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Background for the Complex Mixtures Program

Background for the Complex
Mixtures Program

Introduciion

It is HEDI's mission ultimately to determine and
provide a quantitative measure of the human
health effects of exposure to vehicle emissions
at concentrations relevant to actual ambienl ex-
posures. Our understanding of the toxicity of
such environmental poliutam's, even when they
are studied in isolation, is incomplete. This
problem is compounded by the fact that envi-
ronmental pollutants ravely, if ever, ocour as
single substances, but are part of larger mix-
tures, which often contain thousands of com-
pounds; these are known generally as complex
mixtures. The environment, especially in heav-
ity industrialized regions, contains a wide vari-
ety of such mixtures. Typical examples of
mixtures commonly found in ambient air in-
clude cigarette smoke, toxic waste, emissions
from industrial sources, and evaporative emis-
sions ar products from the combustion of fossi}
fuels.

Individual components of complex mixtures
may be associated with toxic responses, ranging
from short-term toxicity to effects with longer-
term consequences including mutagenicity and
carcinogenicity, However, it is not enough to
simply understand the toxicity of individual
components in the mixture. The toxicity of one
potlutant may be affected by the presence of
ather pollatants (Blasholf et al. 1987: Sinunons
and Berman 1989). This may be attributed to a
number of factors, including the effects of one
substance on the pharmacokinetics or metaho-
lic transformation of a second substance.

Within recent years, many research efforts
have focused on identifying and characterizing
specific complex mixtures. As analytic ap-
proaches have become more sensitive and spe-
cific, it has been possible 1o better identify and
quantify components of individual mixtures.
Less has been done to develop a systematic and
more general approach that could be used to
identify in a few steps the toxic components of
a numher of mixtures and to hetter understand
their toxicologic interactions and effects.
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The need for such a systematic approach was
the basis of HEI's decision to develop RFA 90-6
"Theoretical Approaches to the Health Effects
of Complex Mixtures”. This RFA was intended
to support several theoretical studies that
might, in turn, lead to the development of bet-
ter analytic approaches,

Purpose and Goals of Studies Funded Under
H¥A ¢0-6

Scientific Background To assess the toxic ef-
fects of a complex mixture, it is necessary to
characterize toxicologically active components
of the mixture and to understand the interac-
tion of these components with other mixture
components.

In general, two broad analytic approaclies
have been used. One approach is based on par-
tial resolution of a naturally oceurring mixture
into mixtures of fewer constituents {a break-
down approach). The other is based on the arti-
ficial construction of mixtures of compounds (a
build-up approach). Some aspects of each ap-
proach are described in a report of the National
Research Council {1988), In the first approach
(Lewlas 1988, 1990; Schuetzle and Daisey
1990), various analytical techniques are used to
separate complex mixtures into individuaal com-
ponents or fractions of fewer compenents, Dug-
ing separation, the components or fractions are
assayed individually for toxicity, generally us-
ing short-term tests such as those for mutagenic-
ity. Toxic fractions are then further
fractionated. This process is usually referred to
as a bivassay-directed fractionation approach.
In the second approach (Chapin et al, 1989; Ger-
molec et al, 1989; Yang et al. 1989), pure com-
pounds are combined to form defined mixiures
of as few as 2 and as many as 25 to 30 campo-
nenis. These mixtures then are tested for toxic-
ity, generally using short-term tests as
biological end points.

Each approach has limitations. One problem
of the bicassay-driven approach is that materi-
als may he lost or chemically modified during
analysis. This is of special concern if the toxic
material is present in very small amounts or is
not separated easily from other components. A
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second problem invoives the bioassay-driven
strategy often used in analytic schemes. Bioas-
say-driven separations are specifically directed
toward the toxicologically active fractions and
usually do not focus on those that are toxi-
cologically inactive, However, the inactive frac-
tions may contain substances that modify the
activity of compounds in the active fractions; if
the compounds in the inactive fractions remain
undetected, their toxicological role in the mix-
ture remains unknown. Agpects of this problem
have sometinies been addressed by “spiking"
isolated fractions with a known toxic chemical
such as benzolaipyrene {Kaden et al. 1879).

The build-up approach offers the possibility
of relating interactions fo a mixture of known
chemical composition. However, this approach
uses mixtures that are artificially constructed;
thus, the specific interactions may not repre-
sent interactions found in naturally occurring
mixtures, in part because the proportions of in-
dividual constituents in the constructed mix-
tures are unlikely to represent proportions in a
"naturally occurring” complex mixtnre.

To determine chemical interaetions in a com-
plex mixture is a major challenge. One signifi-
cant limitation is the large number of sample
combinations that would need to be tested. In
theory, if the guantitative and qualitative com-
pasition of a mixture were known, all compo-
nents could be combined and all combinations
tested for synergism. However, because of the
amount of testing required, such an approach is
not feasible. For example, to screen only one
dose made up of two components of a mixture
of 100 individual components, approximately
5,000 different combinations of binary mixtures
would be required. This "simple” approach only
would identify interactions at specified propor-
tions; and because it would fail to identify inter-
actions at other concentrations, it would not
determine which interactions are Iocal {ocour-
ring only at certain proportions) and which are
global {occurring at all proportions). Further-
more, this "simple" approach would neither
mimic all of the in vivo processes that ulti-
mately affect toxicity nor examine all possible
toxicologic effects.

Specific Goals of Funded Studies In consider-
ing how to advance the understanding of com-

ponent interactions in complex mixtures, the
HEI Research Committee felt that a major stum-
bling block was the practical impossibility of
testing all component combinations to assess in-
teraction. The Research Comumittee suggested
that a fruitful approach might be to simplify the
number of components to be tested by dividing
the mixture into submixiures on the basis of
functional groups that might be related to pas-
ticular mechanisms of toxicity. Then it would
be possible to do a preliminary assessment of in-
teractions, without necessarily identifying the
toxic components, by looking at interactions
between the submixtures. An ideal analytic
approach to complex mixtures wonld be
adaptable to a number of different mixtures,
and should be designed to separate mixtures
into groups according o a common charac-
teristic in a minimum of analytical steps. Thus
separated, mixtures could be tested to deter-
mine whether or nat the common characteristic
is a major determinant of toxicity. If the separa-
tion process yielded fewer fractions (rather than
many), determination of interactions would be
more feasible. [t was with this in mind that pro-
posals for theoretical approaches to the analysis
of complex mixtures were solicited. These pro-
posals were asked to respond to one or both of
the following objectives:

e the development of analytic methods to
separate or delect, in complex mixtures,
components associated with biological ac-
tivity, and

» the development of methods to determine
interactive effects of toxic components in
complex mixtures.

It was intended that successfully developed
proposals would produce publishable theoreti-
cal papers. It was not required that papers
describe an approach to a specific complex
mixture; however, investigators were asked to
develop a theoretical approach that could be
tested experimentally using a complex mixture
of known composition made up of approxi-
mately 100 different chemicals.

Thirteen applications were received. These
were evaluated by an ad hoc panel of investiga-
tors with expertise in chemical analysis of com-
plex mixtures, hicassay techniques, and statis-
tics; and by the HEI Research Commitiee. Four
applications were funded; three involved the
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development of analytic approaches to better
identify toxic components, and the fourth in-
volved the development of methods to deter-
mine interactive effects. Although investigators
were not required to include biclogical meth-
ods for testing, one study did address the devel-
opment of such methods. Total cost for the four
theoretical studies was $166,627. Periods of
work ranged from three months o one year,

In addition to the funded studies, HE! held a
workshop on synergy and independent action
to which a number of scientists and mathemati-
cians with expertise in statistical analysis were
invited. The workshop was intended to stimu-
tate further thinking in this area. Although the
workshop identified some potentially fruitful
areas, parlficipants concluded that there was no
obvious "next step” to be taken in this field and
that farther thought was needed. Participants
agreed on the value of integrating statistical,
biological, and chemical approaches in research
efforts.

The Investigators’ Reports were received at
HED in the winter and spring of 1993 and re-
viewed by outside technical reviewers and by
the Review Committee at its October 1993 meet-
ing, at which time the reports were accepted.
During review of the Investigators’ Reports, the
Review Committee and the investigators had

the opportunity to exchange comments and to
clarify issues in the reports. Because the three
analytical studies have a similar focus, and be-
cause the analytical studies and the statistical
study are complementary, the Review Commit-
tee recommended publishing the set of studies
together in an HEI Communication format.

There are four reports included in this publi-
cation. Three address analytical approaches to
identifying toxic components:

o  William E. Bechtold, Jon A. Hotchkiss, “Im-
munoaffinity Chromatography in the Analy-
sis of Toxic Effects of Complex Mixtures™;

= John G. Dorsey, H, Brian Halsall, "Station-
ary-Phase Programming for Liquid Chroma-
tography: A New Concept for Separating
Complex Mixtures";

e David L. Springer, James A. Campbell,
Brian D. Thrall, "Supercritical Separation
and Molecular Bioassay Technologies Ap-
plied to Complex Mixtures";

and one describes statistical approaches to

analysis of interaction:

o Chris Geunings, W. Hans Carter Jr., Kathryn
Dawson, "Using the Parallel Coordinate
Axis System to Analyze Complex Mixtures:
Determining Biological Activity and Interac-
tions Among Components.”
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Analytical Approaches to
Tdentifying Toxic Components

Overview of Analytical Separation Methods
The primary focus of the analytical methods
developed in these studies is on identifying
compounds or classes of compounds. Two
approaches (Dorsey and Springer} presuppose
that the specific toxic compounds or classes of
compounds will not have not been identified
prior to the resolution process, although knowl-
edge of the source of the mixture might be avail-
able. Toxicity of subfractions of the original
complex mixture would be assessed with a bio-
assay. Thus, generally these approaches are
hiocassay-driven (Lewlas 1988, 1990; Scheutzle
and Daisey 1990). One of these two studies
(Springer) describes bioassay methods that
would be used for identification. A third study
(Bechtold) assumes that the toxic compound or
class of compounds is known. The analytical
approach in this study uses a probe specific for
certain identified toxic compounds to test the
mixture for the presence or absence of these
compounds. Thus, this approach may be said to
be toxicity-driven,

Chromatography often is used to separate and
identify substances in complex mixtures. Three
chromatographic methods were applied to the
analysis of complex mixtures in these studies:
programimable size-exclusion chromatography,
used by Drs. Dorsey and Halsall; affinity chroma-
tography, used by Dr. Bechtold; and supercritical
fluid exiraction and chromatography, used by
Drs. Springer, Thrall, and Campbell, Recent ad-
vances in each of these methods offer improved
resolution and less loss of material from chemical
modification or physical manipulation.

All types of chromatography involve the inter-
action of a sample with two phases: a mobile
phase that may be a liguid or gas, and a station-
ary phase, generally a liquid or solid. Saraple
components distribute themselves between the
mobile and stationary phases and move through
the chromatographic medium at varying rates,
Components with less affinity for the stationary
phase move more rapidly through the medinm;

over fime this results in resolution of the sam-
ple components. The efficiency of any particu-
lar chromatographic process depends on the
nature of the mobile and stationary phases and
their interaction with the sample. Components
may be resolved at various peoints throughout
the stationary medium fas, for example, with
paper or thin layer chromatography), or they
may be adsorbed onto the stationary phase and
washed (eluted) from it at different times {as, for
example, with column chromatography). Compo-
nents of the mobile phase are designed to com-
pete for binding sites with the bound substance(s}
of the stationary phase, thus selectively remaoving
substances from the stationary phase. There are
many types of stationary-phase materials used in
column chromatography. Interaction of the sta-
tionary-phase material with sample constituents
may be on the basis of ionic strength, hydrogen
bonding, size or shape of the molecules in the
sample, or affinity between a substance {(ligand)
bound 1o the stationary phase and components
of the sample to be resolved. Some types of in-
teraction and resolution are based on more than
one type of selectivity.

Specific Approaches Used in These Studies
Moaobile- and Stationary-Phase Programming

In cases in which a large number of substances
are to be resolved, programniing the elution
process to include stepwise or gradient elution
generally will result in better resolution in a sin-
gle chromatographic step. Better resolution also’
may be accomplished by multiple chroma-
tographic steps, in which pooled fractions iso-
lated from one chromatographic system are
applied to a second system, or, alternatively,
the eluent stream from the first system is ap-
plied directly to the second system. In theory,
pooled fractions from a second system could be
applied to a third system and so on; if the basis
of each system’s resolution were sufficiently
different, snch a multistep process might result
in better resalution. However, a multistep ap-
proach can be limited in efficiency because ma-
terial is lost during each resolution step.
Equally important, sample components may
diffuse as they are eluted, resulting in overlap
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of material, especially when an eluate from one
system is applied directly to a second system.
An alternative strategy might be to programm
changes in the stationary phase within, rather
than between, columns. This might be done by
combining materials with different selection
characteristics in a single stationary phase, or
by introducing changes in the stationary phase
that occur in conjunction with programmed
changes in the mobile phase. To be successiul,
a programming strategy should be desipned so
that substances resolved in one way within the
column would not recombine as a result of the
second resclution step.

One approach to programming changes in the
stationary phase takes advantage of the relation-
ship between polypeptide conformations and
such characteristics of the surrounding medium
as pll, ionic strength, and solvent polarity. Vari-
ation in these characteristics will affect poly-
peplide conformation, This, in turn will affect
the size, shape, and charge density of the
polypeptide. Stationary-phase selectivity is, in
part, a function of these parameters; hence, it
should be possible to incorporate polypeptides
into the stationary phase, and, by programming
changes in solvent sirength and polarity, pro-
gram changes in stationary-phase selectivity.

There are a number of different polypeptide
conformations; however, of particular interest
are iwo types of repetitive conformation com-
monly found in a variety of both hetero- and
homo-polymers of amine acids: the o-helix and
the -pleated sheet. Each af these structures re-
quires close packing of amino acids in a repeti-
tive pattern, and only certain amino acids,
under specific conditions of pH and ionic
strength, will form either type of structure, Pre-
dictive models have been developed to deter-
mine the likelihood of particular amine acids
being found in either type of structure; nonethe-
less, whereas some agreement exists between
theoretical prediction and experimental find-
ing, the degree of predictability decreases as the
amino acid composition of the polypeptide be-
comes more heierogeneous (Stryer 1988), Pre-
dictive models generally assume that peptides
are in solution. However, the principles govern-
ing peptide foiding in solution should apply to
polypeptides bound to a support medium so
long as the polypeptide is in cantact with the
solvent,

Immuneaffinity Chromatography In affinity
chromatography, the stationary-phase material
consists of a ligand that has biological specific-
ity linked to a support medium, Commonly-
used ligands include hormones, enzymes, and
antibodies. All affinity chromatography de-
pends upon prior identification of the material
or materials o be resolved. During chromatogra-
phy, sample materials interacting with the li-
gand are removed from the mixture as it passes
through the column. The ligand-bound materi-
als are then removed from the stationary phase
by passing a solution that contains the unbound
ligand through the chromatographic system.,
The success of affinity chromatography requires
that the stationary-phase ligand bind suffi-
ciently strongly to substances to remove them
from the mixture as it passes through the chro-
matographic system; but binding must not be so
strong that the bound material cannot be easily
removed in an unmodified form during elution.

In immunoaffinity chromatography the li-
gand is either an antigen or an antibody. This
type af affinity chromatography is both highly
sensifive and selective and can be applied to a
large number of different types of substances,
so long as antibodies against the substances can
be prepared. In some cases, it is possible to pu-
rify antibodies not only against a substance, but
against a particular functional group of the sub-
stance. Antibody preparations can be very spe-
cific, as in the case of monoclonal antibodies,
or more general, as in the family of immunoglo-
bin G antibodies, specific to a number of sub-
stances with a common structural element,
Antigen-antibody binding is a physical process
and requires that both antigen and antibody
have the "proper” molecular conformation. Anti-
bodies assume this conformation in aqueous en-
vironments, generally at neutral pH values,
thus any nonpolar substances isolated from
complex mixtures also must he soluble in an
aqueous neutral medium. This may require that
the substances be dissolved in media such as di-
methylsulfoxide. It is not clear the precise ef-
fect that this will have on the binding or
recognition process.

Supercritical Fluid Extraction and
Chromatography A supercritical fluid is a
highly compressed gas with liquidlike proper-
ties that exists above its critical temperature.
The critical temperature is the temperature




HEF COMMUNICATION 1996 Nuwmber 4

above which the substance wili not exist as a
liquid, irrespective of the pressure applied.
However, if & gas is compressed to sufficiently
high pressures at temperatures near or at its
critical temperature, liquidlike interactions of
the molecules become significant and the gas
will exist in a single phase with liquidlike vis-
cosity and density. Supercritical fluids are less
viscous and more diffusible than liquids, al-
though their densities are generally 100 to 1000
times those of gases. However, their properties
of diffusion and density change significantly
with small changes in pressure or temperature,
Because of the ease with which their properties
can be altered, supercritical fluids can be ex-
traordinarily selective and capable of highly ef-
fective separation of classes of compounds.
Because supercritical fluids are easily volatil-
ized by cbanges in pressure, they are removed
readily from the extracted compounds, leaving
relatively pure compounds or classes of com-
pounds, unaltered by extraction.

A number of factors inflnence the degree of a
substance’s soluhility in a supercritical fluid.
These include temperature; degree of polarity
of the fluid (polar fluids are generally better sol-
vents for polar solutes); and pressure, which is
a determinant of fluid density (Gitterman and
Procaccia 1983; McHugh and Krukonis 1986).
The solvating or resolving capability of a super-
critical fluid also can be enhanced by introduc-
tion of a small amount of a second volatile
component, enabling the dissolution of a wider
range of compounds ar (in supercritical fluid
chromatography) changing the selectivity of the
mobile and stationary phases.

Supercritical fluids can be nsed in chromatog-
raphy, as the mobile phase, as well as in solute ex-
traction. Because the mobile phase temperature is
somewhat greater than the critical temperature,
mobile-phase diffusibility approximates that of a
pas; however, temperatures are closer to ambient
than those used in gas chromatography, making
supercritical fluid chromatography useful in the
separation of thermaily labile compounds. Super-
critical fluid chromatography may be the final
step of separation, or it may be coupled with
mass speciroscopy to better resolve and identify
sample compaonents.

Biological Characterization Only the study of
Drs. Springer, Thrall, and Campbell describes

methods to binlogically characterize extracted
compounds, determining cytotoxicity, mu-
tagenicity and carcinogenicity in vitro and in
vivo. Dr, Springer and colleagues propose to
use two methods. Rat tracheal epithelial cells
will be used to determine cytotoxicity, mu-
tagenicity, and carcinogenic potential in cells.
Cells will be exposed to vapor-phase toxicants in
vitro using a hydrated collagen gel matrix system
described by Zamora and associates (1983} The
Big Blue Transgenic Mouse system, developed by
Stratagene {Stratagene, La Jolia, CA) will be used
to determine mutational frequency in the locl tar-
get gene contained within a ZAP shuttle vector
following in vitro exposure.

Cultured rat tracheal epithelial cells have
been used to indicate the mutagenicity and car-
cinogenicity of a number of vapors. These cells
appear to have a number of advantages in such
a system {Nettesheim and Barret 1984). Muta-
tion can be measured at the hprt or the tk loci.
Furthermore, although they appear to undergo
dedifferentiation when cultured, if they are re-
implanted into trachea, they become reestab-
lished as differentiated cells. Cells that have
undergone changes indicating progression to-
ward neoplasia will continue that progress
when they are reimplanted into trachea. One of
the first stages in this progression is enhanced
cell growth, which the investigators propose to
use as an end point for measuring the carcino-
genic potential of extracted substances. This in-
dicator of carcinogenic potential may be most
useful for comparing different toxicants.

The transgenic mouse mammalian system
that can be used to test for specific mutational
events foowing in vivo exposure, is more rep-
resentalive than in vitro test methods in ac-
counting for pharmacokinetic and metabolic
processes that may oceur in humans. The target
lac gene, contained within a shuttle vector, can
be recovered easily and tested using a color de-
tection system in Escherichia coli. Gene se-
quencing also is possible. However, some
mutations may be specilic to the plasmid se-
quence. For example, the high frequency of mu-
tations at CpG sequences in the Jacl gene are
likely due to the presence of methylated cyto-
sines in the gene. These bases, common to pro-
caryotes, are unlikely to occar in mammalian
systems; therefore, the mutational frequency
may not be representative of frue frequency in
mammalian systems (Sisk et al. 1994},
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Dmmuneaflinity Chromatography
ire the Analysis of Toxic Effects
of Complex Mixtures

William E. Bechtold and Jon A, Hotchkiss
Inhalation Toxicology Research Instituie,
Lovelace Biomedical and Environmental
Research Institute, Albuquerque, NM

Abstract

This report describes a new theoretical ap-
proach toward the isolation of specific compo-
nents from complex chemical mixtures using
immunoaffinity chromatography with mono-
clonal antibodies {MAbs)*. By employing an ap-
propriate screening strategy, we can develop
MAbs that recognize specific functional groups
or unique structural features that impart toxic-
ity to a class of compounds {as opposed to one
specific chemical), for example, polynuclear
aromatic hydrocarbons (PAHs) possessing a bay
region. The MAbs can be attached covalently to
a solid-phase support matrix. Complex mix-
tures are passed over the matrix bed, and com-
pounds with epitopes recognized by the MAbs
are retained. The high local concentration of
MAbs on the immunoaffinity bed material maxi-
mizes the ability to bind and retain a low-can-
centration component of the complex mixiure
possessing the desired structural feature. This
allows dilute samples {o be analyzed without
prior coneeniration. Solvent conditions then
can he changed to elute the retained com-
pounds. The two separate mixtures can be
tested to determine their individual toxicities,
and the contribution of the individual com-
pounds to the toxicity of the total mixture can

* A list of abbreviations appears at the end of this document,

This Investigators’ Repaort is one part of HE! Communication Number
4, which also includes three Investigators’ Reports by Dorsey and
Halsall, Springer and coworkers, and Gennings and coworkers, and
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Bechiold, nhalation Texicology Research Inslitute, Lovelace Biomedi-
cal und Envivonmenial Research Institute, 2.0. Box 5890, Albuqnm‘quc,
Nbd 87185,

Although this document was produced with partial funding by the 1.5,
Environmental Protection Agency under Assislance Agreemonl 816285
to the Health Effects Institule, it has not been subjected 1o the Agency’s
peer and administrative review and therelore may not necessarily
refleet the views of the Agency, and no official endorsement should e
inferred. The contents of this document also have net been reviewed
hy private parly institutions, including those that supporl the Health
Effects nstitute; therefore, it may not reflect the views or policies of
these pariies, and no endorsement by them should be inferred.
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be assessed. A wide range of compound types
can be monitored conveniently by developing a
panel of class-specific MAbs, We describe the
approach in detail for one group of compounds
that is anticipated to contribute significantly to
the toxicity of combustion mixtures, bay-region
PAHs,

The specific aims of this theoretical proposal
are fo develop a conceptual basis for the use of
monocional antibodies and immunoaffinity
chromatography for the isolation of selected
components of complex chemical mixtures,
and to describe in detail one possible experi-
mental design that could establish the utility of
the approach.

Introduction

Studies of the toxic effects of complex mixtnres
often center on the toxicology of a single chemi-
cal found in the mixture. Although valuable in-
formation can be gained from this approach,
additional infoermation on the toxic contribu-
tion of other compounds and on interactive of-
fects of the mixture’s components would be
useful. The importance of interaction in mediat-
ing the effects of both recognized and unrecog-
nized toxicants has spurred a report by the
National Research Council (1988) which ad-
dresses methods for in vivo toxicity testing of
complex mixtures.

That report identified several strategies for
evaluating the toxicity of complex mixtures.
One important strategy involves looking for the
toxicologically important chemicals in mixtures
on the basis of bioassay-directed fractionations,
which are aimed at identifying the biologically
active components of a mixiure. Mixtares are
subjected to chemical fractionation schemes
that, in principle, separate them into chemi-
cally identifiable classes. The toxicities of the
fractions are tested, and the most active are fur-
ther fractionated, Eventually, the chemicals
found in the most active fractions are identified
by analytical methods. There are an extraordinary
number of different fractionation schemes hased
on a broad range of separation phenomena.

The ideal method for isolating particular com-
ponents of complex mixtures would be highly
selective in separating known chemical func-
tionalities or classes of compounds, especially
those for which toxicity might be expected, It
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should recover both mass and biological activi-
ties quantitatively. This might exclude harsh
chemical procedures, or separation media that
degrade or adsorb compounds. The method
should be universal in its ability to address a
variety of sample matrices, including, for in-
stance, mainsirean: and sidestream cigareite
smoke, both solid and liquid toxic wastes,
groundwater contaminants, emissions from
lioth gasoline and diesel engines, and emissions
from coal-burning furnaces. The procedure
should be fast, easy to accomplish, reproduc-
ible, and low in equipment and materials costs.
Finally, the procedure should be adaptable to
preparative isolations so that sufficient mass of
the desired fraction can be acquired for biologi-
cal jesting.

Previous studies have incorporated a number
of these features in biodirected fractionations of
a broad range of complex mixtures (Florin et al.
1680; Guerin et al. 1980, 1983; Hanson et al.
1960, 1982, 1985; Wilson et al. 1980; Later et al,
16081, 1983; Pederson and Siak 1981; Bos et al,
1984). These studies often successlfully identi-
fied several classes of compounds that signifi-
cantly contribute to the toxicity of mixtures,
especially those related to combustion or coal
conversion processes. Important classes of toxic
compounds are PAHs, particularly those con-
taining a bay region; nitro- and amino-substi-
tuted PAHs; and azaarenes. One problem has
been that although selected chemicals within
biologically active fractions often can be identi-
fied, their overall contribution to the mixture's
toxicity may be difficult to assess because of
fosses that take place during the fractionation
process. In some cases no analytical standards
exist for other compounds possessing similar
structural features that render them foxic, mak-
ing identification impossible and causing their
coniribution to the overall toxicity of the mix-
ture to be ignored. Finally, interactive effects of
the remaining compounds are difficult to assess
owing to losses and reactions that take place
during the lengthy process of fractionation.

An ideal solution to this problem would he
the development of a separation medium that,
whoen introduced into a column, selectively
could recognize & chemical group or structural
feature likely to be associated with the complex
mixture’s toxicity. Upon introduction of the
complex mixture to the column, only com-
pounds that possess the structural group of in-
terest would be retained; all other components

would pass through. Ideally, the medium could
be modified selectively to retain virfually any
chemical moiety, and it should be sufficiently
inert to impede degradation and irreversible ad-
sorption of applied materials, Thus the coniri-
bution of the target compound class to the fotal
toxicity of the mixture, and the interactive of-
fects of other components of the mixture, could
be evaluated,

Chemically creating such separation media
would he extraordinarily difficuli; however, na-
ture routinely achieves this level of chemical
specificity with antibodies. Antibodies bind -
gands ranging in size from approximately 6 A
to 34 A with association constants in the range
of 10% t0 10** L/mol {Pressman and Grossberg
1868). Antibodies have been generated selec-
tively against biopolymers such as nucleic ac-
ids, proteins, and polysaccharides, and against
smaller muttifunctional molecules such as ster-
oids and eicosanoids, More than three decades
ago, immunologists generated antibodies that
could selectively bind low-molecular-weight
molecules such as dinitrophenol (Farah et al.
1960), The antibodies even could differentiate
between the isomeric substitution patterns of
the two nitro groups. Since then, interest has
grown in generating antibodies to environmen-
tally significant chemicals for trace residue
analysis, Immunoassays have been developed
to measure herbicides, insecticides, carcino-
gens, and DNA adducts {Vanderlaan et al. 1988;
Bonfanti et al. 1890; Prevost et al, 1990; Rule et
al. 1994).

A more recent development has been the use
of MAbs in environmental toxicity testing (Gal-
fre and Milstein 1981). Monoclonal antibodies
have two great advantages over serum-derived
polyclonal antibodies. First, unlimited amounts
of a MADL of uniform and defined specificity
can be produced, thus allowing for stand-
ardizaiion of assay conditions and interlabora-
tory comparisons. Second, because each MAD
recognizes only one epitope, a very high degree
of chemical group specificity can be ohtained.

Traditionally, MAbs used to detect specific
environmental contaminants have been se-
lected on the basis of their ability to bind to one
specific compound or isomeric form of a chemi-
cal. Therelore, any MAD that binds to the com-
pound of interest and also to other structurally
related compounds is of fittle use and is dis-
carded. However, a screening strafegy can be
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used that selects MADs on the basis of their abii-
ity to selectively bind to a specific stractural
feature or functional group common 1o many
different compounds, There is ample evidence
in the literature that MAbs that recognize struc-
tural features of compounds can be developed.
The concept of designing catalytic antibodies—
antibodies that catalyze specific chemical reac-
tions when they bind to substrate molecules—is
rooted in the idea that the tremendous diversity
and specificity inherent in the immune system
can be exploited to develop antibodies that rec-
ognize almost any structural residue, MADs
have been designed that catalyze ester, car-
bamate, and amide hydrolysis; lactonizatian;
aminolysis; and a Claison rearrangement (Tra-
montano and Schioeder 1989, and references
within). All of these MAbs are remarkably selec-
tive for their predicted substrates.

A key to developing catalytic antibodies, or
any antibody that must recognize a specific
structural feature, is the design of an appropri-
afe hapten and carrier system. The hapten must
display the epitope to be targeted in a way that
is "visible" to the immune system. The simplest
method is to use a compound that contains the
salient structural feature, or & fragment of that
compound, as the hapten. Another possibility
is to synthesize a hapten that mimics the impor-
tant structural features.

Presentation of the hapten is important be-
cause the geometry of attachment of the hapten
to the carrier may influence the antibodies elic-
ited. In general, the groups farthest away from
the site of attachment to the carrier are immuno-
dominant (Pressman and Grossherg 1968).
Therefore, the structural feature to be recog-
nized by the MAb should be in the immuno-
dominant position.

One way to favor the recognition of haptens
as ligands distant from other sites on the carrier
is to include a "spacer.” Typically, a flexible
chain of four to eight atoms is inserted (Tramon-
taro and Schloeder 1989), which reduces steric
hinderance from the carrier surface. In addi-
tion, the spacer may allow conformational vari-
ation of the epitope; increasing the number of
conformational modes may produce a wider
range of useful MAbs, The use of a spacer also
can aliow for practical methods by providing a
means to efficiently couple the hapten to the
carrier,

Antibodies of high selectivity typically have
been used as reagents to identify and quantitate
trace constituents of complex mixtures, Anti-
bodies also have been used io isolate trace con-
stituents by means of immunoaffinity
chromatography (Tierney et al, 1986}, In this
process, the antibodies are linked covalently to
a solid-phase support such as cyanogen hro-
mide-activated Sepharose 48 beads, The resul-
tant immunoaffinity bed material is intreduced
into a chromatography column. When mixtures
are passed through the column, the desired ana-
lyte is retained; the remainder of the mixture
can be collected for further analyses. The ana-
lyte retained an the column can be eluted by a
different solvent regime. For example, Tierney
and associates {1986) used immunoal finity chro-
matography to isolate benzo[alpyrene (BaP)
diol epoxide~-DNA adducts from hydrolyzates
of mouse skin treated with BaP.

Immunoaffinity chromatography increasingly
is being caupled with other analytical tech-
niques in the analysis of complex matrices, In
all cases, specificity and selectivity of the anti-
body interaction with the antigen are exploited
to concentrate the desired analyte prior to quan-
titation, Immuneaffinity chromatography has
been coupled with enzyme-linked immunosor-
bant assays {(Prevost et al. 1990; Groopman et al.
1992a; Okumura et al. 1993), high-performance
liquid chrematography (Groopman et al,
1992b), and gas chromatography-mass speciras-
copy {(Rule et al. 1994; Bonfanti et al. 1990) to
measure carcinogen-DNA adducts in urine, se-
run, and tissue samples. These methods can be
highly automated. Rule and associates (1994) re-
cently described a fully automated system for
the determination of carbofuran by on-line im-
munoaffinity chromatography, with coupled-
column liquid chromatography—mass
speciroscopy.

Theoretically, an jmmunoatfinity matrix can
be develaped to isolate and quantitate almost
any constituent af a complex mixture, assuming
that the ability to recognize the targeted epitope
is within the genetic repertoire of the immu-
nized host species. We deseribe one such ap-
proach. The structural candidate for isolation
from complex mixiures is PAHs with a bay re-
gion. PAHs have been identified in & broad
specirum of complex mixtures, particularly
combustion products (Zedeck 1980), We se-
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lected PAHs with a bay region because a sub-
stantial amount of research over the past 20
years has associated this structural feature with
imparting carcinogenic potential to PAHs
{Sayer et al. 1989). These PAHs oftien are meta-
bolized to form benzo-ring diol epoxides with
the epoxide group in the bay region (Dipple et
al, 1985). This configuration is believed 1o be
the consequent carcinogen for these com-
pounds. Figure 1 shows the structures of sev-
eral PAHs that form hiclogically active diol
epoxides,

Methads and Study Design

Hapten Production Substances of molecnlar
weight as low as 1000 generally are poorly im-
munogenic. Therefore, in the proposed re-
search, BaP conjugated to keyhole limpet hemo-
cyanin (KLH) will he used as the immunogen.
Keyhole limpet hemocyanin has been shown to
be superior to other proteins in eliciting spe-
cific high-affinity antibodies (Muller 1983); the
antibody response of KLH was superior to that
of borseshoe crab hemocyanin, which in turmn
was far better than ovalbumin or bovine serum
albumin. The strong immunogenic properties of
KILH presumahly result from its molecular
weiglit and its phylogenetic distinction from
the proteins of the immunized animals.

Phenanthrene Benzanthracene
‘ o

GG |
Dibenzanthracene Benzo[a)pyrene

Figure 1. Stractural formulas of polynuclear
aromatic hydrocarbons.

Benzolalpyrene would be conjugated to KLH
by the method of Kado and Wei {1978), as
shown in Figure 2. By this procedure, an isocy-
anate group can be introduced to the C-6 posi-
tion of BaP. The compound §-nitra-Bal, readily
synthesized by the nitration of BaP, will be re-
duced to an amino group with SnClz, The
amine group will be converted by phosgene to
an isocyanate group, and the Bal® isocyanate
will be coupled to KLH via a catbamido link-
age. The conjugate will be purified by dialysis.
The BaP will be spiked with a small quantity of
tritiated BaP prior to the conjugation reactions
to allow determination of the molar ratio of hap-
ten (BaP) to carrier protein (KLH).

Erlanger {1980) reported that hapten densities
of 8 to 25 hapten moieties per carrier molecule
produce good results. For screening purposes,
BaP and other bay-region PAHs will be conju-
gated to a different carrier molecule (bovine se-
rum alhumin) o select against hybrids
producing antibody against KLH (see immu-
noassays). Other non-bay-region PAH--protein
adducts, to be used as negative controls, will be
synthesized in a similar fashion. Thus, 1-nitro-
naphthalene, 9-nitroanthracene, 1-nitrepyrene,
and 3-nitrofluoranthene will be converted to
isocyanates and react with bovine serum albu-
niin {instead of KLI).

NH,
COCH
. R_“?Hz
O“ NH,
E————— -
X
:
0% \N/c&
} R R = PROTEIN

H

Figure 2. Scheme for synthesizing BaP-protein
conjugates.
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Immunizations Initially, female BALB/c mice
will be immunized. We will inject each mouse
intraperitoneally with antigen complexed with
aluminum hydroxide and emulsified with Fre-
und’s complete adjuvant (Muller and Rajewsky
1981). After 14 days, the injections will be re-
peated, but incomplete Fruend’s adjuvant will
be used. On day 24, a blood sample from each
mouse will be collected, diluted, and screened
for immunoreactivity against the adduct with
which it was immunized, using a solid-phase
antibody capture assay (described in a sub-
sequent section). The adducts will be conju-
gated to bovine serum albwnin instead of KLH
to determine the titer of hapten-specific antibod-
ies. Serum from immunized mice will be com-
pared to similar dilutions of normal mouse
serum. On day 35, all mice will be injected in-
traperitoneally with anfigen emulsified with in-
complete Freund's adjuvant. On day 45, mice
will be bled again and their serum will be
tested by dot blot assay. On days 56, 57, and 58,
the animals with the highest serum titers will
be injected both intravenously and intraperi-
toneally with antigen in sterile pyrogen-free
saline. All other mice witl be injected intra-
peritoneally as before,

Hybridoma Production On day 59, spleno-
cytes that form the best responder will be fused
with the murine myeloma Sp2/0 (Shulman et
al. 1978} according to the method of de St,
Groth and Scheidegger {1980). Splenic lympho-
cytes from the immunized mouse and Sp2/0
cells in log phase growth will be fused with
50% polyethylene glycol. The heterokaryons
will be plated into twelve 96-well microtiter
plates, each well containing a feeder layer of
murine peritoneal exudate cells. Stable hybrido-
mas will be selected from the parental cel}
populations in medium containing hypoxan-
thine, aminopterin, and thymidine.

Ten days after the fusion, supernatants from
all culture wells will be tested for antibody pro-
duction. Hybridomas will he screened against
the BaP-ovalbumin adduct described; positive
cultures will be expanded and rescreened in
five days. Hybridomas that are positive against
BaP-ovalbumin and negative against non-bay-
region PAH-protein adducts will be expanded
and rescreened against other bay-region PAHs.
Hybridomas secreting antibody that binds to
bay-region PAHs but not non-bay-region PAHs

will be cloned by Hmiting dilution; they then
will be expanded, with a portion cryopreserved
and frozen for future use. Monoclonal antibod-
ies produced by the selected hybridomas will
be purified from serum-free culture super-
natants by protein A chronatography and
stored at -80°C.

Immunoassays Several different intmunoas-
says could be used in this project. For initial
screening of immune serum and hybridoma su-
pernatants, we will use an antibody capture as-
say. In this assay, BaP-bovine serum albumin
is added to each well of a dot blot apparatus, Af-
ter two hours, antigen is removed, and 5% non-
fat dry milk in phosphate-huffered saline is
added to block any remaining protein-binding
sites on the nitrocellulose. After one hour the
wells are washed by filtration, and serial diln-
tions of the test sera or culture supernatants are
added. The primary antibody is allowed to
bind, after which unbound antibody is re-
moved. Diluted horseradish peroxidase~conju-
gated secondary antibody is allowed to hind
and excess MAb is washed away. The entire ni-
trocellulose sheet then is incubated in diami-
nebenzidine in Tris buffer with 0.001%
hydrogen peroxide to make the primary anti-
boedy visible, and the membrane is analyzed
with a scanning densitometer. This assay is cas-
ily and rapidly performed, and accurate, but
does not discriminate between high- and low-
affinity antibodies.

It is generally believed that the affinity of a
MAD for its antigen is a critical factor in deter-
mining its usefulness. For example, MADs used
to quantitate (immunoagsay) or localize (immu-
nohistochemistry) antigen require high-affinity
constants (K = 10" to 10 L/mol) so that the an-
tigen-antibody complexes are not easily disrup-
ted, whereas immunoaffinity chromatography
1s thought to require MAbs with somewhat
lower-affinity constants (K = 10° to 107 L/mol}
so that the antigen bound to the column can be
eluted under mild enough conditions to pre-
vent damage to either the antigen or the anti-
hody (Van Heyningen 1986). However, there is
ample evidence that little or no correlation ex-
ists between antibody affinity and ease of anti-
gen elution (Parham 1983; Bonde et al, 1991;
Pepper 1992). Therefore, we will take a more
pragmatic approach and select all MAbs that
bind a range of PAHs with bay regions and dis-
criminate against those PAHs without bay re-




12

HEP COMMUNICATION 18496

gions. These MAbs then will be tested directly
for their ability to both bind and release a range
of bay-region PAHs when coupled to a solid
support.

Determination of Monoclenal Antibody Affin-
ity and Cross Reactivity We will use a com-
petitive antigen capture assay to determine the
specificity and affinity of the anti-bay-region
MAbs. The MAbs will be bound to a solid sup-
port as previously described in the dot blot as-
say. The amount of MAD bound per weil will be
adjusted so that appmxmmlely 40% 10 70% ofa
radiolabeled tracer (|PHIBaP; about 10° disintegra-
tions per minute}, in the absence of unlabeled
inhibitor, is bound. The assay is performed by
adding a fixed guantity of labeled BaP and of
unlabeled BaP (inhibitor) to each well of the
dot blot apparatus. After a two-hour incubation
at room tvmppmturo to reach equilibrivm (that
is, no change in the inhibition values observed
upon further incubation) the sample is removed
and the well is washed by filtration. The nitro-
cellulose "dots” are removed and the bound ra-
divactivity is determined by liquid scintiliation
specirometry. The data are plotted as percent in-
hibition of tracer-antibody binding versus in-
hibitor concentration,

This assay also can be used to determine the
relative affinity of the MAbs for other PAHs
with and without bay regions. In this case, unla-
heled PAHs with and without bay regions are
substituted lor the unlabeled BaP {inhibitor) in
the previous assay. The cross-reactivity of the
MAbs then can be determined by comparing
the concentrations of the various PAHs re-
quired to achieve 50% inhibition of tracer hind-
ing (Muller 1883). We will select MADs that
show cross-reactivity with a range of bay-region
PAHs but low affinity for non-bay-region PAIls.

Immunoaffinity Chromatographky Bay-region
PAHs will be isolated from complex mixtures
by immunoalfinity chromatography. A basic
problem will be presentation of the lipophilic
PAHs to the hydrophilic antibodies. This can
be accomplished by first dissolving the com-
plex mixture in a cosolvent miscible in water.
The solvents dimethylsulfoxide, dioxane, and
dimethylformamide are candidates, as are deter-
gents such as Triton X-100 and NP-40. These
agents are expected 1o diminish the antibody af-
finity; therefore, the appropriate dilutions nec-
essary to nmmlam_ sufficient antibody binding
need 1o be determined.

Numbaer 4

Immuncaffinity matrices witl be made by im-
mobilizing the selected MAbs on an insoluble
support. A wide range of matrices have been
used inchiding microporous sitica {Chiong et
al. 19971; Van Sommeren et al, 1993), particulate
nitrocellulose (Hammerl et al, 1893), and deriva-
tized and crosslinked agaroses such as Affigel
and Sepharoses (Jack 1992}, By far the most
conunen approach is {0 use cyanogen bromide—
activated Sepharose to couple the MADs via ex-
posed amino groups. Although this technique is
very simple, it suffers from the fact that the
MAhs are randomly oriented on the supports
and therefore only a fraction of the potential an-
tigen hinding sites are available for interaction
with ligand. In addition, the isourea linkage be-
tween the gel and the e-aminogroups of lysine
introduces an extra positive charge at neutral
pH, causing the gel to act as a weak ion ex-
changer at low salt concentrations {Van Som-
meren et al. 1993).

We will coupie the selected MAbs via the car-
boxyl termini as described by Yarmush and asso-
ciates (1992} Briefly, all accessible carboxyl
groups on the MAbs will be blocked with phenyl-
hydrazine. The blocked MADbs will be digested
with pepsin to form F(Ab’}2 fragments with
exposed carboxy! fermini, and subsequently
caupled to an amine- (‘on%‘ainin 1 solid support
{AH-Sepharose 4B beads). This procedure

results in the oriented coupling of the MADs
to the support matrix. Although the coupling ca-
pacity (mol protein/mlL of bead) is reduced com-
pared to other methods using random attach-
ment, the antigen-binding capacity {(mol antigen
bound/mol antibody coupled) is maximized.

Validation of our procedure wilt begin with
several bay-region PAHs, Thus, solutions of ra-
diolabeled BaP will be created from the solvent
systems described, added to suspensions of the
MAb-conjupgated resin, and incubated over-
night. The samples will be poured into separate
3-mL columns and washed with five column
volumes of phosphate-buffered saline; the col-
lected eluate will be counted for radicactivity.
The bound BaP will be recovered quantitatively
by washing the columns with 100% methanol;
methanol aliquots will be counted for radioac-
tivity, The efficiency of recovery is represented
by radioactivity recovered in the methanol
wash divided by total applied radicactivity.

If it is successful, the same procedure will be
applied to a mixture of PAHs including phenan-
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threne, benz|alanthracene, chrysene, BaP {these
all have bay regions}, and naphthalene, anthra-
cene, pyrene, fluoranthene, carbazole, and
dibenzo{a,hicarbazole {negative controls), Both
the original eluate and the methano! extrac
will be analyzed for the presence of PAHs by
isotope dilution gas chromatography-mass spec-
tropscopy. This assay is chosen hecause most of
these PAHs are not available commercially as
radiolabeled. If elution with methanol is too
harsh we will attempt to accomplish elution by
means of pH change, chaotropic reagents, or
desorption with increasing ionic strength.

The procedure will be validated further by
adding radiolabeled BaP or pyrene to a series of
complex mixtures and determining the effect of
the mixture on recovery. Some mixtures might
inchude diesel exhaust particle extracts, automo-
bile particle extracts, solvent-refined coal, and
cigaretie smoke particle extracts, Again, the sol-
vent types and dilutions may require alteration
for maximum binding.

If the above approach is not successful, either
in binding the bay-region PAHs or excluding
the non-bay-region PAHs, we will screen other
MAbD clones for the appropriate affinity. The im-
munoaffinity approach can be applied to the
above complex mixtures, If it is successful, anti-
bodies to nitro-PAHs will be developed and the
methods can be applied to diesel exhaust parti-
cle extracts,

Determination of the Total of Isolated Bay-
Region Polynuclear Aromatic Hydrocarbons
Total bay-region PAHs present in a complex
mixture {sample) will be determined by com-
pelitive radicimmunoassay, using BaP as a
representative PAH. A known quantity of im-
munoaffinity bed matrix and an aliquot con-
taining known quantities of Bal® or serial
dilutions of calumn eluate will be combined
and allowed to incubate overnight at 4°C, The
next morning, a limiting amount of radiola-
beled BaP will be added to all tubes and al-
lowed to ingcubate for an additional two hours
at 37°C. The MADb-conjugated beads will be pel-
leted and washed repeatedly to remove un-
bound labeled BaP; bound radioactivity will be
determined by liquid scintillation spectros-
copy. Unlabeled BaP or similar bay-region
PAHs in the column eluate samples will com-
pete for binding with the radiolabeled BaP. The

percent inhibition of binding will be calculated
and the quantity of bay-region PAHs in the col-
umn eluate will be determined from a standard
curve.

Limitations The biggest limitations to this ap-
proach are the high developmental costs and
time to select for the ideal antibody. Antibodies
previously developed at other laboratories
might be useful for initially testing the ap-
proach. Other limitations include an inability
to conveniently monitor the effects of more
volatile compounds. When the complex mix-
tures initially pass through the column, the first
aqueous mixture must be lyophilized to recon-
cenlrate the components; however, during lyo-
philization volatile components may be lost,
One approach to recovering these components
would be vacuum-line distillation of the mix-
ture; we have successfully used this method to
{ractionate complex mixtures with volatile com-
ponents (Hanson et al. 1985).

Biscussion and Conclusions:
Application to Standard Reference
Material 1850 {Diesel Particulate Material)

The National Institute of Standards and Tech-
nology (NIST) has defined several Standard Ref-
erence Materials {SRMs) which are readily
availahle to scientists and can be used both for
methods development and as reference materi-
als for interlaboratory comparisons. The SRM
1650 {diesel particulate matter) was developed
to assist laboratories in validating bacterial hio-
assays and analytical chemistry methods for de-
termining PAHs. The Health Effects nstitute
has selected SRM 1650 as one complex mixture
that may be fractionated and characterized effec-
tively by new theoretical methods for analysis.
The Health Effects Institute has asked authors
to address how their method might be used to
characterize this SRM further,

May and associates (1992) have reviewed sev-
eral studies characterizing SRM 1650 for chemi-
cal content and biological activity, Most of the
chemical analyses that have been performed on
SRM 1650 have been at NIST; PAHs with certi-
fied concentrations, and additional PAHs with
uncertified concentrations, are reported. The
certified values are established at NIST by meas-
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urement using two independent and reliable
methods (the likelihood of two independent
methods being biased by the same amount in
the same direction is presumed to be smali).
Bioassays of SRM 1650 extract have heen per-
formed by several laboratories, At this writing,
no bivassay-directed fractionations of SRM
1650 were available. However, Schuetzle and
associates {1985) analyzed a similar diesel par-
ticulate material using solvent extraction and
high-performance liquid chromatography frac-
tionation. Both mass and direct-acting mu-
tagenicity in Sa/monella TA98 were measured
in the fractions. Recoveries of mass and mu-
tagenicity were 91% and 81%, respectively.
Indirect activity was not measured.
Application of our methodology would be
straightforward. First, the appropriate antibody
would be developed as described in the experi-
mental section. Antibodies could be raised
against bay-region or nitro-substituted PAHs as
desired. The SRM 1650 would need {o be ex-
tracted for release, either by sonication or by
soxhlet extraction, of organic compounds
bound to particles. Both methods have proven
successful at releasing mutagens (May et al.
1992). The material then would be concentrated
by evaporation under nitrogen flow. After solu-
bilization in dimethylsulfoxide, the material
would be applied to a MAD column as de-
scribed. The two resulting fractions then would
be tested for PAH content and biological activ-
ity. Resulis could be compared to the values
previously reported by May and associates.
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This approach seeks to isolate chemicals as a
group from a complex mixture an the basis of
some aspect of the mechanism of their toxicity,
In order to accomplish this, Dr. Bechtold pro-
poses to take advantage of the structure-activity
relations between polynuclear aromatic com-
pounds possessing bay regions and highly reac-
tive, carcinogenic metabolites. Immunocaffinity
chromatography would be the method used to
separate such components from a sample of die-
sel particulate extract. The approach entails the
formation of a monoclonal antibody raised
against a hapten of benzolalpyrene conjugated
to bovine serum albumin. Hybridomas would
be screened to select those that produce anti-
bodies selectively recognizing various polynu-
clear aromatic compounds containing a bay
region. Subsequently, immunoaffinity chroma-
tography columns would be prepared by cou-
pling these monoclonal antibodies to Sepharose
4B resin.

A separation scheme predicated on the pro-
posed mechanism of toxicity of a class of com-
pounds is an intriguing concept, The use of
immunoaffinity chromatography io separate
classes of compounds from a complex mixture
is a novel approach, with separation based on a
toxicological rationale in addition to the physi-
cal and chemical principles which form the ba-
sis for more traditional fractionation schemes.
in this respect, such an approach may provide s
very useful redirection in the analysis of com-
plex mixtures. It has, however, some potential
limitations, For this approach to have wide-
spread practical merit, the functional moieties
in the chemicals responsible for the toxicity of
complex mixtures must be known. Given the
present gaps in knowledge of the chemical func-
tionalities responsible for eliciting toxicity, the
exact feature responsible for a chemical’s toxic-
ity is likely fo be unknown. Furthermeore, in
any traly complex mixture, there may he sev-
eral chemical classes, acting by several mecha-
nisms, responsible for toxicity, Therefore, even
with complete knowledge of the chemical fea-
tures responsible for toxicity, a large number of
different immunoaffinity chromatography col-
umns would be needed to thoroughly fraction-
ate a complex mixiure of unknown chemical
compuosition for subsequent toxicological test-

ing. Finally, antibody recognition of an analyte
is based on physical interactions, rather than
chemical reactivity. Chemical reactivity is, how-
ever, a major factor involved in a compound’s
mode of toxicity. This fact imits the universal
application of immunobased techniques to the
separation and characterization of complex mix-
tares. Because antibody recognition is based on
physical interations, some nontoxic chemicals
may he relained on the columu, resulting in
false positives, Although this may not be  large
problem, particularly if bioassay analysis fol-
lows, the possibility of false negatives is an im-
portant concern, A false negative would result
when an active polynuclear aromatic com-
pound containing a bay region does not hind
the antibodies, and thus is not detected. There-
fore, the use of monoclonal antibodies may not
be appropriate if their specificity is too great, in
which case they would produce these false
negatives,

Several other practical problems should be
addressed hefore undertaking the approach out-
lined in this report. Some prohlems are related
to complex mixtures; others are related to the
use of immunoaffinity chramatography. For ex-
ample, there is a wide range of cross-reactivi-
ties of polynuclear aromatic compounds for a
given monoclonal antibody. Levels of individ-
ual polynuclear aromatic compounds present
in the complex mixture therefore may lead to
unexpected selectivities of binding, The non-
equilibrivm nature of immunoaffinity chroma-
tography may result in preferential selectivities
and some loss,

Some technical problems also need to be ad-
dressed. For exampie, there will be a positive
charge associated with cyanogen bromide—acti-
vated Sepharose to which the antibody conju-
gates. This may lead to problems related to jon
exchange when the mixtures are applied to the
columns. Another technical problem involves
conjugating the antigen for immunization. Ma-
jor chemical changes can ocour within the
polynuclear aromatic compound as a result of
the conjugation process. Therefore, detailed an-
tigen characterization should be performed
prior fo construction of the immunoaifinity
chromatography columns,
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An alternative strategy to consider is a two-
stage separation, in which an immunoaffinity
chromatography column with a general anti-
body could be used in an initial step to gener-
ally separate components of the mixture. The
second stage of separation then could take
place in an immunoaffinity chromatography
column with a monoclonat antibody. By using
general antibodies with their greater yields in
the first step, large amounts of materials can be
screened in a "clean-up" step. Use of a second
stage on the eluate of the first column then can
capitalize on the specificity of monoclonal anti-
hodies to achieve cleaner separations.

Given these limitations, it may be possible 1o
develop a few immunoaffinity chromatography
columnsg that would subdivide a complex mix-
ture into fractions containing "homogeneous
toxicological endpoints.” This approach might
provide rational experimental paradigms for
testing toxicological interactions in complex
mixtures, Simplificaion of the mixture in this
manner would facilifate subsequent chemical
analysis. Overall, this report outlines an inter-
esting rationale for the separation of complex
mixtures on the basis of toxicologic principles,
If the method works, it could serve as an im-
praovement over existing methods. 11




19

Stationary-Phase Programming for Liguid Clirematography to Separale Complex Mixiures

Stationary-Phase Programming
for Liguid Chromatography:

A New Concept for Separating
Complex Mixtures

John G. Dorsey and H. Brian Halsall
Department of Chemistry, University of
Cincinnati, Cincinnati, OH

Abstract

We are developing theory and methodology for
unique liquid chromatographic methods that
combine existing technology, such as mobile-
phase programming (or gradient elution tech-
niques), with new technology developed in this
lahoratory predicated on the concept of station-
ary-phase programming. Many statistical stud-
ies have shown that for real samples containing
more than a few components, there is an ex-
tremely low probability of separating all of the
companents in one chromatographic step. The
answer to this problem is an increase in peak ca-
pacity, which is the theoretical maxinmum num-
ber of resolvahle components in a separation.
Although mobile-phase programming will ac-
complish this to some extent, an even more
powerlul approach to the problem would in-
volve simultaneous mobile- and stationary-
phase programming.

We are exploring the separational power at-
tained by varying stationary-phase properties,
such as pore diameter of silica gel, along the
length of the column. This will result in a well-
defined second interaction mode based on size
exclusion effects, which will provide separa-
tions on the basis of bath chemical class and hy-
drophobicity. This approach will have the
benefits of a (pseudo)-two-dimensional separa-
fion on a single column, and should dramati-
cally immprove peak capacity.
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4, which alse includes three Investigators' Reports by Bechtold and
Hatchkiss, Springer and coworkers, and Gennings and coworkers, and
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reflect the views of the Agency, and no officia) endorsement should be
inferred. The contents of this document also hava nol boen seviewed
by private party tnstitulions, including those that supporl the Heallh
Hifects Institute; thevefore, it may not seffect the views or policies of
these parties, and no eadorsement by them should be inferved,

Healih Effects Instituie © 1896

A second approach to stati onary-phase pro-
gramming involves the utilization of chainlike
molecules which will undergo changes in sec-
ondary structure with changes in mobile-phase
composition. Although subtle changes in sta-
tionary-phase structure and organization occur
in reversed-phase chromatography during a gra-
dient elution process, these changes previously
have neither been well understood nor deliber-
ately induced, We are working on theory and
methodology for the interaction of solutes with
chainlike molecules such as polypeptides that
are immohilized on a suitable support. These
chainlike molecules can be induced to undergo
a conformational change with changing mobile-
phase conditions,

We have preliminary results for a theory of
separations based on size exclusion on tradi-
tional reversed-phase stationary phases. Reten-
tion is controlled by the combination of
partitioning to the hydrophobic stationary
phase and & size-exclusion effect as the solute
size becomes too large to access the pores of the
stationary phase easily. We also have prelini-
nary results for the bonding of poly{homojpep-
tides to a silica support, along with resulting
chromatographies as a function of mobile-phase
composition.

Iniroduction

The separation of complex mixtures of nn-
known samples is a formidable task made even
more difficult when the ultimate goal is testing
for toxicity of both individual components and
components in any possible combination, in
which synergism may be a nonpredictahle
event. An obvions approach to the problem is
the separation and isolation of only those com-
pounds that exhibit the property of interest, in
this case toxicity. However, when no predictive
paradigms exist based on chemical structure
analysis, the only remaining approach is one of
brute force.

Statistical studies have shown that for muli-
component samples the probahility of separating
all of the components in one chromatographic
step is extremely low (Davis and Giddings 1983;
Martin et al. 1986). The answer io this problem
is an increase in peak capacity, which is the
theoretical maximum numbher of resolvable
components in a separation. Although mobile-
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phase programming will accomplish this to
some extent, an even more powerful approach
to the problem would involve simultaneous mo-
bile- and stationary-phase programming,

We are developing theory and methodology
showing the separational power that results
when stationary-phase properties, such as the
pore diameter of silica gel (either bare silica or
derivatized in a reversed-phase fashion), are var-
ied along the length of the column. This leads
to a well-defined second interaction mode,
predicated on size-exclusion effects, that allows
separations on the hasis of both chemical class
and hydrophobicity. Providing the benefits of a
(pseudo)-two-dimensional separation on a sin-
gle column, this method should dramatically
improve peak capacity.

Using chainlike macromolecules that un-
dergo changes in secondary structure with
changes in mobile-phase composition offers a
second approach to stationary-phase program-
ming. Subtle changes in stationary-phase struc-
ture and organization occur in reversed-phase
chromatography during gradient elution; how-
ever, these changes have not been well under-
stood. The interaction of solutes with chainlike
molecules, such as polypeptides immobilized
on a suitable support, which can be induced to
undergo a conformational change with chang-
ing mobile-phase conditions, also will result in
a {psendo)-two-dimensional separation. Both
approaches should increase the peak capacity
of a chromatographic separation, and improve
the reliability of single peaks representing sin-
gle components,

Theoretical Models for Size-Exclusion
Chromatopgraphy

Size-exclusion chromatography calibration
curves, simulated after taking into account the
flexibility of large random-coil solute mole-
cules, correlate very well with experimental
data obtained with Hypersil. This model solves
the defect of high-molecular-weight simulations
attending many previous models. The simu-
lated calibration curves of two bimodal systems
show good correlation with experimental re-
sults. The effect of reversed-phase partitioning
also is considered, but a full explanation of

the comhination of these two effects remaing
elusive.

In chromatography, if one component of an
eluent is more strongly retained than the solute,
then the solute, unable to displace eluent, will
be excluded from the surface layer {Kennedy
and Knox 1972} if a charged solute lias the
same charge as the stationary phase, it will
have difficulty entering the particles due to the
Donnan potential at the snrface (Knox et al.
1980); and if solute molecules have dimensions
commensurate with the pore dimensions, they
will be excluded sterically from part of the pore
volume, When any of these phenomena ocenr,
the solutes travel along the column faster than
the eluent (because the eluent is able to access
more stationary-phase pore volumej and we say
the solutes are "excluded.”

The majority of chromatographers now agree
(Yan et al. 1979) that size separation of mole-
cules can be explained fully on a purely steric
basis {Giddings et al. 1968; Casassa 1971} in
which large molecules can permeate only par-
tially the pore volnme of the support material.
Small molecules (such as those of eluent)
nearly fully permeate the pores of the support
material and are eluted in the void volume,
Vmn®; large molecules which can not enter any
of the pores are excluded totally and eluted in
the extra-particle volume, Ve; molecules of in-
termediate size are eluted between Vo and Vin,
The degree of permeation of such molecules
into the pore volume of the particles, V), is de-
noted by K, and termed the "exclusion coeffi-
cient." K can he defined mathematically as:

K = Vg'/ Vs, where V¢ is the volume of pores
available to & given molecular species. K is re-
lated to the elution volume, Vi, of any solute
by Equation 1 (Knox and Scoit 1984),

Vi =Vo+ Kvp- (1)

K can have any value between 0 and 1, and
when K = 1,
Vin= Vo + Vp- {2)

Theoretical Exclusion Calibration Curves

Simple Cylinder Model If we consider the sol-
utes as "hard spheres” of radius r and the pare
as an infinite cylinder of radius R, and because
the center of mass of the molecule cannot ap-
proach closer than a distance r from the wall of
the pore, then the part af the pore volume acces-

= A Hst of abbreviations appears at the end of this docwment.
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sible to the center of mass is a cylinder of ra-
dius (B~ r). Thus the exclusion coefficient,
which is equal to the fraction of the total pore
volume aceessible to the molecule (Knox and
Scoti 1984}, is

SN {3a)
2 PR S 2N B O
K=11 g igi© 1,
and
[19)]
ey 15
K=0 B > 1.

Fignres 1 and 2 show experimental and simu-
lated exclusion curves for various stationary
phases. Figure 2, curve a shows a simulated ex-
clusion curve for a fixed pore size of 68 A. Com-
pared to the experimental curve in Figure 1,
there are significant differences at the begin-
ning and end of the simulated curve, Experi-
mental curves also show much more gradual
transitions to complete exclusion, a somewhat
steeper gradient in the intermediate region, and
a less pronounced descent at K approaching
unity.

LN~/

Pore Distribution Model To find the reason
for deviations between the experimental and
simulated curves, it is reasonable o consider
the pore size as a Gaussian distribution; this al-
lows large molecules whose size is greater than
the average pore size but within the range of pore
size distribution to permeate and be retained.

If we choose a support that has an average
pore size Ho and a Gaussian distribution of 81 8,
then according to Equation 4,

1. (B-Ro)’
5-C 2. &

in which (0is the normalization constant. This
allows us to derive the expression of K,

(4

Jiy =

- (5)
r 2
K=] -5 gman.
J ;UTR

Figure 2, curve b is the simulated calibration
curve of silica that has a pore size of 68 A and
SD of 30 A. When we compare it to Figure 1 we
see improvement in the fitting of the experimen-
tal calibration curve, but there is room for still
more improvement. There are reasons other
than the pore size distribution that canse the
problem.
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Figure 2, Simulated size-exclusion
calibration curve of three models.
Curve a: simple cylinder model;
curve b pore-size distribution model;
and curve ¢; flexible molecule model.

0.0

Flexible Molecule Model: Partial Permealion
Effect of the Random Chain Coil Molecules
In most cases of size-exclusion chromatogra-
phy, the molecules we are separating are coiled
polymers. The effective radius, r, of a sphere is
related to its radius of gyration, rg (Knox and
Scott 1984),

r=0.886rg (6)
and for random chain polymers 1 is produced by
rg=aM W, {7]

in which MW is the molecular weight and a
and b are constants that are unique for every
polymer.

It the previous case, the molecule radius was
treated as a rigid value. If we account for the
flexible coil property of the polymers, certain
segments of the coiled polymer may permeate
the pore and partially be retained. When the es-
timated molecnlar effective radiug is far smaller
than the pore radius, the molecule behaves as a
sphere with an effective radius of ry. As the esti-
mated molecular effective radins approaches
the pore radius, there is more and more flexible
linear effect. We use an exponential function to
express this tendency.

Y, {8)

Combining Equations 5 and 8, we get a new ex-
pression of the size-exclusion coefficient, K

0.2 04 06 08 1.0

Exclusion Coefficient

K=05 K+0.5- g, (9)
Figure 2, curve ¢ shows the simulated curve,
which is in excellent agreement with the experi-
mental curve shown in Figure 1.

Bimodal System  To demonstrate further the
effectiveness of this model, we attempt to sim-
ulate the bimodal system calibration curve
shown in Figure 3. This is achieved simply by
Fguation 10,
K})zd'K"§+(1“d)'K’2,

in which Kj is the exclusion coefficient of the
bimodal system and d is the fraction of the pore
volume of the first stationary phase to the total
pore volume of the two stationary phases, and
shown in Figure 4.

{10

Using published values of the constants a
and b for polystyrenes, we find the effective
sphere radins r of polystyrenes:

WA =0.121 Mu (11)

Fignres 5 and 6 show simulated and experimen-
ta} calibration curves of the bimodal pore sizes
of 80 A aud 500 A, and 47 A and 1200 A.

How do the two simulated calibration curves
compare? For the 80 A and 500 A bimodal sys-
tem, the simulated calibration cnrve is in good
agreement with the experimental resulis even
with the simplest model. This is because the lin-
ear ranges of the 80 A pore size silica and the
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Figure 3. Experimental calibration
eurve of bimodal system of 80 A
and 500 A pore size (Northrup et

al. 1991), O = normal phase; O] =
reversed phase of THF mobile
phase; and + = reversed-phase mo-
bile phase; CHaCla.

Figure 4. Simulated calibration
curves of bimodal system of (2) 80

3.5

:’g 3.1

Y

E 27}

©

=

.S 2.3

3

5 1.9}

1.5 .
1.5 2.7 3.5 5.1 6.3 7.5
log(MW) of Polystyrenes

= 08 ¢

2

Q

= A

8

,E 04 &

2

2

" 0.0 - !
1 2 3 4 5 7 8

log(MW)

500 A pore size silica are not overlapped but
continuously connected, When we look at the
47 A and 1200 A bimodal system, it is obvious
that the model that takes into account the effect
of the flexibility of the polymer molecules pro-
duces a better simulation of the calibration
curve,

Reversed-Phase Effect In a steric exclusion
mechanism, it is assumed that the silica gel acts
as an inert matrix that containg solvent in its
pores. Interactions between the solute and the
gel are assumed to be either nonexistent or the
same for all solutes. However, it is not uncom-
mon for solutes to display considerable affinity
for crosslinked organic gels, For some solute-
solvent gel systems K is greater than unity,
which is inconsistent with a steric exclusion

A and (b) 500 A pore size.

mechanism for which K must lie between zero
and unity. If we incorporate a partitioning pro-
cess in the hydrophobic stationary phase (re-
versed-phase partitioning), and add that to the
size-exclusion effect, we can expect retention
that exceeds that from the pure size-exciusion
process.

In conventional liquid chromatography of
small molecules, an impaortant retention pa-
rameter is the capacity factor, k’, defined by

g, Vi :
k=K, Vo (12)
in which Kp is the distribution coefficient for
solute partition between the stationary and mo-
bile phases; Vi is the solvent volume within the
gel and in this case is identical to V).
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For large solutes such as polymers, the frac-
tion of Vi available will depend on solute size,
so we replace Eguation 12 with Equation 13,

KV;
k7w Ky e 13
P Vs 1)
The capacity factor is related to the retention
volume, Vi, by
{14)

VR = Voll + K.

Therefore we get the retention volume expres-
sion of size-exciusion chromatography with the
reversed-phase effect

Vi= Vot I(KPVJ?.
The major problem is how to define Kp, the par-
tition coefficient. First we consider the case
that the partition coefficient increases with the
molecular weiphts

KI'} = [(.-1 I]{Mm
(0’ is a weighting factor that relates the parti-
tion coefficient to the molecular weight, MW,

(15)

(16)

From Figure 7 we ses that for a fixed-pore-
size silica, one molecule with a specified size
has the longest retention volume. The retention
volume of this molecule depends on the con-
stant € that relates the partition coefficient to
the molecuiar weight and the pore size,

However, the partition coefficient may be in-
dependent of molecular weight, in which case
the single peaks of the size-exclusion separa-
tion may split into multiple peaks as illustrated
in Figure 8,

500 A poares

300 A pores

120 A pores

80 A paes
80 A and 500 A mixed pores

o)
L

33 4.} 4.9 5.7 6.5
log(MW)

Figure 5. Linear size-exclusion chromatography
maolecular weight ranges {Northrup et al, 1991),

Conformational Programming of the

Stationary Phase The three-dimensional struc-
ture of essentially all proteins comprises assem-
blies of smatiler, secondary structural elements.
These elements are termed o or 8 depending
principally upan the torsion angles adopted by
the polypeptide backbone and the pattern of hy-
dropen bonding that sustains the structure. An
a-structure is helical with defined pitch and
translation, and is internally hydrogen-bonded
in & regular and predictable way. A §-structure
is also regular and helical {Creighton 1993), but
the helix of two residues per turn and a transla-
tion of 3.4 A per residue greatly extend the

Figure 6. Panel A: Simulated bimo-
dal system of pore size 47 A and
1200 A. Curve a: simple cylinder
model; curve b flexible moleculs

g
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Reiention Volume

3 9f" 10 model, Panel B; Experimental result
of the bimodal system of pore size
47 A and 1200 A (Yau ef al. 1978).
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Figure 7. Simulated calibraiion curve of size-exclu-
sion chromatography with reversed-phase effoct,

Retention of Size-Exclusion Peaks

il' I

. |1

Retention of Size-Exclusion Peaks with
Reversed-Phase Lffect

Figure 6. Hlustration of the reversed-phase effect on
size-exclusion chromatography,

structure such that stabilizing hydrogen bonds
must form between strands, not within the he-
lix itself, thus creating sheets. In hoth forms,

the aminoe acid sidechaing project into solution
and define the chemical nature of the surface ac-
cessible to solvent. Regions of polypeptide not
conforming to these two general classes are
termed random-coil (although they are not true
random coils).

The presence of the entire polypeptide chain
is not necessary for the adoption of secondary
structure, Short peptides can be induced to
adopt secondary strueture and to undergo re-
versible transitions between the three general

forms {Mattice 1989; Scholtz and Baldwin
1992). Two principal factors appear to control
these transitions: the solvent conditions and the
nature of the amino acid sidechains present. In
general, secondary structures are promoted by a
low dielectric constant, and hindered by bulky
and charged sidechains. The details of these
processes are understood only poorly in hetero-
pelyfamino acids), but are described quite well
for some homopoly(amino acids) J10AAs)
(Hoplinger 1977}; however, most of these latter
studies have been done in aqueous solution, or
in solvents not generally used in liguid chroma-
tography,

The existence of these transitions as a com-
bined function of solvent conditions and amino
acid sidechain suggested that it might be possi-
ble to use short polypeptides to create on de-
mand, by changing the mobile phase, a
chemically well-defined surface as a chroma-
tographic stationary phase with particular ad-
sorplive properties.

Methods

The Stationary Phase Homopoly{zmino acids)
were chosen for the initial studies. The surface
hydroxyls of silica, unreactive to the functional
groups of the HOAAs, must be activated. Epox-
ide activation forms a stable silica-carbon bond
and provides a group reactive to the nucleo-
philic amino (NHz) terminus of the polypep-
tide. Such activated silica is available commer-
cially and was chosen for initial studies to pro-
vide reproducible material. However, commercial
products use proprietary bonding chemistries and
polymeric epoxide phases that resulf in poer re-
sistance fo mass transfer and band broadening.
Because we would ultimately be requiring well-
characterized, monomeric derivatized sificas,
we evaluated a procedure to produce them.

The silica surface initially was hydroxylated
by acid washing {for 24 hours at 90°C in 0.1 M
nifric acid. The product then was refluxed at
90°C under anhydrous conditions in a fourfoid
excess of monofunctional epoxysilane in tolu-
ene with triethylamine as a basic catalyst. This
gave a monomeric epoxide coverage of 3.29
pmol/m? from approximately 5 pmol/m? of hy-
droxyl sites available for ligand coupling on the
bare silica. This coverage is comparable to that
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attained with typical reversed-phase stationary
phases. Nucleophilic attack by the amino termi-
nus opens the epoxide ring. Experiments with
different ligands established the conditions for
this process. Ultrasonication for five days was
used as the driving force {Sentell et al. 1988),
under low to moderate temperatures (5° to
A40°C), to both minimize unfavorable soluiion re-
actions {oxidation, degradation) and maximize
the ligand surface density by lowering the HOAA
chain entropy. Hydrophilic HOAAs could be at-
tached in 1 M phosphate buffer, whereas hydro-
phobic HOAAs required aprotic solvents
(chloroform, tetrahydrofuran, acetonitrile).

The ligand coverage analysis procedure used
differed for hydrophilic and hydrophobic
HOAAs. The former were determined by acid
hydrolysis of the stationary phase (50 mg deri-
vatized silica in 1 mL 6 M hydrochloric acid for
20 hours at 150°C) followed by the ninhydrin
color reaction, Hydrophabic HOAAs were deter-
mined by percent carbon analysis.

0.02

Absorbance

Figure 9. Reversed-phase chroma-
tography on PBGAgg in 70:30 0.00 -

Chromatography Poly{L-lysine)y (PLLz2) and
poly(benzylglutamic acid)n (PBGAss) were
gvaluated under both normal- and reversed-
phase conditions using the commercial chiral
stationary phase, Chiragphere, as a control.
Chromatoprams with analytes and conditions
are in Figures 9 through 18.

The monitering of conformational changes is
in a preliminary stage. for this initial work
Fourier transform infrared speciroscopy was
used to follow conformation as a function of the
solution conditions by monitoring the appropri-
ate shifts in the Amide I and 11 bands. By this
means helix-coil shifts as a function of both
temperature and pIt could be seen readily for
PLLzz and polyf{glutamic acid)n (PGAaop). Sol-
vent systems compatible with the Fourier trans-
form infrared spectroscopy have yet to be found
for PBGAgs. Because it is passible that interac-
tions of the bonded phase with the silica may pro-
mote or stabilize secondary structure, it seems
clear that a surface technique such as reflectance
spectroscopy weuld be most appropriate.

wateraceionitrile at 25°C. Efflu- ¢
ent at 1 mL/minute was moni-
tored at 254 nm.

J {
8 16 24
Time {minuies)
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Figure 10. Reversed-phase chro-
matography of benzene {4) and
toluene (5) on Chirasphere (250
JJ\,M mm x 4.6 mm, 5 pmj in 40:60
methanol:water at 25°C, Effluent
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Figure 11. Reversed-phase chro-

matography of benzene {4) and

é ilo toluene {5) on PBGAgs (250 mm x
. . 4.6 mm, 12 pm). Other conditions

Time (minutes) as in Figure 10,
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Figure 12. Normal-phase chroma-
tography of ethyibenzene (1), phe-
nol {2), and p-chloropheno! (3) on
Chirasphere (250 mm x 4.6 mm, 5
pm) in 90:10 hexane:dioxane at
25°C. Effluent at 2 mL/minute
was monitored at 254 nm.

Figure 13. Normal-phase chroma-
tography of phenal (2) and p-chlo-
rophenel (3} on PBGAgy (250 mm
x 4.6 mm, 12 pm). Other condi-
tions as in Figure 12.
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Figure 14, Normal-phase chromatography of ethyl-
benzene (1), phenol (2) and p-chlorophenol {3) on
PLL22 (100 mm x 4.6 mm, 12 pm). Other conditions
as in Figure 12.
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Figure 15, Flavanone structures.

Figure 16. Normal-phase chroma-
tography of 4-methoxyflavanone
{6), 2"-hydroxyflavanone {7}, and
4"-hydroxyflavanone {8) on Chira-
sphere {250 mm x 4.6 mm, 5 pm)
in 90:8:2 hexane:dioxane;2-pro-
pancl. Symbols + and - denote en-
antiomers. Other conditions as in
Figure 9.
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Figure 17, Normal-phase chroma-
topraphy of 4-methoxyflavanone
(6), 2"-hydroxyflavanone (7}, and
4'-hydroxyflavanone (8} on PLL22
{100 mm % 4.6 mm, 12 wm}in
00:8:2 hexane:dioxane:2- Y T 1
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Figure 18, Normal-phase chroma-
tography of 4~methoxyflavanone
{6), 2"-hydroxyflavanone (7}, and |
4"hydroxyflavanone (8) on

PRGAgg (250 mm x 4.6 mumn, 12 T i 1
pin), Other conditions as in Figure
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Results and Conseguences

The Statiopary Phase Steric hindrance and con-
formational entropy impede the attachment of
the HOAAs and limit the coverage to about 0.1
umol/m? or less. Paly {L-lysine), varied from
0.071 pmol/m?” 16 0.11 umol/m? for PLLgg to
PLL1s; PBGAss gave 0.026 pmol/m?. There are
both positive and negative features to low cover-
age. Capacity wiil be diminished {Lork and
Unger 1988} and band broadening can be ex-
pected because of the presence of residual si-
lanols {Sander 1988). However, wider spacing
of chains should lessen their interactions, both
steric and energetic. These effects clearly are de-
pendent on chain length, as is the ability of the
HOAAs to form secondary structure. These in-
terrelated aspects will be important and froitful
areas of investigation in the future,
Chromatography Despite having both ionic
and hydrophobic character in the sidechain,
PLL22 did not retain any species under reversed-
phase conditions. Under normal-phase condi-
tions (90:10 hexane:dioxane), PLLs, resalved
phenol from p-chlorophenol but did not retain
the highly hydrophobic ethylbenzene, In con-
trast, under reversed-phase conditions, PBGAgg
separated benzene and toluene, and also ben-
zene, naphthalene, and anthracene in the ex-
pected elution order. Under normal-phase
conditions, PBGAgg retained phenol, p-chlo-
rophenol, and, slightly, ethylbenzene.
Chirasphere was used as a control in both re-
versed- and normal phase experiments. In the
normal phase, PLL22 and Chirasphere had the
same clution order with comparable retention
(k) and selectivities (k'2/k’1); PBGAgs had a
lower retention but similar selectivities. It
seems likely that the lower retention is caused
by lower surface coverage, as the ratios of reten-
tion to surface coverage are similar. The similar
selectivities suggest that the same simple nox-
mal-phase mechanism is operating for each.

Both Chirasphere and a Waters Cag p-Bonda-
pak reversed-phase column were used as sta-
tionary-phase controls for reversed-phase
separations on PBGAgg. All three showed the
same elution order for toluene and benzene.
Again, the PBGAgs and Chirasphere showed the
same decrease in retention and similar selectivi-
ties. The Cis, however, had a twofold increase

in selectivity over both of these, suggesting that
a different retention mechanism may operate in
this case.

Chirasphere’s principal utility is as a chira}
phase; to test for this property in PLLz2 and
PBGAgs, flavanones were used that exist as
enantiomeric pairs (4"-methoxy, 2"-hydroxy, 4'-
hydroxy) and had been separated on this com-
mercial stationary phase. Under normal-phase
conditions {90:8:2 hexane:dioxane:2-prapanol),
all three enantiomeric pairs were separated on
Chirasphere, as expected. Under the same con-
ditions, although neither gave chiral separa-
tions, PLL22 and PBGAgs did retain and resolve
the flavanones in the same elution order. The re-
tention of flavanones by PLL22 and Chirasphere
was not comparable, as it had been with the
one-ring solutes; Chirasphere was more reien-
tive. However, in some cases PLLzz and
PBGAgs had better selectivities than the Chiras-
phere. This may reflect only the overall polarity
of the stationary-phase ligand. Most encourag-
ing were the similar selectivities for the geomet-
rical isomers closest in structure-the 2’- and
4"-hydroxy. The lack of ability of the two
HOAAs to separate the enantiomers reflects the
application of the three-point rule of chiral se-
lectivity (Pirkle and Pochapsky 1989). Poly({i.-ly-
sine)zz contains no benzene ring to be involved
in sterically controlled w-n interactions about the
chiral center, and the benzene ring in PBGAss is
too far removed from the chiral center.

Swmmary

We have devised chemical procedures for at-

taching HOAAs to silica and have evaluated the

properties of the attached substances as chroma-
tographic stationary phases with encouraging re-
sults. This short investigation has confirmed
that several challenges exist:

e The interrelations between the spacing of
chains and interchain interactions, both
steric and energetic, must be evaluated,
‘These effects clearly are dependent on
chain length, as is the ability of the HOAAs
to form secondary structure.

e Both apolar solvents and the interaction of
analytes will stabilize secondary structure,
Solvent systems and peptide stationary
phases have to be developed that maintain
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the appropriate inferaction surface and are
readily conformationally reversible, Possi-
ble HOAAs are poly(benzylaspartic acid)
and poly(-tyrosine). The insertion of
profing at selected positions in a polypep-
tide is known to modify helix formation,
and this may be useful.

o Because temperature is an important pa-
rameter in the helix-coil transition, this
should be investigated in concert with its
role as a chromatographic variable,

Acknowledgments

The authors are grateful to Barbara A. Siles and
Xiaodong Li for experinental assistance with
this project.

References

Casassa EF. 1971, Theoretical models for peak migra-
tion in pel permeation chromatography. J Phys Chem
75:3929-3934%,

Creighton TT. 1993. Proteins, Structurgs and Molecu-
lar Properties, 2nd ed. WH Freeman and Co., San
Francisco, CA.

Davis JM, Giddings JC. 1683, Statistical theory of
component overlap in multicomponent chromato-
grams. Anal Chem 55:418-424,

Giddings JC, Kucera B, Russell CP, Myers MN. 1968,
Statistical theory for the equilibrium disteibution of
rigid molecuies in inerf porous networks: Exclusion
chromatography. ] Phys Chem 72:4397-4408.

Hopfinger Al 1877, Intermolecular Interactions and
Biomoiecular Organization. Wiley & Sons, New
Yaork, NY.

Kennedy (5], Knox jH. 1972, The performance of
packings in high-performance liquid chromatogra-
phy. J Chromalogr Sci 10:549~-556.

Knox JH, Kaliszan R, Kennedy GJ. 1980. Enthaipic ex-

clusion chromatography. Faraday Symp Chem Soc
15:313-125.

Knox JH, Scott 1P, 1484. Theoretical models for size-
exclusion chromategraphy and calculation of pore
size distribution from size-exclusion chromatogra-
phy data, ] Chromatogr 316:311-332,

Lork XD, Unger KK. 1888. Solute retention in re-
versed-phase chromatography as a function of sta-
tionary-phase properties: Effect of n-atkyl chain
length and ligand density. Chromatographia
26:115-118.

Martin M, Herman DP, Guiochon G. 1986. Prob-
ability distribution of the number of chromatoegraphi-
cally resclved peaks and resolvable components in
mixtures. Anal Chem 58:2200-2207.

Mattice WL, 1989, The -sheet to coll transition.
Anmu Rev Biophys Biophys Chem 18:93-111.

Northrup DM, Scott RPW, Martire DI 1991, Prepara-
tion and evaluation of a bimodal size-exclusion chro-
matography column conlaining a mixture of two sii-
cas of different pore diameter. Anal Chem 63:1350-
1354,

Pirkle WI, Pochapsky TC. 188%. Considerations of
chiral recognition relevant to the liquid chroma-
tographic separation of enantiomers. Chem Rev
84:347-362.

Sander LC. 1988. Evaluation of column performance
in liquid chromatography. | Chromatogr 26:380--387.

Scholtz M, Baldwin RL. 1992, The mechanism of o-
helix formation by peptides. Annu Rev Biophys Bio-
mol Struct 21:95--118,

Sentell KB, Barnes KW, Darsey JG. 1988, Ultrasound-
driven synthesis of reversed-phase stationary phases for
liguid chromatography using 4-dimethylaminopyridine
as acid-acceptor. J Chromatogr 455:95-104.

Yau WW, Ginnard CR, Kirkland J]. 1878. Broad-range
linear calibration in high-performance size-exclusion
chromatography using column packing with bimodal
pores, § Chiromatopr 149:465-487,

Yau WW, Kirkland {j, Bly DD, 1979, Modern Size-Ex-
clusion Liguid Chromatography: Practice of Gel Per-
meation and Gel Filtration Chrematograpliy. Wiley &
Sons, New York, NY.

About the Authors

John G, Dorsey is Chairman of the Department
of Chemistry at Florida State University. He re-
ceived his Ph.D. in Analytical Chemistry in
1979 at the University of Cincinnati, and then
spent ten years on the faculty at the University




Stationary-Phase Programming for Liquid Chromatography to Separate Complex Mixiures 33
) 5 g ] & ) 1 ]

of Florida. He returned to the University of Cin-
cinnati in 1989 and moved to Florida State Uni-
versity in 1994, His research inferests are in the
areas of fundamental liguid chromatography,
analytical applications of micelles and organ-
ized media, flow injection analysis, and capil-
lary electrophoresis. He is the recipient of the
1893 Award for Distingnished Scientific Re-
search from the University of Cincinnati, and
the 1993 Akron Section Award of the American
Chemical Society.

H. Brian Halsall received his Ph.I). from the
University of Birmingham, England, in 1967,
Following postdoctoral work in physical hio-
chemistry at UCLA, he joined the Molecuiar
Anatomy Program at Oak Ridge National Labo-
ratory. In 1974, he moved to the University of
sincinnati, where he is now Professor of Chem-
istry in the Biochemistry Division. His research
interests include the structure and the interac-
tions of glycoproteins, biochemistry separations
methods, and immunoassay at the zeptomole
level by electrochemistry.

Publications Resulting frorm This Research
Dorsey JG, Foley [P, Cooper WT, Barford RA,
Barth HG. 1992. Liquid chromatography: Theory
and methodology. Anal Chem 64:353R-389R.
Siles BA, Halsall 1B, Dorsey JG. 1995. Reten-
tion and selectivity of flavanones on homo-
polypeptide-bonded stationary phases in both
normal- and reversed-phase liquid chromatogra-
phy. ] Chromatogr 704:289-305.

Slonecker P, Li X, Ridgway T, Dorsey JG. The
informational orthogonality of 2-dimensional
chromatographic separations. Anal Chem (in
press).

Abbreviations
A Angstrom units

CHz2Cly
HOAAs

'Y capacity factor

dichloromethane

homopoly(amine acids)

K exclusion coeflicient
K size-exclusion coefficient
Kn exclusion ceefficient of the
bimodal system

Kp partition coefficient
MW molecular weighi
NI, Amino group
PBGAgs poly{benzylglutamic acid),
PGA4 poly(glutamic acid ),
PLLs2 poly{L-lysine)y,

r  radius of a sphere

R radius of a cylinder
Iy radiug of gyration
Re average pore size
S standard deviation
THIF tetrahydrofuran
Vi solvent volume within the pel
Vin void volume
Vo extra-particle volume
Vi pore volume of parlicles

Vir elution volume

Vs volume of pores available to
a molecule

Many studies have shown that a single chroma-
tographic step is unlikely to separate all of the
components of a complex mixture. In response
to this challenge, Drs. Dorsey and Halsall pro-
pose novel techniques for increasing the resolv-
ing power of chromatography. Their approach
is to combine mobile-phase and stationary-
phase progranuming to improve the separating
power of liquid chromatography, a process de-
scribed as psendo-two-dimensional chromatog-

raphy. The stationary-phase programming con-
siders the resolving abilities of various station-
ary-phase properties, such as pore diameter of
the silica gel, along the length of the column.
Preliminary data are presented for the theory of
size exclusion, based on traditional reversed-
phase stationary phases, and for the bonding of
poly(homo)peptides to a silica support, which
imparts chromatographic properties as a func-
tion of mohile-phase composition. Theoretieal
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nodels then are presented for combined size-ex-
clusion and reversed-phase chromatographies
and stationary-phase programming,

The concept of using structural changes in the
stationary phase ligand to enhance selectivity is
intriguing, and may result in the development of
some novel stationary phases. However, by fail-
ing to deal with how chromatographic theory is
related to stationary-phase and mobile-phase
programming, as well as with basic issues of dif-
fusional processes, the investigators have not
addressed some advantages and disadvantages
of using pseudo-two-dimensional chromatogra-
phy as opposed to true two-dimensional chro-
matopraphy. For example, there may be no
advantage of using a combined approach if the
number of theoretical plates is not increased by
comhining these two processes. Statistical the-
ory states that peak width limits the number of
peaks that can oceur in a sequence for a given
time interval. Therefore, unless combining the
two processes decreases the peak widths rela-
tive to those obtained from using each process
individually, an increase in resolution will not
be gained for the given time interval. Discus-
sion with respect to diffusion and mixing (band-
broadening} also would alert the reader to
possible problems with this approach, as band-
broadening may cause problems in resolution.
The example nsed in the report does uot ad-
dress this issue, because resolution was nat a
problem to begin with.

Another potential problem with the use of
pseudoe-two-dimensional separation is that al-
though unresolved peaks may become resolved
in the process, formerly resolved peaks may be-
come unresolved. In Figure 1 peaks a, b, f, and
g become resolved though the process, but the
resolution between peaks b, ¢, e, and f is lost.

n summary, the idea of combining moebile-
and stationary-phase programming to increase
separation is a geod one, but this approach may
be more uselul as an analytical tool for identifi-
cation than as a preparative tool for separating
complex mixture components for toxicity test-
ing. Possibly, stationary phase modifications to
cause preferential retention of compounds with
common toxicologic properties would make
this technique more useful.

Given the existing techniques applied to the
analysis of complex mixtures, a discussion by
the investigators of how the described approach
compares to more traditional approaches, par-
ticularly in the context of assessing toxicologic
endpoints, would have been appropriate.

This report offers potentially fruitful new ap-
proaches to improving selectivity in analytical
chromatographic systems. However, additional
research on the actual effect of stationary-phase
conformational changes on chromatographic se-
lectivity will be necessary for this approach to
have a major impact on research in complex
mixlures. Ml

aly d fo

he of

Figure 1. An illustration of how changing conditions can alter the resolution of peaks a through &
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Abstract

The purpose of this work is to develop an ap-
proach for the chemical and biological charac-
terization of volatile and semivolatile
compounds resulting from vehicular engine
combustion of gasoline, diesel, and other types
of fuel. There are two specilic objectives. The
first is to develop theoretical avenues for the ex-
fraction, separation, and characterization of the
chemical mixtures using techniques based on
the solvation properties of supercritical fluids.
The secand is to develop a way to evaluate
these materials for potential adverse health ef-
fects using cellular, biochemical, and molecular
agsays, Ultimately this approach will provide
information about the effects of these mixtures
on the hiological processes involved in tumor
initiation and progression; other toxicological
endpoints remain to be addressed.

Current methods of exiraction and purifica-
tion of volatile and semivolatile combustion
products have several limitations including the
incomplete extraction of certain analytes; poor
resolution, leading to overlap between chemical
class fractions; analyte loss during removal of
the substantial quantities of solvent often re-
quired for extraction; and the creation of large
volumes of waste solvents. We selected super-
critical fluid chromatography (SFC)* and super-
critical fluid extraction (SFE) because they affer

* A Jisl of abhreviations appears at the end of this documoent.

This nvestigalors’ Reporl is one part of HED Communication Number
4, which alse includes 1hree Investigaiors’ Reporls by Bechield and
lgtchkiss, Dorsey and Halsall, snd Gennings and coworkers, and
Corments by the Health Review Commiltee. Correspondence concem-
ing this Investigntors’ Reporl may be addressad e Dr, David £, Springer,
Haltele Memorial Tnstitute, P.0. Box 99, Battele Boulevard, Mail Stop
P7-46, Richland, WA 90352,

Although this document was produced with partial funding by the 115,
Environmental Protection Agency under Assistance Agreement 816265
to the Health Effects Institute, it has not been subjected to the Agency's
peer and administrative review and therefore may not necossarily
reflect he views of the Agency, and vo official endorsement should be
inferred. The contenis of this document also have not been reviewed
by private parly inslitutions, incloding those that suppert the Health

Effects Iastitule; therefore, it may nol reflect the views or policies of

these parties, and no endorsemoent by them should be inferred.

Health Effects Instiiute © 1996

superior separation characteristics compared to
solvent extraction and other methods, Qur
premise for this work is that SFE and SIC are
simple, gentle, and efficient methods for extrac-
tion and separation of volatile and semivolatile
components from combustion products,

Endraduntion

Supercritical fluids may be defined as gases
near their critical temperatures and compressed
to pressures (or densifies) at which intermolecu-
lar distances are shorter. This results in liguid-
like molecular interactions. The physical
properties of a supercritical fluid can he made
to vary between the limifs of a normal gas and
those of a Hquid by controlling pressure and
temperature. The combination of physical prop-
erties, such as viscosity and diffusion rates,
with variable solvent properties provides the ba-
sis for the advantages of SFE and SFC. This in-
cludes enhanced solvating capabilities because
of the liquidlike density of supercritical fluids,

Supercritical fluids typically are used at den-
sities ranging from 10% to 80% of their liquid
densities, which produce pressures that are
typically 100 to 1000 times greater than those of
the gas at ambient temperatures. The diffusion
coefficients of supercritical fluids are substan-
tially greater than those of liquids. For example,
the diffusivity of supercritical carbon dioxide
varies between 10~ and 107 em®/s over the
range of conditions usually utilized, whereas
liguids tzypically have diffusivities of less than
107" em®/s. Similarly, the viscosity of supercriti-
cal fluids mirrors the diffusivity and is typi-
cally 10 to 100 times less than the viscosity of
liquids (McHugh and Krukonis 1986). Practical
pressures for applications range from less than
50 bar to more than 500 bar.

The pressure-density relationship for carbon
dioxide in terms of reduced parameters {for ex-
ample, pressure, temperature, or denstty di-
vided by the appropriate critical parameter) is
shown in Figure 1. This relationship generally
is valid for most single-component systems.
The isotherms at various reduced temperatures
show the variations in density that can be ex-
pected with changes in pressure. Table 1 gives
the critical parameters for a number of common
and potential supercritical solvents (Wright and
Smnith 1989).
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Using a binary fluid mixture can enhance
solvating power by increasing the range of mo-
lecular species that: (1) are soluble in a single
supercritical fluid, (2) alter the oritical tempera-
ture of the mobile phase, or (3) change the chro-
matographic selectivity of the mobile and
stationary phases. The phase behavior of binary
systems is highly varied and much more com-
plex than that of single-component systems. lsx-
amples of binary fluid systems are carbon
dioxide with isopropancl or methanel, and pro-
pane with isopropanol. The phase behavior of
carbon dioxide-methanel is shown in Figure 2,
which depicts their pressure and composition
relations at three temperatures {Brunner 1985).
The single-phase supercritical regions are above
the curves, and the regions beneath the curves
correspond to two-phase subcritical mixtures at
the respective temperatures. 1t is essential
that the fluid mixtures used for mobile phases
be selected so that they can be mixed and
pumped as a single phase, preferably at ambi-
ent temperatures.

The range of solvating power of supercritical
fluids essentially defines the Hmit of applica-
tion. The solubility of analytes typically in-
creases with supercritical flaid density or with
temperature under conditions of constant den-
sity. A maximum rate of increase in solubility
with pressure is seen near the critical pressure,
where the rate of increase in density with pres-
sure is greatest (Giitterman and Procaccia 1983).
Often there is a linegar relationship between the
log (solubility) and fluid density for dilute solu-
tions of nonvolatile compounds. Where volatil-
ity is extremely low, and at densities less than
or near the critical density, an increase in tem-
perature will typically decrease solubility
{Smith and Udseth 1983a,b). However, at suffi-
cienily high temperatures, solubility may in-
crease and the sclute vapor pressure also
becomes significant. The highest supercritical
fluid densities at a constant temperature are ob-
tained near the critical temperature; the greatest
sojubilities often will be obtained at somewhat
lower densities but higher temperatures. Simi-

REDUCED PRESSURE

Figure 1. The pressure and density re-
lations of carbon dioxide expressed in
ierms of reduced parameters. The area

REDUGED DENSITY

beneath the dotted line represents the
two-phase gas-liquid-equiiibrium re-
gion. 15 is the reduced temperature.




Table 1. Common Supereritical Fluid Chromatography Solvents and

Properties”
Boiling Critical Critical Critical
Point Temperature Pressure Densily
Compound (°C) o) (Bar) (g/ cm™)
C0y ~78.5 31.3 72.9 0.448
N3 ~33.4 132.4 112.5 0.235
0 100 374.2 218.3 0.315
N0 ~88.6 36.5 71.7 0.450
Lthane ~88.6 32.3 48.1 0.203
Propane ~42,1 86.7 41.9 0.217
Pentane 36.1 196.6 33.3 0,232
Methanaol 64.7 240.5 78.% 0.276
Isopropanol 82.5 235.3 47.0 0.273

* Adapled rom Wright and Smith 1989,

lar to liquids, the more polar solutes are most
soluble in polar supercritical fluids, although
nominally nonpolar fluids can be remarkably
good solvents for moderately polar compounds
{McHugh and Krukonis 1986).

Proposed Experimental Approach

The experimental approach will have three
phases. During Phase I we will collect and ana-
lyze volatile and semivolatile compounds from
various combustion sources. During Phase I,
we will evaluate individual compounds and
synthetic mixtures of compounds in an effort o
estimate dosimetry and interaction with cells,
In Phase i1, we will assess the cytotoxicity of
supercrilical fluid extract fractions, and exam-
ine their ability to praduce mutations in repre-
sentative target cell lines.

Phase I Volatile combustion products will be
collected an adsorbent materials and analyzed
by purge and trap gas chromatography-—mass
spectrometry (GC-MS), Semivolatile com-
pounds also will be collected on adsorbent ma-
terials, and particulates will be collected on
filters; both will be extracted and fractionated
with supercritical fluids. As a result, relatively
pure fractions consisting of classes of com-
pounds will be obtained for biological testing.
Extracts will be analyzed by SFC-MS and
GO-MS,

Some typical compounds detected in vehicle
diesel exhaust emissions are shown in Table 2
(Westerholm et al. 1991). Similar types or
classes of compounds may be expected for
other combustion sources. The particulate and
semivolatile phase crude extracts are fraction-
ated according to polarity. The five fractions
include light aliphatic hydrocarbons, heavy
aliphatic hydrocarbons, nitro-polynuclear
aromatic hydrocarbons, dinitro-polynuclear
aromatic hydrocarbons, and quinones and other
pelar material, Fractionation wiil be accom-
plished with open column chromatography and
high performance liquid chromatography
(HPLCY.

Proposed Appreaches to Separation Charac-
ferizafion The most widely used procedure for
sampling amhient air for volatile and semivola-
tile organic compounds is to pass measured vol-
umes of air (typically 2 to 100 L for most
volatile organic compounds and 2 to 500 m® for
semivalatile organic compounds) through a
solid material that sorbs the components of in-
terest. Steel canisters, with inert interior walls
electropolished to prevent decomposition of the
collected organic compounds, are commonly
used for collecting ambient air samples; Ted-
lar™/Teflon™ bags also can be used. Condens-
ing volatile organic compounds from air into a
cryogenic frap is an atiractive alternative to sor-
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bent sampling, particularty when it is com-
bined with ambient air sampling in appropriate
containers {Clark et al. 1982; Hutte et al. 1984),
After the compounds of interest are collected,
solvent exiraction or thermal desorption is used
to recover them,

Nonvolatite compounds, for example elemen-
tal carbon and compounds with high molecular
weights, have negligible concentrations in the
vapor phase; these compounds often are bound
to solid particles, High-volume samplers com-
monly are used to coliect particies and associ-
ated vapors from air. Filter packs sometimes are
used as prefilters; Teflon or similar particle pre-
filters may be followed by a nylon filter to re-
move nitric acid, Impingers {(bubblers)
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Figure 2. Pressure composition diagrams for carbon
diexide—methano] fluid mixtures at three tempera-
tures. Two-phase gas-liquid—equilibrivm regions ex-
ist ingide the curves at the given temperatures,

Table 2. Examples of Oxygenated Compounds, Light
Aromatic Compounds, and Particle-Associated
Polynuclear Aromatic Compounds Identified in
Heavy-Duty Diesel Exhaust”

Acrolein 2-Methylfluorsne
Acetone Phenanilwene
2-Propanol Anthracene
Methacrolein Pyrene

Benzene KO

Toluene Niiropyrene
Kylene Dibenzothiophene

Methyldibenzothiophene
Perylene

n-Buianal
LEthylhenzene

* Adapted fromWeslerholm ot al. 1691

commonly have a liguid collection medium in
which chemical speciation, for example, the va-
lence form of a metal, can be changed substan-
tially. Impingers are not recommended for
Jlong-term, routine monitoring because evapora-
tion af the collection fluid can be significant
{(Winberry et al. 1990). The Environmental Pro-
tection Agency has published sampling proto-
cols (Winberry et a1, 1690) for toxic compounds
in ambient air, and these are listed in Table 3.
Air pollutant studies have emphasized the
less volatile organic compounds trapped on
solid adsorbents or the particulates trapped on
filters (Egebaeck et al. 1981; Scheuizie and Lew-
tas 1986; Westerholm et al. 1691). Soxhlet ex-
{raction or sonication typically is used to
recover analytes from the adsorbents. Both tech-
niques may require long extraction periods,
large volumes of solvent, and may result in in-
complete recovery or sample decomposition.
The resulting exiracts are concentrated by ro-
tary vacuum or by nitrogen-blowdown tech-
niques prior to trace analysis. If bioassays are
part of the experimental protocol, the solvent
must be exchanged to one that is compatible
with biocassays, such as dimethy! sulfoxide,
prior o biological testing (Egebaeck et al. 1981).
In contrast, supercritical fluids have several
properties that may make them useful for the
rapid and quantitative extraction and recovery
of organic pollutants from adsorbents and envi-
ronmental solids. Because a supercritical fluid’s
solvent strength is directly related to its den-
sity, the capacity of a supercritical fluid to
solvate a particular analyte species can be modi-
fied easily by changing the extraction pressure
and, to a lesser extent, the femperature. Sup{arm
critical fluids with different polarities are avail-
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Table 3. EPA Sampling Methods™

Method Types of Compounds

Number Description Determined

TO- Tenax GC adsorption and GC-MS Volatile, nonpolar organics (e.g., aromatic

analvsis hydrocarbons, chlorvinated hydrocarbons)
Laving boiling points in the range of 80° to
200°C.

TO-2 Carbon molecular sieve Highly volatile, nonpolar organics (e.g., vinyl
chloride, vinylidene chloride, benzene,
toluene) having boiling points in the range of
-15% to +1206°C,

TO-3 Cryogenic trapping and CG-TID or Volatile, nonpolar organics having boiling

ROD analysis points in the range of -10° to +200°C
TO-4 High volume PUF sampling and Organochlorine pesticides and PCRs
GC-ECD analysis

TO-5 Dinifrophenylhydrazine lquid Aldehydes and ketones
impinger sampling and HPLC~
uitraviolet analysis
TO-6 HPLC Phosgene
TO-7 Thermosorb/N adsorption N-Nitrosodimethylamine
TO-8 Sodium hydroxide liquid impinger  Cresol and phenol
with HPLC

TO-9 High volume PUF sampling with Dioxin
HRGC-HRMS

TO-10 Low volume PUF sampling with Pesticides
GC-IECD

TO-11 Adsorbent cartridge followed by Formaldehyde
HPLC defection

TQ-12 Cryogenie preconcentration and Nonmethane organic

direct FIID compounds

TO-13 PUPF-XAD-2 adsorption with GG PAHs

and HPLC detection
TO-14 SUMMA® passivated canister Semivolatile and volatile

sampling with GC

organic compounds

* Adapted from Winborry and associales 1980,

able; in addition, solvent modifiers can he used
to alter the polarity of a supercritical fluid. The
ability to select and change the solvent strength
of a supercritical fluid is important for optimiz-
ing the extraction of a particular analyte species.
The use of different extraction pressures, solvent
modifiers, and solvents with varying polarities
may be valuable particularly in developing
class-selective extraction methods. However,
the use of modifiers must be evaluated carefully
so that they can, if necessary, be removed be-
fore the bioassay. Many supercritical solvents
are sufficiently volatile that the extracted spe-

cies can be concentrated at ambient or even
subambient temperatures, thus reducing the
loss of volatile analytes and reducing the
amount of solvent that requires disposal, The
loss or transformation of compounds found in
the original mixture, as well as analyte loss
from the extraction procedure, is minimized.
The potential for using supercritical fluids to
provide class-selective extractions has been
investigated using the National Bureau of
Standards diesel exhaust particulate sample
[Hawthorne and Miller 1886). Class fractiona-
tion of the alkanes and polynuclear aromatic




40

HEL COMMUNICATION 1986 Number 4

hydrocarbons was based on the fact that chang-
ing a supercritical fluid's pressure can greatly
affect its ability to solvate organic compounds
{Giddings et al. 1968}, The sample first was ex-
tracted with 75 atm carbon dioxide for 5 min-
utes at 45°C, and then was extracted for an
additional 90 minuies at 300 aim and 45°C. The
extracted organic compounds were collected
and analyzed using selective inn monitoring
GC-MS; mfz 57 was moenitored to quantitate
the alkanes. Approximately 85% of the alkanes
were removed by the 5-minute, 75-atm exirac-
tion, while more than 80% of the polynuciear
aromaiic hydrocarbons were retained unti the
exlraction pressure was raised to 300 atm.
These resulis demonstrate the possibility of
class fractionation, even though only one set of
class-selective exiraction conditions was used.
Class fractionation also has been accomplished
using a different series of supercritical fluids on
high-molecular-weight residuals from coal
liquefaction processes (Campbell et al. 1992).
In SFFC, the mobile phase is maintained at a
temperalure somewhat above its critical point;
at typical SFC pressures, its density is usually
several hundred times that of the gas but less
than that of the liquid. It is generally advanta-
geous fo use the highest temperature compat-
ible with the SFC system and the material being
analyzed, as the more favorable diffusion coefli-
cients obtained with operation at higher tem-
peratures and lower densities improve
chromatographic separation efficiencies (Fields
and Lee 1985). Because it is possible to use low-
critical-ternperature fluids and reduced tem-
peratures, mild thernial conditions can be
appiied to labile compounds that can not be
analyzed by GC. Nearly all current SFC tech-
nigues use either packed columns with 5- to
10-pm particles prepared for HPLC, or wall-
coated open tubular fused silica capillaries of
25 to 100 pm interior diameter. Capillary col-
umns have much greater permeabilities and
have demonstrated higher numbers of total
effective plates than packed columns,
Supercritical fluid chromatographic instru-
mentation incorporates elements of both HPLC
and GC, as both high-pressure niobile phases
and higher than ambient operating tempera-
tures are used. High pressure is maintained
throughout the column; detectors must work at

high pressures or be interfaced to the decom-
pressed gas Now of the column effluent. The

chromatographic columns also must be stable
to the mobile phase's solvating influences.

The advantages of coupling a chromato-
yraphic technique with mass spectrometry are
considerable, as evidenced by the major role of
GC-MS in organic analysis. The mass spec-
trometer is an ideal detector for SFC, providing
both sensitive and selective detection with uni-
versal applicability. In contrast to many detec-
tion methods, MS is compatible with a broad
range of mobile phases. The added flexibility to
choase jonization modes such as eleciron im-
pact or chemical ionization, independent of the
maobile phase, provides the basis for obtaining
either structural information or high sensitivity
and selectivity.

Proposed Approaches te Sampling and
Collections The sampling apparatus will com-
prise a series of impingers and adsorhents for
collecting volatile and semivolatile compo-
nents; filters will collect particulate matter. The
sampling procedure would be similar to that
used by Westerholm and associates (1991) for
sampling diesel exhausts,

Regulated emissions will be measured as fol-
lows: carbon monoxide with a nondispersive in-
frared analyzer {Beckman 864), total unburned
hydrocarbons with a flame ionization detector
(Beckman 402), oxides of nitrogen {NOx) with a
chemiluminescence analyzer (Beckman 955),
and particulate emissions by the use of Teflon-
coated glass fiber filiers {Pallflex TEOAZQ;
Pallflex, Inc.).

A eryogenic samipling technique (Jonsson and
Berg 1983}, in which a cryogradient is estab-
lished over a sampling tube packed with a sor-
bent bed, will be used for oxygenates and light
aromatic compounds. The use of two parallel
eryogenic sampling devices will double the ca-
pacity to sample the semivolatile phase. The de-
vice is described elsewhere in detail {Stenberg
et al. 1983), as is the adsorbent sampler, filled
with XAD-2 resin (Amberlite 0.3-0.78 mmy;
BDH Chemicals Ltd.) (Alsberg et 1l 1983). The
XAD-2 samples, extracted with a series of super-
critical fluids and concentrated for analysis,
wilf be used primarily for biological testing.
Semivolatile phase samples, cotlected on poly-
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urethane foam plugs, will e extracted and
treated in the same way as the particulate
extract.

The adsorbent materials containing semivola-
tile compounds and particulates will be ex-
tracted sequentially with a series of super-
critical fluids to obtain a class fractionation.
Certain supercritical solvents may actually dis-
solve the adsorbent material; if this ocours, the
adsorbent material will be removed by filtration
before assay work. If the adsorbent material can
not be removed, its effects on the bioassay will
be evaluated. Further separation and class frac-
tionation will be done as necessary by SFC or
additional sequential SFE. The supercriticat
fluid with modifier will be removed by heating
sufficiently to volatilize it but not the sample
components. In the bioassay portion cells will
be subjected to the separated class fractions.

We have not yet determined the aciual se-
quence of supercritical fluids for extraction.
However, studies have shown that model com-
pounds, including dichloromethane, 2-nitro-
fluorene, and fluoranthene, could be extracted
from various adsorbents using carbon dioxide
for 60 minutes at 3000 psi, followed by extrac-
tion at 6000 psi with 12% hexane in carbon di-
oxide (Wong et al. 1891). The temperature,
pressure, and type and per cent of modifier will
be adjusted to oblain ¢lass fractionation. Qther
possible supercritical solvents, including metha-
nol and dimethyl- or trimethylamines, will be
evaluated on the basis of separatory power and
ease of removal prior to the bioassay,

Once we have identified a specific class of
compounds, several components indicative of
that class can be spiked into the adsorbent and,
with adjustment of the parameters {fempera-
fure, moedifier, eic.), the desired fractionation
can be obfained.

The volatile components will be identified by
purge and frap GG-MS. Carbonyl compounds
will he collected by bubbling a portion of the ve-
hicle exhaust through two impingers, cach of
which contains 25 m¥L of an scetonitrile solu-
tion containing 2,4-dinitraphenylhydrazine.
Subsequent analysis of the derivatives formed
by carbonyl and 2,4-dinitrophenylhydrazine
will be made using HPLC in & manner similar
to that used in the studies by Hoekman {1992),

Semivolatile compounds and particulate ex-
tracts will be analyzed by SFC-MS and by GC-

MS. No modifications of the commercially sup-
plied GC~MS interface (Hewleti-Packard Model
5888A GC-MS) will be made. The source {em-
perature and the interface probe temperature
will be held at 270°C. A Superbond (Lee Scien-
tifte) column (SB-octyl-50, 10 my % 100 1 inte-
rior diameter, 0.25 um film thickness) will be
used in these studies,

Extracts will be fractionated further using
SFC and high-resolution microcolumn HPLC.
This technique uses fused silica tubing slarry-
packed with 5-pm particles to provide columns
that approach separation efficiencies of 100,000
theoretical plates. In addition to the enhanged
resolution, microcolumn separations offer a
number of inherent advantages including min-
ute sample volumes, enhanced mass flow detec-
tian sensitivity, and ihe feasibility of using
exotic mobile phases. Expected concentrations
of classes of compounds range from microgram
to milligram per gram of mobile source
material,

Phase I Phase Il involves the evaluation of
compounds and synthetic mixtures for dosi-
metry and interaction with cells, hecause ex-
tracts from the semivolatile components and
particulate fractions are expected to be much
more complex, requiring further fractionation,
Because we anticipate fewer compounds in the
volatile fraction, it should be possible to pre-
pare well-defined synthetic mixtures for biologi-
cal studies. Radiolabeled compounds, chosen
on the basis of their presence in the volatite and
semivolatile fractions and on their commercial
availability, will represent the major classes of
compounds present in the mixtures {short-
chain hydrocarbons, alcohols, ketones, alde-
hydes, and organic acids). Individual radio-
labeled compounds will be used to establish
methods for delivery of the test compounds to
the cultured cells as well as to estimate recov-
ery. This approach also will provide informa-
tion on partitioning of the test compound in the
vapor phase above the cells, solubility in the
growth media, and amount reaching the cellu-
lar fraction. Mixtures containing one or several
radiclabeled compounds will be used to evalu-
ate toxicity to cells and to establish conditions
for mufagenesis assays.

Individual compounds and synthetic mix-
tures representative of combustion product vola-
tile and semivalatile components will be
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evaluated for toxicily. Initial concentration-re-
sponse information will establish relative cyto-
toxicities for individual compounds and the
synthetic mixtures; these components then will
be evaluated for mutagenic and transformation
activities.

Phase II Phase III will involve direct evalu-
ation of supercritical fluid exiracts for toxicity.
Fractions showing significant mutagenic activ-
ity will be candidates for further evaluation of
muiagenicity in transgenic mice; these studies
will depend on the extraction of sufficient quan-
tities of material for whole animal evaluation.
Exiracts are expected to contain individual com-
pounds or a few compounds with similar func-
tional proups. Positive controls will ensure that
the assay is working properly and conirol for in-
herent assay variability, It is anticipated that

the SFC-purified fractions will comprise many
different compounds, thus it will be important
to determine whether interactions between com-
pounds are synergistic or antagonistic in their
biological effects. The extracts also will be
evaluated for activity in the presence of ozone,
which may interact with exiract components,
relevant to the situation in many atmospheric
envirenments.

Bioussay Rationale Characterization of bio-
lopical activity of the samples will involve sepa-
ration of the volatile components into class
fractions, primarily on the basis of functional
groups and solubility. For example, a theoreti-
sal class fractionation of compounds identified
in heavy-duty diesel exhaust by Westerholm
and associates {1991) is shown in Table 2. We
anticipate that concentrations of chemical class
fractions recovered by SFE will be in the micro-
gram to miliigram per gram range, and that mi-
crogram amounts of each class fraction will be
required for a typical experiment. If volatile
components are extracted with supercritical flu-
ids that include modifiers, the modifier prob-
ably will have to be removed because of its
potential toxicity to celis. Analyte loss could oc-
cur during this removal process. Because prior
analysis would have identified volatile
analytes, these gases will be obtained from com-
mercial sources and blended to reflect the com-
position of the starting material. Cells will be
exposed to these more easily standardized and
conirolled gas mixtures as well as directly {o
the isolated fractions. This approach will be ap-
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plicable as well for either the semivolatile or
particulate extracts. The exiracting fluid can be
removed, without loss of the analytes, by heat-
ing the solution slightly.

We propose a tHered bicassay approach using
the analyte fractions. Initial in vitro assays for
cytotoxicity and mutagenic activity will iden-
tify potential biologically active fractions,
which will be studied further for potential activ-
ity in vivo. Activity initiated by these fractions
also will he compared with activity associated
with the unfractionated parent mixture to detey-
mine which fraction is responsible for the ma-
jor biclogical activity. In addition, we will
blend class fractions selectively to attempt fo
recreate the parenfal mixture activity, with the
objective of identifying possible interactions be-
tween class fractions.

Analysis of In Vitre Activily Because the res-
piratory epithelium is the target tissue most
likely at risk of cancer from exposure to volatile
mutagens, an ideal system for studying poten-
tial volatile mutagens would use cells that are
histologically and metabolically comparable to
respiratory epithelial cells, Rat tracheal epi-
thelial {RTE) cells histologically resemble hu-
man bronchi (Kendrick et al. 1974), and are
isolated and cultured easily in vitro, These cells
maintain the nantransformed, differentiated
phienotype in culture and, with the addition of
prowth factors, can be cultured under condi-
tions permissive for growth. In addition to RTE
cells, a human bronchoepithelial cell line re-
cently has become commercially available and
should be evaluated for use in these
experiments.

We will expose RTE cells to vapor-phase frac-
tions using the hydrated collagen gel matrix sys-
tem described by Zamora and associates
{1983a), in which cells are maintained by the
medium in a collagen gel support, so that the
upper cell surface can be exposed to gaseous
agents. This system has been used snccessfully
to detect the cytotoxicity and mutagenicity of
agents such as ethylene oxide, propylene oxide,
and 1,2-dichioromethane {Zamora et al, 1983a);
nitrous oxide (Zamora et al. 1986); and phenol,
formaldehyde, and diesel exhaust (Zamora et
al. 1883h).

Cytotoxicity of the class fractions will be
evaluated initially to determine both relative
biclogical activity of the fractions and concen-
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trations to be used in further assays. Standard
assays for in vitro mutagenesis, such as the hy-
poxanthine-guanine phosphoribosyliransferase
and thymidine kinase systems, will be used to
screen for potentially active fractions.

Lxtracted fractions that demonstrate poten-
Hally mutagenic activity also will be studied for
their ability to cause changes associated with
neoplastic transformation in cells. Upan expo-
sure ta carcinogens, the first detectable stage of
neoplastic transformation in RTE cells is 1110 for-
mation of "enhanced growth” {EG) variants
which are resistant to serum-mediated differen-
tiation (Thomassen et al. 1983; Nettesheim and
Barrett 1984). Cells resemhling G varianis
have been noted in tracheas of animals exposed
to carcinogens {Thomassen 1986} and, although
nonfumorigenic, they can become tumorigenic
with additional time in culture. Background
(spontaneous) development of EG variants has
been shown to be dependent on cellular prolif-
eration, ocrumng at a constant rate estimated
to be 7.5 x 107" variants per cell generation
(Thomassen 1986). The induction of EG variants
of RTE cells has been observed with & number of
known and suspected carcinogens, including N-
methyl-N "-nitro-N-nitrosoguanidine, dimethyl-
benzlajanthracene, benzofalpyrene, and
volatile compounds such as formaldehyde and
ethyl acrylate {Steele ot al. 1989; Thomassen et
al. 1985; Netiesheim and Barrett 1984). Multi-
ple exposures of RTE cells to ozone {0.7 parts
per million; 9 total exposures} also induced BG
variants in vitro (Thomassen et al. 1991}, Most
notably, this system has been used as a short-
term assay to evaluate potential respiratory car-
cinogens (Steele et al. 1989), with an accuracy
of 88% relative to in vivo resulis.

In Vive Approaches to Mutagenesis
Analysis In vitro approaches to mutagenesis
analysis do not take into account such pharma-
codynamic parameters as dose distribution, in
vivo metabolism, or excretion. An advantage of
the RTE cell system is that the frequency of in-
duction of EG variants can be determined after
either in vitro or in vive exposure. This in vitro-
in vivo approach provides a mechanism for cali-
brating the extrapolation of results observed in
vitro with expected results obtained in whole
animals,

The use of transgenic animals also has pro-
vided a means for genetic toxicology assays
combining both long- and short-term assays in &

single test system. The Jac] transgenic mouse
system (Stratagene, La Jolla, CA), a rapid and
simple system for detection of mutations at the
DNA level, avoids the multiple steps required
with plasmid-based systems. This mutagenesis
assay utilizes a lacl target gene contained
within a A ZAP shutile vector (Short 1989) that
has been integrated stably in 30 tandem head-fo-
tail copies at a single locus within the mouse
genome, Mutation rates can be measured
throughout the respiratory tract from trachea to
deep lung, providing, in effect, a measure of tar-
get organ dose and distribution.

Transgenic mice have been exposed {o & num-
ber of well-studied and representative mutagens
(Kohler et al. 1990, 1991}, including N-ethyl-
N-nitrosourea, benzola|pyrene, and
cyclophosphamide. With the two former muta-
gens, a mutation frequency above the back-
ground was detected, The spontaneous
mutations analyzed in the mice produced spec-
tra consistent with the types of mutations ob-
served in other systems. It should be noted that
the proposed use of transgenic mice does not
preclude more standard bicassay approaches,
as this system does not appear responsive 1o
nongenotoxic carcinogens {Gunz et al. 1993),
However, the lacl mouse system provides the
unique advantage of a short-lerm in vivo assay
for comparison of mutation rates in both target
and nontarget organs,
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This report uses the solvation properties of su-
percritical fluids as an approach for charac-
terizing volatile and semivolatile compounds in
a complex mixture. Drs. Springer, Thrall and
Campbell propose a theoretical framework for
chemical separation followed by biological test-
ing using cellular, genetic, and molecular toxic-
ity assays.

Supercritical fluids retain both the high dif-
fusibility of gases and the high soivency properties
of liquids. They can be used for chromatographic
separation as well as for extracting chemicals
from a matrix. Supercritical fluid chromatogra-
phy is well developed and documented as a
separation tool, and can be interfaced with
mass spectrometry. In contrast, the theory and
application of supercritical fluid extraction is
mch less developed. The proposed method
could extend the use of supercritical fluid ex-
iraction techniques and perhaps provide a more
rigorous foundation or theoretical basis for the
technique than currently exists. The use of su-
percritical fluid extraction and chromatography
for analyzing complex mixtures can serve two
purpeses: developing supercritical fluid extrac-
tion technology, and advancing the analysis
and characterization of complex niixtures,

Supercritical fluid extraction has the advan-
tage of reducing artifacts and improving solvent
disposal problems, compared to conventional
solvent extraction methods. The material re-
maining after supevcritical fluid extraction is
pure and easy to remove. Although there are
Hmited analytical advantages to the use of su-
percritical fluids, with the possible exception of
speed, there are considerable practical advan-
tages; the ease of removing the exiracting me-
dium leaves more concentrated analytes for
delivery o instrumental analysis or bioassay.

As is the case with conventional extraction
techniques, chemical artifacts and incomplete
recovery of chemicals can accur with the use of
pure carbon dioxide as a supercritical fluid to
extract polar chemicals from matrices. How-
ever, carbon dioxide can be used at room tem-
perature and has solvent properties intermediate
between those of pentane and methylene chlo-
ride, Dr. Springer and his colleagues recognize
these limifations and propose the use of binary
systems fo increase the range of solvating
power, allowing the recovery of both polar and
nonpolar chemicals.

The proposed use of supercritical fluid chro-
matography for resolving semivolatile and po-
lar chemicals in mixtures is potentially a
significant improvement over high performance
liquid chramatography, because theoretically
higher resolution can be achieved. However, as
it is presented in this report, the approach lacks
a toxicological rationale for separation. The use
of supercritical fluid technology in the field of
complex mixtures would be more applicable if
same characteristic of the toxic properties
could be used as the basis for separating them
from the mixtures. This may be possible with
the use of extraction modifiers, in which case
supercritical fluid extraction could be used to
extract preferentially chemical classes that are
most related to the toxicity of the complex mix-
ture. However, the use of such modifiers
should be considered carefully, because if a su-
percritical fluid such as carbon dioxide spiked
with a polar solveni (for example, methanol,
isopropanol, ete.) is used, the modifiers must
be removed prior to bioassay. This may be diffi-
cult and the original, primary advantage of a
pure solvenl system may be lost. #
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Statistical Approaches to
Interactive Effects

How chemical effects interact, whether addi-
tively or synergistically, is an important ques-
tion in the study of the health effects of
mixtures. Statisticians and toxicologists have
proposed many different statistical and graphi-
cal strategies for evaluating the relations among
several chemicals and their effects in bislogical
systems. One aim of the HEI complex mixiures
program was to develop approaches that would
determine interactive effects without the need
for a prohibitive number of bicassays. The
study by Drs, Genuings, Carter, and Dawson in-
volved the development of methodology for the
statistical analysis of data from complex mix-
tures o detect departures from additivity.
Whether a biological response is additive in
terms of exposnre to two or more chemicals de-
pends on how we choose to quantify both re-
sponses and exposures.” The use of "additive”
both in the report of Gennings and colleagues
and in the HEI comments assumes a particular
quaniiation of exposnre, namely linear inn con-
centration, and would be more precisely
worded "additive and linear in concentration.”
This should be kept carefully in mind in assess-
ing the implications of the work, especially be-
cause it is not uncommon for biclogical
responses to be additive and linear in other
measures of exposure, such as, for instance, the
logarithn of their concentrations (or doses).
Gennings and colleagues took two ap-
proaches to evaluating interactive effects:

(1) The extension of relatively new but estab-
lished regression methods, based on general-
ized linear models, a random-effects model,
and generalized estimating equations, to test
for departures from additivity using publish-
ed experimental data; and

(2) theuse of a parallel axis coordinate system to
depict graphically the planes of additivity.

b H any ane o1 MOTe eXPosuTes and FESPONSes VIrY over & Brow range,
how each one is quantified, although making a difference in privciple,
may nof make a difference large enough 1o be detected in proctice. This
is, however, nol the most common situation.

In the first approach, Gennings and col-
leagues developed statistical tests for depar-
tures from additivity using 3 types of models:
generalized linear models, generalized estimat-
ing equations, and random-effects models.
These techniques were applied to data sets com-
prising a collection of concentration-response
experiments on each of a mixture’s chemicals
studied alone. Under the assumption of additiv-
ity, the model-based predicted response can be
compared to the observed response to a specific
mixture. In the second approach, departures
from additivity were examined through the use
of isobelograms, An isobol is a line (for a two-
component system) or plane (in a three-compo-
nent system} of constant response, A parallel
axis coordinate system must be used to repre-
sent constant response graphically in systems
of more than three components.

The first method investigated by Gennings
and colleagues, the Estimation of Additivity
Maodel (Method 1), is designed to be applied to
data sets comprising concentration-response ex-
periments on each of the chemicals in a mix-
ture. The authors describe methods for
combining the results from these experiments
to estimate, under the assumpition of additivity,
the predicted response at any mixiure of con-
centrations of these chemicals, including a
point estimate and a prediction interval. An ob-
served response to a specific mixture then can
be compared to this interval to evaluate the ap-
propriateness of the additivity assumption at
that mixture.

Gennings and colleagues assume that the ad-
ditivity of the effects of ¢ compounds are under
investigation, that data from single chemical
concentration-response studies are available for
cach of these chemicals, and that each of these
experiments has a concurrent control grouyn If
the response also is available for a particular
multichemical exposure, additivity of effects at
that exposure can be assessed by comparing the
observed response to that predicted from the
concentration-response curves of the ¢ single-
chemical experiments and the assumption of
additivity,

The test for additivity requires specification
of a concentration-response model for each
chemical. For the example discussed in the re-
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port, the mutagenic activity of kerosene soot
samples, the authors assume that the mean
namber of mutant colonies increases exponen-
tially witl: dose. If xj; and pij are the jth dose of
chemical J and the mean number of mutant
colonies at that dose, respectively, the mean
number of colonies is modeled as pj = exp{Po; +
Bixif).

Three methods are considered for estimating
the parameters of this model. In the fixed-ef-
fects model technigue, standard statistical meth-
ods are used to estimate Boy, B), i=1, ..., ¢
The observed counts are assumed to be inde-
pendent within and between chemicals. The
method allows a test of the hypothesis that the
intercepts, representing the background muta-
tion rates, are constant across chemicals, A pre-
diction interval is constructed {o compare the
observed (mean) response of the combination of
interest to that predicted under the assumption
of additivity.

In the random-effects model, the background
mean responses are assumed to be realizations
from some underlying probability distribution.
This corresponds to the idea that the ¢ experi-
ments represent replications of & common ex-
perimental situation, but that contrel rates vary
randomly from replication to replication. The
authors propose that this underlying distribu-
tfion is a Gamma distribution, and then apply es-
tablished metheds for random-effects models of
this type to estimate the slopes, 3, of the ¢ con-
centralion-response curves,

Finally, the generalized estimating equations
method is closety related to the fixed-effects
method. In the generalized estimating equations
method, the experiments are assumed to be in-
dependent and to conform to the modet used in
the fixed-effects model, but observations (at dif-
ferent concentrations) in the same experiment
are assumed o be correlated. The generalized
estimating equations method permits estima-
tion of this correlation and adjusiment for it in
the analysis.

Because the model for the hackground rafes
and regression caefficients is identical for the
fixed-effects and generalized estimating equa-
tions metheds, one would expect these two
methods to yield similar parameter estimates.
The random-effects method produces estimates
of the background rates that are more similar to
exponential data than those obtained with the

other methods, reflecting this method’s assump-
tion that these rates are realizations from a single
underlying distribution, and that this will affect

the estimates of the regression coefficients.

In the e-Dimengional Isobologram Model
(Method 11}, Gennings and collsapgues investi-
pate methods for assessing the additivity of effects
of ¢ chemicals by plotting points from isobolo-
grams of constant response in the parailel axis
coordinate system. To appreciate this work, the
reader must become familisr with several geo-
metric ideas. Bvery mixture of ¢ chemicals con
he represented as a point in c-dimensional
space whose coordinates are the ¢ concentra-
tions. Bacause c-dimensional surfaces are diffi-
cult to visualize for ¢ > 3, foxicologists have
sometimes studied the geometric surfaces de-
fined by the sets of mixtures which give the
same biological response, These surfaces are
called isobolograms. When ¢ chemicals are un-
der investigation, isobolograms will have the di-
mension ¢ - 1, making them just as difficult to
visualize, In this report, Gennings and col-
leagues propose plotting the points on the is-
obologram in the two-dimensional parallel axis
coordinate system. We illustrate the concepts
underlying this work with a simple example.

If two chemicals have additive effects, then
tha set of pairs of concentrations of the two
chemicals that give a constant biological re-
sponse will He along a straight line in the
plane. For example, for any biological response
I, the sets of concentrations of the two chemi-
cals (x1, x2) that give the response F can he rep-
resented by a linear equation,

a1xi + axxy = I,

A hypothetical case corresponding to the lin-

ear equation

2x1 4+ x2 =10
is given in Figure 1 in Gennings’ report. This
straight line is an tsobologram {a set of mixtures
giving the specified response}.

Gennings and colleapues investigate the util-
ity of plotting points from isobolograms in the
parallel axis coordinate system. The two-dimen-
sional parallel axis coordinate system. is con-
structed by representing the ¢ axes as ¢ vertical
lines parallel to what is ordinarily cailed the Y-
axis, one unit apart horvizontally, A specific mix-
ture is plotted by placing a point on each axis at
a distance from the origin equal to the concen-
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fration of that chemical in the mixture, and

then connecting those points (Gennings' Figure
2). When the effects of the two chemicals are ad-
ditive, points on the isobologram will produce
line segments in the parallel axis system that in-
tersect at a unique set of ¢ — 1 points that define
the isohologram (Gennings’ Figure 3}.

These ideas can be extended to studies of the
effects of any number of chemicals. If the con-
centrations of ¢ chemicals are represented by
the symbals x3 to x¢, any mixture can be plot-
ted as a point in c-dimensional space whose co-
ordinates correspond to the concentrations of
the ¢ chemicals. The set of points correspond-
ing to the set of concentrations giving any speci-
fied biological response defines an isobologram.
Gennings and colleagues investigate the utility
of plotting points from isobolograms in the par-
atlel axis coordinate system. Fach point on the
isobologram generates a line segment in the par-
allel axis coordinate system of dimension ¢
(Gennings’ Figure 4}.

The ¢ chemicals are said to have additive ef-
fects in a biological system when any portion of
one chemical in the mixture can be exchanged
for a portion of another chemical, determined
by the relative potency of the two chemicals,
with no change in biological response. When ¢
chemicals have additive effects, the sets of mix-
tures producing a specified biological response,
E, will lie on a planar surface of dimension ¢~ 1
in (¢ - 1)-dimensional space.

Inselberg (1985} showed that all sets of poinis
lying on a plane of dimension ¢~ 1 will, when
plotted as line segments in the parallel axis co-
ordinate system, pass through a common set of
¢ points. These points uniquely characterize the
plane. Thus, if one could select different points
producing the same biological response, one
could plot these points in the parallel axis sys-
tem. If the effects of the chemicals were addi-
tive, each of the sets of line segments would
pass through the ¢ poiats that characterized the
plane of constant effect.
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Using the Parallel Coordinate
Axis System to Analyze Complex
Mixtures: Determining Biological
Activity and Interactions

Among Components

Chris Gennings, W. Hans Carter Jr., and
Kathryn Dawson

Department of Biostatisiics, Medical College of

Virginia, Virginia Cormmmonwealth University,

Richmond, VA

Abstract

The classical approach for detecting interac-
tions in a combination of drups or chemicals is
that of the isobologram, quantified and general-
ized by Berenbaum (1981), which states that
contours of constant response of the concentra-
tion-response surface are planar if the drugs do
not interact. This report describes the use of a
parallel axis coordinate system for depicting a
c-dimensional isobologram in the analysis of
the combination of ¢ chemicals. We analyze the
effect of three chemicals in combination on
liver function as an example. The advantage of
such a technique is that in theory the methodol-
ogy is not affected by the number of chemicals
in the mixture. However, the approach is lim-
ited in practice by the size of the experiment re-
quired to find data on an isobol {the contour of
constant response}.

A more economical approach describes depar-
ture from additivity by comparing observed re-
sponses lo those predicted under additivity
using an addifivily model. The estimation of
the additivity model requires concentration-
response data for only the individual compo-
nents and the specific combinations of interest
that reflect the local rather than global nature of
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departure from additivity, in contrast to the
larger experiments required to estimate the mul-
tidimensional concentration-response surface
for the combination. Procedures to incorporate
historical data are developed for a fixed-effects
model, for a random-effects model, and through
the use of a generalized estimating equations ap-
proach. An example illustrates the application
of these techniques to the analysis of a mixture
of polynuclear aromatic hydrocarbons found in
kerosene soot.

Introduction

In the study of drug or chemical combinations,
many authors indicate that a planar contour of
constant response {isobol} of the concentration-
response surface is synonymous witb additivity
{Berenbaum 1981}, Isobolograms have heen
used with two-compound combinations to de-
tect departure from additivity through evidence
of a nonlinear isobol. The statistical properties of
these procedures are unknown. Some authors
have developed statistical tests for additivity, yet
have based these tests on smoothed data repre-
sentations (MacCarthy 1987; Gennings et al,
1988; Kapetanovic et al. 1990).

Other authors (Finney 1964; Kelly and Rice
1990} have looked for interactions by compar-
ing predictions under an additivity model to
the observed responses at combination groups.
This approach requires concentration-response
data for only the individual components and
the specific combinations of interest that reflect
the local rather than global nature of departure
from additivity. Finney’s assumption of similar
joint action is equivalent to assuming parallel
conceniration-response curves for the mixture’s
components. Kelly and Rice’s approach is more
flexible in that they use monotone splines for
estimating concentration-response curves.

Ore objective for this research was to extend
the work of these authors to the case in which
the number of components in the mixture is
large. Concentration-response information from
each component (or class of components) is all
that is required to estimate an additivity model.
From these concentration-response data, mulgi-
ple control groups may be available and useful
in describing the backpground response rate.

We develop and present methodology to de-
termine departures from additivity by compar-
ing observed responses for combination groups
to those predicted from an additivity model.
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We have developed three technigques on the ba-
sis of variability across the control groups. Pro-
cedures are developed for a fixed-effects model,
for a random-effects model, and through the use
of a generalized estimating equations approach,
These techniques are illustrated using a mix-
ture of polynuclear aromatic hydrocarbons
{PAHs} found in kerosene soot,

The isohologram associated with a mixiure
having ¢ components is ¢-dimensional. When
¢ > 3, such a graphical appreach 1o detect and
characterize departure from additivity is cam-
bersome if not impossible. Inselberg (1985)
developed procedures for visualizing c-dimen-
sional relations using a coordinate system
whose axes are parallel. Eickemeyer (1992) has
developed algorithms for representing planarity
of c-dimensional figures by utilizing the paral-
lel coordinate system of Inselberg: however, his
procedures have been developed in the absence
of random variation in the data. Another goal
for this research was to develop statistical meth-
cdology useful for detecting departure from ad-
ditivity (departure from planarity) based on
plots of c-dimensional isobols preduced from
‘raw” data. We demonstrate our methodology to
date using a parallel axis coordinate system. In
general, the rationale of this approach is to plot
data from a specified c-dimensional isobol. If
this multidimensionat isobol is different from
the plane of additivity, departure from additiv-
ity is suggested. Unfortunately, although it is
theoretically possible to find points on a ¢-di-
mensional isobol, the practical consequences
when ¢ is large make this approach costly.

Specific Aims

The stated objectives of RFA 90-6, "Theoretical
Approaches to the Analysis of Health Effects of
Complex Mixtures”, were (1) to support the
theoretical development of methods for identify-
ing those components of complex mixtares that
may produce adverse health effects; and (2) to
support the theoretical development of meth-
ods for determining interactive effects among
companents. Our research has been in this lat-
ter area. Our initial direction was to extend the
logic of an isobologram to the case of ¢ compo-
nents in a mixture, for large ¢, by using the par-

* Alist of sbbreviations appears at the end ol this document,

allel axis coardinate systen:. Although theoreti-
cally possible, practical concerns of estimating
concentrations an a specified contour of con-
stant response (isobol) in multidimensions sug-
gested the approach was infeasibie. Therefore,
we modified our research direction and consid-
ered the more economical logic of estimating
the plane of additivity, which regnires only sin-
gle component concentration-response informa-
tion, This methodology permits us to determine
departures from additivity by comparing ob-
served responses for niixtures of interest to
predictions from an additivily model. If we
recognize the local rather than plobal nature of
the interaction of components in a specified
mixture of interest, it is not necessary to ex-
plore the entire multidiniensional relationship
of the components.

Both phases of the research are described and
Hlustrated with examples. The method for us-
ing an additivity model to predict the response
for a specified mixture is illustrated with the
analysis of ten components in the PAH fraction
of kerosene soot. Of the two approaches, this is
more practical from a design point of view
when the number of chemicals or components
in the mixture is large. The method for depict-
ing a c-dimensianal isohol using the parallel
axis coordinate system is illustrated with the
analysis of the combination of three chemicals.

Estimration of the Additivity Medel Consider a
combination of ¢ compounds yielding data of
the form {y, x), where y is the observed re-
sponsg or effect at the concentration combina-
tion x. We will distinguish between two proups
in the data. The first group comprises m obser-
vations where the concentraiions given are com-
binations of al least two chemicals. It is for
these particular combinations that it is of infer-
est to detect and characterize departures from
additivity. The other group comprises data from
which individual concentration-response
curves can be estimated, More ge;znerally, for the
fth chemical, i=1, ..., ¢ there are a total of n;
observations distributed across di concentration
levels with njyreplications at each of the dj lev-
els. Thus,

o d;

n=% nj inwhichni=% nj.

=1 j=1
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This scenario allows for the case of one large ex-
periment with a concurrent control group, but
is general enough to allow for the situation of
¢+ g (g £ m) separate control groups, that is,
one for each of the individual ¢ chemicals and
one for each of ¢ combination groups,

A data source for such an analysis is histori-
cal concentration-response information for each
of the ¢ chemicals and a current study that com-
prises the responses for combinations of inter-
est. We assume that responses for concurrent
control groups are available for each single
chemical, resulting in the availability of multi-
pie control groups.

Under the hypothesis of no interaction an ad-
ditivity model can be constracted ag

¢
g =Po+5 Pixi )
HES
in which g(.) is a monotone differentiable func-
tion specified by the user; p is the mean re-
sponse; o, Bi, i=1, ..., ¢are unknown
paramelers; and xi is the concentration of the
ith constituent in the combination. For fixed re-
sponse, this model is algebraically eguivalent to
the interaction index form assumed by Beren-
baum (1981; see Bquation 2 in the next section).
The basic assumption is that contours of con-
stant response are planar if the chemicals in the
combination are additive.

To estimate the unknown parameters given
in Equation 1, we require single-chemical con-
centration-response data with contrel groups to
estimate the slope parameters and the back-
ground response. The single parameter associ-
ated with the background response, o, will he
incorporated into the additivity model in three
ways,

The first approach uses a generalized linear
model (McCullagh and Nelder 1989) framework
to model the concentration-response curves of
each chemiecal alone, while using a fixed-effect
parameterization for the intercept. Let the con-
ceniration-response curve for the ith chemical
in the combinatian be described by

gl = foi + Bixij
in which i is the mean response for the jth
concentration group of the jth chemiceal (i = 1,

e j=1, , i) Bos and Br are unknown

parameters; and xjj is the jth concentration of

the ith chemical. Because we allow the variznce
of the response to depend on the mean, the un-
known parameters can be estimated using an it-
eratively reweighted least squares algorithmn
discussed in McCullagh and Nelder, This
model assumes that the variability in back-
ground responses {as observed in the control
groups} is a function of sampling error and the
different Bojassumed in the model, and is not
overdispersed relative to variability in the
conceniration-response data. The hypothesis of
a common intercept across conirol groups,
Fo:Bo; = Po, for all i, can be tested with the
usual F test using quadratic forms with
weighted least squares, With the estimated addi-
tivity model we can predict the response under
additivity for combination concentrations of in-
terest. A 100(1 - o) % prediction interval can be
constructed to compare the observed (mean) re-
sponse for combination concentrations of inier-
est to that predicted under the assumption of
additivity. A prediction interval is used instead
of a confidence interval, as the former accounts
for the sample variability of the observed
response and the variability in the prediction
under additivity,

Following the philosophy of Prentice and co-
workers (1992} in dealing with historical con-
trol data, the second approach is based on a
random-effects assumption. This approach as-
sumes the responses from the different control
groups are exchangeable; that is, the unob-
served mean control responses across studies
are independent random variables from a speci-
fied distribution, say h{Be). Conditional on a
value for Bo, we assume the response, v, follows
a distribution, say fly; 1 1Bo). Following the
rules of conditional prababilities, the uncondi-
tional probability distribution of y often can be
found; if it is, maximum likelihood estimates
for the unknown parameters in Equation 1 can
be obtained. Following this approach, large
sample prrediction intervals can be estimated
around the response under additivity associ-
ated with chemical combinations of interest.

The final approach involving the use of esti-
mating equations {Liang and Zeger 1986) as-
sumes that observations within a study are
correlated and those across studies are not re-
fated. This approach makes general assump-
tions about the distribution af y (a member of a
family of distributions that includes the nor-
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mal, binomial, Poisson, and gamma, among ofh-
ersh It also allows for the estimation of the cor-
relation structure of observations within
studies, implying that changing experimental
conditions across studies may affect the ob-
served responses. The paper by Liang and Zeger
outlines more of the details. As in the case of
the random-effects model, large sample predic-
{ion intervals can be constructed around the
response under additivity for chemical combi-
nations of interest.

Further statistical details of these three ap-
proaches are given in Gennings and Carter
{(1995). An example involving the PAH fraction
of kerosene soot follows, Because the methodol-
ogy described is new, it is difficult to find exist-
ing data suitable for thorongh analysis to
illustrate these approaches. Thus the the follow-
ing example is included for illustration only
and not as a complete analysis of the kerosene
soot mixture,

Datg Analysis of the Polynuclear Aromatic
Hydrocarbon Fraction of a Mixture of
Kerosene Soot Kaden and colleagues (1979)
investigated the mutagenic activity of the PAH-
containing fraction of kerosene soot samples.
From a chemical analysis of the PAH fraction
(20 pug/mL), 21 compounds were identified us-
ing gas chromatography~mass spectrometry.
Eighteen percent of the weight of the mixture
was uncharacterized in that it either was mate-
rial lost in the characterization process or could
not be identified by gas chromatography—mass
spectrometry, Concentration-response informa-
tion for 10 of the 21 characterized compounds
was made available by graphically extracting
the means of two independent determinations
from charts provided in Kaden (1978) and
Kaden and colleagues (1979); the original data
were not available. The compounds and their
concenfrations are listed in Table 1. Those com-
pounds for which concengration-response infor-
mation was available are underlined. Using the
available data, we constructed interval esti-
mates for the mean response of this mixture un-
der the hypothesis of additivity using the three
procedures discussed in the previouns section.
Mutagenic activity was measured in Salino-
nella typhimurium, using resistance to the
purine analog 8-azaguanine {8-AG) as a genetic
marker. The assay used was a forward bacterial
mutation assay as specified by Skopek and asso-

ciates (1978}, Exponentially-growing cultures of
Salmonelln typhimurium strain TM677 were ex-
posed to several concentrations of the test agent
and a microsomal fraction of a Hver homogen-
ate {59} of Aroclor-pretreated male rats. Colo-
nies were counted after growth for two days,
The response is the fraction of viable bacteria
that can form colonies in selective media be-
cause of a mutation in the hprt gene. The mu-
tant [8-AG-resistant) fraction was calculated by
dividing the number of colonies observed un-
der selective conditions by the number of colo-
nies observed under permissive conditions and
multiplying by appropriate dilution factors.

Because the denominator of the mutant frac-
tion (the number of colonies observed under
permissive conditions) is ronghly five orders of
magnitude farger than the numerator, it was as-
sumed to be constant across concentration
groups, making i reasonable to model the num-
ber of colonies observed under selective condi-
tions as a count (nonnegative integer). The
mean response was modeled as a function of
concentration as [ = expBoi+ Bixi), i=1,...,
10;7=1, ..., ds Eight of the ten compounds
were observed at three concentration levels in
addition to a control group; perylene was ob-
served at six, and anthanthrene two, concentra-
tion levels other than a control level. The
average number of colonies observed when cul-
tures were exposed fo the mixture described in
Table 1 was 21.7 (with standard deviation of
2.2). We compared these observed responses to
those predicted under the assumption of addi-
tivity.

Assume the data for each compound come
from identical experimental conditions so that
the canirol group responses are independent es-
timates of a common background rate. Table 2
presents the {extracted mean) responses from
the concentration groups for each chemical. A
fixed-effects model can be used for constructing
the additivity model. The test for common inter-
cept could not be rejected (p = 0.18). The esti-
mated coefficients and associated (large
sample) p values are given in Table 3. Using the
mixture composition listed in Table 1 for the
available data, a predicted response of 42.1 mu-
tants per 10° cells was estimated. The 95%
large sample prediction interval on the mean re-
sponse under additivity was {35.1, 49.0]. In or-
der to interpret this interval, it is necessary to
assume that neither the uncharacterized com-
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Table 1. Components of Methylene Chloride Extract from Kerosene Soot

Amount
Wi Present
Sompound® (%) {ug/mL)
Acenaphihyieng 23 4.6
Cyclopentaledlpyrene 15 3.0
Pyreng 8 1.4
Benzolghilperylene + anthanthy 8 1.6
Coronene 5 1.0
Flugrantheng 4 0.8
Naphthalene 3 0.6
Benzoighilfluoranthene 3 0.6
Phenanihrene + anthracens 2 0.4
Benzacenaphthalene 2 {4
Benzofiueranthene 2 0.4
Perylene 2 0.4
Acenaphthalene 1 0.2
Indeno[1,2,3-cdlpyrene 1 0.2
Benzolalpyrene + henzolelpyrens 1 0.2
4H-Cyclopental defiphenanthrene 1 0.2
Benzoiblfluoreng 0.4 0.008
Fluorene 0.3 0.006
Uncharacterized material® 18.3 3.7
Methylene chloride exiract 100 20

Underlining indicates o compound for which concentration-response information was unavailable,
"Malerial lost in the characlerization process, plus thase compounds that could not be identified by gas chromatography-mass speclromelry.

pounds in the mixture nor the compounds with-
out available concentration-response informa-
tion have an effect over background, and that
they do not affect the concentration-response re-
lation of the ten compounds considered. Under
this important assumption, because the concen-
tration-response curves are increasing, and be-
cause the observed response was less than the
lower bound of the prediction interval (35.1}, a
less than additive (or antagonistic) relationship
is suggestied among the ten chemicals at the
specified mixture.

FFor a random-effects model, we assume the
experimental conditions associated with each
study are such that the background mean re-
sponses are exchangeable, resulting in an
overdispersed model. That is, the degree of vari-
ability within a study is less than that across
conirol group means. Assume that the number

of colonies observed within a study follows a
Poisson distribution conditional on a back-
ground count, where the mean control counts
(W) across studies, i= 1, ..., 10, are inde-
pendent uncbservable random variables such
that (o = exp(Pos) is a random variable that fol-
lows a pamma {1, o2) distribution. From this
distribution, the mean control response is
o2/o1. The slope parameters are assumed to be
fixed and unknown. The method of maximum
likelihood was used to estimate the model pa-
rameters using the Nelder-Mead direct search al-
gorithm with the constraints that o1, 02 > 0; the
estimates are presented in Table 3. Using the
mixture composition given in Table 1 for the
components underiined, the predicted number
of colonies under the assumption of additivity
was 67.9. A large-sample symmetric 95% pre-
diction interval on the response for this specific
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Table 2. Group Mean Responses for Each Compound

Ex(racted Extracted
Concentration Mean soncentration Mean
Compound {mg/ml) Colonies Compound {mg/mi.} Colonies
Acenaphthylene 0 g Benzolelpyrene 0 3,9
20 12 50} 20, 31
100 10 100 10,23
200 ) 201 15
Cyclopentaledipyrene 0 3 Renzoiblfluorene 0 12
1 10 5 16
5 50 25 31
10 138 50 60
Pyrene O 4
10 5
50 21 N s A
21 combination under the hypothesis of additivity
100 ' is given by [3.2, 132.51. Under the same assump-
Anthanthrene 0 g tions about the unidentified and uncharacter-
) 13 ized components in the mixture, because the
. observed mean response, 21.7, is included
10 28 A N
- ) . within the prediction interval, the overall rela-
uoranthene 0 tion of the components in this mixture does not
2 3 appear different from additive.
128 The third approach uses generalized estimat-
12 315 ing equations with an exchangeable correlation
Perylene 0 6 structure. Because the only data available for
’ g analysis were the means at each concentration,
0.1 data were insufficient for convergence of the it-
0.2 1 erafive algorithm for parameter estimation. For
0.3 16 ilhsstrative purposes only, we simulated repli-
1 28 cated responses from the graphically extracted
N means. In order (o simulate true experimental
3 87 conditions with replications at each conecentra-
10 38 tion of the ten compounds, four Poisson {p
Benzolaipyrene 0 4,11 random variables were generated for i=1,...,
5 51, 52 10, and j =1, ..., gi. where yjj is the observed
1 43, B4 mean for the jth treatiment of the ith compound.
0 o For estimation of the additive model, the obser-
- Qo ( . ] .
20 99,189 vations within a study are assumed to have a
Acenaphthalene 0 4,6, 7 common correlation, p, and the observations
50 5.6,7 from different studies are assumed to be uncor-
100 4.9 11 related. For these data, the within-study correla-
T tion was estimated at 0.12. Model parameters
" [# . ‘ ' I
200 10,35 yere estimated by iterating between a modified

"able confinues next column

Fisher scoring algorithm for estimating the inter-
cept and slope parameters and a momoent esti-
mator for p; regression parameters are given in
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Table 3. Estimated Regression Coefficients

Fixed-Effects Model® Random-Effects Model Estimating Equaiionsb
Parameter Estimate p-Value Estimate p-Value Estimate p-Value
o 2.68 < 0,001 2.08 < 0.001
83} 0.0379 < 0.001
(o5 0.675 < (L0001
B1 (Acenaphthylene) ~3.84 % 107 0.394 ~1.82 %107 0.794 194w 107 0.763
Pz {Cyclopentaled]pyrene) 253% 107" < 0.001 283%1077 0.044 256% 107 <0.001
B3 [Pyrene) 472 x 107 0371 107 %107 0.462 6.23%x 107 0.440
B4 {Anthanthrene) 7,15 x 107° 0181 1.74 % 107} 0.385 8.06 % 107% 0.321
Bs {Fluoranthene) 2.67 x 107 < 0.001 281 %1070 0.006 268x1070 < 0.001
B (Perviene) 115 x 1070 0.005 221 %1070 0.255 1.03 x 107 0.109
B7 (Acenaphthalene) 191 x 107 0.403 116x 1077 0,792 3.23 % 10™ 0.952
Bs (Benzolalpyrene) 1.23 %107 <0.001 1.78 x 1677 0.003 1.16 x 107° < 0.001
Ba {Benzolelpyrene) 1.99x 1077 0.429 5.20% 107 0.440 1.46 x 107 0.761
B1o (Benzo[bifluorene} 2.88x107% < 0.001 4.42 x 1072 0.152 2.94%107% 0.009

*The var{ ) is assumed 10 be of the form 02;1: MBE = 7.25,

" The data analyzed with ostimating equations were based on simtlated replications of the extracied means, The fixed-elfects and random-cilects

analyses were based on the extraclad means.

Table 3. The predicted response under the as-
sumption of additivity for the specified mixture
was 44.1. The model-based estimator of the
large-sample covariance matrix of mode) pa-
rameters was used. As the number of studies is
not large relative to the number of estimated pa-
rameters, the empirically-based estimator of the
covariance matrix is unstable. A large-sample
symmetric 95% prediction interval for the re-
sponse under additivity for the mixture is given
by {25.0, 63.3}. A similar conclusion of antago-
nism can be made with the same restrictions as
above. Because simulated data were added for
this analysis, it should be emphasized that this
conciusion is made for itlustration only.

These three models make different assump-
tions about the control group means. With
knowledge of the experimental conditions, the
user chooses a preferred model. All three are in-
cluded here for illustration; they are not meant
to be compared. We have used single-chemical
concentration-response information to sstimate

an additivity model. From this estimation, infer-
ences can be made aboul the overall effect of
combinations or mixtures of interest without es-
timation and exploration of the entire multidi-
mensional response surface. This strategy offers
the user an economical qualitative description
of the nature of the overall interaction of the
components.

A c-Dimensional Isobologram In the study of
combinations of two compounds, plots of the
contours of constant response of the concentra-
tion-response surface (isobolograms) are used to
characterize the interaction between the com-
pounds. The methed involves comparing the is-
obol to the "line of additivity,” that is, the line
connecting the single-compound concentrations
that yield the level of response associated with
the contour. The interaction is described as syn-
ergistic, additive, or antagonistic according to
whether the contour is below, coincident with,
or above the line of additivity, respectively; sys-
tematic deviation from an additive model is at-
tributed to the presence of an interaction.
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Berenbaum (1981} proposed the following
mathematical index to detect and characterize
interactions for ¢ (2 2) compounds:
<1 for synergy
=1 for additivity
»1 for anfagonism

X1 | Xz ; 4 Xe
Xig Xap T Xow

in which x; is the conceniration of the ith com-
ponent in combination that yields response E,
and Xjr is the concentration of the ith com-
pound that yields response E when given alone,

. 1 . -

i=1,...,c Let A;= T Then, under additiv-
My

ity the interaction index is the equation of a

plane, (2)

Aixt + Asxy + ...+ Aexe =1 = no interaction.

If the isobol is a hyperplane in c-dimensions
[called a {c — 1)-flat], then it can be concluded
that the compounds combine additively, i.e.,
with no interaction. If the isohol is not a {¢ — 1)-
flat, then the compounds are said to interact.

We demeonstrate a visual modei-free proce-
dure for detecting departure from planarity in
c-dimensional isobols while accounting for data
variability using a parallel coordinate axis sys-
tem. Inselberg {1985) developed the parallel coor-
dinate axis system, embedding a c-dimensional
axis system in the {X,Y] plane by constructing ¢

lines perpendicular to the X-axis, each one unit
apart, starting at X = 0. The ¢ axes in the paral-
lel system all have the same positive orienta-
tion as the Y-axis. In this system the point (x,
Xz, ..., Xeg) is represented by the line formed by
the connected line segments with endpoints
[0,x1], [L.xz2], ..., fc—1,x] in which .,.] repre-
sents the location in the [X, Y] plane. The five-
dimensional point (x1=3, x2 =7, x3=5 x4 = 8,
x5 = 2) is plotted in Figure 1. In such a coordi-
nate system a {¢ - 1}-dimensional surface can
be visualized by plotting a set of c-dimensional
points satisfying a given functional relation, as
that given in Equation 2.

Detecting Planarity A duality exists between
plotting in the parallel coordinate system and
the usual orthogonal coordinate system. (To
avoid confusion in nomenclature, we will use
the words 0-flat, 1-flat, 2-flat, etc. o mean a
point, line, and three-dimensional plane; the
words "points” and “lines" will refer to the ob-
jects that construct the representation of these
figures in a coordinate system.) From Figure 1
we see that the representation of a 0-flat in five
dimensions using & parallel axis coordinate sys-
tem is made up of connected line segments. In
two dimensions, a 0-flat is represented by a
line. lnselherg (1985) and Gennings and col-
leagues (19980) demonstrated that a 1-flat in two

Y Axis

Xi X2 X3 X4
X Axis

¥5 Figure 1. Representation of the 5-dimen-
sional point (3, 7, 5, 8, 2 in the paraliel
coordinate axis system.
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dimensions, say y = mx + b, can be represented
T b

by a single point, located at

because the line segments that represent the 0-

flats on the 1-flat all connect at this single point.

Eickemeyer (1992) hias generalized this con-
cept for the representation of a (¢ ~ 1)-flat using
¢ + 1 points such that the location of the points
can be used to determine the equation of the
(¢ - 1}-flat. His methodology angments the par-
allel axes by copying the axes to the right of the
cth axis where the distance between the axes is
still one unit. The additional axes are required
in order to uniquely determine the equation of
the flat. The ¢ + 1 points can be obtained by
plotting points of intersection between 0-flats
that lie on the (¢ - 1)-flat; then points of inter-
section between these 1-flats; then points of in-
tersection between these 2-flats; ete. The
resulting ¢ + 1 points are located at |x1,y],
xa.y0 Ixspl o0 Ixeer,y] in the X-Y plane. Fig-
ure 2 shows a representation of a 2-flat in three
dimensions; the four points are labeled 1, 2, 3,
and 4. The coetficients of the equation of the
{c -~ 1)-flat in ¢ space are given by Equation 2 in
which A; = fﬁ—l—--—"--ﬂ, i=1,...,c A onestep

ye
procedure also can be implemented to find the lo-
cation of the ¢+ 1 points, Ix1,, Ixe,v), [x3.0, ...,
[xe+1,¥], that uniquely define the (¢ ~ 1)-flat. By
selecting ¢ 0-flats that span a (¢~ 1)-flat we can

find the coefficients of the equation of the {lat,
A1, Ai, oo, Ag, piven in Equation 2 using ma-
trix theory. Then
o
. > = 1)A;
o y
y= (3 AN L x= :

i=1

j-1
CEA,:‘
o] .
Xj= X —fw;m wwwww =2, 000,04+ 1.

The theory of the plotting technique by Eicke-
meyer states that in order to detect a {¢ — 1)-flat,
¢ + 1 distinct points must resuit, In the pres-
ence of random variation, ¢ + 1 clusters may be
observed instead of unique points (Figure 3).
The algorithm for determining these clusters is
analogous to randomly selecting without re-
placement ¢ data points from the isobol. These
¢ data points uniquely determine a (¢ — 1)-flat.
If ¢ more points are randomly selected from the
remaining data points another (¢ ~ 1)-flat is
uniquely determined. This process continues
until there are no longer ¢ points from which to
select. Each uniquely determined plane is then
plotted in the parallel axis system as ¢ unique
points. These are the points that make up the
observed clusters.

0.438 ! ?

Y Axis

X Axis

Figure 2. The plane of additivity
given by 1.39x1 + 0.655xy + 0.236x3
=1, where x1 is the concentration of
carbon tetrachloride, xy is the con-
ceniration of chloroform, and x5 is
the concentration of irichlore-
ethylene. The plane is plotted with-
oul noise. The points fabeled 1, 2, 3,
and 4 represent the location of inter-
secting line segments plotted in the
parallel axis coordinate system of
¢ any 0-fiat (a point) on the plane;

4 therefore, the representation of the
plane with these points is a unique
representation.
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It is useful to test a hypothesis about these
clusters in order to determine whether the is-
obol is different from the "plane of additivity"
or if the randomiy determined c-dimensional
planes are estimates of the "plane of additivity."
A multivariate sign test (Hettmansperger 1984)
can be used to test this hypothesis of no interac-
tion. Although other model-free tests are avail-
able, this test makes fewer assumptions about
the poini distribution. Define x; = ixyj, ...,
Xeer il 1=, , 1 as the x coordinates from
the ith randomly selected (¢ — 1)-flat from the
isobol, and x" =[x, ..., X I as the x coordi-
nates of the plane of additivity. Then the muiti-
variate sign test is based on the statistic
S=[81,..., Sex1l’, in which

n

& e Y £
Sy = }.4 sgn (xij =~ x;),
P=1
i=1, , ¢+ 1, and is a model-free test for no
interaction.

Characterizing Departure from Planarity
Carter and associates (1988) demonstrated the
relation between departure from additivity as
determined by Berenbaurn's (1981) interaction
index and & parameter in a response-surface
maodel, For increasing concentration-response

relations, if the interaction parameter (one agso-
ciated with a cross-product term) is statistically
significant and positive, a synergism occurs; if
the interaction parameter is significant and
negative, an antagonism occurs; if the interac-
tion parameter is not different from zero, the
c:ompoundc,; are said to have no interaction. For
decreasing concentration-response relations,

the characterizations are switched.

Curvature in the isobol [doparturo from pla-
narity} can be identified by comparing the
points from the isobol to models for the isobol
with higher-degree terms. The comparison can
be made visually using the parallel axis rep-
resentation of the data. These higher-depree
terms are analogous to those used by Carter and
associates.

An important property of the representation
of a (¢~ 1}-flat using the parallel axis system is
that the distance between adjacent points from
the ¢ + 1 points plotted is related directly to the
coefficients of the plane. Therefore, the dis-
tance and direction between clusters associated
with an interaction parameter may be used to
determine the presence of interaction and its
characterization, respectively. A signed rank
test for paired data may be useful in indicating
important interaction parameters.
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Figare 3. Random planes
construcied from random
data around an isobol. If
the data are taken from a
hyperplane without
noise, the plot is equiva-
lent to Figure 1 where
the four points of inter-
section are coincident.
When the data reflect ran-
dom variation around a
hyyperplane, clusters of
points of intersection are
evident; the clusters are
not present if the data
follow a curvilinear
relationship, Here, each
set of herizontal points

labeled 1, 2, 3, and 4
represent a random selec-
tion of four data points
on the contour.
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Bata Analysis of a Three-Dimensional
Isobologram Data were obtained from Dr. ], E.
Simmons at the Environmental Protection
Agency Health Effects Research Laboratory
studying the effect of carbon tetrachloride, chio-
roform, and trichloroethylene in combination.
Male ¥344 rats {Charles River Lab) 60 to 70
days old, held in metabolism cages, were used
in the study. The objective was to determine
how carbon tetrachloride, chloroform, and
trichloroethylene combine to affect percent
liver weight {percent Hiver weight = {100){liver
weight)/(body weight)]. The study design com-
prised nine rays combining the three com-
pounds in differing proporticns: {{1,0,0), (0,1,0),
{0,0,1), (1/3,1/3,1/3), (2/3,1/6,1/8), (1/6,2/3,1/8},
(1/6,1/6,2/3), (5/6,1/12,1/12), (1/12,5/6,1/12)},
with between two and five concentrations along
each ray.

We want fo estimate a contour of constani re-
sponse within (or near) the experimental range
of concentrations along all the rays. A response
of 4.0 was selected, Estimates for concentration
combinations that yielded a response of 4.0
units (ED4) were found by fitting a nonlinear
model to response and total concentration
along each ray. The sigmoid-shaped nonlinear
nmodel used was v = alexp(-{Bo + B-;x))]“1 + €, in
which y is percent liver weight, x is the total
concentratian; o, Bo, and B1 are unknown regres-
sion parameters; and € is an unobservable ran-
dom error term. This model was selected
hecause of its flexibility in representing a con-
centration-dependent sigmoid-shaped curve.
Model parameters were estimated using itera-
tively reweighted least squares. The variance of

Table 4. Estimated E), Isobol Paints for Percent
Liver Weight

Carbon Trichlore-

Teirachloride  Chloroform etlylene
Ray (mL/kg) (ml./kg) (mL/kg)
A (3.720 (.00 0.0
3 0.00 1.53 (.00
o 0.06 0.00 4.23
D 0,162 0.162 0.162
Is 0.348 0.0833 0.0883
I 0.0666 (3.283 0.0666
G .116 0.116 (.494
! 0.403 0.0403 0.0403
1 0.0266 0.293 0.0266

sach 1D also was estimated, using the delia
method. The nine ED4 isobol points are given
in Table 4.

From the estimates in rays A through C, the
equation for the plane of additivity is given by
1.39x1 + 0.655x2 + 0.2306x3 = 1, which is repre-
sented in the parallel axis system in Figure 2.
Using the equation for the plane of additivity,
¥ =0.438, x1 = 0,494, x2 = 2,32, x3 = 3.18, and
x4 = 3.49. From the nine randomly-ordered
points on the EDy isobol shown in Table 4,
three unique independent {(without a common
point) three-dimensional planes can be deter-
mined. These planes are plotted in Figure 4 us-
ing the usual orthogonal axes and are
represented in Figure 5 using the parallel axis
system. From only three estimates of the plane
of additivity, the results of the multivariate sign
test for no interaction (p = 0.39) are inconclu-
sive. In order to further iltustrate the technique,
we replicated the nine points on the isobol by
generating data associated with each of the
points. A normal random number generator
{(SAS, version 6, SAS Institute Inc., Cary, NC)
was used, with mean given by the estimates for
the isobol points and variance given by their as-
sociated variance estimates.

These ten replicates of the nine isobol points
were used in a similar analysis. Figure 3 pre-
sents the representation of three-dimensional
planes determined randomly from the gener-
ated data. Results from the multivariate sign
test of the hypothesis of no interaction {p <
0.01} indicated that the isobel is different from
the plane of additivity, Using these replicate
points it seems reasonable to conclude that carb-
on tetrachloride, chloroform, and trichioro-
ethylene do not have an additive effect on
percent liver weight; however, this iHustration
should not be regarded as a conclusive result
about these chemicals.

In an attempt to characterize the departure
from planarity, the generated isobol points were
compared o a four-dimensional plane where
the fourth dimension was the cross-product of
the cancentration of two of the compounds.
These four-dimensional figures are represented
in the parallel axis system in Figures 6, 7, and 8
for studying the potential interaction hetween
carbon tetrachloride and chloroform, carbon tet-
rachloride and trichloroethylene, and chloro-
form and trichloroethylene, respectively. In all
three cases, because the cluster of the numeral
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Figure 4. Three randomly selected planes plotted in
the usual orthogenal axis system, These planes were
determined by random selection without replacing the
nine points on the estimated isobol given in Table 4.

5 is to the right of the cluster of the numeral 4,
the figures suggest that a positive regression co-
efficient is associated with the cross-product
term. On the basis of a signed rank test on
paired data, all three shifts are significant {p <
0.01). Therefore, because a positive shift he-
tween clusters seems to be associated with a
positive inferaction parameter, it is reasonable
to conclude that there is a synergistic relation-
ship between carbon tetrachloride and chloro-
form, between carbon tetrachloride and
trichloroethylene, and between chloroform and
trichloroethylene along the EDg isobol of the
percent liver weight.

We have demonstrated the use of the paraliel
axis system in detecting and characterizing in-
teractions. The hypothesis of no interaction is
tested using a model-free approach in which
points on a specified isobol are compared to the
plane of additivity, Isobol curvature indicates
the degree of departure from additivity.

PHscussion and Conclusions
In the analysis of chemical interactions of a
combination of ¢ chemicals, two important con-
centration-response relationships are recog-
nized: the response surface associated with the
multidimensional relation, which includes the
effects of the chemical interactions; and the ad-
ditivity surface, which describes the relation un-
der the hypothesis of no interaction. We have
made use of the former in the isobolographic
analysis and of the latter in the comparison of
the observed response at a combination of inter-
est ta the response predicted under the hypothe-
sis of additivity. The former is more costly in that
combinations on the contour of the response sur-
face associated with a fixed response must be
found; the latter is cheaper in that only single-
chemical exposnre data are necessary in esti-
mating the additivity model. Further, analysis
of the isobologram may result in a claim of
global departure from additivity, whereas by de-
sign the analysis of the additivity surface re-
sults i local {at a specified combination of
interest) detection of departure from additivity.
As the number of components, ¢, in a combi-
nation or mixture gets large, carrying ont an ex-
periment arge enough for estimating the
response surface or associated contour of con-
stant response necessary for a c-dimensional is-
obologram may not be practical. The
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illustration given for the isobologram method
uses a design based on concentration combina-
tions along rays of constant proportion. Al-
though it is possible to estimate points on a
contour of constant response associated with
cach ray, the number of rays must increase rap-
idly as the number of dimensions in the combi-
nation increases. It is not clear how many rays
are required to adequately explore c-dimen-
sional space, and the number of rays may be de-
pendent on the complexity of the unknown
relation. For this reason we have developed a
more economical approach for estimating the
additivity surface (described in the first part of
the Methods section} using an additivity model,
comparing the observed response for a combina-
tion or mixture of interest to the predicted re-
sponse under additivity. This comparison
results in a qualitative description of the effect
of the overall interaction, Further work is re-
quired to identify which components in the
combination are important, if there is an interac-
tion. Perhaps important contributors may be
identified by taking chemicals out of the combi-
nation one at a time.

A common problem encountered in risk as-
sessment is that of extrapolating concentration-
response information from a fitted model to a
low-concentration region where experimental
suppart is not available. The results of predic-
tion in the low-concentration region often are
dependent on the choice of the model. Such is
also the case for the methods described herein.
In describing the additivity surface we need
concentration-response information for each
chemical. The parametric farm of the concen-
tration-response model can be assumed by the
investigator, supported by the data (when avail-
able}, then combined to estimate the additivity
model. This model then is used to estimate
the effect of mixtures under the assumption of
additivity,

Clearly the analysis of mixtures offers re-
searchers many challenges that as vet are unre-
solved. An important first step is to recognize
that the analysis of single compounds is useful
to describe the effect of a mixture only under
the assumption of additivity. A comparison of
observed and predicted responses using this ad-
ditivity model results in a qualitative conclu-
sion that the overall effect of the mixture is
congruent with a synergism, an antagonism, or
is not different from additive. It is our opinion
that even such qualitative information about a

mixture can be used to increase our under-
standing of important muitidimensional
refationships.
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Gemings and colleagues took two approaches
ic evaluating interactive effects: {1) various sta-
tistical tests for departures from additivity
using generalized linear modeling techniques,
random-effects models, and generalized esti-
mating equations, and (2) through the use of a
parallel axis coordinate system to depict planes
of additivity graphically, where departures
from additivity were examined using isobolo-
grams. In the first approach, the authors apply
three techniques to the Estimation of Additivity
Model (Method 1) for a set of experimental data
on the mutagenic activity of kerosene soot and
its constituents. Because data are available on
only 10 of the 21 constituents, accounting for
72% by weight of the mixture, the authors must
assume that the remaining uncharacterized
compounds {18% by weipht) do not cantribute -
to the response. Although the three estimation
procedures give somewhat different estimates
for the regression coefficients (Table 1), the ob-
served response, 21.7, falls below the 95% pre-
diction intervals obtained from two of the three
procedures {i.e., the fixed-effects model {proce-
.dure 1] and the approach using generalized esti-
mating equations [procedure 3]}, As
anticipated, the estimated coefficients chtained
by these procedures are quite similar, as are the
prediction intervals. Procedure 2 vields a larger
point estimate and a wider prediction interval,
Although these techniques are largely based on
established statistical approaches to nonlinear
regression problems, the authors provide little
detail about the statistical methodology in the
report. A significant limitation of these results
comparisans is the lack of information on good-

Table 1. Prediction Intervals for Regression
Response Using Three Statistical Approaches

Procedure 95% Prediction Interval

(35.1, 49.0)
(3.2,132.5)
(25.0, 63.3)

Fixed effects
Random effects

Generalized estimating
aruations

ness of fit of any of these models to the data.
Lacking information about goodness of fit, we
are unable to choose among these models, or
even to judge whether the models provide satis-
factory fit to the collection of concentration-re-
sponse studies on the individual chemicals,

Gennings and colleagues attempt to use a c-
dimensional Tsobologram Model {Method 11} to
develop tests and graphical techniques to evalu-
ate the additivity of effects. Given nc mixtures
of ¢ chemicals which produce the same biologi-
cal effect (possibly obtained from prior statisti-
cal analysis), n sets of ¢ poinis can be chosen in
random order and used to construct n sets of
line segments in the parallel axis system. One
then can apply the nonparameiric test devel-
oped by Hettimansperger (1984} 1o test the hy-
pothesis of additivity of effects. This analysis
can be extended to more complex interactions
by treating the products of pairs of variables as
new variables in the paralle] axis system and
plotting their values as usual.

To illustrate this approach, consider the three
chemicals, carbon tetrachloride, chloroform,
and trichloroethylene, studied by J.E, Simmons
at the Environmental Protection Agency and
discussed in this report. If the concentrations of
these three chemicals are given hy x1, x2, and
x3, respectively, and if the effect of a mixiure
(x1, xz, x3} of these chemnicals depends only on
the value of the linear combination of those con-
cenirations given by the expression

Arx1 + Asxe + Azxs,
then the effects of these three chemicals are ad-
ditive in that biological system.

If the sets of mixtures defining an isobola-
gram could be identified exactly, then plotting
any subset of three points lying on the isobalo-
gram in the parallel axis coordinate system
would identify the three points of intersection
that characterized the isobologram. When the
points on the isobologram are estimated from
experimental data, the planes defined by differ-
ent subsets of points will vary stochastically.
The experimental data available to Gennings
and colleagues provide estimates of nine points
on each isobologram. The authors use these
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nine points to construct three planes and plot
these planes in three-dimensional space {Figure
3 of their report), and in the parallel axis sys-
tem {Figure 4 of their report), If the effects of
the three chemicals are additive, these three
planes are estimates of the same isobologram.
The authors then test for additivity using
Flettmansperger's test. Although the test fails to
reject the hypothesis, the authors note that the
test has poor power when based on only nine
points. The authors therefore attempt to enrich
their data set by stochastically generating ten
replicates of the nine points.

When the test of additivity is applied to this
simulated data set, the test for interaction is sta-
tistically sipgnificant. Thus, the authors can-
clude that the effects of the three chemicals are
not additive. Although this may be of some use
in illustrating the technique, the simulated data
no longer satisfy the independence conditions
required for Hettmansperger’s test. Thus, the
cited p value of 0.01 is invalid.

As the authors acknowledge, this techinique
ig Hmited by the size of the experiment re-
quired to find points en an isobol. Even the
rather massive experiment conducted by Sim-
mons and colleagues at the Environments] Pro-
tection Agency produces only nine points on a
two-dimensional isobol. The power of the pro-
posed statisiical test of interaction is not dis-
cussed in detail by the authors, but it seems
likely that a nonparametric test of this type
would require a substantial mumber of ohserva-
tions, perhaps 100 or more, to be sensitive to
moderate departures from additivity of effects.

Finally, other work by Gennings and associ-
ates (1990) attermpts fo demonstrate the use of
points of concavity or convexity in the sets of
line segments plotted in the parallel axis sys-
tem to evaluate the additivity of the effects of
chemicals. Although the analysis poiniing to
the existence of points of concavity or convex-
ity is interesting, the reliability and sensitivity
of this approach are unknown. H1
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Concluding Remarks

RFFA 90-8 sought to spur the evaluation of com-
plex mixtures by encouraging investigators {o
develop new approaches that would break mix-
tures down into subfractions based on fune-
tional groups with similar toxic propertics.
Investigators could then examine interactions
among the subfractions without worrying about
the identity of specific compounds. Once sepa-
ration and interactions are understood, investi-
gators could begin to identily toxic components
and understand their interactions. Therefore,
the RFA requested studies that described poten-
tial analytical methods for detecting and sepa-
rating toxic components, and approaches to
inferactive analysis,

Three of the four studies funded under this
RFA focused on analytical methods. Fach de-
scribes a potential approach for separating com-
ponents of complex mixtures. The report hy
Drs. Bechiold and Hotchkiss discusses an ap-
proach that relies on the toxicological litera-
ture, which indicates the importance of a
specific chemical structure, called the bay re-
gion, in the polycyclic aromatic hydrocarbon
class of compounds (Sayer et al. 1988). They
propose to separate camponents based on the
presence of this feature. This approach, using
immunoaifinity chromatography, could poten-
tially subdivide a complex mixture into frac-
tions containing chemicals that are toxico-
logically similar. Polycyclic arematic hydrocar-
bans with bay regions are recognized as sub-
strates by mixed-function oxidases, and thus
can be metabolized to chemically reactive spe-
cies. The interactions between fractions contain-
ing a bay region and fractions lacking such a
structure could then be evaluated. This study
comes closest to meeting the aims of the RFA,
and may advance the complex mixture field of
science.

The report by Drs. Dorsey and Halsall pro-
poses novel improvements for increasing the
resolution power of existing separation tech-
niques. Although these improvements may sub-
stantially advance the field of analytical
chemistry, particularly when the components
of a mixtare are known, it is not clear if these
methods wili vield substantial improvements in

the analysis of complex mixtures of unknown
substances. The report by Drs. Springer and col-
leagues also proposes novel techniques for sepa-
ration, coupled with a bioassay-driven strategy
for analyzing toxicity. However, as with Drs,
Dorsey and Halsall’s strategy, this separation is
based solely on chemical properties of the com-
plex mixture components. Thus, although these
studies may be useful in the final analysis of
the toxicity of complex mixtures, they will not
provide information on the interactions of the
compoenents of the mixture.

The study by Dr. Gennings and associates ex-
plores two statistical avenues for analyzing com-
plex mixtures, The first, using regression
methods to examine departures from additivity,
is ilustrated by using data from a published
mutation analysis of kerosene soot exhaust
(Kaden et al. 1979). Although the data set is not
ideally suited for this analysis (with mutation
data available for only ten of the 21 identified
components}, Dr. Gennings is able to make a
few assnmptions, such as that the uncharacter-
ized material does not contribute to mutation,
that make this a useful example. The second
method for analysis, using the parallel axis coor-
dinate system to examine the planes of additiv-
ity graphically, is illustrated using unpuhlished
data from a set of three chiorinated organic com-
pounds and their effect on liver weight. Al-
though this second method of analysis may be
useful for mixtures with a simall number of com-
ponents (for example, three), it would be cum-
bersome for complex mixtures, To fally
characterize the response surface or the associ-
ated canfour of constant response for a e-dimen-
sional isobologram in a complex mixture with ¢
components (where ¢ is greater than 4 or 5), the
size of the experiments required would prove
impractical.

Given the modest amount of seed money pro-
vided, these four theoretical studies resulted in
some very promising approaches o the analysis
of complex mixtures. The logical next step
would be to test some of these approaches ex-
perimentally. Ultimately, understanding the in-
teractions in complex mixtures should aid the
regulatory process, because people are repeat-
edly exposed to substances as parts af a com-
plex environmental mixture. In looking ahead,
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the most effective approaches will focus on
three general issues: {1) What are the tentative
identities of compounds or classes of com-
pounds in the mixture? (2) What are the biologi-
cal activities of the components individually
and the mixiure as a whole? and {3) What inter-
actions occur within the mixture? Often, these
questions operate at cross-purposes. However,
it is our hope that the thinking that created
these four theoretical approaches may be used
effectively to address some of these issues.
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