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INTRODUCTION

T
he analysis of biopharmaceutical compounds is complicated for numerous 

reasons. Techniques for Improving Biopharmaceutical LC–MS Analysis 

explores how analysts can address some common issues related to the 

analysis of biomacromolecules like monoclonal antibodies and antibody–

drug conjugates.

First, “LC Troubleshooting” editor Dwight R. Stoll explains why contaminants are a 

problem in LC–MS analyses and identifies some common sources of contaminants as 

well as how to minimize them. Stoll not only offers some best practices to take within 

the laboratory, but also explains how modifications to LC–MS instruments can help 

reduce the level of contaminants reaching the detector.

Next Stoll teams up with Szabolcs Fekete, PhD, from the Chemical Works of Gedeon 

Richter Plc in Hungary and Davy Guillarme, PhD, from the University of Geneva in 

Switzerland to explain why proteins behave differently from small molecules in 

chromatographic systems. They summarize how to work effectively with these 

proteins under reversed-phase conditions. They state, “There is both a lot we 

can learn from older literature (1), and a lot that remains to be discovered as we 

experiment with new technologies being introduced by manufacturers (2).”

Hear from Cory E. Muraco, senior scientist at MilliporeSigma, about several 

chromatographic strategies (e.g., size-exclusion, hydrophobic interaction, ion-

exchange, hydrophilic interaction, and reversed-phase chromatography) that 

analytical scientists can use to resolve and quantitate biomacromolecules. 

Last, two University of Oslo professors explain why they feel “immuno-capture LC–

MS is potentially a very powerful tool in the field of diagnostics.”
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Contaminants Everywhere! Tips 
and Tricks 

When are contaminants a problem in 
LC–MS analyses? What are the most ef-
fective approaches to minimizing them?

spend time with each new group 
of students taking my Instrumental 
Analysis course making the point 
that modern mass spectometry 
(MS) is a double-edged sword. 

On one hand, modern instruments are 
incredibly sensitive, enabling scientists to 
detect molecules of all kinds, often in very 
complex matrices, at concentrations much 
lower than could be imagined 20 years 
ago. This improved sensitivity has enabled 
tremendous advances in fields ranging 
from environmental science to proteomics. 
On the other hand, this same sensitivity 
results in observing molecules that we 
would rather not see during our analyses, 
because in some way they interfere with 
detection of analytes of interest. In this 
installment of LC Troubleshooting, I will 
discuss this issue of the things we don’t 
want to see, which I will generally refer to 
here as “contaminants.” Why are they a 

problem? Where do they come from? And 
finally, how can we minimize these prob-
lems?

Why Are Contaminants a Problem?
There are three major reasons why 
contaminants are a problem. The first 
is that they can contribute substantially 
to the background ions that contribute 
to the baseline we observe in all liquid 
chromatography–mass spectrometry 
(LC–MS) chromatograms. Even if we 
have a system that is perfectly free from 
contaminants, there will be background 
signal because of the detection of sol-
vent cluster ions. However, addition of 
even very low concentrations of highly 
ionizable compounds to the mobile phase 
can significantly increase the level of the 
background signal. This increased back-
ground signal can make it challenging to 
detect molecules of interest, particularly 
in cases where we don’t know what we 
are looking for a priori, as is the case in 
so-called untargeted analysis.

I

Contaminants 
Everywhere! Tips and 
Tricks for Reducing 
Background Signals 
When Using LC–MS
Dwight R. Stoll
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The second major reason that contami-
nants are a problem is that they can pres-
ent themselves as ions in the mass spec-
trometer with the same mass-to-charge 
ratios (m/z) as our target analytes so that 
they interfere with the detection of the 
compounds of interest. Modern high-
resolution spectrometers can address this 
problem to some extent by separating 
ions with very slight differences in the 
mass domain, but even with a spectrom-
eter of the highest available resolution, 
any contaminant with the same elemental 
formula as a target analyte will be detect-
ed with the same m/z value. Ion mobility 
and tandem MS can further address this 
issue, but even in these cases, interfer-
ences can be a problem.

Finally, the third reason is that contami-
nants can enhance, or, more commonly, 
suppress the ionization of analytes of 
interest. In some cases, this enhance-
ment or suppression will cause errors 
in quantitation unless isotope-labeled 
internal standards are used. In extreme 
cases of suppression, it may be so severe 
that analytes of interest are not detected 
at all. At this point, I am reminded of 
a situation that we encountered a few 
years ago in my own laboratory. At the 
time, we were developing a method for 
characterization of an intact protein by 
reversed-phase LC–MS. The mobile phase 
was very straightforward, containing only 
acetonitrile, water, and 0.1% formic acid. 
In one instance, the system was work-
ing well on a Friday, but, on the following 
Monday, we did not observe any protein 
signals in the mass spectrometer at all. 

Given the apparent sudden and dramatic 
change in sensitivity, we thought some-
thing was seriously wrong with the mass 
spectrometer. After engaging a service 
engineer in extensive troubleshooting 
and diagnostic work, we concluded that 
the mass spectrometer was working just 
fine. Thinking through our workflow more 
carefully, we realized that a new source 
of formic acid was used to prepare fresh 
mobile phase on Monday. The formic 
acid used previously was contained by 
a glass bottle, whereas the new formic 
acid was contained by a plastic bottle 
(even though this material was mar-
keted as an additive for LC–MS!). After 
fresh mobile phase was prepared using 
the previously used formic acid source, 
the protein signal in the MS instantly re-
turned to normal, suggesting that some-
thing in the new formic acid source was 
very severely suppressing the ionization 
of our protein of interest. To this day, we 
do not know what the contaminant was 
in the formic acid causing this problem, 
but it is a great example of how con-
taminants can appear from unexpected 
sources and have dramatic effects on 
LC–MS results.

Where Do Contaminants Come From?
A simple view of analysis by LC–MS is 
that the only things that enter the mass 
spectrometer are the mobile-phase con-
stituents and additives, and the analyte 
of interest when it is eluted from the 
chromatography column. In a typical case, 
these components would be acetonitrile, 

Contaminants Everywhere! Tips 
and Tricks 
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water, and formic acid from the mobile 
phase, and then the analyte of interest, 
such as ibuprofen. In reality, however, the 
situation is far more complex. With every 
LC–MS system in operation, there are 
literally hundreds of possible ways that 
contaminants can enter the system, and 
ultimately interfere with the analysis of 
target analytes. When I talk with students 
about quantitation, particularly for trace 
level analysis, I emphasize that one must 
think carefully about all of the ways that 
the target analyte can be lost in the analy-
sis process. For example, will the analyte 
be lost by adsorption to centrifuge tubes, 
syringe filters, or glass vials?

When discussing contaminants, we 
have to think about things from the 
reverse point of view—that is, we must 
identify the steps in the analysis that 
could possibly contribute contaminants 
to the system. In preparing for this in-
stallment, I communicated with several 
colleagues about the problem of contam-
ination in LC–MS, and one application 
specialist who has been working with 
LC–MS for decades described the issue 
very well. “I can definitely say that many 
people complain about background inter-
ference,” the application specialist said, 
“yet you see them preparing solvents 
and samples with bare hands. Lipids and 
amino acids, and probably some of your 
lunch and snacks, can be transferred to 
your mobile phase, samples, and solvent 
lines. Inasmuch as solvent lines are 
permeable, your dirty hands join in the 
confusion about how to eliminate back-
ground.”

So, as users of LC–MS, we must adopt 
the mindset that every step in the analysis 
presents potential for introducing con-
taminants, and then develop work habits 
that at least will minimize problems with 
contamination, even if it is effectively 
impossible to eliminate them completely. 
The following list, though not exhaustive, 
describes some of the most common 
ways that contaminants can enter a LC–
MS workflow (more-complete lists of 
potential sources of contaminants can be 
found elsewhere [1]):

Common Sources of Contamination
• Solvents: Compounds related to mi-

crobial growth in solvent reservoirs; 
compounds that leach from membrane 
filters during solvent filtration; solvent 
impurities; compounds that dissolve 
in the solvent from laboratory air; dust 
from laboratory air; compounds from 
solvent bottle covers (for example, 
parafilm, plastic caps, and paper-lined 
caps); residual detergents from wash-
ing solvent bottles

• Samples: Keratins and other biomol-
ecules (for example, lipids, peptides, 
and amino acids) from skin and hair of 
the analyst; plasticizers from sample 
containers and sample preparation 
components (for example, pipette tips, 
vial inserts, and solid-phase extraction 
tubes); high-concentration sample 
components that are carried over from 
one analysis to the next (for example, 
lipids or proteins)

• LC–MS instrumentation: Compounds 
from contaminated solvent inlet filters 
(that is, in the solvent bottle at the end 

Contaminants Everywhere! Tips 
and Tricks 
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of the solvent line; these could result 
from microbial growth or particulate 
matter that has accumulated on the 
filter); compounds from contaminated 
solvent inlet lines (that is, from bottle 
to pump), either inside the tubing (for 
example, microbial growth) or outside 
the tubing (for example, introduced 
by handling the tube with bare hands, 
then pushing the solvent line into the 
solvent); compounds leaching from 
instrument components (for example, 
fluorinated compounds leaching from 
fluoropolymer seals, and compounds 
introduced by samples that stick to 
glass, metal, or plastic and are carried 
over from one analysis to the next)

Best Practices for  
Minimizing Contamination
Because of the importance of identifying 
interferences in LC–MS analyses, many 
workers have spent a great deal of time 
tabulating the m/z values of observed 
interferences, and where possible, identi-
fying them. To the best of my knowledge, 
the most comprehensive collection of 
such knowledge that is publicly available 
was published by Keller, Whittal, and co-
workers (2), and provides the information 
in large tables that can be downloaded 
for free. These tables can be quite helpful 
when developing strategies to reduce the 
level of specific contaminants, because 
they also provide likely identities and 
sources for many known contaminants 
(for example, ions observed due to Triton 
detergents). Nevertheless, adoption of 

best practices for minimizing introduction 
of contaminants into LC–MS systems is a 
very good idea, with the hope that many 
problems can be prevented. The following 
list of best practices is not exhaustive, but 
it provides a good starting point (additions 
to this list can be found in LC–MS vendor 
documentation and training materials [1,3]):

• Wear nitrile gloves when handling in-
strument components, filling solvent 
bottles, and preparing samples. This 
practice will prevent unwanted trans-
fer of biomolecules and other con-
taminants on the skin to the system 
(for example, by skin cells falling into 
sample vials, or transfer of contami-
nants to mobile phase solvent).

• Where possible, minimize filtering 
of mobile-phase solvents. Most 
HPLC- and LC–MS-grade solvents (for 
example, water and acetonitrile) from 
mainline vendors are filtered to 0.2 
µm at the time of manufacture. As 
long as the bottle is carefully covered 
after opening, these solvents do not 
need to be filtered again before use. 
Furthermore, filtering them in the 
laboratory introduces significant risk 
of contamination unless the filtration 
apparatus is scrupulously cleaned and 
kept dust-free, and membrane filters 
are rinsed to reduce leaching (3,4).

• Use mobile-phase additives (for 
example, formic acid, ammonium ac-
etate) with great care. In principle, ad-
ditives that are marketed for LC–MS 
applications should be both free from 
particulates and free from contami-
nants that might enhance or suppress 

Contaminants Everywhere! Tips 
and Tricks 
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ionization for analytes of interest, and 
thus using LC–MS-grade additives is 
generally a good idea. However, one 
should seriously consider filtering 
mobile phases containing these addi-
tives, especially when they are used 
at high concentration (>>10 mM). 
When developing a new method, it 
is a good idea to compare results 
obtained with additives from differ-
ent sources. These additives can be 
evaluated both in terms of their total 
contribution to background signals by 
comparing total ion chromatograms 
(TICs) obtained using additives from 
different sources, and by examining 
the ion abundance of target analytes 
obtained with these additives (5). In 
my laboratory, we find an additive 
source we like, and stick with it (that 
is, stick with the devil you know [see 
below]). Finally, take all necessary 
steps to prevent microbial growth in 
mobile-phase bottles and LC system 
solvent line components (1,4). This 
list of steps should include frequent 
emptying and filling of solvents rath-
er than simply refilling them, adding 
low levels (for example, 10% [v/v]) of 
organic solvent to aqueous mobile 
phases, and flushing instrument 
solvent lines and components with 
organic solvent if the instrument will 
not be used for an extended period 
of time.

• Use dedicated solvent bottles for 
LC–MS. Dedicate specific bottles to 
specific instruments, and to specific 
solvents (for example, use one spe-

cific bottle for acetonitrile, one for 
formic acid in water, and so on), and 
don’t wash them with detergent. 
The risk of contaminating mobile 
phases with residual detergent is 
simply too great. It is helpful to rinse 
bottles used for aqueous solvents 
with a small amount of high-quality 
acetonitrile or methanol before fill-
ing with more aqueous solvent. In 
cases where a bottle becomes badly 
contaminated from microbial growth 
or other sources it is probably best 
to simply replace it with a brand new 
bottle.

Reducing the Effects of Contamina-
tion Through Instrumental Means
Although adopting best practices will 
certainly be helpful for reducing back-
ground contamination, sometimes the 
most troublesome contaminants are so 
ubiquitous (for example, phthalates in 
laboratory air), or difficult to remove from 
the system, that we either have to simply 
live with them [6], or try to reduce or 
remove them in situ—that is, within the 
LC–MS instrument itself (7). Some highly 
experienced practitioners I have talked 
with about the topic of contaminants say 
that rather than continually hunt for the 
cleanest mobile-phase solvent they can 
buy, which can be very expensive, they 
instead carefully catalog and track known 
contaminants in lower quality solvents. 
I refer to this approach as “sticking with 
the devil you know.” In other words, 
if we are going to have to deal with 
contaminants, in some ways it is easier 

Contaminants Everywhere! Tips 
and Tricks 
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to cope with low but consistent levels 
of a small number of contaminants in a 
particular solvent than it is to deal with a 
contaminant profile that may be cleaner 
in general, but frequently changing.

Inline Cleanup of Individual Solvents
In addition to getting to know your sol-
vents, there are modifications one can 
make to LC–MS instruments to reduce 
the level of contaminants reaching the de-
tector, two of which I will describe here. 
The first approach, shown schematically 
in Figure 1, involves placing a trapping 
column inline between the outlet of the 
aqueous solvent pump 
head and the point where 
solvents are mixed before 
the sample injection point. 
This approach is similar 
in spirit to adding a trap-
ping column between 
the solvent bottle and the 

pump as described by Taylor and cowork-
ers (8); however, I think placing the trap 
downstream from the pump provides 
more flexibility in use of the instrument. 
This particular approach only works when 
individual mobile-phase constituents are 
pumped at high pressure individually, 
and then mixed; this setup is most com-
monly referred to as a binary pump with 
high-pressure mixing. Figure 1 shows 
that for reversed-phase applications a 
small column packed with a lipophilic 
adsorbent (the simplest case involves us-
ing the same chemistry as the analytical 
column) is installed between the outlet 
of the pump for the aqueous solvent and 

Contaminants Everywhere! Tips 
and Tricks 

SPONSOR’S CONTENT

Figure 1: Flow diagram involving the use of a lipophilic trapping column 
(for example, C18-silica) between the aqueous pump and the sample 
injector. This approach will effectively trap lipophilic substances in the 
aqueous component of the mobile phase so that they do not reach the 
column and detector.

Millipore Millex 
Syringe Filters

https://www.sigmaaldrich.com/technical-documents/articles/biology/nonsterile-millex-syringe-filters.html?&utm_source=lcgc&utm_medium=sponsored%20content&utm_campaign=pharma%20qc-tid-2017076132
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the mixing point. The adsorbent in this 
column, which can be any reversed-phase 
type of material, will strongly retain any 
contaminants in the aqueous phase that 
are significantly less polar than water. In 
this way the trapping column is used to 
effectively “clean up” the solvent online 
so that the contaminants never reach 
the analytical column and detector. In 
principle, this approach can also be used 
to clean up organic solvent mobile-phase 
constituents (for example, using a strong 
cation-exchange adsorbent to clean up 
acetonitrile [9]), although this approach is 
less commonly done in practice. Figure 2 
is a representative example from my own 
laboratory showing the effect of the inline 
adsorbent on the level of contaminants 
observed at the detector. In this case 
a lipophilic trap was installed after the 
aqueous solvent pump, but before the 
mixing point. The reduction in detected 
contaminants is quite striking. Lahaie and 
coworkers have demonstrated that these 
contaminants can present themselves as 
interferences even when highly selective 
MS/MS detection is used (9).

Inline Cleanup of Mobile-Phase  
Solvent Mixtures
A second inline solvent 
cleanup approach involves 
moving the adsorbent col-
umn so that it is located after 
the mixing point, but before 
the sample injection point, as 
shown in Figure 3. This ap-
proach has the advantage of 

extracting all of the mobile-phase contami-
nants that would otherwise be extracted 
by the analytical column itself, whether 
they are primarily present in the aqueous 
or organic components of the eluent. 
However, the disadvantage is that these 
compounds will be eluted from the trap 
as peaks when solvent gradient elution 
is used, and thus travel to the analytical 
column and detector, whereas using the 
adsorbent trap on an individual solvent 
line will hold the contaminants until the 
capacity of the adsorbent is reached (typi-
cally days or weeks). Nevertheless, this 
approach can be very useful, particularly 
in the case of targeted analysis as has 
been demonstrated for trace analysis of 
perfluorochemicals (PFCs) (10–12). Many 
modern analytical instruments contain a 
variety of fluoropolymer components, and 
these components of HPLC systems (for 
example, solvent tubing and seals) can 
slowly leach perfluorinated compounds 
that are target analytes in PFC analysis 
into the mobile phase. Although most 
LC–MS vendors provide instrument 
conversion kits for minimizing these con-
taminants, it is difficult to eliminate them 
entirely, and inline cleanup of the mobile 
phase is needed.

Contaminants Everywhere! Tips 
and Tricks 

LC–MS Solvents and 
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Figure 2: Representative result from my own laboratory, showing the ben-
efit of installing a cleanup column after the aqueous solvent pump in a 
high-pressure mixing system: (a) with and (b) without cleanup column. In 
this case the aqueous buffer was 10 mM ammonium bicarbonate in water 
at pH 9.5, the adsorbent was a polymeric reversed-phase material (cho-
sen for its pH stability), and a solvent gradient of 2–40% acetonitrile was 
used over 60 min.
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Figure 4 illustrates that two peaks will 
be observed for a given analyte when 
it is present both as a mobile-phase 
contaminant and in the analytical sample 
(see Figure 4d). This phenomenon can 
be understood by considering the four 
scenarios in Figure 4. In the first case, 
when no trap is used and no sample is 
injected (see Figure 4a), a peak will be 
observed for the analyte if it is present as 
a contaminant in the mobile phase. The 
compound is extracted from the mobile 
phase by the analytical column during 
column equilibration, and then is eluted 
from the column during solvent gradi-
ent elution. If we then add an adsorbent 
trap as is shown in Figure 3, the arrival 
of the contaminant peak at the detector 
is delayed by a time that is roughly the 
trap volume divided by the flow rate (see 
Figure 4b). Now, if we consider injecting 
a sample, first without a trap (see Figure 

4c), we will see that the analyte peak ap-
pears at the same time as it did with no 
sample injected. In other words, whether 
the compound comes from the mobile 
phase or the sample, it appears at the 
same retention time and the peak area 
will be related to the sum of concentra-
tions from both sources. Obviously, this 
presents a major problem for quantitative 
analysis. Finally, if we now add the trap 
back and inject the sample (see Figure 
4d), we see that the analyte peak at-
tributed to the sample stays in the same 
place, but the peak attributed to mobile-
phase contamination is again delayed and 
separated from the peak of interest. This 
separation then enables more accurate 
quantitation and provides lower detection 
limits.

Contaminants Everywhere! Tips 
and Tricks 

Figure 3: Flow diagram involving the use of a trapping column immedi-
ately before the sample injector. This approach will effectively trap sub-
stances in the mobile phase prepared by the pump and delay their elution 
relative to analytes in the injected column. In the simplest case the mate-
rial in the trap column would be the same as the material in the analytical 
column.
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Figure 4: Illustration of the positions of analyte peaks originating from 
material in the mobile phase (that is contamination), and the sample, de-
pending on whether or not an inline adsorbent trap is installed.



 14  NOVEMBER 2018 |  LCGC 

Minimizing 
LC–MS Con-
tamination 

Reversed- 
Phase Protein 
Separations 

Chromatography 
Techniques 

Immuno- 
Capture  
LC–MS–MS

Summary
Modern LC–MS instrumentation is quite 
rugged and sensitive for analysis of 
many compound types. For optimal per-
formance, however, great care must be 
taken to avoid contaminating the system 
with interfering compounds that can have 
a variety of effects on analyses ranging 
from direct interference (that is, contami-
nants having the same m/z value as ana-
lytes of interest) to indirect effects such 
as enhancement or suppression of ioniza-
tion for target analytes. Adopting best 
practices that minimize the potential for 
contamination of the LC–MS system can 
be very effective and implemented at rela-
tively low cost. For the most persistent 
interferences, minor instrument modifica-
tions can help remove trace contaminants 
and improve quantitative accuracy and 
detection limits of LC–MS methods. 
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Several new materials and columns 
have been introduced in recent years 
for reversed-phase separations of 
proteins. How do I know which one 
to choose, and which separation 
conditions will be best for my protein 
separation?

O ver the past decade, there has 
been tremendous growth in 
the development of biologics 
for the purpose of treating 

diseases ranging from cancer to 
inflammatory disorders such as ankylosing 
spondylitis. Currently, the majority of these 
biologics are proteins, and many of them are 
monoclonal antibodies. This increase in 
development activity has, in turn, resulted in 
a dramatic increase in the number of 
researchers engaged in protein 
separations—perhaps more than any other 
time in history. For those who learned the 
principles of chromatography by doing 
experiments involving small molecules, the 
increased importance of protein separations 
in the chromatography community presents 

both tremendous opportunities and 
challenges. Whereas particle and column 
technologies designed for small-molecule 
applications have steadily improved over the 
past 20 years (for example, with the 
refinement of superficially porous particles 
and development of high-performing 
stationary-phase chemistries), until recently 
there had not been as much development of 
materials for large-biomolecule separations, 
and many users are still using column 
technologies developed more than 20 years 
ago. This lag in development is both an 
opportunity—advances in materials 
technologies will inevitably improve 
separation performance for large 
biomolecules—and a challenge, because 
many of the best practices relevant to these 
separations will have to be rewritten as 
particle and column technologies evolve.

In my laboratory, we made a major shift 
about four years ago from focusing mainly 
on small-molecule separations (for example, 
environmental contaminants and forensic 
applications) to focusing more than 75% of 
our effort today on large-biomolecule sepa-
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Reversed-Phase Protein 
Separations
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rations. As I find myself saying often these 
days, shifting from small-molecule to large-
molecule separations is not as simple as 
just injecting different samples. Researchers 
with a lot of experience with large biomol-
ecules are painfully aware of this difficulty, 
but chromatographers who are transitioning 
from small- to large-molecule analysis may 
not appreciate the importance of seemingly 
minor details for achieving high-quality bio-
molecule separations.

For this installment of “LC Troubleshoot-
ing,” I have asked two of my collaborators in 
the biomolecule application space to join me 
in writing about some of the details that we 
have found to be particularly important to 
reversed-phase separations of proteins.

Dwight Stoll

Why Do Proteins  
Behave So Differently?
Perhaps the simplest view of why pro-
teins behave so differently from small 
molecules in chromatographic systems 
has to do with their (sometimes very) 
large size. Whereas a small molecule 
like ibuprofen has a mass of about 300 
Da, proteins are on the order of 20- to 
1000-fold larger; monoclonal antibodies 
(mAbs), which currently dominate the list 
of top-selling biologic therapeutics, have 
a mass of roughly 150,000 Da. The large 
size of these proteins leads to much 
slower diffusion in solution. They are 
composed of thousands of atoms and 
tens of different functional groups, and 
are sometimes quite reactive. They are in-
variably produced by living organisms (for 

example, bacteria or mammalian cells), 
unlike small molecules, which are gener-
ally synthesized from simple starting 
materials. Subsequent purification steps, 
which can be very good, are not perfect, 
meaning that the analyte we are interest-
ed in may be chemically heterogeneous. 
Finally, these large molecules can adopt 
secondary, tertiary, and even quaternary 
structures (that is, shapes) that may give 
rise to interactions with chromatographic 
media that are difficult to understand.

In the following sections, we have 
summarized what we and others have 
learned about how to work effectively 
with these proteins under reversed-
phase conditions. Some of the issues 
we discuss are better understood at a 
fundamental level than others, and many 
laboratories around the world are actively 
engaged in trying to understand them 
better. In most cases, there is both a lot 
we can learn from older literature (1), and 
a lot that remains to be discovered as we 
experiment with new technologies being 
introduced by manufacturers (2).

The Pore Size of the Chromatographic 
Media Is Very Important
One of the fundamental concepts we 
learn about liquid chromatography (LC) 
early on is that diffusion of analytes into 
and out of the pores of porous particles is 
important, and when it is too slow, it leads 
to broadening of chromatographic peaks. 
Whereas the pores of typical porous parti-
cles (nominally 10 nm [100 Å] in diameter) 
are large enough to accommodate a 300 

Tips: Separations of Biomolecules
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Da molecule without significantly hinder-
ing its diffusion into and out of the pores, 
these pores are simply not big enough 
to accommodate a protein. In the best 
case, the diffusion of the protein will be 
obstructed, leading to peak broadening. 
In the worst case, the proteins can effec-
tively become “stuck” inside the particle, 
leading to serious peak tailing and symp-
toms that could be interpreted as analyte 
carryover from one analysis to the next.

Column manufacturers are aware of this 
problem, of course, but from the perspec-
tive of the analyst one of the most impor-
tant practical questions is “How big is big 
enough?” In the limit of very large pores, 
the mechanical stability of the porous par-
ticle will be compromised, and the surface 
area of the stationary phase will be de-
creased to the point where mass overload 
(that is, increased peak width that results 
from injecting too much analyte mass 
[3,4]) becomes a serious problem. In this 
way, solving one problem can create a dif-
ferent one if not done carefully.

Figure 1 shows a comparison of the 
peak shapes observed for the two model 
proteins bovine serum albumin (BSA, 66 
kDa) and myoglobin (17 kDa) obtained 
under reversed-phase conditions using 
columns prepared with particles having 
two different nominal pore diameters—
one 160 Å, and the other 300 Å.

The pore diameter clearly has a profound 
impact on the peak width. For myoglobin, 
the peak width decreases by about 50% 
when the pore diameter is increased from 
160 to 300 Å. For BSA, which is more than 
twice the size of myoglobin, the improve-

ment is even better, with a decrease in 
peak width of about 56%. We note here 
that the retention also drops significantly 
with the wider pore diameter material, 
presumably because of the lower surface 
area of the particle. This kind of improve-
ment in peak width, which is even more 
dramatic for larger proteins such as mAbs, 
has motivated manufacturers to introduce 
wider pore materials in the 400–500 Å 
range, and even up to 1500 Å. The most 
reliable way to determine which particle 
will perform best for a particular protein 
is to experimentally measure peak width 
and retention time. When making these 
measurements, it is important to make 
them over a range of injected masses 
(for example, from 0.1 to 10 µg protein 
injected) because these data can be used 
to assess the compromise between 
pore size and stationary-phase surface 
area. Of course, it is not always practical 
to make these measurements; readers 
interested in more detail on this topic, 
or looking for guidance without having 
to make their own measurements, are 
referred to a number of recent articles on 
this topic (3–7).

Column Temperature Is Important, Too
The temperature of the column and mo-
bile phase used during reversed-phase 
separations of proteins is important 
as well. There is a compelling case for 
increasing the temperature well above 
ambient, because this increased tempera-
ture increases the molecular diffusivity of 
proteins in solution, which can mitigate 
peak broadening that occurs as a result 
of slow mass transfer. This approach can 
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improve the efficiency and peak capac-
ity of protein separations in general, and 
also be used to improve separation speed 
through the reduction in mobile-phase 
viscosity at higher temperatures (4,8). On 
the other hand, using a temperature that 
is too high—especially with the acidic mo-
bile phases commonly used for reversed-

phase separations of proteins—can cause 
hydrolysis of the siloxane bond that teth-
ers stationary-phase ligands to the silica 
surface in the case of silica-based phases. 
Advances in stationary-phase chemistry 
over the years have considerably improved 
the chemical stability of some silica-based 
phases at low pH (4,9). Finally, prolonged 

Tips: Separations of Biomolecules

Figure 1: Impact of nominal pore diameter on peak width for BSA and 
myoglobin. Columns: 150 mm × 2.1 mm C18; mobile-phase A: 0.1% 
trifluoroacetic acid in water; mobile-phase B: 0.1% trifluoroacetic acid in 
acetonitrile; gradient: 30-70% B in 10 min; flow rate: 400 µL/min; tem-
perature: 50 °C; injected volume: 1 µL (unpublished results).
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exposure of protein analytes to these 
conditions can also cause on-column 
degradation of the protein. So, as was 
the case with pore size discussed above, 
the question here, too, is “How hot is hot 
enough?”

First and foremost, users should abide 
by the guidance of the column manufac-
turer with respect to the prescribed tem-
perature limits for the column. Then, we 
consider the following questions:

• Recovery of protein from the col-
umn—in other words, does every-
thing that we inject come out within 
the analysis time?

• Stability of the protein during the 
separation—is there any detectable 
degradation inside the column?

Although we don’t believe the cause of 
incomplete recovery is well understood, 
what we do know from experiments is 
that using column temperatures that are 
too low can lead to incomplete recovery 
of the protein from the column, and 
that increasing the column temperature 
improves the recovery. Figure 2 shows a 
compelling example of this effect from our 
own work in the case of reversed-phase 
separations of an intact mAb protein 
(10). Whereas at 40 °C the protein peak 
is barely detectable, it becomes more 
apparent at 50 °C and keeps increasing 
in size up to 80 °C, which was the maxi-
mum temperature explored in this work. 
Based on these data and other results 
from our own work (11), as well as those 
from other groups (4), we generally use 
column temperatures of 70–90 °C for 
reversed-phase separations of proteins in 

our laboratories. However, when working 
at these temperatures, we also try to limit 
on-column times (that is, retention times) 
to less than about 20 min to minimize the 
likelihood that proteins will degrade inside 
of the column. Very recent results suggest 
a future where this requirement of elevat-
ed column temperature may be relaxed to 
some extent through development of new 
stationary-phase materials (7).

To some extent, these issues of incom-
plete recovery (adsorption) and on-column 
degradation of the protein are protein- and 
column-specific. This situation means that, 
while we use the guidelines described 
above as a starting point in method 
development, it is also a good idea to 
experimentally determine the conditions 
needed to maximize recovery and mini-
mize degradation for the protein or sample 
of interest. Realistically, the inherently 
complex and dynamic nature of protein 
structures limits our ability to predict in-
teractions between proteins and their sur-
roundings, and thus their adsorption and 
retention properties under reversed-phase 
conditions. For these reasons, screening 
methods have become quite popular as 
a means to empirically evaluate some 
specific protein properties, including chro-
matographic behavior and developability 
as therapeutic molecules.

What About the  
Stationary-Phase Chemistry?
Many stationary phases marketed for 
reversed-phase protein separations are 
commercially available. Some of these are 
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based on particles composed entirely of 
organic polymers. Others are based on 
silica and other metal oxides that have sta-
tionary phases either covalently bonded 
to or coated on the particle surface. As 
a practical matter, it is reasonable to 
ask how the stationary-phase chemis-
try affects reversed-phase separations 

of proteins. In the case of silica-based 
phases, the type of alkylsilane bonded to 
the surface can influence the retention 
of proteins and can therefore be used to 
manipulate the retention and, to a lesser 
extent, selectivity. Although the detailed 
molecular basis of the effect of stationary-
phase ligand structure on protein retention 

Tips: Separations of Biomolecules

Figure 2: Chromatograms obtained from reversed-phase separations of 
intact rituximab at temperatures ranging from 40 to 80 °C. Column: 150 
mm × 2.1 mm BEH300 C4 ; mobile-phase A: 0.1% trifluoroacetic acid 
in water; mobile-phase B: 0.1% trifluoroacetic acid in acetonitrile; gradi-
ent: 30-37% B in 6 min; flow rate: 0.3 mL/min; injected volume: 0.5 µL; 
detection: UV absorbance at 280 nm. Adapted with permission from ref-
erence 10.
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is not fully understood, we know from 
experiments that a number of factors 
influence retention. These factors include 
the relative hydrophobicity of the ligand, 
surface coverage, ligand density, carbon 
load, flexibility of the ligand, and degree 
of exposure of the surface silanols. In 
addition, the choice of ligand can also 
influence the recovery and conformational 
integrity of the protein analytes.

Historically, it was assumed that shorter 
and less hydrophobic n-butyl ligands 
provide better recovery than octyl or oc-
tadecyl ligands (C8 and C18 phases, re-
spectively). Therefore, in the past mostly 
butyl (that is, C4) and propyl (C3) phases 
were used for protein separations. How-
ever, with modern commercially available 
phases, it now seems that there is no 
significant dependence of protein recov-
ery on the length of the stationary phase 
alkyl ligand (10). Significant differences in 
the retention of proteins are sometimes 
observed when comparing columns with 
different bonded phases. For example, 
in several cases, it has been observed 
that proteins are more retained on C4 
stationary phases than they are on C8 or 
C18 phases. The reason for this behavior 
may be that large solutes (proteins) do 
not penetrate into the bonded-phase 
layer like small molecules 
do (12), because the pro-
teins are simply too big 
compared to the available 
space between ligands. 
In this way, proteins prob-
ably interact with the 
stationary phase mainly at 

the interface between the bonded-phase 
layer and the bulk mobile phase—in other 
words, proteins only experience a “bird’s-
eye view” of the stationary phase (1). In 
most cases, the ligand density of shorter 
chains is larger than that for longer 
chains, thus the accessible hydrophobic 
surface area is larger for phases modi-
fied with short alkyl ligands compared 
to longer ligands. In addition, if there 
are residual unbonded silanols present 
on the silica surface, they will be more 
accessible in cases where the stationary 
phase is composed of short-chain ligands 
(hydrogen-bonding and ion-exchange 
interactions have longer interaction dis-
tances than dispersive interactions).

Our perspective is that most alkyl 
bonded phases (for example, C3, C4, 
C8, and C18) are viable options for 
proteins separations, provided that 
conditions are optimized for a particular 
material. This optimization should con-
sider—at a minimum—pore size, mobile-
phase temperature, and mobile-phase 
additives (for example, trifluoroacetic 
acid). Some recently introduced materi-
als look promising from the point of 
view of ease of use (7), and it will be 
interesting to see how these offerings 
continue to evolve in the near future.
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Summary
Over the past decade, many new materi-
als and columns have been introduced for 
reversed-phase separations of proteins. 
The good news from this trend is that 
users now have many more commercially 
available materials to choose from. The 
challenge, though, is sorting out which 
one will be best for a particular applica-
tion, as well as finding optimal separation 
conditions. In this installment, we have 
briefly discussed the importance of pore 
size, column temperature, and stationary-
phase chemistry for reversed-phase sepa-
rations of proteins. The ideas discussed 
here should be helpful to users beginning 
method development, or troubleshooting 
the performance of an existing method. 
Much remains to be discussed, both in 
terms of additional considerations for 
reversed-phase separations, and for other 
separation modes including ion-exchange 
and size-based separations, and we look 
forward to discussing these issues in fu-
ture installments.

References
(1) J.W. Dolan, LCGC North Am. 32(4), 256–261 

(2014).

(2) D. Bell, LCGC North Am. 36(4), 
234–247 (2018).

(3) S. Fekete, R. Berky, J. Fekete, 
J.-L. Veuthey, and D. Guil-
larme, J. Chromatogr. A 1252, 
90–103 (2012). doi:10.1016/j.
chroma.2012.06.066.

(4) S.A. Schuster, B.M. Wagner, 
B.E. Boyes, and J.J. Kirk-

land, J. Chromatogr. A 1315, 118–126 (2013). 
doi:10.1016/j.chroma.2013.09.054.

(5) B.M. Wagner, S.A. Schuster, B.E. Boyes, T.J. 
Shields, W.L. Miles, M.J. Haynes, R.E. Moran, 
J.J. Kirkland, and M.R. Schure, J. Chromatogr. 
A 1489, 75–85 (2017). doi:10.1016/j.chro-
ma.2017.01.082.

(6) W. Chen, K. Jiang, A. Mack, B. Sachok, X. 
Zhu, W.E. Barber, and X. Wang, J. Chromatogr. 
A 1414, 147–157 (2015). doi:10.1016/j.chro-
ma.2015.08.043.

(7) B. Bobály, M. Lauber, A. Beck, D. Guillarme, and 
S. Fekete, J. Chromatogr. A 1549, 63–76 (2018). 
doi:10.1016/j.chroma.2018.03.043.

(8) H. Chen and C. Horvath, Anal. Methods 1, 
213–222 (1994).

(9) B.C. Trammell, L. Ma, H. Luo, M.A. Hillmyer, and 
P.W. Carr, J. Am. Chem. Soc. 125, 10504–10505 
(2003). doi:10.1021/ja036339d.

(10) S. Fekete, S. Rudaz, J.-L. Veuthey, and D. 
Guillarme, J. Sep. Sci. 35, 3113–3123 (2012). 
doi:10.1002/jssc.201200297.

(11) S. Fekete, A. Beck, E. Wagner, K. Vuignier, 
and D. Guillarme, J. Sep. Sci. 38, 1–8 (2015). 
doi:10.1002/jssc.201400996.

(12) M.R. Schure, J.L. Rafferty, J.I. Siepmann, and L. 
Zhang, LCGC North Am. 31(8), 630–637 (2013).

This article first appeared in LCGC North 
America, 36(7), 440–446 (2018).

Tools and Products 
for Pharma Analysis

SPONSOR’S CONTENT

Tips: Separations of Biomolecules

http://www.sigmaaldrich.com/industries/pharma.html?&utm_source=lcgc&utm_medium=sponsored%20content&utm_campaign=pharma%20qc-tid-2017076132


 24  NOVEMBER 2018 |  LCGC 

Minimizing 
LC–MS Con-
tamination 

Reversed- 
Phase Protein 
Separations 

Chromatography 
Techniques 

Immuno- 
Capture  
LC–MS–MS

Szabolcs Fekete holds a 
PhD degree in analytical 
chemistry from the Tech-
nical University of Buda-
pest, Hungary. He worked 
at the Chemical Works of 
Gedeon Richter Plc at the 
analytical R&D depart-

ment for 10 years. Since 2011, he has 
been working at the University of Geneva 
in Switzerland. He contributed to more 
than 100 journal articles and authored 
book chapters and edited handbooks. His 
main interests include liquid chromatog-
raphy (reversed-phase, IEX, SEC, HIC, 
SFC, HILIC), column technology, method 
development, pharmaceutical, and pro-
tein analysis.

Dwight R. Stoll is the 
editor of “LC Trouble-
shooting.” Stoll is a 
professor and co-chair 
of chemistry at Gustavus 
Adolphus College in St. 
Peter, Minnesota. His 
primary research focus 

is on the development of 2D-LC for both 
targeted and untargeted analyses. He 
has authored or coauthored more than 
50 peer-reviewed publications and three 
book chapters in separation science and 
more than 100 conference presentations. 
He is also a member of LCGC’s editorial 
advisory board. Direct correspondence to: 
LCGCedit@ubm.com

Davy Guillarme holds a 
PhD degree in analytical 
chemistry from the Uni-
versity of Lyon, France. 
He is now senior lecturer 
at the University of Gene-
va in Switzerland. He has 
authored more than 200 

journal articles related to pharmaceutical 
analysis. His expertise includes HPLC, 
UHPLC, HILIC, LC-MS, SFC, analysis of 
proteins and mAbs. He is an associate ed-
itor of Journal of Chromatography B and 
editorial advisory board member of several 
journals including Journal of Chromatog-
raphy A, Journal of Separation Science, 
LCGC North America, and others.



 25  NOVEMBER 2018 |  LCGC 

Minimizing 
LC–MS Con-
tamination 

Reversed- 
Phase Protein 
Separations 

Chromatography 
Techniques 

Immuno- 
Capture  
LC–MS–MS

Resolving the Complexity of Bio-
macromolecules

Separating proteins and antibodies is 
a unique analytical challenge because 
of the complexity of the analytes. Both 
sample heterogeneity, because of a 
number of chemical modifications to 
the analyte, and nonspecific binding to 
the silica surface often result in chro-
matographic peak broadening and tail-
ing. This installment of “Column Watch” 
focuses on several different chromato-
graphic strategies that analytical scien-
tists can use to resolve and quantitate 
various biomacromolecules, including 
monoclonal antibodies (mAbs) and 
antibody–drug conjugates (ADCs). 
Selected aspects of size-exclusion, 
hydrophobic interaction, ion-exchange, 
hydrophilic interaction, and reversed-
phase chromatography are discussed.

 
iomacromolecules (in particular 
monoclonal antibodies [mAbs]) 
have seen a renewed interest in 
the pharmaceutical and biotech-

nology industry. The reason for this high 

level of interest resides in the number of 
benefits these biological molecules have 
for patients including, but not limited to, 
high efficacy in treating an illness, high 
specificity for a target receptor or antigen, 
wide therapeutic range, and limited, 
undesirable side effects (1). However, be-
cause of the fact that these molecules are 
complex and are often produced in host 
cell lines, bacteria, or fermentation reac-
tors, these potential therapeutics exhibit 
significant heterogeneity that needs to be 
evaluated and characterized using various 
analytical techniques (2).

The complexity of such biomacromol-
ecules can be easily illustrated by examin-
ing the structure of a typical monoclonal 
antibody as depicted in Figure 1.

Monoclonal antibodies are large, tetra-
meric immunoglobulin G (IgG) molecules 
with a molecular weight of approximately 
150 kDa (150,000 g/mol). These molecules 
form a Y-shape composed of four peptide 
chains: two identical light (L) chains, with 
a molecular weight of approximately 25 
kDa each, and two identical heavy (H) 
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Figure 1: Graphic depiction of an IgG1 antibody. Note the structural com-
plexity of the different domains of the mAb. (Courtesy of MilliporeSigma.)

Resolving the Complexity of Bio-
macromolecules

chains, with a molecular weight of approx-
imately 50 kDa each. To form the Y-shape, 
these four polypeptide chains associate 
with each other through the creation 
of inter- and intrachain disulfide bonds. 
From a structural biology perspective, a 
monoclonal antibody can be broken down 
into two domains: the fragment crystal-

lizable (Fc) domain, which is responsible 
for the effector function, and the antigen 
binding domain (Fab), which, as the name 
implies, is solely dedicated to binding 
the antigen to the antibody. Monoclonal 
antibodies are glycoproteins that have 
two conserved N-glycosylation sites in 
the Fc domain. A variety of other chemical 
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and enzymatic modifications can further 
modify a monoclonal antibody, including 
methylation, phosphorylation, deamida-
tion, oxidation, and conjugation to a cyto-
toxic, small-molecule drug (thus resulting 
in an antibody–drug conjugate [ADC]), 
among many others (3). Therefore, there 
could be thousands of variant combina-
tions in a single mAb formulation, and 
some of these variants may elicit a lethal 
response in a patient. In addition to the 
above mentioned modifications to the 
primary structure of the mAb, modifica-
tions to the higher-order structure of the 
mAb may occur, such as aggregation or 
clipping, which will also affect the safety 
and efficacy of the therapeutic (4).

Because of the above-mentioned, 
inherent danger associated with the pos-
sible heterogeneity of these biologics, 
the Food and Drug Administration (FDA) 
and the European Medicines Agency 
(EMA) now require all biopharmaceuti-
cal manufacturing companies to submit 
a comprehensive report detailing the 
complete characterization of their submit-
ted drug formulation. And because of 
this stringent requirement, the need for 
effective, sensitive, and robust analytical 
techniques to fully characterize these 
biomacromolecules is a key factor for 
the “biopharma” market to continue 
to thrive. This installment of “Column 
Watch” outlines several analytical chro-
matographic strategies that biopharma-
ceutical scientists can use to fully charac-
terize novel biopharmaceuticals.

Size-Exclusion Chromatography
Size-exclusion chromatography (SEC) 
is a mode of chromatography that 
separates molecules by their size (that 
is, hydrodynamic radius). This mode 
of chromatography does not rely on 
the interaction of the analytes with a 
stationary-phase ligand; it is an entropic 
process meaning that it relies on the 
random flow of the analytes through 
the stationary-phase particles. For most 
practical purposes, this process can be 
envisioned as follows: Analytes with a 
higher molecular weight will be eluted 
earlier in the run, since these analytes 
are fully or partially excluded from the 
pores of the stationary phase particles, 
and lower molecular weight analytes 
will be eluted later in the run, since 
these analytes will spend more time 
navigating the torturous path through 
the particle (5).

As noted in the prior paragraph, the 
driving force in SEC is the exclusion 
effect based on molecular weight and 
size. This exclusion effect is dictated by 
the pore diameter and geometry of the 
stationary-phase particle. Obviously, 
when selecting an SEC column (or any 
column, for that matter) for a separation 
experiment, one needs to be cognizant 
of the pore size of the particle. If the 
pore size of the particle is too small, the 
analytes of interest will not enter the 
particle and will be eluted in the void 
volume. For SEC of smaller proteins 
and peptides, particles with a pore 
diameter of 150 Å will provide a good 
linear separation range when creating 
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Table 1: Analytes used in molecular weight 
calibration curve shown in Figure 2.

Resolving the Complexity of Bio-
macromolecules

a molecular weight calibration curve as 
depicted in Figure 2. Table I details the 
molecular weights of the analytes used in 
this study. As shown in Figure 2, proteins 
with molecular weights larger than ap-
proximately 50 kDa (analytes 1–3) begin 
to be excluded from the pores of the 
column, resulting in premature elution 
from the column, whereas analytes with 
molecular weights less than 5 kDa (ana-
lytes 8–11) interact more with the sta-
tionary phase and are eluted later in the 

run. To achieve the best chro-
matographic results with this 
column, one should operate in 
the linear region of the curve 
(analytes 5–7, with molecular 
weights 17 kDa–6 kDa) (6).

Recently, there have been 
some developments in the 
manufacturing and applica-
tion of small particle size SEC 
columns for biomolecule sepa-
rations. These new columns 
exist as 2.0-µm and sub-2-µm 
silica particles, enabling the 
biochromatographer to per-
form high efficiency separa-
tions in half the time as 3.0- 
and 4.0-µm particles. Recent 
studies (7) have shown the 
advantages of using small-par-
ticle SEC column technology.

In addition to recent advanc-
es in column technology, the 
mobile phase is also important 
to consider when performing 
SEC of biomolecules. One 
area of focus where the com-
position of the mobile phase 

will dictate success or failure in an SEC 
experiment is in characterizing ADCs 
by SEC. ADCs, because of the added 
cytotoxic drug payload, tend to exhibit 
secondary interactions with the station-
ary phase. These interactions will result 
in broad peak tailing and lower sensitivity 
of higher-order aggregates. One way 
to minimize these interactions is to add 
an organic alcohol (that is, isopropanol, 
1-butanol, 1-propanol, and so forth) to the 
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Figure 2: Molecular weight calibration curve for a series of proteins sepa-
rated by SEC. Column: 30 cm × 4.6 mm, 3-µm dp Zenix SEC-150; mo-
bile phase: 0.2 M sodium phosphate dibasic, adjusted to pH 7.0 with 
phosphoric acid; flow rate: 0.25 mL/min; column temperature: 25 °C; 
detection: UV absorbance at 215 nm; injection volume: 0.5 µL; sample: 
mixture of proteins from Table I (1 mg/mL in 0.2 M sodium phosphate 
dibasic, adjusted to pH 7.0 with phosphoric acid). (Adapted with permis-
sion from reference 6.)

mobile phase. The addition of an alcohol 
modifier is thought to either mask surface 
silanols on the stationary phase or stabi-
lize a particular fold of the protein, thereby 
reducing the heterogeneity of the analyte 
and allowing for the analyte to be eluted 
with a lower peak volume (8,9).

One last aspect of SEC that needs to 

be broached is the effect of salt and salt 
type in SEC. Salt is typically used in SEC 
to minimize electrostatic interactions 
between the analyte and charged sites 
on the silica stationary phase. Most SEC 
methods will use sodium or potassium 
phosphate (100–200 mM, pH 7.0–7.4) to 
perform the separation, though recent 
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research has revealed that potassium 
salts may elicit better resolution of dimeric 
species (10). One problem with this salt, 
however, is that it is not compatible with 
mass spectrometry (MS) detection. Vola-
tile salts, like ammonium formate, have 
been used to perform online SEC–MS for 
characterizing biotherapeutics. Figure 3 
shows the deconvoluted MS spectral re-
sults of such a study, showing that SEC–

MS could be used in drug-to-antibody ratio 
(DAR) characterization of an ADC (11).

Hydrophobic Interaction  
Chromatography
Hydrophobic interaction chromatography 
(HIC) is a mode of chromatography that 
separates analytes based on the degree of 
interaction between hydrophobic moieties 

Figure 3: Native SEC–MS spectrum of the SigmaMAb ADC mimic. The 
difference in molecular weight between each main peak is 1336 Da, cor-
responding to the molecular weight of two payloads. Column: 30 cm × 2 
mm, 4-µm dp TSKgel SuperSW 3000; mobile phase: 100 mM ammoni-
um acetate, pH 7.0 (isocratic); flow rate: 0.07 mL/min; column tempera-
ture: 35 °C; detection: ESI-MS, 1000–8000 m/z; injection volume: 1.0 
µL; sample: ADC mimic (100 µg/mL in 100 mM ammonium acetate, pH 
7.0). (Adapted with permission from reference 11.)
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on the analyte and hydrophobic ligands on 
the stationary phase. Under conditions of 
high concentrations of salt, the hydration lay-
er around a protein may be disrupted to the 
extent that it becomes entropically favorable 
for hydrophobic regions of the protein’s sur-
face to interface with the nonpolar stationary 
phase. Because of the lower molecular 
weight and lower propensity for folding, HIC 
is typically not used for separating peptides. 
Salt selection in HIC is dictated by the Hof-
meister series, which classifies cations and 
anions in terms of their ability to disrupt the 
hydration layer around a protein (chaotropic) 

or promote the formation of a hydration layer 
(kosmotropic). Typical salts in HIC are ammo-
nium sulfate, potassium sulfate, and sodium 
sulfate.

The biggest application area currently 
under investigation for HIC is in de-
termining the DAR profile of an ADC. 
The DAR profile is one critical quality 
attribute (CQA) that a biopharmaceuti-
cal company needs to determine for 
approval by the FDA or EMA. An overly 
conjugated ADC can kill healthy and 
carcinogenic cells, whereas an under-
conjugated ADC may not be efficacious 

Figure 4: HIC–UV analysis of native SigmaMAb ADC mimic. Column: 10 
cm × 4.6 mm, 2.5-µm dp TSKgel Butyl-NPR; mobile-phase A: 50 mM 
potassium phosphate, 1.5 M ammonium sulfate, pH 7.0, plus 5% (v/v) 
isopropyl alcohol; mobile-phase B: 50 mM potassium phosphate, pH 7.0, 
plus 20% (v/v) isopropyl alcohol; gradient: 0–100% B in 50 min; flow 
rate: 1.0 mL/min; column temperature: 35 °C; detection: UV absorbance 
at 215 nm; injection volume: 5.0 µL; sample: ADC mimic (100 µg/mL, 
50 mM potassium phosphate, pH 7.0). Peaks: 1 = DAR 0 (native mAb); 
2 = DAR 2; 3 = DAR 4; 4 = DAR 6; 5 = DAR 8. (Adapted with permission 
from reference 11.)
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in killing carcinogenic cells. In cysteine-
linked ADCs, where the linker and cyto-
toxic payload is conjugated through the 
sulfhydryl moiety of a cysteine amino 
acid, separation by HIC leads to a profile 
of peaks corresponding to zero, two, 
four, six, and eight drugs attached to the 
antibody. Figure 4 details such a separa-
tion scheme. The keen 
reader will note the 
presence of a peak be-
tween peaks 2 and 3; 
this peak corresponds 
to a DAR 3 species. 
Some researchers 
have brought forth the 
possibility that not 
being able to detect 
and quantify these 
odd-numbered DAR 
species could result in an underestima-
tion of the average DAR for an ADC by 
as much as 3% (12).

Figure 4 also shows the use of isopropyl 
alcohol in both mobile phases, essentially 
setting up an alcohol gradient. The reason 
for this inclusion is the same as was dis-
cussed with SEC: Some analytes tend to 
interact too strongly with the stationary 
phase and need the extra organic compo-
nent to promote elution from the column. 
It should be noted here, though, that both 
SEC and HIC are considered native tech-
niques, meaning that the structure and 
activity of the protein is preserved. How-
ever, using alcohols in the mobile phases 
increases the risk of these analytes being 
denatured. One should always check the 
stability of their analytes in dilute, organic 

solutions before incorporation in a chro-
matographic method (by using a technique 
such as sodium dodecyl sulfate polyacryl-
amide gel electrophoresis [SDS-PAGE]). 
Most proteins, in general, will be stable in 
solutions up to 35% organic solvent (13).

Ion-Exchange  
Chromatography
Ion-exchange chroma-
tography is a mode of 
chromatography that sepa-
rates analytes by charge. 
Proteins and peptides are 
amphoteric, which means 
that they exhibit both acidic 
and basic functionalities. 
The acidic portions of a pro-
tein include aspartic acid, 

glutamic acid, cysteine, tyrosine, and the 
α-carboxylate on the C-terminus. The basic 
portions of a protein include arginine, histi-
dine, lysine, and the α-amine on the N-ter-
minus. Charge variants of a biotherapeutic, 
another CQA that regulatory bodies require 
manufacturers to monitor, can be detected 
and resolved by ion-exchange chromatog-
raphy. These charge variants can arise from 
mistranslation of messenger RNA (mRNA) 
transcripts and post-translational modifica-
tions such as deamidation, oxidation, or 
glycosylation, among others (14).

When choosing a column for an ion-
exchange chromatography experiment, one 
needs to be aware of the isoelectric point 
(pI) of the native state of the protein. For 
example, most mAbs have a pI of ~7.4. If 
the pH of the mobile phase is lower than 

“Ion-exchange 
chromatography 
is a mode of 
chromatography 
that separates 
analytes by charge.”
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Figure 5: Analysis of mAb charge variants by weak cation exchange chro-
matography. Conditions: Column: 10 cm × 4.6 mm, 7-µm dp TSKgel 
CM-STAT; mobile-phase A: 20 mM 2-(N-morpholino)ethanesulfonic acid 
(MES) buffer, pH 6.0; mobile-phase B: 20 mM MES buffer, pH 6.0 + 0.5 
M sodium chloride; gradient: 0-30% B in 15 min, 30-100% B in 2 min; 
flow rate: 1.0 mL/min; detection: UV absorbance at 280 nm; column tem-
perature: 25 °C; injection volume: 20 µL; sample: mAbs A-E (1 g/L in 20 
mM MES buffer, pH 6.0). (Adapted with permission from reference 15.)

7.4, the mAb will be positively charged and 
bind to a cation-exchange column. If the pH 
of the mobile phase is above 7.4, the mAb 
will be negatively charged and bind to an 
anion-exchange column. In addition to cation 
versus anion exchangers, these can be bro-
ken down into weak and strong exchangers 

based on the pKa for the exchanger.
There are two methods for eluting analytes 

off of an ion-exchange chromatography 
column: using a salt gradient and using a pH 
gradient. The salt gradient approach uses 
a linear gradient of a salt (that is, sodium 
chloride, potassium chloride, and so on) 
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to essentially compete with the analyte 
binding to the column. Figure 5 shows a 
separation of different mAb charge vari-
ants, from a series of proprietary mAbs, 
by ion-exchange chromatography using a 
salt gradient (15).

The pH gradient approach uses a com-
plex buffer system that gradually changes 
the pH of the mobile phase; this gradual 
pH change results in concomitant changes 
to the ionic state of the analytes and sta-
tionary phase ligands, which leads to elu-
tion of the analytes. There are negatives to 
each of these techniques; the salt gradient 
is not as effective at resolving similarly 
charged variants as a pH gradient method 
whereas a pH gradient requires a complex 
buffer system that may cause issues with 
method reproducibility. However, some 
vendors have made available off-the-shelf 
buffer solutions for pH gradient methods 
for resolving protein charge variants.

Hydrophilic Interaction  
Chromatography
Hydrophilic interaction chromatography 
(HILIC) is a mode of normal-phase chro-
matography in which the mobile phase 
is relatively nonpolar and the stationary 
phase is relatively polar. In HILIC, the 
strong solvent is water 
(or a low concentration 
buffer) and the ana-
lytes partition between 
an aqueous-enriched layer 
adsorbed on the station-
ary phase and the bulk 
mobile phase. Retention 

of analytes is mostly due to the amount 
of water adsorbed to the particle and the 
ionic strength of the buffer used in the 
mobile phase. Analytes are eluted off 
the column by gradually increasing the 
amount of water (buffer) in the mobile 
phase.

The key application area in the biophar-
maceutical industry for HILIC is in gly-
can analysis, though recently there have 
been some publications focusing on the 
use of new, wide-pore HILIC columns 
for glycoprotein separations (16,17). The 
pattern of glycosylation is another CQA 
that biopharmaceutical manufactur-
ers need to determine as dictated by 
regulatory agencies. Glycosylation can 
affect a protein’s folding ability as well 
as its stability. More importantly, the 
pattern of glycosylation can affect the 
antibody’s ability to bind antigens and 
promote antibody-dependent cellular 
cytotoxicity (ADCC) and complement-
dependent cytotoxicity (CDC).

To determine the pattern of glyco-
sylation on a potential biotherapeutic, 
generally one first releases the glycans 
from the protein using an enzyme such 
as PNGase F. Afterward, the released 
glycans are labeled with a fluorescent tag 
like 2-aminobenzamide or procainamide. 

SILu™MAb and 
SigmaMAb Antibody 
Standards
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The sample is then subjected to chro-
matographic analysis with either fluores-
cence detection or MS detection. Fig-
ure 6 shows chromatographic results of 
separating a mixture of N-linked glycans 
released from human IgG. Baseline 

resolution for all the individual glycans 
was observed, except for the positional 
isomers G1F and G1F’. The identities of 
these different glycans were confirmed 
by LC–MS.

Resolving the Complexity of Bio-
macromolecules

Figure 6: Analysis of N-linked glycans released from human IgG. Column: 
15 cm × 2.1 mm, 2.7-µm dp BIOshell Glycan; mobile-phase A: 100 mM 
ammonium formate, pH 4.5; mobile-phase B: acetonitrile; gradient: 74-
71% B in 15 min, 71-55% B in 10 min, 55-45% B in 1 min; flow rate: 
0.4 mL/min; column temperature: 50 °C; detection: fluorescence, 260-
nm excitation, 430-nm emission; injection volume: 3.0 µL; sample: re-
leased, 2-AB labeled glycans from human IgG (100 µg/mL in 30:70 100 
mM ammonium formate, pH 4.5-acetonitrile).
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Figure 7: Purification of IgG using a protein A monolith at various flow 
rates. Column: 25 cm × 4.6 mm Chromolith Protein A; mobile-phase A: 
100 mM sodium phosphate, pH 7.4; mobile-phase B: 100 mM sodium 
phosphate, pH 2.5; gradient (for 2-mL/min flow rate): 0% B for 0.25 min, 
increase to 100% B in 0.1 min, hold at 100% B for 1 min; flow rate: 2 
mL/min; column temperature: 25 °C; detection: UV absorbance at 280 
nm; injection volume: 10 µL; sample: IgG (1 g/L in 100 mM sodium 
phosphate, pH 7.4). (Figure courtesy of Dr. Egidijus Machtejevas.)

Affinity Chromatography
Affinity chromatography is a mode of chro-
matography that relies on a specific in-
teraction between the analyte of interest 
and the stationary-phase ligand. Ideally, 
no other component of the sample would 
interact with the ligand, thus only the ana-
lyte of interest interfaces with the station-
ary phase. Afterward, a second solution 
is passed through the column that breaks 
this interaction, thus eluting the analyte.

Protein A chromatography is the most 
common form of affinity chromatography 
used in the biopharmaceutical industry. 
Protein A is a 42-kDa surface protein 
found in the cell wall of Staphylococcus 
aureus. This protein binds specifically to 
the heavy chain in the Fc region of IgGs, 
making it an ideal mechanism to separate 
IgGs from other components of a sample. 
Most protein A columns are manufactured 
by immobilizing the protein on a porous, 
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organic particle. However, a new, mono-
lithic format for protein A chromatography 
has been produced, allowing for high 
sample throughput, at various flow rates, 
without sacrificing efficiency. Figure 7 
shows the purification of IgG at different 
flow rates using a protein A monolith.

Reversed-Phase Chromatography
Reversed-phase chromatography is a 
mode of chromatography that separates 
analytes based primarily on hydro-
phobicity. Unlike HIC, reversed-phase 
chromatography uses a water–organic 
mixture for the mobile phase. There are 
several parameters that can be tuned in 
a reversed-phase chromatography ex-
periment to get satisfactory peak shape 
and resolution; they have been reviewed 
in several recent publications (18,19).

Several wide-pore reversed-phase chro-
matography columns have been launched 
by column vendors over the past decade. 
These columns tend to fall into one of 
two categories: fully porous particle (FPP) 
packed columns and superficially porous 
particle (SPP) packed columns. SPP 
packed columns tend to provide more 
efficient separations because of better 
packing efficiencies of SPP columns as 
well as reduced longitudinal diffusion 

resulting from the presence of a solid 
silica core within the particle. Figure 8 
showcases the advantages of using 
SPP packed columns compared to FPP 
packed columns in performing so-called 
“middle up/down” analysis of infliximab, 
a therapeutic mAb. Note the improved 
resolution and peak shape afforded by 
the 1000-Å SPP column.

Another key aspect in reversed-phase 
chromatography of biomacromolecules is 
the use of an ion-pair reagent in the mo-
bile phase. Generally, trifluoroacetic acid 
has been used as a good ion-pair reagent 
because it masks interactions between 
the analytes and free, active silanols on 
the stationary phase. However, this ion-
pair reagent can cause severe ion sup-
pression when coupled to MS detection. 
Therefore, alternatives, like difluoroacetic 
acid and ammonium formate, should be 
used for MS analyses because they tend 
to provide good ion-pairing capacity while 
minimizing ion suppression. Figure 9 
shows a comparative study of these two 
ion-pairing reagents in separating a series 
of insulin variants. Note the ~2.7-fold 
increase in sensitivity using ammonium 
formate (20).

Conclusion
Analytical scientists have 
myriad options in separating 
and purifying biomacromol-
ecules. The choice of tech-
nique is dependent on what 
the end goal of the experi-
ment is. If the researcher 
wants an active, native 

Large Molecule
Bioanalysis
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Figure 8: Middle up-down analysis of infliximab. L and H represent light 
and heavy chain, respectively. Columns: 10 cm × 2.1 mm, 1.7-µm dp 
(FPP, black), 3.4-µm dp (SPP, 400 Å, red), 2.7-µm dp (SPP, 1000 Å, 
purple); mobile-phase A: 70:30 water (0.1% [v/v] trifluoroacetic acid)-
acetonitrile (0.1% [v/v] trifluoroacetic acid); mobile-phase B: 50:50 wa-
ter (0.1% [v/v] trifluoroacetic acid)-acetonitrile (0.1% [v/v] trifluoroacetic 
acid); gradient: 20-50% B in 10 min, 50-100% B in 5 min; flow rate: 
0.2 mL/min; column temperature: 75 °C; detection: UV absorbance at 
215 nm; injection volume: 5.0 µL; sample: reduced infliximab (100 µg/
mL in water with 0.05% trifluoroacetic acid).
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Figure 9: Separation of insulin variants by LC–MS using various mobile-
phase modifiers: (a) difluoroacetic acid method, (b) ammonium formate 
method. Column: 15 cm × 2.1 mm, 2.7-µm dp BIOshell A160 Peptide 
C18; mobile-phase A: 75:25 10 mM ammonium formate, adjusted to pH 
2.6 with formic acid or water (0.1% [v/v] difluoroacetic acid)-acetonitrile; 
mobile-phase B: 50:50 10 mM ammonium formate, adjusted to pH 2.6 
with formic acid or water (0.1% [v/v] difluoroacetic acid)-acetonitrile 
(77:23 A:B); flow rate: 0.2 mL/min; column temperature: 75 °C; detec-
tion: MS, ESI-(+), TIC 100–3000 m/z; injection volume: 0.5 µL; sample: 
mixture of six insulin variants (100 µg/mL in 10 mM ammonium formate, 
adjusted to pH 2.6 with formic acid). Peaks: 1 = insulin-glargine, 2 = 
insulin-bovine, 3 = insulin-Asp, 4 = insulin-LisPro, 5 = insulin-human, 6 
= insulin-porcine. (Adapted with permission from reference 20.)

Resolving the Complexity of Bio-
macromolecules
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form of the protein, then a nondenaturing 
method is required (SEC, ion exchange, 
HIC, affinity). If the researcher is using MS 
detection or does not need the active, na-
tive state of the protein, then a denaturing 
technique can be used (reversed-phase 
chromatography, HILIC). It is also becom-
ing commonplace to couple two of these 
techniques in series to perform two-
dimensional (2D)-LC. As the complexity of 
biotherapeutics increases, and regulatory 
requirements become more stringent, the 
continued need for new column technolo-
gies and methods will persist.
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The use of antibodies in “bottom-up” 
LC–MS workflows to determine low 
abundant biological active proteins in 
complex human samples has increased 
in recent years: immuno-capture 
analysis combines the workflow of 
conventional immunological assays 
with LC–MS analysis. This paper de-
scribes typical challenges, such as cross 
reactivity and the mass spectrometer’s 
dynamic range, as well as the advan-
tages of isoform differentiation and 
multiplexing. Additionally, some ex-
perimental formats of immuno-capture 
bottom-up LC–MS analysis of biologi-
cal active proteins in complex human 
samples will be discussed.

etermination of proteins in 
biological samples using 
liquid chromatography–mass 
spectrometry (LC–MS) is gain-

ing much interest. An increasing amount 
of approved protein biopharmaceuticals, 
not to mention the abuse of these com-
pounds in sports, demands the ability to 

determine them with a high degree of 
certainty in biological samples. In addi-
tion to this there is a growing interest in 
determination of endogenous proteins in 
biological samples using LC–MS for diag-
nostic purposes: concentration increase 
or decrease of such proteins allows us to 
monitor the state of a pathological condi-
tion, including cancer.

Generally speaking, proteins are very 
diverse with respect to their biological 
activity; however, their physicochemical 
properties are rather uniform. Addition-
ally, in biological samples proteins can 
occur in a broad concentration range. 
The concentration of albumin in serum 
is in the medium g/L level, while the 
concentration of interleukin-10 in serum 
is in the high 10-12 g/L level. Many proteins 
with diagnostic value occur in the low to 
very low abundance range (<10-6 g/L). The 
diagnostic value of proteins is determined 
by the ability to quantify them robustly so 
that changes in concentration can be inter-
preted with good precision and accuracy. 
The huge span in concentrations makes 

D
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this challenging because these proteins 
need to be measured in the presence of 
other endogenous proteins where the 
concentration in some cases is a billion 
(1012) times higher.

Determining Markers Using  
Immunological Methods
In clinical laboratories around the world, 
diagnostic proteins are determined 
using immunological methods such as 
enzyme-linked immunosorbent assay 
(ELISA) and radioimmunoassay (RIA). 

These are techniques that are based on 
the selective capture of target proteins 
using antibodies. After the capture and 
washing steps, the target proteins are 
quantified by measuring absorbance, 
fluorescence, or radioactivity. These 
techniques are rather simple, do not need 
require expensive equipment, can handle 
many samples at the same time, and 
reach detection limits that allow deter-
mination of very low abundant proteins. 
However, a disadvantage of this approach 
is that the methods are prone to false re-
sults: both false positive (caused by cross 

Determination of Very Low- 
Abundance Diagnostic Proteins

Figure 1: Bottom-up approach in LC-MS-based analysis. Proteins are di-
gested into peptides. Specificity of these peptides for its parent protein 
can be evaluated using Basic Local Alignment Search Tool (BLAST: http://
blast.ncbi.nim.nih.gov/Blast.ogi?PAGE=Proteins). LC-MS-MS analysis will 
allow peptide identification and quantification.
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reactivity) and false negative (caused by 
high dose hook effect) results can occur. 
This can lead to erroneous diagnosis with 
the obvious negative consequences. In 
addition to this, most of the assays are 
not able to distinguish between isoforms 
of the target proteins and do not allow 
the determination and differentiation of 
several target proteins in the same assay 
(multiplexing) (1–3).

LC–MS-Based for  
Targeted Protein Analysis
To cope with the disadvantages men-

tioned previously, the use of LC–MS in 
target protein analysis has gained more 
interest. There are two main strategies 
to determine proteins using LC–MS: the 
top-down approach and the bottom-up 
approach. In the top-down approach, 
proteins are analyzed intact. Although 
feasible, this approach does not allow 
determination of very low concentrations. 
A bottom-up approach (4) is chosen for 
quantification most often (see Figure 1). 
This approach is based on the enzymatic 
digestion (mostly trypsin) of the target 
protein into lesser peptides. When trypsin 
is used as an enzyme for this purpose, 

Determination of Very Low- 
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Figure 2: 96-well plate format for the immuno extraction of hCG from 
serum. Anti-hCG antibodies are immobilized on the wall of a micro-titre 
plate. hCG in serum will be captured by these antibodies and remain in 
the well after extensive washing. Trypsin will digest the Captured hCG, 
yielding a clean sample. after which μSPE can be injected into the LC-
MS. Typical experimental conditions are given in the lower part of the 
figure [from (14)].
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the resulting peptides will mainly be 
doubly charged and will give rise to good 
peak intensities in the mass spectrom-
eter. The peak intensity of a tryptic pep-
tide is higher than that of the undigested 
protein, which makes the bottom-up 
approach attractive because it gives good 
detection limits. As a single protein will 
give rise to many tryptic peptides and 
hence a complex chromatogram, it is 
therefore important to choose the right 
tryptic peptides for quantification.

The amino acid sequence of the tryp-
tic peptide chosen for quantification 
needs to be highly specific; in other 
words, no other protein in the sample 
should produce a peptide with the same 
amino acid sequence. Such specific 

peptides are designated as signature 
peptide or proteotypic peptide: the 
parent protein can be determined by 
means of this signature peptide. This 
peptide needs to be specific and, pref-
erably, gives a high peak intensity, has 
good chromatographic properties, is the 
result of a full digest (no cleavage sites 
left in the peptide), and is reproducible.

The value of the mass spectrometer 
becomes clear when the identity of 
the signature peptide needs to be 
confirmed and the concentration needs 
to be determined. Confirmation of the 
identity is perfomed by both mass (m/z 
value) and fragmentation pattern. For 
this purpose most tandem mass spec-
trometers are suited (5). Quantification 

Determination of Very Low- 
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Figure 3: Four of the isovariants of hCG. All these have their specific sig-
nature peptides with their specific m/z value and retention behaviour. 
Within a single analysis these four isovariants can be monitored simulta-
neously (14)
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Figure 4: (a) Chromatogram for the analysis of the urine of a woman preg-
nant in the third month. The Peaks correspond to the singnature peptides 
for intact hCG (T5) and core fragment hCG (cfT9). (b) Chromatogram from 
the analysis of a cancer patient serum sample. The peaks correspond to 
the signature peptides for intact hCG (T5) and hCG nicked 44/45 (nT5’) 
Adapted and reproduced with permission from Journal of Proteome Re-
search 8, H. Lund, Silje Boen Torsetnes, Elisabeth Paus, et al., Exploring 
the Complementary selectivity of Immunocapture and MS Detection for 
the Differentiation between hCG Isoforms in Clinically Relevant Samples, 
5241-52 (2009). © American Chemical Society.

is preferably performed on a triple 
quadrupole mass spectrometer in the 
selected reaction mode (SRM) mode 
because this is still the most sensitive 

way to determine peptides; the mass 
spectrometer is highly selective in both 
confirmation and quantification of the 
signature peptide — false positives as 
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a result of other cross reacting proteins 
will be avoided (6).

Challenges When  
Analyzing Proteins in Serum
To measure a target protein in a 

buffered solution with LC–MS after 
a bottom-up pre-treatment is often a 
straightforward procedure. Detection 
limits down to the femtogram level can 
be reached (of course, this depends on 
the sensitivity of the instrument used) 

Figure 5: Immuno-capture of ProGRP using anti-ProGRP antibodies to 
magnetic beads. Large sample volumes can be used in the capture of 
ProGRP. Using a magnet the beads, with the captured ProGRP, can be re-
tained. After extensive washing trypsin can be used to digest ProGRP, This 
digested sample can be injected into the LC-MS system. This approach 
allows determination of the total amount of ProGRP as well as quantifica-
tion of ProGRP isoform 1 and ProGRP isoform 3. internal standard (IS) for 
total ProGRP is included in this method (23). Typical experimental condi-
tions are given in the lower part of the figure. The chromatogram shown is 
that of a spiked serum sample.
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without doing specific clean up and/or 
enrichment. This ideal situation changes 
rapidly when the same target protein 
needs to be determined in a biological 
matrix like serum or urine. Without any 
special treatment, such as clean-up or 
enrichment, a serum sample will gener-
ate a huge amount of peptides as well 
as many different peptides when tryptic 
digestion is performed. This causes 
a great deal of trouble for the mass 
spectrometer because its ability to 
determine low concentration and high 
concentration simultaneously is limited 
by a limited dynamic range. In addition, 
ion suppression occurs in the electro-

spray when the signature peptide of 
the target protein co-elutes with other, 
high concentration, peptides. To be able 
to perform robust quantitative analy-
sis of target proteins in the very low 
abundance range using LC–MS sample 
preparation, as well as trypsination, is 
required.

Sample Preparation Techniques for 
Target Protein LC–MS Analysis
There are several techniques described to 
perform sample cleanup and enrichment. 
The choice of the sample preparation 
strategy depends very much on the con-

Figure 6: Amino acid sequence of three ProGP isoforms. Each isoform 
contains the sequence NLLGLIEAK (in bold). which is used to determine 
the total amount of ProGRP. Isoform 1 and 3 each have a determine sig-
nature peptide. (LSAPGSQR for isoform 1 and DLVDSLLQVLNVK for iso-
form 3) that allows differentiation.
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Figure 7: Multiplexing simultaneous immuno-capture of ProGRP (and 
its isoform) and NSE (and its various subunits) using a mixture of anti-
ProGRP antiGRP antibodies coupled to magnetic beads and anti-NSE 
antibodies coupled to magnetic beads. After the beads are added to the 
sample, the procedure is similar as in Figure 5. LC-MS analysis allows 
simultaneous determination of total ProGRP, ProGRP isoform 1, ProGRP 
isoform 3, NSE a-subunit and NSE y-subunit. Internal standards (IS) for 
total ProGRP and NSE y-subunit are included in this method (28). Typi-
cal experimental condition for such an experiment are given in the lower 
part of Figure 5. The only difference is that besides 20µ of anti ProGRP 
beads, 20 µL of anti NSE beads are also added to the serum sample. The 
chromatogram shown is that of a spiked serum sample. m/z transitions for 
the NSE subunits are shown in the chromatogram.
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centration of the target protein. In some 
cases the concentration of the target 
protein is so high that direct injection of 
a digested serum sample in the LC–MS 
could be performed. When the concentra-
tion becomes lower, sample clean-up, 
such as depletion (7), precipitation and 
restricted access material (RAM) (8), affin-
ity clean-up (9–11), and molecular imprints 
(12) is used.

Affinity cleanup can be performed by 
either using antibodies, which have a 
high affinity against the parent protein, 
or by using antibodies, which have a high 
affinity against the signature peptide (SIS-
CAPA) (13).

In this overview the focus will be on 
the use of antibodies directed against the 
whole protein in the sample cleanup and 
enrichment. The article is meant to provide 
an introduction to the experimental ap-
proach of immuno-capture LC–MS, rather 
than being a comprehensive review of all 
work done in the field. Immuno-capture 
LC–MS has much less disadvantages 
compared to immunological assays This 
is because mass spectrometric detection 
is much more selective than the immuno-
logical assays: a false positive analysis in 
an immunological assay, caused by cross 
reactivity, will not be false positive in an 
LC–MS analysis: the signature peptide 
for the target protein will not be present 
in the cross-reacting protein and will not 
therefore generate a signal.

There are several ways to use antibod-
ies to enrich target proteins. In general 
the principle is the same: the antibody 
is immobilized on a solid support, which 

can be the wall of a 96-well plate (14), on 
sorbents packed in a small column (15), or 
on small magnetic beads (16). The biologi-
cal sample is incubated with the antibodies 
thereby allowing the target protein and the 
antibodies to interact. After this incubation, 
the excess of biological sample is washed 
away. After some repetitive washing steps 
the target protein is either eluted and di-
gested, or digested directly into its tryptic 
peptides before final analysis.

How Does Immuno-Capture  
Function in 96-Well Format?
Figure 2 shows the workflow as well as 
the typical experimental conditions of tar-
geted LC–MS analysis on human chorionic 
gonadotropin (hCG) using antibodies im-
mobilized on the walls of a 96-well plate. 
hCG is used as a marker to diagnose ovar-
ian or testicular cancer. It is also on the 
World Anti-Doping Agency’s list of prohib-
ited substances. It is therefore of interest 
to be able to measure this protein. In the 
procedure shown antibodies (anti-hCG) 
are immobilized by incubating a solution 
in the wells. After blocking and washing 
the wells, they are ready to use. In this 
example serum is applied to the wells and 
allowed to incubate for 1 h. After washing 
and drying, ammonium bicarbonate buffer 
is added to the wells and a standard pro-
cedure to reduce, alkylate, and digest is 
performed. In other words, the protein is 
digested in the well without prior elution 
of the target protein from the antibody. 
Since the volume of the digestion buffer 
must be the same as the volume of the 
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applied serum sample, only clean-up is 
achieved and no enrichment. The latter 
might be achieved by a simple μSPE step 
using reversed-phased material (C8 or 
C18) to retain tryptic peptides (14).

A similar procedure is described for bio-
markers like ProGRP (17) (small cell lung 
cancer), PSA (18) (prostate cancer), and 
protein therapeutics (19).

In the example from Figure 2 the 
amount of hCG is determined by measur-
ing the amount of its signature peptide. 
Although hCG is often mentioned as one 
protein, it consists of an α-chain and a 
β-chain. The β-chain occurs in hCG and in 
other proteins. However, the β-chain is 
specific for hCG, and thus does not occur 
in other proteins. Aside from the fact that 
hCG is a heterodimeric protein, variations 
in the β-chain occur, giving rise to several 
isovariants. These isovariants have mainly 
the same amino acid sequence but there 
are also differences. A conventional immu-
nological method would allow determina-
tion of the amount of total hCG, but would 
not be able to differentiate between these 
variants. One of the biggest advantages 
of using immuno-capture LC–MS is that it 
can differentiate between various isovari-
ants in a single run. Figure 3 shows a ta-
ble of the amino acid sequence of four of 
these β-chain isovariants of hCG. Each iso-
variant has its own signature peptide with 
MS–MS fragments and a specific retention 
time. From the chromatogram in the same 
figure it can be seen that each isovariant 
produces its own peak. When using the 
procedure shown in Figure 2 on urine and 
serum, both intact hCG and some of the 

isovariants are detected (Figure 4).
Although very clean chromatograms are 

obtained using antibodies immobilized 
on the walls of a 96-well plate, there is a 
drawback. Since the volume of the well is 
approximately 200–250 μL, it is not pos-
sible to use sample volumes higher than 
this. In some cases it is advantageous to 
use high volumes because the concentra-
tion and therewith the amount of target 
protein can be very low in the biological 
sample. This may be circumvented by the 
immobilization of antibodies on the sur-
face of magnetic beads.

Immuno-Capture Using Antibodies 
Immobilized on Magnetic Beads
Magnetic beads are small spherical beads 
with a uniform size distribution (mainly 2.8 
μm). The immuno-active magnetic beads 
can be pipetted into a serum sample of 
which the volume can be up to 1 mL (or 
even higher). Extraction of the beads (and 
therewith the target protein) is performed 
using a magnet (16, 20–22). Figure 5 shows 
the extraction of ProGRP (23). Experimental 
conditions, workflow, and a typical result are 
included in this figure. ProGRP is a highly 
selective and sensitive biomarker for small 
cell lung cancer. It is not only used to diag-
nose the disease, but also to monitor the 
success of the treatment.

As can be seen from this figure, the 
principle of the extraction is comparable 
to that of the 96-well plate extraction. 
The biggest differences are the volume 
of the sample, which can be increased, 
and also the enrichment of the target 
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protein. It is possible to start with 1 mL of 
serum sample from which the extraction 
is performed. This is done by gently shak-
ing for 1 h (at room temperature [RT]). The 
magnet is used to retain the beads when 
the sample is removed. After washing the 
beads, the digestion can be performed in 
a much smaller volume such as for 80 μL, 
which would give a potential enrichment 
of 12.5. An additional solid-phase extrac-
tion (SPE) step would provide an even 
higher enrichment. In this example diges-
tion is performed directly on-beads, mean-
ing that no elution of the target protein is 
performed.

In the case of ProGRP the possibility of 
using larger sample volumes is of great 
importance: the concentration of this 
protein usually does not exceed 60 pg/mL 
and increases in the case of pathology. 
With 96-well based immuno-capture the 
amount of protein that could be captured 
was simply too low to be determined. 
However, using a whole millilitre of serum 
allows a much better detection limit, 
making it possible to determine even non-
pathological levels.

In addition, in the case of ProGRP, 
isoforms also occur. The conventional 
immunological assays will only be able to 
determine the amount of total ProGRP; 
with the immuno-MS ap-
proach some isoforms can 
be differentiated. Figure 6 
shows a table of the ami-
no acid sequence of the 
three known isoforms of 
ProGRP. With the chosen 
approach one can deter-

mine both ProGRP isoform 1 and isoform 
3 (for isoform 2, no signature peptide was 
identified) in addition to the amount of 
total ProGRP through a signature peptide, 
which is common for all three isoforms.

Besides immobilization of antibodies on 
magnetic beads, there are other formats 
described in the literature: Griffiths et al. 
used agarose beads as a solid support for 
factor VIII inhibitor analysis with MS (24); 
Lin et al. used latex beads as solid support 
for the immune-precipitation of several 
biomarker candidates (25); Sherma et al. 
used affinity pipette tips to enrich proteins 
before analysis (26); and Baily-Chouriberry 
et al. used anti-EPO monoliths for enrich-
ment and subsequent MS analysis (27).

Simultaneous Immuno-Capture  
and Determination of  
Multiple Diagnostic Markers
Another advantage, as well as a better 
insight into the distribution of several iso-
forms, is that immune-extractions using 
magnetic beads can be performed without 
considerable volume loss. The patient 
sample can be re-used for other analyses: 
After extraction of the target protein, all 
the other components are still present in 
the serum sample. Therefore, additional 
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analyses on the same sample can be 
performed. Using magnetic beads, these 
additional analyses can be combined in a 
single sample clean-up/enrichment and
analysis (28,29).

Figure 7 shows the multiplexed determi-
nation of both ProGRP and neuron-specific 
enolase (NSE). Experimental conditions, 
workflow, and a typical result are included 
in the figure caption. This multiplex is 
based on merging two existing validated 
methods for the determination of ProGRP 
(23) and NSE (20). By using a mix of two 
types of modified magnetic beads (one 
coated with anti-ProGRP and one coated 
with anti-NSE), these proteins can be 
extracted from a serum sample simulta-
neously. One reason to determine both 
proteins is that NSE, like ProGRP, is a 
diagnostic marker for small cell lung can-
cer. In other words, by doing this multiplex 
determination, a more robust diagnosis can 
be performed. As this dual extraction gives 
exactly the same results as two separate 
extractions, the time gain is also consider-
able. The method shown here was used to 
determine both ProGRP, its isoforms, and 
the NSE isoforms in samples from cancer 
patients. There was good correlation be-
tween data obtained from the conventional 
immunological method and 
the multiplex LC–MS meth-
od. In addition, an isoform 
distribution was determined 
(28). The clinical relevance of 
this remains to be explored, 
however, one can imagine 
that additional diagnostic 
proteins can be added to this 

test panel, potentially giving a differentiated 
diagnosis of the patients’ state.

Sequential Immuno-Capture  
for Differentiation of  
Heterodimeric Markers
The possibility of re-using the patient 
sample after the initial immuno-capture 
step also opens up the potential for 
sequential analysis of biomarkers that 
cannot be separated by LC–MS–MS. An 
example of this is differentiation between 
intact hCG and its free hCGβ-subunit. This 
could be of interest both in cancer diag-
nosis and doping analysis. As mentioned 
earlier, hCG is a dimer consisting of an 
α- and a β-subunit, where the β-subunit is 
specific for hCG and therefore the signa-
ture peptide used for quantification must 
be derived from the β-subunit. This makes 
differentiation and quantification of intact 
hCG and the free β-subunit difficult using 
a single immuno-capture step. Currently, 
sequential immuno-capture is described 
for differentiation of intact hCG, hCGβ and 
hCGβ-core in urine (only), by first deplet-
ing urine for the free hCGβ-variants using 
an antibody selective to the β-subunit 
prior to extracting the remainder variants 
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using an antibody able to capture all hCG 
variants (21). The captured intact and free 
variants are further processed and ana-
lyzed in two separate runs.

Calibration Strategies for  
Accurate Protein Determination
Although the subject of calibration is not 
within the scope of this overview, it is 
important to be aware that quantifica-
tion in targeted protein analysis is not 
as straightforward as quantification of 
small molecules. To be able to perform 
an accurate quantitative analysis of the 
target protein(s), there are several internal 
standard calibration strategies that can 
be applied: AQUA (Absolute QUAntifica-
tion), PSAQ (Protein Standard for Absolute 
Quantification) and QconCAT (concatamer 
of standard Q-peptides). The goal of these 
strategies is to eliminate variations in 
the analytical process, which comprises 
capture, clean-up, digestion, SPE, and an 
LC–MS step. Table 1 shows which of the 
analytical variations are eliminated per 
standard calibration strategy.

Conclusions
Combining immuno-capture with LC–MS 
has resulted in an approach with sensitivity 
in the same range as immunological as-
says. However, it can be said that detection 
limits are still slightly better for the immu-
nological assays, although, with the current 
development in MS, there will soon no 
longer be any difference. Disadvantages 
of the immuno-capture LC–MS approach 
compared to the immunological methods 

are high operational costs and the need 
for highly trained personnel, both as a re-
sult of the LC–MS instrument. One might 
argue that this approach is only feasible 
for exploratory biomarker research and 
less suited for low-cost routine determina-
tion. On the other hand, immuno-capture 
LC–MS allows various isoforms to be 
differentiated between without using iso-
form specific antibodies. This potentially 
allows for more differentiated diagnosis. 
The possibility of determining many bio-
markers at the same time in the same 
analysis not only saves time, but also 
gives a more robust diagnostic profile of a 
patient. Although immuno-capture LC–MS 
also uses antibodies in the sample clean-
up, it is much less, or not at all, prone to 
false positive results because the mass 
spectrometric detection is very specific. 
Efforts are being made to perform LC–MS 
analysis without the use of the immuno-
capture as clean-up. Although protein de-
termination is possible, it does not come 
close to the detection limit needed for low 
abundance biomarker determination.

All in all, immuno-capture LC–MS is po-
tentially a very powerful tool in the field of 
diagnostics.
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