygen reduction

using a fuel-ceB-type hydrophobic ceramic
-carbon electrode (CCE) made of sol
gel-derived mat.erial.

Recause only a (hin layer at the outer
most surface of the hydrophobic porous
CCE is ill contact with the electro:yte, d
feers of electrode structure on the CUlTent
density are minimized. The researchers

were able to show that the porous stmc
ture of the electrode and the inherent hy
drophobicity of the modified silica matrix
minimize liquid-side mass transport effect5
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peaks is due to the adsorption of minus~
cule amounts (~ 10-16 g) of y-globulin on

each latex particle shown in the two

right~hand peaks. These small adsorbed
masses are sufficient to significantly in~

crease the retention time, and the incre~

ment in retention times gives a direct
measure of adsorbed mass using the basic

equations described earlier. (Our more
recent studies of IgG adsorption show that
only six IgG molecules yield a percepti

ble shift in retention time [28]). By mak~

ing measurements at different solution
concentrations, protein adsorption iso
therms can be obtained (27, 28). The mea

surement of protein adsorption is impor
tant in the design of immunodiagnostic as

says and the evaluation of biomedical

implants. Such measurements are usually
made by indirect means (the solution de
pletion method) that are both laborious

and error-prone. Strategies for using

sedimentation FFF to probe the struc
tures and content of a variety of other col

loids with outer layers or shells have been
described (1,21,29).

Bulk and surface compositiou. FFF
is generally considered to be a family of

physical techniques that respond to physi
cal rather than chemical properties.

Nonetheless, some primary properties

measurable by FFF are sensitive to chemi

cal composition. In such cases, FFF can

be used to probe compositional variations
in subpopulations of macromolecules
and colloids, However, such secondary
compositional analysis by FFF has re

ceived little attention. (A more elaborate

approach is to couple FFF to composition
sensitive instruments, such as an ICP
mass spectrometer, to provide a matrix of
physical and chemical properties.)

Even the primary particle properly,

density, is fixed by composition. Although

density alone does not specify composi
tion, it can be used to distinguish among

suspected compositional variants or to fix
the ratio of two known components. For

example, the drug load in a liposome can
in theory be determined by sedimentation

FFF density measurements.

Thermal FFF is also a promising tool
for compositional studies, although the

fundamental basis of compositional effects
is not understood. It has long been known

that retention is sensitive to polymer

composition, an observation that has

spurred efforts to determine the composi
tional distribution of copolymers by ther

mal FFF (30).

Thennal FFF is also sensitive to the
composition of colloidal particles (31,32).
Surface composition appears to playa

major role. For example, silanized silica
colloids are retained ~ 60% longer in an

aqueous suspension than are unmodified
silica colloids. In a similar vein, surface
charge, and thus electrical FFF reten

tion, depends on surface composition and
constitutes a sensitive probe of composi
tional shifts (33).

Still ahead
The future of FFF measurement is bright

because so many primary and secondary

properties of macromolecules and col

loids can be obtained, some of which are
inaccessible by other techniques. How

ever, the field is still in its infancy, with

most applications still ahead. We antici
pate further development of measurement
strategies and thus an expanded base of

measurement capabilities in the next few
years. Particularly vigorous development

is expected in finding and exploiting new

combinations of FFF and downstream
measurement techniques with increas

ingly powerful capabilities for probing the

structure and composition of complex

real-world colloidal and macromolecular
materials.

This work was funded by the National Science
Foundation (grant CHE-9322472) and by a Pub~

lie Health Service grant (GM10851~37) from
the National Institutes of Health.
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A Cyclic Voltammetric
Simulator for Windows

DigiSim 2.0 shows the optimized least-squares fit of a square scheme (A + e = B;
AL + e = BL; A + L = AL; B + L = BL; BL + A = AL + B) Where A is a
co-enzyme-related nickel complex and L is 2, 2'-dipyridyl.
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The mechanism you provide must be
sensible, and the authors devote a whole
chapter in the manual to overspecified or
contradictory reactions, which they term
"thermodynamically superfluous," within
a mechanism. The program refuses to run
a simulation with such flaws. I tried a
really nonsensical mechanism (A ~ e = B;
B + e = A) and was promptly thrown out to
the main Windows menu without com
ment. I did my best to trick DigiSim 2.0
into accepting incorrect mechanisms but
did not succeed.

Ivory-tower simulators will find that
DigiSim 2.0 forces them to think like
chemists. Although it is possible to write
differential equations with totally irrevers
ible reactions, DigiSim 2.0 does not al
low them. Reactions are all reversible to
some extent and are specified here by a
forward rate and equilibrium constant.
Unless specifically prevented from doing
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file ~dit Bun ~tats Qptions !;!isplay

the parameters for that mechanism (there
are a lot of sensible defaults), click on
Run, and the program generally produces
results in just a few seconds. The reason
for this efficiency is the FIFD algorithm
used behind the scenes, combined (by
default) with a nonlinear unequal-intervals
sequence that results in a small number
of boxes; in my case, typically, just l3.
(This has all been described earlier in
AnaL Chem. 1994, 66, 589 A). The "mov
ie" Run option shows both the CV curve
(now a minor feature on the screen) and
the concentration profiles for all species,
varying with time. Although the program
is designed to do only CV simulations,
with a little ingenuity you can bend
DigiSim 2.0 to some other tasks snch as
potential jump and slow rotating-disk scan.
Naturally, mechanism specifications as
well as parameter values can be stored on
disk and retrieved.

l(A1

o.ooo~

DigiSim 2.0 is one of about four commer
cially available packages for electro
chemical digital simulation. It is limited to
cyclic voltammetry (CV), but CVis by far
the most commonly used technique for
electrochemical mechanistic studies.
DigiSim 2.0 will simulate CV for any com
plex (but sensible) mechanism for a
great variety of electrode geometries (in
cluding the rotating-disk electrode) and
semi-infinite or confined diffusion space
with either an open-ended or blocked
outer boundary. Results can be printed
out or plotted, and data files can be writ
ten to disk for later comparison. DigiSim
2.0 can also fit parameters to actual exper
imental CV curves.

Installation instructions were simple,
and I encountered no problems on our
486-based system. The program creates its
own directory and icons on the Windows
screen. Documentation consists of a man
nal thin enough for most users to want to
read it, as well as hypertext help files.
Most of the manual can probably be
skipped, at least until you get stuck.

DigiSim 2.0 invites users to experi
ment with it, and once I understood its
simple rules, it was easy to use. You type in
a given mechanism, just as you would
normally write it down. Next, you supply

DigiSim2.0
Bioanalytical Systems Inc.
2701 Kent Ave.

West Lafayette, IN 47906

317-463-4527; 317-497-1102 (fax);
brad@bioanalytical.com (e-mail)

Version 2.0; $1895
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so, DigiSim 2.0 always makes sure that
there is initial equilibrium, both at the in
terface and throughout the simulation
space. This feature can be disabled, and
it is quite instructive to experiment with
the two :nodes.

The outstanding feature of DigiSim 2.0
is the parameter-fitting option. Pick up a
data file, specify a mechanism, suggest val
ues for tie parameters you want to opti
mize, and let it run. If a fit is possible, it is
a pleasure to see the two curves (the
data and the simulaion) merge into one
within just a few iterations. At the er.d, the
ftted vabes can be read off the parameter
table. The optimized slmulation for a
given data file may be saved.

How accurate are the simulations? In a

case where I knew what the current
should be, I found that it was correct to 3
decimals, a very impressive result given
that only 13 boxes were LSed [or that run.
You can cead current and potential off the
CV curves by clicking on parts of the
curve.

No program is perfect, and [ encoun
tered some pcoblems. First, the manual
states that the will run on a 386-
based systen a math coprocessoc,
but the Win 32 installation [ailed on our
386-based Pc. Second, one would also like
to see true batch-run capability in the pro
gram (i.e., a number of simulations or pa
rameter as running in sequence, without
the necessity for user intervention).
Third, although error checking is good,
the messages are not always explicit. Pre
sumably, there will soon be no more
386-based PCs, so the first problem will go
away, and no douht DigiSim will add fea
tures as it evolves

The most serious drawback for me is
the strict iormat reqt:ired for im?orted
data in parameter fitting. CV data files pro
duced by the major nanufacturers' in
struments can be read, as well as general
user files. DigiSim 2.0 expects these files
to have a header containing a set of specifi
cations, but it ol1ght to find out some of

the informatbn for itself (e.g., minimum
and maximum current, number of d;;ta
points). With one data file Irom an ac
tual experiment, I took great care to wrIte
a correct header (using a DigiSim 2.0
generated template) but never did man
age to convince the program that the data
file was acceptable. In the end, the pro
gram did grudgingly try to fit to it (with an
error message at every iterat:on), Admi t
tedly, in most cases, the cata will be gerer
ated hy some program that can be made
to write the header correctly. Neverthe
less, I suggest that a future version
should allow the import o[ "foreign" data
consisting only of CV data points. Users
would then have to type in a lot of infor
mation [or lhe suggested mechanism and
parameters, hut this might often take less
tine than writing an acceptable header.

ThIs program is a wonderful tool (anel
toyl) that frees electrochemists from the
need to lean1 how t.o program simulations.
Long computing times, more or less taken
for granted in CV simulations, are a thing
of the past. If the plice were not so high, no
one would think t"ice about buying
DigiSim 20. T1is program will no doubt scl
a standard for competitors to follow, and 1
look forward to future versions.

Reviewed by Dieter Bntz, Aarhus Uni
versity (Denmark)

mt::am:muIjI-.
HPLC Column Manager
Phenonenex
2320 W. 205th St.
Torrance. CA 90501
310-212-0555; fax 310-328-7766
Version 3.0: $650

HPLC Column Manager is a relational
database program for managing HPLC col
urn] inventories ,mel trac~<:ing column
performance. Features incbde the ability
to set validation and performance test cri
tcria, troubleshoot column ?roblems, and

build a complete audit trail [or GLP/GMP
cOIT.pliance. Also integrated into the pro
gram is HPLC Re[erence Manager, a '"ite
o[ more chan a dOlen reference utilities,
libraries. anel tools for chromatographers.
Minimum system requirements include
an IBM or compatible PC with a 386DX or
faster processor, 8 ME of RAM, 10 MB of
Iree disk space, MS-DOS 5.0 or later, Win
clow~ 3.1 or later, and a mouse. A net
work version is available.

DOE·'llH
Scientific Software

5 Birch St.

Mundelem. IL 60060
708-949-1164; fax 708-949-4478
VersIOn; .0: $300

DOE-lOl, an experimental design pack
age for nocstatisticians, guides the user
through each step of planning, designing,
conducting, and analyzing ',he results of
mu:tifactor experiments. Features include
randomization of fl1ns, dat2 transforma
tions, presentation of results in a variety of
gra;Jhic formats, and automatic report
writing. MInimum system requirements
inchlrle an Apple Macintosh computer
with 2.5 MB free RAJ'Vl and at least 8 ME
free dIsk space. A demo disk is available.

Alarm!
Justice Innovations. Inc.

1240 L'A veeida Ave.
Mountain View. CA 94043
415'969-6122: lax 475-969-6740
Version 1_0; $395

Alarm', an enhancement to the Chrom
Perfect chromatography data system, en
ables fully automatic real-time monitoring
of chrorna:ographic analyses to initiate
quality or process control actions. It can
check up to 100 alarm events, such as out
of-range peak area or width, and can
ensure GLP compliance by automatically
checking system suitabi'ity values such as
resolution, skew, and noise.
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An affinity for biomolecules

Molecular Interactions in
Bioseparations
That T. Ngo, Ed.
Plenum Press

233 Spring SI.
New York, NY 10013

1993. 570 pp., $95

This book succeeds where many other
compiled volumes fail, in that the editor
demonstrates that a compilation of 35
chapters written by 72 international ex
perts can make a compel1ing and reaLable
book. Ngo has managed to solicit an out
standing set of chapters with intriguing ti
tles. Weak affinity chromatography, sla
lom chromatography, antisense-family
peptides, biorecognition in molecularly im
printed polymers, and aftlnity electro
phoresis are a few examples. The chap
ters appear to have been thoroughly
reviewed and, with only a few exceptions,
are wen written. Most chapters are organ
ized to give an overview of recent develop
ments, followed by a brief and readable
description of methods, and finally results.
The book is a salute to the editor's out
standing knowledge of the field as well as
his organizational skills.

The first chapter ties the book to
gether. It gives a brief history (1 page) of
the past 25 years of affinity chromatogra
phy and then quickly moves to applica
tions in rDNA, proteins, hormones, and
low molecular weight compounds. The
reader finds, in retrospect, that this vol
ume actual1y covers applications in all of
these areas.

The second chapter defines weak affin
ity chromatography as systems for which
K, < 10" M I, or one that displays the chro
matographic attribute of peak elution and

separation isocratic conditions. The chap
LeI' proceeds smoothly to a discussion of
affir.ity chromatography on inorganic ma
terials written by one of the experts in
the field. Preparation of various types of in
organic supports is clearly and concisely
described. The description that precedes
this section and the applications that fol
low it give the reader an overview of
which type of material might be preferred
for a given molecule. The succeeding
chapters on 2-fluoro-l-methylpyridinium
salt-activated gels, and later parts of the
book on biological ligands, immuno
affinity, and biometic ligands, are orga
nized in a similar manner. Applications,
with a clear explanation of principles, fol
low the descriptions of the biochemistry of
mmy of the affinity materials.

Part I, although a general introduction,
ends with a chapter on slalom chromatog
rcphy. The name is derived from DNA
tLat weaves through a column of closely
packed, nonporous, spherical polymer
beads, much like a skier racing down a
slope around flags. The longer, higher mo
lecular weight DNA makes more turns
than shorter, lower molecular weight
DNA This causes the larger DNA to elute
first. This derivative of hydrodynamic
chromatography, although not affinity
chromatography, gives a sufficiently novel
result to justify its inclusion.

The section on affinity chromatogra
phy with biological ligands is complete
enough to qualify as a monograph on re
cent developments in the field. It covers af
finity chromatography with immohilized
bacterial immunoglobulin-binding pro-

teins, glycoproteins (lectins), anhydro
trypsin (trypsin in which the active site
Ser-195 is a dehydroalanine residue), inter
leukin-2 receptor, phosphatidylcholine
(otherwise known as immobilized artificial
membranes), antisense peptidcs, and cel
lobiohydrolase and cyclodextrins (both
are for chiral resolution). TI,ese chapters
show the reader how far affinity chroma
tography has come in 25 years ancL more
importantly, where it could go.

The third part of the book builds on the
second and shows how immobilized anti
bodies have applications in the purifica
tion of organelles and cells. Pan m, al-
though short, makes a good be-
tween Part 1I and the practice
chromatogcaphy (Part IV). A discussion of
the use of smal1 molecules (dyes, histi
dine, adenine, cytosine, bCllzeneborona
tes, and metals) as affinity ligands com
pletes the applications section in Part IV.
The last chapter in Part IV is on hydropho
bic chromatography and seems out of
place at first glance. Further reading
shows it is useful, because hydrophobic
interactions with affinity chromatography
matrices can enhance O[ compromise
the biospeciticity of affinity suppons, par
ticularly s'lica mater'als. The background
on hydrophobic interactions is clearly
presented, and the comparison to re
versed-phase chromatography states that
the extent of sUliace coating on a reversed
phase material is 10-100 times greater
than on a similar hydrophobic interaction
support. Hence, adsorption is stronger. ill
though not all chromawgraphers would
agree, the take-home message is that hy
drophobic interaction chromatography oc
curs because of conditions selecLed by the
chromatographer (i.e., support and elut
ing buffer composition).

The sections on novel concepts (Part
V) and applications (Part VI) of affinity
related techniques round out· the book.
Part VI is a collection of case studies; Pan
V focuses on molecular-imprinted poly
mers. The principles, methodology, and
possibility of using these materials for
both affinity chrorr,atography and cataly
sis are presented.
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Overall, the book delivers a quick
primer en the recent advances in affinity
chromatography, together with a compre
hensive set of references at the end of
each chapter. Readers who seek an up
date OIl advances in affinity chromatogra
phy, as well as a reference for derivatiza
tion methods, will fine this book to be
worthwhile.

Reviewed by Michael R. Ladisch, Pur
due University

CE for the
novice

Capillary Electrophoresis
Dale Baker

...John Wiley & Sons

605 Third Ave.

New York. NY 10158

1995. 272 pp.. $49.95

111is book is designed primarily for those
unfamiliar with capillary electrophoresis,
HFLC, or slab gel electrophoresis. The
author also intended thi~ book to serve as
a reference for those more familiar with
the field as well as a refe:ence or text for
CE courses. As part of the Techniques in
Analytical Chemistry Series, the book is
intended to provide background informa
tion for novices, provide a sense of the ca
pabilities and limitations of various tech
niques, and cover both mature and newer
topics in the 5eld.

This book is aimed primarily at the nov
ice. It provides an overvlew of the tech
nique, and the various CE modes are men
tioned. Limitations are presented, and
some of ':he newer and more exotic CE
topics are discussed. Practical in'orma-

tion, such as tips on frequent buffer replen
ishment and finding the optimum operat
ing voltage, is given, and the section on in
jection techniques is very thorough. The
book points to the appropriate primary lit
erature references that would lead a nov
ice deeper imo the field. The included list
of journals publishing CE papers should
be of particular interest, as should the lim
ited applications table with references in
Chapter 7.

The book has seven chapters, each
with a separate reference list. The number
of references varies from 16 to 156, and
most are from the late 1980s or early
1990s, the most recent being 1993. Using
a somewhat limited reference list is argu
ably a better approacb than overwhelming
the reader with an exhaustive list that in
cludes some papers of little note. This is
particularly true if this book is being
used as an introduction to CEo A moderate
subject index is also provided.

Overall, however, 1am not pleased with
this book. First, I found much of the pre
sentation of the information to be un
even and poorly organized. For in
stance, the book has many sections that
are not specific to CE, but rather address
ar.alysis techniques in general; a brief
Beer's law discussion is presented in
Chapter 4, and an extensive section in
Chapter 6 addresses the use of internal
and external standards. In additiDn, some
information is overly simplified or
wrong, such as the recommendation that
optimizations can only be performed by
changing one variable at a time. The low
assumption of reader knowledge makes
reading the book from cover to cover
ra~her tedious.

Very little advanced information is dis
cussed in any significant manner. For ex
ample, coupling to MS with CE is given
only scant attention, although this can be
forgiven as the book is not designed for
the experienced CE nser. The book does
not provide enough details for the experi
enced researcher; other books on CE
provide more extensive reference lists and
fuller discussions of various techniques,
applications, and theory.

Perhaps what bothered me the most
was the author's repetition. For instance,
the "typical dimensions of a capillary" are
given at least three times in Chapter 1.
There are several examples of figures that
are essentially the same as other figures
in different chapters. Some sections on
method development in Chapter S pro
vide information that was presented in
Chapter 3. In Chapter 4 it's mentioned
tw:ce within three p<:iges thc.t electro
kinetic injections, as o?posed to pressure
injections, must be used with gel-filled cap
illaries. Such redundancy points to a poor
editing job.

This book could be successfully used
in acourse if novice readers had 3n experi
enced teacher to lead them through it. In
this way, the p'oblem sections could be ef
fectively passed over and the nerits em
phasized.

Reviewed by Michelle M. Bushey, Trin
ity University

Principles and Practice of
Modern Chromatographic
Methods
Kevin Roberds, Paul R Haddad, and
Peter E. Jackson
Acadernic Press

1250 Sixth Ave.

San Diego. CA 92101
1995, 495 pp., $35

This book is intended as a comprehensive
and unified approach to chromatographic
separations both for the novice and for the
chromatographic specialist who needs to
switch from one technique to another.
Chapter topics include introduction and
overview, theory of chromatography, GC,
planar chromatography, HPLC instru
mentation and techniques, HPLC separa
tions, SFC, and sample handling in chro
matography. Each chapter con:ains a list
of references to the original literature and
a bibliography of useful books and re
view articles arranged by topic. A subject
index is included althe end of the book.

Analytical Chemistry, October 1. 1995 603 A

















AI f! e tin!l sJ-----------------

($99 single/d()ubl,~),

tact Box 633, Montchanin,
19710,0633 (302'738,62181 302,738

www.eas.org/ ~ easweh).
reRiistration hours to

8 A.M. to P.M. Sun,
WctJnesday,8AM. t02

liJ1Jr"uay', dllU ,'.I'.iVl to 10 A.M.

Bl11nswkk ($120 singl.e/double).
serVJce ,.,11 be avail,

Anaiytlcai Chemistry. October 1, 1995 611 II<













-1.)0.,....-'

t",,~

P / 0 due IRe vie w/--------------

Chromatography Data Systems
For many instruments, it is now almost
unthinkable to operate without computer
mediated control and data acquisition.
This is particularly true for HPLC and GC,
where "good laboratory practice" (GLP)
documentation has become a common
place requirement. Whether it's the ven
dor's dedicated station or your own PC, a
dota system for chromatography has five
basic functions: instn:ment control, data
acquisition, data analysis, method and data
archiving, and reporting. According to
some chromatographers, chromatography
system hardware is now so modular and
variable ,'lat 'he computer interface be
comes the "real" instrument in the us
er's mind.

However, automat'on and computer
power have not made LC and GC systems
foolproof, say Andrew Papas of Polaroid
and John Elling of Los Alamos National
Laboratorr Both researchers say users
can benefit from knowing how these sys
tems interact with the chromatograph and
what the problem areas are. We asked
them for their comments on current
trends in chromawgraphy instrument
CO:1trol. data acquisition, and analysis, and

their advice for potential buyers. Table 1,
though not intended to be comprehensive,
lists characteristics of several major chro
mawgraphy data stations manufactured in
the United States. For more information
on these products, fill out the reader ser
vice card or send e-mail to acprodrev@acs.
org with a keyword from the table in the
subject heading. Additional vendors are
listed in the 1996 Analytical Chemistry
LabGuide that was published August 15.

Instrument control
Although they still retain their on-board
microprocessors and keypads, most chro
matographs are now controlled through
dedicated PC-based data stations or

a user's PC equipped with appropriate con
trol and analysis software. "Manufactur
ers are realizing that most users prefer to
control their instruments through soft
ware," says Elling. 'We may see them pull
ing the onboard computer out of the next
generation of chromatographs, which
would bring down expenses." However.
the keypad is still valuable as a manual
control path (e.g., for override of software
commands) and can be used to extend
the instrument's compatibility with other
systems.

To use your own PC, says Papas, you
need to buy the appropJiate software and an
interface board that contains an analog-to
digital converter (ADC) chip. PCs can be
loaded with third-party data analysis soft
ware [or special applications or for collating
data from several brands of instruments.
Third-party GC and GC/MS data-process
ing software also is available on UNIX
based engineering workstations. These
tend to be ~ 2 orders of magnitude faster
than PCs, have better data storage, are gen
erally easier to back up and archive, and
are more powerful for data processing and
instrument multitasking, says Elling.
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Food analysis
"Food and Beverage Analysis Guide" con
tains information on 260 food reference
standards, immunoassay kits, and GC and
HPLC applications. Techniques for sam
ple prepacatiun such as SPME, SPE, and
SFE are also described. The guide sug
gests appropriate products for use with a
list of AOAC methods. Supelco
.414

TGA for gas mixture
interactions
IGA-003 automated gravimetIic ana
lyzer i" dt'sigrecl to measure the mag
nitude and kinetic parameters of sorp
tion reactions between the sample and
variable-composition mixed gases. Up
to four gases can be mixed to specified
compositions before :ntroduction to
the analyzer. Methods for this analyzer
include measurement of mulLcompo
nent :sotherms, temperature-pro
grarnnecl oxidation and reduction as

says, and catalyst characterization.
An internal gas feed introduces the

gas mixture into the 3ample reactor
just below the sample, and a diffuser

at the inlet homogenizes the
gas. rates range from 1IJ0 to
1000 nLimin, and automated thermal
ramping can be performed at rates of
0.1-20 "C/min at te'1lperatures to
1000 'c. Aseparate purge stream can
be used to protect the microbalance
from corrosive gases, and gas streams
can b,~ humidified to study water
sorption ill vacuum-labile materials.

High Dow rates can be used to re
dul'(~ Ihe depleted zone at the sample
~urfa\.'2 so that the sample is exposed to

a constant gas or vapor composition.
For measurement of multicomponent
isotherms (e.g, for gas separation pro
cesses), the pressure ill the system is
chang~d al cO:lstanL now rate and then
regulated during mass relaxation to
the new equilibrium conditious.

The analyzer controller can also be
prognmm:ed to switch betvveen single

Petroleum analysis
Brochure describes the Reformulyzer GC
system, which is designed for the analy
sis of reformulated gasolines. The system
determines paraffins, isoparaffins, ole
fins, naphthenes, and aromatic COIIl

pounds in FCC gasoline, finished gaso
line, naphthas, and other intermediates. It
can also be used to determine oxygenates.
AC Analytical Controls • 415

or multicomponent gas streams either
at predefined times or on completion
of a particular reaction. This feature
permits the study of catalytic reac
tions or cyclic behavior to characterize
sample regenerability. The I(;A-003
can also be interfaced with a mass spec
trometer to perform TGA/MS of spe
cies generated by gas desorption or de
composition.

The controlling software operates
in three interface moues. 111e inlerac
tive chart mode logs parameters such

as weight. pressurE', temperatures. now
rate. and gas composition and dis
plays them as a function of time. The
isothermal mapper determines !l1ulti
component isotherms at specified gas
compositions and flow rates and pro
vides real-time analysis of the mass
relaxation to derive adsorption rates of
gas components. Tne f1utomatic event
sequencer is designed for protocol
setup and recall. Hiden Analytical
.416

IGA-;-I---- ,~
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Confocal fluorescence
correlation
spectroscopy
ConfoCor fluorescence spectrometer
uses cOllfocal1aser optics to observe
molecular diffusion, conr.:eIllratioIl,

and reaction or binding kinetics of ana
lytes in very small volumes by nuores
cence correlation spectroscopy. The
sensitivity of the method permits
rapid determination of these propCliies

for moiecules in a single cell or viral
pa:iicle and increases with decreased
analyte concentration. Complexation
reactions such as antibody or ligand
binding or nucleic acid hybridization
can be observed in solution.

Tbe spectrometer's confocal optics
focus a laser into a volume of ~ 1 fL
(about the volume of an E. coli cell).
The laser excites tluorescence in the
molecules present, and the fluores
cence is conducted by confocal optics
to a single-photon detector. If the sam
ple concentration is < 1 llInol/L, only a
few molecules will occupy the observa
tion region at a time.

The fewer molecules in the re
gion, the larger the signal l1uctuation

whenever individual molecules
move in or out. Complexation of the
analyte molecules with a ligand or an
tibody Cllallges the dilTusion param
eters for the analyte. The system in
clules dedicated correlation software
for caiculating diffusion and kinetic
parameters as well as analyte concen
tration. Carl Zeiss • 417

Analytical Chemistry, October 1, 1995 623 A











































DISCUSSION
SV4lrtransfonned diploid human fibroblast cell lines were

chosen as a model system for this work since they had been
characterized previously with respect to their catalase activity.23-25
Two methods were evaluated for their ability to allow the
microelectrode to probe the intracellular domain of these fibroblast
cells (Figure 1). The main difference between the two was that
while method A led to measurements with higher sensiti,1ty, it
caused extensive cell damage. The localized cell damage obtained
with method B mimicked more closely a cellular intrusion by a
particle, a virus, or a bacterium but led to smaller currents
(Figures 3 and 4). Besides these differences, the time course
and nature of the electrode responses were comparable with the
two methods (Figure 3). In addition, in method B less fouling of
the electrode surraces was observed.'"

There are several reasons why the oxidative current obtained
with method A was larger than with method B. A smaller hole
(-1-3-llm diameter) was created in the cell membrane by the
micropipet in method B compared ,,1th that produced when the
- Z0-l'm-diameter type-1 microelectrode was used in method A
Also, in method B the micropipet may have partially blocked
diffusion of electroactive species out of the cell by acting partially
as a seal. Finally, in method A, the active surface of the electrode
was right into the cell being placed at the source of the
electroactive material. In this latter case, the coBection efficiency
shouid be very dose to unityIli.3'} In method B, the electroactive
substance had to diffuse spherically from the hole to reach the
microelectrode surrace. This led to smaller collection efficiencies
than in method A (Figure 3), which decreased further on
increasing the electrode-cell distance (Figure 4)16.30

Selectivity of the Biological Measurement. Since transient
cyclic voltammetrY was not suited here, other avenues were
explored to identify the electroactive species released by these
biological cells. The first involved amperometric measurements
at platinized and nonplatinized carbon-fiber microelectrodes. The
response of a platinized and a bare carbon microelectrode (both
type 2, method A) are shown in Figure 6. Comparison of the two
traces established that they displayed the same time dependence.
Thus, the two electrodes were detecting a common species or a
combination of different species whose production fluxes were
identical. Since we know from the FIA experiments that H20 2

resulted in currents that were -17 000 times larger at the
platinized electrode than at the bare carbon one (Table 1), the
ratio (-10) between the two signals in Figure I) showed that the
bare carbon electrode was monitoring the flux of a species that
was not H20,. The current for ascorbate at the platinized
electrode was -15 times that observed at the bare carbon
electrode (Table 1). This was close to the ratic of 10 observed in
Figure 6, suggesting that ascorbate may have been the main
common species detected at both electrodes.

The following experiment ruled out any significant involvement
of ascorbate oxidation. The assembly of a cell and a microelec
trade in method B was formally equivalent to a generator
collector electrode assembly. :'0 We showed in previous studies
that the collection efficiency at such assemblies depended strongly
on the chemical stability of the species generated at the generator,
viz. by the cell here.:JO This could be used to identify the species
generated at the collector by its chemical reactivity. Thus, a
decreased collection efficiency when the collector-generator

(34) Lau, Y. Y; "Vang, D. K. Y; Ewing. A. G. Microchern.]. 1993,47,308-316.

3388 Analytical Chemistry, Vol. 67, No. 19, October 1, 1995

interspace contained a specific chemical reagent would indicate
that the species produced at the generator reacted significantly
with this reagent. The converse would also be true. If ascorbate
were a major component of the species emitted by the cell, the
electrode current should have decreased drastically when the
cell-electrode interspace contained ascorbate oxidase since
virtually no ascorbate could have "suMved" its trip to the electrode
surrace through the enzyme solution. The efficiency of the
enzyme was demonstrated in the control experiments using bulk
ascorbate solutions in the absence of cells. Since the CUlTent
detected did not depend on the presence of ascorbate oxidase,
ascorbate could not be a significant component of the cell release.

Similar experiments were perronned to establish that hydrogen
peroxide was actually the main species diffusing out of the celi.
These were perronned with method B, with catalase bathing the
cell-electrode interspace. This enzyme catalyzes H,O, dispro
portionation and is totally selective to hydrogen peroxide, which
is the only species identified both as a substrate and as a hydrogen
donor:31.35.36

(1)

The nearly complete abolition ofthe microelectrode cnrrent under
these conditions (Figure 5A, middle) demonstrated that the main
species detected at the platinized electrode was H,O,. The
absence of any artifact due to possible fouling of the electrode by
catalase was established as follows. First, the electrode response
was restored when the same electrode was used to investigate
another cell in the same Petri dish in the absence of catalase
(Figure 5A. right). Second, the electrode response for ascorbate
was maintained while that for H20 2 was suppressed when a bulk
solution of catalase was used (without cells). Hcwever, it was
observed that the current response was not abolished completeiy
in the presence of catalase; a small oxidation CUITent was detected
with a time course akin to that observed in the absence of catalase
(Figure SA, middle). This observation is to be paralleled with
that made above when the CUlTent responses of the bare carbon
and platinized electrodes are compared (compare Figure 5A, left
and middle, to Figure 6, top and bottom, respectively). This
suggested that at least two species were detected at the platinized
electrode. The main one (- 90%) was H,O" and it was annihilated
by catalase31.35.36 The minor one(s) (-10%) was (were) not
annihilated by catalase under our conditions and was (were) also
electroactive at the bare carbon surface.

Still using the generator-collector analogy, one could devise
another means of assessing the nature of the species detected at
the collector. This was a transposition of the classical electro
chemical method where the flux of the species to be detected at
the collector was controlled by varying the potential of the
generator.:;II.:;? A correlation between the two electrode currents
indicated the nature of the species detected. Here, the generator
equivalent was the hole fonned in the cell membrane. Based on
biological data, within this membrane, a natural enzyme, peroxi
dase, is present and uses hydroperoxides, viz. H20, and ROOH,

(35) Schonbaum, G. R.; Chance, B. In TIle Enzymes; Boyer, P. D.. Ed.; Academic
Press: New York, 1976.

(36) Schumb, W. c.; Satterfield, C. N.; Wentworth, R. L. Hydrogen Peroxide
Reinhold Publishing Corp.: New York, 1955.

(TO Bartelt, l E.: Deakin, M. R.: Amatore, c.; Wightman, R :VI. Ana!. Oem.
1988, 60, 2167-2169.



R = alky', to oxidize (-2e, -2H+ overall process) organic
substrates noted R'H, in eq 23 :1 Its efficiency vis a vis H20, or

R'H2 + (H20, or ROOH)~

R' +H20 + (H20 or ROH) (2)

observed corresponded to the kinetics of production by H,O, by
the cell following its injury.

Tnis conclusion was further supported by the large charge

detected in each spike. Most of the spikes had a charge area

ranging from 0.5 (method A, type 1, Table 2) to 0] nC (method

A, types 2 and 3, Table 2), Considering that H20, was the primary

species detected, fhe stoichiometry in eq 3 indicated that this

charge corresponded to the electrolysis of at least 0 x 10'

molecules. Considering the cell's dimensions, its inner volume

was at most 200 fL If all the material detected were present

initially in the ceIL the charge detected would represent an

intracellular H20, concentration of at least 5 mM. This is more

than 10 000 times larger than the physiological levels of hydrogen

peroxide admissible in a living organism. 1'1

These two observations above implied that H20, detected

represented, for the most part, a biological response of the cell
following its aggression and injury. Our results appear to be the

first in-time and local (viz., at a single cell) observation oi the

cellular defense mechanism called o:cldative stress.
Oxidative Stress Response at a Single Cell. The above

rationalization implied lhat the ceHs were able to generate

considerable quantities ofHzO,. Dioxygen (whose concentrdtion

in the PBS surra I1ndi ng the cell is 0.25 mM at 25 'C) IlI-H appeared

to be the most natural source of this hydrogen peroxide, To test

this hypothesis, we examined the response of cells placed under

anaerobic conditions.

When the PBS solution was quickly replaced by a degassed

PBS solution, the responses were approximately half of those

obtained under aerobic conditions (Figure middle top). This

result was compatible with t~e fact that cells can maintain an

aerobic activity for a period of several minutes after a sudden

change of the dioxygen concentration."3 However, when the

solution surrounding the cell was progressively degassed by argon

bubbling (over 10 min), the CUlTent detected (Figure 7, middle

bottom) was considerably reduced and the charge detected was

at least 10-50 times smaller than under aerobic conclitions. The

celis were observed to be alive after this long anaerobic period

and. as soon as aerobic conditions were restored, were capable
of responses comparable to those obseI'led before their exposure

to anaerobic conditions (compare Figures 7, right and left). The

considerable reductior, of the response intensity under complete

and prolonged anaerobic conditions indicated a dependence
beMeen dioxygen availability and the magnitude of the oxidative

stress response. The nature of this connection was investigated

ln the follmving series of experiments.

The dioxygen concenuation ilear the cell was monitored with

a microelectrode held near its surface while its membrane was

pierced "'ith a microllipet. In these experiments, the cell and the

electrode competed for dioxygen, The microelectrode consumed

dioA)'gen by

hydroperoxides has been reported to depend severely on the
presence of the cosubstrate R'H"n We confirmed this point, since
the eiectrode response remained unaffected for over 40 supan

using bulk H20, "ith horseradish peroxidase alone. In the
presence 0' o-dianisidine,31 the peroxidase activity was consider
ably enhanced, as evidenced by using bulk H20, and mixtures of
horseradish peroxidase and o-dianisidine. Thus, if H,O, or ROOH
were relcased by the cell and a ccsubstrate was not present (or
present in insufficient amounts), a large fraction of these species
would have been allowed to diffuse out of the cell and eventually

be oxidlzed at the electrode surface. Providing a local excess of
an enzyme substrate R'H, was a means to reduce significantly
the Dux of bydroperoxide or hydrogen peroxide. When the celli
mie-Delecu'Jc!e region was bathed with o-dianisidine, absolutely
no current was detectcd at the l11icroelectrode (Figure 5B, middle).
These expcliments, together with those using catalase (Figure

SA), demcnstrated that the major (-90%) species detected under

our conditions was hydrogen peroxide (annihilated by catalase
cell peroxidase o-dianisidine), while the minor one(s) was

,>vere) alkyl hydroxperoxide(s) (-10%, annihilated by cell per
oxidase + ()·dianisidine, bUl not by catalase). Since hydroperox
ides are followup products of hydrogen pcroxide," and were only
minor com;Jonents of the cellular release, we wish not to

emphasize this distinction hereafter.
Analysis of CmTent-Time Profiles, Individual measure

ments were expected to be different because of biological

':ari"bility (e.g., health and metabolism of the cells, the fact that
some cells may have retained an activity over longer time periods

than others after intrusion, the size and nature of the hole created

in the membrane, the cellular location that was invaded, etc.).
They also may have differed because the variability of mechanical
movements leading to intrusion into the cell may have affected
the local hydrodynamics near the celL Because of such expected
vatiadollS, hundred of biological cells were analyzed with different
mic:r:)manipulator operations (i.e.) slow or fast displacement of

electrode or of the micropipet) and three different operators.
bterestingly, all cUlTent-time profiles were very similar in shape,
amplitude, ,od charge. The figures reported here and the data
in Table 2 are representative of this moderate overall variability.

AJ CUlTcnt responses were spike shaped with half·widths in
the range of 3-10 s (fable 2), extending ovcr 30 50 s (method

or even longer with method B (00-70 s), Using a diffusion
coefficier.t ot 0.8 x 10 -c em'! S-l,'" a lO-s time course cOlTesponded

to diffusion over -100 IIlli. Such a number was unrealistic by
comparison to the cell dimensions (Iz x I x L = 1 x 10 x 20 in
mi'crome,'cr si even for the maximum cell-electrode distance (5

with melhod B). Therefore, these long time courses must
have reflected a slow kinetics of release rather than diffusion. The

small size oi the membrane hole could have limited the kinetics
of release in method B. This hypothesis could, however, be
rejected since both methods produced signals with similar half
"idths (nole that in method A, the electrode surface is directly
positioned ii'to the cell). This established that the signals

(38) Boveris, A
5.. Chance, B., Cds.; 1977: pp G7-<Q.

(3)
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02 I 2(1 + E)e + 2(1 + E) K-

2eH20 + (1 E) H20 2 (0:0; E :0; 1) (4)

The cell consumed it according to its metabolism and shielded
the diffusion of dioxygen to the microelectrode, similar to the
situation where two microelectrodes positioned at micrometric
distances compete for the same chemical substrate.37 The
microelectrode current reflected the importance of the diffusional
shielding by the cell, i.e., the rate of dioxygen consumption by
the ceil. Quantitative analysis:1O of the shielding was almost
impossible here owing to the geometrical complexity of the
system. Qualitatively, an increase of the dioxygen consumption
by the cell was expected to result in a decrease of the cathodic
current at the microelectrode (as observed in Figure 8). This
initial current drop was concomitant with the rise of H20 2 as shown
by comparison of the solid (0, consumption) and dashed (H202

production, current x 140) curves in Figure 8. This established
that the release of H20, by the cell corresponded to a sudden
rise of its dioxygen consumption, demonstrating again the strong
correlation between oxidative stress and dioxygen metabolism.
Thus it was puzzling to observe that such a correlation was not
maintained at longer times. Dioxygen consumption remained
high over a period of several minutes after the H20, flux had
become undetectable (Figure 8). This suggested that the decay
of the hydrogen peroxide flux did not reflect at all a suppression
of the oxidative stress mechanism.

The following view then emerges: (i) a cell "defends" itself
by producing an intense "blast" of H20,; (ii) as a side effect, this
provokes a large rise in the intracellular H202 concentration which
(iii) triggers independent cellular systems designed to protect the
cell against H20 2;" (iv) scavenging of H,O, by these systems
results in an apparent decay of the H20 2 flux. Although vcry
speculative, this view seems the only simple one to reconcile our

(39) (a) Christman, M. F.; Morgan, H. W.; Jacobson, F. S.; Ames, B. N. Cell
1985,41,735-762. (b) Dare D.; Fridovich, I. Free Radicals Med. 1995,
18.195-203. (c) Lantz, '1'1.: Sirsjo, A; Liu, W.; Lindberg, M.; Rollman, 0.;
Tonna, H. Free Radicals BiD!. Med. 1995, 18, 349-357.

(40) (a) Chance, E.; Williams, R.Adv. Enzymol. 1956. 17, 65-134. (b) Kinkle,
P. c.: McCarty, R E. Pour S6e~lce 1978, 7, :;;0-5:3. (French edition of
Sci. A.m.).

(41) (a) Arends. M. L Monis, R. G.; Wyllie. A H. Am.]. Palhol. 1990. 136.
593-603. (b) Cohen,]']' Hasp. Part. 1993,28, 35-43. (c) Schwartz, L.
M.; Osborne, B. A Imnumol. 1993,14.582-590.

(.12) (a) Zimmennan, R.: Chan, A.: S. A Cancer Res. 1989,49, 1644-
164S. (b) Bast. A.; Haenen. G. k M.; Doleman. c.]. A Am.]. M'd. 1989,
91,25-135. (c) Sacks, '1'.; Moldow, C. F.; Craddock, P. Rj. Clin.Invest.
1978.50.327-:>37.
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two data sets. Besides supplYing a source for H,O, production,
dioxygen would power these simultaneous phenomena that have

already been identified by biologists and that require an acceler
ated metabolism: (i) strong secretion of defense enzymes by
peroxisomes;39 (ii) generation of energetic molecules (e.g.. ATP)
to aid the repair of damages to the cytoplasmic membrane and
cytosol;") (iii) progressive cellular death by apoptosis';] and
necrosis.:-l$,42

CONCLUDING REMARKS
Having considered the most obvious possibilities, our com

bined evidence suggests that the major substance observed in
this work is hydrogen peroxide, which is used by these cells to
defend themselves. We believe that the use of platinized carbon
fiber microelectrodes to detect hydrogen peroxide is a major step
forward in investigating the biological role of reactive oxygen
species at the level of single cells. Using this technique, we have
been able to demonstrate for the first time, a defense mechanism

(oxidative stress) at the level of a single cell and have been able
to investigate its time course. Since oxidative stress is thought
to be an important causative agent in several pathologies (e.g., in
aging, in some carcinogenesis, in Parkinson or Alzheimer's
diseases and possibly in AlDS and several other viral disregula
tions, in autoimmune disorders, etc.), we believe that this
technique may find an increasing utility in the future.
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L, with stability constant, K, where the ligand L is in excess,

In case 1 (labile complex), ligand exchange is very rapid so
that effectively both M and ML react rapidly with the receiving

resin (Res) (eqs 8 and 9), reducing (leir concentration at the resin

measured species, particular cases will be considered in a scheme

analogous to that used for considering complexation measure

ments byvoltammetry,' Speciation in solution can be represented

by a simple equilibllum (eq 7) between free metal, M, and ligand,

f-- dg --+

Distance

Fagure 2. Schematic representation of concentration profiles at the
resin layer surface for uptake of Ivi in the presence of complexes ML
which are (a) labile, (b) total y inert, and (c) partially labile.

(10)t=

EXPERIMENTAL PROCEDURES
Gel Preparation and MOlmting. A polyacrylamide hydrogel

comprising 15% by volume acrylamide (Boehringer) and 0,3% by

volume AcrylAide agarose cross-linker (Flow Gen Instruments

Ltd.) was used Ihroughout this work as the diffusive gel layer.

For 10 mL of gel solution, 70 .uL o[ freshly prepared ammonium

persulfate initiator (10%) and 20 I'L of TEMED catalyst were

added, The solution was immediately cast between two glass

plates separated by plastic spacers and allowed to set at a

temperature of 40 ± 5"(, The setting time of typically 45 min is

controlled by the temperature and the concentration of initiator

and catalyst. Although the reproducibility of pore size production

is not easily controlled in polyaClylamide, J] did not appear to

affect the reproducibility of DGT measurements, presumably

because the pores are much bigger than the diffusing ions (see

Results and Discussion),

The resin gel cOllsisted of 2 g of ion-exchange resin Chelex
100 (Na form, 100-200 wet mesh) ill 10 mL of gel solution, Less

ammonium persulfale and TEMED were used to prolong the
setting process and allow the resin to settle by gravity to one side

of the gel as a plane of approximately close-packed heads.

Two types of gel holder were used, TI,ey were designed to

support the gels and to ensure that a single surface of the diffusive

gel was in contact with the solution. Gel holder I (Figure 3a)
was constructed [,-om two Perspex plates o[ 10 cm diameter. TI,e

base plate had a 6 cm diameter recess to accommodate the layers

of gel. A window of J cm diameter in the top plate exposed the

gel to solution. A lip around the window fitted with the recess in
the bottom plate to provide compression and foml a good seal on

the gel surface, An 0 ring between the two plates prevented any

lateral leakage of solution when the assembly was held together

by six nylon bolts.

Gel holder 11 (Figure 3b) was based on a simple tightfitling

piston design, It consisted of a backing cylinder and a front cap

(9) Davison, W. f. E!ectroanal. Che'JIl. 1978,87.195.

(10) Florence, M.: Stauber, J L Toxico!. 1986,8,
(11) Chramback, A. The hac/ice OUa1!iitativt! Get Elcetropl:oresis:

Weinheim, G2rmany, 1985

in labile equilibdum within this time which is determined by the

gel layer thickness, For a 0.5 mm gel layer thickness and D = 7
x 1O-1i cm' s-\ t = min. Clearly the species measured depends

on the gel layer thickness and the rate o[ diffusion through the
gel For this particular partially labile case, varying the gel layer

thickness should provide information about the measured species

If ML reacts directly with the resin within the charactelistic

reaction time, case 1 is approached and both ML and Mare
measured, The extreme of no reaction between IvIL and the resin

therefore represents the most distinct example of the partially

labile case, When a strong binding agent such as Chelex-lOO is

used, it can "induce" lability because the functional group,

iminodiacetic acid, competes effectively with natural ligands fOI'

metal ions lO For DGT, where speciation is partly determined by

the pore structure of the gel, this competition is an advantage,

dissociation and hence the amount of ML measured will depend

on the time taken to diffuse through the gel layer. A characteristic

reaction time, t, is determined by the mass transport and is given

by eq 10.5·9 DGT \\ill therefore measure those species that are

(7)

(8)

(9)

M+L-ML

M + Res -. MRes

ML

M

"
~ (a)

g

ML

diffusive gel
M

c

.'" (b):;
g

dFfusive gel ML

M

c

.'":; (0)

g

ML + Res -. !vIRes + L

surface '0 virtually zero and generating a steady-state linear

diffusion gradient in the gel layer (Figure 2a), If the ligand is in

great excess. its additional concentration in the vicinity of the resin

will not affect further transport of M and L and the DGT device

will effectively measure the combined concentration of M and ML
In case 2 (inert complex), only M reacts with the resin and

there is no ~-ansfer between ML and M, Only the directly reacting

metal, M, is then measured (Figure 2b).

In case 3 (partially labile), M reacts rapidly with the resin (eq

8). but the exchange between ML and M (eq 7) is slow, If ML
does not react directly wit1 the resin, the kinetics of Ilgand
exchange determines whether ML will be measured. Providing

some dissociation of ML takes place, the concentration of ML
will be lowered in the resin layer and some diffJsion of ML
through tJ,e gel will occur (Figure 2c), The extent of the
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Identification of the Positional Isomers of
2-Fluorobenzoic Acid 1-Q.Acyl Glucuronide by
Directly Coupled HPLC-NMR

Ulla G. Sidelmann,t.t Claire Gavaghan,t Howard A. J. Carless,t R. Duncan Farrant,§ John C. Lindon,§
Ian D. Wilson," and Jeremy K. Nicholson*·t

Department of Chemistry, Birkbeck Col/ege, University of London, Gordon House, 29 Gordon Square,
London, WCI H DPP, UK., Department of Physical Sciences, WeI/come Research Laboratories, Langley Court,
Beckenham, Kent, BR33BS, U.K., and Department of Safety of Medicines, Zeneca Pharmaceuticals, Alderley Park,
Macclesfield, Cheshire, SKID 4TG, u.K.

Directly coupled HPLC-IH NMR was used in the "stop
flow" mode to separate and rapidly identify an equilibrated
mixture of ester glucuronide isomers formed spontane
ously by intramolecular rearrangement reactions (internal
acyl migration and mutarotation) of 2-fluorobenzoic acid
P-I-g1ucuronide (I-O-(2-fluorobenzoyl)-D-g1ucopyranu
ronie acid). The equilibrated mixture of isomers was
obtained by incubation of the synthetic 2-fluorobenzoic
acid glucuronide in buffcr solution (pH 7.4) at 25°C for
24 h. The fJ-anomer ofthe I-O-acyl glucuronide, and the
2-, 3-, and 4-positional glucuronide isomers (all three as
both n- and fJ-anomers) present in the equilibrium mix
ture, were all characterized after separation in an isocratic
chromatographic system containing phosphate buffer at
pH 7.4 and I % acetonitrile in the mobile phase. The
HPLC-NMR investigations also elucidated the mutaro
tation of the positional glucuronide isomers as well as
showing the benefits of the HPLC-NMR technique as a
primary analytical tool. This HPLC-NMR method will be
of particular value in studies on the acyl migration
reactions of nonsteroidal antiinflammatory drug glucu
ronides which may be related to their toxicological prop
erties.

It has been sho\,;11 thac NMR spectroscopy of biofluids can
serve as an effective approach for the detection and identification
of endogenous and xenobiotic metabolites.'·2 However, for such
complex mixtures the direct hyphenation of NMR with liquid
chromatography can offer clear benefits as metabolites can be
separated and characterized directly3-8 Recent advances in NMR

',;niversily of London.

Currenl2ddress: Department of Anahtical and Pham1acentical Chemistry,
The Royal Danish Schoo! of Pharmacy, Universitetsparken 2, DK-2100 Copen
1agcn. Dcnm2rk.

~ Wellcom,: Researcl1 Laboratories
:i Zeneca Pharmacellticals.
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probe technology, improved dynamic range of receiver systems,
and solvent suppression methods have resulted in major practical
improvements in the HPLC - NMR technique,"-' resulting in
increased sensitivily and decreasing the need for deuterated
organic modifiers in the eluent. In the present study, we show
that HPLC-NMR in the "stop-flow" mode can be used to study a
complex mixture of isomers that interconvert spontaneously in
aqueous solution, I.e., acyl glucuronides that undergo reversible
acyl migration and mutarotation reactions.

Many carboxylat0containing drugs form (J-I-Q-acyl glucuronic
acid conjugates in vivo The acyl glucuronides formed are
potentially reactive metabolites due to the susceptibility of the acyl
group to nucleophilic reactions. They have been shown to
undergo hydrolysis (regeneration of parent compound) ,"'w in
tramolecular rearra.ngement (isomerization by acyl migration) ,ll.12

and covalent adduct formation "ith bOtil low molecular weight
nucleophiles (such as methanol) and proteinsll .l:J-15 In the
rearrangement reactions of acyl glucuronides, the susceptibility
of the ester linkage to nucleophilic reactions allows the drug
moiety to move from one hydroxyl group to an adjacent hydroxyl
group on the glucuronic acid ring (Scheme 1). The mechanism
of transacylation via a tetrahedral cyclic ortho ester intermedia.te
is well established. ",lHl The acyl groups migrate from C-1

(6) Sprau! M.; Holma'm. M.; Wilson, i.; Lenz, E.; Nicholson,]' K.; Lindn" ..'.
c.]. Pizarm. lJioH/rd. Anal. 1993, 11, lO09~ 1016.

(7) Seddon. M. j.; Spraol, M.; Wilson. I.; Nicholson,]' K.; Lindon. J c.J. Plwnn.
Biomed. Anal. 1994, 12,419-424

(8) SprauL M.; Hofmann, M.: Lindon, J. C.: FmTant, R. D.; Seddon, M.
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962-965.

(11) Bradow, G.; Kan, L. S.; Fel1selau, C. Chem. Res. Tox£cot. 1989,2,316
324.
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639~fi44
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plates. In these experiments, the gel spacers employed in the
electrophoresis cell were 63.5/lm thick; for this elliptical Gaussian
beam focused to a vertical waist of 42.3/lm, beam power blocked
by the glass plates is calculated to be 13.47%.

Quantification of the second factor, scattering losses in the gel,
was accomplished by measurement of the beam attenuation when
a collimated laser beam was passed through an optical cell
containing polymerized gel (see Experimental Section). Scattering
losses determined in this way correspond to a gel absorbance of
0.00478 absorbance unit (AU) for a 1 em path length; the
absorbance for the 10 em path length of the electrophoresis cell
empioyed is thus 0.0478 AU, cOlTesponding to a scattering loss
of 10.42%. The scattering loss for water is similarly calculated to
be 0.995% with the same 10 em path length.

Flllally. losses due to reflective inefficiencies during beam
propagation may be calculared according to eq 12 above.

Table 2 and Figure 3 show the beam transmission efficiency
calcuiated on the basis of these three factors, for several gel
thicknesses. along with the measured values. Results are shown
for both gel and pure water in the electrophoresis cell. The
agreement is fairly good (compare last two columns of Table 2),
sugg,esting that no significant beam attenuation mechanisms have
been overlocked and that the proposed mechanism for propaga
tion of the beam is valid. This latter point is substantiated in
particular by the observed dependence of beam throughput upon
gel thickness, which agrees well with experiment.

As neither the reflective nor the scattering components depend
upon the gel thickness or the beam waist, most of the interesting

behavior is in the transmissive component described by eq 12.

This equation shows that as gel thickness or beam focal radius is
decreased, the transmission efficiency also decreases. Impor

tantly, only ~40% attenuation of beam intensity is encountered in
beam passage through even the thinnest gel studied (63.5 11m).

This relatively modest attenuation has only a minor effect upon

the fluorescence data quality. It may thus be concluded that the
side excit~tion method is well suited for even these ultrathin gel

systems. Beam throughput may be calculated for still thinner gels

by the methods described here. permitting the feasibility of side
excitation in such systems to be readily assessed.

As sensitivity to alignment errors is an important aspect of the
instrument design, it is of interest to determine this experimentally
and compare the results with those predicted by eq 14. Figure 4

shows calculated and measured throughput for a 63.5 .urn
thickness of gel or water when the tilt angle is varied from 0 to
12 mrad. Again, the agreement between calculated and measured

results is quite good. although some deviation occurs at larger
angles; this de,iaaon reflects tbe small-angle approximation made

in eq 3 by the assumption of 4EOJV/l « 1.
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Data Reflection Algorithm for Spectral
Enhancement in Fourier Transform ICR and NMR
Spectroscopies

Michael V. Gorshkov* and Richard T. Kouzes

Environmental Molecular Sciences Laboratory, Pacific Northwest Laboratory, Battelle Boulevard, P.o. Box 999,
Richland, Washington 99352

The use of a data reflection algorithm in which the signal
acquired in real time is juxtaposed with the same signal
reflected relatively to zero time axis through exact phase
matching is considered. Because of the additional infor
mation provided by a Imowledge of the exact initial phase
of the signal, the resulting Fourier transform (Ff) spectra
have a higher resolution and signal-to-noise ratio. This
algorithm was applied to ion cyclotron resonance and
nuclear magnetic resonance time-domain signals. In both
cases, the method improved the IT spectra compared
with the original ones. It was found that artifacts may
result from the time delay between the end of the excita
tion event and the beginning of the acquisition period, as
well as from time-dependent excitation wave forms such
as chirp excitation. Possible ways to decrease or elimi
nate the artifacts are considered. Comparison to other
spectral enhancement techniques is made.

The most widely used numerical method fo' spectral enhance
ment is the Fourier transform (FT), which gives a frequency
analysis of the time-domain response of a physical system.] The
Fourier transfOffi1 is the main technique for extracting spectral
information in infrared (FT-IR) spectroscopy,' nuclear magnetic
resonance (FT-NMR) spectroscopy.' and ion cyclotron resonance
(FT-ICR) mass spectroscopy.l.' There are several new methods
and algorithms that have heen developed recently to improve the
frequency spectra obtained via FT. These methods are based
upon a pretransform, time-domain signal processing technique
known as the magnitude-mode derivative method,'.? which leads
to a resolution enhancement of FT spectra. In order to avoid a
decrease in resolving power in a magnitude-mode FT spectrum,
a FT convolution procedure has been proposed in which it was

shown that the spectral line shape can be improved when the
excitation frequency spectrum is known.8,' Other methods based
upon the deconvolution of partially resolved spectra include a
Fourier self-deconvolution method (FSD) 1(].lJ which was applied

to photoelectron and NMR spectroscopies, and a peak sharpening
procedure,1' implemented recently for resolution enhancement
of translational energy spectra (I'ES). The non-IT methods of
obtaining spectral information from time-domain data are linear
prediction, such as the autoregression (AR) method, and proba
blistic methods, such as the maximum entropy method (MElvl),
widely used in different physical applications.l.B The AR and
MEM methods have some drawbacks in that they provide
incorrect information when the noise level is high, and they
require considerable computational time in compaJison to fast
Fourier transform (FFD analysis. Another approach to obtaining
the information captured in the imaginary pm of the IT has
recently been demonstrated by implementing the HartleyIHilbert
transfonn (HHn, which gives the resolving power of an absorp
tion-mode FT and the signal-to-noise ratio (SNR) of a magnitude
mode IT by using Hilbert relations between absorption anet
dispersion spectra. 14

We suggest here the use of a data reflection algorithm (DR.I\)
for enhancing the results of IT analysis in IT-ICR and IT-NMR.
The time-domain signal is replaced by a new one consisting of

two juxtaposed parts: the original time-domain signal and the
reflected time-domain signal. An analogy can be found in
Michelson interferometry with its centerburst interferograms.
which are the signals detected as a function of path leng1h
difference between different light beam components1 With this
DRA method, we generate a centerhurst time-domain spectrum
which contains the phase information of the Oliginal time-domain
signal, higher resolving power compared with the original
magnitude-mode IT spectrum (equivalent to the resolving power
of the original absorption-mode spectrum), and higher SNR anel
precision for the spectrum due to effective "data-fill".

THEORY
Data Reflection Algorithm for Real Time-Domain Signals.

Most physical time-domain signals f(t), as in the case of ICR or
NMR spectroscopies, are causal functions in time. where we can
write

because normally we have no infonnation about the system

(0) McClure, W. F. Speclmsc. World 1991, 3. 28---34
(11) Dromey. R. G.; Monison,). D.; Peel, J. B. Chem. Phys. 1973,23.
(12) Brenton, A G.; Lock, C. M. Rapid Commwn. klass S.Decirom. 1995, 9,

149.
(13) Fe:Ti.ge, A. G.; Seddon, M. J.; Jarvis, S. Rapid Commui:. Mass Spwrom.

1991,5,374-379.
(14) Williams. C. P.; Marshall, A G. Ana!. Chern. 1992,64.916-923

(2) Bell,
York, 1972: 382 pp

(3) Ernst, R. R.: Anderson. IV A. Rev. Sci. Instrum. 1966,37, 93-102.
({I Comisarow, M. V.: MarshalL A. G. Own. Phys, Lett. 1974, 25, 2~2-283.
(5:1 Comisarow, M. \'.; Marshall. A. G. Chern. Phys. Itlt. 1974,26,489-490.
(6,) Balcou, Rapid Commull. j\Iass 1994,8,942-944.
(7) Kim. l-l. S,; M2fshall, A G. Pri'wte feR/Ion Trap News!. 1995,

37,

(8) \.1arshail, A. G. Chem. Pilys. 1979. 63. 515-S18.
(9) rVlarshall. A. G.; Roe, D. c..r. Gem. Pflys. 1980,73,1581-1590.

for t < 0 (1)
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! Coordinate of three well-known functions:

in which Tis the acquisition peliod oithe oliginal signal. a is the
decay constant, and tV,) and A are the frequency and the amplitude
of the signal, respectively.

The reflected time-domain signalJi,w(l) may be represented in
the same way by the following functions:

for t < 0 (7)

(8)

for t > 0

(5)

for 0 < t < T

for T < t < 0 (6)

for 0 < t < Tin,

=1

e(t) = 0

e(t) = exp(-at)

TI(tIT- = 0

TI(tIT = 1

s(t) = A cos(wot)

a cosinusoid

a cosinusoid

an exponential

a boxcar

a boxcar

;.rf,c'
"--~

Predicted signal t = 0 Original signal

Figure i. Schematic representation of the ORA algorithm. The
resulting time domain signal has an acquisition period of 2T, where
T is the acquisition period for the criginally recorded time-domain
signal.

response before the detection peliod. The corresponding IT
spectrum from such a function will reflect only the information
acquired duling the detection penod. For example, the typical
response signal in IT-ICR or IT-NMR will be an exponentially

decaying co;inusoid, or the sum of cosinusoids if several different
oscillators are subiected to the pulse action (excitation event):

in which is the time-decay constant detennined by the rate of
ion-neutral collisions in ICR spectrometry or by the spin
relaxation processes in NMR spectroscopy, Ai is the corresponding
iDn or spin abundance, and OJ1 and ¢: are the resonant frequencies

and initial phases. respectively. In the case of ICR the coherent
spatial motion of the ions in the magnetic field is created by
applying a resonant phase-coherent electric excitation field. If the
energy absorbed by ions from the resonant excitation field is
considerably higber than the ion initial energy (mostly thermal),

the postcxcitation phases 'Pi of different ions subjected to the
excitation \\o!l be the same and equal to the phase of the excitation

field. Thus. for ICR or NMR spectroscopies, we can assume that
we have d,Jj = 0 for all i in eq 2. Because ¢, = 0 at 1= 0, we may
then data-fill the real time-domain signal!(t) by reflection of the
recorded data relative to time zero to obtain

in which TInv is the acquisition pCliod of the new function. T1n\" =

21.
In accordance witl1 the convoiution theorem, we may represent

the IT spectraF(w) and Fln,!w) for the functions/(t) and/r".(t),
respectively, as the convolution of the corresponding frequency
spectra: 5(w) and 5"Aw) for cosinusoids. II(w) and II,,,(w) for
boxcar functions, and £(w) and £,,,,(w) for exponential functions:

=0

for Thw < t < 0 (9)

ern,(t) = exp(a(t - Trn)2))

for t < 1r,,)2 (10)

elnv(l) exp(-a(t - T rc)2))

for t 2: T hw/2

an exponential

(2)cos(w/ + ¢), t", 0!(t) =

Jinr (t) = !(I) when I", 0 (3)
F(lo) = S(w) *II (w)*E(w) (11)

where /',r.·(I) defines a new time-domain signal consisting of the
original and reflected time-domain signals, as seen in Figure 1.
In temlS of a 'computational problem, this signal prediction is trivial
and docs not require tirne~consumlllgcomputations as in the AR

or MEM algorithms. Note that the reflected discretc signal

/r"JJ) contains 2n 1 data points. where n is the total number of
data points in the oliginal signal, since the data point correspond
ing to 1= 0 is common for both the direct and reflected parts of

the inverse alTay. Thus, the DRA procedure leads to the definition
of tbe HeVi lime-domain signaIJi,,(t) tbat has the acquisition peliod
Ti,,, e10ngated by a factor of 2 compared with that for the original
time-domain signal. Since an improvement in resolution and SNR
is not obvious fOt' this new signal (for example, the time-decay
constant remained the same), we now consider its frequency
spectrum analytically.

IT Spectrum of Reflected Time-Domain Signal, 'Inc
original time-domain signal/(!) may be represented as the product

A/t) =!(-t) when t < 0 (4)
(12)

From eqs 5-10, 5(w) and S'''w(w) give <5 functions reflecting the
resonant frequency, 5(w) = 5,,,(w) = lhA6(w - wri): TI(w) and

II,,,Jw) lead to the well known sine functions; and finally, £(w)

and £h"(W) are responsible for the spectral peak shape. £(w)

and £,,,,(w) are complex functions that can be found from the

Fourier integral:

dt= 1. +i.) w') 'J

a(l + w2ja2
) a"(l + w-ja.")

(B)

Ercv(w) = f_:~e'nv(l)e-iwt dt =

2 cos(w7) . 2 sin(w7)
---CC.,-C.,"- + 1 2" (14)
a(l + (lJ"la.-) 0.(1 + w la)

Figure 2 shows the junctions E(w) and £lc,(W) in magnitude
mode. We see that the peak width of the Ei",(w) function is
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narrower. Indeed, from eqs 13 and 14, we may find analyticaIly

(19)

RESULTS AND DISCUSSION
IT-fCR Applications. Figllre 3a shows a simulated time

domain signal and IT spectrum for a mass doublet of equal ion
abundance. The DRA signal and the con'esponding IT spectrum
are shown in Figure 3b. In this calculation, we simulated Gaussian
random noise at the level of 20% of the level of the acquired signal.
The use of the DRA method improves considerably not only the
resolution and SNR but also the accuracy in determining the
relative peak intensities as a result of better peak separation. In
Figure 4a. we show a doublet with frequencies so dose to each
other that the peaks in the IT spectrum cannot be resolved. By
applying the data reflection algorithm, peak separation becomes
possible (Figure 4b). This example directly shows that the
proposed DRA procedure leads to additional infom1ation in FT
spectra as well as better looking spectra.

The data reflection algolithm has been applied to actual
experimental IT-ICR data. In Figure 5a, the mass spectrum from
bovine insulin is shown. The ions were formed in the electTospray
source (ESD of a 7-T IT-ICR spectrometer at Pacific Northwest
LaboratorylG The spectrum corresponds to the + 4H]'
protonated multiply-charged molecular ion with a characteristic
isotopic peak pattern. The acquired time-domain signal was 2 MB
in size. The DRA mass spectrum is shown in Figure 5b.

Use of the Data Reflection Algorithm for Quadrature
Detection. The method of data reflection for acquired time
domain signals may be used for real and complex data, such as
for the case of quadrature detection that is typically used in NMR
spectroscopy and can also be applied to fCR 1 In quadrature
detection, the signal from the excited spins (or ions) is acqnired
from two detection channels applied to the system's degrees of
freedom, which are 90' Ollt of phase with each ather." The
resulting time-domain signal is the complex array with both
nonzero real and imaginary parts. Both parts mal'e a conhibution
to the IT spectrum.

Figure 6a shows the simulated time-domain data and the
corresponding IT spectrum typical in NMR spectroscopy with
quadrature detection. In Figure 6b, the same data were traos
formed by applying the DRA procedure. Note that for the
imaginary part of the time domain, the time reversed part is aiso
180' phase inverted to provide correct juxtaposition between the
original data and the predicted data. The resulting reflectcd time
domain, which has real and imaginary parts, was Sllbjected to the
complex IT in the same way as the oliginal data. We see that
the applicd algOlithm improved the resolution and SNR in
accordance with eqs 15 and 16.

The data reflection processing of a quadrature detected signal
has been applied to an experimental 1l1Cd solid sample in NMR

EI",(w)/E(w) = 2/Jl + (OJ/oi - (I

(15) Fukushima, E.; Roeder, S. B. Vol. Experimental Pulse /v7vIR: A Nuts and Bolts
Approach: Addiscn·Wesley Publishing Co., Inc., Advances Book Program

PA, 1981; 539 pp.
(16) Winger, E.; Hofsllldler, S. A; Bruce, J. E.: Cclscth, H. Smith. R. D.)

Am. Soc. Mass Spectrom. 1993,4, 566-.577.

TI1is fact is important since this gives an additional improveme:1t
in the peak separation of spectra obtained via the DRI\. method.

increased by a factor of 2. and it decays faster for frequencies far
away from the resonance. Indeed. from eqs 17 and 18. we have

(17)

(18)

E1m,(w)

"" /'"~
J:

~ LJ,CU 1m1l2 -_a..
:~0

osjv
0

~ I

~(JJ1I2j!v

I" I

'" Q.41 ~ E(w)'"~ .. J" -~-:YI ·l_
0.0 .-....

~25 -15 -5 15 25

for the magnitude-mode Elnv(Ui) function (16)

Signal-to-Noise Ratio. By considering the magnitude-mode
spechllm for the exponential functions in both cases of the original
and the reflected time-domain signals, we can find from eqs 13
and 14

for tl-je magnitude-mode E(w) DJrCtiOn (15)

The peak height in both cases corresponds to w = 0 and is
doubled for the function Ein'm",nind,JW). This leads to the
conclusion that the spectral amplitude of the refl'ectedtime-domain
signal will be doubled since Sew) and D(w) have the same
magnitude-mode amplitude as S",,(10) and ITh,,, (w), respectively.

It is more difficult to evaluate the noise leveL Since the data
reflection procedure is equivalent in the DR!\. method to acquiring
the reflected signal for twice as many coun ts as the original time
domain signal, the noise level will be a factor 21/2 higher in both
cases of detector-limited and source-limited noise. Thus. the
resulting SNR will be increased by a factor 2' /2 in the DR!\. method.
A separate consideration is the case of periodic noise in the
original signaL The level of such noise \,ill be increased by a
factor of 2 only if its phase cOITelates with the phase of the signaL

Note in Figure 2 that the peal, shapes are also different for
the Oliginal spectrum and the spectrum obtained by the DRA
method. The function E1,w(w) is not a magnitude-mode Lorentzian

L),U)Invl/2 = 20.

Relative Frequency

Figure 2. Comparison of the peak shape in the FT spectrum
obtained for the original time-domain signal, E(w), with that in the FT
spectrum of the time-domain signal obtained via the ORA method,
E!1v(w). The Einv(w) spectrum has a higher magnitude-mode ampli
tude, narrower peak width. and iaster peak height decay as the
frequency increases.
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Table 3. Fitting Parameters for Mi, MS, and M6 at low
Temperatures

'Relative error, (Xp/XQ(fit) X~~~;;t~:~~~~\~~~\i:';7(~)~i;~~':t~i\\~~t~~chiometric). b Errors recorded in I
the least significant digit.

sample

(-95°C)

11.554 (2)
3.37 (2)
0.76 (1)
10.45 (7)
1.03 (1)
0.698 (3)
0.302
2.31 (4)

0.551 (1)
3.49 (2)
0.60 (1)
8.06 (4)
0.80 (2)
0.720 (4)
0280
2.57 (4)
229
12.2

0.534 (l)b
1.31 (1)
0.21 (1)
8.52 (8)
0.45 (1)
0.779 (4)
0.221
3.52 (3)
350
0.57

Ml (-65 0C) M5 (-'15 °C)

f3
Tr(s)
apes)
TQ(S)
aQ(s)
Xp
XQ
Xp/XQ(fit)
Xp/XQ(stoichiometric)
relative error'"" (%)

Figure 8. Plot of magnetization recovery vs delay time of M6. The
solid line is calculated by Ihe relaxation model of eq 5, and the
diamond symbols represent the experimental data.

at room temperature shows that spin -lattice relaxation times for
protonated carbons are smaller than those for nonprotonated
carbons by a factor of 3-4-fuld. These ratios of Tp/TQ are
comparahle for both the experimental and the fitted values for all

compounds and mixtures. The Or and OQ values listed in Table 2
represent the spin-lattice relaxation time distrihutions for pro
tonated and nonprotonated carbons, respectively. The cor
respondence between experimental and theoretical distributions
(from eq 4) was illustrated pre,iously for mixture M6 in Figure
3. The solid line gives the fitted distribution, and it faithfully
simulates the experimental relaxation time distribution repre
sented by the bar plot. The remaining systems also exhibit similar
distribution patterns to the representative data shown for M6 in
Figure 3. By comparing all of the fitted values for Op and (JQ with

their corresponding experimental values, it is concluded that the
relaxation model produces adequate relaxation time distributions
for the model compounds and mixtures, giving confidence in the
method which is used below for the complex coal-derived liquids.

The bottom part of Table 2 lists the equilibrium population
data for protonated and nonprotonated carbons (Le" the mole

fractions XI' and Xc), also obtained from nonlinear fitting, along
with the ratio of Xp/XQ. The stoichiometric X,,/Xq vaiues listed
in Table 2 is determined during the sample preparation. For a
single compound, it is simply the ratio of the number of protonated
and nonprotonated carbons in the compound. For the mixtures,
it is the molar ratio of protonated to nonprotonated carbons for
all compounds in the mixture properly weighted by the molar
compositions. The general agreement between XI>lX, (fit) andXp/

XQ(stoichiometric) is encouraging. A correlation coefficient of
0.953 is obtained from a linear regression analysis between these
two sets of data. An example of the agreement between the
experimental magnetization data and magnetization predicted by
the fitting parameters is sho"n in Figure 8 for the representative
M6 sample. Similar correlations were observed for the other
samples, As expected, all values of p, the pulse efficiency
parameters, are less than 1, ranging from 0.7 to 0.9 in the room
temperature experiments.

The relaxation fitting parameters for MI. M5, and M6 are given
in Table 3 for the low-temperature experiments. Compared "ith
the results for Ml, M5, and M6 at room temperalure (26 °C),
these relaxation times for both protonated and nonprotonated
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amounts of polycondensed aromatic species and only single
aromatic rings dominate the average stmctura1 parameters in
these samples. The estimated number of attachments per
aromatic cluster (0 + 1) given in Table 5 indicates that the SOH
samples have, on average, approximately twiCE as many substit
uent, per aromatic carbon as are found in the PFL and INT
samples. Hence, the values of XQ is largest for SOH-5, -9, and
-13. The "heavier oil" samples (PFL and INT) appcar to be
composed of two to three-ring aromatic compounds. These
aromatic clusters consist of bridging groups or loops (naphthlenic
stTuCtures) and side chains. The average length of the latter
appear to be three to four carbons, but it should be remembered
that these numbers are weighted averages between methyl groups
and larger side chains.

CONCLUSIONS
The proposed compositE double-exponential relaxation model

works well on model compounds and analytical mixtures. The
eiTors in this model have been assessed using model calculations
of the magnetization for a range 01 relaxation times. With the
results from numelical simulation of the magnetization, the relative
error of the estimation by this proposed model may be readily
calculated. The inversion-recovery experiment provides experi
mental relaxation times that Il12y be used to approximate features

3440 Analytical Chemistry, Vol. 67, No. 19, October 1, 1995

of the molecular structures in heavy oils and coa1-delived liquids.
This is done by separating protonated and nonprotollated a.romatic
carbons by their relaxation parameters even though their reso
nance lines are highly overlapped. From these data it is possible
to estimate an average aromatic cluster size and other cluster
parameters of the liquids under investigation. This technique has
been applied to representative coal-derived oil samples and has
been useful in estimating the stmcture of coal-delived liquids
obtained at various stages of a coal liquefaction process.
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without knowledge of IS] from the intercept and the equilibrium
ratio of adsorbed solute to solution-phase solute. At equilibrium,
the concentration ratio of adsorbed to solution-phase solute (both
relative to the intraparticle solution volume) is given by the ratio

of the adsorption to desorptl0r rates: [M."J / [M'''h] = n",jn,,,h
= k""JSl/k,:,." and therefore

'----:40;;--~--;:5:-0-~----:6'-:0-~-~7::'0-....J 0.0

fLO% (v/v)

Figure 5. Adsorption and desorption rate constants for ANS at a
C1-silica surface versus percent water in the methanol/water solution.
Note: the solution also contains 0.4 M NaC!.

(5)

The equilibrium mole ratio. n,,,,,/n,,,lc,, needed to analyze the
intercept ratc is not identical to the measured chromatographic
capacity factor. k'. since the latter includes molecules in the
interparticle solution volume which do not participate in relaxation
kinetics on a microsecond time scale (diffusion over distances
comparable to the silica particle diameter requires ~10 ms). To

determine n""jn,,,,,, for the particle interior, one can correct k' to
include only the intraparticle solvent volume: n""Jn,,,lo = k' V,,/
v:, In,,, where V, (1.854 mL) is the total solvent volume ill the
column, 11" (0.7 mLig) is the specillc pore volume of the silica,
and mp (1.517 g) is the mass of the silica packing in the column.

Correcting the k' data from Tabie 2 to obtain n""Jn"'I,, for the
particle interior and substituting the results into eq 5 along with
the intercept rates from the data in Figure 4, the desorption rates
for ANS at each solvent composition are estimated and the results
are included in Table 3. To assess the relative contributions of
ii,,,, alld k",., to changes in the adsorption equilibrium constant,
these rates are plotted together as a function of solvent composi
tion in Figure 5. As the water concentration ir the solution phase

increases, the desorption rate for .'INS decreases by a factor of
~ ID over the range of the expeliment. This is an expected
response as the equiliblium shifts toward the stronger adsorption,

so lhat a molecule on the surface in a mare stable Gower energy)
state must overcome a larger potential energy barrier to leave
the surface. Over this same range of conditions, the adsorption
rate of ANS increases by a factor of 5, which indicates that changes
in the adsorption rate are significantly infiuencing the adsorption
equilibrium. In other words, the banier to adsorption of ANS
from solution to the C1 surface (which p,-events the solute from
adsorbing to the surface at a diffusion-limited rate) is being
affected by changes in solvent composition. This is not surprising
since solvation and countelions near the ion must be perturbed
to allow adsorption and since organization of solvent around the

molecular ion depends on solvent composition; according to the
reslllts, at higher water concentrations and con-espondingly lower
methanol concentrations, solvation of the ion more easil\"
perturbed, thereby loweling the barrier to adsorption. This result
is consistent with solvent exchange rates for transition metal ions.
where rate constants for water exchange are 2 orders of magnitnde
faster than the rate constants for exchange of methanol. ",

The detectable barrier for adsorption of ill'S iO a C1-siiica
smface can be contrasted with the behavior of an uncharged probe
solute, N-phenyl-1-naphthylamine, whose structure is similar to
ANS except that it lacks the ionic sulfonate group. Table 2 lists
the chromatographic retention data for 1-NPN in methanol/water
mobile phases containing 04 M NaCl; the adsorption of l-I\PN
is ~3 times greater than ANS at the same solvent composition.
11,e enthalpy of adsorption of 1-NPN to a C1-silica surface fTom
a 50/50 methanol/water 0.4 M NaCl solution is indistinguishable
from the adsorption enthalpy of ANS frUIII the same solvent (see
Table 1). It is interesting that the sulfonate group of fu'\JS does
not produce a detectable difference in the enthalpy of adsorption
from solution compared to I-NPN. Since the enthalpies of
adsorption for the two probe molecules are indistinguishable. the
greater adsorption equilibrium constant for 1-NPN must derive
from differences in the entropy of adsorption, which would be
consistent with greater hydrophobic iateractions for the neutral
probe in aqueous solutions.

Figure 6 shows the much faster temperature-jump relaxation
of the neutral probe, where k'b, = 5 x 10' S-1 The relaxation
signals for this probe were single exponential within the uncer
tainty of the data and similar to the rate of energy deposition from
the Joule discharge. With such a fast rela.xation. the observed
rate is convoluted with the finite rate of heating; one can estimate
the underlying rate of the chemical relaxation by deconvolution.

(19) Wilkins, R. G. Kinetics and Mechanisms of Reactions
Complexes; VCH: Weinheim, Germany, 1991: Sec lion
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Rapid Comprehensive Two-Dimensional
Separations of Peptides via RPLC-Optically Gated
Capillary Zone Electrophoresis

Alvin W. Moore, Jr., and James W. Jorgenson*

CB 3290, Department of Chemistry, University of North Carolina-Chapel Hill, Chapel Hill, North Carolina 27599

Coupled-column two dimensional (2D) separation sys
tems offer potentially high peak capacity and are amenable
to automation. Reversed phase liquid chromatography
(RPLC) and capillary zone electrophoresis (CZE) are
complementary techniques well suited for use in a 2D
system. Optically gated CZE is a means of performing
rapid CZE analyses. In a 2D system, these rapid CZE
analyses enable more frequent sampling of the RPLC
separation and thus more freedom in control of the RPLC
analysis conditions. Complete 2D separations can be
done in the time usually required to do the RPLC analysis
alone. With the present system, a complete 2D analysis
can be done in under 10 min. Because the peak capacity
of a 2D method is inherently high, some of the available
peak capacity can be exchanged for speed of analysis.
Acceleration of the RPLC elution gradient will decrease
analysis time, but RPLC resolution will suffer. However,
because it is a 2D system, some of the resolution lost in
the RPLC can be regained in the second dimension CZE
analysis. Here, the RPLC gradient was done over only 2
min, but CZE analyses done every 2.5 s restore some of
the resolution lost in the rapid RPLC gradient.

Two-dimensional (2D) separation methods are of interest

because of the potentially high peak capacity possible with such

methods. In particular, a coupled-column approach is appealing

because of the possibililies of automatior and on-line detection.

Giddings has shown that the peak capacity of a 2D method is the
product of the peak capacities of its component one-dimensional

(10) methods. 1 This is true if the component separation methods

are orthogonal. Two methods are considered orthogonal if their

selectivities are based on diffcl-ent and uncorrelated chemical or

physical characteristics of the molecules of interest

Reversed phase HPLC and capillary zone electrophoresis
(CZE) are well suited for use in a 2D system. Their operating

buffers are compatible, while their separating mechanisms are

very different. In the case of reversed phase LC (RPLC) and CZE.

separations depend on component hydrophobicity in the former
and electrophoretic mobility (mass-to-charge ratio) in the latter.

The orthogonality of these mechanisms enables many of the

potential gains from 2D operation to be realized in practice.
A common example of multidimensional coupled-eolumn

separation is 'heart-cutting",' in which particular regions of interest

(1) (;idcEngs. J. C. HRC cc.]. High Hrsotut. ChrofiWlog< Chroma/agr. Commun.
1987.1O.3HJ-:'32:i.

(2) ),'lajors. R. E.]. Cf!ro!11a!o.lJF. Sci. 1980. 18. "i71-S79
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from a separation done in one column are automatically reinjected

onto a second column of different chemistry. ilnother method of

2D separation involves manually collecting fractions of effluent
from one separation method and reinjecting them into a second

separation system. Heart-eutting methods are of !!mited use

we desire to separate all of the components of the sample in both
dimensions (a comprehensive 2D separation). Also. for 3 com

prehensive method of this type, the manual fraclion colleclion

method is too labor-intensive and slow. We would iike a continu

ous on-line system in which the entire efl1uent of the first

dimension method is sampled into the second. In such a system,

detection is usually done only after the second method. Detecting

sample zones between the two ID methods is of little practical

utility and might contribute additional band broadening.

If detection is done only after the second separation method,

then the sampling of the separation in the first dimension is limited
by the analysis time of the second dimension separation. Each

entire analysis in the second dimension represents only a single

"point" in the first To make full use of the resolution provided
in the first dimension separation, the second dimension must have

a significantly faster analysis time. This places limitation on

most 2D systems and generally results in very long 2D analysis

times.

In CZE, unlike LC, separation efficiency is not a direct function

of capillary length.' In LC, with all other factors held constll1t,

column 20 cm long will give twice as many theoretical plates as
a column 10 cm long. In contrast, in CZE, if the applied voltage

remains constant, the separation efficiency will remain constant.

independent of capillary length. The CZE efficiency is related to

capillary length only indirectly, in that suflicient capillary suriace

area must be maintained to eliminate any Joule heat generated

by the passage of current through the buffer-tilled capillary.

However, the migration time of solutes in CZE a function of

the capillary length squared. Assuming voltage is held constant,

if capillary length is reduced by half, then the migration times of
the analytes will be reduced by a factor of 4.

It has previously been shown that the combination of short

capillaries with high applied voltages will give very fast and

eflicient CZE analyses.'.5 Because of the speed of these ana'yses,

a unique optical-gating injection system is used to 0 blain injections

that are rapid relative to the eZE analysis time. The "fast-CZE"
system makes possible complete CZE analyses in as little as 3 s

while high separation efficiency is maintained.

(3) Jorgenson, j. W.: Lukacs, K. D. Anal. ClI:!m. 19R1. 53 1298.

(4) Monnig, C. A.; Jorgenson, J. \V. Anal. Gem. 1993.63. S02-807.
(5) Moore, A W., Jr.; Jorgenson. J. W. Anal. Chon. 1993, 65, :JS50-3Si.iO.
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Table 2. Organic Compounds Idenitified in Urban
Tropospheric Aerosols Using low-Volume Sampling
with Either Thermal Desorption· or SFE·GC/FID"'c

(1 These are all compounds identified in atle2.8t one of three sets of
duplicate samples collected betweell August 4 and December 2, 1994
in Boulder, CO: all samples represent 600-2400 liters of air sampled
over :2 to 12 h. Compounds were identified by comparison of their
mass spectra to mass spectra reported in the literature, and by retention
time matching that of an authentic standard. b No authentic standards
were available. so tentative identification was based on comparison of
mas.." spectra. (Asterisk indic2tes compound was removed and detected
only in the aerosol sample analyzed by SFE with CO2. Dagger indicates
the compound was removed and de.tected only in the aerosol sample
analyzed by thermal desorption.

as retene, guaiacol, and vanillin"",37 were identified in samples
analyzed by both techniques,

Several compounds identified in the sample analyzed by
thennal desorption were not seen in the sanlple analyzed by SF£.
These compounds included two alkylated benzene compounds,
benzaldehyde, and l-nonacosene. AJkylbenzene compounds and
benzaldehyde are emitted to the atmosphere from a variety of
sources, including petroleum combustion, tobacco smoking, and
some growing vegetation;'" these low molecular weight com
pounds have been identified in aerosol sanlples in past studies.'
Hawthorne et al. have shown that a variety of terpenes, hydro
carbons with molccular weights and polarities similar to substi·
tuted benzene compounds, are soluble in supercritical CO, and
are effectively trapped in the cryogenically cooled analytical
column under the conditions used in this analysis18.'3 Given the

relatively small concentration of these compounds in ambient
aerosols, however, it is likely that the total amount extracted was
below the detection limit of the FID. Thennal desorption is
probably more effective than SFE for removing the alkylated
benzene compounds from the aerosol. l-Nonacosene, another
compound removed and identified by thennal desorption analysis
but not seen in the SFE analysis, has not, to our knowledge been
previously reported to be present in tropospheric samples. It is
unlikely that this compound was actually present in our ambient
aerosol particles, as it is expected to be quite soluble in super
critical CO2 under the conditions utilized in this analysis. Alkenes
have been shown to be generated as a result of alcohol dehydra
tion during thennal desorption (see above). TI,e presence of
nonacosene in the sample analyzed by thennal desorption may
be due to dehydration of l-noncosanol during desorption, l-nona
cosanol is contributed to the atmosphere by vascular piants,3' but
it was not observed in the sample analyzed by SFE.

Compounds identified in the sample treated by SFE, but nct
in the sample treated by thenna! desorption, include several high
molecular weight alcohols (e,g., l-pentacosanol. l-hexacosanoL
and l-octacosanol) and eicosanoic acid. These alcohols and this
acid are present in suspended particulates fonned by abrasion of
plant leaves;32,38 they are also found, to a lesser extent, in cigarette
smoke,' These compounds all have fairly low vapor pressures
relative to much of the organic material identified in aerosols. It
is unlikely that the temperature used for thernlal desorption in
this study was sufficiently high to volatilize the compounds from
the aerosol. Again, analysis of alcohol standards indicates that
some thennal degradation does occur at these temperatures. It
is likely that the alcohols and acids were aclually present on the
aerosols, were removed by SFE. and either were not desorbed
or were thennally degraded during the thenna! desorption
analysis.

Qualitative Comparison of Desorbed and Exu:acted Ambi
ent Aerosol Samples, A qualitative comparison of SFE vs
thennal desorption was also conducted on duplicate samples
performing two analyses on each sample (SFE followed by illonnal
desorption on one sample and thennal desorption followed by SFE
on the duplicate). Chromatographic separation and detection
followed each step of the two analyses in the sequence in order
to compare the peaks with those in the duplicate sample analyzed
in the opposite sequence.

A matched pair of ambient aerosol samples collected
simultaneously from an urban air mass and analyzed in the
following manner. One sample was first thennally desorbed into
the gas chromatograph for GC/FlD anaiysis. After thennal
analysis, this sample was extracted into the gas chromatograph
using supercritical CO,. The other matched sample was first
extracted with supercritical CO, and the extract was analyzed on
line by GC/FID; then, in a second step. the sample was subjected
to thennal desorption-GC/FID analysis. The desorption and
exu'action steps were perfonned under conditions earlier deter
mined empirically to be optimal for the removal or most of rhe
organic compounds from the aerosol. Therefore, any organic
compounds detected in the second step of the analysis sequence
must not have been quantitatively removed in the first analysis.
Chromatograms of the two-step analysis of each matched sample
are shown in Figure 4.

alcohols

ketones
6, 10,14~trimethyl-J-pentadecanone
(9H)-iluorcnonc
2-hepladecanone

methyl esters of carboxylic acids
l-methyl ester of tetradecanoic acid
l-methyl ester of hexadecanoic acid

PAHs
iluoranthene

1.5-diethyl-2,3-climethy1cyclohexane&
3-mcthyl-2-butaneamine'
guaiacol
camphor
retene
PA.l-Is

1-octacosanol*
phthalates

bis(l-methylcthyl) phthalate
bis(2-methyl propyl) phthalate
bis(2-cthyl he>'l'1) phthalate

aldehydes
I-nonanal
benzaldehyde!
vanillin -

21kenes

n-heptacosanc
JI-octacosane
n-nonacosane
n-t:iacontane
n-hentriacontane
f1.-dolriaconlane
n-tritriacontane
tHetratriacontane

branched alkanes

n-heptaclecane
n-octadecane
n-nonadecane
n-eicosane
n-heneicosane
n-docosane
n-tricosane
n-tctracosane

n-carboxv1ic acids
n-hex~noic acid
n-heptanoic acid
II-octanoic acid
n-nonanoic acid
n-dEcanoic acid
n-undecanoic acid
n~dodecanoic acid

n:~~~~~ll~~~~:~~ii~acid11' acid
n-octadecanoic acid
n-eicosanoic add*

n-alkanes

(37) R.<1mdahl, T. J'ialure 1983, 306, :'580-582. (38) Simoneit, B. R T.: Mazurek, M. A Almos. Environ. 1982.16.2139-2159.

3546 Analytical Chemistry. Vol. 67, No. 19 October I, 1995











Chart 1, Structures of Three IAM.PC Bonded Phases

esterlAM.PCC1 O/C3

Silica

etherlAM.PCC1O/C3

C10
endcapplng

C3 endcapplng

>

1tr
Silica

oGIAM.PCC10/C3= IAM.PC.DD

Silica

Chart 2. Structures of 12-0H-silica and
12.MO-silica Bonded Phases

STH2100, ST585, ST600, ST606, and ST590 were kind gifts from
Boehringer-lngelheim Co. Hydrochloric acid and formic acid
were from Fisher Scientific (pittsburgh, PA). SPA chromatogra
phy particles were kindly provided by Regis Technologies Inc.
(Manton Grove, IL). Chromatography columns were prepared
by bonding synthetic ligands to the SPA The SPA particles were
12 I'm for preparing both 12-MO-silica and 12-0H-silica chroma
tography surfaces and 5I'm for preparing the JAM.PC.DD column.

Syntheses, (i) Synthesis ofIAM,PC.DD. The single-chain
PC ligand that lacks a glycerol backbone (,)CJAM.PCCIO/C3, shown
in Chart 1) is commercially produced as an LI\M.PC.DD column

model. To address this question, we synthesized 1Z-hydroxy
dodecanoic silica propyl amide (denoted as 12-0H-silica) and
evaluated the ability of this surface to predict drug partitioning
into n-octanol/water phases and also to predict drug partitioning
into fluid membranes. 1Z-0H-silica is effectively immobilized
alcohol and can be considered as a solid phase model of the
n-octanol/water partitioning system. 12-0H-silica contains both
hydrogen bond donor and acceptor capabilities at the surface. To
probe the effect of hydrogen bonding at the chromatographic
interface, a surface lacking hydrogen bond donor capabilities was
alsc prepared by immobilizing 12·methoxydodecanoic acid (12
MO) on silica propyl amine (SPA) to form 12-I\IO-silica. The
general slnJctures of 12-0H-silica and IZ-MO-silica are shown in
Chart 2 which shows that monolayers of OH groups foml on the
12-0H-silica surface and monolayers of OCH, groups form on the
12-MO-silica surface.

EXPERIMENTAL SECTION
Chemicals. 12-Bromododecanoic acid, 12-hydroxydodecanoic

acid, sodium methoxide (25 wt %solution in methanol), tetrahy·
drofuran, akohal-free chlorofonn, and propionic anhydride were
jJurchased from Aldrich Chemical Co. (Milwaukee, WD. Tet
rahydrofuran was dried by refluxing over sodium under nitrogen.
Methanol was from Mallinckrodt Inc. (paris, KY) and was distilled
over CaR,. The following chemicals were ordered from Sigma
Chemical Co. (St. Louis, MO): xylometazoline, oxymetazoline,
naphazoline. tetrahydrozoline, donidine, propranolol hydrochlo
ride. alprenolol, oxprenolol, metaprolol, pindolol, nadolo!, atenolo!,
lramazoline, phosphate buffered saline (PBS) tablets, l,l'-carbon
yldiirnidazolc (CDD. salicylic acid, m-nitrobenzoic acid, acelylsaJi·
cylic acid, benzoic acid, phenol, acetanilide, theophylline, p
nitroaniline. antipyrine, m-nitroaniline, aniline, and p..toluidine. TIle
imidazolidine deivatives ST608, ST475, ST476, ST603, STH22Z4,

12-0H-silica

HQ

C3 endcapplng

>c,~O ,G=o

II
Silica

12-MO-silica

H,CO

C3 endcapplng

Silica
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F;gure 1. FT-!R spectra of SPA, 12-0H fatty acid formate ester, 12-0H(formate)-silica, and 12-0H-silica. The amide I band at 1640 cm-1 and
the amide II band at 1550 cm-1 in the IR spectrum of 12-0H(formate)-sltica indicate that the ligand (12-0H latty acid formate ester) was covalentiy
bonded to SPA. The characteristic absorptions of the formate group at 1725 cm- 1 (C~O of ester) completely disappeared in the IR spectrum
of 12-0H-silica. The insets below the spectra show the intensity of the ester carbonyl band at 1725 cm- 1 before and after deprotection

where 17" is the total volume of solvent within the RPLC column
and V, is the volume of the lAM surface created by the
immobilized ligands. The phase ratio 17,JVm is constant for a given
column. Furthermore, the membrane partitioning coefficient Km

is directly reiated to the drug permeability across the membrane
by eq 3, where Pm is the permeability, Dm is the diffusion

minutes) of the test compound and to corresponds to the column
dead time or void volume. In our laboratory, solute retention

times exhibit a day-to-day variation of less than 4%. The capacity
factor, k', is linearly proportional to the equilibrium partition
coefficient, K. of a solute that partitions between the stationary
phase and the mobile phase,

RESULTS AND DISCUSSION
All of the bonded phases used in this work, IAM.PC.DD, 12

OR-silica, and 12-MO·silica, contain a monolayer of immobiiized
lipid. lAM synthetic strategies are well established,7,s and the

synthesis of the IAM.PC.DD column is available.' The synthesis
of 12-MO-silica shown in Scheme 1 was straightforward because
protection/deprotection strategies were unnecessary. However,
the synthesis of the 12-0R-silica surface was more difficult because

the free surface hydroxy groups required protection before the
immobilization step in the preparation of the surface. The free
OH's were protected with a formate group. The characteristic
IR band offormate at 1725 cm- 1 (Figure 1) was used to monitor
the integrity of the formate group during (i) immobilization of
12-0H fatty acid fonnate ester to SPA, (ii) endcapping with C3
anhydride, and (iii) deprotection v>,th acid to generate free surface
OR groups. Figure 1 is a typical set of IR spectra which
demonstrate our method of monitoring the bonding and depro
tection. The intensity of the formate IR band did not change after
endcapping (not shown), indicating that the formate protecting
group was stable to the endcapping reaction conditions. Acid

deprotection of the formate groups generated surface OR groups.
The IR band intensity of the formate groups decreased ~90% in
the IR spectra after deprotection (Figure 1, compare upper two
spectra), which indicates that the deprotection reaction was> 90%
efficient.

Figure 2 shows the correlations between drug partitioning into
DMPC liposomes lO- 12 and drug partitioning into the three bonded

Dm is related to the molecular size and to a first approximation is
inversely proportional to molecular weight. Thus, drug retention

behavior on columns can be used to test the capability of
predicting drug-membrane permeability since the k' measured
by chromatography is linearly related to Km.l,2

(3)

(2)

(1)

12-MO-silica column (12 JIm). For all studies. the injection volume
was ~15 of an aqueous solution of the drug (~O.l JIg/ilL)

dissolved in 0.01 M PBS buffered at pR 7.4 or the same buffer

with pH adjusted to 5.4. The flow rate was lor 2 mLimin, and
solute detection was at 220 nm. Chromatograms were obtained
using a Rainin RPLC pumping system equipped with a Knauer
Model 87 detector and interfaced with a Macintosh computer.
Rainin Dynamax software was used to record the chromatograms
on the COIT1Juter.

The retention times (I,) of solute molecules on lAM chroma
tography columns were used to calculate the solute capacity

factors (k',-,'j) using eq 1, where I, is the retention time (in

coefficient of the solute, and L is the thickness of the membrane. (0) Betageri. G. v.; Ragen:;, J. A Int. I Pilarm. 1987,36,165-173.
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Chart 3 a

Polar Region

Non-polar Region
(hydrocarbon chain)

(A) Oclanol/waler (8) 12-0H-silica

Polar Region

Non-polar Region
(hydrocarbon chain)

(C) IAM.PC.OO (0) membrane bilayer

'The solvent structure of octanol in the octanol/waler partitioning system (A) is fundamentally different compared to the monolayer
structure of 12-0H-slllca (B). The intertacial polarity of 12-0H-silica Is similar to that of IAM.PC.OO IC) and the membrane bilayer (0).

O. a 'T----,---...,---..,---,---,---

log (~,~

figure 4. Comparison of drug partitioning In 12-0H-sllica (log )(12

OH."',") and In the n-Dctanol/buffer phase for 22 drugs Including six
/J-blockers, six imidazoline derivatives, and 10 imidazolidine deriva
tives. 12-0H-silica capacity factors, k'12-0H-silic3, were measured on a
0.46 x 3.0 cm 12-0H-sllica column using a mobile phase of 0.01 M
PBS (pH 7.4). The n-octanol/buffer partition coefficients of these drugs
were measured elsewhere lO - 12 using a 0.01 M PBS (pH 7.4) buffer.

We have previously postulated that dnlg-membrane interac
tions on lAM surfaces are a bulk phase property of the im
mobilized lipids. In other words, individual functional groups of
the immobilized lipids are not critical for the membrane-drug
interaction. This was based on the observation that lAi\1 drug
membrane interactions did not depend on interfacial ester vs
ethers, the number of fatty acid chains, etc. The molecule
membrane interaction was thus proposed to be a properly of the
structure of the interface. The importance of the bulk interfacial
properties of the lAM surface in monitoring solute-membrane
interaction was also demonstrated in this report. Thus the 12
OH-silica and the 12-MO-silica have polar interfacial properties
and a ~15 A hydrocarbon environment for the partitioning

o
o 0

o 0 ~

~oo

CONCLUSION

process, and both of these surfaces were able to model to some
degree of success the partitioning process.

Critical experimental data supporting the importance of the

polar interfacial region in membrane-solute interaction is found

by comparing the data obtained with use of the n-octanol/water

system to those from the 12-0H-silica system (Figure 4). The

partitioning in the octanol/water system of the 22 drugs does not

correlate with the partitioning into 12-0H-silica = 0.297).

Similarly, drug partitioning into the octanol/water system does

not correlate with drug partitioning into DMPC liposomes for the

23 drugs shown in Table 1 (r = 0.483).' However, drug

partitioning into the immobilized alcohol phase gives a good

prediction (r = 0.812). The fact that immobilized alcohol can

mimic partially the solute-membrane interaction but nonimmo

bilized octanol cannot (i.e., n-octanol/water partitioning) strongly

supports the idea that the interface created by the lipid molecules,

not the individual lipid molecules themselves. controls the solute

membrane interactions.

In conclusion, an ordered monolayer of immobilized lipids

containing both a polar and a nonpolar region is critical for a

chromatographic surface to accurately monitor the interactIOn

between solutes and biological membranes. Differences in the

interfacial polar functional groups do not eliminate the ability of

the surface to predict drug-membrane interactions. i.e., surface

PC headgroups, surface OH groups, and surface OCH:, groups

all pro,ide the interfacial properties necessary to predict drug

membrane interactions better than reversed phase C18 surfaces.

However, when the interfacial polar region is comprised of the

phospholipid headgroup found in biological membranes (i.e .. not

monolayers of OH groups or OCH3 groups). further improved

capabilities of predicting solute-membrane interactions are found

for that surface. Thus IAM.PC.DD was a better in vitro screen

for predicting drug-membrane interactions than 12-0H-silioa or

12-MO·silica column.
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