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Abstract

This review discusses many different aspects of microcolumn liquid chromatography (LC) and reflects the areas of
microcolumn LC research interest over the past decades. A brief theoretical discussion on a number of major issues, such as
column characterisation, chromatographic dilution effects and extracolumn band broadening in microcolumn LC is given.
Recent progress in column technology and the demands and developments of instrumentation and accessories for
microcolumn LC are also reviewed. Besides that, the developments in a large number of established and also more recent
detection techniques for microcolumn LC are also discussed. The potential of hyphenation of microcolumn LC with other
techniques, more particularly of multidimensional chromatography and microcolumn LC coupled to mass spectrometry is
reviewed. Finally, the perspective of microcolumn LC separation methods is stressed by a number of relevant applications.
© 1997 Elsevier Science BV.
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1. Introduction

The continuing interest in microcolumn liquid
chromatography (LC) is indicated by the large
number of review articles that have appeared in
literature, covering the general aspects of micro-
column LC [1-10], column technology [11-15],
detection in microcolumn LC [16-25], instrumen-
tation [26,27] and multidimensional chromatography
[28]. The introduction of microcolumn LC is attribu-
ted to Horvath and co-workers in 1967 [29,30], who
used 0.5—1.0 mm inner diameter (I.D.) stainless steel
columns packed with pellicular particles for the
separation of ribonucleotides. During the following
decades, high-performance liquid chromatography
research was mainly focussed on packed columns
with an LD. of 4.6 mm. Therefore, it was not until
the mid 1970s that Ishii et al. demonstrated the use
of slurry-packed teflon microcolumns in a series of
publications [31-36], which initiated a breakthrough
in the development of microcolumn LC. Other type
of microcolumns with capillary dimensions — i.e.
smaller than 1.0 mm in LD. - were introduced
shortly thereafter [37-43]. In about the same time
frame the group of Scott [44-48] reported on their
work with packed 1.0 mm I.D. columns to achieve
efficient, high-speed separations. The work of
Novotny and co-workers [40-42], Yang [37] and

Scott et al. [44-48] are regarded as key publications
in the field of microcolumn LC. The initial develop-
ments towards miniaturization in high-performance
liquid chromatography were quickly followed by a
number of laboratories worldwide [49-51].

Microcolumn LC has established itself as a com-
plementary technique to conventional sized LC
columns, which are more commonly used in high-
performance liquid chromatography. This is due to
certain advantages in an increasing number of appli-
cations where conventional high-performance liquid
chromatography does not satisfy, or cannot compete
with microcolumn LC. The most important advan-
tages of microcolumn LC are the benefits that arise
from the ability to work with minute sample sizes
and small volumetric flow-rates, and the improve-
ment in detection performance with the use of
concentration-sensitive detection devices as a result
of the strongly reduced chromatographic dilution
[2-5]. Nowadays, microcolumn LC is almost exclu-
sively performed — as a research tool and in routine
analysis — with slurry-packed columns of various
dimensions. This review article will, therefore, focus
on recent technological advances with this type of
microcolumns. Special attention will be given to the
many detection techniques applied in microcolumn
separations. In addition, the general advantages, and
some applications are discussed.
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Table 1
Suggested nomenclature for microcolumns for LC having different
inner diameters

Column I.D. Abbreviation
0.5-1.0 mm Micro LC

100~500 pm Capillary LC
10-100 wm Nanoscale LC

2. Nomenclature

The use of the abbreviations microbore LC, micro
LC and capillary LC are used interchangeably for
packed microcolumns of different I.D. Definitions
have been suggested in the literature [52,53], but
have not found general acceptance. Microcolumn
liquid chromatography is used frequently as the
overall term to describe small-1.D. packed LC col-
umns at different leading conferences and in most
scientific journals, and will therefore be followed in
this paper. Furthermore, there seems to be a tendency
to describe 0.50-1.0 mm L.D. columns as micro LC,
100-500 wm ID. columns as capillary LC, and
10~100 pm LD. columns as nanoscale LC [54]. A
summary of the suggested nomenclature is given in
Table 1. As mentioned in Section 1, open tubular LC
and the drawn-packed type of columns will not be
considered in this paper, nor will the nomenclature
for conventionally sized LC columns - ie. LC
columns with an I.D. of 2.0-4.6 mm - be addressed
here.

3. Theoretical considerations

3.1. Column characterization

Column characterization in liquid chromatography
is a very arbitrary matter, since it depends on the
user’s point of view. For instance, whether accept-
able column lifetimes can be expected under certain
separation conditions, or whether stationary phase
and column manufacturers can supply columns of
constant and reproducible quality are practical but
certainly valid aspects. These points will, however,
not be addressed in this paper. Here, only column
performance — e.g. separation potential — and which

column performance criteria should be used will be
discussed.

A number of column performance evaluation
methods have been suggested [55-59]. Till now,
however, little consensus exists between the different
methods, with respect to test compounds, eluent, and
other conditions to evaluate LC columns, and none
of these methods has found general acceptance in
chromatographic practice. Apart from this, the many
available separation modes and columns in LC, and
the different principles behind the suggested test
methods, also have contributed to the present un-
satisfactory and confusing situation for column test
protocols. Generally, the retention factor &, selectivi-
ty a and the peak asymmetry A, are believed to be
representative parameters for the thermodynamic
properties of a column.

The kinetic characteristics are often expressed in
the dimensionless magnitudes of reduced plate height
h, separation impedance E and flow resistance factor
¢. The question whether small-L.D. LC columns
show better kinetic properties compared to their
conventional counterparts has been the subject of
much discussion in the literature [60-65]. The
results of these investigations covering different
column I.D.s, and performed under test conditions
which were not always similar, can be summarized
as follows: & values are typically in the same range
as conventional LC columns. However, at very small
column I.D.s (<50 wm) a clear but steady decrease
in the h-values can be observed, indicating the
improved kinetics in microcolumn LC, which will be
discussed in more detail in Section 4. At the same
time, it was also observed that £ and ¢ values tend
to be somewhat higher at decreasing 1.D.s, which is
most likely caused by the less dense structure of the
packed chromatographic bed.

3.2. Chromatographic dilution

A sample compound will be subjected to dilution
during the chromatographic separation process. The
chromatographic ditution D at the end of the column
equals:

c emr’(1+ k) V27LH

max Vinj
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where c, is the original compound concentration in a
sample, ¢, is the final compound concentration at
the peak maximum, r is the column radius, L is the
column length, H is the column plate height, € is the
column porosity and V,; is the injected sample
volume. D will increase proportionally to the square
of the column radius and to the square root of the
length and plate height of the column. Under further
identical chromatographic and injection conditions,
and assuming Gaussian peak shapes, c,,,, increases
in inverse proportion to r°. For example, from Eq.
(1) it can be calculated that this will result in a
235-fold increase in peak height and mass sensitivity
for a reduction in the diameter of a column from 4.6
mm to 300 pm LD. It must be stressed, however,
that this advantage of small-1.D. columns can only be
fully exploited when the same sample size can be
loaded and the operating characteristics of such
columns are identical compared to their conventional
counterparts. In fact, since the sample size that can
be loaded on a column is proportional to the amount
of stationary phase in the column, this advantage is
only valid in cases where the amounts of sample
mass are restricted.

3.3. Extracolumn band broadening

Miniaturizing essentially comes down to the re-
duction of the I.D. of a column. At the same time the
outer or extracolumn band broadening effects must
be reduced accordingly, in order to achieve maximal
performance of a miniaturized column. More spe-
cifically, this is of major importance to prevent
considerable loss of efficiency, resulting in decreased
resolution of the column.

Usually, the plate number of a column is calcu-
lated from, e.g. the standard deviation of a peak,
resulting in the statement of column efficiency. From
the point of view of principle, such a statement is
doubtful, since virtually both the column and the
instrumental band broadening contribute to the stan-
dard deviation of a chromatographic peak. Therefore,
together with the presentation of column efficiencies,
the applied equipment should be discussed, unless
the extracolumn band broadening contribution is
negligible compared to the peak broadening of a
specific column. Since - for obvious reasons —
extracolumn effects will always be manifest, this

matter comes down to the question of which ex-
tracolumn band broadening can be maximally ac-
cepted for an LC column under specific experimental
conditions.

Starting from the generally accepted criterion that
extracolumn band broadening may maximally reduce
by 5% the resolution R of a chromatographic sepa-
ration, it can be derived that:

At At

o = 1050 @)

14 (3

where At is the time difference between two closely
migrating peaks, o, is the peak standard deviation
caused by the chromatographic process, and o, is the
peak standard deviation originating from column
plus extracolumn effects.

Keeping in mind that o = a’i + 0'5 (volume or
time units), this condition is satisfied when the
extracolumn variance o =< 1.1025¢. and, conse-
quently, the loss in column plate number should not
exceed 10% by extracolumn effects [23,25,27].

For a specific LC system the maximally acceptable
variance a:(acc) equals:

7 L2 (1 + k)? 3
N 3

Toeey =0.10077 <0.10

where N is the plate number of the column [23-25].
Taking practical numerical values of, e.g. L=0.15 m,
€=0.75 and N=15000 the corresponding o ,.,
values can easily be calculated as a function of
column diameter and retention factor, as depicted in
Fig. 1. From the results in Fig. 1, it is obvious that
for smaller 1.D. columns the corresponding accept-
able extracolumn contributions are rapidly decreas-
ing. Hence, the use of small-I.D. columns must be
accompanied by a strong reduction of extracolumn
effects. The approximation of the maximally allowed
equipment band broadening outlined above can also
be used to estimate the maximally acceptable contri-
butions of the separate contributions of injector,
detector, tubing and electronic time constants. For
example, assuming arbitrarily that these latter four
main effects contribute in equal ratio to a'z(acc), it
follows that o7, = 1/40'2(2‘“), where is o>, the contri-
bution of the variance of the detector to o> tacey-
From o} =V3/K ,23, where V, is the detector
volume and Kf) is the detector profile factor [23],
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Fig. 1. Acceptable extracolumn variance o2, as a function of
the column diameter and the retention factor k. See text for details.

and taking the same numerical data of L=0.15 m,
€=0.75 and N=15000 at constant linear eluent
velocity, the resulting plot of the maximally allowed
detection volume versus k and K 12) is for a column of
500 wm LD. (given in Fig. 2). K} — equalling 12
under ideal on-column detection conditions — ac-
counts for dispersion, mixing and diffusion effects in
the detection system. From the graph in Fig. 2 it can
be seen that at low values of k a detector volume of

maximum detection volume (ul)

Fig. 2. Maximum allowed detection volume V;, as a function of the

detector profile factor K ? and the retention factor k. See text for
details.

200 nl is maximally allowed. From this example it is
obvious that severe reduction of extracolumn effects
is mandatory in microcolumn LC. Such approxi-
mation as outlined above also allows a reasonable
estimation of the other contributions to of(m), viz.

injector, tubing and electronic time constant. This

can be helpful in design and assembling equipment
for microcolumn LC.

4. Column developments

Different filling techniques have been reported for
the preparation of packed capillary LC columns,
applying gases [66—68], supercritical fluids [67-71]
or liquids [72,73] to transport the stationary phase
particles into the column. For micro LC columns
liquids are used exclusively to pack columns [74,75].
The basic concept of these packing techniques
remains, however, the same: a frit — composed of a
metal screen, glass wool, polymeric membranes or
condensed silica particles — is mounted at one end of
the column blank, and the particles are pushed into
the columns from the other side. Basically, the
packing process can be regarded as filtration.

The separation efficiency of microcolumns is
influenced by a large number of parameters — not
only so-called packing parameters (such as solvent
selection, packing pressure, slurry concentration, the
use of surfactants to stabilize the particle suspension,
slurry vessel dimensions, etc. [76—82]), but also by
column parameters (such as column blank material,
frit selection, etc. [76,83—86}). The majority of these
suggested packing techniques are empirically de-
veloped and mainly based on assumptions and trial
and error methods. Nevertheless, good, efficient
microcolumns can be produced by the packing

methods described above, and their performance
regarded as optimal — i.e. reduced plate heights near
2 — according to classical chromatographic theory.

Some research groups have tried to develop a
better understanding of the packing processes —
incorporating colloid chemical studies, filtration
theories and stress behavior during bed compression
[69,87-90]. Although certain trends could be as-
signed with these studies, a sound theoretical de-
scription and understanding of packing methods for
microcolumns is not available yet. For example,
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Vissers et al. [87,88] related the coagulating prop-
erties of a number of octadecyl reversed phases in
different slurry and packing liquids with the final
chromatographic performance of microcolumns.
They found that coagulation of stationary phase
particles is of less importance than normally is
assumed. Tong et al. [69] developed a shear stress
model to describe particle movement during column
packing with supercritical fluids. It was found that
relatively low packing pressures yielded more dense
packing structures. However, no quantitative rela-
tionships were given. Furthermore, novel packing
techniques — applying continuous vibration of the
stationary phase slurry suspension with the aid of an
ultra-sonification probe — do not seem to produce
significantly better columns in terms of efficiency
and column lifetime [91].

At present, columns with an 1.D. of ~200-300 um
are the subject of many papers. There is, however, a
tendency to use columns with an even smaller I.D.
Driving forces towards this even further miniaturiza-
tion are the use of such columns in capillary
electrochromatography (CEC) [91-93] and electro-
spray ionization-mass spectrometry (ESI-MS). In
CEC, columns with an LD. of 50-100 pm are
required to prevent Joule heating of the mobile
phase, whereas in LC~ESI-MS the use of 50-100
pm LD. LC columns leads to a tremendous increase
in sensitivity of the electrospray interface. A detailed
description of both techniques is beyond the scope of
this paper.

There is, however, also a scientific interest in the
use of very narrow fused silica capillaries. Several
research groups [63,65,94,95] reported that the plate
height of packed columns reduces by a factor of
approximately 2 when the column to particle diam-
eter ratio — also known as the Knox—Parcher ratio -
is smaller than 6. Classical plate height equations
suggest, however, that the column diameter does not
influence the plate height of packed columns - as
indicated by the following simplified Horvath-Lin
equation:

2 (ko t+k+kok) d
2 Mo THETRH T
5 (1+ky)*(1 +k)* Dy,
(4)

where D_ the diffusion coefficient of the analyte in

14D,
H= + 1.5d_ +
u p

the mobile phase, u the linear mobile phase velocity,
k, the ratio of the interparticle void volume to the
interstitial void volume in the column, and d, the
particle diameter.

This contradiction between theory and experimen-
tal observations was explained by Kennedy and
Jorgenson [63] by the fact that inhomogeneities in
mobile phase flow paths are strongly reduced due to
the more uniform cross-sectional packing structures
of such small-1.D. packed columns, resulting in flow
paths of almost identical permeability. Peak disper-
sion is reduced since only wall-ordered packing
structures are possible. The decrease in the packing
structure variation gives rise also to more uniform
retention factors, reducing column band broadening.
Both effects contribute to the decrease to band
broadening. Finally, small column LD.s allow for
more rapid transcolumn diffusion between all pos-
sible flow paths and retention regions, enabling the
analyte to diffuse across the entire column cross-
section. The smallest published reduced plate heights
equal 1.0 for almost unretained compounds and 1.2-
1.3 for slightly retained compounds using S5-pum
reversed octadecyl modified particles [95].

5. Instrumentation

5.1. Solvent delivery and gradient systems

The flow spectrum for miniaturized high-perform-
ance liquid chromatography systems discussed in this
paper runs from the nl to pl per minute scale for
50-pm up to 1.0-mm I.D. columns, respectively. At
the present time and state of the technique, re-
ciprocating and syringe pumps are favored solvent
delivery systems for conventional and for micro-
column LC. The reciprocating pumping systems are,
however, favorable over syringe pumps for their
large column back pressure compensation abilities,
rapid flow equilibrium and stability, and good possi-
bilities for micro-gradient delivery [96-102]. The
rather time-consuming flow equilibrium, due to
eluent compressibility and viscosity, and the difficul-
ties in the mixing of micro-flows for gradient
analysis, are especially inherent to syringe pumps.
Moreover, column pressurization is a very time-
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consuming task at low flow-rates, and can increase
gradient delays significantly when syringe pumps are
applied. For flows in the order of 50-150 pl min ',
reciprocating and syringe pump systems are commer-
cially available, including in most cases devices for
binary, ternary or quaternary gradient formation.
These delivery and gradient systems have proven to
be useful down to column I.D.s of approximately 1.0
mm.

The delivery of flows in the nl and the low pl
ranges for columns with I.D.s of approximately
<500 wm cannot be readily performed by direct
pumping. For such flows, the use of split-flow
techniques can be an attractive alternative. These
systems are based on the application of packed
restrictor columns [96,103,104] or flow splitting
devices based on a microflow processor concept
[105]. Since this latter system compensates for
viscosity changes of the eluent, e.g. during gradient
analysis, it can be used in isocratic and gradient
modes as well. For gradient analysis the microflow
processor can be connected to a conventional gra-
dient device, by which part of the flow is split in a
constant adjustable ratio to the microcolumn.

5.2. Injection devices

Using Eq. (3), the maximally allowed injection
volume for different 1.D. and length of columns can
be estimated. For 50-100 wm L.D. columns, injection
volumes are in the order of a few nl up to approxi-
mately 1 wl for 1.0 mm 1LD. columns. For manual
and automated injection, the majority of the present
injection systems in high-performance liquid chro-
matography consists of injection valves. Manual
injections from the pl range down to approximately
20 nl can be routinely performed with (micro)-in-
jection valves equipped with a replaceable internal
loop. Below 20 nl, manual valve injections can be
performed by positioning a split vent between the
injector and the column [54]. Alternatively, for these
very small volumes, the moving injection technique
[106,107], the static split [108] or the pressure-pulse-
driven stopped-flow injection technique [109] can be
used too. These techniques have in common that, by
controlling the injection time and flow through the
injector, only a small part of the injection plug is

injected on the top of the column. Automated
injection in the pl range can easily be performed by
many of the autosamplers available on the market.
Injection automation in the nl range usually requires
a thorough adjustment of a conventional autosam-
pler. Such modifications of conventional autosam-
plers for use in capillary LC have been described in
literature [110]. Furthermore, the use of an auto-
mated micro-injector has been described [111]. With
this latter system, however, only one sample at the
time can be injected. Recently, an autosampler for
the injection of very small samples has been de-
scribed [112]. This commercially available injection
device claims a reproducible injection of 50-nl to
5-pl sample volumes from minute samples with
almost no loss of sample.

A general problem in microcolumn LC techniques
is the loss of detection sensitivity due to the small
injection volumes or masses. In a number of cases
this problem can be overcome by the use of so-called
on-column focusing techniques [113-116]. These
techniques have in common that the sample solvent
has a significantly lower eluent strength compared to
the actual eluent. After arrival of the sample plug on
the column top, the compounds will be focussed in a
small plug. Focusing-enrichment factors of several
hundreds have been reported, so significantly in-
creasing detectability in microcolumn LC techniques.
For example, for the separation of a test mixture
consisting of resorcinol, benzaldehyde, phenol, nitro-
benzene and toluene under reversed phase condi-
tions, a focusing-enrichment factor of 200 in micro
LC could be achieved, resulting in similar chromato-
grams compared to standard injections [114].

Since the loading time of a certain sample volume
under focusing conditions increases at decreasing
column 1.D., this technique becomes impractical for
capillary and nanoscale LC. This problem can be
overcome by the use of packed precolumns, which
must be properly connected to the analytical column
and are essentially a part of the separation systems.
The advantages of this approach are in the much
larger sample loading flow-rate, which can be ob-
tained during the sample focusing step. In addition,
also the selectivity of the isolation of the sample
compounds of interest can be controlled by the
selection of a specific stationary phase in the pre-
column [117-125].
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5.3. Tubing and connections

Since the tubing which is used to comnnect the
different parts of the equipment contributes linearly
to its length, and to the power 4 of its radius to the
extracolumn band-broadening variance, the selection
of the connecting tube dimensions is extremely
important. For columns of 500 pm-1.0 mm LD.
specially designed stainless steel tubing of 0.25 or
0.125 mm LD. is usually applied. Alternatively,
polyetheretherketone or fused silica tubing can be
applied for this purpose. For smaller I.D. columns,
the use of tubing is as much as possible avoided.
Direct connections of the column to injector and
detector are preferred or, alternatively, connecting
tubing with L.D.s of =50 pm are applied. Apart from
the proper selection of the connecting tube LD., the
length of these tubes should be as short as possible to
prevent loss in resolution. In addition, the different
parts connecting the column to the injector and
detector must be properly designed to avoid dead
volumes, and should be compatible with the applied
devices in the microcolumn LC equipment.

5.4. Detectors

5.4.1. Refractive index detection

Refractive index (RI) detection has, in general,
received only little attention in microcolumn LC and
capillary separation techniques, although it is a
widely applied detection technique in conventional
high-performance liquid chromatography due to its
universal character. Modifications to existing com-
mercially available RI detectors have been reported
for the use of RI detection with micro LC columns
[126—-129]. These studies mostly involved the reduc-
tion of extracolumn band-broadening effects and the
demonstration of the separation of test mixtures. For
instance, Fujimoto et al. [127] reported a limit of
detection of 2-3 ng for dipentylphtalate separated
isocratically on a reversed-phase column. Synovec
[129] studied the theoretical aspects of RI detection
in more detail. Tracing diagrams for cylindrical
detector flow cell designs were studied. Furthermore,
RI detection was optimized for different eluent and
flow cell conditions.

With capillary LC, RI detection is even more
difficult due to the fact that RI differences have to be

measured in extremely small volumes [130]. With
the highly collimating nature of lasers, nl to pl
volumes can easily be probed. Laser-based RI de-
tection has, among others, been applied by Bornhop
and co-workers [130-132] and Bruno et al.
[133,134]. The capillary flow cell developed by
Bruno et al. [134] is based on the so-called forward
scatter, off-axis technique. With the use of an RI-
matching fluid surrounding the capillary flow cell,
and active temperature control of the flow cell
assembly, improved performance is feasible. The
limitations of this method are the off-axis alignment
and the need to remove the polyimide coating of the
fused silica capillary to calculate the refractive index.

A novel approach for measuring RI changes in
capillary separation techniques is reported by
Tarigan et al. [130]. With this technique, the inter-
ference-produced fringes are detected below the
plane of excitation in a direct backscatter configura-
tion. The spatial shift in the fringes is a measure of
the refractive index for the fluid streaming through
the capillary flow cell. Flow cells with L.D.s of
75-775 pm were probed with no modification to the
polyimide-coated capillary flow cell, no changes in
the optical set-up, and no reduction in the signal-to-
noise ratio. The optical configuration of such a
system is very straightforward. It consists of a He—
Ne laser, a thermal-controlled flow cell assembly,
and a silica photodetector to collect the reflected
light. The flow cell assembly is tilted slightly to
allow detection by the photodetector. With flow
injection analysis, 3.2 pg of glycerol could be
detected in a probed volume of approximately 2.6 nl.
The change in RI at 3-times the standard deviation of
the noise was, for this flow cell volume, equal to
1.9:1077 RI units. The detector response was found
to be linear over a dynamic range of three decades.

5.4.2. UV absorbance detection

The most universally applied detector — in con-
ventional and microcolumn LC - is the UV ab-
sorbance detector because of its ease of use and
broad application area. To prevent extracolumn band
broadening — i.e. keeping detection volumes at the
sub-ul or nl level — on-column detection is often a
first approach. A packing-free part of the column is
used as the optical window — i.e. detector cell — and
is brought into the light path of a UV absorbance
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detector. The construction of such a cell has been
discussed [135,136]. Vindevogel et al. [137] de-
veloped design guidelines for tubular UV absorbance
detection flow cells. Their study involved the in-
vestigation of parameters, such as reflection of the
incident light on the capillary wall, the distance
between the photodetector and the flow cell, changes
in the refractive index of the mobile phase, different
cell designs, wavelength, and the linearity and noise.
Due to the large variety of configurations no general
recommendations were given. Further, it was sug-
gested that not only the LD. of the flow cell in this
type of studies should be mentioned, but also param-
eters relating to light beam width and photocell
distance should be used in the description of a flow
cell.

The main disadvantage of on-column detection is
the limited concentration sensitivity because of the
limited path lengths. Limits of detection reported for
on-column detection are typically around 1-5- 10°°
mol 17" for compounds such as uracil, cytosine and
thymine, with a 100 pwm LD. flow cell [138]. Despite
the extremely small path lengths, detection is feas-
ible at the sub-ng level. Fiber optics have been
suggested to collimate the excitation light onto the
flow cell and for the collection of the UV light that
has passed through the flow cell [139,140]. The
limits of detection that were obtained with this
system are, however, not favorable compared to
on-column detection. A more successful approach
towards improvement of the detection sensitivity
with UV absorbance detection in microcolumn LC
was the introduction of longitudinal flow cells with
an optical path length up to 3-8 mm [141]. This type
of flow cell and on-column flow cells have been
studied extensively with respect to sensitivity, linear
dynamic range, and its contribution to extracolumn
band broadening and noise [138,142]. The sensitivity
of the longitudinal type of cells is normally 50-100
times higher compared to on-column detection.
However, the noise of longitudinal cells is generally
somewhat higher than those with on-column UV
detection. Consequently, limits of detection are about
25-50 times lower compared to on-column detec-
tion. For instance, the limit of detection for uracil
with on-column detection was 3.1-10"° mol 17", and
with the longitudinal flow cell it was equal to 9.8-
10™% mol 17" [138]. The contribution of longitudinal

flow cells to extracolumn band broadening, i.e.
chromatographic resolution, is generally negligible.

Laser-based UV absorption detection has been
applied in capillary separation techniques too [131].
This system consisted of a dual laser set-up, optical
devices such as polarizers, a quarter wave plate,
lenses and objectives, and a photodiode. Simulta-
neous RI and UV absorbance detection was feasible.
Limits of detection were 6-10"° M for a strongly
absorbing compound. Considering the complexity,
costs and sensitivity of such a set-up, the use or
on-column detection of longitudinally shaped flow
cells seems to be favorable.

Photodiode array (PDA) detection has been
studied extensively in microcolumn LC research
[143-147]. In practice it is, however, hardly ever
applied for structural conformation detection. For
example, Verzele et al. [144] adapted two commer-
cially available PDA detectors for capillary LC by
replacing the detector cell with a miniaturized detec-
tor cell. Cell designs — with respect to loss in
spectral resolution due to extracolumn band broaden-
ing — were discussed and the sensitivity of conven-
tional versus capillary LC compared. Ten-times
lower limits of detection were found with capillary
LC - despite the small optical path length of the
PDA flow cell. Another example is the work of
Sandra et al. [143], who applied PDA detection in
capillary LC for the detection and identification of
hop bitter acids from CO,-extracted hop samples.
The recorded PDA UV spectra showed that two
groups could be differentiated: a-acids (humulones)
and B-acids (lupulones). This capillary LC sepa-
ration proved to be favorable compared to conven-
tional high-performance liquid chromatography and
micellar electrokinetic chromatography, because of
the insufficient resolution obtained on conventional
columns and solubility problems in micellar electro-
kinetic chromatography.

5.4.3. Fluorescence detection

Among the various miniaturized detection tech-
niques, fluorescence detection seems to be particu-
larly attractive. Fluorescence emission provides more
selectivity and increased sensitivity compared to UV
absorption and RI detection. Further, emission spec-
tra can be utilized to reveal structural information of
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unknown compounds [148,149], and the ability to
measure the packing of the column [150,151].

Straightforward on-column fluorescence detection
is hardly ever applied in microcolumn LC. Most
applications deal with laser-induced fluorescence
detection or — as mentioned earlier — detection of
fluorescence emission in the packing. Exceptions are
the work of Gluckman and co-workers [148,149],
who used a miniaturized fluorimetric array detector
for the detection and identification of large poly-
aromatic compounds. The utility of fluorescence
emission data was represented by comparing mass
spectral data and the emission spectra from well-
resolved peaks from a separation of neutral poly-
cyclic aromatic compounds extracted from fuel oil.
Based on the mass spectra alone the compounds
could not be identified. Spectral subtraction was used
to resolve coeluting compounds; this can be an
important tool in the identification of compounds
contained in complex sample mixtures or the de-
termination of peak impurity. Takeuchi et al. [154]
studied the mass detection limits achievable with a
commercially available fluorescence detector in
capillary LC. By tiling the photomultiplier, using
cut-off filters and a packed flow cell, mass detection
limits of 0.25-2.4 pg were obtained for aromatic
hydrocarbons. In a separate paper the design of this
packed flow cell was described [155]. Fluorescence
detection has also been applied in environmental
studies for the analysis of organotin species com-
plexed with fluorescent tags [156], and for the
analysis of water tracers to study distribution phe-
nomena on the North Sea [122]. Another field where
fluorescence detection is applied is in bioanalysis, in
particular for the analysis of glutathione in human
blood samples [157]. The latter application is of
especially great interest. Due the reduced chromato-
graphic dilution on small-L.D. columns, less sample
is required to achieve the same limits of detection as
in conventional high-performance liquid chromatog-
raphy. Hence, a patient can be sampled more often
without putting too much burden on the patient.

In Section 5.4.2 the term on-column detection was
introduced to describe the measurement of electro-
magnetic radiation in a detection window after the
end-frit of the column. The same name has been
used by others for the measurement of fluorescence
emission in the packing [151-153]. Interchangeable

use of this term should be circumvented. Verzele and
Dewaele [150] therefore suggested to use the term
in-column detection for the measurement of emission
light in the packed part of the column; this will be
followed in this paper. With in-column detection the
analyte is in a partitioning region. It can be deduced
that the sensitivity of in-column detection will be
(1+k) times better than with on-column detection
{153]. This effect was demonstrated by Verzele and
Dewaele [150], who found limits of detection of 3 pg
with on-column fluorescence detection and about
100-200 fg with in-column detection for the analysis
of drugs. According to the authors, this improvement
in sensitivity was in agreement with what theoret-
ically had to be expected. However, the environment
in which the analytes reside — e.g. in solution or in
an absorbed state — are usually different, which
results in different fluorescence characteristics. For
instance, improvements in limits of detection of a
factor of 100 were reported when the in-column
detection principle was applied for the detection of
pyrene [151], which was attributed to the higher
fluorescence quantum yield in the absorbed state.
Takeuchi et al. [158,159] reported similar effects in
signal enhancement for in-column detection in capil-
lary columns packed with cyclodextrin-bond station-
ary phases.

The major draw-back of in- and on-column fluo-
rescence detection is the rather poor sensitivity
compared to longitudinal UV-absorption flow cells
and to conventional high-performance liquid chroma-
tography with fluorescence detection. The reason for
this limited detection performance is the short optical
path length and small excitation area of on-column
flow cells. It is obvious that for a higher excitation
energy, a larger fluorescence intensity will be ob-
served. This will, however, not immediately lead to
better limits of detection, unless the noise — e.g.
straight light, fluorescence from the cell wall or
window and fluorescence or Raman scattering from
the mobile phase — is independent on the intensity of
the excitation source [160]. Due to the highly
collimating nature of lasers, most of these noise
sources — especially the fluorescence and Raman
scattering of the solvent — can be strongly reduced.
Furthermore, nl to pl volumes can be probed at the
outlet of the column. Various flow cell designs and
instrumental set-ups for laser-induced fluorescence
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detection have been described in the literature. More
detailed discussions about flow cells and illumination
options can be found elsewhere [160,161]. More
recent designs, properties and descriptions of laser-
induced fluorescence detection for microcolumn LC
can be found in the literature too [162,163]. Mass
limits of detection — routinely obtained — are typical-
ly in the amol range.

Some interesting work — applying laser-induced
fluorescence detection in microcolumn LC - has
been published by Novotny and co-workers
[164,165] and by McGuffin and Zare [166]. McGuf-
fin and Zare [166] detected and analyzed carboxylic
acids — after derivatization with 4-bromomethyl-7-
methoxycoumarin to match the emission wavelength
of a He—Cd laser (325 nm) — in saponified peanut
and sesame oils. The compounds were identified on
retention time. An almost similar tag was used by
Gluckman et al. {165} for the analysis of bile acids

and solvolyzed plasma steroids. A steroid standard —
containing nine standard bile acids of approximately
50 pg of each acid ~ was separated on a capillary LC
column, of which a chromatogram is shown in Fig.
3. The experimental conditions are summarized in
the caption of Fig. 3.

5.4.4. Electrochemical detection

The three basic detection modes of electrochemi-
cal detection are amperometric and potentiometric
detection, and conductivity. The principle of these
different detection modes can be found in many text
books [23,167] and literature [16]. Amperometry is
the most commonly used because of its ease of
implementation. However, the design and application
of conductivity and potentiometric detectors for
microcolumn LC have been described too [168—
172].

The initial developments in miniaturized electro-

_ TIME (h)

Fig. 3. Chromatogram of a standard mixture of bile acids derivatized with bromomethylcoumarin. Column, 0.66 mx250 um LD. packed
with 5 wm C,,; continuous gradient from 75 to 100% aqueous acetonitrile at 1.5 pl min~'. Peak identification: (1) glycocholic acid; (2)
glycocheno-deoxycholic acid; (3) glycodeoxycholic acid; (4) cholic acid; (5) urodeoxycholic acid; (6) glycolitocholic acid; (7) deoxycholic
acid; (8) chenodeoxycholic acid; (9) lithocholic acid (reprinted with permission from [165]).
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chemical detection — or the use of micro-electrodes —
were reported for open tubular liquid chromatog-
raphy by the groups of Manz [173,174] and Jorgen-
son [175,176], which were later also applied in
microcolumn LC [63,95,177]. Such detectors typical-
ly consist of a small wire that is placed into the
outlet of an open tubular column. For instance, Manz
and Simon [173,174] used a 1-pm diameter ion-
selective electrode for the potentiometric detection of
K" ions. Jorgenson et al. constructed a 9-um
diameter carbon electrode for the amperometric
detection of catechols and ascorbic acid [175], and
for the voltammetric analysis of hydroquinone and
catechol. Detection limits achievable with these
detection schemes are in the fmol-pmol range.

Many different cell designs for electrochemical
detection can be found in the literature. Very simple,
cost-effective flow-through cell designs for am-
perometric detection in capillary LC were demon-
strated by Ruban [178,179]. The cell construction of
one of these detectors is depicted in Fig. 4. The
proposed design permitted the use in capillary LC,
e.g. no significant band broadening was observed.
Mass limits of detection of 0.14 pg for adrenaline
were reported. Other designs, such as wall-jet cells
have been described too [180,181].

As stated before, amperometric response is the
most commonly used detection mode in microcol-
umn LC. However, since the potential of the elec-
trode is held at one value, only compounds that are
easily oxidized and reduced at the set potential are
detected. By scanning the potential — or by applying
triangular potential waveform to the electrode — the

NN NN
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Fig. 4. Cell construction of an amperometric detector. (1) Capil-
lary LC column; (2) and (5) fluoroplastic body; (3) working
electrode; (4) reference electrode (adapted with permission from
Ref. [178]).

number of detectable components that are electroac-
tive in the applied potential range may increase
[16,182]. The latter technique is called voltammetric
analysis and can provide — if the waveform is
applied quickly enough - real-time voltammetric
scans from components eluting from a micro or
capillary LC column. Thus, analytes can be identified
and co-eluting peaks resolved if their voltagrams are
significantly different. The major limitation of vol-
tammetry is the approximately 100-times worse mass
sensitivity compared to amperometric detection [16].

Voltammetric detection has been applied in open
tubular chromatography [175,176] and conventional
liquid chromatography [183-185], but has found
only little acceptance in microcolumn LC so far. An
exception is the work of Goto and Shimada [182]
who presented a rapid-scanning electrochemical vol-
tammetric detector for capillary LC. Square-wave
voltammetries were applied because of their
suitability for rapid-potential scanning.

The main application area of electrochemical
detection in microcolumn LC is bioanalysis. The
detection of serotonin and its metabolites in rat brain
dialysate [186], the analysis of terbutaline in human
plasma [187], and the detection of biogenic amines
in brain tissue [188] are just a few examples. A more
detailed description about the use of electrochemical
detection in bioanalysis will be given in Section 7.

5.4.5. Gas chromatographic detectors

Microcolumns are typically operated — as shown
earlier — at volumetric flow-rates of a few pl per
minute for capillary LC columns and 30-50 pl
min~"' for micro LC columns, and are therefore more
suited to work with the detector systems currently
used in gas chromatography (GC) than conventional-
ly sized high-performance liquid chromatography
columns. Obviously, the introduction of analytes
dissolved into a detection zone at elevated tempera-
tures — or a flame — is a fundamental problem.
Although successfully applied in certain fields, com-
promises have to made with respect to linearity,
sensitivity and the capability to accept the complete
effluent and all of the compounds, with GC detectors
in microcolumn LC.

The LC eluent can either be transported into the
GC detector, or be directly introduced [18]. The first
approach has the main disadvantage of the very
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likely risk of sample loss and is therefore hardly
applied as an interface. Tsuda et al. [189] and
Veening et al. [190] have reported on the use of a
moving-wire flame ionization detector for capillary
and micro LC, respectively. Typical mass limits of
detection were 10-20 ng for triolin with the capillary
LC system, and 160 and 400 ng for xylose and
lactose with the micro LC system.

Shortly after the introduction of microcolumn LC,
various types of direct introduction-based GC detec-
tors — flame-based and flameless thermionic de-
tection, flame photometric detection, and electron
capture detection — were evaluated by different
research groups.

5.4.5.1. Thermionic detection

Novotny and co-workers [191-193] introduced a
flame-based thermionic detector (TID) as a detection
technique in capillary LC. The microcolumn LC
mobile phase is nebulized with a hydrogen/nitrogen
mixture into a primary flame. The combustion prod-
ucts are combined with additional fuel gas and are
transported into the secondary, analytical flame. This
dual-flame thermionic detector was optimized for
organophosphorus compounds, i.e. organophosphor-
us pesticides. The mass sensitivity of detection for
phosphorus compounds was equal to 20 pg s~ ', and
the response was found to be linear over at least
three orders. The same thermionic detector has been
used for selective nitrogen detection [194]. Mass
detection limits were of the same order of magnitude
as with selective phosphorus detection, i.e. 14 pg N
s~', and also a linear response of three orders. The
use of nitrogen-selective detection was demonstrated
for the analysis of barbiturates.

Kientz et al. [195,196] demonstrated the use of
thermionic detection for non-volatile polar com-
pounds. The system performance was found to be
dependent on the mobile phase modifier concen-
tration. Further it was found that a relatively high
buffer salt concentration could be tolerated. The
introduction of non-volatile samples into the flame
was achieved by plug-type solvent introduction.
Detection limits were comparable to that published
by Novotny and co-workers. Flameless thermionic
detection was studied by Brinkman and co-workers
[197-199] for trace-level detection of organopes-

ticides in environmental samples and different veget-
ables.

5.4.5.2. Flame photometric detection

Detector designs for flame photometric detection
are very similar to those of thermionic detectors
[191,200]. The main disadvantage of flame photo-
metric detectors is the sensitivity dependence of
modifier concentrations. Further, acetonitrile signifi-
cantly increases the background noise and quenches
the detector signal at even low percentages. Various
interface designs have been proposed to overcome
these problems [201-205]. Kientz and Brinkman
[18] recently summarized and discussed the advan-
tages and limitations of the use of flame photometric
detection in microcolumn LC.

A very interesting application using a flame-based
photometric type of detection has been published by
Chang and Taylor [203]. Detection was based on the
chemiluminescence reaction of ozone with sulfur
monoxide — a combustion product when sulfur-con-
taining compounds are introduced into a reducing
hydrogen/air flame. The compounds were reduced in
the flame of a commercially available flame ioniza-
tion detector. Operated at optimized conditions, mass
detection limits of 3 pg S s™' at a mobile phase
composition of methanol-water (50:50, v/v) are
feasible. The performance of the detector was dem-
onstrated by the analysis of PTH-amino acids and
thiocarbamates, which are normally detected with
UV absorption or PDA detection. The separation and
detection of several PTH amino acids is shown in
Fig. 5.

5.4.5.3. Electron capture detection

There are only a few publications that deal with
electron capture detection in microcolumn LC. Braz-
hnikov et al. [206] used an electron capture detector
to determine extracolumn band broadening to ex-
amine its use for 1.0-mm LD. micro LC column
testing under normal phase conditions. The applica-
tion of electrocapture detection with reversed-phase
analysis at flow-rates up to 50 pl min~' was
demonstrated by Brinkman and co-workers [207].
The column effluent was evaporated with the aid of a
miniaturized interface. However, clogging of the
interface occurred occasionally when non-volatile
acidic modifiers were applied. Furthermore, the
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Fig. 5. Capillary LC—-sulfur selective chemiluminescence detection
analysis of PTH-amino acids. Mobile phase, methanol-water
(50:50, v/v); column, 15 ecmX320 wm LD. 3 pm C;; detector
temperature, 375°C; sample, 3-6 ng of each compound. (1)
PTH-alanine; (2) PTH-proline; (3) PTH-methionine; (4) PTH-
phenylalanine; (5) PTH-leucine; (6) PTH-norleucine (reprinted
with permission from Ref. [203]. Copyright (1991) American
Chemical Society).

interface clogged more rapidly at lower mobile flow-
rates. Hence, reversed-phase capillary LC with this
type of interface is not feasible.

Zegers et al. [208] recently described an interface
for the direct coupling of reversed-phase capillary
LC with electron capture detection. The interface
consists of a piece of fused silica capillary which is
positioned in a stainless steel capillary that connects
the capillary LC column with the detector. A make-
up gas had to be used to cool the fused silica
capillary. The interface allows for the detection of
relatively non-volatile and polar compounds. Results
were demonstrated for the analysis of chlorophenols,
pesticides and benzodiazepines. The response of the
system for all classes of compounds was linear over
2-3 orders of magnitude, and the limits of detection
ranged from 10 to 440 pg. With large volume

injections, the concentration sensitivity could be
increased by 2-3 orders of magnitude allowing for
the detection of approximately 150 ng 1~' of chloro-
phenols in river Meuse water.

5.4.6. Other detection principles

Besides the detection techniques discussed above,
other principles of detection also have been studied
for microcolumn LC, including (Fourier transform)
infrared spectrometry — either measured on-line
[209] or via deposition on thin-layer plates [210],
chemiluminescence [211], indirect detection schemes
[212-214], inductively coupled plasma atomic emis-
sion spectrometry [215], or evaporative light scatter-
ing [216]. These detection techniques have been
applied with only limited success and have not found
— mainly due to the fact that the detection technique
is too selective or not robust enough — their way into
the routine use of microcolumn LC.

A very interesting and promising novel approach
towards detection miniaturization is the coupling
between continuous-flow techniques - such as
microcolumn LC and capillary electrophoresis — and
nuclear magnetic resonance spectrometry (NMR)
[217-219]. The hyphenation of microcolumn LC
with NMR has a number of advantages compared to
the coupling of conventional high-performance liquid
chromatography with NMR spectroscopy. Fully deu-
terated solvents can be used due to the low solvent
consumption. Suppression of the solvent signal is
therefore not necessary, allowing the use of the
complete chemical shift range for structural elucida-
tion of the analytes. Furthermore, theoretical and
feasibility studies have shown that a 400-fold reduc-
tion in cell volume only results in a 2-fold reduction
in signal-to-noise ratio, allowing the use of 50-nl
volume continuous-flow NMR detection cells. Short-
comings of continuous-flow NMR are the poor
sensitivity due to the limited time to measure each
individual analyte and the flow-rate dependency of
the NMR line. Typical analyte concentrations are at
the high mM level. Further, substantial band
broadening — e.g. loss in chromatographic resolution
— is observed in NMR flow-through cells. However,
this is often compensated by the profits of structural
information detection of NMR.

Continuous-flow detection allows for the use of
proton-NMR chemical shift values as the second
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Fig. 6. Two-dimensional chromatogram of a mixture of 67 mM
alanine, 33 mM arginine, 35 mM lysine, 14 mM leucine-arginine
and 11 mM oxytocin-glycine (order of elution). A complete NMR
spectrum was acquired every 9 s which was constructed from 64
consecutive scans with a 0.06-s pulse delay (512 point-free
induction decays over a =4000-Hz spectral window). The micro
LC system comprised a 15-cmX 1.0-mm LD. column packed with
5 pm C,, that was operated at a flow-rate between 10 and 50 pi
min~'. The mobile phase consisted of 2% TFA in 2H,0 (p2H
2.4)-C2H,CN (74:26, v/v) (adapted with permission from Ref.
[218]. Copyright (1994) American Chemical Society).

dimension, which was demonstrated for the sepa-
ration of amino acids and peptides [218], and
vitamin A derivatives [219]. Two-dimensional NMR
spectra can be recorded with stop-flow techniques.
An example of a two-dimensional chromatogram of
a amino acid/peptide mixture is given in Fig. 6. The
number of theoretical plates that was observed for
alanine at a flow-rate of 50 wl min~' equalled
20 000 plates/m, indicating very poor separation
efficiency or excessive extracolumn band broaden-
ing.

6. Hyphenation
6.1. Multidimensional chromatography

As with flame-based detectors, microcolumns are
well suited for coupling with secondary separation
techniques, i.e. multidimensional chromatography.
Microcolumn LC has been interfaced with thin-layer
chromatography applying infrared detection [220],
conventional high-performance liquid chromatog-
raphy [221], microcolumn LC [222-224], gas chro-
matography [225-231], supercritical fluid chroma-
tography [232] and capillary electrophoresis [233].
The coupling of individual separation techniques

increases the total peak capacity of the chromato-
graphic system, which is equal to the product of the
peak capacities of the individual dimensions. The
improved peak capacity allows for the separation of
very complex samples.

The coupling of microcolumn LC with gas chro-
matographic (GC) techniques seems to be the most
challenging since a liquid mobile phase has to be
converted into a GC-compatible — i.e. gaseous —
sample. Different type of interfaces have been de-
veloped. Among them are retention gap-based inter-
faces, such as on-column injectors [225] and loop-
type interfaces [226], pyrolysis interfaces and (multi-
capillary) stream splitters. The retention gap-based
interfaces have been applied most extensively be-
cause of their ease of use. Retention gaps were
originally developed for the introduction of large
sample volumes onto GC columns. An uncoated inlet
capillary — having negligible retention for the com-
pounds of interest — is placed in front of the GC
column. The large solvent volume is vaporized and
the solute bands — that were spread out along the
retention gap — are concentrated at the beginning of
the separation column. An example of the successful
application of an on-column injector as an on-line
interface for microcolumn LC-GC is given in Fig. 7,
illustrating the two-dimensional separation of a fuel
oil sample. Heart-cutting was applied to introduce a
part of the first dimension onto the secondary
separation system. With heart-cutting techniques,
only a fraction of the original sample is separated,
with a peak capacity that is typical for a single
dimension.

The full power of a two-dimensional separation
system was used by Holland and Jorgenson [222] to
separate biological amines with anion-exchange
chromatography coupled to reversed-phase chroma-
tography. Via a loop type interface, samples from the
first dimension were temporarily stored, before they
were transferred to the second dimension. To obtain
a high sampling frequency, the 90 cm X 100 pm L.D.
anion-exchange column was operated at a flow-rate
of 33 nl min~', while the secondary 3 cmX 100 wm
L.D. reversed phase column was maintained at 6 pl
min~'. The peak capacity of the two-dimensional
system was estimated to be 1400 peaks.

Another attractive way to achieve high sampling
frequencies is to use capillary electrophoresis (CE)
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Fig. 7. Two-dimensional separation of a fuel oil sample by microcolumn LC-GC. (A) Capillary LC chromatogram; (B) gas chromatogram;
x = fraction introduced into the GC. Conditions: capillary LC separation; column, 105 cmxX250 pm LD. packed with 7 pm silica; mobile
phase, heptane; flow-rate, 10.6 wl min~'; UV absorption at 214 nm. GC conditions: column, 30 m X 0.25 mm 1.D.; retention gap. 15 mXx250
pm fused silica; helium at 70 cm s~ '; flame ionization detection at 275°C (make up gas, nitrogen at 30 ml min~'); oven at 105°C for 9 min
and programmed to 245°C at 5°C min~'. Peak identification: (1) chlorobenzene; (2) 1,2-dichlorobenzene; (3) 1,2,4,5-tetrachlorobenzenen;
(4) 1,2,3,4-tetrachlorobenzene; (5) pentachlorobenzene; (6) hexachlorobenzene (reprinted with permission from Ref. [225]).

as the second dimension, which allows to obtain high
efficiencies in short periods of time. Lemmo and
Jorgenson [233] applied a two-dimensional sepa-
ration system for the study of protein standards based
on microcolumn size-exclusion chromatography
(SEC) and CE. Two approaches were presented — a
loop/valve interface and a so-called flow-gating
interface. The chromatographic SEC dimension con-
sisted of a 105 cmX250 um L.D. or a 110 cm X 100
pm LD. column packed with a size-exclusion
stationary phase. The flow through these columns
was 235-360 or 23 nl min ', respectively. CE was
performed in untreated 50 um ID. fused silica

capillaries of different lengths. The applied voltage
was +30 kV. Because of the relatively large dead-
volume of the bores of the loop/valve interface it
was only applicable for the coupling with the 250
pm LD. SEC column, i.e. too much extracolumn
band broadening. Furthermore, the loop/valve inter-
face hampered continuous sample collection. With
the flow-gating interface — which basically consists
of a PTFE gasket having a 1-mm channel that is
sandwiched between two stainless steel plates —
these problems were overcome. Injection into the CE
capillary was achieved by selectively sending a
transfer liquid flow through the PTFE channel or to
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waste. When an injection was made, the SEC effluent
was sent to waste. An example of the results
obtained with the new type of interface is given in
Fig. 8, which depicts the two-dimensional separation
of protein standards by SEC-CZE.

6.2. Microcolumn LC—mass spectrometry

The introduction of continuous-flow fast atom
bombardment and atmospheric pressure ionization
techniques (electrospray and atmospheric pressure
chemical ionization) have contributed to a very large
extent to the current success of microcolumn LC,
and have been one of the major driving forces behind
the development of microcolumn LC. However,
other types of interfaces also have been used for
coupling with mass spectrometry (MS). Among them
are electron impact and chemical ionization and the
particle beam interface. Interfaces such as the mov-
ing belt interface [234] and the thermospray types of
interface [235] are rarely applied. Microcolumns can

360
FA
30 { -
. MYO
_ [ Yo
& 280 | , « 2
2 -
E -
BSA
S 240 4 . :
1]
&
™yRO
L e e T

T T T
4.25 4.75 5.25 5.75 6.25 6.75

CZE (minutes)

Fig. 8. Separation of protein standard by two-dimensional SEC-
CZE with a flow-gating interface. Each protein was present at
0.5% (w/v) with 2.5% (w/v) formamide. THYRO, thyroglobulin;
BSA, bovine serum albumin; OVA, chicken egg albumin; MYO,
horse heart myoglobulin; FA, formamide. The 110 cmX 110 pm
L.D. SEC column was operated at a flow-rate of 20 al min~".
Injection was 8 min at 7 bar. The electrophoresis capillary had a
length of 53 cm (33 cm to the detection window). CZE conditions:
30 s electromigration injection at 0 kV and 4 min overlapped runs
at —11 kV. The actual CZE run time was 8 min. The buffer used
for both separations was 10 mM tricine, 25 mM Na,SO,, 0.005%
sodium azide (w/v), pH 8.23 (reprinted with permission from Ref.
[233]. Copyright (1993) American Chemical Society).

be either directly coupled to the ion source or via
transfer lines. The latter will obviously increase band
broadening, i.e. decreasing the chromatographic ob-
tained resolution. On the other hand, the mass
spectrometer also will add to the overall band
broadening.

6.2.1. Electron impact!/chemical ionization (direct
liguid introduction)

Direct introduction of the microcolumn LC ef-
fluent into the source of the MS is sometimes
applied. A recent study by Ranalder et al. [236]
involved the separation and quantification of metabo-
lites of retinoic acid in human plasma. The column
was directly coupled to the source of the MS and
negative ionization conditions were obtained by
coaxial introduction of reagent gas. Albron and
Stenhagen [237] reported on the connection of a 220
pm LD. packed capillary LC column with an elec-
tron impact source for the analysis of plant extracts,
phenolic acids and other polar compounds. Another
interesting application of direct liquid introduction
was published by Esmans et al. [238], who evaluated
the system for the identification and detection of
nucleosides in human urine after separation on a
micro LC column. These are just a couple of
examples of the use of direct liquid introduction
interfaces for microcolumn LC-MS. Many others
have been published. The advantages and limitations
of microcolumn LC-MS with direct liquid intro-
duction have been discussed by Lee and Henion
[239].

6.2.2. Particle beam

Capiello’s group has published a number of papers
on the design and performance of a modified particle
beam interface in conjunction with capillary LC
[240-242]. By increasing the orifice diameter of the
aerosol generator — i.e. the coaxial helium tubing —
droplet formation of the mobile phase on the end of
the capillary transfer tubing was circumvented and
aerosol formation promoted. Further, a restriction
was made in the capillary transfer tubing, which also
aids the formation of an aerosol. Improved sensitivi-
ty of 1 order of magnitude was found compared to a
standard particle beam interface with conventional
liquid chromatography. The interface was applied for
basic, neutral and acidic low volatile and thermally
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instable pesticides [242] and coumarins in plant
extracts [240].

6.2.3. Continuous-flow fast atom bombardment

The first successfully applied microcolumn LC-
MS interface was continuous-flow fast atom bom-
bardment (CF-FAB), which has been applied mainly
for the analysis and identification of biochemical
compounds. This interface has been applied for
coupling with microcolumn LC since the mid-1980s,
but its breakthrough came some years later when a
220 cmX50 wm LD. packed capillary LC column
was coaxially interfaced with CF-FAB [243]. The
dead-time of such a system - operated at a flow-rate
of ~30 nl min~' - is 79 min and found to be
impractical. However, since then, the CF-FAB inter-
face has undergone many modifications, making it a
very attractive desorption ionization technique for
polar and ionic compounds. CF-FAB is based on
secondary ionization sputtering processes and re-
quires a viscous matrix to produce ions. This matrix
generally consists of an aqueous glycerol solution.
The matrix solution can be either coaxially added to
the post-column effluent [243,244] via an addition
tee [245,246]. Alternatively, the glycerol matrix can
be added to the mobile phase [247,248]. The latter
will obviously affect chromatographic separation.
Each interface design has its own advantages and
limitations. The coaxial addition of matrix solution
does not require any transfer tubing — therefore
reducing extracolumn band broadening. The transfer
line interface — where the glycerol is added via a tee
— permits for simultaneous on-line UV absorption
and MS detection. Optimization of the separation
and ionization conditions can be optimized indepen-
dently with both interfaces.

The number of applications dealing with micro-
column LC-CF-FAB is extensive. In a review paper
in 1994, Tomer et al. [249] summarized a large
number of publications dealing with capillary LC-
MS. In this paper, two recently published examples
will be discussed. Li et al. [250] applied capillary LC
continuous-flow liquid secondary ion MS (CF-LSI-
MS) — a technique very closely related to CF-FAB —
for the rapid screening and identification of metabo-
lites. Capillary LC—CF-LSI-MS was used as part of
an integrated approach for discovery stage in vitro
metabolites. Excellent sensitivity was obtained in

detecting model compounds in both the positive and
the negative ion mode. Full-scan mass spectra could
be obtained when 5 pmol of compounds was injected
onto a 10 cmX300 pm LD. capillary LC column.
Fig. 9 shows a typical example obtained with this
system. Fig. 9 (top) corresponds to a reconstructed
ion chromatogram of an oxidative metabolite that
was — after treatment with CH,N, — slowly con-
verted into components A and B. In the bottom and
middle traces of Fig. 9, the positive ion LSI-MS
mass spectra of products A and B are given, respec-
tively.

Li et al. [251] used cation-exchange capillary LC~
FAB-MS in order to characterize reaction products
after proteolytic cleavage of neuropeptides. A con-
tinuous bed, i.e. a gel that is covalently bond to the
capillary wall, was used as the stationary phase
material. The 15% glycerol make-up solution was
added to the post-column flow via a zero-dead-
volume tee. The potential of such columns for on-
line mass spectrometry and peptide analysis was
investigated. The system allowed limits of detection
at the pmol level.

6.2.4. Electrospray ionization

Electrospray ionization (ESI) was almost simul-
taneously introduced with CF-FAB and has become
a very popular technique for the analysis of bio-
chemical macromolecules. The coupling of an ESI
interface to microcolumn LC is relatively easy. A
schematic representation of one of the earliest de-
veloped ESI interfaces is given in Fig. 10 [252]. The
liquid stream is introduced into the electrospray
chamber at a typical flow-rate of 5-20 pl min '
through a stainless steel needle. This needle is
grounded and the cylindrically shaped electrode is
kept at —3.5 kV for positive ion detection. The
metallized inlet and outlet of the glass capillary that
passes ion-bearing gas into the first stage of the
vacuum system are maintained at —4.5 kV and +40
V, respectively. The skimmer is set at —20 V and the
ion lens in front of the quadrupole at —100 V. To
produce negative ions, voltages of the same mag-
nitude but of opposite sign have to be applied.

As a result of the applied electric field, some of
the positive ions in the column effluent will drift
towards the liquid surface and some of the negative
ions will be pushed away from it, until near complete
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Fig. 9. Capillary LC—CF-LS-IMS analysis (reconstructed ion chromatogram; m/z ~400~550) of an isolated metabolite after treatment with
CH,N, (top) and positive ion LSI-MS spectra of product A (middle) and its methylester product B (bottom). See text for details (adapted
with permission from Ref. {250]. Copyright (1995) American Chemical Society).

charge relaxation is achieved. The accumulating out of the capillary downfield, forming a stable,
positive charge at the surface of the liquid leads to conically shaped fluid. At higher voltages, the tip of
destabilization of the liquid surface, which is drawn the fluid cone starts to emit very small positively
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Fig. 10. Schematic representation of an electrospray interface (reprinted with permission from Ref. [252]. Copyright (1985) American

Chemical Society).

charged droplets; the so-called stable jet mode. The
next step in the ionization process is the evaporation
of solvent molecules from the charged droplets,
resulting in an increment in the charge-to-volume
ratio, and to repeated disintegrations at the Rayleigh
instability limit. Ultimately, positive gas-phase ions
are produced. A detailed description of the mecha-
nism of ESI is given in the literature [253]. However,
the theory is not yet completely understood.
LC-ESI-MS interfaces have a near-linear relation-
ship upon the concentration of the analyte, making it
an important tool in quantitative analysis. For in-
stance, Whitechouse et al. [252] reported a linear
behavior of 4 orders of magnitude for their ESI
interface. Furthermore, the mass spectrometer signal
intensity was found to be almost independent of the
liquid flow-rate. Hence, the ESI interface can be
operated at extremely low mobile flow-rates that are
typically used with nanoscale LC columns, resulting
in extremely low mass sensitivity limits of detection.
As with CF-FAB interfaces, ESI interfaces are
coupled with capillary LC either directly or via a
transfer line. The advantages and limitations of
transfer lines have been discussed earlier. Primarily,
applications of capillary and nanoscale LC-ESI-MS
have been in protein and peptide analysis. An
extensive overview of ESI-MS in conjunction with
capillary and nanoscale LC has been given in the
literature [249]. In Section 7, some selected exam-

ples will be discussed, demonstrating the successful
use of microcolumn LC-ESI-MS.

Microcolumn LC—MS is still under development.
Current research is focussed on achieving even lower
limits of detection. Just some examples are the
coupling of microcolumn LC with matrix-assisted
laser desorption ionization (MALDI) techniques, the
coupling of nanoscale columns with an ESI interface
to an orthogonal time-of-flight mass spectrometer,
and the use of micro LC columns with an ESI source
interfaced to an ion trap storage/reflectron time-of-
flight mass spectrometer [254].

7. Applications

Microcolumn LC can be applied in many different
fields. However, at present its main application areas
are bioanalysis, neuroscience and protein/peptide
research. In these cases, sample availability or mass
spectrometric compatibility are often the driving
force towards miniaturization. Other application
areas are chiral separations and the analysis of
industrial samples, e.g. polymers and additives.
Some selected examples will be briefly discussed.

7.1. Protein/peptide research

The amount of applications that can be found in
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the literature that deal with the analysis of biological
compounds are numerous. Among the best examples
of the use of microcolumn LC can be found in
protein/peptide research. For example, Henzel and
co-workers [255-257] reported on the identification
of proteins from two-dimensional gels by means of
capillary LC and mass spectrometry. Typically, a
protein is characterized by means of an in situ
digestion. The generated peptides are analyzed by
means of MALDI-MS and with capillary LC fol-
lowed by ESI-MS or by protein sequencing. The
combination of the analysis results of these three
techniques finally leads to the complete amino acid
sequence of the protein. A typical example of a
capillary LC separation of an in situ digested protein
spot is given in Fig. 11. The most demanding and
laborious steps in these types of protein characteriza-
tion techniques are still the manual sample prepara-

tion steps required to recover the protein from the
gel. However, this example shows that capillary LC
has produced significant advances in the develop-
ment of capillary LC-MS in protein/peptide re-
search.

Other, similar examples have been published by
Yates and co-workers [258,259]. The tandem mass
spectra of modified and unmodified phosphorylated
peptides, and high-molecular weight proteins isolated
with two-dimensional gel electrophoresis were used
to determine the amino acid sequence of the peptide
and proteins, respectively. This method employs a
reverse pseudo-mass spectral library search. For each
amino acid sequence — that has some similarity to
the sequence represented in the observed tandem
mass spectrum — a library spectrum is predicted for
the sequence and compared to the tandem mass
spectrum.
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Fig. 11. Total ion current chromatogram obtained from an on-line capillary LC-ESI-MS analysis of an in situ digestion of a protein spot
from a two-dimensional gel. The amount of protein was ~2 pmol. Peptide separation was conducted on a 180 um LD. capillary LC column
(reprinted with permission from Ref. [257]).
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Tempst et al. have published on the micro LC
purification of peptides for combined chemical se-
quencing and MALDI-MS [260], and described in
detail the microcolumn LC assembly and fraction
collection, sample handling and peak selection for
sequencing [261]. A very experimentally orientated
paper, i.e. description of the capillary LC system and
sample preparation, on protein isolation and peptide
mapping with capillary LC has been published by
Moritz et al. [262]. Tryptic peptide maps derived
from in situ digested murine plasmacytoma were
developed on 0.2 mm LD. capillary columns. Limits
of detection were not given. Kassel et al. [263]
evaluated packed capillary perfusion columns for
rapid sequencing of enzymatic digest with ESI-MS—
MS. LC columns (180, 320 and 1000 pm LD.) -
either packed with small-pore materials or perfusion
particles — were directly coupled to the ESI source of
the mass spectrometer. Retention times were reduced
by a factor of 3-5 with the capillary perfusion
columns. Some loss in chromatographic resolution
was found with the use of perfusion columns.
However, capillary perfusion LC-MS permitted for
the identification of the same peptide fragments at
the 25-50 pmol level.

All previously discussed examples deal with MS
as the identification method for the peptide frag-
ments. Battersby et al. [264] demonstrated the
characterization of recombinant DNA-derived human
growth hormone (thGH) isolated from an in vivo rat
model using capillary LC. The chemical changes that
occur in thGH following intravenous administration
were identified on retention time. Prior to characteri-
zation, the protein of interest was isolated with an
affinity column. The recovered protein was then
digested and analyzed on a capillary LC column.
Deamination and oxidation of rhGH were found to
occur in vivo and were identified at the sub-pmol
level (<10 pmol).

7.2. Chiral separations

The chromatographic analysis of enantiomers is a
rapidly growing research area, which also has been
the subject of some microcolumn LC studies. Micro-
column LC is a very attractive technique for enantio-
meric separations since it is possible to apply new
types of stationary phases that are normally too

expensive, e.g. monoclonal antibodies or receptor
proteins [265]. Furthermore, the consumption of
expensive stereoselective mobile phase additives is
lower, and the chromatographic efficiency and selec-
tivity higher. The latter is not yet understood, but
experimental data show improved plate numbers and
chromatographic separation factors on capillary LC
columns.

Chiral separations can be achieved by the use of
chiral stationary phases [265-270], a chiral selector
that is adsorbed on the packing material
[265,271,272], or by using chiral mobile phase
additives [265,273-275]. For instance, Wannman et
al. [265] reported on the separation of chiral ethanol
and propanol derivatives on a Pirkle phase. The
authors concluded that every originally developed
method for chiral separations on conventional high-
performance liquid chromatography columns can be
transferred to capillary LC systems with little effort.
Kientz et al. [266] showed the analysis of chiral
organophosphorus pesticides, and found that capil-
lary LC has a 5-fold improved separation impedance,
an approximately 2-fold increase in column per-
meability and better inertness compared to conven-
tional LC. Cortes and Nicholson [267] showed, in a
feasibility study, the potential of chiral separations
on capillary-sized LC columns. Comparable results
were found on conventionally sized columns at
almost identical linear mobile phase velocities.

Takeuchi and co-workers [273-275] demonstrated
the use of B- and y-cyclodextrin as mobile phase
additives for the separation of analogs of dansyl
phenylalanine [273] and phosphate enantiomers
[274,275]. The stationary phase was ordinary octa-
decyl silica. The use of small-I.D. microcolumns
allowed for the use of these very expensive mobile-
phase additives. The work of Vindevogel et al. [271]
will be used as an example of the adsorption of a
chiral selector on a stationary-phase surface. The
elution order of N-nitroaroyl amino acid on bovine
serum albumin-coated silica gel was determined and
it was concluded that column-overloading effects on
protein-based stationary phases occur at lower con-
centrations than on other stationary phases. Further-
more, as a result of this effect, the retention times of
the chiral analytes shift non-predictably, especially
for the last eluting compound. This effect was
explained by blocking of the adsorption sides by the
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first eluting compounds, or that enantioselectivity
was obtained through adsorption sides that interact
uniquely with one enantiomer. A quantitative de-
scription was not given.

7.3. Bioanalysis and neuroscience

On-line capillary L.C - interfaced with either CF-
FAB-MS-MS or ESI-MS-MS - was applied by
Vouros and co-workers [276,277] for the detection of
in vivo-formed DNA adducts. This technique was
used for rapid screening of the reaction between
carcinogenic adducts and calf thymus DNA in order
to elucidate the biochemistry of the interaction [276].
Multiple reaction monitoring provided limits of
detection below 50 fmol. Further, the technique was
able to detect structural data of the adducts that were
formed. In a successive paper a similar application
was demonstrated [277]. In this case the study
involved the detection of heterocyclic aromatic
amine DNA adducts of food-derived carcinogenic
compounds. The limit of detection of the target
adduct was approximately 80 fmol, which was
achieved by monitoring characteristic fragmentation
patterns.

Vouros® group also reported on the analysis of
vitamin D metabolites [278]. Vitamin D metabolites
may have therapeutic effect in the treatment of
leukemia. However, overdosage of this steroidal
hormone can cause severe side effects. Capillary
LC-tandem MS was employed to provide a high
degree in sensitivity and selectivity at low levels. A
derivatization step was introduced by reacting the
vitamin D metabolites with 4-phenyl-1,2,4-triazoline-
3,5-dione. The derivatives were characterized by
continuous-flow FAB.

Femtogram detection limits for biogenic amines in
rat brain tissues using micro LC with electrochemical
detection was reported by Caliguri and Mefford
[188]. The chromatographic separation of some
indoleamine standards on a 25 cmX1.0 mm ID.
micro LC column is given in Fig. 12. The chromato-
gram on the right represents the quantity of two
compounds present in 0.84 pg of tissue. Under the
presented conditions it would be feasible to quanti-
tate the indoles present in 90 ng of tissue. The
obtained concentration values agreed with the litera-
ture. Besides the separation of indoleamines, the
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Fig. 12. Micro LC separation of an indoleamine standard at the
limit of detection level (left) and indoleamines in rat hypothalmus
extract (0.94 pg tissue, right). Column: 25 ¢cmX 1.0 mm LD.
packed with 5 wm C18; mobile phase, 0.1 M sodium acetate, 0.02
M acetate, 0.02 M citric acid, 50 mg 17' EDTA, 100 mg 17’
sodium octyl sulphate and 4.5% (v/v) acetonitrile; flow-rate,
40-50 pl min™'; detection, +0.6 V vs. Ag/AgCl. Compound
identification: (2) 5-hydroxytryptamine-HCl; (3) S-hydroxy-
indoleacetic acid (adapted with permission from Ref. {188]).

authors also reported on the analysis of catechol-
amines.

Straub et al. [279] determined B-lactam residues
in milk using perfusion capillary LC combined with
ESI-MS. B-Lactam antibiotics are a widely used
drug in veterinary medicine for the treatment of
bacterial infections and are assigned as target drugs
with high priority. The separation detection of six
key components was presented. The ability to con-
firm these B-lactam residues at the 10-ppb level was
regarded as a significant breakthrough. Further, the
ability to concentrate and analyze the components in
less than 13 min was also found to be of importance
for repetitive screening.

The presented applications in this paper cover only
a small part of microcolumn LC applications that can
be found in literature. However, this section gives a
flavor and a first impression of the application area
of microcolumn LC and demonstrates the versatility
of the technique.
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