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LC TROUBLESHOOTING

Dwight R. Stoll, C.J. Venkatramani, and Sarah C. Rutan

In part I of this series (1) we discussed 

how the peak purity tools commonly 

provided in chromatographic data sys-

tem software can aid in the detection 

of impurities in liquid chromatography 

(LC) analysis. In part II, we continued 

the discussion by showing how a fam-

ily of chemometric tools known as 

multivariate curve resolution (MCR) 

methods can be used to not only 

detect the presence of small peaks 

coeluted with much larger peaks, but 

also quantify them (2). These methods 

are particularly useful in cases where 

the more widely used peak purity 

tools deployed in commercial soft-

ware are not sufficiently sensitive to 

detect low-level impurities in the pres-

ence of a larger peak. However, these 

curve resolution methods also have 

limitations—namely when the spectral 

signatures of two (or more) coeluted 

constituents of the sample are too sim-

ilar to be resolved effectively by math-

ematical means. The extreme example 

of this appears in the case of analyzing 

a mixture of isomers; here, even mass 

spectrometric detection is often not 

sufficiently selective to resolve coe-

luted compounds.

This month we wrap up this series 

by describing how two-dimensional 

(2D) separations can be used to effec-

tively and efficiently solve coelution 

problems and answer questions about 

peak purity that are difficult, if not 

impossible, to address using simple 

peak purity tools or curve resolution 

methods. Adding a second dimension 

of separation is an efficient way to 

improve the separation power of an LC 

method in a broad sense (for example, 

as measured by peak capacity), and to 

augment the selectivity of an existing 

separation to tease apart compounds 

that are otherwise difficult to separate 

using a single column.

Basic Principles

Here we provide a very brief overview 

of the concept of 2D separation, and 

the principles behind the operation 

of instrumentation used for 2D-LC. 

Two-dimensional LC provides a suite 

of tools that are quite powerful, but 

they do add a level of complexity to 

the method development. Readers 

interested in more of the details and 

deeper discussion are encouraged 

to refer to a number of recently pub-

lished resources (3–5), including an 

overview of recent advances in 2D-LC 

for biopharmaceutical applications 

published in LCGC last year (6). Addi-

tionally, instrument vendors are now 

providing instrumentation and guid-

ance for 2D-LC method development, 

and readers should take advantage of 

those resources as well.

A simple view of the value of a sec-

ond dimension of separation is shown 

in conceptual form in Figure 1. The 

idea here is that if our sample is not 

fully resolved through separation by a 

first column, we can transfer the por-

tion of the effluent from that first col-

umn containing the coeluted analytes 

to a second column for further separa-

tion. Typically, it is very important that 

the separations by the first dimension 

(1D) and second dimension (2D) col-

umns be based on different separation 

principles or mechanisms (for exam-

ple, hydrophilic-interaction chroma-

tography [HILIC] and reversed-phase 

chromatography, or reversed phase in 

both cases, but with one at a low pH 

and one at a high pH). If we choose 

the columns and conditions correctly, 

then there is potential for the mixture 

of analytes that were coeluted from the 

first column to be fully resolved by the 

second column. And, in many cases, 

this additional separation can be real-

ized without any increase in the total 

time of analysis.

Figure 2 shows a commonly used 

configuration of instrument compo-

nents for 2D-LC analyses. An existing 
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LC system composed of a pump, autosampler, column 

compartment, and detector is augmented with a second 

pump, column, and detector, and the two sets of compo-

nents are connected together with some kind of interface. 

In this case, the interface shown is a valve that has eight 

connection ports and two sample loop capillaries (L1 and 

L2) that can be used to collect effluent from the 1D column 

and then inject that material into the 2D column for further 

separation. Figure 3 shows how this valve can be switched 

between two positions; in Position 1 loop L1 is being filled 

with effluent from the 1D column while the contents of loop 

L2 are injected into the 2D column. Some time later the 

valve can be switched to Position 2; at this point the roles 

of loops L1 and L2 are reversed and the contents of loop L1 

are injected into the 2D column. This kind of interface can 

be used for either simple heartcutting 2D-LC separations 

(for example, the kind shown in Figure 1), which is a very 

focused analysis, and for so-called comprehensive 2D-LC 

separations where the interface valve switches many times 

during the analysis to inject many fractions of 1D effluent 

into the 2D column with the goal of obtaining a more com-

prehensive separation and view of the constituents of the 

sample. Other more sophisticated interfaces can be used 

for hybrid 2D-LC separations known as multiple heartcut-

ting, selective comprehensive, or high resolution sampling 

2D separations (3,4,7).

Through the following application examples we intend 

to illustrate how 2D-LC separations can be used to effec-

tively and efficiently solve coelution problems and address 

questions regarding peak purity, particularly in cases where 

simple peak purity tools and curve resolution methods may 

be insufficient.

1D Separation

2D Separation

FIGURE 1: Conceptual view of the value of adding a second di-
mension of separation to an LC analysis.
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FIGURE 2: Common confi guration of instrument components for 
2D-LC analysis.
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Application 1: Solving 

Dynamic Range Problems

Although it is generally important to 

consider using different column chem-

istries or conditions for the first and 

second separations, there are some 

situations where using the same chem-

istry in both separations can be quite 

useful. One such situation is when 

a much less abundant compound is 

eluted in the tail (or the front) of a more 

highly abundant closely eluted com-

pound. Figure 4 illustrates this point 

by way of simulation. The black trace 

in Figure 4a is the chromatogram for a 

two-component mixture where compo-

nent 1 is present at 2000 times higher 

concentration compared to compo-

nent 2 (that is, component 2 is present 

at 0.05% relative to component 1). We 

see that component 2 is barely visible 

as a slight shoulder in the tail of the 

larger component 1 peak. The red trace 

shows the chromatogram for compo-

nent 2 that would be observed if it were 

injected by itself. So, the problem here 

is not detecting component 2 per se, 

but detecting it in the presence of the 

much more abundant component 1. 

Now, if we imagine using the interface 

valve of a 2D-LC system to collect the 

effluent from the first column from 8.25 

to 8.50  min and then inject that frac-

tion into a 2D column operated exactly 

the same way (that is, same chemistry, 

dimensions, and flow rate), we would 

expect to observe the chromatograms 

in Figure 4b. Now, because we are only 

transferring about 0.1% of the mass of 

component 1, the two components are 

resolved to the point where the quan-

titation of component 2 could be quite 

accurate and precise.

We use simulation results first here 

because the conditions for the sepa-

ration are easily controlled. But, results 

from the analysis of real samples are 

always more convincing! Figure 5 

shows results of a 2D-LC analysis of a 

highly concentrated active pharma-

ceutical ingredient (API) material (8). In 

this case, a single fraction of 1D efflu-

ent from the tail of the API peak was 

transferred to a 2D column of the same 
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FIGURE 3: Comparison of fl ow paths through the interface valve to inject 1D column 
effl uent from either loop L2 (position 1) or loop L1 (position 2) into the 2D column.
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FIGURE 4: Simulated 2D-LC separation of a two-component mixture using the same 
column chemistry and conditions in both dimensions: (a) 1D separation, (b) 2D separa-
tion. Simulation parameters for both separations: N = 10,000; α = k2/k1 = 1.04; under 
these conditions the resolution of components 1 and 2 is 1.0. 
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FIGURE 5: Results from single heartcut 2D-LC analysis of a low-level impurity coeluted 
in the tail of a highly abundant API peak. In this case the impurity was a bromo-sub-
stituted API instead of the desired chloro-substituted API as indicated by the mass 
spectra for the fi rst and second peak observed in the 2D separation. Adapted with 
permission from reference 8.
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FIGURE 6: Results from single heartcut 2D-LC separation of the D- and L-enantiomers 
of phenylalanine. Adapted with permission from reference 9.

chemistry. In the 2D chromatogram 

we observe partial separation of the 

API and impurity because the relative 

concentrations of the two compounds 

are more similar (about 10:1) than they 

were in the original sample. In this case, 

the small impurity peak could not be 

detected in the tail of the 1D peak for 

the API; however, the improved reso-

lution provided by the 2D separation 

enabled detection and quantitation of 

the impurity at a much lower concen-

tration than would be possible with a 

conventional one-dimensional (1D)-LC 

separation. The LC–mass spectrometry 

(MS) data (time of flight [TOF]) shows 

that the impurity peak is a bromo-sub-

stituted API (M+1 ion 485.07) instead 

of the desired chloro-substituted API 

(M+1 ion 441.12). The bromo-impurity 

originates from the regulatory starting 

material (RSM). Structural similarity 
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and reactivity of the impurity (5-bro-

mo-2,4-difluorobenzoic acid) to the 

RSM (5-chloro-2,4-difluorobenzoic acid) 

limits the purging of the impurity during 

the manufacturing process. The only 

way to limit the level of bromo-API is by 

controlling the level of 5-bromo-2,4-di-

fluorobenzoic acid in the RSM. The rel-

ative level of the bromo-substituted API 

was less than 0.05% of the API peak, 

and would not have been detected 

without 2D-LC separation.

Application 2: 

Resolving Enantiomers

Experimental results from a second 

powerful application of single heartcut 

2D-LC are shown in Figure 6 (9). Here 

the sample is first separated using 

an achiral reversed-phase column 

(ODS-AQ), and then a single fraction of 

effluent from the center of the 1D peak 

is transferred to a 2D column having chi-

ral selectivity for the separation of the 

enantiomers (Chirobiotic T). The inset 

chromatogram shows that the enan-

tiomers are well-separated by the 2D 

column, enabling accurate quantitation 

of both compounds. In this proof-of-

concept separation, the phenylalanine 

enantiomers are not separated from 

anything else by the 1D column, but in 

the case of a real impurity analysis any 

achiral impurities in the sample could 

likely be separated by the 1D column 

before isolating the mixture of enantio-

mers for further separation by the 2D 

column. The results of heartcut 2D-LC 

were comparable to conventional chi-

ral LC with detection limits lower than 

0.1%. This 2D-LC approach is now rou-

tinely used for simultaneous achiral–

chiral analysis of compounds with mul-

tiple chiral centers, where developing a 

chiral 1D-LC method to resolve poten-

tial stereoisomers from the desired 

compound is extremely challenging, 

if not impractical. As instrument and 

column technologies have improved, 

several groups have developed a num-

ber of approaches for 2D-LC analysis of 

mixtures of chiral compounds; for inter-

ested readers, there are several excel-

lent examples in the literature (10–16). 

Application 3: 

Addressing Coelution 

for Very Complex Mixtures

The two example applications dis-

cussed above illustrate the potential 

for 2D-LC to efficiently and effec-

tively resolve relatively simple mix-

tures. However, the utility of 2D-LC 

for addressing questions about peak 

purity and coelution is even more pow-

erful for more complex sample mix-

tures. An active area of pharmaceuti-
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FIGURE 7: Selective comprehensive 2D-LC separation focused on detection of impuri-
ties coeluted from the 1D column with a drug linker intermediate molecule used in the 
synthesis of an antibody–drug conjugate (ADC).
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cal development that is challenging 

the capabilities of conventional 1D-LC 

is the development of antibody–drug 

conjugates (ADCs) as drug substances. 

ADCs are assembled by conjugat-

ing a cytotoxic small molecule to an 

antibody protein using a low-molecu-

lar-weight linker molecule. Analysis of 

these linkers is challenging because of 

the complex routes involved in their 

synthesis and their relatively high 

reactivity. Figure 7 shows a selective 

comprehensive 2D-LC separation of 

a purified linker intermediate, where 

10 fractions of 1D column effluent col-

lected over the entire 1D linker peak 

are transferred one at a time to the 
2D column for further separation. Fig-

ure 7a is focused on the region of the 

1D chromatogram dominated by the 

API, and shows the fractionation of 

this peak into 10 fractions starting at 

11.15 min. Figure 7b shows the result-

ing 2D chromatogram obtained from 

these 10 fractions as a contour plot. 

The locations of three impurity peaks 

(A–C) that were coeluted with the API 

in the first dimension, but are nicely 

resolved by the 2D separation, are 

indicated with yellow ellipses. Finally, 

Figure 7c shows a single 2D chromato-

gram corresponding to the separa-

tion of fraction 5, which more clearly 

shows the separation of the three 

impurities from the API. Because the 

three impurities were coeluted with 

the 1D linker peak, they are not visible 

in the 1D chromatogram. Here again, 

2D-LC provides an efficient route to 

dramatically increase the selectivity of 

the overall analysis through the addi-

tion of a 2D separation. In this case, 

choosing a 2D column with selectivity 

complementary to that of the 1D col-

umn was important for achieving the 

separation shown here.

Closing Remarks

In this three-part series, we discussed 

different approaches to addressing 

questions about peak purity and coe-

lution. These include peak purity algo-

rithms that are based on the evolution 

of spectra across a chromatographic 

peak, curve resolution methods that 

are designed to mathematically resolve 

analyte peaks that are not resolved 

chromatographically, and finally two-di-

mensional separations. Each approach 

has strengths and weaknesses, and 

they vary tremendously in terms of ease 

of use, cost of implementation, and so 

on. It should be pointed out that the 

peak purity and curve resolution tools 

described in parts I and II of this series 

can also be applied to 2D chroma-

tography data as well, enhancing the 

power of these methods even more 

(1,16). We hope that this series of “LC 

Troubleshooting” installments will help 

readers consider which approach might 

be most useful for them in particular 

analytical situations they face now and 

in the future. 
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