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Background for the Complex Mixtures Program 

Background for the Complex 
Mixtures Program 

Introduction 
It is HEI's mission uJtirnatdy to determine and 
provide a quantitative measuro of thn human 
health effects of exposure to vehicle emissions 
at concentrations relevant to actual ambient ex~ 
posums. Our undorstanding of the toxicity of 
such environmental pollutants, even when they 
are studind in isolation, is incomplete. This 
problem is compounded by the fact that cnvi· 
ronmental pollutants rarely, if ever, occur as 
single substances, but are part of larger mix
tures, which often contain thousands of com
pounds; HH~se arn known gem:.Jrally as complex 
mixtures. The environment, especially in hnav
ily industrialized rngions, contains a wide vari
ety of such n1ixturns. Typical examples of 
mixtures commonly found in ambient air in
clude cigan~ttn smoke, toxic waste, omissions 
from industrial sources, and evaporative emis
sions or products from thn combustion of fossil 
fuels. 

Individual components of complex rnixtures 
may be associated with toxic responses, ranging 
from short-term toxicity to nffncts 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 
pollutant may be affected by the presm{ce of 
other pollutants (Elashoff nt al. HJH7; Simmons 
and Bnrman HHHJ). This may be attributed to a 
number of factors, including the effects of one 
substance on tho pharmacokinetics or nwtaho·· 
lie transformation of H second substance. 

Within recent years, many research efforts 
havn focused on identifying and characterizing 
specific complex mixturns. As analytic ap
proaches have become morn sensitive nnd spe
cific, it has been possible to bnttcr identify and 
quantify components of individual mixtures. 
LBss has been done to duvolop a systematic and 
morn general approach that could be used to 
identif_y in a few steps tho toxic cmnponents of 
a nmnher of mixtures and t.o better understand 
their toxicologic interactions and effects. 

l·lr!al!ll Effe(;ls Jnsliluln (f:J 1!Hl0 

The need for such a systematic approach was 
the basis of HEI's decision lo develop RFA 90·G 
"Thcorotical Approaches to the Health Effects 
of Complex Mixtures". This RFA was intended 
to support several thnorotical studies that 
might, in turn, lead to the dnvcdopmnnt of bet
tor analytic approaches. 

Purpnse and Goals of Studies :Funded t.Jnder 
RFA !lO-G 

Sdentillc Background To assess the toxic ef
i~'!cts of a complex mixture, it is necessary to 
characterize toxicologically active components 
of the mixture and to understand the interac
tion of these componenls with other 1nixture 
components. 

In general, h'~.'O broad analytic approaches 
have been used. One approacb is based on par
tial resolution of a naturally occurring mixture 
into mixturos 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 mport of the National 
Research Council (HliHl). In the first approuch 
(Lnwtas 1\JBB, l!l\JO; Schuetzle and Daisey 
1 9HO), various analytical techniques are {tsed to 
separate complnx mixtures into individual com
pononis or fractions of fewer components. Dur
ing separation, the cmnponents or fractions are 
assayed individually for toxicity, gmwrally us
ing short-term tests such as those for mutagenic
ity. 'T'oxic fractions are then further 
fractionated. This process is usually referred to 
as a bioassay~dirocted fractionation approach. 
In the second approach (Chapin et al. HJB\l; Ger· 
rnolec et al. 19B9; Yang ot al. 1\)8\l), pum com· 
pounds are combined to form defined mixtures 
of as few as 2 and as many as 25 to 30 cmnpo
nonl.s. These mixtures then are tested for toxic
ity, ·generally using short-term tests as 
biological end points. 

Each approach has lirnitations. One problem 
of the bioassay-driven approach is that materi
als may be 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 involves 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. }Iowever, the inactive frac
tions may contain substances that modify the 
activity of compounds in the active fractions; if 
tho compounds in the inactive fractions remain 
undetected, their toxicological role in the mix
ture remains unknown. Aspects of this problem 
have sometimes been addressed by "spiking" 
isolated fractions with a known toxic chenlical 
such as bcnzo!a]pyrenc (Kaden ct al. 1979). 

The build-up approach offers the possibility 
of relating interactions to a mixture of known 
chemical composition. However, this approach 
uses mixtures that are artificially constructed; 
thus, tho specific interactions 111ay not repre
sent interactions found in naturally occurring 
mixtures, in part because the proportions of in
dividual constituents in the constructed mix
turc~s are unlikely to represent proportions in a 
"naturally occurring" complex mixture. 

To determine chemical interactions in a cmn
plex mixture is a major challenge. One signifi
cant limitation is the largo number of sample 
combinations that would need to be tested. In 
theory, if the quantitative and qualitative com
position of a 111ixture wore known, all cmnpo
nents could be con1bined and all combinations 
tested for synergism. However, because of the 
amount of testing required, such an approach is 
not feasible. For exarnple, to scn:~en only one 
dose made up of two components of a 1nixture 
of 100 individual components, approximately 
!5 ,000 different combinations of binary mixtures 
would be mquired. 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 local (occur
ring only at certain proportions) and which are 
global (occuning at all proportions). Further
more, this "simple" approach would neither 
mimic all of tho in vivo processes that ulti
n1ately affect toxicity nor exarnine all possible 
toxicologic effects. 

Specific Goals of Funded Studies In consider
ing how to advance the understanding of com-
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ponent interactions in complex rnixtures, the 
l-IE! Research Committee felt that a major stum
bling block was I he practical impossibility of 
testing all component combinations to assess in
teraction. The Resom·ch Committee suggested 
that a fTUitful approach might be to simplify the 
number of components to be tested by dividing 
the mixture into submixt.ures on the basis of 
functional groups that might be related to par
ticular mechanis1ns of toxicity. Then it would 
be possible to do a proliminary assessment of in
teractions, without necessarily identifying tho 
toxic components, by looking at intnractions 
between the subrnixtures. An ideal analytic 
approach to complex mixtnres wonld be 
adaptable to a rnnnber of different mixtures, 
and should be designed to separate mixtures 
into groups according to a common charac
teristic in a minimnm of analytical steps. Thus 
separated, mixtures could be tested to deter
mine whether or nnt the common characteristic 
is a major determinant of toxicity. If the separa
tion promss yielded fewer fractions (rather than 
many), determination of interactions would be 
more feasible. It was with this in n1ind 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: 

~ the development of analytic methods l-o 
separate or detect, in complex n1ixtures, 
components associated with biological ac
tivity, and 

• the developmont of methods to detormine 
interactive effects of toxic component-s in 
complex mixtures. 

It was intended that successfully developed 
proposals would produce publishable theoreti
cal papers. It was not roquired that papers 
describo an approach to a specific complex 
1nixture; however, investigators were asked to 
develop a theoretical approach that could be 
tested experilnentally using a complex mixture 
of known composition made up of approxi
mately 1.00 different chemicals. 

Thirteen applications were received. These 
were evaluated by an ad hoc panel of investiga
tors with expertise in chmnical analysis of com
plex mixtures, bioassay techniques, and statis
tics; and by tho HE! Research Committee. Four 
applications wore funded; t.hrcn 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 dolor
mine interactive effects. Although investigators 
were not required to include biological nwth
ods for testing, one study did addmss the dovel
opnumt of such methods. Total cost for tho four 
theoretical studies was $1()6,627. Periods of 
work ranged from three months to one year. 

In addition to the f1mded studios, HE! hold a 
workshop on synergy and independrmt action 
to which a number of scientists and mathemati
cians with expertise in statistical analysis were 
invited. The workshop was intended to stimu
late further thinking in this area. Although tho 
workshop identified some potentially 6·uitful 
areas, participants concluded that there was no 
obvious "next step" to be takon in this field and 
that fnrther thought was needed. Participants 
agreed on the value of integrating statistical, 
biological, and chemical approaches in research 
offorts. 

The Investigators' Reports were received at 
HE! in tho winter and spring of 1993 andre
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 Committ:en and the investigators had 

the opportunity to exchange comnHmts and to 
clarify issues in tlw repm'l"s. Because the three 
analytical studies have a similar focus, and be
cause tho analytical studies and the statistical 
study are complementary, the Review Commit
tee rccommtmded publishing the set of studirJB 
together in an HEI Communic:ation fonnat. 

Thoro are four reports included in this publi
cation. Throe address analytical approaches to 
identifying toxic components: 

• William E. Bechtold, )on A. Hotchkiss, "Im
munoaffinity Chromatography in the Analy
sis of Toxic Effects of Complex Mixturos"; 

' john G. Dorsey, H. Brian Halsall, "Station
m·y-Phase Programming for Liquid Chroma
tography: A New Concept for Separating 
Complex Mixtures"; 

• David L. Springer, )ames A. C:ampbdl, 
Brian D. Thrall, "Supercritical Separation 
and Molecular Bioassay Technologies Ap
plied to Complex Mixtures"; 

and one describes statistical approaches to 
analysis of interaction: 
• Chris Geunings, W. Hans Carter Jr., Kathryn 

Dawson, "Using the Parallel Coordinate 
Axis System to Analyze Complex Mixtures: 
Determining Biological Activity and Int:erac
tions Among Components." 
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Analytical Approaches to 
Identifying Toxh; Components 

Overvie"tv of Analytical Separation i\1ethods 
The primary f-()cus of the analytical methods 
developed in these studies is on identifying 
compounds or classes of compounds. Two 
approaches (Dorsey and Springer) presuppose 
that tho spc-')cific toxic emu pounds or classes of 
compounds will not have not been identified 
prior to tho resolution process, although knowl
edge of tlw source of the mixture might be avail
able. Toxicity of subfractions of the original 
cmnph~x mixture would be assessed wi.th a bio
assay. Thus, generally these approaches are 
bioassay-driven (Lewtas 1988, 1990; Scheutzlo 
and Daisey 1990). One of these two studies 
(Springer) describos bioassay nwthods that 
wonld bo 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 cmnpounds to test the 
mixture for the presence or absence of these 
compounds. Thus, this approach may be said to 
be toxicity-driven. 

Chrornatography often is used to separate and 
identify substances in complex mixtures. Throe 

chromatographic methods were applied to the 

analysis of complex mixtures in these studies: 
programmable size-exclusion chromatography, 

used by Drs. Dorsey and Halsall; afllnity chroma·· 

tography, used by Dr. Bechtold; and supercritical 

iluid extraction 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 in tor
action of a sample with two phases: a mobih~ 
phase that may be a liquid or gas, and a station
ary phase, generally a liquid or solid. Sample 
components distribute themselves bntween tho 
mobile and stationary phases and move through 
the chromatographic medium at varying rates. 
Cmnporwnts \Vith less affinity for the stationary 
phase move more rapidly through the medium; 
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over time this results in resolution of the sarn
ple components. The efficiency of any particu
lar chrornatographic process depends on the 
lH_lturo of the uwbile and stationary phases and 
thnir interaction with the sarnple. Componenls 
may be resolved at various points throughout 
the stationary medium (ns, for example, with 
paper or thin layer chromatography), or they 
may be adsorbed onto the stationary phase and 
washed (oluted) from it at difiCJrent times (as, for 
example, with column chromatography). Compo
nents of the mobile phase are designed to com
pete f(Jr binding sites with the hound substance(s) 
of the stationary phase, thus selectively removing 
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 n1olecules in the 
sample, or affinity between a substance (ligand) 
bound to the stationary phase and components 
of the smnple to be resolved. Some types of in~ 
teraction and resolution aro based on m.ore than 
one type of Stllectivity. 

Specillc App•·t>fH:hes Used in These Studies 

Mobile~ and Stationary-Phase Prograrnming 

In cases in which a large number of substances 
are to be rnsolved, programming tlw elution 
process to includn stepwise or gradient elution 
generally will result in bettnr resolution in a sin
gle chromatographic step. Better resolution also 
may be accnmplishnd by multiple chroma
tographic steps, in \'vhich pooled fractions iso
lated fi'om one chromatographic systnm arn 
applied to a second system, or, alternatively, 
the eluent strGam from the first system is ap
plied directly to the socond system. ln theory, 
pooled fractions from a second system could be 
applied to a third system and so on; iftlw basis 
of each system's resolution wnre sufficiently 
different, such a multistep process rnighl rnsult 
in better resolution. However, a multistep ap
proach can be limited in efficiency because ma
terial is lost during each resolution step. 
Equally important, samplo components may 
diffuse as they arn oluted, rnsulting in overlap 
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of material, especially when an eluate from one 
system is appliod directly to a second system. 
An alternative strategy might be to program 
changes in the stationary phase within, rather 
than between, columns. This might be done by 
combining rnaterials with different selection 
characteristics in a singln stationary phase, or 
by introducing changes in the stationary phaso 
that occur in conjunction with programmed 
changes in the mobile phase. To bo successful, 
a_ programming strategy should be designed so 
that substances n3solved in one way within the 
column would not recombine as a result of the 
second resolution step. 

One approach to prograrmning changes in the 
stationary phase takes advantage of the rolation
ship between polypeptide conformations and 
such characteristics of the surrounding medium 
as pH, ionic strength, and solvent polarity. Vari
ation in these characteristics will affect poly
peptide conformation. This, in tum 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 programn1ing 
changes in solvent strength and polarity, pro
gram changes in stationary-phase selectivity. 

There are a number of diffemnt polypeptide 
conforrnations; however, of particular interest 
are two types of repoti1ive conformation com
monly found in a variety of both lwtero- and 
homo-polymers of anlino acids: th(::! o:-helix and 
tho ~-pleated sheet. Each of those structuros re
quires close packing of amino acids in a repeti
tive pattern, and only certain amino acids, 
nnder specific conditions of pH and ionic 
strength, will form either type of structure. Pm
dictive models have been devol oped to deter
mine the likelihood of particular amino acids 
being found in either typo of structure; nonethe
less, whereas smne agreernent exists bef.\.veen 
theoretical prediction and cxporimental find
ing, the degrc-'!e of predictability decreases as the 
amino acid composition of the polypeptide be
comes more heterogeneous (Stryer 1988). Pre
dictive models generally assume that peptides 
are in solution. I-Iowc~vnr, the principles govern
ing peptide folding in solution should apply to 
polypeptides bound to a support medium so 
long as tho polypeptide is in contact with the 
solvent. 

lmmunoalfinity Chromatography In affinity 
chromatography, the staticmary··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 to be resolved. During chromatogra·· 
phy, sample materials interacting with the li
gand are removed from the mixture as it passes 
through tho column. The ligand-bound 1nateri~ 
als are then removed from the stationary phase 
by passing a solution that contains tho unbound 
ligand through the chrmnatographic system. 
The success of affinity chromatography requires 
that the stationary-phase ligand bind snffi
ciently strongly to substances to remove thmn 
from the mixture as it passes through the chro
matographic systmn; but binding must not bo so 
strong that the bound material cannot be oasily 
removed in an unmodified fonn during elution. 

In immunoaffinity chromatography the li
gand is either an antigen or an antibody. This 
type of affinity chromatography is both highly 
sensitive and selective and can be applied to a 
large number of different types of substances, 
so long as antibodies against the sub~tances 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. Aptibody ·preparations can be very spe
cific, as in the case of monoclonal antibodies, 
or Inore general, as in the family of immunoglo
bin G antibodies, specific to a nu1nber of sub
stances witb a com1non structural elornent. 
Antigen-antibody binding is a physical process 
and requires that both antigon and antibody 
have tho "proper" molecular conformation. Anti
bodies assume this confonnation in aqueous en
vironments, generally at neutral pH values, 
thus any nonpolar substances isolated from 
complex mixtures also must be soluble in an 
aqueous neutral medium. This may require that 
the substances be dissolved in modia such as di
methylsulfoxide. It is not clear the precise of
feet that this will have on the binding or 
recognition process. 

Supercritical Fluid Extraction aud 
Chromatography A supercriticalfluid is a 
highly compressed gas with liquidlikCJ proper·" 
ties that exists abovo its critical temperature. 
The critical temperature is the temporntum 



above which the sub.stanct~ wilJ not exist as a 
liquid, irrespective ofthe pressure applied. 
Ho\Never, if a gas is compressed to sufficiently 
high pn:)ssures at temperatures ncar 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 pressuro 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
fectivt1 separation of classes of compounds. 
Because supercritical fluids are easily volatil
ized by changes in pressure, they are removed 
readily frmn the extracted compounds, leaving 
relatively pure compounds or classes of com
pounds, unaltered by extraction. 

A number of factor.s inflnence the degree of a 
substance's solubility 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 m (in supercritical fluid 
chromatography) changing the selectivity of the 
mobile and stationary phases. 

Supercritical fluids can be used in chromatog
raphy, as the mobile phase, as well as in solute ex
traction. Because tl1e mobile phase temperature is 
somewhat greater than the critical temperature, 
mobile-phase diffusibility approximates that of a 
gas; however, temperatures are closer to ambient 
than those used in gas chromatography, making 
supercritical fluid chromatography useful in the 
separation of thermally labile compounds. Super
critical fluid chromatography may be the final 
step of separation, or it may be coupled with 
mass spectroscopy to better resolve and identify 
smnple components. 

Biological Characterization Only the study of 
Drs. Springer, Thrall, and Campbell describes 
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methods to biologically characterize extracted 
compounds, determining cytotoxicity, mu
tagf:micity 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, d~weloped by 
Stratagene (Stratagene, La jolla, CA) will be used 
to determine mutational frequency in the Joel tar
got 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 nmnber 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 wlwn 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 ITachea. One of 
the first stagns in this progression is enhanced 
cnll growth, which the investigators propose to 
use as an end point for measuring the carcino
genic potentia] 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 following in vivo exposure, is more rep
resentative than in vitro test 1nethods in ac
counting for pharmacokinetic and n1etabolic 
processes that may occur in humans. The target 
laci 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 specific to the plasmid se
quence. For example, the high fTequency of mu
tations at CpG sequences in the Joel gene are 
likely due to the presence of methylated cyto
sines in the gene. 'T'hese bases, common to pro
caryotes, are unlikely to occur in n1ammslian 
systems; therefore, the mutational frequency 
may not be representative of true frequency in 
mammalian systems (Sisk et al. 1994). 
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Immunoaffinity Chromatography 
in the Analysis of Toxic Efl'ects 
of Com.plex Mixtures 
William B. Bechtold and Jon A. Hotchkiss 
Inhalation Toxicology Ilesearch Institute, 
Lovelace !Jiomedicol ond Environmentol 
llesearch Institute, Albuquerque, NM 

Abstract 
This report describes a nnw theoretical ap~ 
proach toward the isolation of specific compo~ 
nents from complt:':!X chmnical 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 f:(_.')atures that impart toxic
ity to a class of compounds (as opposed to one 
specific chemical), for example, polynuclear 
aromatic hydrocarbons (PAI-ls) possessing a bay 
region. The MAbs can be attached covalently to 
a solid-phaso support matrix. Complex rnix
turcs 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 imrnunoaffinity bed material maxi
nlizes the ability to bind and retain a low-con
centration component of the complex mixture 
possessing the dnsirnd structural fnature. This 
allows dilute samples to be analyzed without 
prior concentration. Solvent conditions then 
can he changed to elute the retained com
pounds. The two separate mixtures can be 
tested to deterrnine their individual toxicities, 
and the contribution of the individual com
pounds to tho toxicity of the total mixture can 

~ A list of abbreviations appears at thtl end of this document. 
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be assessed. A wide range of compound types 
can bo 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 
PAI·Is. 

'I'lw specific aims of this theoretical proposal 
arc to develop a conceptual basis for the use of 
monoclonal 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. 

lnt.rodudion 
Studies of the toxic effects of complex mixtures 
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 information on the toxic contribu
tion of other compounds and on interactive nf
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 mixturos. 
One important strategy involves looking for the 
toxicologically important chemicals in n1ixtures 
on the basis of bioassay-directed fractionations, 
which are aimed at identifying the biologically 
active components of a mixture. M·ixtures are 
subjected to chemical fractionation schGmes 
that, in principle, separate them into chemi
cally identifiable classes. The toxicities of the 
fractions arc tested, and the most active are fur
ther fractionated. Eventually, the chemicals 
found in the n1ost active fractions are identified 
by analytical methods. There are an extraordinary 
number of different fractionation schemes based 
on a broad range of separation phenomona. 

The ideal method for isolating pal'ticular com-· 
ponents of complex mixtures would be highly 
selective in separating known chemical func
tionalities or classos 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, incl~1ding, for in
stance, mainstream and sidestream cignrot to 
smoke, both solid and liquid toxic wastes, 
groundwater contaminants, emissions fron1 
both gasoline and diesel engines, and emissions 
from coal-burning furnacns. The procedure 
should be fast, easy to accomplish, reproduc
ible, and low in equipment and materials costs. 
Finally, tht! procedum should be adaptable to 
preparative isolations so that sufficient mass of 
the desired fraction can be acquirnd for biologi~ 
cal testing. 

Previous studies have incorporated a number 
of these features in biodirected fractionations of 
a broad range of complex mixtures (Florin et al. 
1980; Gumin eta!. 1980, J9B:J; Hanson eta!. 
19BO, 1982, 19B5; Wilson eta!. 19BO; Later eta!. 
HJB1, 19B:J; Pederson and Siak 19BJ; Bos eta!. 
19134). These studies oflen successfully iclenti· 
find several classes of compounds that signifi
cantly contribute to the toxicity of mixtures, 
especially those mlated to combustion or coal 
conversion processes. Important classes of toxic 
compounds are PAHs, particularly those con~ 
tail1ing a bay region; nitro~ and amino-substi
tuted PAl-Is; and azaarenes. One problem has 
hnnn that although selocted chemicals within 
biologically active fractions often can he idenli~ 
fied, their overall contribution to the mixture's 
toxicity may be difficult to assess bncause of 
losses that take place during the ti·actionation 
process. In some cases no analytical standards 
exist for other compounds possessing similar 
structural features that render them toxic, mEl k
ing identifica1ion impossible and causing their 
contribution to the overall toxicity of the Inix
ture to be ignored. Finally, interactive effects of 
the remaining compounds are difficult to assess 
owing to losses and reactions that take place 
during tlw lengthy process of fractionation. 

An ideal solution to this problmn would be 
tho development of a separation medium that, 
when introduced into a column, selectively 
could recognize a chemical group or struct.ural 
feature likely to be associated with tho complex 
mixture's toxicity. Upon introduction of the 
complex mixtum to tho column, only com
pounds that possess tho structural group of in
terest would be retained; all other components 
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would pass through. ldnally, the medium could 
be modified selectively to retain virtually any 
chemical moiety, and it should be sufficiently 
inort to impede degradation and irreversible 1Hi
sorplion of applied materials. Thus the contri
bution of the target compound class to the total 
toxicity of the mixture, and tho interactive ef
fects of other con1ponenl.s of the mixture, could 
be evaluated. 

Chemically crenting such separation media 
would be oxtraordinarily difficult; howevnr, na·· 
turn routinely achieves this level of chemical 
specificity with antibodies. Antibodies bind Ji .. 
gands ranging in size f"i·om approximately G A 
to 34 A with association constants in the ranve 
of 104 to 1.012 L/mol (Pressman and Grossberg 
196B). Antibodies have been gennrat.od sn]ec
tivcly against biopolymnrs such as nucleic ac
ids, protc;ins, and polysaccharides, and against 
smaller multifunctional molecules such as ster
oids and eicosanoids. More than three decades 
ago, immunologists generated antibodies that 
could selectivn]y bind low-molecular-weight 
molocules such as dinitrophenol (Farah et al. 
l%0). The antibodies even could differentiate 
between the isomeric substitution patterns of 
the two nitro groups. Since then, interost has 
grown in generating antibodies to environmen
tally significant chemicals for trace residue 
analysis. Immunoassays have been developed 
to measure Iwrbicidos, insecticides, carcino
gens, and DNA adclucts (Vanderlaan eta!. J 9BB; 
Bonfanti et a!. J \l\JO; Prevost eta!. 1 \J\JO; Rule et 
a!. Hl94 ). 

A more recent development has been the use 
of MAbs in environmental toxicity testing (Gal~ 
fm and Milstein J \JB J ). Monoclonal antibodies 
have two great advantages over serum-derived 
polvclonal antibodios. First, unlimited amounts 
of a MAb of uniform and defined specificity 
can be produced, thus allowing for stand~ 
ardization of assay conditions and interlabora~ 
tory comparisons. Second, because each MAb 
recognizes only one epitopc, a very high dogrnn 
of chemical group specificity can be obtained. 

Traditionally, MAbs used to dett'ct specific 
cmvironmuntal contaminants have boon SO·· 

lncted on the basis of their ability to bind to one 
spncific compound or isomeric form of a chemi
cal. Therefore, any MAh that binds to tlw com· 
pound of interest and also to other structurr.tlly 
related corn pounds is of littln use and is dis
carded. Howevnr, a .scrnnning strah:~gy can bo 



Jmmunoaffinity in the Analysis of Toxic Effects of Complox Mixtures 

used that selects MAbson the basis of their abil
ity to selectively bind to a specific structural 
feature or flmctional group common to many 
different compounds. There is ample evidence 
in the literature that MAbs that recognize struc
tural features of compounds c:nn bo developed. 
Tho concept of designing catalytic antibodies
antibodies that catalyze specific chnmicalreuc
ticms when they bind to substrate molecules·-is 
rooted in the idea that the tremendous diversity 
and specificity inherent in the inununc system 
can be exploited to develop antibodies that roc
ognize almost any stTuctural residue. MAbs 
have been designed that catalyze ester, car
bamate, and amide hydrolysis; lactonization; 
aminolysis; and a Claison rearrangement ('T'ra
montano and Schloeder 1989, and references 
within). All of these MAbs arc remarkably selec
tive for thf~ir predicted substrates. 

A koy to developing catalytic antibodies, or 
any antibody that must recognize a specific 
structural fenturo, is the design of an appropri
ate hapten and carrier system. The hapten must 
display the cpitope to be targeted in a way that 
is "visible" to the immune system. Tho simplest 
method is to use a compound that contains the 
salient structural feature, or a fragment of that 
compound, as the hapten. Another possibility 
is to synthesize a hapten that mimics tho impor·· 
tan\ structural featuros. 

Presentation of the hapten is irnpnrtant be~ 
cause the geometry of nttachment of tho 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 Crosshnrg 1 DGa}. 
Therofore, the structural featum to he recog
nized by the MAb should be in the imnmno
dominant position. 

One way to fftvor the recognition of haptens 
as ligands distant from other sites on the carrier 
is to include a "spacnr." Typically, a flexible 
chain of four to night atoms is inserted (Tramon~ 
t.ano and Schloc~dnr 19H9}, which reduces stnric 
hinderance from the carrier surface. In addi
tion, tho spacer rnay allow conformational vari
ation of the epitope; increasing the nurnbnr of 
conformational modes may produce a wider 
range of useful MAbs. Thn usn of a spacer also 
can allow for practical methods by providing a 
means to efficiently couple the hapten to the 
carrier. 

Antibodies of high snloctivity typically have 
been used as reagents to identify and quantitate 
trace constituents of complex mixtures. Anti
bodies also have been used to isola to trace con
stituents by moans of immunoaffinity 
chromatography (Tierney et al. l9BG). In this 
process, the antibodies are linked covalently to 
a solid-phase support such as cyanogen hro
mide~activated Sepharose 41:3 beads. The rosul~ 
tant imn1unoaffinity bed material is introduced 
into a chromatography column. VVhon mixl11ms 
are passed through the column, the dnsired ana
lyte is retained; the remainder of the mixture 
can be collected for further an;:.~l yses. The ana
lyte retained on the column can be eluled by a 
different solvent regime. For exam ph~. Tierney 
and associates (19BfJ) used irnn1unoaffinity chro
matography to isolate bcnzo(a]pyrenc (BoP) 
diol epoxide-DNA adducts from hydrolyzates 
of mouse skin treated with BuP. 

Immunoaffi11ity chromHtography increasingly 
is being coupled with oll-wr analytical tech
niques in tho analysis of complex matrices. In 
all casos, specificity and selectivity of the anti
body interaction with the antigen aro exploited 
to concentrate the desired analyte prior to quan
l"itation. Immunoaffinity chromatography bas 
been coupled with enzynu-!~linkcd immunosor~ 
bant assays (Prevost et al. 1 990; Groopman ct al. 
1DD2a; Okuml.ua et al. 1 9D~i}, high-performance 
liquid chromatography (Groopman et al. 
19D2b), and gas chromatography-mass spectros
copy (Rule et al. HJ\J4; Bonfanti et al. 1\l\lO) to 
rnoasure carcinogen-IJNA adduct's in urirw, se·· 
rum, and tissue samples. These methods can be 
highly automated. Rule and associates (1994) re
crmtly described a fully automated system for 
the determination of carbofuran by on-line im
munoaffinity chromatography, with coupled
column liquid chromatography-mass 
spect.ros(:opy. 

TI-woreticnlly, an irnrnunoaffinity matrix can 
bo dnvelopod to isolate and quantitate almost 
any constituent nf a complex mixturn, assuming 
that the ability to recognizn thn targeted epitopn 
is within the genetic repertoire of the immu
nized host species. V'/e describe one such ap
proach. The structural candidate for isolation 
from complex mixtures is PAHs with a bay re
gion. PAHs have bnen idontified in a broad 
specirum of complex rnixtures, particularly 
combustion products (Zedock 19BO). We so-
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lected PAHs with a bay region because a sub
stantial amount of research over the pnst 20 
years has associated this structural feature with 
imparting carcinogenic potential to PAI--ls 

(Sayer ot al. 19B9). These PA!·Is olien are meta
bolized to form bonzo-ring diol opoxidos with 
tho epoxide group in the bay region (Dipple ot 
al. 1985). This configuration is believed to be 
the consequent carcinogen for those caul
pounds. Figure 1 shows the structures of sev
eral PAHs that form biologically active diol 
epoxides. 

Methods and Study Design 

Hapten Production Substances of molecular 
weight as low as 1000 gcmerally are poorly im
munogenic. Therefore, in the proposed ro
smrch, BoP conjugated to keyhole limpet hemo
cyanin (KLH) will he used as the immunogen. 
Keyhole lin1pet hemocyanin has been shown to 
be superior to other proteins in eliciting spe~ 
cific high-affinity antibodies (Muller 1983); tho 
antibody response of KLH was superior to that 
of horseshoe crab hemocyanin, which in turn 
was far better than ovalbumin or bovine serum 
albumin. Tbe strong iinmunogenic properties of 
KLH presumably rosult from its molecular 
weight and its phylogenetic distinction from 
the proteins of the irmnunized animals. 

Phenanthrene Benzanthracene 

Dibenzanthracene Benzo[a]pyrene 

Figure l. Structural formulas of polynuclear 
aromatic hydrocarbons. 
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Bonzo[o]pyrene would be conjugated to KLH 
by tho method of Kado and Wei (1978), as 
shown in Figure 2. By this procedure, an isocy
anate group can be introduced to the C-G posi
tion of BoP. The compound G-nitro-BoP, readily 
synthesized by the nitration of BoP, will be re-
duced to an amino group with SnCh. The 
mnino group will be converted by phosgene to 
an isocyanate group, and the BoP isocyanatn 
will be coupled to KLH via a cnrbami,io link
age. The conjugate will be purified by dialysis. 
The BoP will be spiked with a small quantity of 
tritiated BoP prior to the conjugation reactions 
to allow determination of the molar ratio of hap·· 
ten (BoP) to carrier protein (KLH). 

Erlanger (19il0) reported that hapten donsities 
of 8 to 25 hapten moieties per carrier molecule 
produce good results. For screening purposes, 
BoP and other bay-region P AHs will be conju
gated to a different carrier molecule (bovine sn
run1 albumin) to select against hybrids 
producing antibody against KLH (sne imnm
noassays). Other non-bay-region PAH·"-protein 
adducts, to be used as negat-ive controls, will be 
synthesized in a similar fashion. Thus, 1-nitro
naphthalene, 9-nitroanthracene, 1-nitropyrene, 
and :J-nitrofluoranthene will bn converted to 
isocyanates and react with bovine serum albu
min (instead of KLH). 

snct2 

l COCb 

NCO 

R =PROTEIN 

Figure 2. Schemo for synthesizing HaP~ protein 
conjugates. 
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Inununizations Initially, frm1ale 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 Fruond's adjuvant will 
be used. On day 24, a blood sample from each 
mouse will be collected, diluted, and screened 
for immunoreactivity against tho adduct with 
which it was immunized, using a solid-phase 
antibody capture assay (described in a sub
sequent section). The ad ducts will be conju
gated to bovine serum albumin instead of KLI-i 
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 :J5, all mice will be injected in
traperiton(~ally with antigen nmulsifiod with in
complete Fround'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 5B, 
the animals with the highest serum titors will 
be injected both intravenously and intraperi
tonually with antigen in sterile pyrogen-!hm 
saline. All other mice will be injected intra
peritoneally as before. 

Hybridoma Production On day 5H, spluno
cytes that form the bust responder will be fused 
with the murine myeloma SpZ/0 (Shulman et 
al. 1978) according to the method of de St. 
Groth and Scheidegger (1980). Splenic lympho
cytes from the immunized mouse and SpZ/0 
cells in log phase growth will be fused with 
50% polyethylunu glycol. Tho huterokaryons 
will be plated into twelvu H6-wull microliter 
plates, each well containing a foedor layer of 
murinu peritoneal exudate cells. Stable hybrido
mas will be selected from the parental cull 
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 bn screenod against 
tho BoP-ovalbumin adduct described; positive 
cultures will be expanded and rescreened in 
five clays. Hybridomas that aro positive against 
HaP-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 limiting dilution; they them 
will be expanded, with a portion cryopreserved 
and frozen for future ust~. Monoclonal antibod
ies produced by the selected hybridomas will 
be purified from serum-free culture super
natants hy protein A chromatography and 
stored at --80°C. 

Imtnunoassays Several different irnnlunoas
says could be used in this project. For initial 
screening of immune .son1m and hybridoma su
pernatants, we will use an antibody capture as
say. In this assay, BnP-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-buffered saline is 
added to block any remaining protein-binding 
sites on the nitrocellulose. Afier one hour the 
wells are washed by filtration, and serial dilu
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 poroxidase--conju
gatud secondary antibody is allowed to bind 
and excess MAb is washed away. T'he entire ni
trocellulose sheet then is incubated in diami
nobenzidine in Tris buffer with 0.001% 
hydrogen peroxide to make the primary anti
body visible, and the membrane is analyzed 
with a scanning densitonwter. This assay is eas
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 
MAb for its antigen is a critical factor in deter
mining its usefulness. For example, MAbs used 
to quantitate (immunoassay) or localize (immu
nohistochemistry) antigen require high-affinity 
constants (K ~ 109 to 1012 Limo!) so that the an
tigen-antibody complexes are not easily disrup
ted, whereas irnmunoaffinity chromatography 
is thought to require MAbs with somewhat 
lower-affinity constants (K ~ 1d3 to 107 Limo!) 
so that the antigen bound to the column can be 
eluted under mild enongh conditions to pre
vont damage to either the antigen or the anti
body (Van Huyningen 1986). However, there is 
ample evidence that little or no corrnlation ex
ists between antibody affinity and ease of anti
gen elution (Parham Hl8:J; 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
criminatn against those PAHs without bay re-
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gions. These MAbs them will be tested dirnctly 
for their ability to both bind and release a rango 
of bay-region Pi\Hs when coupled to a solid 
support. 

Determination of Monoclonal Antibody At11n
ity and Cross Reactivity 'ATe will use a com
petitive antigen capture assay to determine the 
specificity and affinity of tho r-mti~bay-rcgion 
MAbs. The MAbs will be bound to a solid sup
port as previously described in tho dot blot as
say. Tho amount of MAb bound per wnll will be 
adjusted so that appr,oximately 40{}{) to 70% of a 
radiolahelod tracer (13H]BaP: about 104 disintegra
ticms }_)(':)J' minute), in tho absence; of unlabeled 
inhibitor, is bound. The assay is performed by 
adding a fixed quantity of labeled BoP and of 
unlabeled BoP (inhibitor) to each well of the 
dot blot apparatus. After a two-hour incubation 
at room te1npnrature to roach equilibrium (that 
is, no change in the inhibition values observed 
upon further incubation) tho sample is wmoved 
and the well is washed by filtration. The nitro
cellulose "dots" am removed and the bound ra
dioactivity is detnrmined by liquid scinti11ation 
spectrometry. 'T'he data are plotted HB pnrccmt in
hibition of tracer-antibody binding vorsu.c; in
hibitor concentration. 

This assay also can be used to determine tho 
relative affi;rity of the MAbs for other PAHs 
with and without bay regions, In this case, unla
beled PAHs with and without bt1y regions arc 
substituted for the unlabeled BoP (inhibitor) in 
the previous assay. The cross-reactivity of the 
MAbs lhen can be determined by comparing 
the concontrations of tho various PAHs re
quired to achieve 50(Yc) inhibition of tracer bind
ing (Muller 1983). We will select MAbs that 
show cross-reactivity with a range of bay-region 
PAlls but low affinity for non-bay-region PAHs. 

lmnmnoa!llnity Chromatography Bay-region 
PAils will be isolated horn complex mixtures 
by irnmunoaffinity chromatography. A basic 
problem will be presentation of tho lipophilic 
PAlls to the hydrophilic antibodies. This can 
be accomplished by first dissolving thn com
plex mixture in a cosolvent miscible in water. 
Tho solvents dimethylsulfoxide, dioxane, and 
dimethylformnmide are candidates, as are deter~ 
gents such as Triton X-100 and NP-40. These 
agents am expected to diminish tho antibody af
finity; therefore, the appropriate dilutions nec
essary to maintain sufficient antibody binding 
need to be detnrmiiwd. 
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Immunoaffinity matrices will be made by im
mobilizing tho selected Mi\bs on an insohlble 
support. A wide rnngo of matrices have been 
used including micrt.)porous silica (Chiong et 
al. 19~11; Van Sommeren et al. 1993), particulate 
nitrocelluloso (Hammer! ct al. Hl93), and dm-iva
tized and crosslinked agaroses such as Affigel 
and Sepharoscs (Jack 1992). By far the most 
common approach is to use cyanogen brornido
nctivated Snpharose to couple thn Mi\bs vin ex~ 
posnd amino groups. Although this tnchniqun is 
very simple, it suffers h-om tho lire\ that the 
MA bs are randomly oriented on the supports 
and therefore only a fraction of the potential an
tigen binding sites are available for interaction 
with ligand. In addition, the isourea linkage be
tween the gel and tho t-Hlnlinogroups of lysine 
introduces an f~xtra positive charge at neutral 
pH, causing the gel to act as a weak ion ex
changer at low salt concentrations (Van Sorn
mernn nt al. HHJ3). 

We will couple the selected MAbs via the car
boxyl termini as described by Yarmush and asso
ciatos (1ll'J2). Briefly, all accessible carboxyl 
groups on the MAbs will be blocked with phenyl
hydrazine. The blocked MAbs will be digestod 

with pepsin to hmn J<'(Ab'h !bgmcmts with 
exposed carboxyl termini, and subsequently 
coupled to an amine-containing solid support 
(AH-Sepharose 4B beads). This procodme 
results in tho oriunted coupling of the MAbs 
to the support matrix. Although tho coupling ca
pacity (mol protoin/mL of bead) is reduced com
pared to othnr methods using random attach
rnunl, the antigen-binding capacity (mol antigen 
bound/mol antibody coupled) is maximized. 

Validation of our procedure will begin with 
sovnral bay-region PAHs. Thus, solutions ofra
diolabnled BoP will be created from the ;;olvent 
systems clescribnd, added to suspensions of the 
MAb-conjugated resin, and incubated over
night. Tho samples will be poured into separate 
3-mL columns and washed with five column 
volumes of phosphate-buffered saline; the col
lected nluate will be counted for radioactivity. 
The bound BoP will bo rocovnrnd quantitatively 
by washing the columns with 1001}L methanol; 
methanol aliquot's will be countnd for radioac
tivity. The efficiency of recovery is reprcsentnd 
by radioactivity n~covered in the methanol 
wash divided by total applied radioactivity. 

If it is success!irl, the same procedure will be 
applied to a rnixture of PAHs including phenan-
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throne, benzjojanthracenn, chryscne, BoP (tlwse 
all have bay regions), and naphthalene, anthra
cene, pyrene, fluoranlhene, carbazole, and 
dibrmzo[a,h]carbazole (negative controls). Both 
the original eluate and tho nwthanol extract 
will be analyzed for tho prnsence of PAF!s by 
isotope dilution gas chromatography-mass spec
tropscopy. This assay is chosen because most of 
these PAI--ls are not available commercially as 
radiolabeled. If nlution 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 procndure will be validated further by 
adding radiolaboled BoP or pyrone to a series of 
complex mixtures and det.ormining the effnct of 
the mixture on recovery. Smne mixtures might 
include diesel exhaust particle extracts, automo-
bile particle extracts, solvent-refined coal, and 
cigarette srnoke partido extracts. Again, tho sol~ 
vent types and dilutions may require alteration 
for maxirnum binding. 

Jf thr~ above approach is not successful, either 
in binding the hay-region PAI-ls or excluding 
thn non-bay-region PAI--ls, we will screen other 
MAb clones for the appropriate affinity. The im
munoaffini1y approach can be applied to tho 
above complex mix\ ures. If it is successful, anti
bodies to nitro-PAHs will be drwcloped and the 
methods can be applied to diesel nxhaust parti
cle extracts. 

Determination of the Total of Isolated Bay
Region Polynuclear Aromatic Hydrocarbons 
Total bay-mgion PAllo presnnt in a complex 
mixture (sample) \vill bn det{-)rmined by com-
petitive radioimmunoassay, using BoP as a 
representative PAH. A known quantity of im
munoaffinity bed matrix and an aliquot con
taining known quantities of BoP or serial 
dilutions of column eluate \vi]l be combined 
and allowed to incubate overnight at 4°C. Tlw 
nnxt morning, a lirniting amount of radiola
beled BoP will be added to all tubes and al
lmNnd to incubate for nn additional two hours 
at 37"C. The MAb-conjugated beads will be pel
lotod and washed repeatedly to remove un
bound laboled BoP; bound radioactivity will be 
detennined by liquid scintillation spectros
copy. Unlahnlod BoP or sirnilar bay-region 
PAl-ls in thn column eluate samples will com
pete for binding with the radiolabeled BoP. The 

percent inhibition of binding vdll bo calculated 
and the quantity of bay-region PAlls in the col
umn nluate will be det:orminod from a standard 
curve. 

Limitations The biggest limitations to this ap
proach are the high developmental costs and 
time to select for the idnal antibody. Antibodin.s 
previously developed at other laboratories 
might be useful for initially testing the ap
proach. Othm limitations include an inability 
to convenicmtly monitor tho effects of more 
volatile compounds. Whnn the complex mix
tures initially pass through the column, the first 
aqueous mixture must be lyophilized to recon
centrate the components; hm,..,evor, during lyo-
philization volatile components may be lost. 
One approach to recovering those components 
would he vacuum-line distillation of the mix
ture; we havn successfully used this method to 
fractiona.te complex mixtures with volatile com
ponents (Hanson et al. 1 H8fi). 

Discussion and Conclusions: 
Application to Standard Reference 
Material u;:;o (Diesel Particulate Material) 

The National Institute of Standards and Tech
nology (N!ST) has defined several Standard Ref
enmcc Materials (SRMs) which arn readily 
available to scientists and can be used both for 
methods development and as reference materi
als for interlaboratory comparisons. The SRM 
1G50 (diesel particuluio matter) was dnvnloped 
to assist laboratories in validating bacterial bin
assays and analytical chemistry methods for de
termining PAlls. The Health Effects Institul<1 
has selected SRM 1.G50 as onn complex mixture 
that may bo fractionated and characterized effec
tively by 1wvv theorotical methods for analysis. 
Thn Hnalth Efl(H:ts Institute has asknd authors 
to addmss how their method might bn used to 
characterize this SRM further. 

May and associates (lD92) have reviewed sev
eral studins characterizing SRM 1050 for chemi
cal content and biological activity. Most of tlw 
chemical analyses that have bnnn performed on 
SRM 1 G:JO have been at NIST; PAlls with certi
fied concxm1Tations, and additional PAHs with 
uncertified concentrations, are reported. The 
certified vallH-}S are establishnd at NIST hy nwa.s-
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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 small). 

Bioassays of SRM 1650 extract have been per~ 
formed Ly several laboratories. At this writing, 
no bioassay-directed fractionations of SRM 
1650 were available. However, Schuetzle and 
associates (1W35) analyzed a silnilar diesnl par
ticulate material using solvent extraction and 
high-performance liquid chron1atography frac
tionation. Both mass and direct-acting mu
tagenicity in Solmonello TA98 were measured 
in the fractions. Recoveries of rnass and mu
tagenicity wen~ 91 <Y<) and 81 <X), respoct'ively. 
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 bo raised 
against bay-region or nitro-substituted PAHs as 
desired. The SRM 1650 would need to be ex
tracted for rc~loaso, either by sonication or by 
soxhlot 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 MAb c:olumn as de
scribed. 'T'ho two resulting fractions then would 
Le tested for PAH content and biological activ
ity. Results could be compared to the values 
previously reported by May and associates. 
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This approach seeks to isolate chnn1icals as a 
group from a complex mixture on the basis of 
some aspect of the mechanism of their toxicity. 
In order to accomplish this, Dr. Bechtold pro·· 
poses to take advantage of tho structure-activity 
relations between polynuclear aromatic com
pounds possessing bay rogions and highly roac:
tivo, carcinogenic metabolites. Immunoaffinity 
chromatography would be tho 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 hap ton of benzol a]pyrene conjugated 
to bovine serum albumin. Hybridomas would 
be screened to select those that produce anti
bodies sdectivoly recognizing various polynu
clear aromatic compounds containing a bay 
region. Subsequen1ly, immunoaffinity chroma
tography columns would be prepared by cou·· 
pling these monoclonal antibodies to Snpharose 
4!3 resin. 

A separation schmne predicated on the pro
posed. mechanism of toxicity of a class of com
pounds is an intriguing concept. Tho use of 
immunoaffinity chromatography to separate 
classes of compounds from a complox mixture 
is a novel approach, wit.h separation based on a 
toxicological ralionalc in addition to the physi
cal and chmnical principles which limn the ba
sis for morn traditional fractionation schemes. 
In this respect, such an approach may provide a 
very useful redirection in the analysis of com
plex mixturns. It has, however, some potential 
limitations. For this approach to have wide
spread practical merit', the functional rnoieties 
in the chemicals responsible for the toxicity of 
complex mixtures must be known. Given the 
prnsenl gaps in knowledge of tho chmnicnl func~ 
tionalitins responsible for eHciling toxicity, the 
exact feature responsible for a chemical's toxic
ity is likely to be unknown .. Furthermore, in 
any truly complnx mixture, there may be sev
eral clwrnical classes, acting by several mecha
nisms, rr~sponsible for toxicity. Therefore, even 
with complete knowledge of the chemical fea
tures responsible for toxicity, a largo nurnber of 
different immunoaffinity chrmnatography col
umns would be needed to thoroughly fraction
ate a complex 1nixt urn of unknown chemical 
composition for subsequent toxic:ological test-

ing. Finally, antibody recognition of an analytn 
is based on physical interactions, rather than 
chemical reactivity. Chemical reactivity is, how
ever, a major factor involved in a compound's 
modo of toxicity. This fact limits tho universal 
application of immunobascd techniques hJ the 
separation and characterization of complex mix
turns. Because antibody rncognition is bas(xl on 
physical intorations, some nontoxic chemicals 
may be retained on the column, resulting in 
falsn posilives. Although this may not he a large 
problem, particularly if bioassay analysis fol
lcnvs, the possibility of false negatives is an im
portant concern. A false negative would result 
\o\rhcm an active polynuclear aromc1tic com
pound containing a bay rngion d.oos not bind 
the antibodies, and thus is not detected. There
fore, the use of monoclonal antibodies may not 
b(-~ appropriate if their specificity is too grnat, in 
which case they would produce these blse 
negatives. 

Several other practical problems should bn 
addressed bnforn und(~rtaking the approach out
lined in this report. Some problems are related 
to complex rnixtures; others arn relatnd to thn 
use of immunoaffinily chromatography. For ex
ample, there is a wide range of cross-reactivi
ties of polynuclear aromatic compounds for a 
given monoclonal antibody. Lnvols of indivicl
ual polynuclear aromatic compounds pmseni 
in the complex mixture t.hnreforn may lead to 
unexpected selectivities of binding. The non
equilibrium nat urn of immunoaffinity chroma
tography may result in pmferential selectivities 
and some loss. 

Some technical problems al.so need to be ad
dressed. For example, then~ will be a positive 
charge associated with cyanogen bromide---acti
vated Sepharose to which the antibody conju
gates. This may lead to problems rnlatod to ion 
exchange when tho mixtures arc applied to the 
colurnns. Another technical problem involves 
conjugaling the antigen for immunization. Ma-
jor chemical chnngos can occur within the 
polynuclear arornatic compound as n result of 
the conjugation process. Therefore, detailed an
tigen characterization should be performed 
prior to construction of the immunoaffinHy 
chromatography columns. 
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An alternative strategy to consider is a two
stage separation, in which an imn1unonffinity 
chromatography column with a general anti
body could be used in an initial step to gener
ally separate cmnponents of the mixture. T'ho 
second stage of separation then could take 
place in an immunoaffinity chromatography 
column with a monoclonal antibody. By using 
general antibodies with their grnater yields in 
the first step, large amounts of matorirtls can be 
screened in a "clean-up" stop. Use of a socond 
stage on the eluate of thn first column then can 
capitalize on the specificity of monoclonal anti
bodies to achieve cleaner separations. 

HE! COMMUNICATION 1 mJG Number 4 

Given these lilnitations, it rnay bo possible to 
develop a few immunoaffinity chromatography 
columns that would subdivide a complex mix
tum into fractions containing "homogeneous 
toxicological endpoints." This approach might 
provide rational experimental paradigms for 
testing toxicological interactions in cmnplex 
mixtures. Simplification of the mixture in this 
Inanner would f<.1cilitate 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 iln
provement over existing methods. HJ. 
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Stationary-Phase Programming 
for Liquid Chromatography: 
A New Concept f!n- Separating 
Complex Mixtures 
fohn G. Dorsey and H. BJJan Ilalwll 
Departnwnt of Chemi8/Iy, University of 
Cincinnati, Cincinnati, OH 

Abstract 
We are developing theory and methodology for 
unique liquid chromatographic methods that 
combine existing technology, such as nlObiln
phase programming (or gradient elution tech
niques), with new technology developed in this 
laboratory predicated on the concept of station
m·y-phase programming. Many statistical stud
ies have shown that for real sam pies containing 
more than a few components, thoro is an ex
tremely low probability of separating all of the 
components in one chromatographic step. The 
answer to this problcnn is an increase in peak ca
pacity, which is the theoretical maximum num
ber of resolvable cornponents in a separation. 
/\!though mobile-phase programming will ac
complish this to some extent, an even more 
powerful approach to the problem would in
volve simultaneous mobile- and stationary
phase programming. 

We are exploring the separation a! 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 sizo 
exclusion effects, which will provide separa
tions on the basis of both chemical class and hy
drophobicity. This approach will have the 
benefits of a (pseudo)-two-dirnensional separa
tion on a single column, and should dramati
cally improve peak capacity. 

This Investigators' l~eport is ono part of HE! Communication Number 
4, which also includes three Investigators' Reports by Bechtold and 
Hotchkiss, Springer and coworkers, and Gennings and coworkers, and 
Comments by tho Health Review Committee. Cnrrespondonu~ concern
ing this Investigators' Hoport may be nddressed to Dr. john G. Dorsey, 
Florida S!a((~ University, Department of Chomi1>trv, Tallahassee, FL 
:1230fi·300G. • 

Although this dor,\lment was produced with pa!'lial funding by the U.S. 
Environmental Protection Agency under A.ssislancn Agreement 1110205 
to the Health Effects ln.stltutn, it has not been subjected to the Agency's 
peer and administrative review nnd thcmf()ro may not necessarily 
mfled the views of the Agmwy, and no offir,ial endonmwmt should be 
inferred. The contents of this document all;o have not been reviewed 
by prlva!O party institutions, including ll.wse that support the Health 
Effects Institute; therefore, it may not rel!ccl tho views or policies of 
these partie~, nnd no endorsenw.nt by them should be inferred. 
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A second approach to stationary-phase pro
grarmning involves the utilization of chainlike. 
n1olecules \1\'hich 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 undJn·stood nor dr,liber·· 
at ely induced. We are working on theory and 
methodology for the interaction of solutes with 
chainlikc molecules such as polypeptides that 
are immobilized 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. Rehm
tion is controlled by the combination of 
partitioning lo the hydrophobic stationary 
phase and a size-exclusion effect as the solute 
size becomes too large to access the pores of tho 
stationary phase easily. We also have prelimi
nary results for the bonding of poly(homo)pcp
tides to a silica support, along with resulting 
chromatographies as a function of mobile-phase 
composition. 

lntrodudion 
The separation of complex mixturos of un
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 cmnbination, in 
which synergism may be a nonpredictahle 
event. i\n ohvions approach to the problem is 
tl1G 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 studios have shown that for multi
component samples the probability of separating 
all of the cmnponents in one chromatographic 
step is extremely low (Davis and Giddings Hl83; 
Martinet aL 1B86). The answer to this problem 
is an increase in peak capacity, which is the 
theorotical maximum numher of rosolvablc 
components in a separation. Although mobile·· 
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phase programming will accomplish this to 
some nxtnnt, an even morn powerful approach 
to the problon1 would involve simultaneous mo

bile- and stationary-phase progranuning. 

We are developing theory and methodology 
showing the separational power thai results 
when stationary-phase properties, snch as the 
porn diameter of silica gel (either bare silica or 
dorivatized in a reversed-phase t~lShion), are var

ied along tho length ofthll column. This leads 
to a well-defined second interaction mode, 

prodicatod on size-exclusion effects, that allows 

separations on the basis of both chemical class 
and hydrophobicity. Providing the benefits of a 

(psoudo)-two-dimensional separation on a sin
glo column, this method should dramatically 
improve peak capacity. v 

Using chainlike macromolecules that un

dm'go changes in secondary structure with 
changes in mobile-phase composition offers a 

second approach to stationary-phase progrmn
Ining. Subtle changes in stationary-phase strut> 

tum and organization occur in reversed-phase 
chromatography during gradient elution; how
over, these changes have not bmm well under
stood. The interaction of solutes with chainlike 

molecules, such as polypeptides inunobilized 

on a suitable support, which can be induced to 

undergo a conformational change with chang

ing mobile-phase conditions, also will result in 
t.l (pslJUdo)---two-dimensional separntion. Bolh 
approaches should increase the peak capacity 
of a chromatographic separation, and improve 

the reliability of single peaks representing sin
gle components. 

Thooreticd i\1odels for Size-Exclusion 
Chrornatngraphv 
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-molocular-weight simulations 

attending many prc-;vious models. The silnu
lated calibration curves of t.wo bimodal systems 

show good correlation with expnrimental re
sults. The off(Jct of reversed-phase partitioning 

also is considered, but a full explanation of 
the combination of these two effects rmnains 
elusive. 

In clwomatography, if one component of an 
eluent is more strongly retained than tho solute, 

then the solute, unable to displace eluent, will 
be excluded from the surface layer (Kennedy 
and Knox 1972); if a charged solute has 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. 
19!30); and if solute molecules have dimensions 

commensurate with the pore dimcmsions, they 
will be excluded sterically from part of the pore 

volume. When any of those phenomena occnr, 
the solutes travel along the column faster than 
the eluent (because the eluent is able to accoss 
more stationary-phase pore volume) 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. 196B; Casassa 1H71) 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 aro eluted in the void volume, 
Vm*; large molecules which can not enter any 

of the pores are excluded totally and eluted in 
the extra-particle volume, Vo; molecules of in
termediate size are eluted between V0 and Vm. 

The degree of permeation of such molecules 
into the porn volume of the particles, Vp, is de
noted by K, and termed the "exclusion coeffi
cient." K can be defined mathmnatically as: 

K = Vs'/Vs, where Vs' is the volume of pores 
available to a given molecular species. K is ro
latod to the elution volmne, Vn, of any solute 
by Equation 1 (Knox and Scott 1984), 

VH = Vo + KVp. 

K can have any value between 0 and 1, and 

when K = 1, 

(1) 
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Theoretical Exclusion Calibration Curves 

Simple Cylinder Model If we consider the sol

utes ns "hard spheres" of radius rand the~ pore 
a.s an infinite cylinder of radius R, and because 

the contcr of mass of the molecule cannot ap·· 
proach closer than a distance r from the wall of 

the pore, then the parl nf tho pore volume acces-

• A list of abbrnvialions apprwrs at the end nf 1his docunwnl. 
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sible to the cnnter of mass is a cylinder of ra
dius (R -- r)_ Thus tho nxclusion confficiont, 
which is nqual to tho fraction of the total pore 
volum.e accessible to the molecule (Knox and 
Scott 1984), is 

( r ) " (r) K~ 1-ii ; j.j <1, 
(:la) 

and 
(:lb] 

Figures 1 and 2 show experimental and simu~ 
lated exclusion curves for various stationary 
phases. Figure 2, curve a shows a simulated ex~ 
elusion 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 tho simulated curve. Expori
nlental 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, 

" 
" . '-"""""-- --~m ••. ._.., ... ___ - - - ....A_ 

.:..:..:..~ --... __ ----..m~~ :..:..:.,... ...--..., __ _ 

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

If we choose a support that has an average 
pore size /10 and a Gaussian dist-ribution of SD 0, 
then according to Equation 4, 

in which Cis the normalization constant. This 
allows us to derive the expression of K, 

(4) 

I= I' 2 
(:;I 

K ~ (1- j.j). f(Il)dR. 
J 

Figure 2, curve b is the simulated calibration 
curvl~ of silica that has a pore size of GH A and 
SD of 30 A. When wo compare it to Figure 1 we 
see improvement in tho fHting of the experimen
tal calibration curve, but there is room for still 
more improvement. T'bere are reasons other 
than the pore size distribution that cause the 
problem. 

...... __ -....:..·~ ......... __ .., ---@ ... .,......._-- -..·..... -........ ... -.,.,_ ---
..... __ --.... ....:...:.······· ""~@ -~ ""'""""""'-' ...... __ --. -....:.. ~...... ...~ ........ """ ...... .__-... --··.... ...~ ' ""--.... -- ~... ........, .... ...... ........,.,-..... ···. ""'~ ...... __ ........... ~.. ' 

0 MODIFIED DATA --...,"", 0
o

0 
~ 

-. .-- ,_. ....... R:ANODM UNIFORM SPHERES E-0. EH '''''••.;,;. ~\ 
----RANDOM UNlFOFIM SPHERES E""'Cll. 43 .,.._,, •• \ 
• • • • • • • • • • • COMPUTER SPHERE MODEL "'\, ""% • \ 
--- CO"iPUTER CYLINDER MODEL SO 0. 3 \\ 
-··-... COMPUTER CYLINDER MODEL SO 0. 1 ~ 

-•L-----~~-------k--------~-------~-----~ !'il.m m.:t 11.4 ~a,e~ am 1.m 
E~cluwton Coeffici@nt 

Figure 1. Experimental 
and simulated 
calibration curves (Knox 
and Scott 1984). 
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4 

2 

-4 

-6 Figure 2. Simulated size--exclusion 
calibration curve of three models. 
Curve a: simple cylinder model; 
curve b: pore-size distribution model; 
and curve c: flexible molecule model. 

0.0 

Flexible Molecule Model: Portia/ Permeation 
l!.}ject 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, Tg (Knox and 
Scott 1984), 

I'~ 0.886Jg; (G) 

and for random chain polymers l'g is produced by 

Ig ~ aMW', (7) 

in which MW is the nwlecular weight and a 
ai)-d b are constants that are unique for every 
polymer. 

In the previous case, the molncule radius was 
treated as a rigid value. If wG 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 molecular effective radius is far s1naller 
than the pore radius, the molecule behaves as a 
sphere with an effective radius of Ig. As the esti
mated molocular effective radius approaches 
the pore radius, there is more and more flexible 
linear effect. We use an exponential function to 
express this tendency. 

g(r) ~ e- (Zllorf 
(B) 

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

I-lEl COMMUNICATION 1\J~JG Number 4 

0.2 0.4 0.6 0.8 1.0 
Exclusion Coefficient 

K' = 0.5 · K + 0.5 · g(r). (fl) 

Figure 2, curve c shows the simulated curve, 
which is in excellent agre8lnent with the experi
mental curve shown in Figure l. 

Bimodal System To demonstrate further the 
effectiveness of this model, W(-~ attempt to siln
ulate the biinodal system calibratjon curve 
shown in Figure 3. This is achieved simply by 
Equation 10, 

Kb ~ d . K' 1 + (1 - d) . K' 2 , (10) 

in which Kb is tho 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. 

Using published values of the constants a 
and b for polystyrcmes, wo find the effective 
sphere radius r of polystyrcmes: 

riA= 0.121 Mw'1·
5a9 (11) 

Figures 5 and 6 show simulated and experimen~ 
tal calibration curves of the bimodal pore sizes 
of 80 A aud 500 A, and 47 A and 1200 A. 

How do the two siinulated calibration curves 
compare? For the 80 A and 500 A bimodal sys
tem, the simulated calibration cnrve is in good 
agreement with the experimental results even 
with the simplest model. This is because the lin
oar ranges of the HO A porn size silica and the 
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500 A poro 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 storic exclusion 
nu~chanism, it is assumed that the silica gel acts 
as an inert matrix that contains 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 g(~l systems K is greater than unity, 
which is inconsistent with a steric exclusion 

6 

6.3 7.5 

7 8 

Figure a. Experimental calibration 
curvH of bimodal system of HO A 
and 500 A pore size (Northrup et 
al. 1991). 0:::: normal phase: 0:::.: 
reversed phase of THF mobile 
phase; and+=- reversed-phase mo
biiB phase; C!·I,C!,. 

Figure 4. Simulated calibration 
curves of bimodal system of (a) ao 
A and (b) 500 A pore size. 

mechanism for which K must lie bet ween 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 sizn-exclusion 
process. 

In conventional liquid chromatography of 
smallinolecules, an important retention pa
rameter is the capacity factor, k ', defined by 

k' d( x~ (12) 
p Vo' 

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 Vp. 
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For large-: solutes such as polymers, the frac
tion of Vi n_vailable \A.rill depend on solute size, 
so we rnplace Equation 12 with Equation 13. 

KV 
k ''' Kp ···~··-' (J:l) 

Vo 

The capacity factor is related to the rntontion 
volume, Vn, by 

Vu '' \!o(1 + k'). (14) 

Therefore \•VO get the rntFmtion volume expres
sion of size-exclusion chromatography with the 
rnvorsed-phase effect 

Vu ~ Vo + KKp V;. (15) 

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 weight: 

Kp ~ (C ')(MW). 

C" is a weighting factor that relates the parti
tion coefficient to the molecular weight, MW. 

(lG) 

Frmn Figure 7 we see that for a fixed-pore
size silica, one molecule with a specified size 
has the longest retention volume. Tho retention 
volume of this molecule dupends on tho con
stant C' that rnlatcs the partition coefficient to 
thn molecular weight and the pore size. 

However, the partition coefficient may be in
dependent of molecular weight. in which case 
the single pnaks of tho size-exclusion separa
tion may split into multiple peaks as illustrated 
in Figure-~ H. 
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300 A pores 

120 A pores 
~ 

BOA prres 

80 A and 500 A mixed pores 
,__ ------~ 

2.5 3.3 4.1 4.9 5.7 

log(MW) 

figure 5. Linear size-exclusion chromatography 
molecular weight ranges (Northrup el. al. lHDJ). 

Conforn1ational Programming of the 

6.5 

Stationary Phase The three-dimensional slrul> 
turn of essentially all proteins comprises assmn
blies of smaller, sucondary structural elements. 
These elements are termed ex or ~~ depending 
principally upon the torsion angles adopted by 
the polypoptide backbone and the pattern of hy
drogen bonding that sustains the structure. An 
ex-structure is helical with defined pitch and 
translation, and is internally hydrogen-bonded 
in a regular and prc-)dictable wuy. A B~structuro 
is also regular and helical (Creighton 19\l:l), hut 
the helix of f"\,vo residues por turn and a transla~ 
tion of 3.4 A per residue greatly extnnd the 

B 

\ 
2 L--------!-:---2 

Figure G. Panel A: Simulated himo·· 
dal system of pore size 47 A and 
1200 A. Curve a: simple cylinder 
modo!; curve b: f1exible molecule 
model. Panel 13: Experimental result 
or the bimodal systern of pore siz(·) 
47 A and 1200 A ("Yau el al. 1978). 

0.0 0.4 0.8 5 6 7 8 9 10 

Exclusion Coefficient Retention Volume 
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Figure 7. Simulated calibration curve of' size-exclu
sion chromatography with reversed-phase effect. 

Retention of Size-Exclusion Peaks 

Retention of Size-Exclusion Peaks with 
Reversed-Phase Effect 

Figun~ B. Illustration of the rovorsed-phase effect on 
size-exclusion chmmat ography. 

structure such that stabilizing hydrogen bonds 
must form between strands, not within the he
lix itself, thus crnating shoets. ln both forms, 
the amino acid sidochains project into solution 
and define the chemical nature-) of tho surface ac
cessiblc to solvent. Rogions of polypeptido not 
conforming to these two general cJassns arc-'l 
termed random--coil (although they arc not tnw 
random coils). 

The pmsenm of the cntire polypoptide chain 
is not necessary for the adoption of secondary 
structure. Short pepl ides can bn induced to 
adopt secondary structure and to undergo re
versible transitions between the thn)e g(-meral 

forms (Mattice HlB9; Scholtz and Baldwin 
1 992). Two principal factors appear to control 
these transitions: the solvent conditions and the 
nature of the amino ncid sidechains present. In 
genernl, secondary structures are prmnoted by a 
low diolectric constant, and hinder"d by bulky 
and charged sidechains. The details of these 
procnsses are understood only poorly in hetero
poly(amino acids), but are described qnite w"ll 
ll>r som" homopoly(amino acids) (HOAAs) 
(Hopfinger 1977); however, most of these latter 
studies have been dono in aqueous solution, or 
in solvents not gennrally used in liquid chroma
tography. 

The exishmce of theso 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
sorptive properties. 

Methods 

The Stationary Phase Homopoly(amino 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 tho nucleo
philic amino (Nl·b) torminus of the polypep
tide. Such activated silica is available commer
cially and was chosen for initial studies to pro
vide reproducible material. 1-Iowever, commercial 
products usn proprietary bonding chemistries and 
polymnric epoxide phases that rnsult in poor rc~ 
sistance to mass transfer and band broadening. 
Because we would ultimately be requiring well
characterized, monomnric dorivatized silicas, 
we evaluated a procodurn to produce them. 

The .silica surface initially was hydroxylated 
by acid washing (for 24 hours at 90°C in 0.1 M 
nitric acid. The product then was refluxed at 
90°C under anhydrow; conditions in a fourfold 
excess of monofunctional epoxysilane in tolu
ene with triethylamine as a basic catalyst. This 
gave a monomeric epoxide coverage of 3.2D 
11mol/m2 from approximately 5 ftmol/m 2 of hy
droxyl sites available for ligand coupling on the 
bare silica. This coverage is comparable to that 
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attained \•vith typical reversed-phase stationary 
phases. Nucleophilic attack by tho amino termi
nus opens tho epoxide ring. Experiments \•vith 
different ligands established the conditions for 
this process. Ultrasonication for five days was 
used as the driving hm:e (Sentell et al. 1HB8), 

under low to moderate temperatures (!) 0 to 
40°C), to both minimize unfavorable solution re
actions (oxidation, degradation) and maximize 
tho 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 covorage analysis procedure used 
differed for hydrophilic and hydrophobic 
HOAAs. Tho form or were determined by acid 
hydrolysis of the stationary phase (50 mg deri
vatized silica in 1 mL 6 M hydrochloric acid for 
20 hums at 150°C) followed by the ninhydrin 
color reaction. Hydrophobic HOAAs were deter
mined by percent carbon analysis. 

0.02 

Figure 9. Reversed-phase chroma-
tography on PBGAnn in 70;30 0.00 

water:acetonitrile at 25°C. Efflu-
ent at 1 mL/minutc \•vas moni-
tored at 254 nm. 
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Chromatography Poly(L-lysine)n (PLLzz) and 
poly(benzylglutamic acid)n (PBGAnn) wem 
evaluated under both normal- and reversed
phase conditions using the comrnercial chiral 
stationary phase, Chirasphnre, as a control. 
Chromatograms with analytes and conditions 
are in Figures H through 18. 

Tho monitoring of conformational changes is 
in a preliminary stago. For this initial work 
Fourier trrmsform infrared spectroscopy was 
used to follow conformation as a function of the 
solution conditions by monitoring the appropri
ate shifts in the Amide I and II bands. By this 
means helix-coil shifts as a function of both 
tomporature and pH could be seen readily !(Jr 
PLLzz and poly(glutamic acid)n (PGA4o). Sol
vent systems compatible with the Fourier trans
form infrared spectroscopy have yet to be found 
for PBGAaa. Because it. is possible that interac
tions of the bonded phase with the silica may pro
mote or stabilize secondary structure, it seems 
clear that a surf-~1ce technique such as rofloctancn 
spectroscopy would be most appropriate. 

0 

16 
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Figure 10. Reversed-phase chro
matography of benzene {4) and 
toluene (5) on Chirasphere {250 
mm x 4.B mm, !) !Jm) in 40;BO 

methanol:water at 25°C. Effluent 
at 0.5 mL/minute was monitored 
at 254 nm. 

Figure 11. Reversed-phase r:l1J'o
matography of benzene {4) and 
toluene (5) on PBGAan (250 mm x 
4.G mm, 12 )1m). Other conditions 
as in Figum 10. 
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Figure 12. Normal-phase chroma
tography of ethylbenzene (1), phe
nol (2), and p-chlorophenol (:3) on 
Chirasphero (250 mm x 4.G mm, 5 

[1111) in HO:J 0 hexane:dioxane at 
25°C. Effluent at 2 mL/minute 
was monitored at 254 nm. 

Figure 13. Normal-phase chroma
tography of phenol (2) and p-chlo
rophenol (:~)on PBGAaa (2!"i0 mm 
x 4.() nun, 12 f-1111). Other condi
tions as in Figuro 12. 
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Figure 14. Normal-phase cllromatography of nthyl
benzene (1), phenol (2) and p-chlorophenol (3) on 
PLLzz (100 nun x 4.G mm, 12 ~Im). 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 {B) on Chira
sphere (250 mm x 4.6 mm, 5 [-!m) 
in HO:B:2 hexane:dioxane:2-pro
panol. Symbols +and-- denote en
antiomers. Other conditions as in 
Figure H. 
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Figure 17, Normal-phas(~ chroma
tography of 4'-methoxyflavanone 
(6), 2'-hydroxyflavanone (7), and 
4'-hydroxyflavanone (a) on PLLzz 
(100 mm x 4.B mm, 12j.un) in 
90:8:2 hoxane:dioxano:2-
propanol. Other conditions as in 
Piguro 9. 

Figure 13. Normal-phase chroma
tography of 4'-mothoxyflavanone 
(6), 2'-hydroxyflavanone (7), and 
4'--hydroxyflavanone (B) on 
PBGAnn (250 mm x 4.6 mm, 12 
J.Un). Other conditions as in l''igure 
17. 
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Rnsults and Conseqtwnces 

The Stationary Phase Steric hindrance and con
formational entropy impede the attachment of 
the HOAAs and limit the coverage to about 0.1 
~nnol/m2 or loss. Poly (L-lysine)11 varied from 

2 2 0.071 J.lmol!m to 0.11 j.lmol!m- !err PLLzz to 
PLL15; I'BGAas gave 0.026 pmol!nl. There are 
both positive and negative features to low cover
age. Capacity will be diminished (Lork and 
Unger 1988) and band broadening can be ex-
pected because of the presence of residual si
lanols (Sander 1 988). However, wider spacing 
of chains should lessen their interactions, both 
steric and energetic. Thosn effects clearly are de
pendent on chain length, as is the ability of the 
1-JCJAAs to form secondary structure. These in
terrelated aspects will be important and fi·uitful 
areas of investigation in the futuro. 
Chromatography Despite having both ionic 
and hydrophobic character in the sidechain, 
PLLz2 did not rota in any species under reversed
phase conditions. Under normal-phase condi
tions (90:10 hexane:dioxane), PLLzz resolved 
phenol from p-chlorophenol but did not retain 
the highly hydrophobic ethylbenzene. In con
trast, under reversed-phase conditions, PBGAnn 
separated benzene and toluene, and also ben
zene, naphthalene, and anthracene in the ex~ 
pected elution ordor. Under normal~phase 
conditions, PBGABIJ 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, PLLzz and Chirasphero had the 
same nlution order with con1parable retr,ntion 
(k') and selectivities (k'z/k',); I'BGAnn had a 
lower retention but similar selectivities. It 
semns likely that the lower retention is caused 
by lower surface coverage, as the ratios of rcten~ 
tion to surface coverage are similar. Tho similar 
selectivities suggest that the same simpln nor
mal~phase mechanism is operating for each. 

Both Chirasphero and a Waters C1n J.l-llonda
pak nwersed-phase column were used as sta
tionary-phase controls for reversed-phase 
separations on PBCABIJ. All three showed the 
same elution order for toluene and bcmzonr,. 
Again, the PBCAsa and Chirasphere showed the 
same dr,crease in retention and sirnilar selectivi
ties. The Clll, 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 chiral 
phase; to test for this property in PLLzz and 
PBGAgg, 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 
conrlitions (DO:B:2 hoxane:dioxane:2-propanol), 
all three enantiomeric pairs were separated on 
Chirasphere, as expected. Under the same con
ditions, although neither gave chiral separa
tions, PLLz2 and PBGAaa did rntain and resolve 
the flavanones in the same elution order. The re
tention of flavanoncs by PLL22 and Chirasphere 
was not comparable, as it had been with the 
one-ring solutes; Chirasphere was more reten
tive. However, in some cases PLL22 and 
PBGAag had h<ltter selectivities than the Chiras
phere. This may reflect only the ovorall polarity 
of the stationary-phase ligand. Most encourag
ing wore the similar selectivities for tho gnomot
rical isomers closest in structure-the 2'- and 
4'-hydroxy. The lack of ability of the two 
HOAAs to separate the enantion10rs reflects the 
application of the three-point rule of chiral se
lectivity (Pirkle and !'ochapsky 1989). Poly(L-ly
sine)zz contains no benzene ring to be involved 
in stm-ically conh·olled n-n interactions about the 
chiral center, and the bonze no ring in PBGAaa is 
too hu· rnrnoved frorn the chiral center. 

Summary 
We have devjsed 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: 

• The intorrolations between the spacing of 
chains and interchain interactions, both 
storic and energetic, must be evaluated. 
These effects clearly are dependent on 
chain length, as is the ability of the I-IOAAs 
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 nwintain 



the appropriate interaction surface and are 
readily conformationally reversible. Possi
ble HOAAs are poly(benzylaspartic acid) 
and poly(L-tyrosino). The insertion of 
proline at selected positions in a polypep
tide is known to modify helix formation, 
and this may bn useful. 

"' Because tempnrature is an important pa
rarneter in tho helix-coil transition, this 
should be investigated in concert with its 
role as a chromatographic variable. 
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raphy. Tbe sl'ationary~phase programming con
sidon; the rusolving abilities of various station·· 
ary··phaso properties, such as pore diameter of 
thn silica gel, along the length of the column. 
Preliminary data are presented for the theory of 
size exclusion, based on traditional revnr.scd~ 
phase .stationary phases, and for tho bonding of 
poly(homo)peptide.s to a silica support, which 
imparts chromatographic properties as a func
tion of mobile-phase composition. Theoretical 



modnls then am presented for combined size-ex
(;lusion and reversed-phase chromatographies 
and stationary-phase programming. 

The concept of using structural changes in tho 
stationary phase ligand to enhance selectivity is 
intriguing, and may result in thr development of 
some novel stationary phases. However, by fail
ing to deal with hcnv chromatographic theory is 
related to stationary-phase and mobilo-phase 
programming, as woll as with basic issues of dif
fusional processes, the investigators have not 
addressed sornc advantages and disadvantages 
of using pseudt}"-two-dimensional chromatogra
phy as opposod to true two-dimensional cluo
matography. For example, there may be no 
advantage of using a combined approach if the 
number of theoretical plates is not increased by 
combining thesr two processrs. Statit>tical tlw
ory states that peak width limits the number of 
peaks that can occur in a sequence for a given 
time interval. Therefore, unh~ss combining tho 
tv.ro processe8 decreases the peak widths rela
tive to those obtained from using each process 
individually, an incroaso in resolution will not 
be gained for tho given time interval. Discus
sion with respect to diffusion and mixing (band
broadening) also would alert the wader to 
possible problems with this approach, as band
broadening may cause problems in resolution. 
'I'he example used in the report does uot ad
dress this issue, because resolution was not a 
problem to begin with. 

ab d fg 

c e 
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Anothm potential problem with the use of 
pseudo-two-dirnensional separation is that al
though unresolved peaks may becmne 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, c, e, and f is lost. 

In summary, the idea of combining mobile~ 
and stationary-phase programming to increase 
separation is a good one, but this approach may 
be more useful as an analytical tool for identifi
cation than as a preparative tool for Sf)parating 
cmnplex mixture components for toxicity test
ing. Possibly, stationary phase 1nodifications to 
cause preferential retention of compounds with 
common toxicologic properties would 1nake 
this technique more useful. 

Given the existing techniques applied to the 
analysis of complex mixtures, a discussion by 
tho 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 now ap
proaches to improving selectivity in analytical 
chromatographic systems. However, additional 
n-)snarch on the actual effect of stationary-phase 
conformational changes on chromatographic 88-
lectivity will be necessary for this approach to 
hnve a major impact on ret>earch in complex 
Inixtures. lH 

be of 

a d 

Figure 1. An illustration of how changing conditions can alter the resolution of peaks n through g. 



Supercritical Separation and !vlolecular Bioassay Technologies Applind to Complex Mixtures :l5 

Supercritical Separation and 
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Brian D. Thrall 
Pacific Northwest Laboratories, !Jotielle 
Memorial Institute, l!ichlond, WA 

1\.hslract 
The purpose of this work is to develop an ap
proach for the chemical and biologic:al charac
terization of volatile and semivo]atilc~ 
compounds tesulting from vehicular engine 
combustion of gasoline, diesel, and other types 
of fuel. There are two specific objectives. The 
first' is to develop theoretical avenues for the ex
traction, separation, and characterization of tho 
chornical mixtures using techniques based on 
the solvation properties of suporcritical fluids. 
The second is to develop a way to evaluate 
these materials for potential adverso health cf~ 
fects using cellular, biochemical, and molecular 
assays. Ultimately this approach will provide 
information about the effects of tlwse mixtures 
on the biological processes involved in tumor 
initiation and progression; other toxicological 
endpoints rmnain to be addressed. 

Current' methods of extraction and purifica
tion of volatile and smnivolatile combustion 
products have several liJnitations including tho 
incomplete extraction of certain analytns; poor 
resolution, loading to overlap between chemical 
class fractions; analyte loss during removal of 
tho substantial quantities of solvent often re
quired for extraction; and tho creation of large 
vohinws of waste solvents. Wn selected super
critical fluid chromatography (SFC)·k and super
critical fluid extraction (SFE) boca use they offer 

' A list of abbreviations nppears Hi the end of this documonl. 

This Investigators' Hcport is OlHl part o!" J-JEJ c;ommunication Numbor 
4, which also includes three Investigators' Reports by Bechtold ami 
Hotchkiss, IJor~ey and Halsall, and Gennin~s and coworkers, Hnd 
Comments by the Health Review Committee. Cnrrnspottdnncn concern" 
ing this Investigators' l{eport may bn addrn.~snd to Dr. David L. Springnr, 
Hattdle Memorial Institull;, P.O. Box 0\"Jll, Battelle Boulevard, Mail Stop 
P7-;iG, Richland, \VA \E"l:l52. 

r\lthough this documnnt was produwd with partial funding by the U.S. 
Environnwntal Protection llgm1cy undm· Assistance Agrenment /llil2U5 
In the Health Effects lnstituto, it has not been subjm:tnd to the Agtmcy's 
peer and adminis!rativo review and tlwrdore may not necessarily 
rofl,,ct the vimvs ol tho Agency, and no officialendorsnmnnl should be 
infened. The conh,nls of this document also have not lwen reviewed 
by private party institutions, including those that support the Hoallh 
Effects Institute; themfom, it may not reflect the views or policies of 
those part in~;. and no endorsemm)l by thmn should bn inferred. 

I-lealth Effects Institute @ ·1 n!l6 

superior separation characteristics compared to 
solvent extraction and other methods, Our 
premise for this work is that SFE and SFC are 
sirnple, gentl(·\ and efficient rnnthods for ext rae:-· 
tion and separation of volatile and snmivolatile 
components from cornbustion products. 

Introduction 
Suporcritical fluhls may be definml as gases 
near their critical temperatures and compressed 
to pressures (or densities} at which intermolncu·· 
lar distances are shorter. This results in liquid
like nwlecular interactions. The physical 
properties of a supercritical fluid can be made 
to vary between the limits of a norrnal gas and 
those of a liquid by controlling pressure and 
l.omperature, The combination of physical prop
erties, such as viscosity and diffusion rafos, 
with variable solvent properties provides the ba
sis for the advantages of SFE and SFC. This in
cludes enhanced solvating capabilities because 
of the liquicllike density of suporcritical fluids. 

Supercritical fluids typically arn usnd at den
sities ranging from J()<}{) to BO(% 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 aro substan
tially greater than those of liquids. For example, 
the diffusivity of supnrcritical carbon dioxidn 
varios between 10-4 and 10-3 cm2/s over the 
range of conditions usually utilized, whereas 
liqt~ids typically have dif!i1sivities of less than 
10 __ , ern is. Similarly, tho viscosity of supercriti
cal fluids mirrors the diffusivity and is typi
cally 10 to 100 limes less than tho viscosity of 
liquids (McHugh and Krukonis l!lBG). Practical 
pressures for applications range frmn less than 
50 bar to more than 500 bar. 

The pressunHionsity relationship for carbon 
dioxidu in terms of roduced parameters (for ox
ample, pressure, temperature, or density di
vided by the appropriate critical parameter) is 
shown in Figure 1. This relationship genmally 
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 press urn, Table 1 gives 
the critical parameters for a numbnr of comrnon 
and potential supercritical solvents (Wright and 
Smith 19139). 
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Using a binary fluid mixture can enhance 
solvating power by incroasing the range of mo
lecular species that: (1) are soluble in a single 
supcrcritical fluid, (2) alter the critical tempera
tum oft he mobile phase, or (3) change tho 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-componnnt systems. Ex
amp los of binary fluid systen1s are carbon 
dioxide with isopropanol or methanol, and pro
pane \Vith isopropanol. The phase behavior of 
carbon dioxide-methanol is shown in Figure 2, 
which depicts their pressure and composition 
relations at three temperatures (Brunner 19B5). 
The single-phase supercritical regions are above 
the curves, and tho regions beneath the curves 
correspond to two-phase subcritical mixtures at 
the respective temperatures. lt 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. 
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Tho range of solvating po\ver of supnrcritical 
fluids essentially defines the limit of applica
tion. The solubility of analytes typically in
creases with supercritical fluid density or with 
tempera tun) under conditions of constant den~ 
sHy. A maximum rate of increase in solubility 
with pressure is seen near the critical pressure, 
where the rate of increase in density with pros
sure is greatest (Gitterrnan ancl Procaccia 1983). 
Often there is a linear rolation.ship between tho 
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 decroase solubility 
[Smith and Udseth HJB:la,b). However, at suffi
ciently high temperatures, solubility may in~ 
crease and the solute vapor pressure also 
becomes significant. The highest supercritical 
iluid densities at a constant temperature aro ob
taim-Hi noar the critical temperature; the greatest 
solubilities often will be obtained at som-ewhat 
lower densities but higher temperatures. Simi-

0.50 

0.601 w 0)0/ 0 1 ::J 
0 
w 
a: 

·' 
I \0.80 

' ___________ ------ __ j 

2.0 

' ' 
' ' 

FlEDUCED DENSITY 
3.0 

Figure 1. The pr(~ssure and density re
lations of carbon dioxide expressed in 
terms of reduced parameters. Tlw area 
beneath the doltnd linn rnpresm1ts thn 
two-phase gas-liquid-equilibrium re
gion. Tr is thn reduced temperature. 
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Table 1.. Common Supercritkal Fluid Chromatography Solvents and 
Propertiesa 

Boiling Critical Critical Critical 
Point Temperature Pressure Density 

Compound ("C) roc) (Bar) (g/cm"l 

C:llz ··-78,5 :n .:1 72.0 0.448 

Nl·h -<l:l.4 I :32.4 1 J 2.!) 0.235 

J!,ll 100 374.2 2Hl.:l 0.315 

NzD ··BB.Il 30.5 

Ethane ··BB.G :12.:1 

Propane ··42.1 96.7 

Pentane :36.1 1 HG.G 

Methanol G4.7 240.5 

Isopropanol 82.5 2:35.:3 

"Adapted from Wright and Smith 1\J!l\J. 

lar to liquids, the more polar solutes arc most 
soluble in polar supercritical fluids, although 
nominally nonpolar t1uids can be remarkably 
good solvents for moderately polar compounds 
(McHugh and I<rukonis 19BG). 

Proposed Experimental Approach 
The nxporimental tlpproach will have l'hrnn 
phases. During Phase I we will collect and ana· 
lyze volatile and semivolatile compounds from 
various combustion sources. During Phase II, 
we will evaluate individual compounds and 
synthetic mixtures of compounds in an effort to 
estimate dosimetry and interaction with cells. 
In Phase III, we will assess tho cytotoxicity of 
supercritical fluid extract fractions, and exam
irw their ability to produce mutations in repre
sentative target cell lines. 

Phase I Volatile combustion products will he 
colll~cted on adsorbent rnaterials and analyzed 
hy purge and trap gas chromatography--mass 
spectrometry (GC-MS). Semi volatile com
pounds also will be collected on adsorbnnt ma
terials, and particulates will be collected on 
filtors; 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 
CG-MS. 

7].7 0.4[)0 

4B.l 0.20:1 

4Ul 0.217 

:J:U 0.2:12 

713.9 0.27G 

47.0 0.273 

Some typical compounds detected in vehicle 
diesel oxhaust emissions arc-) shown in T'ablo 2 
(Westerholm nt al. 1 \J91 ). Similar types or 
classes of compounds may be expected for 
other combustion sources. Tho particulate and 
sernivolatile 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 
polar material. Fractionation will be accom
plished with open column chromatography and 
high performance liquid chromatography 
(HPLC). 

Proposed Approaches to Separation C/wrac· 
terization The most widely used procedure for 
sampling ambient air for volatile and somivola
tiln organic compounds is to pass measured vol
umes of air (typically 2 to 100 L for most 
volatile organic corn pounds and 2 to 500m3 for 
semi volatile organic compounds) through a 
solid material that sorbs tho components of in
terest. Steel canisters, with inert in tori or walls 
electropolished to prevent decomposition of the 
collected organic compounds, are commonly 
used for collecting ambient air samples; Tod
larTM/Teflon TM bags also can be usod. Condnns~ 
ing volatile organic compounds from air into a 
cryogenic trap is an attractive alternative to sor-
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bent sampling, particularly when it is com~ 
bined with ambient air sampling in appropriate 
containers (Clark ct al. 1982; Butte et al. 1084). 
After the cmnpounds of interest are collected, 
solvent ox traction or thermal desorption is used 

to recover them. 

Nonvolatile compounds, for example elemen
tal carbon Hnd cornpounds \.Vith high molncular 
weights, have negligible concentrations in the 
vapor phasn; thes(-~ compounds often are bound 
to solid particles. 1--Iigh-volurne samplnrs com
monly are used to coil oct particles and associ
ated vapors from air. Filter packs sometimes aro 
used as prnfilters; Tnflon or similar particle pro
filters may be followed by a nylon filter to re
move nitric acid. Impingors {bubblers) 
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Figure 2. Pressure composition diagrams for carbon 
dioxide--methanol fluid mixtures at throe tempera
tums. T\"<ro-phase gas-liquid-equilibrium regions ex
ist inside the curves at tho given temperatures. 
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Table 2. Examples of Oxygenated Compounds, Light 
Aromatic Compounds, and Particle~Associated. 
Polynuclear Aromatic Compounds IdentiHed in 
Heavy-Duty Diesel Exhausl11 

Acrolein 
Acetone 
2-Propanol 
Methacroluin 
Benzene 
Toluene 
Xylene 
n-Butanal 
Ethylbennme 

2··Methylf1uonme 
Phenanthrene 
Anthrncene 
Pyrene 
Coronene 
Nitropyrcne 
Dibenzot hi ophene 
Methyldibonzothiophenu 
Perylene 

"/\daptod Ji·om\V(:slerlwlm d al. 1HH1. 

commonly havn a liquid collection n1edium in 
which chemical speciation, for example, the va
lence form of a metal, can be changed substan
tially. Impingers are not recommended for 
long-term, routine monitoring because evapora
tion of the collection fluid can be significant 
(Winberry et al. 1990). The Environnwntal Pro
tection 1\gency has published sampling proto
cols (Winberry et al. 1990) for toxic compounds 
in ambient air, nnd these are listed in 'T'ab]o :1. 

1\ir pollutant studies have emphasized the 
less volatile organic compounds trapped on 
solid adsorbent's or thn particulates trapped on 
filters (Egcbaeck et al. 19!31; Scheutzle and Lew
las 1 98(); Westorholrn ct al. 1991). Soxhlet ex
traction or sonication typically is used to 
recover analytes from the adsorbnnt.s. Both tech
niques may require long extraction pc:!riods, 
large volurnes of solvent, and may result in in·· 
complete recovery or sample decomposition. 
'T'he resulting extracts are concentrated by ro
tary vacuum or by nitrogon-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 bioassays, such as dimethyl sulfoxide, 
prior to biological testing (Egebaeck et al. 1981). 

In contrast, supercritical f"1uids have several 
propmties that may make them useful for the 
rapid and quantitative extraction and recovery 
of organic pollutants from adsorbents and envi
ronmental solids. Because a supercriticai f1uid's 
solvent strength is directly related to its den
sity, tho capacity of a supercritical fluid to 
solvate a particular analyte species can l1e modi·· 
fied easily by changing the extraction pressure 
and, to a lessor extent, the tmnporature. Super~ 
critical fluicls with different polarities are avail-
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Table~~. EPA Sampling Methodsa 

Method 
Number Description 

Types of Compounds 
Detennined 

T0-1 Tenax GC adsorption and GC-MS 
analysis 

Volatile, nonpolar organics (e.g., aromatic 
hydrocarbons, chlorinated hydrocarbons) 
having boiling points in thn range of B0° to 
21lO"C. 

TCJ-2 Carbon mol(~cular sieve l-·Hghly volatile, nonpolnr organics (e.g., vinyl 
chloride, vinylidene chloride, benzene-:, 
toluene) having boiling points in tho range of 
--15° to +120°C. 

TCJ<l Cryogenic trapping and CG--FJD or 
ECD analysis 

Volatile, nonpolar organics having boiling 
points in the range of -10° to +200"C 

TCJ-4 

T0-5 

High volume PUF sampling and 
GC-ECD analysis 

Dinitrophenylhydrazine liquid 
impinger sampling and HPLC~~ 
ultraviolet analysis 

HPLC 

Tlwrmosorb/N adsorption 

Organochlorine pesticides and PCJ3s 

Aldehydes and ketones 

']'()-() 

TD-7 

TO-B Sodium hydroxide liquid impingor 
with HPLC 

Phosgene 

N~Nitrosodimethylamine 

Cresol and phenol 

TCJ-9 High volume PUF sampling with 
HRGC:-HRMS 

Dioxin 

TCl-lll 

TD-11 

TCJ-12 

TCJ-1:l 

TCJ-14 

Low volume PUF sampling with 
GC-ECD 
Adsorbent cartridge followed by 
HPLC detection 

Cryogenic preconcentration and 
direct FILl 

PUF-XAD-2 adsorption with GC 
and HPLC detection 

SUMMA® passivated canister 
sampling v • .rith GC 

"Adapted from VVinhnrry and associates 1990. 

able; in addition, solvent modifiers can be used 
to alter the polarity of a supercritical fluid. The 
ability to select and change tho solvent strength 
of a supercritical fluid is important for optimiz
ing the extraction of a particular analyte species. 
The use of difl'eren1- extraction pressures, solvent 
modifiers, and solvents with varying polarities 
n1ay be valuable particularly in developing 
class~seloctive extraction methods. However, 
the usc of modifiers must he evaluated carefully 
so that they can, if necessary, be removed be~ 
fore the bioassay. Many supercritical solvnnts 
aro sufficiently volatile that the extracted spe-

Pesticides 

Formaldehyde 

Nomnothane organic 
compounds 

Pi\Hs 

Semi volatile and volatile 
organic compounds 

cies can be concentrated at ambient or even 
subambient tcnnperatures, 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 thn National Bureau of 
Standards diesel exhaust particulate sample 
(Hawthorne and Miller 198(i). Class fractiona
tion of the alkanes and polynuclear aromatic 
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hydrocarbons was based on the bet that chang
ing a suporcritical fluid's pressure can greatly 
affect its ability to solvate organic compounds 
(Giddings Hal. 19GB). The sample first was ex
tracted \,vith 75 atm cHrbon d.ioxido for 5 min

utes at 45"C, and then was extracted for an 

additional 90 minutes at 300 atm nnd 45°C. The 
extracted organic compounds were collected 
and. analyzed using selective inn monitoring 
GC-MS; m/z 57 was monitored to quantitnto 
tho alkanes. Approxirnately B5(X) of the alkanes 
were removed by the 5-minutn, '7~5-atrn extrac
tion, while more than no(X> of tho polynuclear 
aromatic hydrocarbons wnro retained until the 
extraction pressure was raised to 300 atm. 
Those results demonstrate the possibility of 
class fractionation, oven though only ono set of 
class-selective extraction conditions was used. 
Class fractionation also has huon accomplished 
using a different series of supercritical fluids on 
high~molecular-v .. reight residuals from coal 
liquefaction processes (Campbell et al. 19\12). 

In SFC, the mobile phase is maintained at a 
temperature somewhat above its critical point; 
nt 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 to use tho highest temperature com pat.
ible with tho SFC system and the material being 
analyzed, as tho morn favorable diffusion coeffi
cionts obtai nod with operation at higher tern
poratures and lower densities improve 
cl1romatographic separation efficiencies (Fields 
and Lee l9Bf:i). Bncauso it is possible to use lovv
crit.ical-tmnperature fluids and reduced tom
pr;ratums, mild thermal conditions can bo 
applied to lnbiln compounds that can not be 
analyzod by GC. Nearly all current SFC tech
niques usc either packed columns with 5- to 

10-pm particles prepared for HPLC, or wall
coated open tubular fused silica capillaries of 

25 to 100 f-lm interior diameter. Capillnry col
umns have much greater permeabilities and 
have demonstrated higher numbers of total 
effective plates than packed columns. 

Supercritical fluid chromatographic instru
mentation incorporates elmnents of both HPLC 
and GC, as both high-pressure mobile phases 
and highnr than ambient operating tempera
tures are used. High pressure is maintained 
throughout the column; detectors must work at 
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high prossuros or be intnrfacnd to the dncom
pressed gas flow of the column effluent. Tho 
chromatographic columns also must bn stable 
to the mobile phase's solvating influences. 

The advantagns of coupling a chromato
graphic technique with mass spectrornntry am 
considnrable, as evidenced by the major role of 
CC>MS in organic analysis. The mass spec~ 
tromntnr is an ideal detector for SFC, providing 
both sonsitivu and selective detection with uni
versal applicability. Jn contrast to many detec
tion methods, MS is compatible with a broad 
range of mobile phases. Tho added flexibility to 
choose ionization rnodes such as electron im~ 
pact: or chnrnical ionization, independent of the 
lnobile phase, provides the basis for obtaining 
c!ither structural information or high sensitivity 
and selectivity. 

Proposed Approaches to Sampling and 
Collections The sampling apparatus will com
prise a series of irnpingers and adsorbents for 
col1ncting volatile and snrnivolatilu cornpo~ 
nonts; filters will collect particulate matter. The 
sampling procedure would he similar to that 
used by Wostorbolm and associates (Hl91) lew 

sampling diesel exhausts. 

Regulated emissions will bn measured as fol
lcn·vs: carbon monoxide with n nondispersive in
framd analyzer (Beckrnan 8G4), total unburned 
hydrocarbons vvith a flame ionization dEtuctnr 
(Bockman 402), oxides of nitrogen (NO.vl with a 
chemiluminoscencn analyznr (Beckman ~)55), 
nnd particulale omissions by tho use of Teflon
coated glass fiber filtms (Pallflex T!iOA20; 
Pall flex, Inc.). 

A cryogenic sampling technique (Jonsson and 
Berg 1 \JB:J), in which a cryogradiont is estab
lished over a sampling luhn packed with n sor
bcnt bod, will be wwd for oxygenates and light 
aromatic compounds. The use of two parallel 
cryogenic sampling devices \1Vill double tho ca
pacity to sample the smnivolatilo phase. Tho de
vice is clnscribed elsewhere in detail (Stnnht~rg 
cet al. 19B:J), as is tho adsorbent sampler, fillml 
with XAJJ-2 rosin (Amborlite 0.3-0.7H mm; 
BDJ-l Chmnicals Ltd.) (Alsborg ct al. HlB:l). The 
XAD-2 snmplos, extracted with a serins of super
critical f1uids and concentrated for analysis, 
will bn usnd primarily for biological testing. 
Semivolnti.ln phase samples, collected on poly-
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urethann foam plugs, \,vill he extracted and 
treated in tho same way as the particulatn 
nxtrnct. 

Thn adsorbent materials containing sernivola
t-ile compounds and partic:ulates will he ex
tracted sequnntially with a series of super·· 
criiicnl fluids to obtain a class fl-actionation. 
Cnrtain supercritical solvents mny actua1ly dis·· 
solve the adsorbent material; if this occurs, the 
adsorbent material. will be rnmovnd by filtration 
before assay work. If the adsorbnnt material can 
not be remZ)vnd, its effects on tho bionssay will 
he nvnluated. Further snparation and class frac
tionation will be done as necessary by SFC or 
additional sequential SFE. The supercritical 
fluid with modifier will he mrnovc:d by heating 
sufficiently to volatilize it but not the sample 
components. In the bioassay portion cells \,vill 
be subjoctnd to the separated class fractions. 

We have not yet dntermined the actual se
quence of supercritical fluids for extraction. 
However, studios have shown that model com
pounds, including dichloromethane, 2-nitro
fluorone, and fl.uoranthenn, could be extracted 
from various adsorbents using carbon dioxide 
for GO minutes at :JOOO psi, /()Jlowed by extrac
tion at 6000 psi \,vith 12(X> hexane in carbon di
oxide (Wong et al. 1901). The temperature, 
pressure, and type and per cent of modifier will 
be adjusted to obtain class fractionation. Other 
possible supercritical solvents, including metha
nol and dimnthvl- or trimethylaminns, will be 
evaluated on th~1 basis of sep;lratory pownr and 
ease of removal prior to tho bioassay. 

Once wn havn identified a specific class of 
compounds, several componnnts indicative of 
that class can ho spiked into the adsorbent and, 
\,vith ndjustmnnt of the parameters (tempera
turn, modifier, etc.), the desired fractionation 
can be obtained. 

Thn volatile components \,Vill bo identified by 
purge and trap GC>I'v1S. Carbonyl compounds 
will he collected by bubbling a portion of the ve·· 
hicle exhaust through t\,vo impingers, each of 
which contains 25 r~"lL of an acetonitrile solu
tion containi11g 2,4-dinitropl1nnylhydrazine. 
Subsequent analysis of the derivativus formed 
by carbonyl and 2,4-dinitrophenylhydrazine 
will be made using HPLC in a manner similar 
to that used in the studies by Hoekman (1!JD2l. 

Sernivolatiln compounds and particulate c~x
tracts will be analyzed by SFC-MS and by GC> 
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J\1S. No modifications of the commercially sup
plied c;G--MS interface (Hewlett-Packard Model 
!HJBBA GC--MS) will be made. '!'he source tem
perature and tlw inlodi1ce probe tcnnpnrature 
will he held at 270"C. A Superhond (Lee Scien
tilkl column (SB-octyl-!50, 10m x J 00 fHn inte
rior diameter, 0.2!:::i j.lm filrn thickness) \·Vill. br; 
usnd in thnso studies. 

Extracts \1vill ho fractionated furthnr using 
SFC and high-resolution microcolumn HPLC. 
This technique uses fused silica tubing slurry
packnd with 5-).lm particles to provid(-~ columns 
that approach separation efficiencies of 100,000 
l"lworetical plates. In addition to thn enhanced 
resolution, microcolumn separations offer a 
number of inherent advantages including min
ute sampln volumes, enhanced mass flow detec
tion sensitivity, and tho feasibility of using 
nxotic mobiln phnses. Expected concentrations 
of classes of compounds rangn from microgram 
to milligram pnr gram of mobile source 
material. 

Phase II Phase II involves the evaluation of 
compounds and syntlwtic mixtures for dosi
metry and interaction with cells, bncausc ox
tract~ from the semivolatilo components and 
particulate fractions are expectnd to he much 
more complox, requiring further fractionation. 
Because W(·) anticipate fower compounds in the 
volalile fraction, it should bn possible to pre
pare well-defined synthetic mixtures for biologi
cal studios. Radiolabnlod compounds, chosen 
on tho basis of their presence in the volatile and 
semivolatilo fraction;:; and on their commorcial 
availability, will represent tho major clnsses of 
compounds present in the mixturns (short-
chain hydrocarbons, alcohols, ketones, alde
hydes, ::~nd organic acids). Individual radio
);;beled compounds will be used to establish 
nwthods for deliverv of tho test compounds to 
the cultured cells a~- well as to nstimate recov
ery. This approach also will provide informa
tion on partitioning of the test compound in the 
vapor phase above the u;Jls, solubility in the 
growth media, and amount reaching the cellu
lar fraction. Mixturos containing one or several 
radiolabeled compounds will be used to evalu
ate toxicity to cells and to establish conditions 
for mutagenesis assays. 

Individual compounds and synthetic mix-
tures rnpresontativn of combustion product vola
tile and semi volatile components will Ue 
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c:waluated for toxicity. Initial concentration-re
sponse information will nstablish relative cyto
toxicitios for individual compounds and the 
synthetic mixturos; those compmumts thon will 
bu evaluated for mutagenic and transformalion 
activities. 

Phase !II Phase III will involve direcl evalu·· 
ation of supercritical f1uid extracts for toxicity. 
Fractions showing significant mutagenic activ
ity \'<rill bo candidates for further evaluation of 
mutagenicity in transgnnic mice; those studios 
will depend on the extraction of sufficient quan
tities of material for \•vhole animal (waluation. 
Extracts are expected to contain individual com
pounds or a few compounds \·Vith similar func
tional groups. Positive controls will ensure that 
the assay is working properly and control for in
hnrcmt assay variability. It is anticipated that 
the SFC-purified fractions will comprise many 
diffnrent compounds, thus it willlJo important 
to determine \•vhether interactions bntwenn com
pounds arn synergistic or antagonistic in their 
biological offects. The extracls also will be 
evaluated for activity in the presence of ozone, 
which may interact with extract components, 
relevant to the situation in many atmospheric 
environments. 

Bioassay Rationale Characterization of bio
logical activity of the samples will involve sepa
ration of the volatile components into class 
fra_ctions, primarily on the basis of functional 
groups and solubility. For example, a theoreti
cal class fractionation of compounds identified 
in heavy-duty diesel exhaust by Weslerholm 
and associates (1991) is shown in Table 2. We 
anticipate that concentrations of chemical class 
fractions recovered by SFE will be in the nlicro
gram to milligram per gram rangn, and that nli
crogram amounts of each class fraction will bn 
required for a typical experiment. If volatile 
components aro extracted with supercritical flu
ids that include modifiers, the modifier prob
ably will have to be removed because of its 
potontial loxicity to cells. Analyte loss could oc
cur during this ren1oval process. Because prior 
analysis would have identified volatile 
analytes, these gasos will be obtained from com
mercial sources and blended to reflect the com
position of I he slarting material. Cells will be 
exposed to these more easily standardized and 
controlled gas mixtures as well as directly to 
tho isolated fractions. This approach will be ap-
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plicablc as well for either thr> somivolalile or 
par1iculate extracts. The extracting fluid can be 
mmoved, without loss of the nnalytes, by hoat·· 
ing the solulion slightly. 

We propose a tiered bioassay approach using 
tho analyte fractions. Initial in vitro assays for 
cytotoxicity and n1utagenic activity will id(m
tify potential biologically active fractions, 
which will be studied further for potential activ
ity in vivo. Activity initiated by those fractions 
also will bo compared with activity associatnd 
\•vith the unfractionated parent mixture to deter
mine which fraction is responsible for the ma
jor biological activity. In addition, wo will 
blend class h-ar;tions selectively to attempt lo 
recreate tho parental mixture a_ctivity, with the 
objective of identifying possible interactions be
tween class fractions. 

Analysis of In Vitro Activity Because tho 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. Ral tracheal epi
thelial (RTE) cnlls histologically resmnble 1m
man bronchi (Kendrick ot al. 1q74), and arc 
isolated and cultured easily in vitro. These cells 
maintain the nontransformed, differentiated 
phenotype in culture and, with the addition of 
growth factors, can be cultured under condi
tions permissive for growl h. In addition lo RTE 
cells, a human bronchoepithelial cell line re
cently has bocon1e commercially available and 
should be evaluated for use in these 
experiments. 

We will exposo RTE cells to vapor-phase frac
tions using the hydrated collagen gel matrix sys
tem described by Zamora and associates 
(1 D83a), in which cells are maintained by the 
medium in a collagen gel support, so that tho 
upper cell surface can be exposed to gaseous 
agents. This systmn has been used successfully 
to detect the cytotoxicity and mutagenicity of 
agents such as ethylene oxido, propylene oxide, 
and 1 ,2-dichloromethane (Zamora el al. 1 9B3a); 
nitrous oxide (Zamora ct al. 1986); and phenol, 
fonnaldehyde, and diesel exhaust (Zamora nt 
al. l983b). 

Cytotoxicity of the class fractions will be 
evahlated initially to determine both relative 
biological activity of the fractions and concen-
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trations to be used in furthnr assays. Standard 
assays for in vitro mutagenesis, such as the hy
poxanthinn-guani ne phosphoribosyl transferase 
and thymidine kinase systems, will be used to 
screen for potentially activo fi-aclions. 

Extracted fractions that demonstrntc-l poh3n
tially mutagenic activity also willlx~ studied for 
their ability to cause changns associated with 
neoplastic transformation in cnll.s. Upon expo
sure to carcinogens, tho first detcclable stage of 
neoplastic transformation in RTE cells is the for .. 
mation of "enhanced growth" (EG) variants 
which are resistant to serum-mediated differon
tiation (Thomassen et al. 1983; Netteslwim and 
Barrett 1984). Cells resembling EG variants 
have bmm noted in tracheas of anilnals exposed 
to carcinogens (Thomassen 1.DB6) and, although 
nontumorigenic:, 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, occurring at a constant rate estimated 
to bo 7.5 x 10 .. -G v~riants per cell generation 
(Thomassen 1H86). Tho induction ofEG variants 
of RTE cells has been observed with a number of 
known and suspected carcinogens, including N
mothyl-N '-nitro-N-nitrosoguani di IW, dimethyl
benzl oJanthracene, bonzo!tJJpyreno, and 
volatile compounds such as formaldehyde and 
ethyl acrylate (Stenle et al. 1BB9; Thomassen et 
al. 19!35; Nettesheim and Barrett 19!34). Multi
ple exposures of RTE cells to ozone (0.7 parts 
per million; 9 total exposures) also induced EG 
variants in vitro (Thomassen et aL 1\J\Jl). Most 
notably, this system has been used as a short
term assay to evaluate potential respiratory car
cinogens (Steele et al. 1~H39), with an accuracy 
of HWX> rolative to in vivo results. 

In Vivo Approaches to Mutagenesis 
Analysis In vitro approaches to mutagenesis 
analysis do not take into account .such pharma~ 
co dynamic parameters as dose distribution, in 
vivo rnetabolisrn, or excretion. An advantage of 
tho RTE coil system is that the fi·equoncy of in
duction of EG variants can be determined aher 
either in vitro or in vivo exposure. This in vitro
in vivo approach provides a mechanism for cali
brating the extrapolation of results observed in 
vitro ,,vith expl'!Cted results obtainnd in whole 
animals. 

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

single test system. Tho lac! transgenic mouse 
system (Stratagene, La Jolla, CA), a rapid and 
simple system for detection of mutations at the 
DNA level, avoids tho multiple stops rnquircd 
\,Vith plasmjd-ba.sed systems. This mutagenesis 
assay utilizes a loci target gono contained 
within a A ZAP shuttle vnctor (Short 19!39) that 
has been intngrated stably in 30 tandem hnad··io
tail copins at a singln locus within the mouse 
genome. lv1utation rates can be rneasurnd 
lhroughout the respiratory tract from trachea to 
deep lung, providing, in effect, a nwasure of tar
get organ dose and distrihuUon. 

Transgenic mice have been exposed to a num~ 
ber ofvvell-studied and representative mutagens 
(Kobler et al. 1990, 1H91), including N-ethyl
NHnitrosouroa, bnnzo[o]pyrene, and 
cyclophosphmnide. With the two former mutn.
gens, a mutation frequency above the back
ground was dotected. The spontannous 
mutations analyzed in the mice produced spec
tra consistent with the types of mutations ob
served in other systerns. It should be noted that 
the proposed use of transgenic mice does not 
preclude more standard bioassay approaches, 
as this system does not appear responsive to 
nongenotoxic carcinogens (Gunz et al. 1993). 
Howover, the laci mouse system provides the 
unique advantage of a short-term in vivo assay 
for comparison of mutation rates in both target 
and nontarget organs. 
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polychlorinated biplwnyls 

polyureth<mn foam 

rat tracheal epithelial cells 

This rnport uses the solvation proporties of su
percritical fluids as an approach for charac
terizing volatile and sernivolatile compounds in 
a complex mixture. Drs. Springer, Thrall and 
Camp boll propose a theoretical framework for 
chemical separation followed by biological test
ing using C(~llular, genetic, and molecular toxic
ity assays. 

Supercritical fluids retain both the high difC 
fusibility of gases and the high solvency properties 
of liquids. They can bo 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 bn interfaced with 
mass spectrometry. In contrast, the theory and 
application of supnrcritical fluid extraction is 
much less developed. The proposed method 
could extend the use of supercritical fluid ex
traction techniques and perhaps provide a more 
rigorous foundation or theoretical basis for the 
technique than curnmtly exists. The use of su
percritical fluid extraction and chromatography 
for analyzing complex mixtures can serve two 
purposes: developing .supnrcritical fluid extrac
tion technology, and advancing the analysis 
and characterization of complex mixtures. 

Supercritical fluid extraction has the advan
tage of reducing artifacts and improving solvent 
disposal problems, con1pared to conventional 
solvnnt extraction methods. Tho material re
maining after supercritical fluid extraction is 
pure and easy to remove. Although there are 
limited analytical advantages to the use of su
pmcritical fluids, with the possible exception of 
speed, thorn are considerable practical advan
tages; tho ease of removing the extracting me
dium leaves more concentrated analytes for 
delivery to instrumental analysis or bioassay. 

SFC 
SFE 

MS 

SFC-MS 
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supercriticc1l fluid chromatography 

supercritical Huid extraction 

mass spectrometry 

supercrilical fluid chromatograp]q .. -

rnnss speclTometry 

As is the case with conventional extraction 
techniques, chemical artifacts and incomplete 
recovery of chmnicals can occur with the use of 
pure carbon dioxide as a supercritical fluid to 
extract polar cbmnical.s from matrices. How
evor, carbon dioxide can be used at room tom
perature and has solwmt properties intermediate 
behveon those of pentane and mnthylene chlo
ride. Dr. Springer and his colleagues recognize 
these limitations and propose the use of binary 
systems to increase the range of solvating 
power, allowing the recovery of both polar and 
nonpolar chemicals. 

Tho proposed usc of supercritical fluid chro
matography for resolving semivolatile and po
lar chemicals in mixtures is potentially a 
significant improvement ovnr high performance 
liquid chromatography, because theoretically 
higher rnsolution can be achieved. However, as 
it is prnsentod in this report, tho approach lacks 
a toxicological rationale for separation. The use 
of supercritical fluid technology in tho field of 
complex mixtures would be more applicable if 
some characteristic of the toxic properties 
could be used as the basis for separating tbem 
from tho mixtures. This may be possible with 
the use of nxtraction modifiers, in which case 
supercritical fluid extraction could bn used to 
extract preferentially chemical classes that are 
most related to the toxicity of the complex mix
ture. However, lhe use of such modifiers 
should be considered carefully, because if a su
percritical fluid such as carbon dioxide spiked 
with a polar solvenl (for example, methanol, 
isopropanol, etc.) is used, the nwdifiers must 
be removed prior to bioassay. This may be diffi .. 
cult and the original, primary advantage of a 
pure solvent: system may be lost. JB 
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Statistical Approaches to 
Interactive Effects 
How chemical effects interact, whether addi~ 
tively or synergistically, is an important quos·· 
lion in the study of tho health effects of 
mixtures. Statisticians and toxicologists have 
proposed many diffenmt statistical and graphi
cal strategies for evaluating the relations among 
several chemicals and their effects in biological 
systmns. One aim of the HEI complex mixtures 
program was to develop approaches that would 
determine interactive effects \A.rithout the neod 
for a prohibitive nurnbor of bioassays. The 
study by Drs. Gonnings, Carter, and Dawson in~ 
volvod the dovolopmcmt of methodology for tho 
statistical analysis of data from complex mix
tures to detect departures hom additivity. 

Whether a biological response is additive in 
terms of oxposnre to two or more chemicals de
pcmds on how \VO choose to quantify both re-

d 1 '1'1 f" dd'. " sponses an exposures. 10 use o a 1t1ve 
both in the report of Gennings and colleagues 
and in tbe HEI comments assumes a particular 
quantHation of exposnre, namely linear in con
centration, and would be more precisely 
worded "additive and linear in concentration." 
This should be kept carefully in rnind in assess
ing the implications of the work, especially be·· 
cause His not uncommon for biological 
responses to be additive and linear in other 
measures of exposure, such as, for instance, the 
logarithm of their concentrations (or doses). 

Gennings and colleagues took two ap~ 
proaches to evaluating interactive effec:l"s: 

(1) The extension of relatively nm-v 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) the use of a parallel axis coorclinate systern to 
depict graphically the planes of additivity. 

1 If anv one or mori~ exposures and respon:w~ vary OVf~l' a narrow rang<~. 
how f)ach one is qmmtlfind, although making a difference in principle, 
mav not make n diffm·ence large enough 10 be dntech~d in prnc1if:e. This 
is, however, not the most common situation. 
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In tho first approach, Gennings and col~ 
leagues dnvnloped statistical tests for dupar~ 
turns from additivHy using 3 types of models: 
generalized linnar models, generalized estimat
ing equations, and random-effects models. 
These techniques wore applied to data sets com
prising a co Unction of concentration-response 
oxpnriments on each of a mixture's chemicals 
studied alone. Under tho assumption of additiv·· 
ily, the model~based prncliclt~d response can be 
comparnd to the observed response to a specific 
mixture. In the second approach, departures 
from additivity wore examined through the use 
of isobologrnms. An isobol is a line (for a two
component system) or plane (in a thrntH_-:ompo~ 
nent systnm) of constant response. A parallel 
axis coordinate system must be used to repro
sent constant response graphically in systems 
of more than three components. 

The first mot hod investigated by Gennings 
and colleagues, the Estimation of' Additivity 
Model (Method I), is designed to be applied to 
data sets comprising concontration-n:~sponse ex
periments on oach of the chemicals in a mix
ture. The authors describe methods for 
combining the results from these nxperiments 
to estimate, under the assu1nption of additivity, 
the predicted response at. any mixture 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 assun1ption at 
that mixture. 

Cennings and colleagues assume that the ad
ditivity of the effects of c compounds are under 
investigation, that data from single chemical 
concentration-response studies are available for 
each of these chmnicals, and that each of these 
experiments has a concurrent control group. If 
the response also is available for a particular 
multichomical exposure, additivity of offects at 
that exposurn can be assessed by comparing the 
observed response to that predicted from tho 
concentration-response curves of the c single
chemictJl experiments and the assurnption of 
additivity. 

The test for additivity requires specification 
of a concentration-response model for each 
chemical. For the nxmnple discussnd in there~ 
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port, tho mutagenic activity of kerosene soot 
samples, the authors assume that the n1ean 
number of mutant colonies increases cxponun~ 
tially wilh dose. lf Xij and flij are the jth dose of 
chmnical i and tho moan number of mutant 
colonies at that dosn, respectively, thn mean 
number of colonies is modeled as ~lij:::: nxpU~oj + 
iliXij). 

'I'hree rnethods aro considered for estimating 
the parameters of this modeL In tlw fixecl-of
focts model tc::chnique, standard statistical meth
ods are used to estimate (~oi, ll;), i = 1, ... , c. 
The observed counts are assumed to be inde
pendent within and between chemical.s. The 
method allows a test of tho hypothesis that the 
intercepts, representing tho background muta
tion rates, aro constant across chemicals. A pre
diction interval is constructed to compare tho 
observed (mean) response of the combination of 
interest to that predicted under the assumption 
of additivity. 

In the random-Effects model, the background 
mean rnsponses are assumed to be realizations 
from some underlying probability distribution. 
This corrnsponds to the idea that the c cxperi
mc-mts represent replicnticms of a common ex
perimental situation, but that control ratns vary 
rnndomly from replication to replication. The 
authors propose that this underlying distribu
tion is a Gamma distribution, and thnn apply ns
tablislwd methods for randorn-ef!{,cts models of 
this type to estimate the slopes, ~i, of the c con
ccml.ration-response curves. 

Finally, the generalized estirnaling equations 
method is closely rdated to the fixed-e!Iccts 
method. In thn gnneraliznd nstirnating equations 
nwthod, the experiments are assumed lo bn in
dependent and to conform to llw model used in 
the fixod-el'lcH:ts modnl, but obsorvations (at dif
forent concentrations) in the same experiment 
am assumed to be correlated. The generaliznd 
estimating equations method pnrmits estirna~ 
tion of this correlation and adjustment for i1 in 
the analysis. 

Because the model for the background ratns 
and rogression coefficients is identical for the 
fixed-effocts and generalized estimating equa
tions methods, one would expect these t\~ro 
methods to yield similar para motor estimates. 
The random-effncts method produces estimates 
of Hw background rates that am morn similar to 
exponential data than those obtained with the 
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other methods, reflecting this nwlhod's nssurnp
tion that these rates are realizations fi'om n single 
underlying distribution, and that this will affect 
the estimates of the regression coefficicmts. 

In tho c-Dirnnnsional Isobologram Model 
(Method IJ), Gennings and colleagues invosti
gal:o methods for assessing the additivity of effects 
of c chernicals by plotting points from isobolo
grams of constant response in thn parallel axis 
coordinate system. 'I'o appreciate this work, tho 
reader must become familiar with several guo
metric ideas. Evory mix turn of c chemicals can 
be represented as a point in c-dinwn.sional 
space whose coordinates are the c concentra
tions. Because c-dimensional surfaces are diffi
cult to visualizn for c > 3, toxicologists havn 
sometimes studied the geometric surfaces do
fined by the sets of mix turns which give the 
same biological. response. These surfaces are 
called isobolograms. Whnn c chmnicals are un
der investigation, isobolograms will have tho di
mension c -- 1, maldng thom just as difficult to 
visualize. In this report, Cennings and col
leaguns propose plotting the points on tho is-· 
obologram in the t\·vo-dimc-msional pan-dlnl axis 
coordinate systnm. We illustrate tho concepts 
underlying this \'vork \•vith a simple example. 

If two chemicals have additive effects, then 
the set of pairs of concentrations of tho two 
chemicals that give a constant biological re
sponse will lie along a straight line in the 
plano. For example, for any biological msponsn 
B, the sots of concentrations of the two chnmi
cals (KJ, xz) that give the response E can be rep
rnsontud by a linnar equation, 

01 X·j -+ 02X2 = E. 

A hypothetical case corresponding to the lin
ear equation 

2XJ + X2 c• 1 () 

is given in Figure 1 in Gennings' report. This 
straight line is an isobolograrn (a sot of mixtures 
giving the spncifind response). 

Gnnnings and colleagues investigato the utiJ .. 
ity of plotting points from isobolograms in the 
parallel axis coordinate system. The two-dimen .. 
sional pnrnllnl axis coordinate system is con .. 
structed by representing the c axes as c vertical 
lines parallel to what is ordinarily called the Y· 
axis, one unit apart horizontally. A specific mix
turn is plotted by placing a point on each axis at 
a distance frorn the origin nqual to tho concen-
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tration of that chomical in the mixture, and 
then connecting those points (Gennings' I_:;>igure 
2). When the ef!()(;ts of the two chemicals are ad
ditive, points on the isobologram will produce 
linn segments in the parallel axis system that in
tersect at a unique set of c- 1 points that define 
the isohologrmn (Gennings' Figure 3). 

These ideas can he extended to studies of tl.w 
effects of any number of chemicals. If the con
centrations of c chemicals are represented by 
the symbols KJ to Xr:, any mixture can be plot
ted as a point in c-dimensional space whose co
ordinates correspond to the concentrations of 
the c 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 isoholograms in tho par
allel axis coordinate system. Each point on the 
isobologram generates a line segment in the par
allel axis coordinate system of dimension c 
(Gcmnings' Figure 4). 

4\l 

The c chemicals are said to have additive of~ 
fects in a biological system when any portion of 
one chemical in the 1nixturo can be exchanged 
for a portion of another clwmical, determined 
by the relative potency of tlw two chemicals, 
with no change in biological response. \!\Then c 
chemicals have additive t~ffects, the sets of m.ix
tures producing a specified biological response, 
E', will lie on a planar surface of dimension c ~ 1 

in (c ~ 1)-dimensional space. 

Inselbnrg (19B,;) showed that all sets of points 
lying on a plane of dimension c -·- 1 will, when 
plotted as line segments in the parallel axis co
ordinate system, pass through a common set of 
c points. These points uniquely characterize the 
plano. Thus, if one could select dif'fnront points 
producing the same biological response, one: 
could plot tlwse points in the parallnl axis sys
tGin. If tho effects of tho chnmicals were addi
tive, each of the sets of line segmonts would 
pass through the c points 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 
C1lris Gennings, W. Hans Carter Jr., and 

Katluyn Dawwn 
Department of Biostatistics, Medical CoJlege of 
Virginia, Virginia Commonwealth University, 
JUchmond, VA 

Abstract 
The classical approach for detncting interac~ 
tions in a cmnbination of drugs or chemicals is 
that of the isobologram, quantified and general
ized by Berenbaum (1981), which states that 
contours of constant response of the concentra~ 
!ion-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 c chemicals. We analyze the 
offect of three chemicals in cmnbination on 
liver function as an exmnple. The advantage of 
such a technique is that in theory the nwthodol
ogy is not affected by the number of chemicals 
in the mixture. Ii:owever, 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 to those predicted under additivity 
using an additivity model. The estimation of 
the additivity model requires concentration
response data for only the individual compo
nents and the specific cmnbinations of interest 
that reflect the local rather than global nature of 
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departure from additivity, in contrast to the 
lsrger experiments required to estilnate the mul~ 
tidimensional concentration-response surf~H:e 
for the combination. Procedun)s 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 armnatic hydrocarbons found in 
kerosene soot. 

Introduction 
In the study of drug or chemical con1binatiom;, 
1nany authors indicate that a planar contour of 
constant response (isobol) of the concentration
response surface is synonymous witb additivity 
(Berenbaum 1981). Isobolograms have been 
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 l(Jr additivity, yet 
have based these tests on smoothed data repre
sentations (MacCarthy 1987; Gennings et al. 
1988; Kapetanovic et al. 1990). 

Othm 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 
concentration-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. 

One objective for this research was to extend 
the work of these authors to the case in which 
the number of con1ponents 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, xnulti
ple control groups may be available and useful 
in describing the background respons<l 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 hnve developed throe techniques on the ba
sis of variability across the control groups. Pro
cc~dures are developed for a fixed-effects modol, 
for a random-effects model, and through the use 
of a generalized estimating equations approach. 
These techniques aro illustrated using a mix
ture of polynuclear aromatic hydrocarbons 
(PAHs}* found in kerosene soot. 

The isobologram associated wilh a mixture 
having c components is c-dinumsional. When 
c > 3, such a graphical approac:h to detect and 
characterize departure from additivity is cum
bersonw if not impossible. Inselberg (1\JB5) 
developed procedures for visualizing c-dimen
sional relations using a coordinate system 
whoso axes are parallel. Eickemeyer (1992) has 
developed algorithms for representing planarity 
of c-dimensional figures by utilizing tho paral
lel coordinato system of lnselberg; however, his 
procedures have been developed in tho absencn 
of random variation in the data. Another goal 
for this research was to develop statisticalrneth
odology useful for dotocting deparlme from ad
ditivity (departure from planarity) based on 
plots of c-dirnonsional isobols produced from 
"raw" data. Wo demonstrate our methodology to 
date using a parallel axis coordinate system. In 
gnneral, the rationale of this approach is to plot 
data from a specified c-dimensional isobol. If 
this multidimensional isobol is different from 
tho plano of additivity, departure h·orn additiv
ity is suggested. Unfortunately, although it is 
theoretically possible to find points on a c-di
nwnsional isobol, the practical consequences 
whcm cis large make this approach costly. 

Specific Aims 
Tho stated objectives of RFA 90-6, "Theoretical 
Approaches to tho Analysis of Health Effocts of 
Complex Mixtures", were (1) to support tho 
tlworetical devolopmont of methods for identify
ing those components of complex mixtures that 
rnay produce adverse health effects; and (2) to 
support tho theoretical development of meth
ods for dGtermining interactive effects among 
components. Our resc-:'!arch has been in this lat
ter area. Our initial direction was to extend the 
logic of an isobologram to the case of c compo
nents in a 111ixturo, for large c, by using the par-

A A lisl of abbrevialions app(~;us n! the ond of !his dor:umenl, 
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allel axis coordinate systern. Although thooreii
cally possibln, practical concnrn.s of estimating 
concentrations on a specified contour of con
stant response (isobol) in multidimcmsions sug
gested the approach was infeasible. Therefore, 
we modified our research direction and consid
ered the more economical logic of estimating 
the plane of additivity, which reqnims only sin
gle cornponent conconl-ration-response informa
tion. This methodology permits us to dntermine 
departures from additivity by con1paring ob
served responses for mixtures of interest to 
predictions from an additivity model. If wo 
recognize the local rather than global nature of 
the interaction of components in a specifi('Hi 
mixture of interest, it is not necessary to ex
plore the entire multidimensional relationship 
of the components. 

Both phases of the research are described and 
illustratnd with examplns. The mnthod for us
ing an additivity model to predict the response 
for a .specified n1ixture is illustrated with the 
analysis of ten components in the PAl-l fraction 
of kerosenn soot. Of tho 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 (_>dimensional isobol using the parallel 
axis coordinate system i.s illustrated with the 
analysis of the combination of three chemicals. 

Estimation of the Additivity Model Consider a 
combination of c compounds yielding data of 
the form (y, x), where y is the observed re
sponse or effect at the concentration combina
tion x. We will distinguish between two groups 
in the data. The first group comprises m obser
vations whore the concentrations given are com
binations of at: least two chemicals. It is for 
these particular combinations that it is of inter
est to detect and characterize departures from 
additivity. The other group comprises data from 
which individual concentration-response 
curves can be estimated. More generally, for the 
ith chemical, i::.:: 1, ... , c, there are a total of n; 
observations distributed across d; concentration 
levels with 11ij replicalions at each of the d; lev~ 
ds. Thus, 

n::-.: 2:,ni, 

i '"' 1 

di 

in which n; ::~ L Ilij. 

j ""- 1 
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T'his scenario allows for the case of one large ex
periment with a concurrent control group, but 
is gtmnral enough to allow for the situation of 
c + q (q,; m) separate control groups, that is, 
one for each of tho individual c chen1icals and 
one for each of q combination groups. 

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

Under the hypothl~sis of no interaction an ad
ditivity model can be constructed as 

c 

g(ft) "' flo +I, 0P<i (1) 

i "·" 1 

in which g(.) is a monotone differentiable hmc· 
tion specified by the user;~ is the mean re
sponse; f3o, Pi, i = 1, ... , care unknown 
parameters; and xi is the concentration of the 
ith constituent in tho combination. For fixed re
sponse, this model is algebraically equivalent to 
the interaction index form assumed by Beren
baum (1981; see Equation 2 in tho next section). 
The basic assumption is that contours of con
stant response are planar if the chemicals in the 
combination are additivn. 

To estimate the unknown parameters given 
in Equation 1, wo rc-)quire single-chemical con
centration-response data with control groups to 
estimate the slope parameters and the back
ground responso. T'he single parameter associ
ated with the background response, flo. will be 
incorporated into the additivity model in three 
ways. 

The first approach uses a generaliznd linear 
model (McCullagh and Nolder 1089) hamework 
to model the concnntration-rosponse curves of 
each chemical alone, while using a fixed-effect 
parametnrization for the intercept. Let the con
centration-response curve for the ith chemical 
in the combination be described by 

g([lij) '' floi + [liXij 

in which ~lij is the mean response for tho jth 
concentration group of the ith chemical (i = 1, 
... , c; j = 1, ... , di); floi and [)i are unknown 
parameters; and Xij is the jth concentration of 

the ith chemical. Because we allfn"r the variance 
of the response to depend on the mean, the un
known parameters can be estimated using an it
eratively reweighted least squares algorithm 
discussed in McCullagh and Nolder. This 
model assumes that the variability in back
ground responses (as observed in tho control 
groups) is a function of sampling error and the 
different f3ou1ssumed in the model, and is not 
overdispersod relative to variability in the 
concentration-response dahL The hypothesis of 
a common intercept across control groups, 
Ho:f.loi = 0o. for all i, can be tested with the 
usual F test using quadratic forms with 
weighted least squares. With tho estimated acidi
tivity model we can predict tbe response under 
additivity for con1bination concentrations of in
terest. A 100(1 -· (X)(X) 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 fornH:H' accounts 
for the sample variability of the obsnrved 
response and the variability in the prediction 
under additivity. 

Following tho philosophy of Prentice and co· 
workers (1992) in dealing with historical con· 
trol data, the second approach is based on a 
random-effects assumption. 'T'his approach as
sumes the responses from the different control 
groups am exchangeable; that is, the unob
served mean control responses across studies 
are independent random variables from a speci
fied distribution, say h(flo). Conditional on a 
value for f3o, we assume the response, y, follows 
a distribution, say j(y; [11 ~o). Following the 
rules of conditional probabilities, tho 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 tbis approach, largo 
sample prediction 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 Hl86) as
sumes that observations within a study am 
correlated and those across studies are notre
lated. This approach makes general assump
tions about the distribution of y (a mnmber of a 
L1mily of distributions that inc-ludes tho nor· 
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mal, binomial, Poisson, and gamma, among oth
ers). It also allows for the estimation of the cor
relation structure of observations within 
studies, implying that changing experimental 
conditions across studios may affect the ob
served responses. The paper by Liang and Zeger 
outlines more of the details. As in the case of 
the raiH.ionH::ffects model, large sample predic
tion intervals can be constructed around the 
response under additivity for chemical cornbi
nations of interest. 

Further statistical details of these three ap
proaches arc given in Gonnings 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 thorough analysis to 
illustrate these approaches. Thus tho the follow
ing example is included for illustration only 
and not as a complete analysis of the kerosene 
soot mixture. 

Data 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 h·action 
(20 !lgimL), 21 compounds were identified us·· 
ing gas chromatography-nwss spectrometry. 
Eighteen percent of the weight of the mixture 
was uncharacterizr~d in that it either was mate
rial lost in the characterization process or could 
not he identified by gas chromatography-mass 
spectrometry. Concontration~re.spon.se informa
tion for 10 of the 21 characterized compounds 
was made available by graphically extracting 
the nl8ans of two independent determinations 
from charts provided in Kaden (1978) and 
Kaden and colleagues (1979); the original data 
wme not available. The compounds and their 
concentrations are listed in Table 1. Those com
pounds for which concentration-response infor
lnation was available are underlined. Using the 
available data, we constructed interval esti
Inates for the 1nean response of this Inixture un
der the hypothesis of additivity using the three 
procedures discussed in the previous section. 

Mutagenic activity was measured in Salmo
nella typhin1urium, using resistance to the 
purine analog 8-azaguanine (B~AG) as a genetic 
nmrker. The assay used was a forward bacterial 
1nutation assay as specified hy Skopok and asso~ 
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ciatos (1\l78). Exponentially-growing cultures of 
Solmonello typilinwrium strain TMG77 were ex
posed to several concentrations of tho test agent 
and a microsomal fraction of a liver homogen~ 
ate (S9) of Aroclor-pretreated malo rats. Colo
nies were counted after growth for two days. 
The response is the fraction of viable bacteria 
that can forn1 colonies in selective media be
cause of a 1nutation in tho hprt gone. Tho mu
tant (B-AG-resistant) fraction was calculated by 
dividing tho number of colonies observed un
der selective conditions by tho number of colo
nies observed under pennissive conditions and 
multiplying by appropriate dilution h1ctors. 

Becauso thn denominator of the mutant frac~ 
lion (the number of colonies obsnrved under 
permissive conditions) is ronghly five orders of 
111agnitude larger than the numerator, it was as
sumed to be constant across concentration 
groups, making it reasonable to 1nmlel the num
ber of colonies observed under selective concH~ 
tions as a count (nonnegative integer). Tho 
mean response was modeled as a function of 
concentration as !lii" exp([loi + [liXij), i = 1, ... , 
10; j = 1, ... , di. Eight of the ten compounds 
wore observed at three concentration levels in 
addition to a control group; pcrylene was ob
served at six, and anthanthrene two, concentra
tion levels othnr than a control level. The 
average number of colonies observed when cul~ 
turcs were exposed to the 1nixture described in 
Table 1 was 21.7 (with standard deviation of 
2.2). Wo compamd these observed responses to 
those predicted under the assumption of addi
tivity. 

Assume the data for each compound come 
from identical experirnental conditions so that 
the control group responses arc independent es
tiinates of a common background rate. Table 2 
presents the (extracted mean) responses from 
the concentration groups for each chernical. A 
fixed-effects model can be used for constructing 
the additivity modeL The test for common inter .. 
cept could not be rojected (p = 0.113). 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 105 cells was estimated. The 95% 
large smnple prediction interval on the nwan re
sponse under additivity was !35.1, 4H.O]. 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 

Compound11 

A"cnnitpl:UbyLtmn 

CydoJJJ!JJtakdJpyume 
Eyl'illlC 

Benzo[ghi]perylene + rrn1l.tanJhro..n_Q 

Coronene 

Eh.t.nra:n11Hme 
Naphthalene 

Benzo!gh i] fl uorant hone 

Phenanthrene+ anthracene 

Benzacenaphthalene 

Benzofluoranthene 

1?.ru:y1nnn 
/.li;.!ill.9Jlh.tJJ . .n1<2J1Q 

lndeno[ 1 ,Z,:J-cri]pyrene 

B en z.Q[alpyx<me. + he rlZ.oLtlp.ymn.e 
4 H ··Cyclopenta I de/]phenanf hrene 

ll..Cl.Jl.z<2Ll1lf!JJD.Lilll.e 

Fluorene 

Wt 
(%) 

23 

15 

B 

B 

5 

4 

3 

3 

2 

2 

2 

2 

1 

1 

1 

0.4 

0.3 

Amount 
Prosent 
(~g/mL) 

4.6 

3.0 

1.[) 

1.G 

1.0 

0.8 

O.G 

0.6 

0.4 

0.4 

0.4 

0.4 

0.2 

0.2 

0.2 

Uncharacterized materialb 
Methylene chloride extract 

113.3 

100 

0. 2 

O.OOB 

0.006 

:3.7 

20 
"lJndedining indicalns a compound for which concnn!ra!ion-rr:spnnse informalion \Vas unavailable. 
b Material lost in the characlorizalion process, plus thoso compounds !hal coulrl notlw identifir:d by gas chromatography-mass speclromdry. 

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 cmnpounds considered. Under 
this irnportant assumption, because the conccm
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 suggested among the ten chemicals at tho 
specified mixture. 

For 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 
overdisporsed model. 'J'hat is, the degree of vari
ability within a study is less than that across 
control group 1neans. Assun1e that the number 

of colonies observed within a study follows a 
Poisson distribution conditional on a back~ 
ground count, where the mean control counts 
(rtm) across studies, i = 1, ... , 10, are indo· 
pendent unobservable random variables such 
that fliO = exp(Poi) is a random variable that fol
lows a gamma (a1, az) distribution. From this 
distribution, the mean control response is 
a2/a1. The slope parameters are assumed to be 
fixed and unknown. The 111ethod of nulximum 
likelihood was used to estimate the model pa· 
rrmlC-~ters using tbe Ndder-Mead direct search al~ 
gorithm with the constraints that a1, az > 0; the 
estimates are presented in Table 3. Using the 
mixture con1position given in Table 1 for the 
components underlined, the predicted number 
of colonies under the assumption of additivity 
was 67.9. A large-sample symmetric 95(X> pre
diction interval on the response for this specific 
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Table 2. Group Mean Responses for Each Compound 

Compound 

Acenaphthylene 

Cyclopentn [ cd]pyrone 

Pyrene 

Anthanthrene 

Fluoranthene 

Perylene 

Benzol a]pyn)ne 

Acenaphthalene 

Concentration 
(mg/mL) 

() 

20 

100 

200 

0 

1 

5 

10 
() 

10 

50 

100 

0 

2 

10 

() 

2 

6 

12 

() 

0.1 

0.2 

0.3 

3 

10 

() 

5 

10 

20 

0 

50 

100 

200 

Extracted 
Mean 

Colonies 

0 

12 

10 

5 

:l 

10 

50 

l:lB 

4 

5 

21 

21 

!J 

l:l 

2B 

1 

:l 
12!! 

:ns 
(j 

!l 

11 

1_() 

213 

:17 

:313 

4, 11 

51,52 

IJ:l, 134 

99, 180 

4,6, 7 

5, (), 7 

ll, !J, 1] 

n, 10,11 

Table continues next column 
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Compound 

Benzo[e]pyreno 

Bonzo[b]fluorone 

Concentration 
(mg/mL) 

() 

50 

100 

201 

0 

5 

25 

50 

Extracted 
Mean 

Colonies 

3, \} 

zo, :n 
'](), 2:J 

15 

12 

lG 

:n 
GO 

combination under the hypothesis of additivity 
is given by [3.2, 132.5]. Under the same assump· 
tions about tlu~ unidentified and uncharacter
izod components in tho mixture, because the 
observed mean response, 21.7, is included 
within the prediction interval, the overall rola
tion of the components in this mixture docs not 
appear different frmn additive. 

The third approach uses generalized estimat
ing equations with an exchangeable correlation 
structure. Because the only data available for 
analysis were the n1eans at each concentration, 
data wore insufficient for convergence of the it~ 
nrative algorithm for parameter estimation. For 
illustrative purposes only, we simulated repli
cated responses h·om tho graphically extracted 
means. In order to simulate true experimtmtal 
conditions with replica1ions at each concentra

tion of the ten compounds, four Poisson (Jlif) 
random variables were generated for i::: 1, ... , 

10, and j::::: 1, ... , gi, where ~if is the observed 
mean for the jth treatment of the ith compound. 
For estimation of the additive model, the obser
vations within a study are assumed to have a 
common correlation, p, and the observations 
from difiercnt studies are assumed to be uncor
related. For thnsn data, tho within-study correla
tion was estilnated at 0.12. Model parameters 
were estimated by iterating between a modified 
Fisher scoring algorithm for estimating the inter·· 
cept and slope parameters and a moment osl'i

mator for p; regression parameters are given in 
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Table 3. Estimated Regression Coefficients 

Fixod-Effocts Model a I{andom-Effects Model Estimating Equationsb 

Parameter EstimHte p-Value E.stimat8 p-Value Estimate p-Value 

ilo z.Gn < 0.001 2.GB < 0.001 

'" 0.0379 < 0.001 

0:2 0.675 < 0.001 

ll1 (Aconuphthylone) ··3.84 X 10·:l (J.:l94 ···1.82x10 ·3 0.791 ""·1.D4 X 10 <l 0.7tl:l 

lh (Cyclopontaicd]pyrene) 2.!53 X 1(}"''1 < 0.001 2.B:l X 10 ·l 0.014 2.56 X H) 1 < 0.001 

lh (Pyrenc) 4.72 X Hf<l [J.:l71 1.07X10~2 0.4G2 6.2:3 X 10 :l 0.440 

P1 (Anthanthrene) 7.15 x 1o···2 0.181 1.74 x ·w-1 0.385 tl.OG X Hf 2 0.321 

P5 (Fluorantheno) 2.G7 X 10-·1 < 0.001 2.B1 X 10--l O.OOG 2.GB X 10-1 < 0.001 
fJn (Perylene) 1.15 X 10·--l 0.005 2.21x10· 1 0.255 1.03 X 10 1 0.10!1 

lh (Acenaphthal en e) -1.91 X Hf'" 0.403 1.10 X 10"-:J 0.7!12 :3.23 X ltf'4 0.952 
~a (llenzo!o]pymne) 1.23 X ltf·l < 0.001 1.78 X 1tf 1 O.OO:J 1.10 X 10-'l < 0.001 

ll" (llenzole]pyrene) 1.H9 X '10-:l 0.429 5.20 X 10-:J 0.440 1.4(1 x 1o·<l 0.761 

lho (Benzo!h]fluororw) 2.(18 X 10' 2 < 0.001 4.42 X HY-2 0.152 2514 x 1o···:t 0.009 

"The var(Y) is assumed to ho oft!w form cr2ft: MSE = 7.25. 
I>Th(~ data analyzed with estimating equations were based on simulated replications oft he extracted means. The !hed-elfects nnd randonH)ffects 
analyse.~ were based on the extractml nwans. 

Table 3. The predicted response under the as~ 
sumption of additivity for the specified mixture 
was 44. 1. The model-based estimator of tho 
large~sample covariance matrix of model pa
rameters was used. As the number of studies is 
not large relative to the number of estimated pa
rametnrs, the mnpirically-based estimator of tho 
covariance matrix is unstable. A large-sarnple 
symmetric ns(x) prediction interval for thn 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 
conclusion is made for illustration only. 

Those three moduls make different assumpM 
tions about the control group means. With 
knowledge of the experimental concliticms, the 
user chooses n 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 estimate 

an additivity model. From this estimation, infer
ences can be made about the overall effect of 
combinations or mixtures of interest without es
timation and exploration of thn 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-Dimensionallsobologram In the study of 
combinations of two compounds, plots of the 
contours of constant response of the concentra~ 
tion-response surface (isobolograms) are usGd to 
characterize the interaction between the com
pounds. The method 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~ 
ergist.ic, additive, or antagonistic according to 
whether tho contour is below, coincident with, 
or above the line of additivity, respectively; sys
tematic deviation fron1 an additivo 1nodel is at
tributed to the presence of an interaction. 
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Bnrenbaum (1981) proposnd tho following 
1nathematical index to detect and characterize 
interactions for c (?: 2) compounds: 

_21_ + .... ~.:\ .. + ... + --~': I:~ ;.~~ :~::?~ty } 
X1II XzB XcE \>1 for ontogonism 

in which Xi is the concentration of the ith cmn
ponnnt in combination that yields response E, 
and Xm is the concentration of the ith cOin
pound that yields response E when given alone, 

i = 1, ... , c. Let Ai = ·x··; ·. Thnn, under additiv· 
iE 

ity the interaction index is the equation of a 

pbM, (2) 

A1x1 + Azxz + ... + Acxc = 1 =>no interaction. 

If tho isobol is a hyperplane in c-dimensions 
[called a (c .. 1 )-flat], then it can be concluded 
that the co:mpounds combine additivoly, i.e., 
with no interaction. If the isohol is not a (c- 1)· 
flat, then tho compounds are said to interact. 

We demonstrate a visual model-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 c 

B 

7• 

6 

"' ~ 5• 
>-

4• 

3 

2• 

X1 X2 X3 X4 

X Axis 
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lines perpendicular to the X-axis, each one unit 
apart, starting at X= 0. The c axes in the paral
lel system all have the srnne positive orienta
tion as the Y-axis. In this system the point [x1, 
xz, ... , X c) is represented by the line formed by 
the connected line segments with endpoints 
(O,x,], [l,xzl. ... , [c- 1,xcl in which[.,.] repre
sents the location in the IX, Y] plane. The five
dimensional point (x1::::: 3, xz = 7, X3 = 5,X4 = B, 
xr, = 2) is plotted in Figme 1. In such a coordi

nate systern a (c --I)-dimensional surfacn 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. to 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 a parallel axis coordinate sys
teln is n1ade up of connected line segments. In 
two dilnensions, a O-f1at is represented by a 
line. Inselherg (1985) and Gennings and col
leagues (1 990) demonstrated that a 1-flat in two 

X5 Figure 1.. Representation of tho 5-dimon·· 
sional point (:3, 7, 5, B, 2) in the parallel 
coordinate axis system. 



dimensions, say y = mx + b, can be represented 

by a single point, located at [--L_, /)_]· 
1--m 1--m 

because the line segments that represent the 0-
flats on the 1-flat all connect at this single point. 

Eickemoyer (Hl92) has generalizod this con
capt for the representation of a (c- 1 )-flat using 
c + 1 points such that the location of the points 
can be used to dE~tmmine the equation of the 
(c- 1)-flat. His methodology augments tho par
allel axes by copying tho axes to the right of tho 
clh axis whero the distance bet ween the axes is 
still one unit. Tho additional axes are required 
in order to uniquoly determine the equation of 
tho flat. The c + 1 points can be obtained by 
plotting points of interscction between 0-f!ats 
that lie on tho (c- 1)-flat; then points of inter
section between those 1-flats; thcn points of in
tersection between these 2-flats; etc. The 
resulting c + 1 points are located at !x1,y], 
lxz,y), lx:;,y), ... , lxc+1,y] in tho X-Yplane. Fig
ure 2 shows a representation of a 2-flat in three 
dimensions; the four points are labeled 1, 2, 3, 
and 4. The coefficients of the equation of the 
(c -- 1)-flat inc space are given by Equation 2 in 

, Xi+1 , .. Xi . 
wluch A; = -·---" --, 1 = 1, ... , c. A one-step 

yc 
procedure also can be implemented to find the lo
cation of the c + 1 points, !x1.yl. lx2,yl. [x:J.yl. ... , 
lxc+1.yL that uniquely define the (c- 1)-flal. By 
selecting c 0-flats that span a (c -- 1)-flat we can 

~ 

~ 0.438 
>-

0 2 

X Axis 

3 
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find the coefficients of tbe equation of the flat, 
A1, Ai, ... , Ac, given in Equation 2 using ma
trix theory. Then 

c 

c 
L (1 '''" 1)A; 

y= 
"\::"" ·-] i"" 2 ( L,Ai) , XI= __ " ____ _ 

y 

j " 1 

c LAi 

Xj::::: X1 + _ _!.~~--···, j o.:: 2, . , , , C + 1. 
y 

The theory of the plotting technique by Eicke
meyer states that in order to detect a (c-- 1)-flat, 
c + 1 distinct points must result. In the pres
ence of random variation, c + 1 clusters may be 
observed instead of unique points (Figure :J). 
The algorithm for determining those clusters is 
analogous to randomly selecting without re
placement c data points from the isobol. These 
c data points uniquely determine a (c -- 1)-flal. 
If c more points are randomly selected hom the 
remaining data points another (c- 1)-flat is 
uniquely determined. This procc~ss continues 
until there are no longer c points from which to 
select. Each uniquely determined plane is then 
plotted in the pnrallel axis system as c unique 
points. These are the points that n1ake up the 
observed clusters. 

Figure 2. Tho plane of additivity 
given by 1.~~9X1 + O.G55xz + 0.2:l6x:~ 
""1, where x1 is the concentration of 
carbon tetrachloride, xz is the con
centration of chloroform, and x:~ is 
the concentration of trichloro
ethylene. The plane is plotted with
out. noise. Tho points labeled 1, 2, :3, 
and 4 represent the location of inter
socting line segments plotted in the 
parallel axis coordinate system of 
any 0-flat (a point) on the plane; 

4 therefore, the representation of tho 
plane with these points is a unique 
representation. 
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It is useful to test a hypothesis about those 
clusters in order to determine whether the is
obol is different from the "plane of additivity" 
or if tho randomly determined c-din1ensional 
planes are estimates of the "plane of additivity." 
A multivariate sign test (Hettmanspergm 19B4) 
can be used to t.n.st this hypothnsis of no interac
tion. Although other model-free tests arc avail
able, this test makes fewer- assumptions about 
the point distribution. Define Xi :::: !x·u, ... , 
Xc+Lil', i:::: 1, ... , n as tho x coordinates ihnn 
the ith randomly sclectml (c -- 1)-flat h-om the 

isobol, and x*:::: lx~ , ... , x~~H ]'as the x coordi
nates of tho plane of additivity. Then the multi
variate sign test is based on the statistic 
S ~ [S, , , , , Sc+tl', in which 

I) 

Sj = ::£ sgn (Xjj -- xj ), 
j 0~ 1 

j:::: 1, ... , c + 1, and is a model-free test for no 
interaction. 

Characterizing Departure from l'Iallariiy 
Carter and associates (1988) demonstrated the 
relation betwmm departure from additivity as 
detormined by Berenbaum's (19Hl) interaction 
index and a parameter in a response-surface 
model. For increasing concentration-response 
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relations, if tho interaction parameter (one asso
ciated with a cross-product terrn) is statistically 
significant and positive, a synergism occurs; if 
the interaction parmnetor is significant and 
negative, an antagonism occurs; if the interac
tion parameter is not different from zero, the 
compounds are said to have no interaction. l<'ur 

decreasing concentration-response relations, 
tho characterizations are switched. 

Curvature in the isobol (departure ii·om pla· 
narity) can be identifit"ld by comparing the 
points from the isobol to models for tho isobol 
with higlH:lr-degrne terms. The comparis(;m can 
be made visually using the parallel axis rep
resentation of tho data. Those higher-degree 
terms are analogous to those used by Carter and 
associates. 

An important property of tho representat-ion 
of a (c ···- 1)-flat using the parallel axis system is 
that the distance bet ween adjacent points frmn 
the c + 1 points plotted is mlated directly to tbe 
coefficirmts 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 xnay be useful in indicating 
important interaction parameters. 

4 

6 7 8 9 

Figure :1. Random planes 
constructed from random 
data around an i.sobol. 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 
hyperplane, clusters of 
points of intersection are 
evident; the clusters are 
not present if the data 
follm·v a curvilinear 
relationship. Here, each 
set or horizontal points 
labeled 1, 2, 3, and 4 
represent a random seluc·· 
lion of four data points 
on the contour. 
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Datu Analysis of u Three-Dimensional 
lsobologram Data wore obtained from Dr. J. E. 
Simmons at the Environmental Protection 
Agency Health Effects Research Laboratory 
studying the nffoct of carbon tetrachloride, chlo
roform, and trichloronthyhme in com_bination. 
Male F344 rats (Charles Rivnr Lab) 60 to 70 
clays old, held in metabolism cages, were used 
in the study. T'he objective \ll.ras to dntnrmino 
how carbon tetrachloride, chloroform, and 
trichloroetl1ylene con1hine to affect percent 
liver weight [percent liver weight~ (100)(liver 
weigbt)/(body weight)]. The study design com
prised nino rays combining the three corn
pounds in differing proportions: ((1,0,0), (0,1,0), 
(0,0,1), (1/3,1/3,1/3), (2/:1,1/6,1/6), (1/6,2/3,1/6), 
( 1/6' 1 /6,2/3), (5/6 '1 /12 '1/12), ( 1/12,5/6,1/ 12)), 
with bet ween two and five concentrations along 
each ray. 

We want to estimate a contour of constant re
sponse withln (or near) the experimental range 
of concentrations along all the rays. A response 
of 4.0 was selected. Estimates for concentration 
combinations that yielded H. rnsponse of 4.0 
units (ED4) were fonnd by fitting a nonlinear 
model to response and total concentration 
along each ray. The sigmoid-shaped nonlinear 
nwd"l used was y o.o alexp(·-(flo + fl,x))] 1 + r, in 
which y is percent liver weight, xis the total 
concentration; o:, f3o, and f:h are unkncn.vn regres
sion parameters; and E is an unobservable ran
dom error term. 'T'his modo] \1\ras selected 
boca use of its flexibility in ropresnnting a con
centration-dopendent sigmoid-shaped curve. 
Model parametors were estimated using itera
tively reweightnd least squares. The variance of 

Table 4. Estimated ED.J Isohol Points for Perem1t 
Liver Weight 

Carbon Trichloro-
Tetrachloride Cl1loroform ethylene 

Ray (mL!kg) (mL!kg) (mL!kg) 

A 0.720 0.00 0.00 
B 0.00 1.5::1 0.00 
c 0.00 0.00 4.2:1 
IJ O.Hl2 0.1132 0.1G2 
E [J.:l4 B O.OB:l:J O.OBB:J 
F O.OGG6 0.2B:J O.OGGG 
G 0.1 Hi 0.1Hi 0.4~14 

ll 0.40:l 0.04(J:l 0.040:1 
I 0.02GG o.zn3 0.02GG 

----·~·-·-~~·~·-~------------·--

each ED4 also was estimated, using tho delta 
mnthod. The nino ED4 isobol points arn given 
in Table 4. 

From tho estimates in rays A through C, the 
equation for the plane of additivity is given by 
1.39X1 + 0.655X2 + 0.236X:{ = 1, which is rnpre
sented in the parallnl axis system in J<'iguro 2. 
Using the equation for the plan" of additivity, 
y ~ 0.438, XJ = 0.494, X2 = 2.32, XCJ = :J.1H, and 
X4 :::: 3.4D. From the nine randmnlv-ordored 
points on the ED4 isobol shown ii; Table 4, 
throe unique independent (Hrithout a common 
point) throe-dimensional planes can be deter
mined. 'I'hese planes are plotted in Figure 4 us
ing tlw usual orthogonal Bxes and are 
represented in Figure 5 using the parallel axis 
system. From only throe estimates of the plane 
of additivity, tho results of the multivariate sign 
test for no interaction (p:::: 0.3H) are inconclu
sive. In order to further illustrate the technique, 
we replicated tho nine points on the isobol by 
generating data associated with each of the 
points. A normal random number generator 
(SAS, version G, SAS lnstitutelnc., Cary, NC) 
was used, with mean given by the estimates for 
tho isobol points and variance given by thelr as
sociated variance estimates. 

Those ten replicates of the nine isobol points 
were used in a similar analysis. Figure :3 pre
sents tho representation of throe-dimnnsional 
planes determined randomly from the gennr
ated data. Results from the multivariate sign 
test of th" hypothesis of no interaction (p < 
0.01) indicated that the isobol is diffment from 
the plane of additivity. Using these rnplicate 
points it seems roasonnble to conclude that carb
on tntrachloride, chloroform, and trichloro
ethylene do not have an additive effect on 
percent liver weight; however, this illustration 
should not be regarded as a conclusive result 
about these chen1icals. 

In an attmnpt to characterize tho departure 
from planarity, the generated isobol points were 
compared to a four-dimensional plane where 
the fourth d.im(msion was the cross-product of 
the concentration of two of the compounds. 
These fmtr··dimonsional figures are represented 
in the parallel axis system in Figures 6, 7, and B 
for studying the potential interaction between 
carbon tetrachloride and chloroform, carbon tet
rachloride and trichloroethylene, and chloro
form and trichloroethylene, rospectively. In all 
thren cases, because tho clustnr of the nunwral 
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Figure 4. Three randomly select(~d planes plotted in 
the usual orthogonal axis system. These planes were 
determined by random selection without replacing the 
nine points on the estimated isobol given in Table 4.. 
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5 is to the right of the cluster of the numeral 4, 
the figures suggest that a flOSitive regression co
efficient is associated with the cross-product 
term. On the basis of a signed rank test on 
paired data, allthrne shifts are significant (p < 
0.01). Therefore, because a positive shift be
tween clusters seems to be associated with a 
positive interaction paramC·)ter, it is reasonablo 
to conclude that there is a synergistic relation
ship between carbon tntrachloride and chloro
form, between carbon tetrachloride and 
trichloroethylene, and between chloroform and 
trichloroethylene along the ED4 isobol of the 
pen~cnt liver \.Voight. 

We have demonstrated the use of the~ parallel 
axis system in detecting and characterizing in
teractions. The hypothesis of no interaction is 
tested using a Inodol-frne approach in which 
points on a specified isobol are compared to the 
plane of additivity. lsobol curvature indica_tes 
the degree of departure from additivity. 

Discussion and Conclusions 
In the analysis of chemical intoractions of a 
combination of c 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 tho 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 to 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 1nust be 
found; the latter is cheaper in that only single
chmnical exposure data are necessary in esti
mating tho additivity modlll. Further, analysis 
of the isobologram may msult in a claim of 
global departure from additivity, whereas by de
sign tho analysis of the additivity surface re
sults in local (at a specified combination of 
interest) detection of departure fTom additivity. 

As the numbnr of components, c, in a combi
nation or mixture gets large, carrying ont an ex·· 
perimont large enough for estirnating the 
response surface or associated contour of con
stant response necessary for a c-dilnensional is
obologram may not be practical. The 
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Figure 5. The same 
three planes plotted in 
Figure 3 except now 
represented in the 
parallel axis system. 

Figure n. A compari
son of the generated 
data on the ED4 isobol 
to a model with a 
cross-product term 
associated with 
carbon tctrachlm-ide 
and chloroform. 
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Figure 7. A comparison 
of the generated data on 
the ED4 isobol1o a modnl 
\•vith a cross-product 
term associated with 
carbon tetrachloride and 
trichloroethylene. 

Figure B. A comparison 
of the generated data on 
tho ED1 isobol to a model 
with a cross-product 
term associated with 
chloroform and trichlo
roethylene. 
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illustral'ion given for the isobologram method 
uses a design based on concentration con1bina
tions along rays of constant proportion. Al
though it is possible to estimate poiuts on a 
contour of constant response associated with 
each ray, the number of rays rnust increase rap
idly as the number of dimensions in the combi
nation increases. His not clear how 1nany rays 
aro required to adequately explore c-dirnen
sional space, and the number of rays may be ell}· 
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 pari of 
the Methods section) using an additivity model, 
com paring tlw observed response for a cmnbina
tion or mixture of interest to tho predicted re
sponse under additivity. This comparison 
results in a qualitative description of the efl()(;t 
of the overall interaction. F'urlher work is re
quired to identify which components in tho 
cmnbination are important, if there is an interac
tion. Perhaps important contributors may be 
idrmtified 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 mode] to a 
low-conccmtration region where experimental 
support is not availablo. The results of predic
tion in the low-concentration region often are 
dependent on the choice of the model. Such is 
ah:o the case for the methods described herein. 
In describing the additivity surface wo need 
concentration-response information for each 
cheulical. Tho parametric form of the concen
tration-response model can be assumed by the 
investigator, supported by the data (when avail
able), then combined In estimate the additivity 
model. This mod(~l then is used to estimate 
the effect of mixtures under the assumption of 
additivity. 

Clearly the analysis of mix! ures offers re
searchers many challongos that as yet are unre
solved. An important first step is to recognize 
that tho analysis of single compounds is useful 
to describe the effect of a mixture only under 
the assurnption of additivity. A comparison of 
observed and predicted responses using this ad
ditivity model results in a qualitntive 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 multidimensional 
relationships. 
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Gennings and colleagues took two approaches 
to evaluating interactive effects: (1) various sta-· 
tistical tests for departures from additivity 
using generalized linear modeling techniques, 
randorn-nffects 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 I) 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~, tho authors must 
assume that the remaining uncharacterized 
compounds (18% by weight) do not contribute 
to the response. Although the thme estimation 
procedures give somewhat different estimates 
for the regression coefficients (Table 1), the ob
served response, 21.7, falls below tho H5%) pre
diction intervals obtained from two of tho throe 
procedures (i.e., the fixed-effects modol[proce
dure 1 J and tho approach using generalized esti
mating equations !procedure 3]). As 
anticipated, the estimated coefficinnts obtained 
by these procedures are quite similar, as are the 
prediction intervals. Procedure 2 yields 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 
comparisons is the lack of infornwtion on good-

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

Procedure 

Fixed effects 

Random effects 

Generalized estimating 
equations 

D5% Prediction Interval 

(35, 1' 49.0) 

(:l.2, 1:l2.5) 

(25.0, fi:l.:l) 
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ness of fit of any of these models to the data. 
Lacking information about goodness of fit, wo 
are unable to choose among these models, or 
even to judge whether tho n1odels provide satis
factory fit to the collection of concentration-ro
sponso studios on tho individual chemicals. 

Gennings and colleagues attempt to use a l> 
dimensionalisobologram Model (Method II) to 
develop tests and graphical techniques to evalu
ate the additivity of effects. Given nc mixtures 
of c chemicals which produce the same biologi
cal effect (possibly obtained from prior statisti
cal analysis), n sets of c points 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 nonparanwtric test devcel
oped by Hettmansperger (1984) to test the hy
pothesis of additivity of effects. This analysis 
can be extended to n1ore cmnplex interactions 
by treating the products of pairs of variables as 
new variables in tho parallel axis system and 
plotting their values as usual. 

T'o illustrate this approach, consider the three 
chemicals, carbon tetrachloride, chloroform, 
and trichloroethylmw, studied by ).E. Simmons 
at the Environmental Protection Agency and 
discussed in this report. If the concentrations of 
these three chemicals are given by X1, xz, and 
x;:1, respectively, and if the effect of a nlixture 
(x1. x2, x3) of these chemicals depends only on 
the value ofthe linear combination of those con
centrations given by the expression 

AJXJ + A2X2 + A:lX3, 

then the effects of these three chernicals arn ad
ditive in that biological system. 

If the sets of mixtures defining an isobolo
gram could be identified exactly, then plotting 
any subset of three points lying on the isobolo
gram in the parallel axis coordinate system 
would identify the three points of intersection 
that characterized the isobologram. When the 
points on tho isobologram are estimated hom 
expmirnental data, the planes defined by differ
ent subsets of points will vary stochastically. 
The oxperimcmtal data available to Gennings 
and colleagues provide estimates of nine points 
on each isobologram. The authors use those 
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nin<:) points to construct three planes and plot 
these planes in three~dimonsional space (Figure 
3 of their report), and in the parallel axis sys~ 
tom (Figure 4 of their report). If the effects of 
the throe chemicals are additive, these three 
planes are estimates of the same isobologrmn. 
Tho authors then test for additivity using 
Hcttmanspcrgcr's tcst. Although tho test fails to 
reject tho hypothesis, the authors note that tho 
test has poor power when based on only nine 
points. The authors therefore attempt to r.nrich 
their data sot by stochastically generating ton 
rnplicates of thn nine points. 

When the test of additivity is applied to this 
sinmlated data set, the test for interaction is sta
tistically significant. Thus, the authors con
clude that the effects of the throe chemicals are 
not additive. Although this may be of some use 
in illustrating the technique, the simulated data 
no longer satisfy the independence conditions 
requirod f(Jr Hettmansperger's test. Thus, the 
cited p value of 0.01 is invalid. 
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As tho authors acknowledge, this teclmiqne 
is limited by the size of the experiment re~ 
quired to find points on an isobol. Even the 
rather massive experiment conducted by Sim
mons and colleagues at the Environmental Pro
tection Agency produces only nine points on a 
1\.vo-dimensional isobol. The power of tho pro
posed statistical test of interaction is not dis
cussed in detail by the authors, but it seen1s 
likely that a non parametric test of this type 
would require a substantial number of observa-· 
tions, perhaps 1.00 or more, to be sensitive to 
n1oderate departures from additivity of effocts. 

F'inally, other work by Gennings and associ
ates (1990) attempts to 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 pointing to 
the existence of points of concavity or convex
ity is interesting, the mliability and sensitivity 
of this approach are unknown. lH 
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Concluding Remarks 
RFA _90~f3 sought to spur the evaluation of com
plex 1.nixtures by encouraging investigators to 
develop new approaches that \•vould break mix
tures down into subfraclions based on func-
tional groups with similar toxic properties. 
Investigators could then oxmnine interactions 
among the subfractions without worrying about 
tho identity of specific compounds. Once sepa
ration and interactions are understood, investi·· 
gators could begin to identify toxic components 
and undorstand their interactions. Therefore, 
the RFA requested studies that described poten
tial analytical methods for detecting and sepa
rating toxic compmumts, and approaches to 
interactive analysis. 

Three of the four studies funded under this 
RFA focused on analytical methods. Each do
scribes a potential approach for separating com~ 
pononts of complex mixtures. The report by 
Drs. Bechtold and Hotchkiss discusses an ap
proach that relies on the toxicological litera
ture, which indicates tho importance of a 
specific chemical structurn, called the bay re
gion, in the polycyclic aromatic hydrocarbon 
class of compounds (Sayer ot al. 19BD). They 
propoS(} to separate components based on the 
presm1ce of this feature. This approach, using 
immunoaffinity chromatography, could poten
tially subdivide a complex mixture into frac
tions containing chemicals that Are toxico
logicnlly similar. Polycyclic aromatic hydrocar
bons 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 fTactions lacking such a 
structure could then be evaluated. This study 
comes closest to mooting the aims of the RFA, 
and may advance the complox mixtun~ field of 
science. 

The mport by Drs. Dorsey and Halsall pro
poses novel improvmnents for increasing the 
resolution power of existing separation tech
niques. Although these improvemcmts may sub
stantially advance the field of analytical 
chemistry, particularly when the components 
of a mixture are known, it is not clear if these 
methods will yield 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 cheinical properties of tho com
plex rnixtum components. Thus, although these 
studies may be useful in the final analysis of 
tho toxicity of complex mixtures, tboy will not 
provide information on the interactions of the 
components 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 illustrated by using data from a published 
mutation analysis of kerosene soot exhaust 
(Kaden et al. 1979). Although the data set is no\ 
ideally suited for this analysis (with mutation 
data availabh~ for only ten of the 21 identified 
components), Dr. Gennings is able to make a 
few assmnptions, such as that the uncharactor~ 
ized material dons not contribute to mutation, 
that make this a useful example. The second 
method for analysis, using the parallel axis coor
dinate system to nxr:unine the planes of additiv
ity graphically, is illustrated using unpublished 
data fi·om a set of three chlorinated organic com
pounds and their effect on liver weight. Al
though this second method of analysis may bo 
useful for mixtures with a small number of com
ponents (for example, three), it would be cum
bersome for complex mixtures. To fully 
characterize tho response surface or the associ
ated contour of constant response for a c-dimen
sional isobologram in a complex mixturo with c 
components (whore cis greater than 4 or~)), 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 to 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 complox mixtures should aid tho 
regulatory process, because people arc repeat~ 
edly exposed to substances as parts of a com
plex enviromnental n1ixture. In looking ahead, 
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the most effective approachns 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 individnally 
and the mixture as a whole'? and (3) What inter
actions occur \,vithin the mixture? Oft-en, thesn 
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 issuns. 
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