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Targeted multidimensional liquid chromatography (MDLC), commonly referred to as ‘coupled-column’ or
‘heartcutting’, has been used extensively since the 1970s for analysis of low concentration constituents
in complex biological and environmental samples. A primary benefit of adding additional dimensions
of separation to conventional HPLC separations is that the additional resolving power provided by the
added dimensions can greatly simplify method development for complex samples. Despite the long his-

tory of targeted MDLC, nearly all published reports involve two-dimensional methods, and very few
Keywords: . . . . . . L
Multidimensional have explored the benefits of adding a third dimension of separation. In this work we capitalize on recent
HPLC advances in reversed-phase HPLC to construct a three-dimensional HPLC system for targeted analysis
LC/MS built on three very different reversed-phase columns. Using statistical peak overlap theory and one of
Trace analysis the most recent models of reversed-phase selectivity we use simulations to show the potential benefit
Three-dimensional of adding a third dimension to a MDLC system. We then demonstrate this advantage experimentally
by developing targeted methods for the analysis of a variety of broadly relevant molecules in different
sample matrices including urban wastewater treatment effluent, human urine, and river water. We find
in each case that excellent separations of the target compounds from the sample matrix are obtained
using one set of very similar separation conditions for all of the target compound/sample matrix com-
binations, thereby significantly reducing the normally tedious method development process. A rigorous
quantitative comparison of this approach to conventional 1DLC-MS/MS also shows that targeted 3DLC
with UV detection is quantitatively accurate for the target compounds studied, with method detection
limits in the low parts-per-trillion range of concentrations. We believe this work represents a first step
toward the development of a targeted 3D analysis system that will be more effective than previous 2D
separations as a tool for the rapid development of robust methods for quantitation of low concentration
constituents in complex mixtures.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

As the fields at the interface of chemistry, biology, medicine,
and environmental science continue to advance, so do the demands
on the analytical aspects of work in these areas. Such fields often
require the detection and quantitation of analytes found both at
low concentrations and in complex mixtures, presenting a partic-
ularly difficult combination of two already challenging analytical
problems. Many solutions to the analytical demands of these
fields consist of a separation method (e.g., gas or liquid chro-
matography, capillary electrophoresis) followed by a sensitive and
selective detection method (e.g., mass spectrometry, fluorescence).
The selective detector is usually necessary because the chromato-
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graphic component of the analysis is unable to adequately separate
chemically similar analytes of interest prior to detection [1]. For
small organic molecules (less than 1000 Da), the current upper
bound on the peak capacity of state-of-the-art liquid chromatogra-
phy is about 500, for analysis times of a few hours or less [2]. Recent
improvements in the robustness of electrospray ionization (ESI)
mass spectrometry have accelerated the wide adoption of high per-
formance liquid chromatography coupled with ESI-MS (referred
to hereafter as LC/MS). Indeed, in many applications LC/MS is an
indispensable tool that literally changes the way experiments are
executed, making possible experiments that would otherwise not
be conceivable. In particular, the ability to quantify small organic
compounds (e.g., pesticides, pharmaceuticals) in complex matrices
(e.g., river water, blood) at parts-per-billion (ppb) and parts-per-
trillion (ppt) levels with little sample clean-up prior to analysis is
now commonplace thanks to LC/MS technologies [3,4]. However,
such detection technology is costly, not only in terms of capital
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investment in equipment, but also in maintenance costs that make
per-sample analysis costs prohibitively expensive in some cases. In
addition, sacrifices are made in terms of the quality of quantitative
data as a result of non-linearity of detector response, matrix effects
on the detector response, and instability of the detector over time
[5,6]. These factors have been a significant motivator for the devel-
opment of better chromatographic separation methods, including
multidimensional chromatography [6-8].

Since the initial theoretical descriptions and experimental
accounts of multidimensional chromatographic methods in the
1970s [9-13] the resolving power provided by these meth-
ods has steadily increased and the time required (i.e., analysis
time) to achieve such performance has steadily decreased. Sur-
prisingly, almost all of these improvements have taken place
within the bounds of two-dimensional separations. Multidimen-
sional chromatography methods can be divided into two main
groups: comprehensive separations (denoted LC x LC for a two-
dimensional separation) are concerned with the separation and
quantitation of a large number (tens, hundreds, or thousands) of
constituents of a sample [1], whereas ‘heartcutting’ or ‘coupled-
column’ methods (LC-LC for a two-dimensional separation) are
considered targeted methods, usually focused on the separation,
and subsequent detection and quantitation, of a few constituents
of particular interest from the sample matrix. Research in the area
of LC x LC has been particularly active in the past five years or so
[14-16] and has progressed to the point that separations of several
hundred sample constituents on the 1-h timescale are no longer
rare.

Early work on LC-LC highlighted the potential of these methods
for targeted analysis in complex matrices. Indeed, Snyder initially
discussed the main benefit of LC-LC separations as “their abil-
ity to provide sharply increased resolution at specific points in
the chromatogram” [9]. In their pioneering work in online LC-LC,
Majors and coworkers [11] alluded to the possible use of LC-LC as
a “...‘universal’ LC separation system for aqueous samples.” The
feasibility of this notion was demonstrated through the quantita-
tive analysis of a variety of target molecules in diverse matrices
without prior sample preparation; these included caffeine in urine
and blood plasma, with a minimum detectable concentration of
0.5 wg/mL in each matrix. These exciting initial results led to the
development of LC-LC methods over the past three decades for
the analysis of a variety of compound types including pesticides,
proteins, biomarker compounds, and pharmaceuticals in diverse
matrices [17-19].

From here on we will refer to ‘coupled-column’ and related
targeted multidimensional methods simply as targeted multidi-
mensional liquid chromatography (MDLC). These techniques have
been successful in the analysis of alarge variety of trace level targets
in complex mixtures. Several review articles have described the
versatility of targeted MDLC approaches, and reviewed different
instrument configurations and application areas [17-20]. Recent
manifestations of the technique have achieved notable selectivity,
sensitivity, and quality of quantitation with and without the use
of mass spectrometric detection [21]. In many cases the additional
resolving power provided by the second dimension of the MDLC
system is used as an alternative to extensive sample preparation
prior to analysis using conventional HPLC methods [22-24]. In pos-
sibly the most extensive scheme to date, method development has
been standardized for analyses of a variety of pesticides in water
samples using two-column MDLC systems; methods can be devel-
oped for one or multiple pesticides chosen from a list of more than
75 compounds, and at least seven of these have been detected at or
below 100 ppt [17,25].

Although targeted separations have been quite successful for
a number of diverse applications, the methodology arguably has
not lived up to the initial promise suggested by the notion of a

‘universal analysis system’ [11]. A number of factors offer an expla-
nation as to why this 30-year-old idea has not been realized in
practice. Published methods currently consist of multidimensional
analyses utilizing conditions specific to only one compound or
group of compounds. This suggests that these methods were not
designed beyond the scope of the necessary analyses, although
some have addressed universality within certain classes of com-
pounds [17,25,26]. In addition, while mass spectrometric detection
is often required for 2D analyses of the most complex samples [15],
its widespread use in the analysis of less complex samples has
diminished the perceived benefits of increased chromatographic
selectivity in the analysis of more complex samples. The laborious-
ness of targeted multidimensional method development appears to
have deterred many, and few have taken advantage of the ultimate
analytical benefits of MDLC for targeted work.

In nearly all existing MDLC methods the potential resolving
power of the system is compromised by the specific way in which
the separation is executed. For example, the technique of back-
flushing from one column to the next is often used, which causes
losses of potential resolving power due to remixing of previously
separated compounds and does not result in a truly multidimen-
sional separation [13,22,24,27]. Others may discourage the use of
backflushing [8,25] but perform sample cleanup using a low effi-
ciency first dimension separation, choosing not to resolve analyte
groups of interest until the second dimension; this provides for
the complete transfer of the analyte group from one dimension to
the next but in no way maximizes chromatographic performance
[25]. Furthermore, many targeted multidimensional methods have
not significantly improved upon Snyder’s original conception of
coupled-column separations, in which the target analyte is sub-
jected to aninitial separation on a short analytical column followed
by a final separation on a longer column packed with particles of
the same chemistry [9,17,23,25].

As it was conceived 30 years ago by others, our definition of a
‘universal analysis system’ involves the complete separation of any
target analyte from its matrix without the absolute requirement of
highly selective detection [11]. Over three decades of work with
various 2D separation systems have shown that two dimensions
do not provide sufficient resolving power to be used in the “univer-
sal” way that we assume Apffel and coworkers must have imagined;
this has motivated us to look at the potential benefit of the addition
of a third dimension of separation in a system designed for tar-
geted analysis. To our knowledge the most elaborate and powerful
3D separation to date was actually a comprehensive 3D separation,
used to demonstrate the separation of hen ovalbumin peptide frag-
ments using size exclusion and reversed-phase chromatography in
the first and second dimensions, and capillary zone electrophoresis
in the third dimension [28]. Unfortunately, the substantial decrease
in peak capacity provided by each successive dimension and the
extremely long analysis times (tens of hours) of comprehensive
3D separations have contributed greatly to their current lack of
popularity despite the allure of their raw resolving power [29].

A successful three-dimensional MDLC system should also have
benefits over one- and two-dimensional systems in situations
where ESI-MS detection is desired and/or required. The increased
separation power holds the potential to drastically reduce ion sup-
pression effects of coeluting compounds in electrospray ionization
[5,6].In one recent study, Sancho and coworkers [30] demonstrated
that a LC-LC separation prior to ESI-MS detection allowed the use
of external calibration to analyze a pesticide and one of its metabo-
lites in human serum and urine, with a very linear calibration
curve (r2>0.9995) from 1 to 100 ppb and recoveries over 87%. A
subsequent study gave similar results for another pesticide and
a metabolite, although an increase in separation power from the
original method was required to achieve acceptable recoveries [31].
Rogatsky and coworkers have thoroughly investigated the effects of
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chromatographic selectivity on MS detection, and they have shown
both improvements in signal to noise ratio and reductions in matrix
effects by replacing the selectivity of the fragmentation process
(e.g., triple quadrupole MS) and subsequent multiple reaction mon-
itoring with a second dimension of chromatographic separation in
the analysis of polypeptide biomarkers [7]. In some cases, and espe-
cially in the analysis of certain classes of biological molecules, the
power of a three-dimensional system may also provide the only
means of separating isobaric compounds that are indistinguishable
by mass spectrometry [32,33].

In this work we describe the development of a system for heart-
cutting three-dimensional HPLC (h3DLC), and its application in the
quantitation of different target compounds present at trace lev-
els in different complex matrices. We have two primary goals in
this first report on the h3DLC technique. First, we demonstrate
both theoretically and experimentally the exceptional chromato-
graphic resolving power provided by a 3D separation consisting
of three very different reversed-phase columns, for a variety of
target molecule and sample types, and show that excellent quanti-
tative results are obtained in these different target/sample systems
using very similar separation conditions in each case. Second, we
demonstrate the benefits of such high resolving power in trace
level quantitative analysis using both UV absorbance and mass
spectrometric detection. In addition to these primary goals, we
also describe a new approach to the ‘heartcutting’ process that
makes the implementation of h3DLC substantially more flexi-
ble and simplifies the method development process for MDLC
methods.

Substantial advances have been made in both the theory and
practice of reversed-phase HPLC since the early development of
targeted MDLC several decades ago. In this work we have imple-
mented this knowledge to significantly advance the resolving
power and applicability of targeted MDLC methods. The analyti-
cal power of h3DLC lies in the utilization of three very different,
yet compatible dimensions of separation. In spite of our exclusive
use of reversed-phase columns, which provides for three compat-
ible dimensions of separation, the variety of column chemistries
used ensures that the separation power of the MDLC system is
not compromised. Solvent incompatibility has historically been a
limitation in the development of targeted MDLC, as the pursuit of
orthogonal multidimensional separations has often led to the pair-
ing of normal- and reversed-phase columns. However, this is not a
problem with our approach, as the variety of column chemistries
used provides for three sufficiently different mechanisms of sep-
aration, all via reversed-phase columns. In the first, second, and
third dimensions of our h3DLC system, we have utilized columns
with weak cation exchange, carbon clad zirconia (C/ZrO,), and con-
ventional C18-type functionalities, respectively. Among these, we
believe the C/ZrO, plays a particularly important role in contribut-
ing to this technique’s separation power. Fundamental studies
comparing the selectivity of carbon-based materials to conven-
tional reversed-phases have clearly shown that the retention and
separation mechanisms of carbon phases are different from those
of conventional aliphatic bonded reversed-phase materials [34].
Despite these dramatic differences in reversed-phase selectivity,
implementation of carbon-based phases has been extremely lim-
ited until recently, particularly in targeted MDLC systems. Aside
from the work of Shalliker and coworkers incorporating these
phases in MDLC analyses of organic oligomers [35], we are aware
of only two other instances of targeted 2D methods involving a
carbon-based phase [36,37].

To maximize the resolving power of our h3DLC system, all three
separations are as independent as possible and operated as effi-
ciently as possible within the constraints of a 3DLC system. In this
work we have utilized generic gradient elution conditions in each
dimension. When utilizing multiple gradient separations, mobile

phase incompatibilities are an issue when transferring a highly
retained analyte from one dimension to the next. However, aque-
ous dilution of the column effluent solves this problem and even
allows for on-column focusing [28,38]. This focusing of analytes at
the head of the column provides for powerful, high resolution, and
independent separations, and it allows one to vary the transfer vol-
ume from one dimension to the next depending on the width of the
analyte peak.

No initial demonstration of the power of h3DLC can ade-
quately represent the performance of the technique in a wide
range of analytical contexts. However, a few judiciously chosen
examples begin to show the range of situations where the tech-
nique does perform well and give a sense for the ease with which
the system is implemented to handle new target compounds in
new sample matrices. Several experiments were performed using
phenytoin, chlorophene, nicosulfuron, and hydrocortisone (see
Fig. 1) as target compounds as a means of validating h3DLC as
an analytical methodology. To evaluate its quantitative merits, the
results of h3DLC analyses were compared with those of conven-
tional 1DLC-MS/MS analyses of identical samples; we are aware
of only one other such rigorous comparison involving a MDLC
system [21]. With only minor modification to the separation con-
ditions, we achieved complete or nearly complete separation of
the target analytes from their complex matrices. This allowed us
to achieve method detection limits in the low ppt range, even
with UV absorbance detection. The compounds and respective
sample matrices employed in this study represent relevant anal-
ysis problems in environmental, medical, and biological fields of
research. The presence of pharmaceuticals and pesticides in surface
water has raised concerns over potential effects on drinking water
supplies and ecosystems [39]. Phenytoin has been a commonly pre-
scribed anticonvulsant over the last half century; its excretion and
improper disposal through sewer systems over an extended period
of time renders it a relevant target to analyze in wastewater treat-
ment plant effluent. The minor use of the bactericide chlorophene
in personal care products results in very low concentrations in
urban wastewater; we have chosen this target/sample combination
to challenge the sensitivity of the h3DLC technique. The sulfony-
lurea herbicide nicosulfuron is an important target for analysis in
surface water because of its current use (over 90,000 kg/year on
corn) in local Minnesota agriculture [40], and because its high sol-
ubility in water presents a challenge to a MDLC system composed
entirely of reversed-phase columns. Detection of hydrocortisone in
urine is critical to the enforcement of anti-doping rules [41], and
this compound can also be used as a biomarker for human stress
response [42]. These analytes have been previously analyzed in the
respective matrices utilized here. Specifically, method quantitation
limits of 55 ppt [43], 5 ppt [44], and 5 ppb [45] have been reported
for phenytoin, chlorophene, and hydrocortisone, respectively, and
an instrument quantitation limit of 24 ppt has been reported for
nicosulfuron [46].

There is much still to be explored within the rapidly grow-
ing area of multidimensional chromatography. We believe the
implementation of a three-dimensional MDLC system composed
of three efficient and functionally diverse reversed-phase sep-
arations represents a major step toward achieving a “universal
analysis” for targeted analysis of organic compounds in aqueous
samples. The use of carbon-based stationary phases with vastly
different selectivities compared to other reversed-phase materials
holds enormous potential for the development of reversed-phase
multidimensional separations amenable to the analysis of polar,
structurally similar, and other difficult to resolve compounds. We
view this work as a first step in the demonstration of the utility
of targeted 3DLC to simplify targeted analysis of a wide range of
compounds relevant to current and future research in a variety of
scientific fields.
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Fig. 1. Structures of the target compounds used in this work. From left to right: phenytoin, chlorophene, hydrocortisone, and nicosulfuron.

2. Theory

The theoretical advantages of comprehensive multidimensional
separations have been articulated well for several decades. In this
case the primary metric of separation performance is the peak
capacity of the separation (n.), where n, represents the number
of peaks that can be fit side by side (given some specified res-
olution, usually taken as unity) into the separation space. Here
the great value of a two-dimensional (2D) separation lies in the
fact that the peak capacity of a 2D separation is approximated by
the product (not the sum) of the peak capacities of the individual
one-dimensional (1D) separations that constitute the 2D separa-
tion [13,47]. Unfortunately the peak capacity concept is not very
useful in targeted analysis, because the analyst really does not care
what happens in the portions of the separation space that do not
contain the analyte of interest. We propose that in this case a more
useful metric is the probability (P;) that a target analyte will be
separated from the sample matrix and appear as a pure, single-
constituent peak. We rely on the well developed Statistical Overlap
Theory (SOT) of Davis and Giddings [48] to calculate the improve-
ment in this probability of separation as additional dimensions of
separation are added. Fig. 2 shows the chromatogram for a simu-
lated 1D separation of 1000 detectable constituents from a complex
sample, using a single channel detector (i.e., one wavelength in UV
absorbance, or one m/z channel in MS detection). Here the retention
times of individual constituents are randomly assigned (Poisson
distribution), as are their peak heights (concentrations, from an
exponential distribution). The peak widths are set such that the
peak capacity of the simulated chromatogram in panel A is 100.
SOT allows us to calculate P; for the 1D separation as a function
of the number of detectable sample constituents, m, and the peak
capacity of the separation, n, using Eq. (1) [48]:

P :exp(iim) (1)

C

The choice of parameters here is deliberate, in the sense that they
are realistic estimates of what is encountered in practice in the anal-
ysis of biological mixtures, for example. We find that for a sample
containing 1000 detectable constituents, the probability of observ-
ing a target analyte as a pure peak in a separation with a peak
capacity of 100 is just 2 x 10~7%; for analytical chemists and all
users of chromatography this a devastating result, and shows just
how limited conventional 1D separations are for the analysis of
complicated samples [49]. Even if one supposes that a peak capac-
ity of 400 can be achieved using state-of-the-art separations at high
pressure (>1000 bar) and long analysis times, P; only improves to
0.7%. Surely this situation can be improved by adjusting the posi-
tion of the target analyte through changes in the selectivity of the
chromatographic separation; however, for very complex samples
this merely results in a rearrangement of peak patterns and does
not significantly improve P;. We then continue the simulation by
pulling out the retention coordinates of the constituents eluting
between the two dashed vertical lines in Fig. 2A, and simulating the
subsequent separation of these constituents using a second sepa-
ration device whose retention characteristics are not at all related

to the first dimension separation. We see in Fig. 2B that the sepa-
ration is now greatly simplified (m is reduced to 69, because only
a fraction of the sample is transferred to the second separation),
however the target analyte is still not resolved from the simpli-
fied sample matrix. Assuming a peak capacity of 50 for this second
dimension separation, we find that P; is improved dramatically
to 6.3%. Because there are regions of the second dimension chro-
matogram that are not very crowded with other peaks, there is
at least a chance, albeit small, that the target compound will be
resolved as a pure, single-constituent peak. If we repeat the frac-
tion transfer and separation process one last time, again assuming
a peak capacity of 50 in the third dimension (m is further reduced
to 5) we find that P; again improves dramatically to 82%, a result
consistent with Fig. 2C where much of the baseline is actually unoc-
cupied, leaving ample room for resolution of the target analyte from
a relatively simple mixture.

It is worth noting here that Fig. 2 emphasizes the fact that when
non-selective detection is used for targeted analysis in a complex
matrix, detection limits are dictated more by our inability to sep-
arate the target compound from the sample matrix (background
signal) than the inability of the detector to provide a response to
the target of interest that is significantly higher than the detector
noise level.

The impact of adding second and third dimension separations
to a separation system for targeted analysis as discussed above
and depicted in Fig. 2 is striking, however this assumes that we
have at our disposal three sufficiently different separation devices
so that retentions of the sample constituents on one device are
not related to the retentions of those constituents on the sec-
ond and third devices. In practice, differences of this degree are
not found, however some systems do exhibit differences that are
large enough to be useful. This especially occurs when very dif-
ferent separation modes are combined, for example in the early
work of Apffel and coworkers [11] combining size exclusion chro-
matography (SEC) and reversed-phase HPLC (RPLC), or in later work
combining RPLC and normal-phase HPLC (NPLC) [14]. In our work
we have focused on the development of a 3D separation system
composed of separation media whose separation mechanisms are
at least characterized as reversed-phase, even though all three
materials exhibit at least some mixed-mode retention behavior.
This type of system, if successful, avoids the major solvent incom-
patibility issues encountered in other systems (e.g., NPLC x RPLC),
and the low separation efficiencies characteristic of SEC, for exam-
ple. Given our extensive experience with carbon-based phases for
RPLC, we naturally turned to one phase of this kind (ZirChrom-
CARB) for inclusion in the 3D system because these phases are
known to exhibit extreme differences in selectivity compared to
other RPLC phases under RPLC conditions [34]. To the best of our
knowledge, carbon-based media have not been employed in MDLC
separations, with the exception of own work, the 2D separation
by Thiebaut and coworkers, and that of Shalliker and coworkers
[16,35,36,48,50,51], as discussed above. A natural second choice
of materials was a typical aliphatic bonded phase based on silica
(Zorbax Eclipse XDB C8 here), because of the excellent peak shapes
and separation efficiencies that can be obtained with these mate-
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Fig. 2. Simulated h3DLC separation of a target analyte (pure peak (—-), chosen at random) from a matrix of 1000 constituents, with non-selective detection. Constituent
retention times and intensities are randomly assigned from Poisson and exponential distributions, respectively. Peak capacities of first, second, and third dimension separations
are 100, 50, and 50, respectively, which are easily achieved in the times shown using modern equipment.

rials. Finally, our choice of the third material was guided by the
notion that many biological samples (e.g., river water, urine) con-
tain ionizable compounds, and that a reversed-phase material that
exhibited selectivity for ionizable compounds would be useful. In
this case we chose a silica-based material [52] functionalized first
with a highly aromatic polymer network, followed by modification
with C8 aliphatic groups and carboxylic acid groups (referred to
hereafter as HC-COOH). When used above ca. pH 5 this material
exhibits both reversed-phase and cation-exchange characteristics
due to the presence of the deprotonated carboxylate functional
group.

Experimental separations of real mixtures using a 3D system
built around these three columns are shown below and are the
ultimate measure of the usefulness of this combination of columns,
but it is instructive to examine differences between these columns
using existing methods of characterizing RPLC selectivity. One
widely used approach is the so-called Hydrophobic Subtraction
Model (HSM) of reversed-phase selectivity developed by Snyder
and Dolan and coworkers [53]. In this approach RPLC columns are
characterized by fitting experimental retention data for 16 care-
fully chosen solutes to a 5-parameter linear model, where the five
parameters (H, S, A, B, and C, below) represent contributions to
retention arising from interactions between the solute and station-
ary phase and are related to hydrophobic interactions, steric effects,
hydrogen bond acidity and basicity, and Coulombic interactions.
One particularly useful outcome of this model in the context of our
work is that comparisons of the selectivities of two RPLC columns
can be made if the five column parameters described above are
known for a pair of phases of interest. The so-called F; factor (see
Eq. (2)) is a measure of the ‘distance’ between the two columns in
question in a five dimensional selectivity space:

Fy = ([12.5(Hp — Hy)J* +[100(S; — $1)]* + [30(A2 — A1)

+[143(8, - B)P + [83(C, - c)P)' )
Snyder and coworkers state that a Fs less than 3 indicates that a
pair of columns is sufficiently similar to justify an attempt to use
one column in place of the other for a particular separation, with
the expectation that small differences in relative peak spacing will
be observed when using the alternate column. There is no theo-
retical upper bound (the lower bound is zero) to Fs, but given Eq.
(2) it is evident that a larger Fs value indicates a larger difference
between the selectivities of the pair of columns in question. Column
parameters for 476 RPLC columns, including three zirconia-based
phases are publicly available [54], however ZirChrom-CARB and
the HC-COOH phase described above are not among them. Using
parameters for the HC—-COOH phase measured by Zhang and Carr
[52], and parameters for the ZirChrom-CARB phase measured by us
(unpublished results) using the protocol established by Snyder and

Table 1

Selectivity comparisons for the three columns used in this work.
Column pair F; value
HC-COOH/ZirChrom-CARB 178
HC-COOH/XDB C8 143
ZirChrom-CARB/XDB-C8 261

Calculated using Eq. (2), solute parameters published by Snyder and coworkers
(XDB-C8 [51]) and Zhang and Carr (HC-COOH [50]), and us (unpublished, ZirChrom-
CARB).

coworkers [53], we have calculated the Fs values shown in Table 1
for the three columns used in this work. It is important to note
that we have used the C-term (for cation-exchange contributions
to retention) determined at pH 7 for the HC-COOH phase since we
have used it at pH 6 where the carboxylate functional groups are
nearly fully deprotonated.

These F; values clearly indicate that the three columns used
here are very different, however a brief discussion of the parameter
space is useful here to get a sense for how different these columns
may be. First, it is important to qualify this discussion by saying that
the fit of the experimental ZirChrom-CARB data to the HSM model is
not good, and thus we limit our discussion of differences between
these phases to qualitative interpretation and in no way suggest
that good quantitative estimates of retention can be obtained for
the ZirChrom-CARB phase using this model. When F; values are
calculated for all possible pairs of 476 silica-based phases in the
dataset, we find that the maximum F; value is 437; thus, the values
in Table 1 in the range of ca. 150-250 correspond to some of the
most different column pairings we see. We also note that the small-
est Fs value observed for the ZirChrom-CARB paired with any other
column in the expanded dataset including zirconia-based phases
and the HC-COOH phase is 178, which happens to correspond to
one of the pairs of columns used in this work.

Another useful aspect of the HSM is that parameters have also
been tabulated for 90 low molecular weight compounds [55,56]
which allows the prediction of retention for these 90 solutes on
476 different RPLC phases. Here we are concerned with the ability of
the three columns described above to distribute the low molecular
weight constituents of the samples we have chosen over the three-
dimensional separation space such that the target analytes in these
samples are well separated from the sample matrix. Fig. 3 shows
the predicted distribution of 89 of compounds in the Snyder-Dolan
solute set (picric acid was excluded due to its exceptionally high
k' that skews the entire plot) over a three-dimensional separation
space, using the three columns chosen for this work. We see that
there is extensive dispersion of the compounds along all three axes
of the plot, which is required for the enhancement of separation
due to additional dimensions of separation. This plot suggests that
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Fig.3. Three-dimensional selectivity plot showing the predicted retention factors of
the 89 (picric acid is excluded because its large k' skews the entire figure) function-
ally diverse small molecules initially used in the development of the Hydrophobic
Subtraction Model of reversed-phase selectivity by Snyder and Dolan [53]. Although
there is some clustering of the data along the diagonal in the x-y plane in particu-
lar, the overall dispersion of the data suggests that these three reversed-phases are
sufficiently different to be useful in a three-dimensional separation system.

separations based on these columns will not fully utlilize the three-
dimensional space, however we believe this is due more to the
limitations of the HSM in representing the chemical diversity of
real samples than it is due to the similarities of the selectivities of
these columns. The experimental data below will show that these
three columns are certainly different enough to be useful in this
application.

3. Materials and methods
3.1. Reagents

Standard solutions of the target analytes were prepared by dis-
solving first in acetonitrile, then diluting to the desired concentra-
tion with deionized (DI) water. Phenytoin was from Sigma-Aldrich
(St. Louis, MO); Chlorophene was from SPEX Certiprep Group
(Metuchen, NJ); Hydrocortisone was from Sigma-Aldrich; Nicosul-
furon was from Chem Service (West Chester, PA). Acetonitrile was
LC/MS grade, obtained from Fisher Scientific (Fair Lawn, NJ). Phos-
phoric acid was from Fischer Scientific, and ammonium acetate
and formic acid were from Sigma-Aldrich. DI water was obtained
from an in-house Millipore (Billerica, MA) water purification sys-
tem, and was used without further treatment. All mobile phases
were degassed prior to use either by vacuum degassing or sparging
with helium.

3.2. Sample preconcentration

Samples of wastewater treatment plant effluent (St. Peter, MN),
human urine, and Minnesota River water (St. Peter, MN) were all
preconcentrated by Solid Phase Extraction (SPE) prior to analysis.
SPE columns were prepared in house by slurrying 0.25¢g of HLB
SPE particles (40-60 wm, Supelco, Bellefonte, PA) in about 5mL
of isopropanol, and transferring to an empty 6 mL polypropylene
SPE tube fritted with a 20 wm polyethylene frit. The details of the
sample loading, elution, and post-SPE treatment processes varied
slightly and are given below. No attempt was made in any case to
selectively preconcentrate the samples; the goal of this step was
simply to prepare a very complex sample matrix to challenge the
separation power of the h3DLC system.

3.2.1. Wastewater treatment plant effluent (St. Peter, MN,
sampled September 2009)

A total of 16 L of effluent was preconcentrated in 1L portions,
firstfiltering through a 0.45 p.m nylon membrane filter, then pulling
it through the SPE cartridge at approximately 20 mL/min. using
house vacuum. The SPE bed was then dried by pulling air through
for 15min, followed by elution with a three 1-mL portions of
98/2 MeOH/ammonium hydroxide. The volume of the eluted sam-
ple was decreased to about 200 L by vacuum centrifugation at
50°C for 20 min. The remaining sample was diluted to 1 mL using
deionized water to give a final preconcentration factor of 1000-
fold. The reconstituted sample was stored at 4°C until analysis.
Spiked extract samples (phenytoin and chlorophene) were pre-
pared immediately prior to analysis.

3.2.2. Human urine

A 100 mL sample of urine from a healthy male volunteer was
collected over approximately a 36-h period. This sample was pro-
cessed in 10 mL portions, using the approach described above. The
final sample was brought to a total volume of 10 mL using deionized
water to give a final preconcentration factor of 10-fold. The recon-
stituted sample was stored and spiked (hydrocortisone) prior to
analysis as described above.

3.2.3. Minnesota River water (St. Peter, MN, sampled April 2010)

A total of 16L of river water was processed using the same
approach as described above for the wastewater treatment plant
effluent. Here again the final preconcentration factor was 1000-
fold, and the extract sample was stored and spiked prior to analysis
(nicosulfuron) as described above.

3.3. Instrumentation

3.3.1. Conventional 1DLC separations

Conventional 1DLC separations were carried out using stan-
dard equipment involving one of two systems. In each case all
instrument modules were from Hewlett Packard (Palo Alto, CA) or
Agilent Technologies (Santa Clara, CA), with the exception of the
triple quadrupole mass spectrometer (Model 320) from Varian Inc.
(Palo Alto, CA). The first system was composed of a HP1050 quater-
nary pump, HP1050 autosampler equipped with a 900 pL syringe
plunger and 400 p.L sample loop, and a G1312 variable wavelength
UV absorbance detector. The second system was composed of a
G1314 binary pumping system, G1313 autosampler (100 L sam-
ple loop), and the same G1312 variable wavelength UV detector as
above. There was no preference for either system in this part of the
work, except that the first system allowed large injection volumes
to be used. The 1DLC-UV separations were carried out using a seri-
ally coupled pair of 150 mm x 4.6 mm i.d. Zorbax XDB-C8 (3.5 pm)
columns. The 1DLC-MS/MS analyses of HC in urine were carried
out using just one of the 15 cm XDB columns. Detailed chromato-
graphic conditions accompany the discussion of results below, as
they varied slightly from sample to sample.

3.3.2. Targeted 3DLC separations

A simplified schematic of the instrument configuration used
for the h3DLC separations in this work is shown in Fig. 4. All
three pumps (I, II, and Il below) were HP1050 quaternary pumps
(Hewlett Packard), the auto-injector was the HP1050 module
described above with the 900 L syringe plunger, Detector I was the
G1312 (Agilent) variable wavelength UV detector described above,
and Detectors Il and IIl were G1315 (Agilent) photodiode array UV
detectors. A G1316 thermostated column compartment (Agilent)
was used to preheat the first dimension eluent and column at 40 °C.
The eluents in the second and third dimensions were preheated by
passing the eluent through a short (ca. 5cm) length of stainless
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Fig. 4. Schematic of instrument configuration for targeted three-dimensional HPLC. Pumps I, II, and III are all capable of delivering solvent gradients to the three HPLC

columns. Detectors [, I, and Il are all UV absorbance detectors; in the case of the hydrocortisone analysis, a triple quadrupole mass spectrometer was connected to the outlet
from detector IIl for h3DLC-MS/MS. Two pairs of six-port valves, indicated by ‘sampling valves’ I and II are used to capture portions of target analyte peaks from the first and
second dimension column effluent streams and transfer those fractions to the second and third dimension columns for further separation.

steel connecting tubing immersed in a water jacket thermostated
at40°C.The second and third dimension columns themselves were
not actively heated but were insulated using 1 in. thick polystrene
foam to maintain a consistent column temperature of approxi-
mately 40°C. The sampling valves (I and II) positioned between
dimensions I and II, and II and Il were comprised of pairs of six-
port valves and two 75 pL sampling loops made of 0.010” i.d. PEEK
tubing. The configuration of these pairs of valves for the purpose
of sampling in MDLC was described in detail previously [35,57].
The total volume of first or second dimension effluent transferred
to the second or third dimension columns was controlled by the
number of 75 L fractions transferred, in six-second intervals. This
approach is very flexible, allowing the total transfer volume to be
changed using the instrument control software rather than having
to change the instrument hardware, while keeping the effective
gradient delay volume of the fluid path between pump and col-
umn reasonable. Finally, the effluent leaving detectors I and I was
diluted with water at a flow rate between 400 and 700 p.L/min
(depending on the particular analysis) to allow effective focusing
of target analytes at the inlets of the second and third dimen-
sion columns [28,38]. These water dilution streams were delivered
using two Varian 212LC single channel pumps (Varian, Inc., Palo
Alto, CA).

Individual instrument modules were either controlled by
Chemstation Software (Agilent, A.08.03) or Varian MS Work-
station (Varian, Inc., rev 6.9.3). The coordination of the timing
of the different modules and fraction transfer between dimen-
sions was controlled by simple LabView (National Instruments,
Austin, TX, rev. 8.5) code written in-house and a USB PC interface
(USB-6009).

The chemistries of the HPLC columns used in the h3DLC sys-
tem were described above, but their dimensions are given here. In
each 3D separationa 50 mm x 4.6 mmi.d. (5 pm)HC-COOH column
was used (see Section 2 for details, this is a mixed-mode RPLC/weak
cation exchange phase). All second dimension separations involved
a carbon-clad zirconia phase (1.3%, w/w carbon, 50 mm x 4.6 mm
i.d., 3.0 pm) from ZirChrom Separations, Inc. (Anoka, MN). All third
dimension separations involved a C18 type RPLC column; in the
case of the separation of nicosulfuron from river water extract
a 150mm x 4.6 mm i.d. (2.7 wm) Ascentis Express C18 column
(Supleco, Bellefonte, PA) was used, whereas all other separations
involved a 150 mm x 4.6 mm i.d. (3.5 pm) Zorbax XDB-C8 column.
The Ascentis Express column was used in the third dimension
for the nicosulfuron analysis (the most recent work) in anticipa-
tion of using these highly efficient columns based on fused-core
particle technology [58] for the C18 type phases in our future
work.

3.3.3. Chromatographic conditions

Detailed chromatographic conditions are given below accom-
panying the discussion of results since small changes were made
depending on the target analyte and sample matrix. The general
scheme in the case of the h3DLC separations involved the use
of an acetonitrile gradient in all three dimensions, beginning
with a weak enough eluent to allow focusing of analyte from the
large injection volumes used (100-360 L), and ending with an
organic-rich eluent to flush strongly retained sample constituents
from the column prior to subsequent analyses (typically a 10-100%
gradient). A pH 6 ammonium acetate buffer was used in the first
dimension to enhance the cation exchange component of the
selectivity of the HC—-COOH column. A pH 2 phosphoric acid buffer
was used in the second dimension with the exception of the
nicosulfuron analysis in which a significant cation concentration
was needed to elute the target analyte from the ZirChrom-CARB
phase. Finally, either a pH 2 phosphoric acid buffer (UV detection)
or a pH 3 formic acid buffer (MS detection) was used in the third
dimension. Here we stress the fact that although small changes
were made to these general conditions depending on the analysis
at hand, the same basic set of columns and conditions were used
for all analyses, producing excellent separations without extensive
effort devoted to method development.

An example of the flow and solvent profiles used in the three
dimensions of the 3D system is shown below (Fig. 5) for the case of
the analysis of phenytoin and chlorophene in wastewater treat-
ment plant effluent extract. This figure effectively conveys two
important points about the execution of the 3D separations. First,
it is evident that there is some amount of overlap in time (that is,
they are operated partially in parallel) between the execution of
the three separations. In other words, the second dimension sep-
aration is started as soon as the first target analyte is transferred
from the first to the second dimension column, and likewise for
the third separation. This means that the effective analysis time of
the entire 3D method is considerably shorter than it would be if
the three separations were executed in a strictly serial fashion. The
effective analysis times for the three different h3DLC separations
discussed below are between 8 and 15 min. Second, it is important
to point out that the flow rate is changed in all three dimensions
during the method. Typically the flow rate is high initially to ensure
efficient flushing of the sample transfer loops that capture analyte
fractions and deliver them to the next column, and to quickly flush
the gradient delay volume of the pumping systems (ca. 1 mL for
the HP1050 pumps). During elution of the target analyte from the
first and second dimension columns the flow rate is dropped to
0.35mL/min so that the total flow (including dilution) of effluent
entering the sample transfer loops does not exceed their volume
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Fig.5. Flowrate(...... )and mobile phase composition (—) profiles used in the three

dimensions (A, B, C for first, second, and third dimensions) of the h3DLC system for
the analysis of phenytoin and chlorophene in WWTP effluent (see Fig. 7). The time
axis represents time relative to an injection at time zero in the first dimension;
here it is evident that the three dimensions of separation are not strictly serial,
whichimproves the total analysis time. Flow rates in the first and second dimensions
were dropped to 0.35 mL/min. during transfer of the target analyte peak to the next
dimension to minimize peak elution volume, whereas the flow rate during the rest
of the analysis was increased to 1 mL/min. to maintain reasonable gradient delay
and system volume flush out times.
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Fig. 6. 1DLC-UV separation of 1000-fold concentrated wastewater treatment plant
effluent. The elution times of phenytoin and chlorophene are shown in the black
trace (ca. 8.0 and 11.2 min.), for a sample of DI water spiked at 500 and 50 ppb,
respectively. The red trace is the raw extract sample, and the blue trace shows the
separation of the extract with phenytoin and chlorophene standards spiked in at
500 and 50 ppb after the sample pre-concentration step. Chromatographic condi-
tions: 300 mm x 4.6 mm i.d. Zorbax Eclipse XDB-C8, 5 wm; flow rate, 2.25 mL/min.;
injection volume, 360 pL; gradient elution from 5 to 100% acetonitrile from 0 to
14 min, with 10 mM phosphoric acid buffer as the aqueous component of the eluent;
210 nm absorbance detection; column temperature, 40 °C.

during the six-second transfer time interval. This evidently com-
plex aspect of the methods would nearly be eliminated if pumping
systems with lower gradient delay volumes could be used; indeed,
this is a high priority in our ongoing work.

3.3.4. Mass spectrometry

Mass spectrometry analyses were conducted on the Varian
Model 320 electrospray ionization triple quadrupole mass spec-
trometer described above. Phenytoin was detected in the negative
mode at (—) 4500 V. Nitrogen was used as the nebulizing gas and
was set to 55 psi; the drying gas was nitrogen at 200 °C. Quantita-
tion of phenytoin was based on single reaction monitoring (SRM)
and the transition from m/z 251.0 — 101.7. Hydrocortisone was
detected in the positive mode with the electrospray needle set to
(+)5000V. The remaining mass spectrometer settings were identi-
cal to the phenytoin analyses. Quantitation of hydrocortisone was
based on SRM and the transition from m/z 363.5 — 120.7.

4. Results and discussion
4.1. Qualitative comparisons of 1D and 3D separations

4.1.1. Separation of phenytoin and chlorophene from wastewater
effluent extract—UV detection

A 1DLC-UV separation of a 1000-fold concentrated sample of
wastewater treatment plant (WWTP) effluent containing the tar-
get compounds phenytoin and chlorophene is shown in Fig. 6. The
black trace shows the separation of phenytoin and chlorophene
spiked in deionized (DI) water at 500 and 50 ppb (equivalent to
original concentrations of 500 and 50 ppt in a sample that is con-
centrated 1000-fold). The red trace shows the neat WWTP extract,
and the blue trace shows the WWTP sample spiked with pheny-
toin and chlorophene at the same levels as in the DI water sample.
This overlay shows that while there is ample signal for both the
phenytoin and chlorophene peaks above the background in the
DI water sample, there is no chance for accurate quantitation in
the WWTP sample because the peaks for the target compounds
are severely overlapped with peaks for other constituents of the
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Fig. 7. Chromatograms observed at the outlet of each dimension of separation in the 3DLC/UV system for the separation of the 1000-fold concentrated WWTP effluent
sample. Detailed flow rate and solvent gradient profiles for the three dimensions are shown in Fig. 4. The HC-COOH, ZirChrom-CARB, and Zorbax XDB-C8 columns are used in
the first, second, and third dimensions, respectively, and acetonitrile/buffer gradients are used in each dimension. The buffers used in the first, second, and third dimensions
were 10 mM ammonium acetate at pH6, 10 mM phosphoric acid, and 10 mM phosphoric acid. The injection volume was 360 L, and all column temperatures were 40°C.
Absorbance detection at 210 nm is used in each case; the gradient background is subtracted from each first dimension chromatogram to minimize the visual effect of the
strong absorption of the acetate buffer. Chromatograms are color coded in the same manner as in Fig. 6.

sample. The results of h3DLC-UV separations of the same sam-
ples described above in Fig. 6 are shown in Fig. 7. The elutions
of the phenytoin and chlorophene peaks from the first dimen-
sion column (panel A, 4.4 and 9.0 min) are completely obscured
by the elution of many other compounds during the same times.
Portions of first dimension effluent were transferred to the sec-
ond dimension column during the times bracketed by the pairs of
dashed lines shown in panel A. Panel B shows the chromatograms
obtained at the outlet of the second dimension column, where we
see that the maximum absorbance signal is significantly reduced
from 2000 to 300 mAU. It is difficult to say that fewer peaks are
observed in panel B compared to panel A because there is so much
overlap in A. However, the decrease in the overall magnitude of
the absorbance signal is strong evidence that the sample initially
injected into the first dimension has been simplified considerably
upon transfer of select portions of effluent into the second dimen-
sion column. Here the elution times for phenytoin and chlorophene
from the second dimension column are 7.0 and 11.7 min, respec-
tively. Although the sample was cleaned up by the first dimension
column and further separated by the second dimension column,
there still is not enough separation at this point to achieve reason-
able quantitation of the target compounds using a non-selective
detector. Fractions of second dimension effluent were again trans-
ferred to the third dimension column during the times bracketed
by the pairs of dashed lines shown in panel B. Finally, panel C
shows the chromatogram obtained at the outlet of the third dimen-
sion column. This chromatogram is significantly less crowded than
either of the chromatograms from the first or second dimension
separations, and is dominated by the presence of the four reten-
tion alignment marker peaks (benzyl alcohol, m-dinitrobenzene,
toluene, and tetramethylbenzene) at approximately 5.0, 6.3, 9.0,
and 10.7 min. With the exception of these marker peaks, the dom-
inant feature of the chromatogram is actually the phenytoin peak
at 5.6 min. This is an indication of the extent to which the compli-
cated sample is cleaned up after separation by three very different
dimensions of the 3D system.

Fig. 8 provides a different view of Fig. 7C with the scales
expanded to focus on the separation of the phenytoin and
chlorophene peaks from the sample matrix. The baseline resolution
of the phenytoin peak from the sample matrix is especially impres-
sive. Despite the transfer and injection of about 2 mL of second
dimension effluent to the third dimension column, symmetrical
narrow peaks are observed for both phenytoin and chlorophene
which speaks to the significance of the effluent dilution step
between dimensions and the analyte focusing that takes place early
in the gradient elution program in the third dimension.

Although the phenytoin peak in particular appears to be well
resolved from sample matrix as shown in Fig. 8, we realize that
there is no way, using UV detection, to prove that the phenytoin
peak is pure (although the spectral consistency across the peak
looks good as well; data not shown). To assess the quantitative
accuracy of this h3DLC-UV method for phenytoin in the WWTP
effluent matrix we have carefully compared the quantitative results
to those obtained from a conventional 1DLC-MS/MS method which
we perceive to be the ‘gold standard’ technology for this type of
determination. At this point we refer the reader to the section on
quantitation below for this comparison, and continue in this sec-
tion with more qualitative comparisons of 1D and 3D separations
for other target analytes in other sample matrices.

4.1.2. Separation of hydrocortisone from human urine—UV
detection

One of the significant potential advantages of the 3D separation
approach described here over conventional 1D separations is that
the extreme separation power afforded by the 3D approach should
minimize the need for extensive method development to resolve
target compounds from the sample matrix of interest. As a first step
in assessing the practical utility of this notion, we attempted to sep-
arate hydrocortisone from a 10-fold concentrated sample of human
urine. As with the analysis of phenytoin in WWTP extract, we made
no attempt to selectively pre-concentrate the sample, only to con-
centrate it to the point where the target compound was readily
detected above the detector background noise using UV absorbance
detection. Adetailed description of the chromatographic conditions
used for these separations is given above in the experimental sec-
tion; the conditions used in this case were nearly identical to those
used for phenytoin. The buffers, organic solvents, and gradient elu-
tion profiles used in all three dimensions were similar to those used
for phenytoin (Fig. 7), with adjustments made only to position the
hydrocortisone peak during the gradient elution to minimize the
total analysis time of the 3D separation process. Fig. 9 shows a com-
parison of conventional 1DLC-UV, and h3DLC-UV analyses of the
10-fold concentrated urine, along with a 100 ppb hydrocortisone
standard sample, and the urine sample spiked with hydrocortisone
at the same level.

Again good separation of hydrocortisone from the sample
matrix is obtained, as with phenytoin above, however in this case
the target peak is slightly overlapped with a smaller peak. No
attempt was made to resolve these two peaks through adjustments
of the operating conditions. As is discussed below, this slight over-
lap did not affect the accuracy of quantitative analysis, as compared
to 1DLC-MS/MS analysis.
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Fig. 8. Expanded view of the chromatogram obtained at the outlet of the third dimension of the h3DLC-UV system highlighting the regions near the elution of phenytoin
and chlorophene. Chromatograms are color coded in the same way as in Fig. 6. Baseline resolution is achieved between the phenytoin peak and the sample matrix. The
chlorophene peak is not as well resolved, but comparison of the black and red traces suggests that several of the peaks in this region of the chromatogram are due to
impurities in the analytes used as retention alignment markers, and we have eliminated this problem in subsequent work.

4.1.3. Separation of hydrocortisone from human urine—MS/MS
detection

It is clearly evident from the previous two examples that the
resolving power of a 3D separation is very beneficial when UV
absorbance detection is used to detect target compounds in com-
plex matrices. In the case of the separation of hydrocortisone in
urine we also find that the resolving power of the 3D separa-
tion is also very beneficial even when tandem mass spectrometry
(MS/MS) s used for detection. The limitations of conventional HPLC
are known in the area of steroid analysis because of the structural
similarity of many endogenous compounds of this type, thus the
crowded 1DLC-MS/MS chromatogram for the analysis of hydrocor-
tisone in urine shown in Fig. 10A is not entirely surprising. Fig. 10A
shows that there are many other compounds in the urine sam-
ple that share the same parent mass to charge ratio (m/z, [M+H*]*,
363.5) and fragment mass (m/z, 120.7), some of which have ion
intensities similar to that of hydrocortisone. Fig. 10B shows the
MS/MS chromatogram for the same 363.5 — 120.7 transition, but
at the outlet of the third dimension column of the 3DLC sys-
tem. The elimination of other compounds from the background
is really striking; there is only one other detectable peak in the

baseline at ca. 4.85 min in addition to the hydrocortisone peak at
5.05 min.

4.1.4. Separation of nicosulfuron from Minnesota River water
extract—UV detection

The final example of a different sample matrix/target analyte
combination discussed here is the analysis of the herbicide nico-
sulfuron (see Fig. 1) in Minnesota River water. Nicosulfuron is the
active ingredient in a herbicide formulation that is widely used in
the southern Minnesota watershed that empties into the Minnesota
River. Fig. 11 shows a comparison of 1DLC-UV and h3DLC-UV sep-
arations of a 1000-fold concentrated extract of Minnesota River
water for the analysis of nicosulfuron. As with hydrocortisone in
urine, only small changes were made to the operating conditions
initially used for the phenytoin analysis described above. The most
significant change was the use of a 100 mM ammonium acetate
buffer (pH 6) in the second dimension, which was required to
elute nicosulfuron from the ZirChrom-CARB column. Aside from
this change no others were made to enhance the selectivity of the
separation. As with the previous two cases, there is excellent sepa-
ration of the target compound from the sample matrix, even when
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Fig. 9. Comparison of 1DLC-UV and h3DLC-UV separations of a 10-fold concentrated human urine sample for the target analyte hydrocortisone. Color coding of the
chromatograms is the same as in Fig. 6. 1D and 3D Chromatographic conditions were the same as those described in Figs. 6 and 7, except that in the 3D system the organic
solvent in the second dimension was 10/90 1-octanol/acetonitrile; minor adjustments were made to the gradient profiles to position the target peak in the low flow rate
windows shown in Fig. 5. The hydrocortisone peak is slightly overlapped with one other measurable peak, but in general the resolution of hydrocortisone from the complex
matrix is very good. No attempt was made to resolve these two peaks through adjustments of chromatographic conditions.
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Fig. 10. Comparison of 1D and 3D separations of hydrocortisone from 10-fold concentrated human urine, using MS/MS detection. Panel A shows the SRM chromatogram
obtained for a conventional 1DLC separation (target peak at 4.05 min.), and panel B shows the SRM chromatogram obtained at the outlet of the third dimension of our h3DLC
system (target peak at 5.05 min.). Chromatographic conditions for the 1D separation were similar to those described in Fig. 6 except that a single 15 cm column was used
at the analysis time was 10 min. Chromatographic conditions for the 3D separation were the same as those described in Figs. 7 and 9 except that 0.1% formic acid was used
in the third dimension for LC/MS compatibility. Here the red traces are the chromatograms for the unspiked urine samples, and the blue traces are for urine spiked with
100 ppb hydrocortisone. The small peak eluting before hydrocortisone in panel B is the same size in both traces, and its identity is unknown to us.

considering nicosulfuron concentrations were 100 ppt in the orig- this comparison is the most appropriate and analytically demand-
inal water sample. In this case we did not detect any nicosulfuron ing for this study. The key quantitative analyses described here
in the unspiked sample; however, this is quite reasonable as the use the strategy of standard addition as a means of dealing with
water sample was collected in the spring of 2010 before herbicide matrix effects. We could also have used stable isotope labelled
application had begun for the year. internal standards, but since this approach is not viable for UV

absorbance detection, we elected to base the comparison pri-

marily on quantitation by the standard addition method (Std.

4.2. Comparison of quantitative results from 1D and 3D Add. below). This allowed us to analyze the exact same physical
separations samples by both methods, thereby eliminating sample prepara-
tion as a variable in the comparison. We also made estimates of

In addition to the qualitative comparisons of 1D and 3D the phenytoin and hydrocortisone concentrations based on the

separations described above, we have also conducted rigorous  use of external standards (Ext. Std. below) prepared in deionized
quantitative comparisons of 3DLC separations with UV detection  water. While this is certainly inappropriate in the case of LC/MS
to conventional 1DLC separations with MS/MS detection for pheny- because of susceptibility to alteration of ionization by the sample
toin in the wastewater effluent sample and hydrocortisone in urine. matrix, UV absorbance detection does not suffer from this partic-

To the extent that 1DLC-MS/MS is perceived as the method of  ular matrix effect. Table 2 is a summary of the quantitative data
choice for trace level quantitation in complex matrices, we feel
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Fig. 11. Comparison of 1DLC-UV (A) and h3DLC-UV (B, third dimension only) separations of a 1000-fold concentrated Minnesota River water sample for the target ana-
lytenicosulfuron. Color coding of the chromatograms is the same as in Fig. 6, and the detection wavelength was 210 nm. The target peak was at 7.25 and 2.92 min in the 1D
separation and third dimension of the 3D separation, respectively. 1D and 3D chromatographic conditions were the same as those described in Figs. 6 and 7, except that the
buffer in the second dimension of the 3D system was 100 mM ammonium acetate at pH 6, and the column used in the 3rd dimension was the Ascentis Express C18. The
nicosulfuron concentration in the standard sample and the spiked extract sample was 100 ppb. Here again it is remarkable that there are no significant interfering peaks
from the river water matrix, as compared to the target compound at the 100 ppb level (100 ppt equivalent in the original sample).
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Table 2

Estimates of phenytoin and hydrocortisone concentrations determined by 1DLC-MS/MS and h3DLC-UV and standard addition or external calibration approaches.?.

Phenytoin (ppb®-¢)

Hydrocortisone (ppb?)

Method Std. Add. Ext. Cal.f Std. Add.4 Ext. Cal.t
1DLC-MS/MS 176+12 65428 84.8+8.2 7.8+10.8
h3DLC-UV 184+15 172+6 84+11 85+11

Error estimates are 95% confidence intervals calculated using the standard deviations of the individual regressions, and the numbers of replicates given below.
n=10 or 12 for quantitation by external standards or standard addition, respectively.

Concentration in analytical sample; concentrations in collected water samples are 10-fold less.

a
b
¢ Concentration in analytical sample; concentrations in collected water samples are 1000-fold less.
d
e

Five standard additions were made in the range of 100-500% of the estimated concentration of the target compound in the analytical sample.
f Five external calibrants were prepared in DI water at concentrations bracketing the estimated concentration of the target compound in the analytical sample.

for phenytoin and hydrocortisone resulting from both methods of
quantitation.

The most important aspect of the data in Table 2 is that for both
phenytoin and hydrocortisone, there is no statistically significant
difference between the concentrations determined by h3DLC-UV
and 1DLC-MS/MS, when the standard addition method is used. Not
only do we observe excellent separations of the target analytes
from the sample matrices in a qualitative sense as shown above,
but the h3DLC-UV method is also quantitatively accurate in these
cases, as compared to 1DLC-MS/MS. We see that the precision of
the two methods is quite similar, as measured by the size of the con-
fidence intervals relative to the mean concentrations. Finally, a very
interesting aspect of this part of the study is that the concentration
estimates from the h3DLC-UV method using external calibration
are not statistically different from the standard addition data. This
is exciting because it suggests that actual 3DLC separation process
is not prone to sample matrix effects. On the other hand, we see
that the 1DLC-MS/MS method severely underestimates the ana-
lyte concentrations when external standards are used, presumably
due to severe suppression of the target analyte signal by co-eluting
constituents of the sample matrix.

We estimate that the method detection limit for phenytoin in
WWTP effluent is 9 ppt for the h3DLC-UV method, which compares
favorably to 0.4 ppt for the 1DLC-MS/MS method (assuming 400 p.L
injection in each case, and criterion of detection limit correspond-
ing to a signal-to-noise ratio of three).

5. Conclusions

We have described the construction of a three-dimensional
HPLC system geared toward targeted analysis in complex matri-
ces, based on the use of three functionally different reversed-phase
HPLC columns. This system has been applied to the analysis of four
different target analytes in three very different sample matrices,
using a set of nominally identical operating conditions. Following
are the primary conclusions of the study.

1. Excellent separation of the target analyte from the sample matrix
is observed in all four cases, even when relatively non-selective
UV absorbance detection is used. We attribute this excellent sep-
aration to the power of the three-dimensional approach, and
show that in the case of these very complicated matrices, two
dimensions of separation is not adequate to achieve accurate
quantitation for low-level sample constituents. In the case of the
analysis of hydrocortisone in human urine, the additional sep-
aration power of the 3D method improved the signal to noise
ratio for hydrocortisone, even when MS/MS detection was used.

2. Excellent separations of the target compounds and matrices
were achieved with relatively little method development. Very
similar organic solvents, buffers, and gradient elution programs
were used for each separation problem. Here again we attribute
this success to the high resolving power predicted for the

combination of the three columns used in this work. With an
overwhelming degree of resolving power in hand from the very
beginning of the method development process, the probability
of aninitially successful separation of the target compound from
the sample matrix is practically quite high.

3. Careful quantitative comparisons of the h3DLC-UV method and
conventional 1DLC-MS/MS show that the 3D method not only
appears to provide excellent separation, but is also quanti-
tatively accurate, compared to the conventional methodology
(LC/MS/MS) for trace analysis in complex matrices. Good lin-
earity of standard addition and external calibration curves is
observed with the h3DLC-UV system, leading to precise esti-
mates of the concentrations of the target analytes, in spite of the
apparent complexity of the 3DLC instrument. In our experience
the system has been quite robust and reliable over the period of
approximately 1 year.

We believe this work affirms the predicted value of a 3DLC system
based on three very different reversed-phase stationary phases for
the analysis of target compounds present at very low concentra-
tions in complex matrices. At this point in time we believe this
methodology has the greatest value as a research tool for rapid
method development of targeted analyses in complex matrices. Our
highest priority in ongoing work is to extend this methodology to
target several compounds in a single analysis.
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