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LC TROUBLESHOOTING
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Pass the Salt: Evolution of Coupling 
Ion-Exchange Separations and Mass Spectrometry
Direct coupling of ion-exchange separations to mass spectrometric detection is increasingly being used for 

analyses of molecules ranging from organic acids to proteins. These approaches leverage both the exquisite 

selectivity of the ion-exchange mode for charge-based separation, and the tremendous power of mass 

spectrometry for identification of unknowns and trace-level quantitation.

Dwight R. Stoll

The 48th annual International Sympo-

sium on High-Performance Liquid 

Phase Separations and Related Techniques, 

more commonly known simply as “The 

HPLC meeting,” was held in Milan, Italy 

a few weeks ago (June 16–20). Upon pre-

paring for the conference I thought about 

listening to the presentations this year with 

an ear toward ideas that could be helpful 

for people developing and troubleshoot-

ing LC methods. As usual, I walked away 

from the conference with many research 

ideas, but also ideas for two topics I’d like 

to address in this column, this month and 

in September. The first topic is focused 

on the evolution of the coupling of ion-

exchange separations with mass spectro-

metric (MS) detection.

During the HPLC meeting, there was 

an entire session dedicated to this spe-

cific topic, with six oral presentations 

covering aspects ranging from stationary 

phase development to development of 

MS-compatible ion-exchange separa-

tions for molecules ranging from metab-

olites to intact monoclonal antibodies 

(mAbs). Clearly, there is a lot of interest 

in this area at the moment, and given 

that coupling ion-exchange separations 

to MS represents a significant change 

from the way ion-exchange has been 

practiced historically, we all have a lot to 

learn as we move forward.

Introduction

Historically, the coupling of ion-exchange 

separations and MS has not been so straight-

forward, because the high levels of non-vola-

tile salts that are typically used with many ion-

exchange methods simply cannot be used 

with mass spectrometers. However, for some 

applications there is tremendous incentive 

to couple ion-exchange and MS, because 

of the incredibly rich qualitative information 

MS detection can provide. Whereas the 

selectivity of ion-exchange separations can 

be very powerful (for example, one can eas-

ily separate 150 kDa mAbs that differ only by 

a single charged amino acid), if analytes are 

detected by a non-specific detector (most 

commonly, ultraviolet [UV] absorbance), one 

is frequently left wondering, ”What is that 

peak?” Currently, this type of question is 

most commonly answered by collecting frac-

tions of what is eluted from the ion-exchange 

column and re-analyzing them using a more 

MS-friendly separation technique such as 

reversed-phase liquid chromatography (LC). 

This process is very tedious and time-con-

suming, of course, and so the idea of directly 

coupling the ion-exchange separation to MS 

detection is attractive. 

One might reasonably ask why non-vol-

atile salts are used so often when they are 

known to be incompatible with MS detec-

tion. The short answer to the question is that 

ion-exchange separations were developed 

long before electrospray MS was developed. 

There are still good chromatographic rea-

sons to use particular non-volatile salts over 

volatile ones in certain situations. However, in 

the early days of ion-exchange separations 

mobile phase additives were chosen on the 

basis of attributes other than volatility, such as 

transparency to optical detectors. For exam-

ple, two of the most commonly used mobile 

phase additives for ion-exchange separa-

tions—sodium phosphate and sodium chlo-

ride—are highly transparent to UV light, and 

thus low wavelengths around 200 nm can be 

used to increase detection sensitivity when 

these additives are used. Furthermore, one 

of the other attractive attributes of phosphate 

salts is that phosphoric acid is a triprotic acid 

with pKa values at about 2.1, 7.2, and 12.3. 

The multiple pKa values and their spread 

across a wide pH range means that this single 

mobile phase additive can be used to effec-

tively buffer the mobile phase pH across large 

pH ranges. Although phosphate cannot be 

used to provide buffering capacity over the 

entire range, it is frequently complemented 

with other (non-volatile) additives such as 

citrate, which have pKa values that fill the gap 

between 2.1 and 7.2 for phosphate. Cocktails 

of such complementary additives can be pre-

pared for use as so-called “universal buffers.” 

Unfortunately, there are no obvious alterna-

tives to additives like phosphate and citrate 

that are both volatile enough to be used in 

http://www.chromatographyonline.com


506  LCGC NORTH AMERICA  VOLUME 37 NUMBER 8  AUGUST 2019 WWW.CHROMATOGRAPHYONLINE.COM

high concentration with MS, and provide 

high buffer capacity across a wide pH range. 

Nevertheless, the attractiveness of coupling 

ion-exchange and MS directly for some 

applications has prompted several groups 

to investigate conditions that are viable for 

such separations. In the following sections, I 

provide examples of a few different lines of 

research in this direction.

Direct Coupling of Ion-

Exchange and MS Using 

Mobile Phase Salt Gradients

The development of suppressor technology 

for ion-exchange separations (1) has had a 

tremendous impact on several application 

areas. Whereas much of the early research 

on this technology was focused on the analy-

sis of inorganic ions using conductivity detec-

tion, more recent research has enabled high 

performance separations of organic ions 

coupled with MS detection. In the case of 

coupling ion-exchange with MS, the sup-

pressor is important because it enables 

inline removal of non-volatile inorganic com-

ponents of the mobile phase (for example, 

potassium ions) prior to MS detection. This 

type of separation is increasingly being used 

in the metabolomics field for quantification 

of anionic metabolites, including nucleotides 

and sugar phosphates, where the results 

of ion-exchange-MS separations comple-

ment those from other methods, including 

reversed-phase and hydrophilic interaction 

liquid chromatography (HILIC) separations 

coupled with MS detection (2,3). At the 

HPLC meeting in Milan, the last presentation 

in the session on coupling ion-exchange and 

MS by Hvinden described the use of cation-

exchange separations for metabolomics (4).

Direct Coupling of Ion-Exchange 

and MS Using Mobile Phase pH 

Gradients and Volatile Buffers

Currently, the most active area of research 

on the coupling of ion-exchange and MS is 

focused on separations of biologics such as 

mAbs. Indeed, four of the six presentations 

in the session on coupling ion-exchange 

and MS at the HPLC meeting in Milan were 

focused on this topic in particular. Whereas 

small organic ions can be eluted from ion-

exchange stationary phases with modest 

mobile phase concentrations of counterion 

(for example, 100 mM hydroxide in refer-

ence [3]), larger molecules such as proteins 

can be more difficult to elute at a fixed pH 

if they are multiply charged in solution. For 

example, in our own work we have found 

that mAbs can be eluted from conventional 

cation-exchange phases using volatile buf-

fers such as ammonium acetate (pH 6) that 

would be suitable for coupling to MS, but at 

rather high concentrations on the order of 

0.2 M (5). While such mobile phases may be 

used with electrospray MS for a short time, 

prolonged use under these conditions is not 

recommended.

The high level of salt required for elution of 

proteins has motivated a number of groups 

to explore the potential to elute proteins 

from ion-exchange phases using gradients in 

mobile phase pH, rather than mobile phase 

salt concentration. The central principles that 

control retention and elution in this case are 

pretty straightforward. Consider the behav-

ior of a protein as an example. One of the 

important characteristics of a protein is its 

isoelectric point (pI)—the pH at which the net 

charge on the molecule in solution is zero. 

This does not mean it is uncharged; rather, it 

means that at the pI, the number of negative 

charges on the protein (from deprotonated 

carboxylate groups, for example) is equal 

to the number of positive charges on the 

protein (from protonated amino groups, for 

example). At pH levels well below the pI the 

protein will carry a net positive charge and 

be retained by a stationary phase designed 

for cation-exchange separations, and at pH 

levels well above the pI the same protein will 

be unretained. Moreover, changes to the 

protein that alter the pI, such as the addition 

or deletion of amino acids with ionizable side 

groups, or a change to an amino acid such 

as deamidation, will in turn influence reten-

tion in an ion-exchange separation. So, the 

strategy to separate two molecules having 

different pI values using a pH gradient and a 

cation-exchange stationary phase would be 

to first inject the sample into the column run-

ning with a mobile phase buffered well below 
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FIGURE 1: Cation-exchange chromatograms for intact mAbs. Mobile phase A: 10 mM 

ammonium acetate + 10 mM acetic acid; mobile phase B: 50 mM ammonium acetate + 

50 mM ammonium carbonate; gradient: 10–70 %B in 8 minutes; fl ow rate: 0.3 mL/min; 

column: 50 mm x 2 mm weak cation exchanger. Peaks: eculizumab (1), panitumumab (2), 

reslizumab (3), pembrolizumab (4), atezolizumab (5), adalimumab (6), and rituximab (7). 

Reprinted with permission from D. Guillarme (8).
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the pI of the analytes, with relatively low salt 

concentration, so that they are retained. This 

could be something like 25 mM ammonium 

acetate, with the pH adjusted to 5 with ace-

tic acid. Then, using a second buffer such as 

ammonium carbonate adjusted to pH 10, 

a gradient of the two buffers is carried out 

such that the pH of the mobile phase mix-

ture inside the column slowly increases from 

5 to 10 over the course of the separation. The 

protein with the lowest pI should elute first, 

and the protein with the highest pI should 

be eluted last.

While the main principle of separating 

ionizable analytes using a pH gradient is 

straightforward, actually executing this in 

practice, with buffers that are MS-compati-

ble, is where the difficulty lies. As discussed 

above, one of the virtues of phosphate as a 

buffering mobile phase additive is that phos-

phoric acid is a triprotic acid. This enables 

effective buffering of the mobile phase over 

much of the pH range that is useful for sepa-

rations of biomolecules. On the other hand, 

MS-friendly additives such as ammonium ion 

and formic acid are only monoprotic acids, 

with pKa values that are far apart, and this lim-

its their effectiveness when used in a pH gra-

dient scenario. In spite of these challenges, in 

very recent work several groups have dem-

onstrated the potential for direct coupling of 

cation-exchange separations to MS detec-

tion using volatile mobile phase additives 

and pH gradients (6–8). Much of this work 

to date has been focused on separations of 

mAbs. Farsang, Fekete, and coworkers com-

pared the performance of mAb separations 

by cation-exchange with pH gradients using 

mobile phases prepared with different types 

of MS-compatible additives (8). They report 

that the following single set of buffers enable 

separations of mAbs that span a range of pIs, 

with good retention, peak shape, and selec-

tivity. Buffer A: 10 mM ammonium acetate 

+ 10 mM acetic acid (unadjusted pH ~4.7); 

Buffer B: 50 mM ammonium acetate, 50 mM 

ammonium carbonate (unadjusted pH ~9.0). 

Note that a gradient made with these buffers 

will increase in both pH and salt concentra-

tion over the course of the gradient. Figure 

1 shows representative chromatograms from 

their work, where the retention of the mAbs 

is highly correlated with pI, as expected. The 

ability to couple these chromatographic 

conditions—as a generic starting point in 

method development—with the identifica-

tion power of mass spectrometry is indeed 

very powerful.

Indirect Coupling of Ion-

exchange and MS Using 2D-LC

In the preceding two sections, I described 

recent research aimed at making the ion-

exchange mobile phase itself more com-

patible with MS detection by replacing the 

commonly used non-volatile mobile phase 

additives with volatile ones. A very differ-

ent approach to obtain MS information 

about analytes separated by ion-exchange 

in real time is to use online two-dimensional 

chromatography (2D-LC). The virtue of this 

approach is that existing ion-exchange 
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methods (or others, such as size-exclusion 

chromatography [SEC]) can be used as they 

are, where high mobile phase concentrations 

of non-volatile additives may be required 

to improve peak shape (9). Briefly, in online 

2D-LC fractions of effluent from the first 

dimension column are collected in loops or 

traps and transferred (injected) into a second 

dimension column for further separation. In 

a simple case the second dimension separa-

tion can be a short, fast desalting step using 

reversed-phase or SEC conditions, for exam-

ple, where the role of the second separation 

is to simply separate non-volatile compo-

nents of the first dimension effluent from the 

analytes of interest. The second separation 

can also be much more powerful, of course, 

and provide additional separation of analytes 

that were not resolved by the first separation. 

An example of such a separation from our 

own work is shown in Figure 2, where a salt 

gradient of ammonium acetate at pH 6 was 

used to elute mAbs from a first dimension 

cation-exchange column, followed by a sec-

ond dimension reversed-phase separation 

running with 0.1% formic acid as a mobile 

phase additive, prior to MS detection (5). In 

this case the second dimension separation 

not only separates the high concentration 

of ammonium acetate from the protein ana-

lytes of interest, but also separates subunit 

variants of the mAb that were not separated 

by cation-exchange. Readers interested in 

learning more about 2D-LC are referred to 

recent review articles that describe the state 

of the art (10,11).

Closing Thoughts

Each year I attend the HPLC meeting, I walk 

away with a lot of excitement about the inno-

vative and powerful things researchers are 

doing with liquid chromatography, which is 

sometimes perceived as a mature technique. 

In fact, there are many exciting developments 

each year, and the evolution of coupling ion-

exchange separations directly to MS detec-

tion is one development that should be inter-

esting to follow in the years to come.
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FIGURE 2: (a) LC×LC–MS separation of IdeS digested trastuzumab, with cation-ex-

change and reversed-phase separations in the fi rst and second dimensions, respec-

tively. Panels (b) and (c) show deconvoluted mass spectra obtained in real time follow-

ing the second dimension separation. Adapted from reference (5).
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