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LC TROUBLESHOOTING
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Minimizing Fluctuating Peptide Retention in 
2D-LC: How to Address a Moving Target
Retention of peptides is strongly dependent on solvent composition in reversed-phase separations with gradient 

elution. In this installment, we provide tips, tricks, and suggestions for best practices to help minimize retention 

time variations over time. 

Patrik Petersson

At a conference I attended in the 

summer of 2019, I listened to Dr. 

Patrik Petersson share results from 

his work on the development of two-

dimensional liquid chromatography 

(2D-LC) methods for the character-

ization of therapeutic peptides and 

related impurities. A significant part 

of his talk was focused on the need 

to take special precautions in mobile- 

phase preparation and operation of 

the LC system to reduce retention- 

time variation, particularly in the first 

dimension of the 2D-LC system. Some 

of his suggestions are routinely rec-

ommended by instrument manufac-

turers, and will be familiar to many 

users. However, some of the other 

suggestions will not be so familiar, 

so I’ve asked Patrik to summarize his 

deep experience in this area in a way 

that captures all of these tips and 

tricks in one place. Minimizing reten-

tion variation is particularly important 

in some types of 2D-LC separation, 

but the strategies presented will also 

be useful to anyone looking to obtain 

more consistent separations using 

conventional 1D-LC systems as well.

Dwight Stoll

Heart-cutting 2D-LC is an off-the-

shelf technique offering important 

advantages over conventional 1D-LC 

separations. For example, unknown 

molecules eluted from separations 

involving salty mobile phases can be 

characterized—nearly in real time—

by transferring them to a second 

dimension separation running with a 

mass spectrometry (MS)-compatible 

mobile phase and directly into a mass 

spectrometer (1,2). In other situa-

tions, combining different selectivi-

ties in the two dimensions (1D and 2D) 

provides a possibility to significantly 

increase resolution compared to what 

can be achieved with a single col-

umn. This selectivity-based approach 

to increase resolution is available 

already today, and can serve as an 

alternative to increasing resolution 

by increasing chromatographic effi-

ciency of a single separation. The lat-

ter would require smaller particles in 

capillary columns, and an entirely new 

type of LC system capable of handling 

extremely high pressure and dissipa-

tion of frictional heating (3). Another 

approach to increase efficiency is to 

use very long columns packed with 

large particles and a very low flow; 

however, that approach is not very 

practical, nor popular, since it requires 

very long analysis times (4,5).

Heart-cutting 2D-LC works very well 

for small molecules. It also works for 

larger molecules, such as peptides 

and proteins. However, for larger 

molecules, it can be more challeng-

ing due to 1D retention fluctuations 

resulting in a moving target—that is, 

trapping peak(s) of interest can be a 

challenge, as illustrated in Figure 1a 

to 1c (II), where a 40 μL cut defined 

based on a 1D analysis (a) would miss 

its target in subsequent analysis (b) 

and (c). These fluctuations are related 

to a very strong response of these 

large molecules to small changes 

in mobile-phase composition. Sny-

der and co-workers have shown that 

the following expression is valid for 

reversed-phase chromatography of 

large molecules such as peptides and 

proteins (6):

logk ≈ logk0 + 0.25 (M)0.5
Φ [1]

where k is the isocratic retention fac-

tor, M is the molecular weight of the 

analyte, and Φ the fraction of organic 

modifier in the mobile phase; k0 is 

the retention factor with no organic 

modifier in the mobile phase. As 

shown in Figure 2, this means that 

the retention of large molecules can 

change dramatically in response to 

even small changes in mobile-phase 

composition. Thus, small variations 

in the composition of mobile phase 
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delivered by the pump to the column 

can result in practically significant 

variations in retention time for large 

molecules that would not otherwise 

be noticed for small molecules. 

Since a modification of one func-

tional group in a large molecule can 

result in a relatively small change 

in physical and chemical properties 

of the molecule compared to the 

same modification of a small mol-

ecule, it is also more challenging 

to separate related impurities for 

large molecules. Consequently, large 

molecules require very shallow sol-

vent gradients in order to separate 

related impurities by reversed-phase 

LC. In our work, we often have LC 

purity methods for peptides with a 

slope of about 0.2%/min at a flow 

of about 0.3 mL/min, and still chro-

matograms typically show a cluster of 

poorly separated impurities around 

the main peak, such as that shown in 

Figure 1. 

One solution to the problem could 

be to use peak-based capture of cuts 

(that is, cuts defined by a change in UV 

signal slope, or rise above a thresh-

old absorbance). This works nicely for 

well isolated peaks, but for peptide 

impurity analysis this approach is less 

viable due to the sample complexity 

and poor separation. Therefore, pep-

tides and proteins are typically ana-

lyzed using time-based cuts.

In this “LC Troubleshooting” col-

umn, I present what I believe to be 

current best practice to address the 

problem with 1D retention variation. 

The recommendations are based on 

four years of experience working with 

2D-LC within the biopharmaceutical 

industry. Some of the recommenda-

tions are based on hard data, and 

some are less well founded.

Strategies to Minimize Pump 

Related Contributions

In our experience, it is important to 

use a high-pressure mixing pump 

(typically a binary pump) in the first 

dimension of a 2D-LC system to 

obtain the best possible retention 

stability. In a recent head-to-head 

comparison of state of the art UHPLC 

instruments conducted in our labora-

tories, we found that a low pressure 

mixing pump (typically a quaternary 

pump) gave 2.4-times higher reten-

tion variation than a high pressure 

mixing pump from the same ven-

dor (four systems of each type were 

tested on two occasions over a period 

of six months). Another conclusion 

from this work was that high pres-

sure mixing pumps from three dif-

ferent vendors produced results with 

very similar retention variation. For 

a 6 kDa peptide and a LC system in 

good condition, the retention varia-

tion was approximately ±0.2% RSD 

for a 0.15%/min reversed-phase LC 

gradient at 0.3 mL/min (four systems 

of each type tested on two occasions 

over a period of six months). 

It is also important to have sufficient 

re-equilibration time between gra-

dients. In the previously mentioned 

head-to-head comparison of UHPLC 

instruments, we found that the reten-

tion variation could be reduced by a 

factor of three by simply increasing 

the re-equilibration time to match the 

flush-out volume of the system; that 

is, the volume it takes for the mobile 

phase composition delivered to the 

column inlet to reach steady state 

after a programmed step change in 

composition. To determine the mixing 

characteristics of the 1D system and 

thereby define a sufficient re-equili-

bration time, we use the approach 

illustrated in Figure 3 below and the 

following equation:

   teq = (5 Vm + Vf)/F [2]

where teq is re-equilibration time, Vm

is column dead volume, Vf is flush-

out volume, and F flow rate. For the 

high pressure mixing UHPLC systems 

equipped with TFA mixers from three 

different manufacturers that we have 
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FIGURE 1: Representative 1D chromatograms from a series of injections of a ~10 
kDa peptide and related impurities separated using a UHPLC instrument in good 
condition. (a) The trace with shortest main peak retention, (b) the trace with longest 
retention, and (c) the trace with median retention. Shaded area (I) illustrates a 120 μL 
cut to capture peak A based on trace (a). Shaded area (II) illustrates three adjacent 
40 μL cuts to capture peak B based on trace (a). It also illustrates the problem of 
trying to capture a peak B in one 40 μL cut based on run (a) when there is retention 
variation; that is, the peak of interest is not captured in subsequent runs (b) and 
(c). (III) Depicts a typical 95% confidence interval for retention variation in this case 
corresponding to ±24 μL at 0.3 mL/min.
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characterized, we find that Vf ≤ 1.7 mL. 

Knowing this and that Vm is approxi-

mately 0.3 mL for a 150 x 2.1-mm 

reversed-phase LC column, it is possi-

ble to estimate a re-equilibration time 

suitable for current UHPLC systems.

If the pumping system allows defi-

nition of solvent composition and 

compressibility for the mobile-phase 

components, it is recommended to set 

these according to the solvents in use 

to obtain best possible performance. 

Depletion of the volatile organic 

modifier from pre-mixed mobile 

phases results in constantly increas-

ing retention time over a sequence of 

injections. To minimize this, we avoid 

using organic modifier in the A-solvent 

during 2D-LC analysis. Removing water 

from the B-solvent would be benefi-

cial; however, this is often impractical, 

due to solubility problems associated 

with mixing salt based mobile phases 

and organic solvents.

Twenty years ago, Dolan and 

coworkers (7) addressed the prob-

lem with varying peptide retention in 

shallow HPLC gradients by increas-

ing the amount of organic modifier in 

the A-solvent and decreasing it in the 

B-solvent while maintaining the slope 

of the gradient expressed as %acetoni-

trile/min. This results in an increase in 

%B/min, and should be less demand-

ing since a larger volume has to be 

pumped to achieve a certain increase 

in %acetonitrile. The approach seems 

very logical, but when we evaluated it 

on four of our UHPLC systems, it did 

not significantly reduce the retention 

variation. It should be stressed, how-

ever, that we so far have only evalu-

ated the approach for one peptide.

Another approach that we have 

evaluated is to scale the method for 

a wider column (8). The idea was that 

using a method with a higher flow rate 

would be less demanding to generate 

an accurate gradient. As with the pre-

vious approach, this would require a 

larger volume to be pumped to main-

tain the same %acetonitrile/min. The 

approach was evaluated using both 

3- and 4.6-mm i.d. columns, but no 

improvement in retention variation 

was observed for the four UHPLC sys-

tems evaluated.

Other considerations that promote 

high pump performance include the 

following:

• In order to obtain the best possible 

homogeneity of the mobile phase 

delivered to the 1D column as well 

as reduce UV baseline noise we use 

large volume TFA mixers of approx-

imately 400 μL.

• Ensure that the piston seal wash 

solution has been primed to wash 

and lubricate pistons.

• It is also helpful to monitor the 

pump pressure ripple and run a leak 

test before analyzing real samples 

Agilent Technologies, Inc.
Santa Clara, CA.

www.agilent.com/chem/6495C

6495C TRIPLE QUADRUPOLE LC/MS
The highest performance LC/TQ available with Agilent’s 

third generation iFunnel design, ideally suited for peptide 

quantitation as well as multiresidue applications that require 

ppt sensitivity. The combination of utmost sensitivity, extended 

mass range, and ease of maintenance with VacShield 

technology, and the power and flexibility of MassHunter, makes 

this the system of choice for demanding applications.

http://www.agilent.com/chem/6495C
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to spot pump related problems, 

such as a slightly leaking piston 

seal, air bubbles, or a malfunction-

ing check valve.

Strategies to Minimize 

Temperature-Related Contributions

Variations in ambient temperature may 

slightly influence the system operation. 

This becomes prominent when analyz-

ing large molecules, whose retention 

is highly sensitive to changes in tem-

perature as well as mobile-phase com-

position. It is therefore important to 

feed the pump with solvents at a con-

sistent temperature. The density of the 

solvents going into the pump changes 

with temperature and therefore also 

the composition of the mobile phase 

coming out of the pump. The tem-

perature consistency of the solvent 

at the pump inlet is affected both by 

the laboratory temperature and the 

temperature of the liquid in the bottle. 

For this reason, it is an advantage to 

have a stable ambient temperature. 

The temperature control in our labora-

tory is tight at ±0.6 °C (maximal devia-

tion over 24 h). To maintain this tem-

perature stability, it is helpful to avoid 

direct exposure of sunlight into the 

laboratory. Finally, we also place the 

mobile-phase bottles on the system 

the day before usage to allow thermal 

equilibration after preparation (con-

sidering the length of the tubing from 

the flask to the pump this is probably 

not necessary).

Heat of friction related to compres-

sion or decompression of the mobile 

phase affects the temperature in both 

the pump heads and in the column. 

This change of temperature depends 

on flow rate and pressure. Since the 

pressure changes during the gradi-

ent, there will always be a fluctuation 

in temperature over the gradient, but 

eventually some kind of repeating 

pattern from injection to injection will 

be established (9). In order to achieve 

this, we program a sequence of gradi-

ents. Once we observe a stable reten-

tion (typically after 2–3 gradients), we 

define where cuts should be taken 

and replace the method in subse-

quent sequence lines without inter-

rupting the sequence. The time must 

to be the same for all gradients in the 

sequence. In 2D-LC separations, the 

re-equilibration time for the 1D sepa-

ration often needs to be extended 

to account for the fact that the total 

analysis time for different separations 
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FIGURE 2: Isocratic retention factor versus amount of organic modifi er for molecules of 
different sizes.  All molecules are assumed to have strong retention in totally aqueous 
conditions—that is, logk0 assumed to be 5, as in equation 1.

FIGURE 3: Determination of fl ush-out volume and subsequently a suitable re-equilibra-
tion time based on a step gradient with a UV absorbing compound in channel B after 
replacing the column with a restrictor capillary.  Chromatographic conditions: Column 
replaced with 100 cm of 0.13 mm tubing;  Injection of 1 μL of water;  Flow rate, 0.3 mL/
min; A-solvent is water, and B-solvent is 10 mg/L of uracil in water; Mobile-phase com-
position program - 10% B from 0 to 5 min, then 15% B from 5.01 to 20 min (dotted line); 
Detection at 253 nm and 20 Hz.  Flush-out times for the two different systems charac-
terized in this example were both determined to 10.8 – 5.0 = 5.8 min corresponding to 
a fl ush-out volume of 1.7 mL (solid line = LC system X and dashed line = LC system Y).
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will vary depending on the number of 

cuts made in each method. Thus, the 

total analysis should be adjusted to 

be consistent across different meth-

ods, independent of how many cuts 

are made. This approach with condi-

tioning of the system also addresses 

other factors that influence reten-

tion, such as column priming effects 

(that is, saturation of slowly equili-

brating active sites on the column). 

Note that the conditioning needs to 

be repeated even if leaving the sys-

tem pumping isocratically between 

sequences for a while.

To obtain a stable retention, it is 

of course also important to have an 

efficient column thermostat with pre-

column heat exchanger configured 

for the flow rate to be used. 

Strategies to Minimize 

Mobile Phase Related 

Contributions

Thorough mixing of the mobile phase 

during preparation should be applied 

to ensure the solution is homoge-

neous before connecting the bottle 

to the pump inlet. In practice, we con-

tinue to stir our solvents with a signifi-

cant vortex for several minutes, even 

after any salts have been dissolved.

After changing solvents on the 

pump, the system is extensively 

primed. As a rule of thumb, we use 

five times the volume to be replaced 

in the sinker, tubing, and degasser (in 

total, ~30 mL depending on system). 

In order to refresh the system (for 

example, when it has been pumping 

at low flow overnight), we flush with 

five times the volume in the degasser 

(~10 mL) in order to compensate for 

changes in composition that may take 

place in the degasser (that is, loss of 

volatile additives like TFA or organic 

modifier if pre-mixed solvents are 

used).

To minimize problems related to 

evaporation of volatile solvent com-

ponents from the mobile phase bot-

tles, we also use caps with one-way 

valves that allow air to enter the flask, 

but do not allow vapor to exit.

Other Ways to Reduce 

the Problem with Varying 

Retention Specific to 2D-LC

For well separated peaks, it is possible 

to use peak-based cuts—that is, a cut 

is triggered by a certain threshold or 

slope in the detector signal. In this 

mode of operation, small fluctuations 

in retention are not critical. However, 

as mentioned above, related impurities 

usually are poorly separated around 

the main component and therefore 

peak-based cuts are usually not help-

ful for peptides. For well separated 

peaks, another alternative is to use a 

very wide time-based cut (Figure 1, cut 

I A). This does, however, usually require 

an on-line dilution with a weak solvent 

to focus the analyte at the head of the 
2D column (2).

For poorly separated peaks, another 

approach is to place two adjacent nar-

row cuts bracketing the peak of inter-

est as shown in Figure 1, cut II. This 

increases the probability that the peak 

of interest (Figure 1a, cut II B) is cap-

tured in one or the other of the two 

cuts in a subsequent analysis (Figure 

1b or 1c, cut II).

Sometimes, it is also possible to 

reduce retention instability by increas-

ing the slope of the gradient slightly. 

Determination of what constitutes an 

acceptable increase in slope is done by 

an iterative approach where the gradi-

ent range for the critical step (that is, 

change in %B) is increased during a 

few injections while monitoring resolu-

tion to ensure that selectivity and reso-

lution do not change too much. 

Summary

For large (bio)molecules, successful 

operation of current instrumentation 

for heart-cutting 2D-LC requires some 

precautions to minimize 1D retention 

variation. However, this is a reason-

able price to pay for the tremendous 

benefits of 2D-LC for some applica-

tions, such as the ability to obtain 

nearly real time LC–MS identifications 

of unknowns, even for 1D separa-

tions involving salt-containing mobile 

phases. In this installment of “LC Trou-

bleshooting,” I have presented some 

tips and tricks that I believe reduce or 

circumvent the problem. Some might 

also be applicable for conventional 

1D-LC, if stable retention times are 

important to a particular application.
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