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Multidimensional separations in the

pharmaceutical arena

Andras Guttman, Mustafa Varoglu and Julia Khandurina

The introduction of novel, powerful and rapid multidimensional
separation and characterization methods has produced revolutionary
global changes at the genome, proteome and metabolome level, bringing
about a radical transition in our views of living systems, at the molecular
level. The age of proteomics and metabolomics demands high-resolution
multidimensional separation techniques. Multidimensional gas and liquid
chromatography techniques, in addition to capillary and microchip
electrophoresis methods, offer increased resolution and sensitivity, while
also affording adequate throughput and reproducibility to meet the
demands of the modern pharmaceutical industry. Coupled with MS, these
techniques provide not only separation but also reliable identification
of the sample components. The resolving power of these methods has
proved to be superior over individual one-dimensional approaches,
enabling the comprehensive separation of complex biological mixtures,
with excellent resolution and reproducibility. High capacity computer
systems that are capable of rigorous qualitative and quantitative analysis
of the separation profiles allow the establishment and mining of large
databases. Examples of various modern multidimensional separation
techniques, and their integration with MS, are reviewed, here, with
respect to pharmaceutical analysis.

v Entering the age of proteomics and meta-
bolomics from the genomics era, we expect
to see high-resolution, multidimensional
bioanalytical techniques being used in an in-
tegrated and automated fashion, to solve for-
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biotechnology industry. The resolving power
of these techniques is superior over conven-
tional one-dimensional approaches, and it is
possible to reproduce the separation of com-
plex sample mixtures, containing thousands
of components. Multidimensional separation
methods, in conjunction with modern
informatics technologies, have demonstrated
successful pattern recognition and complex
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image analyses in different areas of drug dis-
covery. The coupling of various orthogonal
separation methods, such as gas chromatogra-
phy (GC), liquid chromatography (LC), capil-
lary and microchip electrophoresis (CE and
ME) to each other and/or to MS and NMR is
an emerging and promising approach in sepa-
ration science, and the latest developments in
this field are thoroughly discussed here. MS
and NMR are regarded, here, as separation
techniques, in the sense that multiple compo-
nents can be selectively detected.

Gas chromatography

Comprehensive two-dimensional gas chro-
matography (GC xGC) is rapidly gaining im-
portance for the analysis of complex samples
in the modern pharmaceutical industry.
For trace-level analysis, for example, drug
metabolites in complex biological samples,
the peak capacity of conventional GC fails to
separate all of the individual constituents
[1,2]. Multidimensional GC was first reported
as a technique for analyzing a single, or a few
fractions, from the first dimension (heart-
cutting) and transfer them to the second col-
umn for consequent analysis, enabling n, +n,
resolution [3] (n; and n, are the number of
the separated peaks in the first and second
dimensions, respectively). However, in
GCxGC, instead of just a few selected peaks,
all separated peak clusters are transferred to
a second column for further separation, pro-
viding orthogonal resolution on a compre-
hensive n, x n, basis. Figure 1a represents the
comprehensive GCxGC system. The first
dimension is usually a 15-30 m long high-
resolution capillary column (internal diameter
(ID) of 250-320 um) with a non-polar sta-
tionary phase, supporting mainly boiling
point-based separation. The modulator is the
interfacing device between the first and second
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dimensional columns. Here, fractions

from the first column are refocused and @

injected to the second column. The
second GC capillary is significantly
shorter than the first one (1-2 m, and
ID =50-100 um), with a polar phase to
provide true orthogonal separation.
Separation time in the first dimension is
1-2 hours but separation in the second
column takes only seconds, under essen-
tially isothermal conditions. There are
various types of modulators, including

1st 2nd

dual-stage thermal desorption modula-
tors [4], cryogenic trapping and focusing
[5], and the recently developed cryo-
genic jet system [6]. To maintain resolu-
tion in the first dimension and avoid the
loss of ordered structures (wrap-around),
four or more modulations are necessary
for each band that is separated in the
first column [7], and separation in the
second column should be finished
before the next pulse is injected. Fast
separations require rapid detection sys-
tems with small dead volumes and high
data acquisition rates, such as the fast
flame ionization detector (FID) [8] or
micro electron-capture detector (LECD)
[9]. Figure 1b is a representative 3D
view of a GCxGC-FID chromatogram.
Comprehensive two-dimensional GC has
been applied to drug analysis in doping
control with 10-100 pg L-! detection
limits [10]. Analysis of enantiomers was
accomplished by a combination of
cyclodextrins x BP-20, or DB-5 x cyclo-

Figure 1. (a) Schematic of a GCxGC system. D, detector; |, injector; M, modulator;
1st, GC oven with first-dimension column; 2nd, (separate) GC oven with second-
dimension column. (b) Representative 3D view of a GCxGC-FID chromatogram.
With permission from Ref [2].
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dextrins columns [11].

GC-MS [12] has been in routine use for many years, so
only a couple of techniques for fast analyses in drug mon-
itoring are mentioned here. To fulfill the high detection
rate requirement, time of flight (TOF) MS is preferred,
because it can acquire >50 spectra per second. The most
frequently used GC-MS interfaces are open coupling and
direct coupling [13]. Guetens et al. [14] have recently dis-
cussed the use of capillary GC-MS in anticancer drug
monitoring. Others have reported chemical profiling of
4-methylenedioxy-methamphetamine (MDMA) tablets by
GC-MS analysis [15]. Maurer [16] extensively reviewed
GC-MS procedures for the detection and quantification of
drugs and their metabolites, relevant to clinical and foren-
sic toxicology, doping control or biomonitoring, using

negative ion chemical ionization. It should be noted that
immunoassays for drugs of abuse are confirmed by
GC-MS to avoid cross-reactivity [17]. GC-MS is a powerful
tool for the investigation of genetic metabolic diseases
(through analysis of organic acids and acylcarnitines) [18]
and it has been successfully applied in the detection of
hypocholesterolemia and Smith-Lemli-Opitz syndrome
[19]. Volkman et al. analyzed microalgae samples by
GCxGC-TOF-MS and found several sterols, steroidal
ketones and stearanes [20]. Recently introduced high-
capacity computer systems, capable of rigorous qualitative
and quantitative analysis of the separation profiles are
necessary for processing the large amount of data that is
produced by the GCxGC-MS approach.
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HPLC xHPLC to small-molecule analyses
has also progressed, although more
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slowly, since the demonstration of a sep-
aration of alcohol ethoxylates on amino-
propyl silica columns, coupled to reverse-
phase C,g columns [29]. Improvements
in comprehensive HPLC xHPLC systems
are being guided by optimization of the
parameters that define the degree of cor-
relation between separations in different

Separation axis 1 Separation axis 1

multiple dimensions of chromatographic space.

Separation axis 1
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Figure 2. Degrees of orthogonality and synentropy, and their effect on the use of

dimensions [30]. These include the per-
centage of synentropy, which is a measure
of the percentage of two-dimensional
informational entropy that is contributed
equally from each dimension [31]. Zero
percent synentropy indicates that each

Liquid chromatography

HPLC is an essential analytical and preparative chromato-
graphic tool, used in the pharmaceutical industry. The goal
of multidimensional HPLC is to obtain a net increase in
separation power (serial coupling) or in overall throughput
(parallel arrangement). Multidimensional HPLC requires
computerized control of the chromatographic instrumen-
tation and valves for the transfer of analytes from one
dimension to another, for the delivery of the appropriate
solvent gradient to each column and for data acquisition.
The full range of HPLC detectors, such as photodiode array
(PDA), fluorescence (FL), MS, evaporative light scattering
(ELSD) and, more recently, NMR, are coupled to multi-
dimensional separation systems. The extra information that
is provided by MS enables compromises in efficiency of the
chromatographic separations when non-isobaric compounds
are to be measured in a sample. There are many elegant
reviews that detail the applications of LC-MS to pharma-
ceutical analysis [21,22,23,24], thus, we focus here on the
advances in coupling multiple liquid chromatographic
systems to improve resolution and sensitivity.

HPLCxHPLC

Much like the development of the comprehensive
GCxGC methods (discussed above), multidimensional
HPLC was first used to transfer specific peaks to the second
dimension. During the 1990s, the different mechanisms
of selectivity in ion exchange and size exclusion chro-
matography were used to increase the number of sample
components that could be separated by comprehensive
chromatographic coupling [25]. Proteome analysis is
now highly dependent on the multidimensional separa-
tion of peptides by chromatography and MS [26,27,28].
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separation dimension is operating in an
independent fashion, whereas, 100% synentropy indicates
that the separation dimensions strongly correlate, resulting
in little or no difference in resolving power. Another para-
meter that is used to measure performance is the degree of
orthogonality between the different separation dimen-
sions [32]. Higher degrees of orthogonality lead to greater
peak capacity and better resolution in the same separation
time as a system with low orthogonality. Synentropy and
orthogonality can be plotted to assess resolving power, as
shown in Figure 2.

Recent studies have examined the orthogonality that is
achieved when a wide variety of reverse and specially
bonded phases of HPLC columns were coupled together.
Venkatramani et al. developed an automated orthogonal
two-dimensional LC system, using commercially available
pumps and software [33]. The primary column was alter-
nately coupled to two additional secondary columns, to
sample up to 50% of the total flow of the first column into
the second dimension. The primary column was eluted for
approximately one hour, with sampling to the secondary
columns occurring every 20 s. Maintenance of similar
solvent strengths in both columns throughout the HPLC
run, and the use of smaller columns in the second dimen-
sion prevented the occurrence of wrap-around effects. The
system produced a single chromatogram from the primary
column and many sub-chromatograms from the secondary
dimension. The peaks in the secondary dimension chro-
matograms were recombined with the primary dimension
chromatogram to generate either contour plots or 3D peak
plots. Separation in the two dimensions was shown to be
highly orthogonal, resulting in resolution of a greater
range of compounds, than that achieved by a single column.
To establish the parameters that are necessary to separate
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poorly resolved diastereomers, the fractions generated
from a C,4 column were injected onto a carbon-clad zirco-
nia column (CCZ) [34]. This demonstrated a high degree of
orthogonality between the hydrophobic (C,g column) and
molecular orientation (CCZ column) separation mecha-
nisms. This study revealed that the conditions necessary to
resolve diastereomers could be identified in an offline
manner. A commercially available example of a multi-
dimensional HPLC system is the Sepbox®, produced by
Sepiatec (http://www.sepiatec.com). This system uses re-
verse-phase (RP) and solid-phase extraction (SPE) columns
to separate and trap compounds [35]. The SPE columns
take the place of fraction collectors after the first pass
purification; the semi-pure bands, retained on the SPE
columns, are then transferred to a bank of HPLC columns
that are arranged in parallel. Different aspects of this tech-
nology have been optimized for natural product purification
from crude extracts and for the analysis of combinatorial
libraries.

To capitalize on the ionic character of cefmatilen (a beta
lactam antibiotic) and seven of its metabolites, cation and
anion exchange pre-columns were coupled to five RP
HPLC columns for the determination of urine and plasma
concentration of these compounds [36]. Detailed program-
ming of the valves and pumps to transfer the desired bands
from the initial ion exchange columns to the RP columns
enabled simultaneous quantification of the cefmatilen
metabolites.

SPE xHPLC

There are many examples of coupled HPLC systems that
transfer selected peaks or bands of interest from one col-
umn to another. SPE separates the desired analytes from a
liquid matrix by passing the biological fluid matrix, such
as plasma, urine or bile, through a column containing a
packing that retains the analytes and allows the proteins
and other highly polar components to pass through to
waste. Removal of highly polar matrix components leads
to improved sensitivity by reducing ion suppression
in the MS source. Online SPE-HPLC systems are typically
plumbed with two pumps and switching valves, such that
the matrix containing the analyte is passed through the
SPE column and the non-adsorbed components are di-
rectly sent to waste. Reversing the flow through the SPE
column back-flushes the analyte from the SPE column
onto the much higher resolution HPLC column for separa-
tion of the components of interest (Figure 3). The plasma
concentration of the calcium channel antagonist nifedip-
ine were quantified using this technique [37]. To reduce
the fouling of the SPE cartridges and the loss of the sites
for analyte retention, restricted access media (RAM)
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Figure 3. Representative flow path in a SPE-HPLC system. With
permission from Ref. [38]

columns are employed. These columns work with a dual
mechanism of size- and polarity-based selectivity; they typ-
ically have large pore sizes to permit biomolecules to pass
through without reaching the retention sites of the C,,
Cg or C,5 phase, on which the small organic molecules of
interest are retained. A widely used phase in RAM SPE
columns is the alkyl-diol-silica phase (ADS). The verapamil
concentration, metabolism and pharmacokinetics in rat
plasma samples were determined by injecting centrifuged
plasma onto a RAM-HPLC system [38]. Mislanova et al.
[39] employed a C; ADS RAM SPE column which was
back-flushed onto a teicoplanin-based Chirobiotic T chiral
separation phase HPLC column. This system enabled the
direct determination of the enantiomeric ratio of (R)- and
(S)-propranolol with FL detection in 25 min, to provide
higher precision, accuracy and sensitivity, by comparison
with an offline liquid-liquid extraction method to prepare
the sample for the teicoplanin HPLC column. Subsequently,
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Xia and co-workers [40] at Merck (http://www.merck.com)
further developed the enantiomeric analysis of propra-
nolol to include two alternating RAM-SPE columns,
coupled to a Chirobiotic T HPLC column with a triple
quadrupole mass spectrometer as the detector. RAM
columns have been used for the online SPE of amoxycillin
[41], metyrapone [42] and pantoprazole [43].

A novel immunoaffinity column-based method was
recently demonstrated for the analysis of the retinoic acid
analog AM-80 in human plasma. Antibodies that recog-
nized AM-80 were bound to TSK gel tresyl 5PW and the
column was used to capture AM-80 from plasma [44].
Subsequently, the retinoic acid analog was transferred to a
C,s column for separation to provide detection levels of
0.5 ng mL-1 of AM-80 in plasma.

Parallel HPLC systems

The need for increasing analytical and preparative chro-
matographic throughput has driven the development of
parallel HPLC systems. Multiple channel autosamplers and
novel data tracking software for flow injection analysis
LC-MS [45] have led to the development of a method to
split the stream in a dual column parallel preparative HPLC
instrument that is capable of mass-based fractionation
[46]. An interface to multiplex as many as eight streams of
solvent from eight parallel HPLC columns into the ioniza-
tion source of a single mass spectrometer was commercial-
ized by Micromass and Waters (MUX-technology™;
http://www.micromass.co.uk). Single and triple quadru-
pole instruments can reproducibly sample four streams;
however, for eight streams, a TOF-based mass spectrometer
is required to rapidly sample the full mass range. Merck has
implemented a four-channel MUX-technology™ to quan-
titatively monitor drug concentrations in biological sam-
ples [47]. In addition to using a single pump with a flow
splitter in their parallel systems, the back pressure of each
line was regulated by additional HPLC pumps to ensure
even flow through all of the columns. Preparative systems,
using multiplexed detection, have also been developed for
mass-based fractionation [48], and this method is being
extended to parallel supercritical fluid chromatography [49].

Capillary electrophoresis and microchips

Capillary electrophoresis

Capillary electrophoresis (CE) and capillary electrochro-
matography (CEC) are analytical techniques that employ
narrow bore capillaries to perform electric field-mediated
separation of drugs, drug metabolites and natural product
extracts, complementing separations from GC-MS and
LC-MS [50]. The two main advantages of capillary-based
techniques are the low buffer consumption and minute
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sample requirement. In pharmaceutical analysis, the meth-
ods used are, chiefly, open tubular techniques, such as cap-
illary zone electrophoreis (CZE), micellar electrokinetic
chromatography (MEKC), capillary isoelectric focusing
(clEF), and capillary isotachophoresis (cITP). Combination
of CE with MS adds extra separation dimensions. Primarily,
quadrupole mass spectrometric detectors are coupled to
CE, however, TOF, ion trap, triple quadrupole and Fourier
transform-ion cyclotron resonance (FTICR) mass spectro-
meters have been used recently [51-57]. CE readily sup-
ports electrospray ionization (ESI) [51], which transforms
ions in solution into ions in gas phase and is, therefore,
useful for the mass analysis of polar compounds, including
pharmaceuticals and their metabolites. One of the main
challenges of associating CE with MS detection via electro-
spray ionization is the volatility and the ionic strength of
the buffers that should be applicable to both systems. The
ionic strength of the buffers has noticeable effects on
sensitivity. The main ESI interface types connecting CE to
MS are coaxial liquid sheath flow, liquid-junction and
sheathless coupling [52], shown in Figure 4. Figure 4a
depicts the coaxial liquid sheath flow interface [53], where
the CE capillary is surrounded by a steel tube that delivers
the sheath liquid from a syringe pump to close the electric
circuit for both the CE and spray voltages. The nebulizing
gas (sheath gas) that is delivered through the third concen-
tric outer tube assists in spray formation. The recently de-
veloped liquid-junction interface [54] (Figure 4b) connects
the CE capillary with the electrospray tip through a small
gap (10 —20 um) that is filled with CE buffer, to decouple
the CE and ESI processes. The disadvantage of this setting
is the band broadening and concomitant loss of separation
efficiency, caused by the interface gap. Application of a
chemically etched porous liquid junction within the sepa-
ration capillary alleviates this problem [55]. Figure 4c rep-
resents a sheathless interface [56]. In this particular setting,
the end of the separation capillary is pulled to form a sharp
fine-point needle to accommodate a stable spray at low
flow rates. As this particular interface provides comparable
flow rates for both the CE and ESI, it has better sensitivity
if coupled with a nano-electrospray source [57].

Microfabricated separation devices

Integrated microfabricated analytical devices offer enhanced
separation performance in drug discovery and HTS [58].
Miniaturized separation systems feature reduced reagent
consumption, improved performance and multifunction-
ality, through the use of an interconnected network of
channels. Multidimensional analysis on a single glass chip,
using open channel electrochromatography (OCEC)
and CE, have already been implemented as first and
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second dimensions, respectively [59]. The
effluent sampling rate from the first di-
mension into the second one was opti-
mized to perform representative CE analy-
sis of the OCEC separation products. A
similar microfabricated two-dimensional
device [60] combined MEKC and CE for
the analysis of peptide mixtures, reaching
peak capacity in the 500-1000 component
range. A prototype three-dimensional
Polydimethylsiloxane microfluidic system
for multidimensional electrophoresis
was demonstrated in George Whitesides’
laboratory [61]. Microfabricated multi-
dimensional separation systems have great
potential to serve in special military and
space-research applications. Microfluidic | (¢)
systems can also be connected to MS
[62,63], enabling automated sample deliv-
ery and enhanced mass spectrometric effi-
ciency by integrating sample processing,
enrichment or clean-up, and fractionation
before detection. These devices can trans-
port the analyte fluid electrokinetically or
by pressure, and generate electrospray via
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Figure 4. Schematic representation of electrospray ionization CE-MS interfaces.
(a) Sheath-flow interface, (b) Liquid junction and (c) Sheathless interface.
Adapted, with permission, from Ref. [52].
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an attached capillary or more complex
emitter couplings. A microfabricated, elec-
trically permeable, thin glass septum was also developed to
generate electrospray by electro-osmotically pumping the
solutions through field-free channels, past the point where
the CE electric potential was applied [64]. A new design for
high-throughput microfabricated CE-ESI-MS with auto-
mated sampling from a micro-well plate has been reported
by Barry Karger’s group [65]. The assembly combined a
sample loading port, separation channel, and a liquid junc-
tion MS coupling with a miniaturized sub-atmospheric
electrospray interface. Microfluidic devices were found to
significantly reduce dead-volume and sample consump-
tion, and increase MS detection sensitivity by 1-2 orders of
magnitude. Lion et al. [66] integrated a membrane-based
desalting step in a microfabricated disposable polymer
injector for MS analysis of small drugs, peptides and pro-
teins. The nanospray microfluidic system was fabricated by
plasma etching in plastic; it enabled direct MS coupling
and high detection sensitivity [67]. A microdialysis junc-
tion device was employed to realize a two-dimensional
separation system with on-line coupling of capillary iso-
electric focusing with transient isotachophoresis zone
electrophoresis [68].

Although ESI is usually the ionization mode of choice
with electric field-mediated capillary separation techniques,

CE can also be associated with matrix-assisted laser desorp-
tion/ionization (MALDI) MS [69]. Off-line coupling with
MALDI-TOF and TOF-TOF-MS was demonstrated [70]
through vacuum deposition onto standard stainless steel
target plates, allowing decoupling of the CE separation
from the MS analysis. The same group also reported
on-line coupling, using a continuous vacuum deposition
interface with CE [71]. Automated MALDI-MS analysis was
reported by Ekstrom et al. [72], using a porous, microfabri-
cated digestion chip, integrated with a sample pre-treat-
ment robot and micro-dispenser for transferring reaction
products to the target plate. Others performed chemical
reactions on a sub-nanoliter scale in a parallel fashion,
opening up new opportunities in HTS, particularly when
combined with MALDI-TOF-MS [73].

Other multidimensional combinations

Simultaneous on-line NMR and MS detection can provide
complimentary data and can combine the power of
LC-MS and LC-NMR to specifically identify components
[74]. NMR-MS interface is achieved by computer-con-
trolled post-LC-column splitter, which directs 90-95% of
the flow to the NMR and provides appropriate dilution
and make-up flow for optimal MS ionization. The system
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also comprises a loop storage mode, where portions of the
sample can be stored in a delay loop before transfer to
NMR. By this means, chromatographic peaks can be
trapped on-line, in multiple loop cassettes, stored and
then automatically transferred to the NMR flow probe.
Additionally, LC-MS can operate routinely during longer
NMR measurements. LC-NMR-MS with automated loop
storage mode have provided a versatile analytical platform
for complex mixture analysis. In the future, development
of MS-directed LC-SPE-NMR-MS systems, equipped with
cryogenic cooling of the NMR radio frequency coils,
should provide a powerful analytical tool for drug dis-
covery. Recently, Corcoran and Spraul have published a
detailed review on the topic, discussing numerous appli-
cations in drug discovery [75].

NMR is a ubiquitous and indispensable tool for eluci-
dating molecular structures and dynamics, and for deter-
mining impurities and so on. The non-destructive nature
of NMR ‘compensates’, in part, for its low sensitivity, and
it is often used to study molecular binding and to screen
potential drug candidates. Continuous improvements in
sensitivity and the introduction of small-volume (1 pL)
NMR probes for high-resolution spectra has enabled
coupling between CE or CEC and the information-rich
detection of NMR spectroscopy. Sweedler and co-workers
described the first application of a microcoil NMR probe
as an on-line detector for CE [76]. Later, Bayer et al.
reported the first CEC-NMR experiments, conducting a
comparison the results with those of CE-NMR and
LC-NMR [77]. A technique using cITP to concentrate ana-
lytes from nL-volume samples generated a two-orders-of-
magnitude increase in mass sensitivity *H NMR [78]. A
comprehensive and detailed overview of theory, instru-
mentation and applications of the CE-NMR system has
been published recently [79].

Conclusions

Modern drug discovery relies on libraries of synthetic and
naturally produced compounds to screen against disease-
relevant targets. Multidimensional separations have un-
doubtedly powerful potential, in this respect — they gener-
ate comprehensive data for drug development. It is
believed that the greatest potential of multidimensional
separations lies in identifying individual molecules or
groups of molecules (metabolites, peptides, proteins and so
on) that are down- or up-regulated in specific disease states
or by drug treatment. Other important advantages of
multidimensional separations, over ‘one-dimensional’
approaches, are the higher level of information that the
data can provide, in cases where multiple components
are measured, and the higher level of sensitivity that is
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achievable with MS detection, in cases where one particu-
lar component is of interest; sometimes both of these ben-
efits can be realized. The sensitivity gain in MS detection
after multidimensional separation is a result of removing
the interfering components that, otherwise, might
suppress ionization of component of interest.
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