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LC TROUBLESHOOTING

Ic
o

n
 I

m
ag

e
: 

Jo
e

 Z
u

g
ci

c/
Z

u
g

ci
c 

P
h

o
to

g
ra

p
h

e
rs

, 
In

c.

Troubleshooting for  
Two-Dimensional Liquid Chromatography: 
Breakthrough in the Second Dimension 
Two-dimensional liquid chromatography (2D-LC) separations can pose troubleshooting challenges not normally 
encountered in conventional high-performance liquid chromatography (HPLC) separations. A common problem 
encountered in the development of 2D-LC methods is that the first dimension mobile phase properties can 
negatively affect the quality of subsequent second dimension separations. In this installment we review the 
origin of this problem and discuss potential solutions.

Dwight R. Stoll

For more than three decades, this “LC 
Troubleshooting” column has focused 

on solving problems encountered in liquid 
chromatography methods involving a single 
column. Since the late 1970s, researchers 
have been working to develop two-dimen-
sional liquid chromatography (2D-LC), which 
typically involves two different columns (1). 
For decades, 2D-LC has been used exten-
sively and successfully in several specific 
application areas, including proteomics and 
polymer separations. Most recently, how-
ever, the number of commercially available 
options for off-the-shelf instrumentation 
for 2D-LC has increased. Because of this, 
users in a broad array of application areas 
have begun deploying 2D separations 
more widely (2). Given the steady increase 
of active users deploying 2D-LC, it is now 
time to dedicate some installments of “LC 
Troubleshooting” to problems encountered 
in 2D-LC. Although it is true that many of 
the troubleshooting topics in the context of 
conventional HPLC separations also apply 
to 2D-LC (for example, best practices for 
mobile-phase preparation are nominally 
the same for 1D- and 2D-LC), it is also true 
that there are challenges that are unique 
to 2D-LC and deserve focused attention. 
Readers interested in learning much more 

about state-of-the-art 2D-LC separations 
are referred to several recent review articles 
(1–3). In the following paragraphs, I provide 
a brief review of the concept of 2D separa-
tion, and then discuss one of the common 
problems encountered by users developing 
2D-LC methods: breakthrough peaks in the 
second dimension.

Two-Dimensional Separations:  
The Basic Idea
People are interested in 2D-LC separations 
because the 2D format provides a chance to 
resolve analytes that otherwise would not be 
resolved by a single column in conventional 
1D-LC. This can be useful for separating very 
complex mixtures, such as tryptic digests of 
proteins where the analyst tries to extract as 
much information from the sample as possi-
ble. However, 2D separations are also useful 
for samples that are not so inherently com-
plex, but contain several analytes that are 
difficult to separate. For example, samples 
of several different enantiomer pairs may be 
difficult to separate using a single chiral col-
umn, but may be relatively easy to separate 
in a 2D format using a combination of achiral 
and chiral columns (4).

There are several different modes or ways 
of executing 2D-LC separations. Among 

these, the single heartcut mode—denoted 
LC-LC—is the simplest in terms of the instru-
mentation, methods, and data analysis 
involved. The goal of such a separation is 
illustrated in Figure 1. A first dimension (1D) 
separation results in three clusters of unre-
solved peaks. The first cluster contains a 
peak corresponding to the analyte of interest 
(blue peak). Current commercial instrumen-
tation and software make it straightforward 
to target this peak and instruct the instru-
ment to transfer a portion of effluent from 
the 1D column containing the peak (along 
with the overlapping pink and green peaks) 
to a second dimension (2D) column for fur-
ther separation. Then, provided a 2D column 
and separation conditions are chosen that 
are complementary to the 1D conditions, the 
analyte of interest can be separated from the 
compounds it overlapped with in the 1D sep-
aration, enabling accurate quantitation and a 
qualitative analysis free from interferents.

There are a number ways that instrumen-
tation can be configured to support such a 
separation, but one example of the inter-
face between the 1D and 2D separations is 
shown in Figure 2. The interface valve has 
two positions, and the valve is toggled to 
either have the 1D column effluent flow to 
waste in regions of the separation that don’t 
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require additional 2D separation (position B), 
or to collect the 1D effluent in the sample 
loop (position A). At the end of this sampling 
period, the contents of the loop are effec-
tively injected into the 2D column for fur-
ther separation by switching the valve from  
position A to B.

Mobile-Phase Mismatch Can 
Lead to Breakthrough Peaks
As indicated in the preceding section, an 
important determinant of successful 2D-LC 
separations is the degree of complemen-
tarity of separation conditions (that is, the 
separation selectivities should be different) 
used in the first and second dimensions. 
Sometimes, this can be realized without the 
conditions used in the 1D separation nega-
tively impacting the quality of the 2D sepa-
ration as measured by chromatographic effi-
ciency or detection sensitivity. For example, 
many applications of 2D-LC in the field of 

proteomics involve a 1D separation based 
on a cation-exchange mechanism and a 2D 
separation that relies on a reversed-phase 
mechanism. In the case of 2D-LC, peptides 
are eluted from the 1D column in effluent 
composed mainly of a buffered aqueous 
solution. This is highly favorable for the 2D 
separation in the sense that relatively large 
volumes of this effluent can be injected into 
the 2D column without negatively impacting 
the widths or shapes of 2D peaks. However, 
a favorable relationship between the operat-
ing conditions used in the two dimensions 
is not inevitable. In other cases, the proper-
ties of the effluent from the 1D column can 
have a dramatic and negative effect on the 
quality of the 2D separation. We refer to 
problems of this type as originating from 
mismatch between the mobile phases used 
in the two dimensions. An example of this 
is where we use a hydrophilic-interaction 
liquid chromatography (HILIC) separation 

in the first dimension and a reversed-phase 
liquid chromatography (RPLC) separation 
in the second dimension. In general, HILIC 
separations tend to involve mobile phases 
containing much more than 50% acetonitrile, 
whereas RPLC separations of compounds 
that can be reasonably retained under HILIC 
conditions tend to involve mobile phases 
containing much less than 50% acetonitrile. 
If HILIC separation is used in the first dimen-
sion and RPLC separation is used in the sec-
ond dimension, this then sets up a situation 
where a large volume of 1D effluent contain-
ing analytes of interest and more than 50% 
acetonitrile is injected into the RPLC column 
running with a mobile phase containing less 
than 50% acetonitrile. 

Figure 3 shows an illustration of the local 
environment inside the 2D column during the 
injection of 1D effluent into the 2D column. In 
principle, this injection step is not different 
from what happens in conventional 1D-LC. 
However, problems can arise in 2D-LC when 
the volume of effluent from the 1D column is 
not very small (less than 1%) relative to the 
volume of the 2D column itself (which is com-
mon in 2D-LC). I like to emphasize the impact 
of this difference by saying that in 2D-LC the 
1D column effluent becomes the 2D mobile 
phase during the injection step. If analytes 
are weakly retained by the 2D column in the 
1D effluent, then it hardly matters what the 
analyte retention is in the 2D column in the 

2D mobile phase—retention during the injec-
tion step will be determined primarily by the 
properties of the 1D effluent. Therefore, such 
conditions can very easily lead to terrible 
chromatographic outcomes in the second 
dimension. Figure 4 shows the experimen-
tal results from recent work by my research 
group that was aimed at developing 2D-LC 
separations of monoclonal antibodies 
(mAbs) using HILIC and RPLC separations 
in the first and second dimensions, respec-
tively. In this instance, the influence of the 1D 
effluent on the 2D separation is so severe that 
most of the analyte mass injected into the 2D 
column breaks through in the dead volume 
of the column, and only a small fraction of 
the mass is retained and eluted with normal 
looking peaks. This type of outcome is, of 
course, highly undesirable from the point of 
view of both quantitative and qualitative uses 
of 2D-LC.

1D Separation

2D Separation

Peak of interest

FIGURE 1: Illustration of the concept of a single heartcut 2D-LC separation (LC-LC). 
A fraction of effluent from the 1D column containing the analyte of interest (dark blue 
peak) is transferred to the 2D column where the target analyte is separated from other 
compounds that have been co-eluted with it from the 1D column.
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FIGURE 2: Illustration of flow paths through a valve typically used to connect the 1D and 
2D columns used in a 2D-LC separation. In position (a), the 1D column effluent is col-
lected in a loop that is switched into the flow path (that is, the contents of the loop are 
injected) of the 2D column when the valve is switched to position (b).
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A Variety of Solutions to Help
While the mobile-phase mismatch problem 
described above is certainly not new to the 
2D-LC community, its significance in practi-
cal 2D-LC method development and the 
importance of developing solutions for the 
problem to the continued growth of the 
technique have garnered a lot of attention 
in recent years. A broad perspective on the 
significance of the problem in different appli-
cation areas and for possible combinations 
of different separations modes has been 
discussed in detail by Pirok and co-workers 
(6). The good news is that currently there are 
commercially available technologies that can 
be used to address the problem, and other 
potential solutions are being explored by 
various research groups across the globe (7). 
Currently, two of the most effective commer-
cially available solutions rely on interventions 
that disrupt the situation illustrated in Figure 
3 that can lead to poor outcomes like that 
shown in Figure 4b, by adjusting the com-
position of the 1D effluent prior to injection 
of that material into the 2D column for further 

separation. In an approach known as at-col-
umn dilution (ACD), a pump is used to add 
diluent to the 1D column effluent as it exits 
the column, thereby adjusting the proper-
ties of the effluent prior to loading into the 
2D column (8). In a different approach known 
as active solvent modulation (ASM), valve 
technology is used to enable temporary 
adjustment of the properties of the 1D efflu-

ent prior to injection into the 2D column (9). 
Figure 4 shows a representative result from 
our own work aimed at demonstrating the 
positive impact of an intervention like this on 
the quality of the 2D separation in a situation 
where the impact of the mobile-phase mis-
match is severe if left unchecked. A 1D HILIC 
separation of the fragments of the monoclo-
nal antibody atezolizumab after treatment 

1D Effluent
(that is, the sample) 2D Column

Flow

2D Mobile phase

FIGURE 3: Illustration of the injection of a fraction of 1D effluent into the 2D column, 
emphasizing the point that sometimes the volume of the fraction is large enough rela-
tive to the volume of the 2D column that the 1D effluent effectively acts as the 2D mobile 
phase during the injection step.

http://www.silcotek.com
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with the IdeS enzyme and reduction with 
dithiothreitol is shown in panel (a). Add-
ing a 2D RPLC separation either without 
or with ASM produces the 2D chromato-
grams shown in panels (b) and (c), respec-
tively. Separating these protein fragments 
by HILIC requires a 1D mobile phase with 
about 70% acetonitrile, and a 2D mobile 
phase with about 30% acetonitrile for 
RPLC separation. When there is no miti-
gation of the effects of this mobile-phase 
mismatch, the 70% acetonitrile in the 1D 
effluent causes severe breakthrough of 
protein peaks in the dead volume of the 
2D column due to very low RPLC retention 
in a high acetonitrile environment. These 
breakthrough peaks are highlighted by the 
red rectangle in Figure 4b. On the other 
hand, ASM enables a reduction in the ace-
tonitrile level to below 30% in the sample 
that is injected into the 2D column, thereby 

completely eliminating the breakthrough, 
as shown in Figure 4c.

Summary
Currently, it is most important that 2D-LC 
users recognize that breakthrough in the sec-
ond dimension of 2D-LC separations can be 
a severe problem, particularly in cases where 
the degree of mismatch between the mobile 
phases used in the two dimensions is large. 
Currently, ACD and ASM are two popular 
and commercially available solutions that 
address many, but not all, of these challenges. 
There are many other potential “homemade” 
solutions, and several research groups are 
exploring other potential solutions involving 
membrane and sorbent-based approaches, 
to name a few (7,10). Given the importance 
of this problem it seems likely that we will 
see other commercial solutions emerge in 
the not-too-distant future.
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FIGURE 4: 2D-LC separations of the fragments of the monoclonal antibody atezoli-
zumab after reduction with the IdeS enzyme and reduction with dithiothreitol. The 1D 
chromatogram from a HILIC separation of these fragments is shown in panel (a). Panels 
(b) and (c) show the 2D chromatograms obtained either without (b) or with (c) the use of 
active solvent modulation (ASM) to mitigate the effect of the high acetonitrile level in 
the 1D effluent on the 2D reversed-phase separation. The severe breakthrough peaks in 
the second dimension of the separation in (b) are highlighted by the red rectangle. With 
the use of ASM in (c) these breakthrough peaks are completely eliminated. Adapted 
from reference (5).




