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The analytical chemistry community is working hard 
to address the challenges of assessing contamina-

tion from per- and polyfluoralkyl substances (PFAS)  
in the environment, food, and our own blood. Regula-
tory bodies have lowered the acceptable concentrations 
for contaminated matrices; this reduction has resulted in 
the need for state-of-the-art instrumentation to detect 
sub-ng/L levels. In addition, suspect screening is becom-
ing more popular, as the list of known PFAS grows in the 
thousands. In this month’s cover story, Trever Schwich-
tenberg, a postdoctoral researcher at the Oregon Health 
and Science University, shares updates on some of the 
latest approaches, with the hope that they be adopted 
by laboratories in industry, government, and academia.

Improving peptide mapping of antibodies is the topic 
of another paper in this issue. The workflow presented 
here suggests employing pepsin as an alternative and 
complementary protease for digestion, along with using 
guanidine hydrochloride post-digestion. This approach 
can provide more comprehensive antibody peptide 
maps, to enable more thorough quality checking of bio-
pharmaceutical products.

In our regular columns, “LC Troubleshooting” explains 
how to avoid common pitfalls that can lead to poor qual-
ity data when performing proteomics measurements 
by liquid chromatography-mass spectrometry (LC–MS). 

“Focus on Biopharmaceutical Analysis” considers the 
question of replication—asking how many replicates we 
need, and whether the answer depends on the applica-
tion. “Sample Prep Perspectives” continues the refresher 
of fundamental principles of sample preparation, focus-
ing on octanol-water partition coefficients as well as 
practical applications of the process. “GC Connections”  
looks at the electron capture detector (ECD), which was 
critical in the discovery of chlorofluorocarbons (CFCs) in 
the atmosphere and was invented by the recently departed 
James Lovelock. The ECD is still widely used today, but 
doing so effectively means understanding the principles 
of operation and tradeoffs in detection between selec-
tivity, ease of use, and sensitivity. Finally, “Viewpoints” 
explains why electric field-assisted extraction can improve 
the sensitivity and selectivity, and is particularly useful 
with miniaturized and portable applications, and with  
biological samples.

We hope you enjoy this issue.

http://www.chromatographyonline.com
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Pitfalls in Proteomics: Avoiding Problems  
That Can Occur Before Data Acquisition Begins
The analysis of peptides using liquid chromatography–mass spectrometry (LC–MS) for proteomics applications is 
powerful and can yield tremendously rich data sets. However, the exquisite sensitivity and global applicability of MS 
detection also makes it prone to contaminants that can easily and seriously compromise the quality of a data set.  
A short list of tips and tricks can increase the likelihood of consistently producing good LC–MS data in this context and 
streamline the troubleshooting process when problems do eventually occur.

Daniel Meston and Dwight R. Stoll

Some applications of liquid chro-
matography (LC) involve highly 

specific “tips and tricks” that are 
acquired by analysts over time,  
and they can make the difference 
between producing data that is 
either terrible or great. The analysis 
of peptides by LC coupled with mass 
spectrometry (LC–MS) is one such 
area where it can appear that highly 
skilled analysts possess superpowers 
or “golden hands” that enable them 
to acquire better data than anyone 
else in a laboratory. In the end though, 
careful attention to detail and a thor-
ough understanding of the conditions 
and chemistry involved in these analy-
ses can help avoid problems before 
they occur or accelerate troubleshoot-
ing problems when they do appear.  
For this month’s installment of LC Trou-
bleshooting, I invited Dr. Daniel Mes-
ton to share his short list of knowledge, 
tips, tricks, and advice related to ana-
lyzing peptides by LC–MS. There are 
many details that are important to con-
sider in the preparation of samples and 
in the instrument prior to LC–MS data 
acquisition that can increase the likeli-
hood of acquiring high quality data.

- Dwight Stoll

LC–MS has become the gold standard 
methodology used for proteomics, 
which is the identification and quan-
tification of protein abundances in 
biological samples. This is because of 
the ability of LC-MS to provide sensi-
tive detection for untargeted peptides 
and identify unknown peptides through 
tandem MS (MS/MS) fragmentation 
and comparison of the experimental 
spectra to theoretical spectra prepared 
in silico. Subsequently, LC–MS-based 
proteomics tools have become invalu-
able in diverse disciplines ranging from 
immunology to microbiology and food 
chemistry. However, analysis of bio-
molecules is generally susceptible to a 
number of unique and perilous sample 
preparation pitfalls that can severely 
degrade the quality of data acquired, 
even when the most sophisticated  
LC–MS systems are used, which is 
because of the unique chemistry and 
size of large biological macromol-
ecules, such as proteins, peptides, 
and oligonucleotides to name a few.  
In this installment, we provide our views 
on some of the most common pitfalls 
in sample and instrument preparation 
relevant to proteomic analyses by LC–
MS. We hope that increasing aware-
ness of these potential problems can 

help users mitigate them and produce 
higher quality data in general.

Adding Contamination
All mass spectrometric methods require 
the ionization of the analytes of inter-
est before they can be separated and 
ultimately detected. For the peptides 
encountered in proteomic workflows, 
the ionization step is generally straight-
forward because conventional tryptic 
digestion of proteins often results in 
amino acid chains with terminal amino 
groups. Indeed, the protonation of 
peptides is so favorable that they are 
often observed as multiply charged 
positive ions. Given the ease of ion-
ization of peptides, MS can almost 
be regarded as a “universal detector”  
for peptide analysis. However, this sen-
sitivity can also be a double-edged 
sword in the sense that the detector 
will also respond to very low concentra-
tions of easy-to-ionize contaminants in 
our samples, thus degrading the over-
all quality of the acquired data.

Polymers
Polymers are perhaps the most fre-
quently encountered type of contami-
nation in proteomic samples, prob-
ably because they are present in most 

http://www.chromatographyonline.com
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laboratories at levels high enough to 
matter to LC–MS work. A few examples 
of polymer sources include skin creams 
and moisturizing products, pipette tips, 
chemical wipes that contain an abun-
dance of different polyethylene glycols 
(PEGs), and siliconized surfaces that con-
tain polysiloxanes (PSs). The presence of 
these contaminants can be readily recog-
nized in MS spectra by their characteristi-
cally large numbers of regularly spaced 
peaks in the spectra (44 Da spacing for 
PEG, 77 Da spacing for PS).

Another source of PEG contaminants 
is the use of surfactant-based cell lysis 
methods that are routinely employed 
in most molecular biology laboratories 
and involve surfactants such as Tween, 
Nonident P-40, and Triton X-100. 
Residual surfactant in samples that are 
produced using these chemical lysis 
methods have the potential to produce 
MS signals that can largely obscure 
the MS signal of the target peptides,  
thus rendering the data useless. A dra-
matic example of such a result is shown 
in Figure 1. When such protocols are 
used, extreme care should be taken to 
selectively remove the surfactants from 
the sample prior to analysis. Although it is 
certainly possible to remove PEG contam-
inants using solid-phase extraction (SPE), 
it is far easier in the long run to avoid the 
problem altogether and not use the sur-
factants for cell lysis in the first place.

Urea
In addition to problems with surfac-
tants, urea used in cell lysis buffers can 
also cause problems. It is known that 
urea can decompose to isocyanic acid, 
which can in turn covalently modify 
free amine groups in peptides through 
carbamylation reactions (1). This chemi-
cal modification of the peptide can be 
accounted for in peptide identification 
software, but only if the software is 
instructed to look for this.

Residual Salts
In general, residual salts can negatively 
impact chromatographic performance 
as well, and they can cause physical 
damage to fluidics and the MS-inter-

face instrumentation by scratching 
the surfaces and clogging the emit-
ter. As a result, residual salts should 
be removed from the sample prior to 
injection. Both urea and salts are most 
commonly removed using a reversed-
phase (RP) clean-up step, such as SPE.

Water Quality 
Not all high quality laboratory water 
is created equally, and there are many 

ways problems can arise with the water 
used for sample and mobile phase 
preparation. For example, in-line filters 
that are used to filter out deoxyribonu-
cleic acid (DNA) can inadvertently lead 
to contamination of the water with PEG. 
Even the highest quality water produced 
on-site in the laboratory can begin 
to accumulate contaminants within a 
few days of production. Generally, we  
should avoid using water that has been 

http://www.develosil.us
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sitting around for more than a few days 
after opening the bottle (if purchased) 
or production by a polishing system 
on-site. It is good practice to dedi-
cate a specific subset of mobile phase 
bottles in the laboratory for LC–MS use 
only and to avoid washing them with 
any kind of detergent (2,3).

Keratins
The most abundant protein contami-
nation found in proteomic samples 
are the keratin proteins that make 
up our skin, hair, and fingernails. It is 
not uncommon to observe more than 
25% of the peptide content of a pro-
teomics sample to originate from 
keratin-derived peptides. Any steps 
that can be taken to reduce this type 
of contamination will improve the abil-
ity to detect low-abundant proteins of 
interest. In general, natural fiber cloth-
ing, such as wool, should not be worn 
in proteomics laboratories. Ideally, all 
sample preparation steps should be 
performed in a laminar flow hood to 
prevent dust and skin from the ana-
lyst and laboratory air from entering 
samples. Additionally, gloves should 
be worn at all times and replaced 
after touching a contaminated surface,  
such as stopwatches, pens, and labora-
tory notebooks. However, once the pro-

teins have been digested, one should  
consider not wearing gloves because 
these can be a further source of poly-
mer contamination. 

Protein and Peptide Adsorption
Peptide adsorption to the LC columns 
has been addressed in previous install-
ments of “LC Troubleshooting” (4).  
A lesser appreciated pitfall in pro-
teomics sample preparation is adsorp-
tion of the peptides of interest to the 
vessel used for sample pretreatment  
(for example, digestion with trypsin), 
as well as LC sample vials. Peptides 
are multifunctional molecules with tre-
mendous diversity in properties, includ-
ing hydrophobicity and the number 
of acidic and basic functional groups. 
These properties make them prone to 
adsorption onto materials with very 
different properties, such as glass and 
plastics. This observation is also true for 
proteins, but to an even greater degree 
(5). Adsorption of peptides from ana-
lytical samples onto such surfaces has 
been observed within timeframes as low 
as an hour after being placed in the LC 
vial, and they can result in a significant 
decrease in the apparent concentration 
of low-abundant peptides. A number of 
strategies to minimize sample adsorp-
tion to glass LC vials have been demon-

strated, including the use of surfactants 
(which is not recommended for LC-MS, 
as discussed above). “Priming” vessels 
with a sacrificial protein, such as bovine 
serum albumin (BSA), is also done, sim-
ilar to what is done with LC columns (4). 
The idea here is that the vessel is rinsed 
with a solution of a protein that is 
unrelated to the target proteins being 
analyzed (or synthetic peptides not 
found in biological samples); adsorp-
tion sites on the material are subse-
quently saturated and therefore unable 
to further adsorb peptides or proteins 
of interest from the analytical sample.  
Many vendors also offer “high-recov-
ery” LC vials and other products that 
are engineered to minimize such unde-
sirable analyte adsorption. An addi-
tional point to be aware of in this area 
is related to the removal of the sample 
solvent during the sample preparation 
process (for example, vacuum centrifu-
gation to remove organic solvents). 
Completely removing all of the sol-
vent promotes strong analyte adsorp-
tion onto surfaces; thus, it is helpful 
to avoid complete drying and to leave 
a small amount of liquid in the vial to 
increase analyte recovery.

Plastic micropipette tips present 
another opportunity to lose peptides 
to adsorption. With this in mind, it is 
important to limit the number of sam-
ple transfers during sample preparation, 
which has spurred the development of 
a number of so-called “one-pot” sam-
ple preparation methods that minimize 
contact between the sample and ves-
sel, including nanoPOTS (6), SP3 (7), 
and FASP (8). From this research, it is 
becoming increasingly clear that single 
reactor vessel sample preparation pro-
tocols are superior to conventional pro-
tocols in the proteomics area.

Finally, when transferring peptide 
samples, it is best to avoid contact 
with metals. For example, most glass 
syringes are fitted with stainless steel 
needles by default. If a peptide sample 
is drawn up through a metal needle, 
peptides can be lost to adsorption on 
the metal surface. One way to avoid 
this scenario when using glass syringes 
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FIGURE 1: Comparison of LC–MS total ion chromatograms for the same peptide sam-
ple before (red) and after (black) cleanup by SPE to remove PEG contaminants. If the 
PEG is not removed, those species completely dominate the MS signal, making extrac-
tion of useful information about the target peptides extremely difficult.
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is to remove the plunger, fill the sam-
ple into the glass syringe barrel using a 
glass pipette, and then push the sam-
ple out of the syringe using the plunger, 
but through a PEEK capillary fitted to 
the syringe via a Luer lock fitting, rather 
than pushing it through the metal nee-
dle. Doing so is particularly important 
in the case of MS calibrations where 
many vendors utilize a peptide cali-
brant that can be depleted by metal 
syringe needles.

Sample Matrix Incompatibilities
Other aspects of the sample matrix 
are worthy of careful consideration. 
Although it is attractive to consider 
using trifluoroacetic acid (TFA) as a 
mobile-phase additive to improve 
chromatographic performance for 
peptides (that is, better peak shape, 
and increased retention, especially 
for hydrophilic peptides), this practice 
is generally frowned upon in the pro-
teomics community because TFA can 

dramatically suppress peptide ioniza-
tion, leading to lower overall detection 
sensitivity compared to using formic 
acid. An alternative to using TFA in the 
mobile phase is to add it to the sam-
ple and use formic acid to acidify the 
mobile phase. In this case, the TFA can 
enhance the retention of hydrophilic 
peptides on the precolumn, prevent-
ing them from eluting into the waste 
line. Meanwhile, the TFA exiting the 
precolumn is diverted to waste rather 
than entering the analytical column and 
MS interface.

Proteomics applications, which are 
outside conventional peptide sequenc-
ing, may also require specific buffers 
that preserve the structure or stabil-
ity of proteins during analysis. It is not 
uncommon for these buffers to lead to 
salt precipitation on the electrospray 
emitter and the source cone of a MS 
system. In this way, one must optimize 
the conditions to use volatile buf-
fers, such as ammonium acetate, or to 

physically clean the surfaces with water 
to prevent significant sensitivity loss. 
Recently, it has been demonstrated 
that post-column suppressor technol-
ogy provides more flexibility in terms 
of the types of buffers that can be used, 
some of which are normally considered 
MS-incompatible (9). 

Finally, the age of prepared mobile 
phases can be particularly prob-
lematic in proteomics applications 
where nano-flow systems are preva-
lent and mobile phase consumption 
is so low that a 100-mL batch of the 
mobile phase can last several weeks.  
Specifically, when buffer compo-
nents with differing volatilities are 
mixed together, there can be selec-
tive evaporation of the more volatile 
component that will change the elu-
tion or ionic strength of the mobile 
phase, which can lead to changes in 
both absolute and relative peptide 
retention times. Primarily, this occur-
rence comes from incorrect viscosity 
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values that change the mixing behav-
ior of modern nanoLC instruments.  
Addit ional ly,  changes in  ionic 
strength will have a direct effect on 
the retention factor of the analytes, 
which will lead to variation in reten-
tion time. As a rule of thumb, mobile 
phases should be replaced every 1–2 
weeks to ensure reproducible results.  
Additionally, in the case of pumping 
systems that rely on known mobile 
phase viscosities for accurate flow rates,  
the mobile phase viscosity should be 
determined when changing solvents. 
Instruments that require this feature 
build in software routines to facilitate 
these measurements. An additional 
point is to consider not using con-
ventional membrane degassers when 
using nano-flow rate because the 
flow rate is so slow during this pro-
cess. It has been noted in our labora-
tory that volatile buffer components, 
such as formic acid, are preferentially 
removed from the mobile phase dur-
ing degassing. In these situations,  
it is better to utilize alternative degas-
sing measures, such as sonication,  
that have a low risk for additional con-
tamination of the mobile phase.

Optimizing the Electrospray 
Source Voltages in nanoLC-ESI-MS
Finally, as we reach the last step 
prior to the actual acquisition of 
LC–MS data, we must think about 
settings for the MS detector itself.  
Arguably, one of the most conse-
quential missed opportunities in data 
acquisition for proteomics workflows is 
related to the optimization of electro-
spray source voltages. Once analytes 
are ionized, they are steered through 
the MS instrument in the direction of 
the detector using carefully manipu-
lated electric fields. Therefore, analyte 
detection is highly dependent on the 
voltage settings for the ion optics that 
guide the motion of the ionized ana-
lytes. Failure to optimize these volt-
ages can result in peptides over large 
regions of the mass range not mak-
ing it to the detector, or significantly 
reduced numbers of detected ions. 

Before analyzing any experimental 
samples, it is worth taking the time 
to incrementally change the ion source 
parameters step-wise (for a represen-
tative ion infused at the flow rate that 
will be used in the LC–MS method, 
we recommend the doubly charged 
ion of Glu-Fib or angiotensin II),  
while monitoring the signal change 
and the spectrum quality. For most 
modern MS instruments, this tun-
ing step can be done automatically 
within the MS data acquisition soft-
ware, but it can be beneficial to fur-
ther manually fine-tune parameters to 
maximize signal for the ions of interest.  
Finally, once the detector settings have 
been adjusted, it is a good idea to ana-
lyze a well-characterized quality con-
trol (QC) sample (for example, a cyto-
chrome C digest or HeLa cell digest) 
to enable a final check on the data qual-
ity before analyzing any novel samples.

Summary
Because of the size and varied chem-
istry of peptides found in proteomics 
samples, it is important to pay atten-
tion to details of each step leading 
to the acquisition of LC–MS data.  
This includes sample preparation 
chemistries, sample handling, opti-
mization of instrument parame-
ters, and control of mobile phases.  
Paying attention to these details from 
the start can help avoid data quality 
problems entirely and simplify trou-
bleshooting when problems do arise. 
We hope that the tips and tricks dis-
cussed here are food for thought for 
analysts of all levels of experience, 
and ultimately improve data quality 
and minimize loss of precious sam-
ples and instrument time because of 
unanticipated problems.
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SAMPLE PREP  
PERSPECTIVES

Class Is Back in Session: 
More Questions on Your Extraction Knowledge
In our September installment of “Sample Prep Perspectives,” we shared sample exam questions from our 
graduate Chromatography and Separations course as a refresher of some fundamental principles and to give 
readers the opportunity to test their knowledge. We’ve dusted off our files and found additional questions 
for this month’s column. These questions tend to focus on dealing with octanol-water partition coefficients,  
as well as more practical applications of sample preparation.

Douglas Raynie

Question 1: Experimental mea-
surements of Kow are not neces-

sarily straightforward. Describe how  
you would go about measuring the 
Kow for a solute.
Kow, or the octanol-water partition coef-
ficient, is widely used to describe the 
distribution of solutes in biochemical, 
environmental, and analytical systems 
between nonpolar (lipophilic) and 
aqueous phases. It is defined as Kow = 
[S]oct/[S]aq, though it is not simply the 
ratio of the solubility of the solute 
(S) in the octanol and water phases.  
One must consider all equilibria 
occurring in the system, including the 
mutual solubility of the two solvents. 
Prior to making the determination 
of Kow, the octanol and water phases 
must be brought into contact with 
each other, thoroughly mixed to obtain 
saturation of each solvent in the other,  
and allowed to separate into two sepa-
rate phases in equilibrium. The solute 
of interest should then be added until 
saturation is reached, and equilib-
rium between the octanol and water 
phases is achieved. Mixing can help 
obtain equilibrium more quickly. Sol-
ute concentration in each phase can 
be measured via chromatography, 
spectroscopy, or other suitable means.  

Specific procedures for measuring Kow 
can be found in the methods of a num-
ber of regulatory and trade organizations.

Question 2: One common method for 
the extraction of fat from food sam-
ples is to use hexane. If you attempt 
to extract fat from foods using hex-
ane in a microwave-assisted extractor,  
what will happen? Why?
Only materials with a dipole moment 
will absorb microwave radiation.  
As an overly generalized statement, a 
material’s dipole will align with the 
electromagnetic radiation and oscil-
late with the frequency of the radiation.  
The resulting molecular vibrations 
release energy, which serves to heat the 
surrounding material. Hence, hexane,  
which is nonpolar, will not absorb 
microwave radiation. In this case, any 
microwave absorption, and subse-
quent heating, will occur because of 
any residual water in the food. If one 
wishes to perform microwave-assisted 
extraction (MAE) with nonpolar sol-
vents, there are a couple general ways 
this can be done. Addition of a polar 
solvent to the extracting solvents can 
be used. However, considering the 

“like dissolves like” principle, conve-
nient systems combining polar and 

nonpolar solvent are somewhat dif-
ficult to obtain. Most modern, com-
mercial microwave-assisted extraction 
systems have an available “susceptor,” 
which will absorb the microwave irradi-
ation and pass along the resulting heat  
via convection.

Question 3: Lipids samples, such as 
triglycerides, are generally hydro-
lyzed with an acid, then esterified 
to form fatty acid methyl esters 
(FAME), such as shown in equation  
1 below, prior to analysis for total fats.  
The FAME are readily analyzed by 
gas chromatography–flame ioniza-
tion detection (GC-FID). For example, 
this method is used for compliance 
with the Nutritional Labeling and 
Education Act, specifically in the 
food content labels we see in the  
United States.

RO

OR

OR

OH

OH

HO
Catalyst

+ 3 CH3OH + 3 FAME

[1]

Sucrose esters, such as shown in 
equation 2 below, are approved as 
fat substitutes when the R group 
is a fatty acid. Based on the chain 
length and saturation of the fatty 
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acids used and the degree of esteri-
fication, the resulting sucrose ester 
will mimic a traditional lipid in terms 
of solubility properties, melting 
point, viscosity, and surface tension,  
among other traits.

RO
RO

RO

RO

OR

OR

OR

OR

O

OO

[2]

Now, consider the situation of a 
food product that contains naturally 
occurring triglycerides, but is also 
processed with the sucrose ester.  
If acid hydrolysis and FAME analy-
sis is used in the determination of 
lipids, the R groups in the sucrose 
ester would also be acid hydro-
lyzed, so the presence of the sucrose 
ester would give an artificially high 
value (such as a false positive) for 
the determination of triglycerides  
(analyzed as FAME). Suggest an 
extraction method with suitable 
selectivity to determine triglycerides 
in the presence of the sucrose ester.
This question can evaluate both an 
understanding of extraction selectiv-
ity and creative application of chemi-
cal knowledge. Because the proper-
ties of the sucrose ester are similar to 
traditional lipids, we cannot perform 
an extraction based on differential 
solubility. Perhaps the most common 

answer to this question is to perform 
some type of extraction which gets 
the FAME (and lipids) into the solution 
phase, followed by solid-phase extrac-
tion (SPE). This is certainly a promis-
ing method, and should work, though 
finding the appropriate combination 
of solvents and stationary phases is 
likely to take a great deal of research.  
Some students will suggest exclusion 
phases to perform the requisite sepa-
ration of triglyceride from sucrose 
ester. Other forms of solvent extraction,  
such as pressurized solvent extraction 
(PSE), with the sorbent material added 
to the extraction vessel, may expedite 
the extraction, though the added effect 
of the heat may make obtaining suit-
able selectivity challenging. 

The next most promising method 
would be supercritical fluid extraction. 
By manipulation of the applied temper-
ature and pressure, one should reason-
ably expect to separate various classes 
of lipids, including the sucrose esters, 
from each other. 

The method which was developed 
by the industrial creator of the sucrose 
ester (1) relies on the traditional 
method, with the exception that the 
hydrolysis step is performed with lipase.  
These enzymes offer selectivity as they 
look for the three-carbon glycerol back-
bone of mono-, di-, and triglycerides, 
and will not recognize the sugar back-
bone of the sucrose ester (the same 
principle by which the sucrose esters are  

“fat free”). 
To one trained in biochemistry or 

food science, this approach may seem 
straightforward. However, to many ana-
lysts, this approach requires some criti-

cal understanding of the chemistry of 
the system being studied, as well as 
out of the box thinking since this type 
of approach is not found in traditional 
analytical training.

Question 4: The Environmental Pro-
tection Agency (EPA) method 625 
(2) is used for the determination of 
bases, neutrals, and acids in drink-
ing water and wastewater via liquid–
liquid extraction (LLE) of 1000 mL 
of sample. A solid-phase extraction 
alternative (3) has been developed 
that uses 100 mL of sample, signifi-
cantly less solvent, and gives better 
analyte recovery. Table I provides a 
method results summary for spiked 
synthetic wastewater.

Discuss the advantages and disad-
vantages of SPE compared with LLE 
for this extraction.
For this question, we can assume that 
the student has not reviewed the appli-
cation note with the new method or 
the EPA method, though this assump-
tion may be incorrect for a take-home 
or similar exam. Based strictly on the 
information presented in the table 
(and devoid of other potentially rel-
evant information), evaluation of the 
sample size indicates that the disk for-
mat of SPE must have been used. SPE 
cartridges are typically used of sample 
sizes smaller than tens of milliliters.  
Compared with LLE using samples of 
similar size (1000 mL), the SPE disk 
approach is approximately 1.3–1.7 
times faster, and uses approximately 
45% less solvent. With less solvent use,  
there is an associated green advantage 
of less waste, lower flammability hazard,  
and less use of potentially toxic solvents. 
Also, less solvent means lower cost and 
faster solvent evaporation steps. SPE 
does not deal with emulsion formation 
problems. Standard deviations are not 
shown, so we cannot comment on the 
reproducibility of the methods shown. 
Whether LLE or SPE is superior in terms 
of analyte recovery from one-liter sam-
ples is unclear. The recoveries shown, 
lower than the recoveries with SPE of a 
100-mL sample, may be because of the 

TABLE I: Method results summary: spiked synthetic wastewater (3)

Method

Bases and 
Neutrals, 

Ave. 
Recovery 

(%)

Acids, Ave. 
Recovery 

(%)

Pesticides, 
Ave. 

Recovery 
(%)

Volume 
of Solvent 
Eluent (mL)

Time for 
Extraction, 
Dry, Conc 

(h)

SPE-100 mL 80.0 89.2 88.6 80 1.5

SPE-1000 mL 56.8 76.7 61.2 200 3.0

LLE-1000 mL 69.2 69.2 70.9 360 4–5

*: LLE time for extraction, dry and concentration estimated

http://www.chromatographyonline.com


WWW.CHROMATOGRAPHYONLINE.COM 

difficulties of handling one-liter samples. 
However, closer inspection reveals that 
the recovery may be related to analyte 
acidity, so use of a mixed-mode SPE 
phase, perhaps by combining two or 
more disks, may improve the recovery 
via SPE. Use of 100-mL samples with 
SPE demonstrates several interesting 
features. First, the recoveries are con-
sistently higher across all analyte types,  
indicating that perhaps the sorbent load-
ing of the disks is more appropriate for 
the smaller samples. Another consider-
ation is that, with the 100-mL samples 
and SPE, the ratio of solvent eluent 
volume to sample amount (0.8) is much 
larger than with the 1000-mL samples  
(0.2 for SPE and 0.36 for LLE). This increase  
in the relative amount of solvent used 
may explain the further reduction in 
extraction time and increased recoveries.

Question 5: Figure 1 (4) shows 
that, everything else being equal, 
stir-bar sorptive extraction (SBSE) 
can extract more solute (of equal 
Kow) than solid-phase microex-
traction (SPME), and that solutes 
with a Kow too low to be quanti-
tatively extracted with SPME may 
be effectively extracted with the  
SBSE method. Explain why this is.

The stir bars used for SBSE have a much 
larger surface area than the fibers used 
in SPME. Consequently, they contain 
on the order of 50–250 times more 
extracting phase (sorbent). With such 
an advantage in terms of phase ratio, 
SBSE is expected to expected to sepa-
rate various classes of solute with lower 
Kow and greater amounts of solutes 
with similar Kow. 

However, this advantage of greater 
amount of solute extraction comes at 
a price. Both the sorption and desorp-
tion steps in SBSE are significantly 
slower than in SPME, though automa-
tion may help address the sorption 
and desorption steps. Although other 
practitioners may disagree, I contend 
that SPME is preferred when gas chro-
matography is the subsequent analysis 
step, and SBSE is preferred when liquid 
chromatography is used (though either 
approach can be used for any type of 
chromatography). However, as a result 
of this bias, it is important to remember 
that, with biological samples, macro-
molecules like sugars and proteins may 
need to be washed from the sorbent 
phase in SBSE, while this is less likely 
the case in SPME. Both SPME and SBSE 
are non-exhaustive equilibrium-based 
extractions, meaning that calibrations 
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FIGURE 1: Recovery for solutes in function of the octanol-water partitioning coefficient 
Kow for SPME (10-mL sample, 100-μm polydimethyl-siloxane fiber) and for stir-bar sorptive 
extraction (10-mL sample, 10 mm × 0.5 mm polydi-methylsiloxane-coated stir bar). (4)
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must be determined during the method 
development phase to determine the 
extraction duration to achieve equilibrium. 
Finally, it should be noted that newer con-
figurations of SPME, such as the SPME-
Arrow, have increased sorbent amounts, 
though still less than found in SBSE.

Question 6: Consider an ionic com-
pound, MX, composed of the cation 
M+ and the anion X-, which dissoci-
ates in water. Write the equilibrium 
equation for each equilibria in an 
extraction system.
Consider an organic extracting phase 
(org) and an aqueous sample phase 
(aq). The equilibria between each spe-
cies in each phase must be considered:

1. org →← aq
2. MX(aq) 

→← MX(org)

3. MX(aq) 
→← M+

(aq) + X–
(aq)

4. MX(org) 
→← M+

(org) + X–
(org)

5. M+
(aq) 

→← M+
(org)

6. X–
(aq) 

→← X–
(org)

Depending on the dissociation con-
stant of MX(aq) and the sizes of the rele-
vant equilibria constants, it is likely that 
only equilibria 2 and 3, and perhaps 1, 
will be important in an analytical extrac-
tion. For some polyatomic systems like 
the bicarbonate-carbonate system, all 
dissociations (H2CO3 →← HCO3- 

→← CO3
2-) 

must be considered.

Conclusion
I hope these exam questions over the 
past couple of columns has been fun 
and educational. I enjoyed putting them 
together. Now, with our next installment, 
we’ll return to more focused treatments 
of specific sample preparation tech-
niques and applications.
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Selectivity and Sensitivity: The Electron 
Capture Detector (ECD), Its Unique Inventor 
James Lovelock (1919–2022), and GAIA 
The electron capture detector (ECD) is among the original classical detectors for gas chromatography (GC). It is highly selective 
and sensitive for electron-absorbing compounds, especially those containing halogens. The ECD was developed in the 1960s 
by James Lovelock (1919–2022), who passed away earlier this year. The ECD is among the early detectors that is used in a 
relatively unmodified form today. The ECD was crucial in the discovery of chlorofluorocarbons (CFCs) in the upper atmosphere,  
ultimately leading to the international agreements limiting their use and reducing the ozone hole. In this installment, we 
review the ECD and its principles of operation and discuss the general tradeoffs in detection between selectivity, ease of use,  
and sensitivity. We also look at the unique life and work of Lovelock, both inventor of the ECD and one of the earliest scientists 
to bring attention to climate change through GAIA, which explained his theory that the Earth acts as a massive living organism. 
Nicholas H. Snow

This summer, I was watching the news 
show “Sunday Today,” and heard a 

name familiar to many gas chromatog-
raphers: James Lovelock. To chromatog-
raphers, Lovelock invented the electron 
capture detector (ECD) for gas chromatog-
raphy (GC). He was featured in the weekly  

“Life Well Lived” segment, where the show 
features people who are not widely known 
to the public but made contributions to  
public life (1). The segment describes how 
the ECD and Lovelock’s own work provided 
major influences on climate science today, 
nearly 60 years later. 

Detection in GC remains unique in 
analytical chemistry because of the large 
number of customized detectors. For early 
workers, detection was especially challeng-
ing because the detector was required to 
be sensitive, selective, and able to detect 
a low concentration or mass of analytes 
in a rapidly moving stream of carrier gas. 
Interestingly, many of these early detec-
tors, including flame ionization detectors 
(FIDs), thermal conductivity detectors (TCDs),  
and ECDs remain widely used today, along 
with myriad additional ionization, physi-

cal property, and spectrometric detectors. 
Schug and McNair provided a summary and 

“grade sheet” for commonly used GC detec-
tors (2). The ECD was graded A+ for limit of 
detection (LOD) and specificity, but it was 
given a C grade for qualitative speciation, 
linear range, and robustness, and a D grade 
for universal response. 

A summary of the basic principles and 
operation for the ECD is provided in text-
books on GC and available in ChromAcademy,  
LCGC North America’s online learning plat-
form (3–5). Overall, the ECD provides a unique 
combination of selectivity and sensitivity. 
Implied by its name, the ECD offers selectiv-
ity for compounds that include atoms that are 
favorable for attracting or capturing an elec-
tron. Recalling general chemistry, note that 
elements on the right and up in the Periodic 
Table tend to attract electrons. These include 
the most common heteroatoms, especially 
halogens. The ECD is highly selective for 
compounds containing these elements, and 
by contrast, generates little or no signal for 
common hydrocarbons. The ECD presents a 
useful complement and contrast to the FID, 
which gives strong signals for hydrocarbons. 

Highly selective detectors, in general, offer 
greater sensitivity for those analytes for which 
they are selective. The ECD is noted to be 
the most sensitive of the classical detec-
tors, with detection limits easily in the part-
per-billion (ppb) concentration or picogram 
mass range. Finally, highly sensitive detec-
tors, including the ECD, have very specific 
requirements for obtaining the expected 
high sensitivity. In the case of the ECD,  
the carrier and makeup gases must have 
scrupulous high purity, samples should be 
especially clean, and the operating environ-
ment should be free of contaminants con-
taining electron absorbing atoms. Together, 
these operational factors lead to the grades 
shown for the ECD by Schug and McNair.

Figure 1 shows a schematic diagram 
of a typical ECD. The operating principle, 
while not fully understood, first involves the 
production of electrons from a radioactive 
source, typically 63Ni. For safety, a sealed 
source is used and usually the detector 
manufacturer will have a blanket radioactive 
isotope license in case the end user does not. 
Radioisotope licensing was an early barrier 
for ECD users. If you ever need to dispose of 
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an ECD, you should consult with the manufacturer, a licensed health 
physicist, or radiation safety officer for proper disposal procedures. 

Unique among ionization detectors, the ECD measures a reduc-
tion in the electrical current rather than production of a current.  
Electrons produced in the radioactive source ionize carrier gas, usu-
ally nitrogen, molecules flowing through the detector cell. If the 
carrier gas is helium or hydrogen, nitrogen makeup gas is used.  
Electrons produced by the ionized nitrogen migrate to the anode 
under a fixed voltage, generating a steady electrical current. If elec-
tron-absorbing species pass into the detector cell, they absorb elec-
trons, resulting in a reduction in the standing current. 

Figure 2 shows an early example of ECD selectivity from Lovelock’s 
original work in 1960 (6). The top chromatogram shows the separation 
of eight compounds using a classical argon detector (not commonly 
used today). The bottom chromatogram shows the separation of the 
same eight compounds using the ECD. Note the stronger argon 
detector signals for the hydrocarbon and fluorinated compound,  
for the singly-chlorinated benzene, and the strong ECD signals for 
the multiply chlorinated compounds. 

In 2007, Ettre and Morris provided a thorough discussion  
“The Saga of the Electron Capture Detector” in LCGC North America 
(7). They trace the developments that led to the ECD beginning in 
1948, showing a fascinating scientific story that began with studying a 
different problem (whether drafts of cold air in a room really do cause 
illnesses) for which Lovelock developed an anemometer that worked 
by disturbing the slow flow of positive ions from a radon source.  
This anemometer was so sensitive that the signal was disturbed by 
small amounts of cigarette smoke in the atmosphere, capturing elec-
trons, although at the time this was seen as a problem and not of any 
interest. Recall that smoking was much more prevalent in the 1950s 
than it is today. In my own career working with modern ECDs, I have 

observed deflections in ECD signals because of the presence of ciga-
rette smoke odors. The full story, presented by Ettre and Morris, of how 
this observation ultimately led to today’s ECD is well worth the read.

The Science Museum of London also has an early ECD and 
other equipment, including Lovelock’s own home-made gas chro-
matograph on display and an extensive treatment of Lovelock’s 
life and career, along with Lovelock’s entire personal archive of 
documents and letters (8). 

Lovelock, Atmospheric Chemistry, and GAIA 
Lovelock’s prolific scientific career, spanning seven decades, included 
many more contributions than inventing the ECD for use in GC.  
As with many of the early gas chromatographers, his career started 
in other areas. His first publication in 1941 related to the use of hypo-
chlorite spraying for disinfectants (9). Then, he had a prolific publi-
cation record in the general area of disinfectants, sports training, 
prevention of the common cold, and other medical topics through 
the remainder of the 1940s and early 1950s. After earning his PhD 
in medicine in 1948, a shift toward instrumentation and measuring 
devices was seen throughout the 1950s. Through the 1950s, his medi-
cal research shifted to many aspects of preservation and chemical 
effects on red blood cells and some interestingly titled articles related 
to the re-animation of rats and mice frozen to 0 °C. 

As Ettre and Martin describe, in the 1950s, Lovelock’s laboratory was 
in close proximity to A.J.P Martin and A.T. James, who invented GC 
and they became collaborators, with Martin suggesting to Lovelock 
that he develop a highly sensitive detector that was operable by aver-
age chemists. They noted that the most sensitive detectors of the day 
were not easily operated by most chemists. The first mention of GC in 
the title of an article written by Lovelock occurred in 1958. In the article, 
he discussed an early detector, not the ECD but the argon ionization 
detector, which like the ECD used a radioactive source to produce 
electrons that ultimately ionized analytes. It was a nearly universal 
detector, used for many applications that were ultimately supplanted 
by the FID, which did not require a radioactive source (10). Using the 
argon ionization detector, Lovelock then published numerous papers 
on the ionization mechanisms of organic compounds in the vapor 
phase, most often using GC with the argon ionization detector. 

Following the initial invention and publication of the ECD (6), 
Lovelock worked with Zlatkis to commercialize the detector, found-
ing a company called Ionics Research, which provided ECDs to Perki-
nElmer and the Wilkens Instrument and Research Company, which 
later became the Chromatography Division of Varian bought in 2010 
by Agilent Technologies. In 1962, coincidentally with the publication of 
the classic book Silent Spring by Rachel Carson, the first papers dem-
onstrating ECD of pesticides at the picogram level were being pub-
lished; although, as pointed out by Ettre and Morris, the ECD is often 
incorrectly cited, including in the “Sunday Today” segment, as one of 
the techniques on which Carson’s findings were based (11). However, 
there is clear connection between Lovelock’s work, the ECD, the early 
environmental movement, and today’s challenges with climate change. 

Using the ECD, Lovelock published the first work demonstrating 
the presence of chlorofluorocarbons (CFCs) in the atmosphere over 
the Atlantic Ocean between England and Antarctica (12). This work 
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Source: Adapted with permission from ChromAcademy

FIGURE 1: Schematic of electron capture detector (ECD).
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demonstrated the presence of Freon-11 and other compounds result-
ing from the use of aerosol cans and refrigerants. Roland and Molina 
then used this work in developing the theory that halocarbons in the 
atmosphere were reacting with stratospheric ozone in a chain reaction, 
causing the depletion of ozone and the famous “ozone hole” (13). 
Roland, Molina, and Crutzen shared the Nobel Prize in 1995, and this 
work resulted in international treaties limiting the use of halocarbons.

We close with GAIA, a fundamental aspect of climate science today, 
that was mocked by most when introduced by Lovelock in the 1970s. 
Much like the seeming lack of interest in the 1950s in a detector that 
was affected by cigarette smoke in the room, GAIA, named for the 
Greek goddess of the personification of Earth, proposed that the 
Earth is a single self-sustaining organism, and this idea was univer-
sally rejected by the scientific community of the day (14). The basic 
principles and problems described by Lovelock in his original work 
remain debated in climate discussions today. With the invention of the 
ECD, its use in discovering CFCs in the atmosphere, work in planetary, 
medical, space and climate science, James Lovelock was not just a 
chromatographer but a true Renaissance man of science. 
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FIGURE 2: (a) Argon detector and (b) ECD chromatograms of 
a mixture of hydrocarbons and halocarbons. 1. cyclohexane; 2. 
fluorobenzene; 3. chlorobenzene; 4. m- and p-dichlorobenzene; 
5. o-dichlorobenzene; 6. 1,3,5-trichlorobenzene; 7. 1,2,4-trichlo-
robenzene; and 8. 1,2,3-trichlorobenzene.
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There are various factors that the user 
needs to consider in the matter of 

biopharmaceutical analysis—first, the 
objective of replication, and second, 
the trade-off with respect to cost and 
time. Ideally, the number of replicates 
should be large enough to adequately 
represent the variability present, but 
not so large that the information gained 
is unjustifiably expensive with respect 
to the costs (such as instrument time, 
analyst time, consumables, and sam-
ples). The optimal replication appli-
cable to each type of analysis would 
therefore lie somewhere in between.  
For any given sample, one must also 
consider the sources of variability at 
play. Although some of these sources 
would be generally applicable to all 
types of analytical assessments (includ-

ing analyst-dependent and system-
dependent variabilities), some may be 
unique to the dynamics of a specific 
biomolecule, such as changes occur-
ring during analysis (stability related).  
Traditional data accumulated for a spe-
cific analysis and molecule over time can 
help understand and evaluate effective  
replication numbers. 

In this article, we use data gener-
ated in our laboratory for a published 
biosimilarity exercise on marketed 
trastuzumab biosimilars in order to 
understand and illustrate how the 
optimum replication number might be 
influenced by a) the analysis type; and 
b) devised strategies for efficient utili-
zation of resources to estimate replica-
tion number for a given analysis type 
(Figure 1) (1).

Errors
Blocking and randomization are used 
in statistical experimental design to 
balance variability and measure size. 
After calibrating the equipment and 
validating the method to reduce varia-
tion due to nuisance variables, replica-
tion is required to increase the experi-
ment’s informative power. The size of 
the experiment can be influenced by 
increasing or decreasing the number  
of replicates (2). 

Increased replication helps to reduce 
the standard error, which is a measure of 
the magnitude of the experimental error 
of an estimated statistic. In contrast to 
the standard deviation, which relates 
to the inherent variety of observations 
within individual experimental units, the 
standard error refers to random fluc-
tuations of a total estimate. By increas-
ing replication, the standard error can 
be made arbitrarily small. This implies 
we want a standard error that is small 
enough to draw reasonable inferences, 
but not too small. 

Types of Error
Type I Error 
Type I error is when you declare an 
effect to be real, and, in reality, it is zero.  
Setting this to a certain value is usu-
ally represented by selecting a value 
for α (alpha), where α limits this kind 
of error to a related percentage of 

On Replication in Biopharmaceutical Analysis
The landscape of biopharmaceutical analysis features different analytical requirements in terms of instrumentation and type 
of analysis (QC, RTRT, and in-process). One of the questions that often crops up for routine analysis is “How much replication  
is enough?” Should all the samples be run in triplicate irrespective of the type of analysis, or does the type of analysis (such as 
charge or size variants) have any bearing on the number of optimal replicates? 

Anurag S. Rathore, Srishti Joshi, Akshdeep Ahluwalia, and Jared Auclair

Standard error: Often confused with standard deviation, it is the measure of the 
magnitude of the experimental error of an estimated statistic measured statistic (3).

Standard deviation: It is the measure of variability of the population, indicating 
the estimate of the variability of the population (3).

Blocking:  It tackles the problem of pseudo replication, and thus serves as means 
of reducing experimental error by arranging experimental units into groups 
(blocks) that are as homogeneous as possible (2).

Randomizing: It helps to assure the validity of the estimate of the experimental 
error, and gives unbiased estimate of variance as well as treatment differences (2).

Region of Interest (ROI): A region of responses within a spectra that captures the 
most important or relevant information within the data set.

Outliers: These can be identified using principal component analysis and subse-
quently performing a Hotelling’s T-squared test. 
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probability. Therefore, type I error is 
also sometimes called alpha (α) error.  
Similarly, type II error, which will be 
discussed in the following section,  
is regarded as beta (β) error (4).

It bears mentioning that simply pro-
tecting against type I errors may not be 
sufficient. Samples of sufficient size may 
nearly ensure statistical significance, 
regardless of how little the difference is, 
as long as it is non-zero. Assuming we 
only want to discover differences that 
are important in practice, we add an 
extra precaution against a type I error 
by avoiding employing sample sizes 
greater than those required to defend 
against the second kind of error— 
the so-called type II error. 

Type II Error
Type II errors occur when an effect is 
genuine, but is neglected. When the 
replicates vary slightly, such a failure 
may not be significant. Only when the 
disparity is significant does it become 
problematic. The second step is speci-
fying the probability of actually detect-
ing it. This probability (1-β) is called the 
power of the test. The quantity β is the 
probability of failing to detect the speci-
fied difference to be statistically sig-
nificant, and therefore this error is also 
sometimes called a beta (β) error. 

Calculating the Size
Mathematically, the size of the experi-
ment depends on the estimate of vari-
ance (σ2); the true difference (δ) that we 
are set out to detect; the effect of assur-
ance with which it is desired to detect 
the difference (the power of the test); 
the significance level that will be utilized 
in the experiment; and the type of test 
being necessary (as in whether a one-tail 
or two-tail test). The required sample size, 
n, is given by the following formula: 

n =
2σ2(Za/2 + Zß)

δ2
[1]

By rearranging equation 1, we can get 
the true difference, δ, in terms of size n, 
for an estimated certain variance as:

δ =
2σ2(Za/2 + Zß)

n
[2]

where Zα/2 and Zβ are the type I and 
type II errors, respectively, the values 
for which can be found in the Z tables 
from most standard books on statistics  
(see Table I). 

In the following, we illustrate this 
approach using examples from three 
routine analytical techniques used in 
biopharmaceutical analysis—namely, 
Fourier transform infrared spectroscopy 
(FT-IR), cation exchange (CEX) chroma-

tography, and fluorescence spectroscopy 
(FLR). For each of these methods, the con-
sidered readings were taken in respective 
region of interests (ROIs) while estimating 
the variance, and the final estimate was 
made by averaging the obtained variances 
for replicates in each batch for all the orig-
inator and biosimilars being considered 
here in this study. For FT-IR, the original 
data measured over 400–4000 cm-1 was 
taken in the ROI of 1400–1900 cm-1. In CEX,  
the readings were over 0–20 min; the 
considered ROI is 9–17 min. In the fluo-
rescence data, the ROI was taken in just 
the Gaussian curve, and it was between 
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FIGURE 1: Strategy for the estimation of the optimum replication number.

TABLE I: Z-values for sample size calculation (5) 

Value Variance

α-value Zα/2 (two-sided) Zα/2 (one-sided)

0.01 (level of significance 1%)
0.05 (level of significance 5%)

2.576
1.960

1.282
1.645

β-value Zβ

0.01 (power 99%)
0.05 (power 95%)

2.326
1.645

TABLE II: Summary of results for approach 1

Ro
5% significance for α,  

95% power for β
1% significance for α,  

99% power for β

FT-IR 4 (3.514) 4 (3.514)

CEX 4 (3.514) 4 (3.514)

Fluorescence 4 (3.514) 4 (3.514)
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310–370 nanometers. After estimating 
the averaged variances, we can find the 
relation of how the δ changes with the 

replicate number. Here, we study two 
confidence intervals of 95% and 99% for 
each of the errors. 

With the Z values and estimate of 
the variances, we can obtain a curve 
for δ versus the replication number  
(Figure 2). Starting with FT-IR data (Fig-
ure 2a), we obtained an average vari-
ance of 7.052e-06 in the observed ROI. 
This helps us visualize the increase 
in the impact of higher replication 
on the ability of capture differences 
between the given data sets. Similarly, 
the observed variances (averaged) 
in CEX (Figure 2b) and fluorescence  
(Figure 2c) data were 117.088 and 77.153, 
respectively, for the considered ROIs in 
each. As the relationship between the 
two axes is the same (inverse root of 
replication), the order of values on the 
vertical axes corresponds to the order 
of response measured for the experi-
ments, from which the variances were 
calculated and averaged. The effect of 
increasing the power of errors (mov-
ing from 95% confidence to 99% confi-
dence) reflects an upwards shift of the 
curve along the y-axis, implying that 
the overall trend of the curve remains 
the same, and that the true difference 
that could be captured is more at each 
particular replication number. 

The relationship between delta and 
replication is non-linear and exponen-
tial in nature, meaning that, beyond a 
certain number of replicates (thereaf-
ter referred to as optimum replication 
Ro), the cost associated with replica-
tion is greater than that of the value of 
the information gained. It would then 
help to have a mechanism to decipher 
the value of Ro for a given analyses.  
To achieve this, we need methods that 
inherently consider the estimated vari-
ance and the power of tests used.

Estimating an Optimum (Ro)
While estimating an optimum, it is impor-
tant that the devised methods capture 
the effect of the estimated variance for 
the different data sets, and yield a num-
ber accordingly. For example, Ro may 
differ among the different chromato-
graphic and spectroscopic techniques. 
Keeping this in mind, we explored 
three approaches to yield an estimate 
for Ro. The methods essentially exploit 

TABLE III: Summary of results for approach 2

Ro
5% significance for α,  

95% power for β
1% significance for α,  

99% power for β

FT-IR 5 (5.496) 5 (5.496)

CEX 3 (2.658) 3 (2.568)

Fluorescence 3 (2.829) 3 (2.694)

TABLE IV: Summary of results for approach 3

Ro
5% significance for α, 

 95% power for β
1% significance for α,  

99% power for β

FT-IR 2 (2.478) 3 (3.378)

CEX 3 (3.279) 4 (4.460)

Fluorescence 3 (2.865) 4 (3.900)
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FIGURE 2: Curve showing increase in the impact of higher replication on captured  
differences. Ordinate data scales are different for (a) FT-IR, (b) CEX, and (c) FLR. 
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the shape of the curve obtained as a function of the relation-
ship between delta and replication number, and are based 
on exploration of geometrical features (such as slope, center,  
and deviation from linear relation). We have applied this to three 
types of data sets commonly obtained in biopharmaceutical 
analysis—ion exchange chromatography, FT-IR spectroscopy,  
and fluorescence spectroscopy. 

Estimation Using Slope Approach
Physically, the replicate number will be integral, and equation 1 should 
yield discrete values as the number goes from 1 to 10 (10 has been 
defined as a maximum here based on general laboratory practices). 
However, to leverage the curve mathematically, we have considered 
it to be continuous for this and the subsequent estimation below.

In the slope method, we first look at the overall decrease in 
the variance over the maximum replication that we could go to 
(defined here as 10). In graphic depiction, this number corre-
sponds to the line AB in Figure 3a. The plots considered here 
are for the fluorescence data at 5% significance and 95% power 
for type I and II errors, respectively.

With that line, we find the point on the replicate axis that 
has a slope equal to that of line AB; one can easily argue 
that there would indeed exist such a point. Using equation 2,  
upon differentiating, we get a mathematical expression for the 
slope in continuous domain as:
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FIGURE 4: Estimating Ro using the slope method, alternatively seen as 
deviation distance; (a) the observed dips at integral points seen as paral-
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=     ·dδ
dn

–1
2

2σ2(Za/2 + Zß)
n3/2 [3]

Using equation 3, we compare the 
slopes at each point, and get a num-
ber having the same overall decrease 
of detectable delta over replicate.  
We plot the difference between the 
slopes to visualize the trend, and then 
the minima of it. As depicted in Figure 
3b, the minima is found to be at 3.514. 

Graphically, we will have a tangent with an 
equal slope as that of AB, as shown in the  
Figure 3c.

Because we are working in the continu-
ous domain, we will get a positive real 
number as the estimate that needs to 
be rounded off to the closest integer for 
physical consideration. Having done that, 
we have estimated a number that we can 
say to be optimum. Here, the closest inte-
gral number to 3.514 will be 4, so that is our  
predicted optimum.

This method of slopes is based upon 
finding the maximum deviation of the 
delta values, if the relation was to be 
linear between them and the replicates 
with a slope the same as that of a line 
joining the end points of our consid-
ered replication range. It can also be 
said to be looking at the maximum dip 
present graphically, as depicted in Fig-
ure 4a. The deviation distances should 
naturally go to a maximum value as 
it is zero at both ends of the curve.  
Thus, the continuous deviation values 
can be plotted, as shown in Figure 4b.  
Mathematically, it so happens that 
the numerical optimization function 
becomes the same upon differentiat-
ing while maximizing the deviation 
distance, resulting in an expression 
identical to that obtained when the 
slope was compared. This is basically 
because of the nature of the function 
that we are using. The summary of 
the estimated optimum is as given in 
Table II.

We see that the predicted optimum 
number using this method is the same 
for all spectroscopic methods, thus 
essentially suggesting that this method 
has failed to recognize the variance in it,  
and it predicts a generalized Ro value.

Estimation Using Center Method
Through this approach, we find the 
center of the curve (the point on 
the curve that is equidistant from 
both the ends of the curve). As the 
point being equidistant from the 
two extreme ends (as in Figure 5a)  
are competing with the detectable dif-
ference and the replication done, the 
middle point can be an optimum bal-
ancing the two conflicting aspects of the 
features of the curve. 

We plot the difference of the distance 
of the points on the curve and expect 
a minimum to be there, highlighting 
the point that is equidistant. Figure 5b 
shows the variation of the difference of 
distances for points on the curve from 
the ends. The minima occur at 2.829.  
By rounding off, the integral estimate 
that we get is 3. Graphically, we see that 
the point of the minima subtends equal 
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FIGURE 5: Estimating Ro using center method; (a) estimated point P subtending equal length or 
angle with the endpoints of line AB; (b) plot depicting the difference of sides from the ends

Replicates

Fu
nc

ti
o

n 
va

lu
e

10

20

15

25

30

35

1 2 3 4 5 6 7 8 9 10

FIGURE 6: Estimating Ro  using cost function.

http://www.chromatographyonline.com


WWW.CHROMATOGRAPHYONLINE.COM NOVEMBER 2022  LCGC NORTH AMERICA  VOLUME 40 NUMBER 11  541

www.pci-hplc.com | 609.860.1803

Over 25 Years of
Quality HPLC and 

SFC Columns

Offering a wide range 
of phases and dimensions for 

both analytical and prep

angle with the line AB, and will essentially make an isosceles 
triangle, including itself and the triangle PAB, with PA and PB 
being the two equal sides (Figure 5a). The summary of the 
results obtained using this method is shown in Table III.

Therefore, we see that each method yields a unique num-
ber based on the variance obtained from the respective tech-
nique for a given analysis, providing an appropriate method 
to make an estimation.

 
Estimation Using Cost Function
Having seen a couple of methods based on using geo-
metrical aspects of the curve, we now try to develop a cost 
function that penalizes if the replication number is too high,  
and incentivizes for the low delta values, so that we anticipate 
a minimum in the function as we increase replication.

Initially, we proposed a function as equation 4. As n 
increases, the function value increases. However, at the 
same time, because of the corresponding decrease of 
delta values, the function value decreases as well. 

J(δ,n) = eδ·n [4]

Considering this, we can expect a minimum value, but that 
minima can possibly fall well above our maximum number 
of replicates taken. This function being explicit in terms of 
replicate number, upon solving this function mathematically,  
we get the Ro as equation 5:

Ro = (                       )2
2σ2(Z      + Zß)

2
a
2 [5]

We see here that optimum is dependent on the vari-
ance that is essentially desired, but the order of variance can 
be very different for experiments. To handle this uncertainty,  
we can further modify our function by dividing δ by σmin, 
where σmin is the lowest variance observed of all the previous 
experiments; for fluorescence data, the observed minimum 
in the data set was 48.472. The function then can be written as  
equation 6:

J(δ,n) = e(     ) (n)δ
σmin [6]

Mathematically, the optimum for this function can be writ-
ten to be at:

noptimum = (                        )2
2     (Z    + Zß)

2

σ2

σ2    
a
2min [7]

Raw spectroscopic data
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FIGURE 7: General scheme for Ro  estimation.
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Although we have a mathematical 
expression, we plot the function and try 
to depict the minima that must be there.  
Figure 6 shows the plot of the cost func-
tion for fluorescence data (at 5% sig-
nificance for α, and 95% power for β).  
We can see that the minimum is in our 
limit to our maximum range. The sum-
mary of the results obtained using this 
method are presented in Table IV.

Here again, we get a unique num-
ber for each experiment, thus being 
a consistent approach to estimate an 
optimum with. 

Conclusions
Irrespective of the analysis, the gen-
eral scheme to be followed for Ro esti-
mation is shown in Figure 7, starting 
from the raw data to the proposed 
approaches.

Ro estimation approaches can be 
compared based on effect and the 
range of relation they share with the 
estimated variance of a given tech-
nique and analysis type, it being the 
defining feature for the relevance of 
Ro obtained. While the first approach 
is insensitive to estimated variance, 
it could be used as an estimation 
method where the innate mathemat-
ics inherently incorporates the impact 
of variance (and other such related 
parameters) over the estimation.

The second approach, while being 
sensitive to individual technique vari-
ance, does not measurably distinguish 
between confidence for both type I 
and II errors, as can be seen in Table III. 

The last approach based on the 
developed cost function is both sen-
sitive to technique specific variance 
as well as the error confidence inter-
val, and thus can be applied across 
analytical characterization platforms 
to get a realistic and relevant under-
standing of the replication required, 
which is technique and analysis spe-
cific based on variances derived from 
existing analytical data, thus facili-
tating a more rational approach to  
defining replication. 

Although the work discussed here 
is in specific context of biopharma-

ceutical analysis, it would be equally 
applicable across different domains 
where chemical data is generated in 
the form of x and y line plots. 
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Overcoming Incomplete Peptide Mapping 
of Antibody Complementarity-Determining 
Regions with Alternate Digestion Workflows
Peptide mapping of antibodies is an essential method to monitor peptide modifications in antibody lots that could 
affect the safety and efficacy of the product. Conventional protocols rely on protein digestion using proteases,  
such as trypsin, before mapping with mass spectrometry (MS). However, trypsin digestion may cause incomplete 
mapping of peptides, especially those that include highly hydrophobic peptides. Here, we show how pepsin can 
be used as an alternative and complementary protease for digestion that allows for improved sequence coverage, 
especially in proteins with highly hydrophobic regions. We also show that using guanidine hydrochloride (GuHCl) 
post-digestion improves peptide mapping results. Overall, these two methods—pepsin digestion and GuHCl  
post-digestion—can be used to provide more comprehensive antibody peptide maps, thereby enabling more thorough 
quality checking of biopharmaceutical products.

Ken Cook, Dan Bach Kristensen, Martin Ørgaard, and Trine Meiborg Sloth

Peptide mapping by liquid chroma-
tography–mass spectrometry (LC–

MS) has become the method of choice 
for in-depth characterization of biother-
apeutic proteins, such as monoclonal 
antibodies (mAbs). The method is now 
commonly referred to as multi-attribute 
monitoring (MAM) because it enables 
simultaneous analysis and monitoring 
of multiple quality attributes in a single 
experiment, which traditionally would 
require multiple independent analytical 
experiments (1). The MAM approach 
allows scientists to confirm the primary 
structure of peptides, identify pos-
sible post-translational modifications 
(PTMs), and provide valuable quantita-
tive information for critical quality attri-
butes (CQAs) at the amino acid level 
(2,3). Biopharmaceutical companies 
are now increasingly using MAM for 
current Good Manufacturing Practice 
(cGMP) release testing (4), and there is 
an increasing regulatory awareness and 
expectation that MAM is employed as 
an analytical tool in biopharmaceuti-
cal development (5–7). Generally, the 
therapeutic protein is digested by a 
site-specific protease, and the result-
ing peptides are separated with LC 
and detected by LC–MS. The most 
common protease used for this pur-
pose is trypsin, which cleaves after the 

basic amino acids, arginine and lysine, 
and several optimized MAM workflows 
based on trypsin, have been pub-
lished (8). Lately, automation of MAM 
workflows has been gaining traction 
and recent publications have demon-
strated good interlaboratory robust-
ness and consistent results compared 
to the more conventional and laborious  
MAM workflows (9,10).

Although trypsin works well for the 
majority of antibodies and other bio-
pharmaceuticals, trypsin digestion,  
in some cases, results in small peptides, 
which are too hydrophilic to be retained 
on the C18 column. Likewise, in this 
study, we demonstrated that trypsin 
digestion may result in large hydropho-
bic peptides, which absorb to surfaces 
and return no detectable peptides in 
LC–MS analysis. In particular, antibody 
sequences that contain several aromatic 
amino acids may result in highly hydro-
phobic peptides after trypsin diges-
tion. These hydrophobic peptides can 
be difficult to recover, making trypsin-
based peptide mapping impractical for 
those antibodies, which can be prob-
lematic if the elusive peptide is part of 
critical sequences of the antibody, such 
as the complementarity-determining 
regions (CDRs) that define antibody  
epitope specificity. CDRs are important 

for antibody function because this is 
where the antibody binds to its specific 
antigen. Therefore, it is crucial to moni-
tor for peptide modifications in the CDR 
regions of antibodies. 

Here, we demonstrate the use of pep-
sin as an alternative protease to trypsin 
and the use of guanidine hydrochloride 
(GuHCl) post-digestion to access diffi-
cult and otherwise elusive hydrophobic 
sequence regions. Both measures can 
mitigate against challenges in diges-
tion strategies and provide compre-
hensive peptide maps, including elu-
sive sequences in the CDR. The MAM 
workflow presented here builds on the 
simple and automated digestion work-
flow published previously (9).

Materials and Methods
We utilized an analytical method that 
involved automated sample prepara-
tion using the Smart Digest Pepsin kit 
(Thermo Fisher Scientific) combined 
with LC tandem MS (LC–MS/MS)-based 
peptide mapping. For all peptide map-
ping analyses, prepared peptides were 
analyzed using the Vanquish Horizon 
ultrahigh-pressure liquid chromatogra-
phy (UHPLC) system and the Acclaim 
Vanquish C18 column. Mass spectro-
metric detection was performed using 
an Q-Exactive plus or Orbitrap (orbital 
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ion trap) Fusion Tribrid high-resolution 
accurate mass (HRAM) spectrometer (all 
instrumentation from Thermo Scientific).

Sample preparation and digestion was 
automated using the KingFisher Duo 
Prime purification system with 96 deep-
well plates, controlled by Thermo Sci-
entific’s BindIt 4.0 software. Digestions 
were performed using magnetic Smart 
digestion kits, which use heat (>70 °C)  
to denature proteins. Next, 200 µg of the 
sample was added, and a Smart digest 
buffer was added to a final volume of  
200 µL in each KingFisher 96 deep-
well plate, which was digested in the 
KingFisher Duo for 30 min at 75 °C.  
After digestion, the samples were 
actively cooled to 5 °C, and 10 μL of 
20% trifluoroacetic acid (TFA) and 70 μL 
of 8 M guanidine hydrochloride (GuHCl)  
were added to each sample. 

A rapid slit seal cover was placed on 
the 96 deep-well plates, which were 
then mixed using a thermomixer and 
transferred directly to the Vanquish 
Horizon autosampler for peptide map-
ping analysis. Peptide mapping by  
LC–MS/MS was done using data-depen-
dent acquisition (see Figure 1).

LC–MS/MS data were processed 
using Protein Metrics BYOS software, 
using the search parameters shown in 
Figure 2.

Method Summary

Method Settings

Global Parameters

Experiment#1 [MS]

Ion Source

Ion Source Type: H-ESI
Spray Voltage: Static
Positive Ion(V): 3500
Negative Ion (V): 2500
Gas Mode: Static
Sheath Gas (Arb): 45
Aux Gas (Arb): 10
Sweep Gas (Arb): 0
Ion Transfer Tube Temp (˚C): 325
Vaporizer Temp (˚C): 350
APPI Lamp: Not in Use
Use Ion Source Settings from Tune: False
FAIMS Mode: Not Installed

Infusion Mode: Liquid Chromatography
Expected LC Peak Width: 30
Default Charge State: 1
Internal Mass Calibration: Off

Application Mode: Peptide
Method Duration (min): 60

Start Time (min): 2.9

Time (min)

0

2.9

48

Position

1-6

1-2

1-6

MS Global Settings

Divert Valve A

Master Scan:

MS OT

Filters:

MIPS

Intensity

Dynamic Exclusion

Data Dependent

Charge State

Charge State

Scan Event Type 1:

Scan Event Type 2:

Scan:

Scan:

ddMS2 IT HCD

ddMS2 IT EThcD Scan Event Type 3:

Intensity

Charge State

Scan:

ddMS2 IT HCD

End Time (min): 48

Monoisotopic Peak Determination: Peptide

Filter Type: Intensity Threshold
Intensity Threshold: 1.0e5

Exclude after n times: 1
Exclusion duration (s): 8
Mass Tolerance: ppm
Low: 10
High: 10
Exclude Isotopes: True
Perform dependent scan on single charge state per
precursor only: False
Exclude Within Cycle: True

Data Dependent Mode: Number of Scans
Number of Dependent Scans: 5

Detector Type: Orbitrap
Orbitrap Resolution: 120000
Mass Range: Normal
Use Quadrupole Isolation: True
Scan Range (m/z): 375-2000
RF Lens (%): 60
AGC Target: Standard
Maximum Injection Time Mode: Custom
Maximum Injection Time (ms): 50
Microscans: 1
Data Type: Pro�le
Polarity: Positive
Source Fragmentation: Disabled
Scan Description: 

Include charge state(s): 2-10
Include undetermined charge states: False

Include charge state(s): 2-8
Include undetermined charge states: False

Scan Priority: 1
Isolation Mode: Quadrupole
Isolation Window (m/z): 1.6
Isolation Offset: Off
Activation Type: HCD
Collision Energy Mode: Stepped
HCD Collision Energies (%): 15,30,45

Scan Priority: 1
Isolation Mode: Quadrupole
Isolation Window (m/z): 1.6
Isolation Offset: Off
Activation Type: ETD
Use Calibrated Charge-Dependent ETD Parameters: 
True
ETD Supplemental Activation: True
SA Collision Energy Type: EThcD
SA Collision Energy (%): 25
Detector Type: Ion Trap
Ion Trap Scan Rate: Normal
Mass Range: Normal
Scan Range Mode: Auto
AGC Target: Standard
Maximum Injection Time Mode: Dynamic
Microscans: 1
Data Type: Pro�le
Scan Description:

Detector Type: Ion Trap
Ion Trap Scan Rate: Normal
Mass Range: Normal
Scan Range Mode: Auto
AGC Target: Standard
Maximum Injection Time Mode: Dynamic
Microscans: 1
Data Type: Pro�le
Scan Description:

Filter Type: Intensity Threshold
Intensity Threshold: 5.0e5

Include charge state(s): 1
Include undetermined charge states: False

Scan Priority: 2
Isolation Mode: Quadrupole
Isolation Window (m/z): 1.6
Isolation Offset: Off
Activation Type: HCD
Collision Energy Mode: Stepped
HCD Collision Energies (%): 15,30,45
Detector Type: Ion Trap
Ion Trap Scan Rate: Normal
Mass Range: Normal
Scan Range Mode: Auto
AGC Target: Standard
Maximum Injection Time Mode: Dynamic
Microscans: 1
Data Type: Pro�le
Scan Description: 

FIGURE 1: Detailed description of LC–MS method.

Instrument Parameters
Precursor Mass Tolerance

Cleavage Site(s)
Cleavage Side
Digestion Speci�city
Missed Cleavages

Modi�cations

Total Common Max
Total Rare Max

Oxidation/ +15.994915 @ M,W | rare 1
Deamidated/ +0.984016 @ N,Q | rare 1
Gln->pyro-Glu/ -17.026549 @ NTerm | common1

1
1

LWFYCM
C-terminal
Non speci�c (slowest)
-1

Fragmentation Type
Fragment Mass Tolerance 1
Fragment Mass Tolerance 2
Recalibration (lock mass)

3,00 ppm
Use Thermo scan headers
0,30 Da
0,30 Da
None

Digestion

Modi�cations

FIGURE 2: Details for software search parameters.
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FIGURE 3: (a,c) Flanking peptides (green amino acids) confirm good trypsin activity; however, the (b) CDR region (red amino acids)  
was poorly digested. (d and e) Additives like GuHCl (0.5 M) during and after digestion did not solve the issue. For all figures, abscissa label 
is minutes and the ordinate label is intensity.
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Results
Part One: Trypsin  
Versus Pepsin Digestion
Complete peptide mapping of anti-
bodies is not always feasible with tryp-
sin when the antibody sequence results 
in small hydrophilic peptides that are 
not retained on the C18 column or if 
the peptides contain several aromatic 
amino acids, which results in the pro-
duction of highly hydrophobic peptides.  
As such, mapping of some antibodies 
misses coverage of the CDR if hydro-
phobic regions are present when using 
trypsin digestion methods. This inabil-
ity to reliably map CDRs is a major 
analytical challenge for the character-
ization and QC of antibodies because 
this region is critical for antibody func-
tion and binding.

An example is shown in Figure 3, 
where results of tryptic digestion of 
mAb-1 showed incomplete mapping of 
the CDR. It was clear that trypsin was 
successfully digesting the region (that 
is, flanking peptides were detected,  
as seen in Figure 3a), but the peptide 
spanning the CDR3 region was not 
detected (Figure 3b). Additives such as 
urea, GuHCl, dimethyl sulfoxide (DMSO), 
isopropanol, and acetonitrile that were 
added during and after digestion did not 
solve the issue (Figure 3d and 3e).

Investigating this issue further, we 
identified other mAbs with the miss-
ing sequence coverage in CDRs con-
taining numerous aromatic, highly 
hydrophobic amino acids. From these 
findings, we hypothesized that using 
an alternative protease that digests 
around the aromatics could create more  
accessible fragments.

Therefore, we focused on pepsin as an 
alternative to trypsin. Pepsin digestion 
resulted in improved sequence cover-
age in CDRs of all mAbs (see one exam-
ple in Figure 4b) compared to trypsin 
digestion (Figure 4a). Figure 4c shows 
extracted ion currents for peptides 
from the pepsin digest covering the  
CDR-3 region, a region which is not cov-
ered by the trypsin digestion (Figure 4a). 

Overall, these results show that pep-
sin is a viable alternative and comple-

mentary digestion method to trypsin 
for the peptide mapping of antibodies 
with challenging hydrophobic regions, 
including those around key regions,  
like CDRs. 

Part Two: Guanidine  
Hydrochloride Post-Digestion 
During our experiments, we noticed a 
tendency for the hydrophobic peptide 
sample signal intensity to drop when left 
for elongated times in the autosampler, 
which led to the idea that adding GuHCl 
after digestion could be an effective 
way of maintaining peptides in a solu-
tion and prevent loss of the hydropho-

bic peptides to the wall of the sample 
vials. Here, we tested whether post-
digestion treatment of samples with 
GuHCl improved peptide recovery after 
prolonged storage in the autosampler. 

We performed Smart Trypsin diges-
tion of a mAb, subsequently adding 8 
M GuHCl to a final concentration of 2 M 
GuHCl in one of the sample wells directly 
after digestion. No GuHCl was added to 
the other mAb digest. The samples were 
then placed in the autosampler at 5 °C 
until time of analysis. Samples with 0 M 
and 2 M GuHCl were analyzed between 
1–20 h post-digestion (see Figure 5).  
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pepsin digestion. (c) Example peptide sequences with validated pepsin-based sequences 
of CDR region. (c) For upper set of three figures, abscissa is labelled minutes, and ordinate 
is labeled intensity. For lower set of three figures, abscissa is labeled m/z, and ordinate is 
labeled intensity.

0 M GuHCl
1 hr post digestion

0 M GuHCl
19 hrs post digestion

2 M GuHCl
2 hrs post digestion

2 M GuHCl
20 hrs post digestionTo

ta
l I

o
n 

C
ur

re
nt

To
ta

l I
o

n 
C

ur
re

nt
R

el
at

iv
e 

A
b

un
d

an
ce

R
el

at
iv

e 
A

b
un

d
an

ce
R

el
at

iv
e 

A
b

un
d

an
ce

R
el

at
iv

e 
A

b
un

d
an

ce

Time (min)

FIGURE 5: Time dependent loss of hydrophobic peptides post-digestion in autosampler; 
time (minutes) versus total ion current.
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THE NEXT 
GENERATION
A special article series highlighting the work of young analytical chemists.

Tools for Investigating the Expanding Per-  
and Polyfluoroalkyl Substances (PFAS) Universe 
Per- and polyfluoralkyl substances (PFAS) continue to need novel analytical tools for their proper characterization.  
Regulatory bodies are lowering the acceptable concentrations for contaminated matrices, requiring state-of-the-art 
instrumentation to detect sub-ng/L levels. Suspect screening (for known PFAS without certified analytical standards)  
is becoming more popular as the list of known PFAS grows to thousands of compounds. The methods that currently exist for 
suspect screening require updating to move them from boutique, study-by-study methods to those that can be adopted more 
universally to generate transferable data sets. Some of those updates are presented here with the hope that they are adopted 
by laboratories in industry, government, and academia. 

Trever Schwichtenberg

Per- and polyfluoroalkyl substances 
(PFAS) are a class of compounds 

characterized by the presence of highly 
inert carbon–fluorine bonds that impart 
both oleophobic and hydrophobic prop-
erties. These properties have made 
PFAS useful ingredients in a variety 
of manufacturing processes, includ-
ing food packaging, papers and tex-
tiles, industrial nonstick coatings, and 
aqueous film-forming foams (AFFFs)  
for extinguishing hydrocarbon-based fuel 
fires. These compounds are sometimes 
called “forever chemicals,” because they 
do not break down readily in the envi-
ronment and those that do (precursors) 
degrade to more stable end products.  
The U.S. Environmental Protection 
Agency (EPA) published a strategic road-
map in 2021 outlining plans to deal with 
PFAS contamination (1).

The world of PFAS is an exciting 
avenue of exploration for analytical 
chemists, because advanced studies 
involving fate and transport in the envi-
ronment, ecotoxicity, and treatment 
can be performed. However, funda-
mental questions about the detection, 
quantification, and communication of 
PFAS results still need to be answered.  

These challenges bring together separa-
tions science, mass spectrometry (MS), 
data science, environmental engineer-
ing, and even public policy. 

What constitutes a PFAS molecule 
has been an ongoing debate. Common 
among definitions is the presence of a 
carbon–fluorine bond. However, many 
molecules can contain a single car-
bon–fluorine bond and would not be 
considered PFAS. The main definitions 
have been built into the PubChem Clas-
sification Browser (2), where analysts can 
generate lists of PFAS according to each 
definition. Various lists of PFAS have 
been curated; as a result, there is a lack 
of consensus because of the varying 
definitions across lists. The list we chose 
to use in our studies is one curated by 
the National Institute of Standards and 
Technology (NIST) of the United States 
(3). All lists contain varying amounts of 
data for each entry, with each having at 
least the molecular formula. The NIST 
list contains the molecular structure in a 
machine-readable format (international 
chemical identifier [InChI] in this case), 
and this structure becomes the identi-
fier for each compound. Acronyms and 
the International Union of Pure and 

Applied Chemistry (IUPAC) names have 
been inconsistent across lists; InChIs 
are a way to unify communication of 
the results (4). The conversion of InChI 
keys to draw molecular structures pres-
ents an approachable and time-saving 
exercise in computer coding for the 
intrepid chemist.

MS has been the choice detector, cou-
pled with gas chromatography (GC) or 
liquid chromatography (LC), for volatile 
or non-volatile PFAS analysis, respec-
tively. Most PFAS receiving regulatory 
scrutiny have been non-volatile, and LC–
MS has been the most often used tool. 
Targeted analysis of PFAS is done using Ic
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triple-quadrupole detectors to moni-
tor ion transitions for quantification.  
The availability of analytical standards 
has increased greatly over the past 
20 years, from almost no standards to 

mixes where dozens of PFAS can be 
included in a targeted run. Not all native 
standards have an exact-matched isoto-
pically labeled surrogate, so some sur-
rogates are borrowed by natives within a 

PFAS class. It is best to avoid recruiting 
surrogates from natives where high con-
centrations are expected. High concen-
trations will suppress the surrogate sig-
nal, which is fine for the exact-matched 

Maximize LC-MS/MS  
Performance with Restek

• Stable retention times for tight MRM windows so you can 
 analyze large analyte lists with confidence.

•  Rugged manufacturing and rigorous LC-MS/MS testing ensure 
consistent column-to-column performance. 

•  Wide range of formats and phases provides the speed and 
selectivity you need.
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FIGURE 1: Graphic depicting (a) multiple calibration curves and (b) the single PFAS curve for estimating suspect concentrations. One-to-one 
matching involved estimating which calibration curve would most closely mimic the suspect PFAS. (b) The new technique uses one curve for all 
suspect PFAS, and would unify semi-quantitative techniques across studies and laboratories. 
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native but not for a native borrowing 
the surrogate. For low concentra-
tions, advances in instrumentation and 
preconcentration steps have led to 
sub-ng/L levels of detection (LOD) for 
certain PFAS. Such low levels make con-
tamination an issue not to be underesti-
mated, even in routine targeted analysis. 

After targeted analysis, suspect 
screening and non-targeted analysis are 
the next frontier in PFAS identification. 
Suspect screening requires the use of a 
high-resolution detector, such as a quad-
rupole time-of-flight (QTOF), ion mobil-
ity (IMS), or an orbital trap MS instru-
ment. Mass-to-charge (m/z) ratios are 
screened against a list of PFAS to look 
for similar masses. Then, confidence in 
the identified compound is increased 
through isotope ratio differences,  
the presence of diagnostic fragments, 
and other data acquired. These confi-
dence levels were initially communicated 
using the scale developed by Schymanski 
and others for all non-targeted MS work 
(5). This scale was the framework for a new 
scale that our team created to communi-
cate confidence of PFAS identification 
using features specific to PFAS (6).

The growth in awareness of the true 
number of PFAS has far outpaced the 
availability of analytical standards for 
true quantitative analysis. The demand 
for PFAS research led to the idea of 
reporting new or suspected compounds 
in a semi-quantitative way. Most new or 
suspected PFAS are either part of an 
existing homologous series, or have only 
small changes to headgroups. For new 
or suspected PFAS, one would borrow 
the calibration curve from a similar com-
pound that does have an analytical stan-
dard, assume an equal molar response 
by the detector, adjust for molar mass 
differences, and call this a semi-quan-
titative concentration. This technique 
assumes that the ionization efficien-
cies between the suspect PFAS and the 
borrowed calibration PFAS are similar. 
Although this strategy worked initially,  
a number of problems have been found 
over time. The discovery of new PFAS 
compounds has outpaced the ability 
to match them to existing standards.  

As studies have become more complex, 
involving multiple environmental matri-
ces with vastly different PFAS concentra-
tions, the matching had to be altered for 
different matrices. Different matching 
schemes are used across the literature, 
making comparisons across studies dif-
ficult. Finally, different laboratories run 
slightly different analyte lists, making 
a universal matching scheme unattain-
able. To address this, we developed a 
new method to estimate concentrations 
that we believe can accommodate the 
rapid growth in demand for PFAS test-
ing and information.

The PFAS curve replaces one-to-one 
matching with a single, average curve 
comprising all the PFAS standards run 
in a particular study (Figure 1). The 
same curve is used for all suspected 
PFAS, including non-targeted PFAS 
where the exact structure and location 
of functional groups (and thus esti-
mated ionization efficiency) may not 
be known. This technique was partially 
inspired by an idea from data censoring,  
where traditional techniques, such as 
substitution of values below the limits of 
quantification (LOQ), presented a false 
sense of knowledge about the data (7).  
In the case of one-to-one matching, 
ionization efficiencies of suspect com-
pounds can only be known using ana-
lytical standards, and without those, the 
ionization efficiencies are an educated 
guess at best. The single PFAS curve 
is likely wrong for most suspects, but it 
is wrong systematically, and if multiple 
studies use this technique, the esti-
mated concentrations are comparable 
across data sets. Finally, it is a compu-
tationally simple approach compared 
to one-to-one matching and has a bet-
ter chance of being adopted by labo-
ratories across government, academia,  
and industry. We are currently working on a  
study using 19F-NMR to measure the 
total organic fluorine to quantify the 
variability of this method. 

The details of naming and quantifying 
PFAS are important when the scale of 
PFAS contamination is realized. A recent 
study proposed that most rainwater, 
even in remote areas, contained PFAS 

above the health advisory levels set by 
the U.S. EPA (8). Solutions to this prob-
lem will require new thinking and incor-
porating new methods of data analysis, 
such as machine learning. The more 
data can be generated and shared, the 
better these problems and solutions can 
be understood. Some of the techniques 
outlined here should help in streamlin-
ing and automating much of that work. 
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For the sample with 0 M, GuHCl, a distinct loss of hydrophobic 
peptides is observed for 19 h post-digestion (see red box in 
Figure 5). In contrast, no loss in signal intensity is observed 20 
h post-digestion for the sample with 2 M GuHCl. These results 
confirm that 2 M GuHCl effectively prevented loss of hydrophobic 
peptides during storage at 5 °C in the autosampler.

Based on these results, the post-digestion addition of 2 M 
GuHCl is now a routine part of our peptide mapping workflows 
for antibodies and other biopharmaceutical products.

Conclusion
Complete sequence coverage by peptide mapping of anti-
bodies is not always possible (for example, when antibodies 
contain highly hydrophobic regions rich in aromatic residues). 
There may consequently be poor coverage of CDRs of anti-
bodies when using conventional trypsin digestion methods, 
which poses an analytical challenge for the characterization 
and QC of such antibodies. 

Here, we show two methodologies that increase the coverage 
of antibody peptide mapping in chromatography and MS-based 
workflows: (i) substitution of trypsin for pepsin as a digestion pro-
tease increase the coverage of peptide mapping, and (ii) post-di-
gestion addition of GuHCl to prevent time-dependent loss of 
hydrophobic peptides in the autosampler prior to analysis. These 
two methodologies improve MS-based workflows, enabling 
highly accurate and reproducible antibody peptide mapping 
results. Coupled with the right software tools, high-throughput 
and ease-of-use capabilities of modern MS systems, the improve-
ments presented here enables laboratories to efficiently screen 
and characterize challenging mAbs. 
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E xtraction-based sample preparation has 
been recognized as a significant step in 

separation science. To improve the sensitiv-
ity and selectivity of the extraction, some 
new approaches have been introduced, 
including those that employ an electric field.  
These electric field–assisted extraction meth-
ods create another dimension for sample 
preparation, and are compatible with minia-
turized, portable, and multifunctional analyti-
cal platlate proteins, organelles, viral capsids, 
and biological cells, among others.

Analytes of environmental or biologi-
cal origin occur in complex matrices, which 
complicates their separation and detection. 
For this reason, sample preparation meth-
ods such as extraction are a crucial step prior 
to chromatographic analysis. The goals of 
sample preparation technologies are purifi-
cation and pre-enrichment of target analytes 
to be separated and then detected by the 
instrument. Purification reduces the con-
centration of interfering matrix substances, 
which affects separation and measurement 
through a decrease in sensitivity and a sig-
nificant increase in maintenance, loss in 
chromatographic efficiency, and distortion 
of peak shape. In addition, high-abundance 
species might overwhelm the column. 
Extraction accomplishes purification and pre-
enrichment by partition of the analyte into or 
onto an extraction phase.

Advances in extraction seek to improve 
selectivity and to boost pre-enrichment of 
the analyte through its increased mass trans-
port to and uptake into or onto the extrac-
tion phase. For systems in which analytes 
or interferents are charged, integration of 
electric fields normal to the phase boundary 
can be leveraged to improve these features 
of the extraction. Electric fields can be gen-
erated and modulated by a simple pair of 

electrodes, and are by nature a green, cost-
effective, and user-friendly addition to an 
extraction protocol. For this reason, the use 
of electric fields in extraction is an impor-
tant modern trend in analytical chemistry. 
Although many electric field–assisted sepa-
ration techniques have been developed 
and studied in depth, such as electrodialysis, 
gel electrophoresis, capillary electrophore-
sis, and capillary electrochromatography, 
the use of electric fields in extraction is still 
an underdeveloped area.

In the context of extraction, there are 
three areas where an applied voltage can 
be employed. Electric fields can be used to 
drive more rapid mass transport of charged 
analytes to the extraction phase, as well as 
partition of a species with a certain charge 
to increase selectivity of the extraction.  
Further, electrosynthesis can be utilized to 
synthesize and prepare membranes and 
solid-phase sorbents for extraction. It is nota-
ble that use of an electric field to perform 
any of these three functions can be readily 
implemented in microfluidic devices to cre-
ate highly integrated analytical platforms.

Using an electric field in extraction has 
several advantages, such as improved 
selectivity for transfer of ionized species, 
efficient matrix cleanup, and modulation of 
the sample preparation process for poten-
tially exhaustive extraction of target species.  
Electric fields have been employed in both 
solid-phase and liquid–liquid extractions. 

Electric fields have been employed to 
enhance solid-based extraction by either 
direct manipulation of extraction or by 
migration of charged species to the inter-
face during the extraction phase or away 
from the interface during the elution stage.  
Compared to traditional solid-phase extrac-
tion, electric field-enhanced extraction pro-

vides a new dimension to separation art, 
making it more versatile and dynamic.

Techniques that employ non-linear 
(graded) electric fields for electrokinetic 
extraction are less developed and have the 
potential to access new classes of analytes 
and to more dramatically enhance extraction 
efficiency. These techniques include dielec-
trophoresis (DEP), for manipulation of polar-
izable particles (including those lacking a net 
charge), and electric field gradient focusing 
(EFGF) methods. Most prevalently, these 
electrokinetic methods have been inte-
grated with biological analysis. For example, 
DEP has been used to selectively accumu-
late proteins, organelles, viral capsids, and 
biological cells, among others.

We have briefly summarized applications 
of electric fields as a means to modulate 
extraction. These methods enrich target 
analytes, improve sensitivity, and hold the 
potential to integrate separation and detec-
tion. These methods are broadly applicable 
to biological, environmental, and pharma-
ceutical samples. These advantages warrant 
further investigation into scaling and com-
mercialization of these methods and devel-
opment of new non-linear electrokinetic 
techniques for enrichment of polarizable par-
ticles and charged analyte prior to extraction.
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