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Adeno-associated viruses (AAVs) are increasingly used for gene therapy due 
to their versatility and safety. One of the biggest concerns for manufacturing 
a uniform AAV suspension is the presence of viral aggregates, which 
can create problems with transduction efficiency, biodistribution, and  
immunogenicity. These large AAV aggregates are challenging to separate 
and characterize by traditional column-based chromatography techniques 
such as size exclusion chromatography (SEC).
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with Multi Angle Light Scattering (AF4-
MALS) can separate and size large AAV 
aggregates, and discern a difference in  
aggregate concentration due to the  
stressing protocol. Some or all of the large  
aggregates would be filtered out by SEC,  
resulting in incorrect determination of the  
aggregate content or the false conclusion 
that no aggregates are present.
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How Pharmaceutical 
Innovation is Saving the World
The COVID-19 vaccine, and the speed at which it was developed, is the medical breakthrough of our lifetimes.

In March 2020, the world was in the early stages of 
the COVID-19 pandemic. Countries were shut down 
and economies ground to a halt in an effort to slow 
the spread of the virus. Think back to March, and 
how much uncertainty we were living under.

Nine months later, the FDA approved two COVID-19 
vaccines under emergency authorization. Before New 
Year’s Day, millions had received the vaccine, including 
front-line physicians and health care providers and nursing 
home patients, and the most vulnerable citizens.

Nine months. Take a moment to let that sink in.
The mainstream media has crafted the narrative around 

the COVID-19 pandemic that’s almost entirely negative. For 
the purpose of ratings, they have described the response to 
the pandemic as blundering from one mistake to the next. 

There is a more accurate and underappreciated narrative of 
the last nine months. It is a story of heroism, innovation, and 
precise science, performed under unbelievable pressure.

Let’s not mince words: We all need to appreciate the role 
of the global pharmaceutical industry—the researchers, 
physicians and business leaders—who are rescuing the world 
from COVID-19. It’s the medical breakthrough of our lifetime.

It is worth focusing on some important facts.
• Since the discovery of COVID-19, here is what scientists 

have accomplished: They identified a novel virus, unlocked 
and sequenced its genetic code, created new therapies 
to save lives, and developed multiple safe and effective 
vaccines using messenger RNA technology, a technology 
hopefully applicable to future vaccine development. Margaret 
Liu, MD, a member of the MJH Life Sciences COVID 
Coalition, called it a breakthrough for mRNA vaccines.

• The AstraZeneca/Oxford, Moderna, and Pfizer/BioNTech 
vaccines have been approved for emergency use in the 
UK. The United States has two vaccines approved for 
emergency use, one from Pfizer/BioNTech and another from 
Moderna. In addition, there are 64 vaccines undergoing 
clinical trials at the moment, including 20 in phase three 
trials. Around the world, the pharmaceutical industry has 
answered the call and invested heavily in this effort.

• This was the fastest vaccine development programme 
in history, and it’s not even close. David Pride, MD, a 
microbiologist at the University of California, San Diego, 
USA, estimates that vaccines typically take 10 to 15 years 
to develop. Until the COVID-19 pandemic, the fastest 
development timeline was four years, for the mumps vaccine.

• Many government systems moved quickly to lessen the burden 
of onerous regulations and provide funding so that vaccines 
could be developed quickly but still with rigorous standards. 
Perhaps it should be a lesson to all of us that regulation/
innovation can be calibrated more effectively during “normal” 
times as industry races to develop new therapies for our world’s 
other pandemics—cancer, diabetes, heart diseases, and more.

The next step of the process—distribution of the vaccine—will 
be as challenging as the development phase, if not more 
so. But again, the pharmaceutical industry is rising to the 
occasion. Factories around the world are working in overdrive 
to produce hundreds of millions of vaccine doses.

Already, less than a month after the Pfizer vaccine was 
approved, more than 15.4 million doses of vaccine have 
been distributed across the US, and more than 4.6 million 
people have received their first dose, according to CDC data. 
Many patients are already receiving their second dose.

Members of our COVID Coalition told us that the holidays 
slowed the rollout considerably. Nancy Messonnier, MD, a 
physician with the US National Center for Immunization and 
Respiratory Diseases at the CDC, expects a rapid jump in 
administered vaccines during these first few days of 2021.

Every day, more people will be vaccinated. After 
health care workers and our most vulnerable 
citizens, other frontline workers will be next. 

Remember, we did all this in nine months, with the help, 
dedication and expertise of our pharmaceutical industry heroes. 
Next time you turn on the TV and see negativity, turn it off and 
imagine instead where we will be nine months from now.

Mike Hennessy Sr., Founder and 

Chairman of MJH Life Sciences.
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Lipidomics approaches are now widely adopted to obtain a comprehensive 
view on lipid profiles in biological samples (1). Alterations in lipid profiles may 
provide a panel of biomarkers for diagnostic and prognostic purposes of 
various diseases and yield a useful basis for the interpretation of biochemical 
processes. Untargeted lipidomics workflows may generate new hypotheses 
for supporting biological interpretations or complementing other “-omics” 
data. Targeted lipidomics approaches are often used to validate biomarkers 
found in a discovery phase or measure particular lipids associated with a 
certain disease or present in low abundance (for example, lipid mediators 
in inflammation [2]). Considering the importance of many lipids in signalling 
pathways and membrane integrity, lipidomics has gained wide interest not 
only amongst analytical chemists but also in the clinical research community.

From an analytical perspective, the workflow for comprehensive analysis of 
lipids is not as streamlined as it is in proteomics. A variety of different strategies 
are now employed, each one with its strengths and weaknesses. Shotgun 
lipidomics (3) by direct infusion of the lipid extract from a biological system 
into a high-resolution mass spectrometer (MS) such as Fourier-transform ion 
cyclotron resonance mass spectrometry (FTICR–MS) or orbital ion trap MS is 
fast and has high-throughput capabilities but may suffer from ion suppression, 
in-source fragmentation, and assay specificity problems (especially with 
instruments having lower mass resolving power such as quadrupole 
time-of-flight mass spectrometry [QTOF-MS]). Lipids have many isomers and a 
chromatographic separation before MS detection may therefore resolve some 
assay specificity issues. Under this perspective, a variety of approaches have 
been proposed using either ultrahigh-performance liquid chromatography 
(UHPLC) or supercritical fluid chromatography (SFC) as separation techniques. 

Untargeted LC–MS Lipidomics with 
Data Independent Acquisition using 
Sequential Window Acquisition of 
All Theoretical Fragment-Ion Spectra
Bernhard Drotleff1, Carlos Calderón Castro1,2, Malgorzata Cebo1, Kristina Dittrich1, Xiaoqing Fu1, and Michael Lämmerhofer1, 1Institute 

of Pharmaceutical Sciences, Pharmaceutical (Bio-)Analysis, University of Tübingen, Tübingen, Germany, 2Escuela de Química, Universidad 

de Costa Rica, San José, Costa Rica

Lipidomics is a subdiscipline of metabolomics yet has established itself as an independent “-omics” sector for 

better coverage of lipids. A number of different workflows are routinely used, each of which has its advantages and 

drawbacks. This article will highlight the benefits of untargeted UHPLC–MS/MS lipidomics with data independent 

acquisition (DIA) using sequential window acquisition of all theoretical fragment-ion spectra (SWATH).

KEY POINTS
• Sequential window acquisition 

of all theoretical fragment-ion 
spectra (SWATH) allows the 
comprehensive collection 
of MS and MS/MS data.

• Better mass spectral coverage 
(but slightly worse spectral 
quality) for identification is useful 
for data (bio)banking and future 
retrospective data mining.

• EICs can be extracted from 
precursor and fragment ions.

• MS1 and MS2 together provide 
multiple quantifiable signals for 
confirmative data processing.
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Normal-phase liquid chromatography 
(NPLC), hydrophilic interaction 
chromatography (HILIC), and SFC yield 
lipid class separation (with coelution of 
lipid species with distinct side chains 
or rather elution in a narrow window) 

(4), while reversed-phase liquid 
chromatography (RPLC) affords lipid 
species separation with some overlaps 
between lipid classes (5,6). Gas 
chromatography–mass spectrometry 
(GC–MS) has its domain mainly in 

full comprehensive fatty acid (FA) 
profiling as fatty acid methyl esters 
(FAMEs) (7). In this article we intend to 
shed some light on ultrahigh-pressure 
liquid chromatography–tandem 
mass spectrometry (UHPLC–MS/
MS) using QTOF instruments and 
data independent acquisition (DIA) 
with sequential window acquisition 
of all theoretical fragment-ion 
mass spectra (SWATH) (8).

Common Acquisition Modes 
in LC–MS Lipidomics
Lipidomics can be performed 
with or without chromatographic 
separation, with or without integrated 
ion-mobility using a differential mobility 
spectrometry (DMS)-driven lipid class 
separation concept without liquid 
chromatography (LC) (9) or with/without 
LC using travelling wave ion-mobility 
(TWIM) (10), drift-tube ion-mobility 
mass spectrometry (DTIMS-MS) 
(11), or trapped ion mobility 
spectrometry (TIMS) with TOF-MS 
(12), and with different MS instruments 
as well as distinct acquisition 
modes (Figure 1 and Table 1).

Targeted lipidomics is based on MS 
instruments with low mass resolving 
power such as triple quadruple (QqQ) 
or quadrupole-linear ion trap (QLIT) 
using selected reaction monitoring 
(SRM) data acquisition (13) or 
high-resolution MS (HRMS), such as 
QTOF or orbital ion trap MS in parallel 
reaction monitoring (PRM) mode 
(also termed “high resolution MRM”) 
(14). For both, the targets have to be 
preselected and programmed before 
acquisition: in SRM both precursor 
and fragment ions (therefore only 
selected fragments measured in MS2), 
for PRM only the precursor ion (all 
fragments of targets acquired). For 
this reason, the former requires more 
method development efforts. If targeted 
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FIGURE 1: Schematic illustration of the most common MS acquisition modes in 
untargeted lipidomics. (a) Data dependent acquisition (DDA), (b) data-independent 
acquisition (DIA) by all-ion fragmentation (AIF, originally termed MSE), and 
(c) sequential window acquisition of all theoretical fragment-ion mass spectra 
(SWATH). Top panel, schematic illustration of a single MS cycle comprising 
a full scan MS (MS1) and multiple MS/MS (MS2) experiments; bottom panel, 
schematic illustration of 10 consecutive MS cycles typically required to describe a 
chromatographic peak in UHPLC comprehensively with 10 data points.
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FIGURE 2: Feasibilities of SWATH–MS acquisition due to comprehensive 
availability of MS1 and MS2 spectra over entire chromatogram and all study 
samples. (a) KHT MS/MS spectrum; (b) peak group chromatogram as obtained 
by extracted ion chromatograms (EICs) of different fragments extracted from the 
SWATH window of the KHT precursor ion, colours match the fragment masses in 
the fragmentation spectrum in (a). (c–e) EIC chromatograms extracted from the 
same run (platelet extract spiked with KHT in the concentration 15 ng/mL): (c) EIC 
of precursor ion (m/z 277.181 ± 0.010) extracted from TOF-MS experiment; (d) and 
(e): EICs of precursor ion (m/z 277.181 ± 0.010) and fragment ion (m/z 233.191 ± 
0.010), respectively, extracted from SWATH–MS/MS experiment. Reproduced with 
permission from reference 24.
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TABLE 1: Major data acquisition modes in LC(SFC)–MS based lipidomics

Acquisition 
mode

Targeted Untargeted

SRM PRM DDA DIA

AIF SWATH

Instrumental 
platforms

Low resolution MS
(QqQ, QLIT)

High resolution MS
(QTOF, orbital 

ion trap)

High resolution MS
(QTOF, orbital ion trap)

MS 1
Selected targets

(narrow isolation width; ca 1 m/z)
Comprehensive without preselection

(full predefined mass range)

MS 2
Selected 

fragment ion(s)
(low Res)

All fragment ions
(high Res)

Top N (most 
abundant)

(of full scan)
Comprehensive Comprehensive

Precursor 
selection for MS2

Narrow (~1 m/z) Narrow (~1 m/z) Narrow (~1 m/z) Wide (full mass range) Intermediate (20–30 m/z)

EICs (for 
quantification)

Selected 
fragment ions

All fragment ions of 
selected precursors All precursors All precursors and 

all fragments
All precursors and 

all fragments

MS1 spectra Not available Available (from prior 
full scan experiment)

Available (from 
full scan) Available (from full scan) Available (from full scan)

MS2 spectra Not available Of targets (narrow 
isolation width)

For top N (of 
full scan)

Composite spectra 
(of all fragments)

Composite spectra 
(of precursors in same 

SWATH window)

Spectral 
quality (MS2)

Not available Excellent (+++) Excellent (+++)
Poor (+), (heavily) 
convoluted (strong 
co‑fragmentation)

Good (++), (partly) 
convoluted

(partial co‑fragmentation)
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lipidomics is performed in a scheduled 
mode, that is, respective ion transitions 
are acquired only during the time 
when the respective compounds elute, 
today’s modern and highly sensitive 
instruments allow measurement of 
a similar number of lipids as with 
untargeted approaches (in particular 
if we consider for the latter only the 
compounds that are finally identified 
with sufficient confidence). Lipid 
coverage for targeted triple quadrupole 
assays is typically in the several 100s 
to up to the 1000s. Targeted assays 
acquired with triple quadrupole in SRM 

benefit from their robustness, wide 
dynamic range, sensitivity, and good 
quantification performance. However, 
the targets need to be programmed 
in advance and molecular parameters 
which are not on the target list during 
acquisition are missed. In case of 
PRM, unexpected findings may be still 
covered at the MS1 level by acquiring 
a full scan experiment prior to product 
ion scans of the targeted analytes (14).

However, more popular in lipidomics 
research are untargeted assays. 
The state-of-art in UHPLC–MS/
MS lipidomics is data-dependent 

acquisition (DDA) using orbital ion 
trap MS (with higher mass resolving 
power) or QTOF instruments (with faster 
acquisition rates) (Figure 1[a]). DDA 
is based on an MS1 full scan (over a 
certain predefined mass range) and 
uses information from this full scan 
experiment to select a small number 
of precursors (top N), for example in 
a top four experiment the four most 
abundant precursors, for fragmentation. 
High quality MS2 spectra linked to 
their precursors are obtained. However, 
coverage is incomplete and precursor 
selection is a stochastic process that 
lacks reproducibility between samples 
because it depends on the actual 
conditions, frequently leading to missed 
triggering of MS2 spectra. Since MS2 
data are not collected continuously, 
extracted ion chromatograms (EICs) 
can be extracted only on MS1 level; 
hence, quantitation is restricted 
to the MS1 level. It is therefore not 
possible to support quantitative 
results by control via a qualifier ion. 
Thus, limited MS2 coverage restricts 
identification performance and 
lack of fragment ion EICs limits the 
quantification performance of DDA.

DIA came into the focus of MS-based 
lipidomics technologies (8) after it 
had demonstrated its potential in 
proteomics (15). It is performed on 
high resolution instruments, including 
QTOF-MS, orbital ion trap-MS and can 
overcome some of the above limitations 
mentioned for DDA. DIA is a good 
strategy for acquiring comprehensive 
MS and MS/MS data over an entire 
range of m/z values: all precursor 
ions are fragmented. Thus, most 
distinctively from DDA, DIA collects 
MS2 data comprehensively over the 
entire chromatogram and across all 
samples without dependence on 
information from the prior full scan 
(MS1) experiment. The result is a 
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FIGURE 4: Distinction of isomeric lipids by SWATH–MS (signals extracted from 
NIST SRM 1950): (a) MS1 level does not allow isomers with distinct fatty acyls 
to be distinguished, while (b) MS2 level enables the creation of selective EICs 
for lipids with the same sum composition but distinct fatty acyl side chains. DDA 
provides only option (a) for (relative and absolute) quantification.
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FIGURE 3: LC–MS with SWATH analysis of lipid extract from platelet supernatant 
activated with thrombin. Different EICs of 12-HETE (a) EIC of m/z 319.225 ± 
0.010 (precursor ion) from TOF-MS experiment, (b) EIC of m/z 319.225 ± 0.010 
(precursor ion) from SWATH–MS/MS experiment, and (c) EIC of m/z 179.108 ± 
0.010 (fragment ion) from SWATH–MS/MS experiment (24).
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comprehensive digital map (MS1 
and MS2 data) of the lipid profile of 
a sample. Therefore, retrospective 
data analysis can be repeated 
at later stage without restrictions 
once new databases with more 
lipid entries become available or 
new algorithms for identification 
of lipids have been developed 
without need for re-measuring 
samples that are then often not 
available anymore. It is therefore 
ideal for data (bio)banking such as 
required in personalized medicine.

A number of DIA varieties exist which 
essentially differ in their precursor 
isolation width: In all-ion-fragmentation 
(AIF or MSE) (Figure 1[b]), subsequent 
to a full scan MS experiment (MS1) 
over a certain mass range an MS/
MS experiment is carried out in 
which the MS1 (quadrupole) is tuned 
to all ion transmission (like in full 
scan) and the collision energy (CE) 
is elevated as compared to the MS1 
experiment. In other words, two full 
scan experiments are performed, one 
with low CE and one with high CE that 
imparts fragmentation to the precursor 
ions. The precursor isolation width 
is wide (full m/z range) which leads 
to co-fragmentation of all isolated 
precursors simultaneously. In SWATH 
acquisition (Figure 1[c]), subsequent 
to an MS1 full scan a series of MS/MS 
experiments with consecutive, (usually 
1 m/z)-overlapping intermediate-sized 
precursor isolation (SWATH) windows 
is carried out which cover the entire 
mass range of interest. The SWATH 
windows can be either of fixed width, 
such as 20–30 m/z or of variable width 
(width of SWATH windows adjusted that 
each window has either a constant ion 
population or a constant ion current, 
optimized with software) (16). When 
designing the SWATH experiments, it 
is also important that there are enough 

data points across the chromatographic 
peak (at least 10) to enable robust 
and precise quantification. If the 
chromatographic peak has about 
6 s, which is a common peak width 
of UHPLC, then the entire MS cycle 
(comprising both MS1 and all MS2 
acquisition times together) should not 
take longer than 600 ms. It means that 
the design of the SWATH windows turns 
out to become a compromise between 
narrow (precursor isolation) SWATH 
windows (preferred in terms of assay 
selectivity) and long accumulation 
times (advantageous with regard to 
sensitivity). Typically, 20–30 SWATH 
windows with accumulation times of 
20–30 ms are programmed per MS 
cycle. Variable SWATH windows and 
other smart designs with particular 
focus on analytical assay requirements 

(regarding selectivity and sensitivity 
for specific analytes) become possible 
and improve the assay performance. 
For instance, in a combined targeted/
untargeted steroidomics assay specific 
SWATH window sizes of 4 m/z width 
for estradiol (E) and testosterone (T) 
(instead of the common 20–30 u wide 
windows) were established whereby 
the 13C3-labelled surrogate calibrants 
were recorded in the same SWATH 
window as the corresponding analyte 
and the d5-analogues that were used 
as internal standards in a separate 
5 m/z wide SWATH window (to avoid 
interferences) (17). Accumulation times 
could be individually adjusted for each 
SWATH window to reach the required 
detection limits (300 ms for E and 13C3-E 
as well as 100 ms for d5E; 50 ms for T, 
13C3-T and d5T). Around these targets 

(a)

(b) (c) (f)

(e)(d)

FIGURE 5: (a) General untargeted lipidomics workflow, and (b) data processing 
workflow based on open-source MS–DIAL software with spectral library matching. 
MS vendor format is converted to ABF binary format; (c) peak finding is carried 
out to determine precursors for MS2 spectra; (d) deconvolution comprises EIC 
extractions, model peak construction, and MS2 spectra reconstruction; (e) 
deconvoluted experimental MS2 spectra are matched against mass spectral 
libraries such as LipidBlast (31) which allows their identification based on weighted 
similarity score of retention time, accurate mass, isotope ratio, and MS/MS spectra; 
(f) a peak spotting plot is constructed which allows convenient interrogation of 
lipids of interest and detection of misannotated features. Adapted with permission 
from reference 6.
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additional SWATH windows were 
constructed to allow for simultaneous 
qualitative and quantitative analysis. 
In a platelet lipidomics study, a 
variable SWATH window approach 
was selected with 5 m/z (u) target 
windows for oxidized phospholipids 
which were measured as markers of 
oxidative stress embedded in a SWATH 
design in which the window size was 
optimized with swathTUNER to obtain a 
constant precursor ion density in each 
SWATH window (18). A hybrid design 
with HR–SRM/MS using multiple unit 
mass windows and SWATH/MS with 
100 u precursor selection windows 
has been proposed by Hopfgartner 
and co-workers for phospholipidomics 
using HILIC for lipid class separation 
(19). Since individual molecular 
lipid species coelute in lipid class 

separation, the unit isolation width 
guarantees that isomeric lipids can 
be distinguished on MS2 level without 
isotopic interferences from other lipids.

Cycle times are shorter in AIF than in 
SWATH enabling longer accumulation 
of ion currents leading to enhanced 
sensitivity. A major drawback of DIA for 
identification is that the MS2 spectra 
cannot be linked to their precursors. 
In SWATH, they can be assigned 
to the specific mass range of the 
SWATH window, while absolutely no 
assignment is possible in AIF. This has 
led to the development of another DIA 
mode: scanning quadrupole DIA (20) 
or scanning SWATH (21). It collects 
MS2 data while scanning in Q1 over 
a certain m/z range; the advantage of 
this acquisition mode is that fragment 
ions can be assigned to the precursor 

because of the timewise link of MS1 
and MS2, or in other words the Q1 
position at which certain MS2 fragment 
ions are recorded, is known. However, 
this acquisition is not very popular yet.

These data acquisition modes by DIA 
come with significant advantages, but 
also some disadvantages. Since there 
is no dependence on information by 
the survey scan, MS2 data offer better 
reproducibility, which is beneficial 
for identification reproducibility. MS2 
data are available for all precursors 
and hence analyte coverage is 
usually better. The downside with 
regard to identification is the loss 
of the link between precursor and 
fragment ions (as mentioned above) 
and poorer quality of MS2 spectra 
due to co-fragmentation (which 
could be overcome by scanning 
SWATH). Coeluting analytes which 
are co-isolated in the same precursor 
isolation window for fragmentation are 
co-fragmented in the collision cell and 
hence composite spectra are resulting. 
As a result of wider precursor isolation 
windows than in DDA, fragment ions 
in DIA feature also isotopologue 
peaks (unlike to DDA) which may 
be helpful for identification. The real 
advancement of DIA, in turn, is related 
to its better quantification performance. 
EICs can be generated on MS1 for 
precursors and on MS2 level for both 
precursors and all fragment ions. It 
allows post-acquisition selection of the 
most suitable EIC for quantification, 
either most selective or most sensitive 
ion, and at the same time intra-assay 
validation, that is, confirmation of 
results by control via other EICs. In 
other words, it means that in addition to 
the quantifier ion, a number of qualifier 
ions are also available for compounds 
with reasonable fragmentation. From 
this viewpoint, reliability of DIA 
assays may be better than for DDA 

-

(b) m/z values of selected ions are obtained from LipidBlast database

Analysis of EtherPEs series with 36 carbons

(d) Create peak spotting plot

(c) EICs of selected ions (m/z ± 0.01) are 
obtained from TOF-MS and SWATH (MS/MS)

Lipid class
ESI (+) ESI (-)

Precursor ion Precursor ionFragment ion Fragment ion

EtherPE

EtherPE
[M+H]+

Time (min)

PE O-36:0
PE O-36:1
PE O-36:2
PE O-36:3
PE O-36:4

PE O-36:5 724.53 583.51 722.51
726.54 585.52 724.53
728.56 587.54 726.54
730.58 589.56 728.56
732.59 591.57 730.58
734.61 593.59 732.59

(a) A specific set of precursor and fragment ions are selected for each lipid class

PE O-36:6 722.51 581.49 720.50
PE O-36:7 720.50 579.48 718.48
PE O-36:8
PE O-36:9 716.47 575.45 714.45

718.48 577.46 716.47

PE O-36:10 714.45 573.43 712.43
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TOF-MS (+)
[M+H-C2H8NO4P]+
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FIGURE 6: Targeted feature extraction on MS1 and MS2 level for generation of 
ion traces for quantitative analysis exemplified by the lipid class of etherPEs. (a) 
A specific set of fragments (iMLFs, intermediate molecular lipid species-selective 
fragments) for each lipid class is selected (note, fragments giving information about 
fatty acyl side chains are also used for structural annotation but not used here for 
quantitation); (b) m/z values from selected ions can be obtained from LipidBlast 
database; (c) EICs of selected ions are generated and compared between 
corresponding TOF-MS ESI (-) (top), TOF-MS ESI (+) (middle), and SWATH–MS/
MS ESI (+) (bottom) experiments to determine which ion trace is most suitable 
for quantification; (d) peak spotting maps for precursor ions of lipids identified, 
from the same lipid class, are constructed to check for possible misidentifications. 
Adapted with permission from reference 23.
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ones in which quantification can be 
performed solely on the precursor ion 
at MS1 level. The flexibility of SWATH 
designs has already been pointed 
out above; it should be added here 
that certain MS parameters can be 
individually adjusted for each SWATH 
window. For example, if a certain 
target ion is of particular interest or 
needs more sensitivity, the window 
width can be narrowed to gain assay 
specificity and accumulation time can 
be elevated and/or CE optimized to 
enhance sensitivity of this target. A 
point of particular interest in clinical 
research is that SWATH allows 
uncompromised retrospective data 
processing (because all MS2 data are 
also available) which is particularly 
useful for data repositories in the 
context of personalized medicine. Its 

utility in lipidomics to find diagnostic, 
prognostic, and monitoring biomarkers, 
to allow for validation of hypotheses 
and derive new ones is of great 
interest in clinical research.

Performance Characteristics 
of SWATH–MS in Lipidomics
The fact that MS1 and MS2 data are 
available comprehensively over the 
entire chromatogram allows optimal 
simultaneous qualitative as well as 
quantitative analysis and makes 
LC–MS by SWATH an ideal choice for 
untargeted lipidomics. Some of the 
performance characteristics should 
be illustrated here by examples. 

For untargeted lipidomics, we 
typically use a lipid species-selective 
RPLC based on sub-2-µm fully porous 
particles as primary LC method 

(5,6,22–24). It has the benefit that it 
provides selectivity for many isomeric 
lipid species. Nevertheless, due 
to sample complexity selective ion 
traces are needed for interference free 
quantitative analysis. This is exemplified 
in Figure 2 based on the RPLC–MS/
MS analysis of (oxidized) fatty acids 
with SWATH acquisition of a lipid 
extract from a human platelet sample 
(24). A variable window approach 
was used with narrow 5 u windows 
for three targets, amongst others, for 
12-keto-heptadeca-5Z,8E,10E-trienoic 
acid (KHT) released upon platelet 
activation, while other SWATH windows 
were wider. In Figure 2(a), the MS/MS 
spectrum of KHT is shown. For each 
of the fragments, the EICs can also 
be extracted yielding a peak group 
(Figure 2[b]) for each lipid, and either 
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one can be selected for quantitative 
analysis. In a real sample, background 
noise and interferences may be present 
which limit assay specificity and reduce 
detection sensitivity. Figure 2(c) shows 
the EIC of the KHT precursor ion 
with m/z 277.1809 from the TOF-MS 
experiment. There is good signal 
intensity, but the noise level is high as 
well resulting in a poor S/N ratio. The 
S/N ratio gets significantly enhanced 
when the EIC of the precursor is 
extracted from the respective SWATH–
MS/MS experiment (Figure 2[d]). A 
quantum leap in assay specificity and 
further improvement of the S/N ratio 
can be observed for the EIC generated 
by extraction of the characteristic 
fragment ion of KHT with m/z 233.191 
from the SWATH window (Figure 2[e]).

Lipids are rich in isomers which 
cannot be distinguished on MS1 level. 
On the contrary, selective EICs from 
MS2 can often provide adequate 
assay specificity. This is illustrated by 
chromatograms of 12-HETE in a lipid 
extract from human platelets (Figure 
3) (24). Various positional isomers of 
HETE can be formed by oxidation 
of arachidonic acid. Hence, EICs of 
the precursor ion of 12-HETE both in 
TOF-MS (MS1; Figure 3[a]) as well as 
SWATH–MS/MS (MS2; Figure 3[b]) do 
not provide adequate assay specificity. 
In sharp contrast, the EIC of the 
characteristic fragment ion of 12-HETE 
allows interference-free quantitative 
analysis of this important biomarker of 
platelet activation from the SWATH–MS/
MS experiment (Figure 3[c]). A similar 
problem exists for glycerophospholipid 
isomers. DDA cannot individually 
quantify phospholipid isomers of the 
same sum composition but distinct 
fatty acyl side chains if they are not 
fully resolved chromatographically. 
Chromatographic run times must be 
kept short in order to satisfy high 

throughput requirements of clinical 
studies. Unfortunately, high-sample 
throughput comes at the expense 
of chromatographic resolution of 
such isomers. For instance, the peak 
for PC(36:2) in Figure 4(a) shows a 
shoulder in the MS1 EIC which is due 
to the presence of two distinct isomers 
(PC18:1/18:1 and PC 18:0-18:2). On 
MS1 level (relative) quantification, as 
with DDA, cannot distinguish between 
these isomeric molecular lipid species 
and quantification remains limited to 
the sum composition (Figure 4[a]). 
This, however, may be biologically 
misleading if, for example, two 
isomeric lipids behave oppositely in 
terms of up and down regulation in two 
sample groups and the two isomeric 
lipids are analyzed by DDA on MS1 
level. SWATH can offer MS2 level 
quantification of such isomeric lipids, 
as shown in Figure 4(b), and offers 
to derive the real biological trends. 
However, in this context it has to be 
pointed out that the most abundant 
fragments of lipids are often less 
specific, that is they are rather lipid 
class- than lipid species-specific (for 
example, product ion m/z 184.07 of 
PCs in ESI+ mode) (23). Unfortunately, 
often the more characteristic 
fragments are of low abundance, thus 
associated with lower sensitivity if they 
are used for quantitation. The lower 
signal abundance of the fragment ion 
is partly compensated by lower noise 
level leading to larger response factors 
(22). In general, the most suitable ion 
for quantitative assays need to be 
decided on case-by-case basis (22).

SWATH–MS is perfect for 
combining targeted and untargeted 
profiling in one analytical run which 
maximizes the information content 
collected from samples with limited 
accessibility, such as from animal 
models. For example, non-targeted 

dihydrotestosterone (DHT), a bioactive 
metabolite of T formed by the enzyme 
5α-reductase, could be monitored 
in the plasma samples by an assay 
which was targeting estradiol and 
testosterone (17). Since this analyte 
was not targeted in advance and 
the MS parameters not specifically 
optimized for this compound, it was 
beneficial that a suitable signal with 
sufficient selectivity and sensitivity 
could be selected post-acquisition for 
EIC generation and data processing.

In several applications it could be 
shown that MS2-level quantification 
is more sensitive than MS1 level 
(24–26). For free fatty acids, which 
do not readily fragment, MS2 level 
quantification can benefit from a 
lower background noise even when 
the precursor ion was selected in 
the respective SWATH window to 
generate the EIC. For example, a 
lower limit of quantification (LOQ; at 
S/N=10) and lower limit of detection 
(LOD; at S/N=3) of 0.75 ng/L and 
0.23 ng/L, respectively, was reported 
for FA(16:4) n-3 in Wakame (algae) 
extract for MS2 level quantification 
based on the precursor ion. On the 
contrary, at a concentration of 1 ng/
mL FA(16:4)n-3-d5, used for this 
sensitivity comparison, could not be 
detected in the TOF-MS scan (25).

SWATH can also be used to extend 
the linear range in quantitative 
analysis. For example, it is possible 
to establish two distinct calibration 
functions based on two different 
EICs, one for the low concentration 
range with a highly abundant ion 
and sensitive EIC, respectively, and 
another one for the high concentration 
range based on another EIC with less 
abundant ion. This is not possible in 
DDA assays in which only a single 
MS1 level EIC for each lipid can 
be used for quantitative analysis.

14 LCGC Europe  January 2021

LÄMMERHOFER ET AL.



Workflows with SWATH 
MS-Acquisition
A full lipidomics workflow consists of 
several steps, each of which has to be 
carefully optimized and standardized 
(Figure 5[a]). It starts with study design 
and sampling that depend on the 
biological question to be addressed, 
usually a solvent extraction procedure 
of lipids from the sample material 
follows (27,28) (sometimes combined 
with a solid-phase extraction [SPE] 
step for enrichment of low abundant 
lipids and removal of interfering 
species). The type of liquid extraction 
depends on the sample. Usually we 
prefer to use a monophasic solvent 
extraction (incorporating protein 
precipitation) with 2-propanol (29). It 
works well for plasma (22,30) and 
also cells (29), for the latter treatment 
by sonication may be necessary 
to break the cells. Recoveries are 
improved for polar lipids while they 
are still quite acceptable for apolar 
lipids (such as triacylglyceride and 
cholesteryl esters which are usually 
highly abundant). This extraction 
solvent is also more compatible with 
typical plastic vials commonly used for 
collecting clinical samples. If samples 
have a high salt content or for other 
(selectivity) reasons (for example, large 
volume aqueous sample), a biphasic 
liquid–liquid extraction using methyl 
tert-butylether (MTBE)/methanol (upper 
layer is organic phase) may be the 
protocol of first choice (28). An internal 
standard (IS) mixture containing one 
stable isotope-labelled IS for each 
lipid class of interest is added before 
lipid extraction to compensate for 
losses during sample preparation 
and injection. For data acquisition we 
employ in our workflow preferentially 
lipid-species separation by RPLC 
and SWATH acquisition as mentioned 
above. As emphasized, for lipids 

many isomers often exist and RPLC 
provides adequate selectivity. On 
the other hand, because only one 
stable-isotope labelled IS per lipid 
class is added, matrix effects are 
not optimally corrected for each lipid 
species which do not co-elute with 
their IS. Direct infusion HR–MS and 
lipid-class separation LC–MS or SFC–
MS may have some advantage in this 
regard as a result of co-ionization and 
co-elution of lipid-class specific ISs.

An important part of the entire 
lipidomics workflow is data processing. 
Collectively acquired data through 
all samples must be transformed into 
useful information. Limited dedicated 
software packages for SWATH 
lipidomics data are available currently 
and they are discussed in reference 8. 
Many widely used software packages 
for lipids and untargeted lipidomics, 
respectively, do not specifically support 
SWATH data processing. We generally 
employ two distinct strategies: One is 
based on the open-source software 
MS–DIAL (6) (Figure 5[b]), the other 
one on targeted feature extraction 
of well known lipids or lipids listed in 
databases along with vendor software 
(Figure 6). MS–DIAL is a software that 
can process DIA data. Data processing 
involves the steps of peak finding, 
deisotoping, adduct assignment, 
background subtraction, feature 
alignment, and normalization with 
user-defined settings (Figures 5[b] and 
5[c]). It also offers solutions to some 
problematic issues of DIA, with regard 
to the presence of contaminating ions 
in the MS2 spectra of coeluted lipids 
which are co-isolated in the same 
SWATH window for fragmentation due 
to similar m/z and wider precursor 
isolation window. As discussed 
above, the link between precursor and 
fragment ions is lost in DIA acquisition 
modes such as AIF and SWATH. 

Both problems can be resolved by a 
mathematical spectral deconvolution 
process. Briefly, from the multiplexed 
MS2 spectra with the contaminating 
fragment ions MS2 chromatograms 
are generated (Figure 5[d]). Peak 
profiles that are overlapping with the 
precursor ion signal are assigned 
to a peak group and subsequently 
deconvoluted MS2 spectra can be 
reconstructed from each peak group. 
The deconvoluted MS2 spectra can 
be matched against database spectra, 
such as LipidBlast (an in silico spectral 
library) (31) (Figure 5[e]). The structural 
annotation (identification) is supported 
by a scoring system based on 
retention time similarity (with calculated 
tR-values from a prediction tool), MS1 
(mass accuracy) similarity, isotope 
similarity, MS2 similarity (calculated 
as dot product, reversed dot product 
and fragment presence) (6). The 
process is fully automated and allows 
large scale lipid annotation. A certain 
number of failed deconvolutions and 
misannotations will unfortunately occur, 
in particular of low abundant lipids, and 
hence manual curation is still required.

The second approach is targeted 
feature extraction (Figure 6). Lipids 
are well known, can be found in 
databases (for example, LipidMaps) 
or constructed from building blocks in 
a combinatorial chemistry approach 
(head groups plus fatty acyl side 
chains) using bioinformatics. It allows, 
by simple calculations, the creation 
of a peak list which can be used to 
extract features from the untargeted 
data file from vendor software. In 
the case of SWATH data, this can 
be done on MS1 and MS2 level. A 
specific set of precursor and fragment 
ions (preferentially intermediate 
molecular lipid species-selective 
fragments [iMLF]) for each lipid class 
are selected (Figure 6[a]) and m/z 
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values can be calculated or extracted 
from the LipidBlast database. With 
the list of m/z values (Figure 6[b]) 
EICs can be extracted from TOF-MS 
and SWATH–MS/MS experiments 
in positive and negative ion mode 
(Figure 6[c]). The signals without 
interferences are then selected for 
quantitative analysis. For quantitative 
analysis with MS/MS data we choose 
fragments which are iMLFs since it 
is also possible to use them for peak 
spotting plots and get regular patterns 
according to their chromatographic 
elution. This cannot be done with 
smaller fragments containing only one 
FA chain. However, for the identification 
also fragments giving information 
about fatty acyl side chains are used 
for confirming structural annotation 
(see Supplemetary Information of 
reference 23). Furthermore, correct 
structural annotation is finally confirmed 
by creating peak spotting plots as 
shown in Figure 6[d]. They allow the 
location of misannotations quickly 
by irregular patterns of the retention 
time in the homologous lipid series.

In general, the workflow with 
automated lipid identification by 
database search using MS–DIAL 
provides higher identification numbers, 
however, also a larger number of 
misannotations. Manual curation 
is certainly required at present. 
By contrast, the data processing 
approach with targeted feature 
extraction based on sets of specific 
precursor and fragment ions gives 
more robust data but less identified 
lipids and is more time consuming.

Applications
A specific SWATH design covering 
the m/z range up to 1000 in MS full 
scan and m/z 30–500 with SWATH–
MS/MS (19 SWATH windows with 
m/z width of 25 u) was employed 

for free fatty acid profiling in marine 
(Wakame) algae extract (25). Data 
processing with MS–DIAL resulted 
in 23 positively annotated fatty 
acids in negative ESI mode. Since 
fatty acids do not fragment, their 
identification was mainly based 
on MS1 similarity (that is, mass 
accuracy), isotope similarity and 
retention pattern on the peak spotting 
plot. Fatty acids found in the Wakame 
extract comprised typical marine 
polyunsaturated fatty acids (PUFAs) 
like ω-3 fatty acids docosahexaenoic 
acid (DHA), eicosapentaenoic acid 
(EPA), FA(18:3) n-3 and FA(16:4) n-3. 
However, FAs with uneven chain, 
such as FA(17:0) and FA(19:0), 
were also detected. For fatty acids 
with a carbon chain length of 16 
and 18 the full series of degree 
of unsaturation from 0 to 4 was 
observed and for C20 the full 
series from 0 to 6 double bonds.

The lipidome of keratinocytes was 
characterized and 611 lipid species 
from 21 different lipid classes could 
be identified (23). It was most 
remarkable to find cholesterylesters 
(CEs) with fatty acyl chains from 16 
to 36 carbons and up to 7 double 
bonds; usually CEs have acyl 
chains no longer than C20. They 
may represent a pool of building 
blocks for biosynthesis of long-
chain ceramides which have been 
described as characteristic epidermal 
lipids playing an important role in the 
skin barrier. In a pharmacolipidomics 
approach, the effect of treatment 
of keratinocytes with betulin, a 
pentacyclic triterpene with mid-
dermal wound healing properties, 
showed significant changes in 440 
lipid species, amongst others a 
downregulation of cholesteryl esters 
and triacylglycerides and up-
regulation of glycerophospholipids, 

sphingolipids, and diacylglycerides. 
The alteration in CEs could 
reflect the transesterification or 
consumption of ultra-long chain 
FA pool for sake of remodelling of 
lipids involved in skin barrier. 

Comprehensive lipid profiling 
by core–shell C8-RP UHPLC-ESI-
QTOF-MS/MS using SWATH DIA was 
performed for the study of platelet 
lipidomes in coronary artery disease 
(CAD) (ST-elevated myocardial 
infarction, stable angina pectoris, and 
healthy controls) (18). In this work, 
a variable SWATH window design 
with narrower isolation width in m/z 
ranges in which many lipids can be 
found, was combined with a targeted 
approach through programming 
narrow 5 u Q1 precursor isolation 
windows for a few oxidized 
phospholipids which were of prime 
interest. It provided the guarantee 
of assay specificity and lower LODs 
by increasing accumulation times 
for these targets. In total 611 lipids 
were identified (31% of all features) 
based on precursor mass accuracy, 
the match of isotope pattern and MS/
MS spectra; only 34 features (2%) 
showed an MS precursor match but 
without MS/MS data for which reason 
these 2% were considered as not 
identified. Significant differences in 
the platelet lipidome of CAD patients 
compared to matched healthy 
donors were observed. For instance, 
lysophosphatidylinositol LPI(18:1) was 
significantly increased in the disease 
groups compared to the control group.

A combined targeted/untargeted 
SWATH design was also employed 
in a platelet lipidomics study 
of the supernatants of resting 
(non-activated) and thrombin-
activated platelets (24). Primary 
platelet lipid mediators such as 
thromboxane B2 (TXB2), 12S-hydroxy-
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5Z,8E,10E-heptadecatrienoic acid 
(HHT) and its oxidation product 
12-keto-5Z,8E,10E-heptadecatrienoic 
acid (KHT) were programmed 
with narrow SWATH windows and 
untargeted profiling was also 
carried out by additional SWATH 
windows covering in particular the 
m/z range of (oxidized) fatty acids. 
The targeted analytes KHT, HHT, 
and TXB2 were found at highly 
elevated levels in the activated 
platelet releasates, including many 
PUFAs which were covered by the 
untargeted profiling. The results 
provided a more comprehensive 
picture of thromboinflammation 
than focusing interpretation solely 
on the primary platelet activation 
biomarker thromboxane.

A particular challenge in lipidomics 
is accurate quantitation of a large 
number of lipids based on a limited 
number of calibrants. Usually, a 
single stable isotope-labelled 
internal standard or odd-chain 
internal standard for each lipid class 
is used for one-point calibration. 
The approach assumes that i) the 
calibration function is intersecting the 
origin, ii) the analyte concentration 
is within the linear range, iii) no 
weighted regression is required, and 
iv) the response factor is the same 
for all lipids of the class regardless 
of fatty acyl side chain and double 
bond number. This is usually not 
the case and hence the results of 
such a one-point calibration are of 
limited accuracy. SWATH provides 
quantifiable data on the MS and 
MS/MS level, which can lead to 
increased assay specificity and better 
quantitative performance. Its potential 
for large scale lipidome quantification 
using a surrogate calibration with lipid 
class-specific stable isotope labelled 
standards (due to lack of blank 

matrix) was demonstrated in the 
context of a mouse plasma lipidomics 
study (22). LLOQs in the range of 10–
50 ng/mL for lysophosphatidylcholine 
(LPC), lysophosphatidylethanolamine 
(LPE), phosphatidylinositol 
(PI), phosphatidylserine 
(PS), phosphatidylglycerol 
(PG), sphingomyelin (SM), 
phosphatidylcholine (PC), 
phosphatidylethanolamine (PE), 
diacylglycerol (DAG), 100–700 ng/
mL for monoacylglycerol (MAG), 
triacylglycerol (TAG), and 1–20 µg/mL 
for cholesterol and cholesterylester 
(CE) were obtained. To increase the 
accuracy for target lipids, response 
factors to corresponding surrogate 
calibrants were determined using a 
standard reference material (NIST 
SRM 1950), for which interlaboratory 
consensus values of numerous lipid 
species are published (32). In brief, 
by spiking and serial dilution of the 
certified reference material (CRM), 
linear calibration slopes of target 
lipid species and surrogate calibrants 
were constructed. Matrix-matched 
response factors could then be 
derived by division of slopes (target 
lipid species/corresponding surrogate 
calibrant). They were then applied 
for post-acquisition re-calibration, 
involving response factors, to yield 
improved accuracy in comparison 
to single-point calibration. While for 
low abundant lipids sensitivity is an 
issue, for highly abundant lipids the 
linear range is a critical parameter. 
Upper limits of quantitation (ULOQs) 
are typically in the range of 2–200 
µg/L depending on the lipid class and 
ion type used for quantitation (22). 
Through the use of a less abundant 
fragment ion, in particular cases the 
linear range may be extended by use 
of two distinct ions for quantitation. 
The method was employed to obtain 

quantitative lipid results of plasma 
samples from mice fed with high-fat 
diet versus control diet; significantly 
altered lipid levels were found, for 
example, for some PIs and PEs.

The LC–MS method with SWATH 
acquisition was also utilized 
for lipidomic profiling of non-
mineralized dental plaque and in 
vitro biofilms (33). Dental plaque 
is a structurally organized biofilm 
and its (lipid) composition may 
be altered with the settlement of 
pathogenic microorganisms. Low 
identification rates of detected 
features, indicating possibly presence 
of uncommon lipids in the samples 
which are not present in the mass 
spectral databases utilized for 
identification, and the presence 
of specific uncommon lipids with 
odd-chain fatty acid side chains are 
some of the findings of this study.

Conclusion
Overall, the potential and peculiarities 
of SWATH–MS hyphenated with 
UHPLC for the profiling of lipidomes 
of various biological samples is 
documented in the literature by ample 
examples. SWATH is an advanced 
acquisition mode, particularly 
for lipidomics, where numerous 
isomeric structures which cannot 
be distinguished on the MS1 level, 
regardless of mass resolving power 
of the instrument, can be identified.
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Part 1: Advances in Field-
Flow Fractionation: Supporting 
Development of Novel NanomedicinesA Q&A

Christoph Johann
Global Product Manager

Wyatt Technology

LCGC: You are the product manager for 
FFF— why is Wyatt investing in FFF?

Christoph: Wyatt’s MALS detectors are 
widely utilized in conjunction with size-
exclusion chromatography (SEC) to analyze 
the molar mass, size, and conformation 
of macromolecules. However, SEC has a 
limited upper size range, and it prevents 
using SEC-MALS to characterize larger 
species such as very high-molecular-
weight polymers, liposomes, viruses, large 
protein aggregates, and similarly sized 
analytes. 

On the other hand, FFF is a separation 
technique that covers a range of 1 to 
1000 nanometers, and it can be coupled 
to Wyatt’s online instruments. FFF-
MALS determines with high-resolution 
the absolute and fully quantitative size 
distribution for various nanoparticles and 
macromolecules, which is not possible 
with SEC. Yet, it’s not subject to the 
limitations of small particle numbers that 
affect other methods such as nanoparticle  
tracking techniques. 

So, FFF greatly expands the range of 
applications for our light-scattering 
detectors, and we see some really 
important markets opening up for  
these products.

LCGC: Can you clarify what FFF means 
for Wyatt? There seems to be several 
methods and techniques that go by 
this name.

Christoph: There is a family of FFF 
methods, but we found flow FFF to be 
the most useful, with the widest range of 
applications. Among FFF techniques, flow 
FFF has the unique capability of separating 
particles purely according to size, rather 
than by a combination of properties. And 
it does so in the size range that works 
best with MALS—from a nanometer to 
a micrometer. It is gentle, meaning it has 
lower shear, which makes it ideal for fragile 
biological samples and synthetic vesicles 
such as liposomes.

For this reason, Wyatt concentrates on 
Flow FFF and has developed different 
variations, including asymmetrical-flow 

FFF with tip injection, center-downstream injection, frit-
inlet injection, and hollow-fiber flow-FFF. These variations 
meet different challenges such as very limited sample 
quantities, aggregation-prone analytes, and semi-
preparative separations. 

LCGC: How long has Wyatt been involved in FFF and 
FFF-MALS instruments?

Christoph: Wyatt Technology’s work with FFF goes back 
quite a long time. In the late 1980s, Wyatt worked with 
Professor Giddings and Professor Wahlund, the inventors 
of FFF, and coupled it with MALS detectors. Our Eclipse 
FFF product has been on the market for 20 years. During 
this time, it has been instrumental in biopharmaceutical 
development and the commercialization of monoclonal 
antibodies, viruses and virus-like particles, as well as the 
other applications mentioned earlier.

LCGC: What is special about Wyatt’s FFF product  
the Eclipse?

Christoph: Asymmetric-flow FFF (AF4) produces up 
to four different flow streams going in and out of the 
separation channel. The relative flow rates control 
separation properties such as retention time, size range, 

and resolution. The fundamental innovation of the Eclipse 
relative to earlier implementations of flow FFF was the use 
of only one pump to generate the different flows; they 
were then measured and controlled, in real time, by high-
quality flow controllers. This eliminated the unnecessary 
complication of the original method that required multiple 
pumps. When you combine multiple pumps, their pressure 
fluctuations compound, whereas with a single high-quality 
pump, pressure fluctuations are negligible. The system is 
also more compact and robust with a single external HPLC 
pump; all the flow meters and controllers are contained 
within the Eclipse device.

LCGC: Although FFF has been around for more than 
50 years, it’s still not a mainstream method. What are 
your expectations for the future development of FFF?

Christoph: Flow FFF is used in pharmaceutical, 
environmental, food, and polymer applications, but it 
has been perceived as a complex method and adoption 
has not been comparable to GPC. I believe it’s ready to 
break into a wider market as a result of two key factors: 
the advent of nanoparticle drug and gene delivery 
technologies that require the capabilities of FFF coupled 
to MALS and dynamic light scattering (DLS) to bring 
the promise of these medical advances to patients; 
and upcoming instrument and software improvements 
that will eliminate the issues of complexity and user 
intimidation, so the method can be transferred easily from 
R&D scientists to quality-control labs.

Field-flow fractionation offers a solution for the characterization of sub-micron 
particles and macromolecules. To discuss flow FFF, multi-angle light scattering 
(MALS), and more, LCGC sat down with Christoph Johann, global product 

manager at Wyatt Technology. In Part 1 of this three-part thought-leader series, 
Johann talks about Wyatt’s history with FFF products and methods, what the 
technology means for the company, and his expectations for FFF. In Parts 2 and 3 of 
this series, he discusses the benefits of coupling light scattering online, FFF’s role in 
the pharmaceutical industry, its acceptance by regulatory agencies, the company’s 
new model Eclipse NEON, and more. 

“
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Among FFF techniques, flow 

FFF has the unique capability 

of separating particles purely 

according to size, rather than by 

a combination of properties, and 

it does so in the size range that 

works best with MALS—from a 

nanometer to a micrometer.

 
Wyatt Technology is the recognized leader in light-scattering instrumentation for characterizing macromolecules 

and nanoparticles in solution. Wyatt’s products determine absolute molar mass, size, charge, interaction properties, 

conformation, and conjugation. The company offers a complete suite of multi-angle light scattering (MALS) instruments, 

field-flow fractionation (FFF) systems, dynamic light scattering (DLS), and zeta potential instruments and detectors to 

measure refractive index and intrinsic viscosity.
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LC Troubleshooting  
Odds and Ends from 2020
Dwight R. Stoll, LC Troubleshooting Editor

Sometimes our approach to troubleshooting specific problems has to change in response to changes in high 
performance liquid chromatography (HPLC) technology over time. In this instalment, we discuss changes in 
technologies for mobile-phase degassing, silica-based stationary phases, and models for reversed-phase selectivity.

For most instalments of “LC 
Troubleshooting” over the past 
couple of years, I have focused each 
instalment on a single topic or a 
group of closely related topics. I’ll 
continue with this approach in 2021, 
but for this particular instalment I’ve 
decided to take a different approach 
and discuss a handful of apparently 
unrelated but nevertheless useful 
topics related to LC troubleshooting. 
These include a theme observed 
in online high performance liquid 
chromatography (HPLC) discussion 
boards and my interactions with 
users in 2020, a refresh on the very 
old but very important topic of the 
chemical stability of reversed-phase 
columns, and a technical update on 
the hydrophobic subtraction model 
(HSM) of reversed-phase selectivity.

One “LC Troubleshooting” 
Theme from 2020: Degassers
Degassing technology for HPLC has 
changed tremendously over the past 
three decades. My current students 
are amused to learn that in the “old 
days” we actually did things like strap 
a tank of helium to the bench and 
bubble helium into the mobile phase 
to remove other dissolved gases 

from the liquid (this is referred to as 
helium sparging) prior to pumping 
it into an HPLC column. Degassing 
units are integral parts of most modern 
HPLC pumps, and are so reliable 
that I doubt most users give them 
much thought. And yet, looking at 
online discussion boards in 2020, it 
is clear that users are going to be 
dealing with problems due to older 
and aging degassers for a long time. 

I’d like to highlight three things here, 
but first we need to understand how 
these older degassers work. A major 
step forward in degassing technology 
for HPLC was the development of 

“inline” or flow-through degassers. The 
basic idea is that the mobile phase is 
drawn from a bottle through a piece 
of polymeric tubing situated inside of 
a vacuum chamber. If the polymer is 
chosen such that it is semipermeable 
to gases, but not liquids, then as 
the liquid moves though this tubing, 
dissolved gases in the liquid are 
drawn through the wall of the tubing 
into the vacuum chamber before 
being exhausted to the atmosphere 
by the vacuum pump. Based on 
known permeability of the polymer for 
different gases, one can calculate the 
length of tubing needed to remove 

enough of the dissolved gas from 
the liquid before it exits the vacuum 
chamber to support reliable operating 
of the pumping system (generally 
speaking, HPLC pumps really do not 
like bubbles). Now, onto my points.

The first point I’d like to make is that 
although modern inline degassers 
are based on the same principle 
described above, the amount of 
tubing inside the degassing unit can 
vary dramatically between older and 
newer units. This is a place where 
a lot of people get tripped up. The 
amount of tubing inside the degasser 
becomes relevant as soon as you want 
to change the solvent running through 
a particular channel of the degasser 
and pump, or you want to know that 
you have completely replaced the 
liquid inside the degasser channel 
with “fresh” solvent. In older inline 
degassing units the volume of tubing 
inside the degasser per channel is 
approximately 15 mL. This means that 
when changing solvents, one should 
draw a minimum of two times that 
volume of the new solvent through the 
degasser before actually using that 
channel for chromatography, and more 
like three or four times that volume 
if a small amount of the prior solvent 
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could have a significant impact on 
subsequent analyses (for example, 
changing from triethylamine buffer and 
UV detection to formic acid solution 
and MS detection). This can be done 
either by gently pulling solvent through 
using a syringe connected to the 
outlet of the degasser, or by simply 
running the pump at a high flow rate 
(typically about 5 mL/min) for several 
minutes with the purge valve open.

Secondly, one of the weaknesses 
of older inline degassers is the tubing 
that connects the vacuum pump itself 
to the vacuum chamber associated 
with each of the solvent channels. 
This polymeric tubing ages over time, 
especially when exposed to vapours 
of solvents drawn out of the mobile 
phase into the vacuum chamber and 
vacuum pump. If the tubing cracks or 
breaks, there is no way the vacuum 
can be maintained, and the degasser 
will not work. The bad news is that 
this is likely to happen at some point 
in the life of these degassers, but 
the good news is that replacing this 
tubing can be a relatively simple 
fix that may keep the degasser 
chugging along for more years.

Third, a reasonable question 
is—does the degassing step affect 
the composition of my mobile 
phase, especially if the solvent sits 
in the degasser for an extended 
period of time? Gross changes in 
the organic solvent:water ratio in a 
premixed mobile phase are unlikely. 
However, small changes in organic 
solvent:water ratio that could impact 
very sensitive applications, or changes 
in the concentrations of buffering 
components such as ammonia, can 
occur. In this case the best way to 
eliminate this as a possible effect 
on a separation is to purge the 
degasser following a period where 
the flow has been turned off, so that 

any mobile phase that might have 
been compromised is removed 
and replaced with “fresh solvent”.

Newer style inline degassers 
tend to have internal volumes well 
under 1 mL. This means that they 
can be purged quickly, and that the 
volume in solvent lines connecting 
the bottle to the degasser is the more 
important volume to worry about 
when changing to a new solvent.

Refresh on the Topic 
of Chemical Stability of 
Reversed-Phase Columns
Since the emergence of silica-based 
stationary phases for reversed-phase 
LC (RPLC) in the early days of HPLC, 
the chemical stability of these phases 
has been a limitation, and researchers 
across the globe have worked to 
improve their stability, and develop 
alternatives. In spite of significant 
advances in the development of 
stationary phases based on organic 
polymers and other metal oxides 
including alumina, titania, and zirconia, 
silica-based phases are still the 
dominant type of stationary phase for 
RPLC in use today by far. Stationary 
phases prepared by covalently 
bonding stationary phase ligands to 
the silica surface through siloxane 
(Si–O–Si) bonds have liabilities at both 
ends of the pH scale. On the acidic 
side, the stationary phase ligands 
themselves can be lost from the 
column as a result of acid catalyzed 
hydrolysis of the Si–O–Si bond 
between the silica particle itself and 
the ligand. On the alkaline end of the 
scale, the major liability is dissolution 
of the silica particle backbone (SiO2) 
itself. Historically, the conventional 
teaching has been that when using 
silica-based RPLC phases, one should 
stick to a pH range of 2–7. I see this 
emerge occasionally on discussion 

boards, and many bookshelves 
contain very good, but dated, books 
that carry this message. Mobile 
phases buffered below a pH of 2 will 
result in the slow loss of stationary 
phase ligands from the column, mobile 
phases buffered above pH 7 will cause 
dissolution of particles themselves, 
and both of these mechanisms can 
lead to changes in retention, selectivity, 
efficiency, and mechanical failure of 
the particle bed. Given that there are 
good chromatographic reasons to 
work in mobile phases buffered above 
pH 7 (for example, increased retention 
of aliphatic amines), understanding 
the factors affecting the stability of 
silica-based phases under these 
conditions, and development of novel 
materials to overcome this limitation 
have been pursued with great interest 
over the past few decades. Two 
frequently cited articles on the topic of 
buffer and pH effects on silica-based 
phases above pH 7 are those from 
Jack Kirkland and co-workers; indeed, 
these two papers have been cited 
a remarkable 246 times (1,2).

But things change.
On the acidic side of the pH 

scale, bulky side chains at the base 
of silanes used to derivatize silica 
particles for RPLC can be used to 
slow the rate of acid hydrolysis of the 
siloxane bond tethering the stationary 
phase ligand to the silica surface 
(3). These have become known as 

“sterically-protected” phases, and 
are quite popular because they 
enable separations in mobile phases 
buffered around pH 2 for extended 
periods of time, even at elevated 
temperatures. On the alkaline end of 
the pH spectrum, progress has been 
slower but still significant. Multiple 
approaches have been used to 
improve the stability of silica-based 
phases in mobile phases buffered 
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above pH 7, including the use of 
multidentate silianes that provide 
more than one point of attachment 
of the stationary phase ligand to the 
silica surface (3), and changes to the 
silica particle material itself, such as 
silica-organic hybrid materials (4,5). 
Here too, RPLC stationary phases 
based on these technologies have 
become quite popular because they 
extend the range of pH above 7 that 
can reasonably be used without 
significant concerns about method 
robustness. Just how far above pH 7 
one can reliably work with these 
materials depends of course on 
other parameters to some degree 
(for example, buffer concentration 
and column temperature). However, 
at a minimum these materials enable 
the use of mobile phases buffered 
around pH 10 (for example, dilute 
ammonia) for extended periods of 
time. Users should always follow the 
recommendations of manufacturers 
regarding conditions that are suitable 
for use of a particular column. Legacy 
stationary phases that are not made 
using these new approaches for 
silica-based phases still suffer the 
same limitations with respect to pH 
that they did 20 years ago. As a 
community, we can move on from the 
old advice to stay within the range of 
pH 2–7 to updated advice that says 
silica-based phases can be used well 
above pH 7 provided that we choose 
materials designed for this purpose.

Technical Update on the  
Hydrophobic Subtraction 
Model (HSM) of 
Reversed-Phase Selectivity
The hydrophobic subtraction 
model (HSM) of the selectivity of 
reversed-phase LC columns was 
developed in the early 2000s by Lloyd 
Snyder, John Dolan, and several other 

collaborators. The HSM assumes 
that selectivity in RPLC can be 
described in quantitative terms using 
five pairs of analyte-stationary phase 
descriptors that are associated with 
specific types of analyte-stationary 
phase interactions. These include: 
hydrophobic interactions (the main 
determinant of retention in RPLC), 

resistance to penetration of the 
stationary phase by bulky analytes, 
hydrogen bonding interactions (with 
analytes acting as hydrogen bond 
acceptors or donors), and electrostatic 
interactions (typically discussed as 
cationic analytes interacting with 
anionic stationary phase sites). To 
date about 750 commercially available 
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columns have been characterized 
using the HSM, and the resulting data 
are publicly available for free through 
two different websites (https://apps.
usp.org/app/USPNF/columnsDB.
html and http://www.hplccolumns.
org). The principles of the model, 
its development, and applications 
to practical problems have been 
discussed in LCGC at several points 
over the past several years (6–9). 
One of the most important practical 
applications of the model—and the 
initial driver for the development of 
the model—is using the database 
of descriptors to find columns with 
very similar selectivities (“equivalent” 
for practical purposes) that could 
be used as a replacement for a 
column currently in use, or as a 
backup column in case problems 
with a column currently in use are 
encountered in the future. Most 
recently, I wrote a perspective for this 
LC Troubleshooting column sharing 
observations about the selectivities 
of commercial columns released over 
the past two years, which have been 
characterized using the HSM (10).

The type of question I’ve been asked 
most frequently about the HSM in 
recent years is focused on the extent 
to which HSM can be used to predict 
selectivity for a given analyte on a 
given column. Although the model 
was not originally developed with 
this purpose in mind, it certainly is 
tempting to think that the massive 
database of descriptors for 750 
columns must have some use along 
these lines. A couple of years ago, 
my collaborators Sarah Rutan and 
Tony Taylor began a journey to take 
a serious look at this question, and 
try to develop a quantitative sense 
for what is and is not possible with 
the HSM in this regard. As part of this 
effort, along with collaborators Josep 

Serret and Tina Dahlseid, we carried 
out a kind of retrospective analysis 
and refinement of the HSM using all 
of the retention data collected over 
the past 18 years in the process 
of populating the HSM database 
with descriptors for commercially 
available columns. Whereas the HSM 
was initially developed in the early 
2000s using data from only type 
B C18-silica columns, only about 
one-half of the columns currently 
in the database fit this description. 
The other half of the database is 
populated by diverse chemistries 
ranging from short chain alkyl phases 
to fluorophenyl phases, for example. 
The results of this retrospective 
analysis, and refinement of the model 
to build what we refer to as HSM2, 
have been published recently in the 
Journal of Chromatography, A (11). 
The principal finding of this study is 
that by considering selectivity data 
from many types of reversed-phase LC 
phases commercialized over the past 
15 years, rather than just focusing on 
type B C18 phases to build the HSM, 
the predictive accuracy (that is, the 
ability to accurately predict selectivity 
on column using analyte descriptors 
measured using other columns, 
along with the database of column 
descriptors) of the model can be 
improved substantially. For example, 
we found that for the full data set of 
8816 retention measurements (551 
column × 16 analytes) the number of 
predictions with errors greater than 
10% when using the original HSM was 
235; when using the refined HSM2 for 
the same predictions, this number was 
reduced to just 25. To me, this result 
is very encouraging because it shows 
us that selectivity models like the 
HSM can be refined to accommodate 
diverse RPLC stationary phases. 
Moreover, further refinement of such 

models may yield predictive abilities 
that are useful in method development, 
albeit with a significant amount of 
effort to acquire the data required to 
refine and parameterize these models. 
Let’s see what the future holds!
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What Chromatograms Can 
Teach Us About Our Analytes
Nicholas H. Snow, Department of Chemistry and Biochemistry, Seton Hall University, New Jersey, USA

Gas chromatography (GC) is among the richest data-producing techniques in analytical chemistry. A 
chromatogram can provide a wealth of information about an individual analyte in a sample, about the sample 
itself, and about how well the instrument is performing. Traditional isothermal chromatograms provide useful 
information about the thermodynamics and kinetics of the analyte-stationary phase interactions and whether 
these are changing over time. They also provide measures of instrument performance through theoretical 
plate and tailing factor calculations. Many of these determinations are automatically performed by today’s 
data systems, but they trace their origins to calculations and simplifications that were done in days when 
chromatograms were printed on rolls of paper and calculations were done with slide rules. We will see how 
our data systems both assist and hinder in obtaining maximum information from chromatograms.

The fundamental data produced by a gas 
chromatography (GC) experiment is a 
plot of detector signal vs. time, called a 
chromatogram. A typical chromatogram 
comprised of a mixture of several 
common solvents is seen in Figure 1. The 
figure caption includes the experimental 
information that should be provided along 
with any chromatogram, including the 
instrument it was obtained with, carrier 
gas, the inlet and detector conditions, 
injection technique, column dimensions, 
stationary phase, and temperature 
conditions. Identities of as many of the 
peaks as possible should also be provided.

In the early days of GC, most of the 
traditional data values, such as retention 
times, peak widths, and peak areas, were 
measured from the chromatogram by hand, 
using output from a strip chart recorder. 
Think of a paper electrocardiogram (EKG) 
strip in your doctor’s office or hospital or 
the seismographs seen in movies. Strip 
chart recorders are often still used in 
applications like temperature monitoring. 
Retention times were calculated by hand 

by measuring the distance on the paper 
from the start of the chromatogram 
with a ruler (in cm) and dividing by the 
chart speed (in cm/min). Peak widths 
were determined by drawing tangent 
lines to the plot at the baseline and 
measuring the distance between them 
at the baseline. Peak areas were often 
determined by counting squares (chart 
recorders used rolls of graph paper) 
by cutting the peaks out with scissors 
and weighing them. Finally, the origins 
of the calculation of performance 
terms, like theoretical plate counts and 
tailing factors, go back to measuring 
the needed quantities by hand.

There are numerous calculations in 
chromatography that not only provide 
analytical performance data and figures 
of merit, but insight about the chemistry 
of the analyte and the separation as well. 
Our classical definition of the retention 
time, seen in equation 1, tells us that 
the total retention time is the sum of the 
adjusted retention time (t’R), the time 
spent sorbed on or in the stationary 

phase, plus the hold-up time (tM), the 
time spent moving in the mobile phase.

tR= t’R + tM                         [1]

The hold-up time is usually determined 
in a separate experiment or calculated 
from the column dimensions, gas flow 
rate, and temperature by the data system 
(1). For good chromatography, we 
often advise that t’R should be at least 
two but not more than 20 times tM.

The three most reported measures of a 
chromatographic peak, which are retention 
time, peak width, and peak area, each 
relate to a different and important aspect 
of the chemistry of the analyte. Retention 
time relates the thermodynamics of the 
intermolecular interactions between the 
analyte and the stationary phase. Peak 
width relates the kinetics of the sorption 
process at the stationary phase surface 
and the diffusion processes within the 
mobile and stationary phases. Finally, 
the peak area or height relates to the 
amount of analyte present. We will now 
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discuss retention time and peak width, 
which relate to the thermodynamics 
and kinetics of the separation.

All chromatographic techniques (and 
extraction techniques) are dependent 
on the thermodynamics of the simple 
chemical equilibrium shown in equation 2, 
in which an analyte that begins completely 
dissolved or vaporized in a mobile phase 
partitions between being absorbed on, 
or dissolved in, a stationary phase. For 
extraction, a second stationary phase is 

usually substituted for the mobile phase, 
but the same principle of phase transition at 
a boundary applies. In a previous column, 
we discussed how this theory leads to the 
concept of selectivity which governs how 
the chemistry of solute-stationary phase 
interactions generates separation power (2).

A (mobile phase) ↔ A (stationary phase) [2]
The very familiar retention factor, 

k, is calculated as the ratio of the 
adjusted retention time and the 
hold-up time, as seen in equation 3.

k = t’R
tM

                     [3]

The retention factor has a deeper 
physical meaning as it is also equal to 
the ratio of the mass of analyte sorbed 
in the stationary phase at a given instant 
to the mass of analyte vaporized in the 
mobile phase. This allows connection to 
the concentration equilibrium constant 
through the phase ratio, which is the 
ratio of the volume of the mobile phase 
in the column to the volume of the 
stationary phase, as seen in equation 4. 

Kc = kß = xmass of A in stationary phase
mass of A in mobile phase

volume of the mobile phase
volume of the stationary phase

[4]

Classical thermodynamics that we all 
learned about in college chemistry classes, 
seen in equations 5 and 6, provide a link 
to the thermodynamics of the mobile 
phase-stationary phase transition. 

ΔGo= –RTlnK                   [5]

ΔG= ΔH = TΔS                 [6]

These thermodynamic quantities, 
calculated for many analytes on 
many stationary phases, provide the 
basis for computer simulations of GC, 
various retention index calculations, 
and discussion of column polarity.

Looking back at Figure 1, we can now 
draw several conclusions and inferences 
about the analytes present, based on 
intermolecular interactions. First, the 
column is considered nonpolar, with 
predominately dispersive interactions 
between the stationary phase and 
analytes generating retention so it follows 
that nonpolar analytes, such as alkanes, 
which also primarily interact with other 
molecules through dispersive interactions, 
would be well-retained. Also note the 
pattern seen in the retention times of the 
n-alkanes. The gap between octane and 
heptane is about twice as long as the 
gap between heptane and hexane. The 
gap between each successive n-alkane 
is about twice the time for the previous 
gap. This follows from the relationships in 
equations 3–6 and knowledge that each 
n-alkane differs from the next smaller 
n-alkane by a single -CH2- group. 

This provides a linear increase in the 
free energy change with the length of the 
carbon chain of the interaction between the 
analyte and the stationary phase, which 
translates through equations 3 and 5 as 
an exponential increase in the retention 
time. In temperature programming, which 
we discussed in a previous column, a 
linear increase in the column temperature 
then results in the familiar linear spacing 
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FIGURE 2: Expanded image of the 
benzene peak (#5) from Figure 1 showing 
the measurements for calculating 
theoretical plates. Note the hand-drawn 
tangents highlighting the peak width at 
baseline (tangents) and half-height (line).
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FIGURE 1: Isothermal chromatogram of a solvent mixture injected manually on a  
GC–MS system. Injection volume: 1 mL; carrier gas: helium; inlet: split 10:1, 250 °C.; 
column 5% phenyl polydimethyl siloxane, 30 m × 0.25 mm × 0.25 µm; Isothermal run  
at 40 °C.  Transfer line: 280 °C. Detector: MSD, 70 ev, full scan 40–200 amu. Analytes  
(1 mg/mL each): 1: cyclohexane, 2: 3-methyl pentane, 3: hexane, 4: methyl cyclohexane, 
5: benzene, 6: 2-pentanone, 7: heptane, 8: pyridine, 9: octane. Solvent: pentane.
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of the homologues (3). Retention time can 
therefore be really thought of as a measure 
of the energy of intermolecular interaction 
between the analyte and the stationary 
phase. Differences in the energy generate 
differences in retention time and separation.

Looking at the more polar analytes 
in the mixture, we see that they are not 
strongly retained on this column, even at 
the relatively low temperature of 40 °C, 
which is well below all their normal 
boiling points and, in the higher than 
atmospheric pressure environment of 
the column, their boiling points would 
be further elevated. For retention times 
longer than the gas hold-up time to 
occur at all, there must be some level of 
intermolecular interaction between these 
analytes and the stationary phase.

The simple isothermal chromatogram 
shown in Figure 1 also provides several 

useful clues about the performance of 
the column and the overall instrument, 
including the common calculations of 
theoretical plates and tailing factor.

Theoretical plate calculations, using 
the common expressions shown in 
equation 7 provide a straightforward 
means for evaluating overall instrument 
and column performance.

N = 5.54 ( = 16 (tR
         2    

W1/2

tR
         2    

Wb

) ) [7]

Peak width either at baseline or 
half-height is the raw data point used in 
these calculations and this is an example of 
a kinetic measurement. It is well-known that 
as a large population of analyte molecules 
traverses a column, they will spread out 
in a generally random distribution mostly 
through diffusion in the mobile phase and a 

combination of diffusion and mass transfer 
in the stationary phase. The rate at which 
the resulting peak spreading occurs, and 
the randomness of the process generate 
the peak width and the symmetrical 
Gaussian shape that we expect.

Figure 2 shows an expansion of one 
of the analyte peaks from Figure 1 with 
annotations showing the classical manual 
methods for determining the width at 
half-height or baseline. An increase in 
peak width for all or most of the peaks 
in the chromatogram, perhaps following 
a maintenance procedure or installation 
of a new column is a strong indication of 
a problem with the installation. This is a 
kinetic phenomenon, usually indicating 
more space available for diffusion. Note 
the hand-drawn lines. These show the 
measurements that were performed 
to calculate N manually. If you look 
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closely, you will see that the tangent 
lines, used to define the peak width at 
the baseline could have been drawn at 
several angles, possibly impacting the 
final calculation. When using automated 
calculations with a data system, beware 
that the data system software encounters 
the same problems, reminding us 
that many of these calculations are 
estimates and should be reported to 
only one or two significant figures.

Peak tailing (the later time side of the 
peak is elongated) or peak fronting (the 
earlier time side of the peak is elongated) 
are two additional kinetic phenomena 
that are often observed but have very 
different origins. Current calculations of 
tailing (or fronting) factors also have their 
roots in classical calculations done by 
hand. Figure 3 shows an asymmetrical 
peak, with a horizontal line hand-drawn 
at 10% of the peak height and a vertical 
line from the peak maximum to the 
baseline. A ratio of the length of the line 
segment from the back of the peak to the 
vertical line and the segment from the 
front of the peak to the vertical line gives 
the tailing factor. A tailing factor greater 
than one indicates tailing and less than 

one indicated fronting. A tailing factor 
of one indicates a symmetrical peak.

Doing these calculations by hand, at 
least once, provides insight in how the 
data system infers the beginning and 
end of a peak, as critical variables, when 
the calculation is automated. Integration 
parameters such as threshold, peak start 
and stop indicators, smoothing, and noise 
reduction can have an impact on how and 
when peak start and stop are identified 
and therefore on the results of calculations 
based on peak width and shape.

As a kinetic phenomenon, tailing 
of a single peak tells us that there is 
additional chemistry, possibly a different 
than expected intermolecular interaction, 
affecting just that one analyte. In nonpolar 
columns, this often occurs with polar 
analytes as interaction with polar surfaces 
within the instrument cause small 
additional and low-capacity retention 
that is superimposed on main retention 
mechanism in the column, thus delaying a 
portion of the analyte molecule population 
relative to the rest and generating the 
tail. For example, the small tailing peak 
for pyridine is an indication of especially 
strong acid-base interactions between 
pyridine and the column or inlet.

Fronting, seen in the peak for octane in 
Figure 1, has two most common causes. 
As seen in Figure 1, the analyte has a much 
higher normal boiling point than the column 
temperature. In this case, a portion of the 
analyte literally condenses on the surface 
of the stationary phase and is pushed 
ahead by the carrier gas flow (picture 
water in a lake or puddle on a windy day), 
causing it to elute early. Fronting can also 
be due to column overload, in which too 
much injected sample causes the same 
effect. Finally, a strong polarity mismatch 
between the analyte and the stationary 
phase can cause even low concentration 
analytes to exhibit fronting. This is often 
seen in the analysis of pyridine on nonpolar 
columns. The pyridine is slightly retained 

by the stationary phase, but is retained by 
the few polar active sites on the capillary 
column wall. These have very low capacity 
so even a small sample will overload them.

Conclusion
A chromatogram can provide a wealth 
of information about the chemistry 
of the intermolecular interactions 
between the analytes and the stationary 
phase and it provides the first step in 
evaluating separation performance and 
performing instrument troubleshooting. 
We discussed common parameters 
that are often calculated automatically 
by today’s data systems but have their 
roots in hand-performed calculations that 
chromatographers have been practicing 
for decades. It is worthwhile to make 
printouts and perform these calculations 
at least once, to gain insight about the 
work the data system is doing, how it is 
doing it, and where it might make errors.
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FIGURE 3: Expanded image of the 
benzene peak (#5) from Figure 1 
showing calculation of tailing factor at 
10% of the peak height. Note the hand-
drawn line segments highlighting the 
necessary measurements.
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Turning Up The Heat:  
The Effect of Temperature 
on Analytical Extractions
Douglas E. Raynie, Sample Preparation Perspectives Editor

The application of temperature is frequently employed to enhance analytical extractions, especially with solid 
samples or volatile analytes. Dating back to the earliest development of modern chemical analysis, such as 
with Soxhlet extraction, using temperature to enhance analytical extractions continues today with more recently 
developed techniques. Too often, chemists rely on the rule of thumb from chemical kinetics, which states 
that reaction rates double for every 10 degree temperature change. However, extractions are not reactions. 
Temperature impacts solubility, diffusion, surface tension, and other properties of the sample, potentially 
leading to solute decomposition. This month, we explore the role of temperature in analytical extractions.

Who am I to disagree with Bill Gates? 
Like the Microsoft founder, I found 
the book Range: How Generalists 
Triumph in a Specialized World, by 
David Epstein (1) to be one of my 
recommended, thought-provoking 
reads during the COVID-19 pandemic. 
Epstein argues that, with exceptions 
like golf which require rote repetition 
(such as muscle memory), a breadth 
of knowledge and experiences 
are essential for personal and 
professional development. He claims 
that innovators and “systems thinkers” 
cultivate an “ability to connect 
disparate pieces of information 
from many different sources” (1). 
This philosophy is embraced in 
the American Chemical Society’s 
push to include systems thinking 
of addressing the United Nations 
Sustainable Development Goals 
(see, for example, a special issue of 
Journal of Chemical Education [2]).

When it comes to analytical problem 
solving, the hyperspecialization of 

our discipline into high-resolution 
mass spectrometrists, vibrational 
spectroscopists, open-tubular 
chromatography gurus, and others 
can be to our detriment because 
the analyst must understand what 
the nature is of the problem at hand, 
how might the samples of interest be 
similar to or different from previous 
samples, and what tools are available 
in the analytical arsenal to solve the 
problem. Fundamental knowledge of 
our techniques, and their limitations, 
is essential to applying them in 
the most appropriate manner.

Many of our analytical extraction 
methods manipulate temperature 
to enhance extraction yields. In 
Soxhlet extraction and its derivatives, 
accelerated solvent extraction (ASE), 
also called pressurized solvent 
extraction (PSE), microwave-assisted 
extraction (MAE), ultrasound-assisted 
extraction (USAE), and related 
methods all use increased operating 
temperatures to improve extraction 

yields and accelerate the rate of 
extraction. As a consequence of the 
increased solute solubility, solvent 
use can be dramatically decreased 
compared to room temperature 
methods. For volatile analytes, 
temperature is often elevated with 
purge and trap, static or dynamic 
headspace, or thermal desorption 
systems to drive compounds of 
interest into the gas phase for trapping 
and analysis. However, whenever 
increased temperature is applied to 
an analytical extraction, it is not as 
simple as turning up the heat, and 
more heat (higher temperatures) 
is not necessarily better. Thermal 
degradation of sample components 
is always a concern, but it is also 
important to note that while there is a 
kinetic effect to elevated temperatures, 
it is thermodynamics that drives 
the extraction in many cases. In 
subsequent sections, we provide a 
broad overview of these temperature 
effects on analytical extractions.
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Solubility and Partitioning
Generally speaking, increasing 
temperature increases the solubility of 
solid solutes in liquid solvents. However, 
the extent to which this occurs may 
vary dramatically between solutes. For 
example, we can see in Figure 1 that 
the solubility of sugar and potassium 
nitrate in water changes dramatically 
as a function of temperature. For 
sugar, the aqueous solubility of 
sugar approximately doubles with a 
temperature increase of 40 °C, and the 
effect is even greater for potassium 
nitrate. On the other hand, the water 
solubility of salt (sodium chloride) is 
essentially unchanged over a broad 
temperature range, while for cesium 
(III) sulfate (Ce2[SO4]3), there is even a 
solubility decrease as the system rises 
above room temperature. Now imagine 
the most probable scenario when our 
system of analytical interest is a mixture. 
We cannot be assured extraction 
enhancement because increased 
solubility as a function of temperature 
is not equivalent for all analytes of 
interest. Luckily, it is exceedingly 
rare where we work close to the 
solubility limits of a chemical system.

A special case of applying increased 
temperature to liquid solvents is with 
so-called subcritical or superheated 
water. At temperatures above 200 °C 
up to the critical temperature (374 °C), 
the dielectric constant of water is 
lowered until it is similar to some 
common organic solvents (note that 
increased pressure is also applied 
to keep water in its liquid state). In 
this case, the added thermal energy 
is sufficient to begin to disrupt the 
hydrogen bonding between water 
molecules, allowing the “hot water” to 
begin to solubilize nonpolar solutes, 
which may be completely insoluble 
in conventional liquid water. This is 
the basis for “hot water extraction”, 

which has shown some promise 
in the literature but has yet to be 
exploited for widespread use.

In supercritical fluid extraction (SFE), 
the situation is even more complicated. 
The solvating power of a supercritical 
fluid is directly related to the fluid 
density, which is a function of both 
temperature and pressure. Within a 
given extraction, pressure is most easily 
controlled, so temperature is held at a 
selected value and pressure is used 
to adjust density (change solubility) 
if selectivity during extraction is 
desired. At constant pressure (often the 
case during an analytical extraction), 

increasing temperature will decrease 
density, and, hence, solubility. However, 
this is not always the case, and, when 
it is, there is not a clear relationship 
between temperature, pressure, and 
solubility. For example, Figure 2 
shows the solubility of soybean oil in 
supercritical carbon dioxide. In this 
diagram, solubility of the triglycerides 
is fairly low until a certain temperature 
(60–70 °C in this case) is reached, at 
which point solubility increases to a 
great extent. We can infer that solute 
fugacity may play some role and 
numerous equations of state have 
been developed to predict density 

Temperature (°C)
S

o
lu

b
ili

ty
 (

g
 s

o
lu

te
 p

er
 1

0
0 

g
 H

2O
)

Sugar
(C12H22O11)

KNO3

NaNO3

NaBr

KBr

KCl

NaCl

Ce2(SO4)3
0

20

60

100

140

180

220

260

300

0 20 40 60 80 100

FIGURE 1: Solubility of sugar and selected inorganic salts as a function of temperature 
from 0 °C to 100 °C.
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FIGURE 2: Solubility of soybean oil in supercritical carbon dioxide over the temperature 
range of 40–80 °C and pressures up to 1300 bar. Reproduced from reference (3).
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and corresponding solubility. Adding 
an additional level of complexity, and 
not addressed in this column, is 
the common approach of adding 
small amounts (5–20%) of organic 
co-solvent (modifier) to increase 
solute solubility in supercritical fluids.

We often use equilibria to describe 
analytical extractions, though in many 
(if not most) cases we do not operate 
at equilibrium conditions. Commonly 
the octanol-water partition coefficient, 
Kow, is used to estimate relative 
solubility in extraction solvents:

Kow=
[solute]octanol

[solute]aq   [1]

as the octanol solubility may, for 
example, mimic solute partitioning 
through a nonpolar lipid cellular 
membrane. Given that solute solubility 
as a function of temperature varies 
greatly from solute to solute, can 
we predict what may happen to Kow 
values? While there are no simple 
generalizations, we can look at 
the heat of solution and apply Le 
Chatelier’s principle. That is, if the 

dissolution process is exothermic 
(releases heat), the partition coefficient 
should decrease with increasing 
temperature, while for endothermic 
systems, which absorb heat, the 
corresponding partition coefficients 
will increase. The magnitude of the 
change in partition coefficient will be 
proportional to the magnitude of the 
change in the molar heat of solution.

Volatility
Like solubility, relative volatility can 
vary to a large extent with temperature 
and is dependent on operating 
pressure and the contribution of other 
components of the sample mixture. 
This has even led some to claim that 
headspace extractions may not be 
quantitative and was the subject 
of this “Sample Prep Perspectives” 
column about two years ago (4). In 
that column, we claimed, “It makes 
sense that heating will increase the rate 
of evaporation, enhancing the mass 
transfer, and driving analytes into the 
vapour phase, thus increasing their 
concentration for subsequent collection. 
The problem lies in the fact that 

different molecules possess different 
volatilities and, thus, differing amounts 
extracted” (4). This is demonstrated in 
Figure 3 where aromatic hydrocarbons 
are sampled, using solid-phase 
microextraction (SPME), in the 
headspace above samples of olive oil. 
The results show that, as the sample is 
heated, the behaviour of different sets 
of compounds change in a less than 
straightforward manner. This resulting 
change in headspace composition 
as a function of temperature not only 
influences the extraction yield of 
an individual analytes, but it could 
also potentially be exploited to gain 
selectivity or the ability to isolate 
one compound in preference to 
others in the sample. As a result, 
we admonished that the extraction 
temperature during headspace 
analysis must be well-documented.

Thermodynamic Parameters
It is well-established that chemical 
extractions do not occur solely via 
solubility concerns, but also due to 
the system thermodynamics. Most 
importantly, especially when isolating 
analytes from solid samples, is the 
role of solute diffusion through the 
solid. Diffusion is often described 
using the Stokes-Einstein equation, 
D = kT/6πηa, where D is diffusivity, 
k is a proportionality constant, T is 
temperature, η is viscosity, and a 
is activity. At first glance, there is 
a direct proportionality between 
diffusion and temperature, which 
means higher temperatures result in 
fast diffusion. Diffusion, though, is 
also a characteristic of other solvent 
properties like viscosity and surface 
temperature. Starting with viscosity, 
we can describe the temperature 
dependence with the Andrade 
equation, µ = AeB/T, where dynamic 
viscosity is related to temperature (T) 

Temperature (°C)

N
o

rm
al

iz
ed

 a
re

a 
(%

)

100

90

80

70

60

50

40

30

20

10

0
40 60 80 100

FIGURE 3: Thirty-minute SPME extractions of aromatic hydrocarbon standards in olive oil 
as a function of temperature, specific standards include () C1-benzene, (▲) C2-benzene, 
(•) C3-benzene, (■) C4-benzene, (○) naphthalene, (_) acenapthene and acenaphthylene, 
(+) phenanthrene, anthracene, and fluorine, and (×) fluoranthene and pyrene. Reproduced 
from reference (4).
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through an exponential function and 
the constants A and B are available in 
comprehensive thermodynamic tables. 
The relationship between surface 
tension and temperature is an even 
more complex function also involving 
the solvent critical temperature, as 
surface tension decreases to zero 
at the critical temperature. Thus, 
increasing temperature will increase 
solute diffusion, speeding extractions, 
but the relationship with extraction 
rate is not necessarily linear. We 
have previously discussed that the 
effect of diffusion is independent 
of extraction type (ASE/PSE, MAE, 
USAE) at constant temperature (6).

The case of supercritical fluids 
is a bit more confounding. Solute 
diffusion in supercritical fluids is 
indirectly related to density via the 
fluid viscosity. The diffusivity in these 
fluids decreases with increasing 
pressure at constant temperature 
and increases with increasing 
temperature at constant pressure.

Kinetics or Rates of Extraction
Extractions generally follow a 
first-order rate model, similar to 
the kinetics of chemical reactions. 
However, extractions are due to a 
combination of solubility and analyte 
diffusion. Neither alone dictates speed 
of a reaction and, as we have seen, 
neither is necessarily a linear function 
of temperature. So, while adages 
like “doubling the rate with every ten 
degree temperature change” may have 
merit to estimate reaction kinetics, this 
does not hold for analytical extractions.

Sample Thermal Degradation
Any time we heat a sample, 
breakdown, usually by oxidation, 
is a concern. A good analytical 
practice is to run suitable standards 
or well-characterized samples and 

check for degradation products. Is 
the degradation concern exacerbated 
with the temperatures used in modern 
analytical extractions? This was a 
concern in the early development of 
ASE and was addressed in research 
by Ezzell (7). He looked at the ASE of 
dicumyl peroxide (DCP), a known free 
radical generator. Half-life calculations 
predicted that up to 30% decomposition 
would be expected in at 7.5 min 
extraction at 150 °C. Next, DCP was 
spiked onto sand and extracted via 
ASE with hexane, first at 100 °C, then 
at 150 °C, with a 10 min heat and 
extract time. At 100 °C, no sample 
degradation was observed, as 101% 
recovery with a 5.9% relative standard 
deviation (RSD) was obtained. With 
an extraction at 150 °C, extraction 
recovery dropped to 77%, close 
(within 75–80%) to the estimated 30% 
decomposition. In both cases, the 
solvent bottle was pressurized with 
air and was not degassed. When the 
hexane was degassed and pressurized 
with nitrogen, the extraction yield 
at 150 °C increased to 91% with a 
0.83% RSD, demonstrating that when 
proper precautions are taken, thermal 
decomposition can be avoided in 
many cases. It is assumed that these 
findings, with similar precautions, are 
transferrable to other techniques. 
For example, Ezzell also noted that 
degradation of unsaturated fatty acids 
during extraction of triglycerides from 
oilseeds with ASE at 130 °C was 
similar to that observed during Soxhlet 
extraction. However, free-radical 
generation with ultrasound extractions 
is well-known among practitioners, in 
this case because of the high sonic 
energy applied during the extraction.

Conclusions
The development of modern analytical 
extractions has progressed through 

the application of increased extraction 
temperature. In fact, aside from solute 
solubility in the chosen extracting 
solvent, applied temperature is 
perhaps the single most important 
parameter (along with particle size, 
for solid samples) driving sample 
extractability and, to a lesser extent, 
selectivity. However, to most effectively 
exploit the role of temperature in 
extraction, the analyst must have the 
suitable combination of knowledge 
and experience with their sample 
type and their extraction techniques.
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Q. The level of information 
required from practical samples 
analysis is becoming increasingly 
more demanding with a need for 
identification and quantification 
at much lower levels, and 
GC××GC methods are being more 
commonly used. What is the 
benefit of this technology?
A: GC×GC is a high‑performance 
separation technique with enhanced 
peak capacity. Hyphenation with mass 
spectrometry ideally provides individual 
molecular‑based information,(that 
is, assuming adequate resolution) 
of volatile analytes to provide high 
confidence identification of several 
hundred compounds within a single 
analysis. GC×GC–MS has been 
reported for the analysis of compounds 
in multicomponent samples, including 
petroleum, foods (1), beverages, 
pharmaceuticals and illicit drugs, 
environmental extracts, and plant 
volatiles (2). Compared with one 
dimensional (1D) GC, GC×GC also 
provides reduced chemical background 
through improved isolation of matrix. 
Improved detection limits are also 
expected, for example, as a result of 
the cryogenic trapping/refocusing 
effect (3). As a result of its capability 
to analyse complex samples, sample 
preparation steps, such as liquid‑phase 
extraction and solid‑phase extraction, 

can also be reduced or eliminated 
to avoid the problem of sample loss 
during sample preparation, which 
is important, particularly when 
the sample amount is limited. 

Q. What are the challenges 
associated with GC××GC methods? 
A: Alongside the greater capability 
to analyse trace compounds in a 
complex sample, the difficulty in 
data representation and analysis 
with GC×GC has been widely 
recognised (2). A GC×GC–MS result 
could comprise peaks of a thousand 
compounds. Analysis of the raw 
data is therefore impractical or the 
data can be uninformative without 
proper representation. A challenge 
is to develop data analysis and 
representation approaches that provide 
reliable results with details of all the 
components of a sample with GC×GC–
MS. Chemometrics plays an important 
role for this level of interpretation.

Q. Your most recent research focused 
on development of “super‑resolved 
GC××GC–MS” (4). What was the 
rationale behind this research?
A: The work was inspired by the 
question: “Can GC×GC be considered 
a super‑resolution technique?” The 
word super‑resolution typically has 
been reserved for spectroscopic 

Comprehensive Two-Dimensional 
GC and “Super-Resolution”
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imaging, where, by mathematical localisation of the emission 
centre, the data obtained can be represented as precise 
emitting centres. In a similar manner, our super‑resolved 
GC×GC–MS approach involves a mathematical method to 
combine all modulated peaks of the same compound into 
the centroid profile, for accurate interpretation of the first‑ and 
second‑dimension retention times (1tR and 2tR), analogous 
to the precise emitting centres of the super‑resolution 
spectroscopic image. We think “super‑resolved” captures 
the essence of expanded separations in a 2D space.

Q. What defines a GC××GC method as “super-resolved?
A: Super‑resolved GC×GC involves the data presentation of 
each compound as the coordinate position (1tR and 2tR as x 
and y coordinate) with the height representing the magnitude 
of the compound area (4). With a conventional 3D contour plot 
(1tR vs. 2tR versus intensity) that has been widely applied with 
GC×GC–MS, such representation critically depends on scales 
of the plot (zooming in/out issues) where trace compounds 
can disappear from a plot normalised to the dominant feature 
of major compounds. On the other hand, one could represent 
trace compounds with high noise level, whilst sacrificing 
detail of the major ones. This is analogous to solely obtaining 
the details in the focused part and losing the information in 
the blurred areas of a picture. Additionally, the contour of 
the peak from a major compound might mask that of minor 
compounds. With our approach, the data are represented 
as precise position coordinates rather than contours, which 
reduces the issues relating to a conventional contour plot.

The super‑resolved approach allows the compounds to be 
detected reliably with greater confidence. For example, we 
applied the method for the analysis of peach volatiles (4). The 
method was compared with the conventional extracted ion 
chromatogram (EIC), where lactone (γ‑dodecalactone) was 
more clearly identified with our technique. In addition, we were 
able to reliably identify the minor compound (2‑butanol), the 
peak of which was overlapped by that of acetic acid. In general, 
the method exhibited an excellent reproducibility with % RSD 
of 0.003–0.066% and 0.305‑0.551% for 1tR and 2tR respectively.

Q. Is there scope to improve the separation of 
your “super-resolved” approach further?
A: Apart from centroid data representation, the use of filtering 
scripts through extracted ion chromatogram analysis with 
GC×GC–MS offers the capability for peak deconvolution, where 
a significantly cleaner target signal can be obtained, which 
improves data presentation and compound identification. Whilst 
the present approach focused on the post‑data analysis and 

presentation, there are other means to physically improve 
separation quality. One way is to develop customised stationary 
phases for selectivity tuning, allowing target analytes to 
be selectively separated from the matrix interference. New 
materials can also be used for improved extraction selectivity 
during sample preparation, including metal organic frameworks 
(MOFs) and ionic liquids (ILs), as illustrated in the analysis 
of hydrocarbons (10), and chiral compounds (12–13).

Q. During your research, you applied GC××GC 
approaches for the analysis of food samples. What 
were the conclusions from your research?
A: The approach is feasible for both targeted and non‑targeted 
analysis. With untargeted analysis, the approach allows the 
comprehensive data representation of centroids with heights 
containing the peak area information combining all the 
modulated peak areas of a compound peak. Combined with 
the use of extracted ion analysis, the method improves the 
detection of trace compounds, unravelling the signals of the 
minor compounds hindered by that of the major compounds, 
as illustrated for peach samples. The approach is beneficial 
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not only for food analysis, it also 
has potential for other applications 
such as for environmental and 
petrochemical samples. The technique 
is particularly useful to deconvolute 
compounds in a highly complex sample, 
where coelution usually occurs.

Q.You have also investigated novel 
stationary phases for GC××GC. 
What were your main findings?
A: I investigated new separation 
mechanisms and applications of 
ionic liquids (ILs) and metal‑organic 
frameworks (MOFs) as stationary 
phases, which offer additional 
selectivity and good thermal stability. 
One major finding was the discovery 
of the unique 1‑phase‑GC×GC (5) 
approach.The work described a 
theoretical concept and method 
to achieve a degree of overall 2D 
separation quality (orthogonality) 
in GC×GC using only a single IL 
column (1‑column‑GC×GC), which 
was explained through the concept of 
thermal‑sensitive behaviour using linear 
solvation energy relationship (LSER, a 
concept used to explain the interaction 
mechanisms between stationary phases 
and analytes). Combining with the time 
summation model, 1‑phase‑GC×GC 
is a new approach for IL phase 
application, contributing to ideas 
of orthogonality in GC×GC (6). My 
research also constructed databases 
of several ILs according to the concept 
of LSER (5,7,8). As well as conventional 
polar/non‑polar interactions, several 
ILs offer hydrogen bond basicity 
interaction because of the presence of 
acid moieties in the phase molecules, 
allowing improved orthogonality in 
GC×GC. Furthermore, IL stationary 
phases were found to promote online 
isomerisation of compounds (oxime) (9). 
It was also found that MOFs provides 
a polarity‑based interaction with 

additional shape‑selective separation 
mechanisms (10,11). MOFs were also 
used for chiral separations (12,13).

Q. You won the inaugural Ervin 
sz. Kováts award for young 
scientists. How did your research 
develop the concepts that Kováts 
established all those years ago? 
A: Apart from understanding details 
of separation mechanisms, my 
research introduced novel theoretical 
concepts and approaches for 
assisting in experimental design 
(column selection and optimisation 
of experimental conditions) in 
GC×GC. The concept is developed 
from theoretical approaches to 
computational software based on the 
Kováts retention index concept. It is 
a combination between fundamental 
studies and chromatographic 
application for practical sample 
analysis. Kováts concepts have 
been at the heart of identification in 
GC, and also understanding phase‑
solute interaction. It was an honour 
to be selected for this inaugural 
award. The approach was applied 
on a wide range of compounds 
such as fatty acid methyl esters 
(FAMEs), hydrocarbons in petroleum 
(14), alcohols, aldehydes, terpenes, 
polychlorinated naphthalenes, and 
polychlorinated biphenyls (15). 
The approach has a potential to 
guide effective stationary phase 
selection and experimental design, a 
better understanding of separation 
mechanisms with conventional and 
IL stationary phases in GC×GC, 
and the possibility to design 
specific stationary phases to 
improve separation performance.
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Rising Stars of 
Separation Science
LCGC Europe’s digital sister 

publication, The Column, will be 

running a series of interviews 

in 2021, featuring the next 

generation of separation scientists. 

If you would like to nominate a 

“rising star” for consideration, 

please send the name of the 

candidate and why they deserve 

recognition to Alasdair Matheson, 

Editor-in-Chief, LCGC Europe at 

amatheson@mjhlifesciences.com
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Immobilized Chiral Phase
YMC have introduced a new polysaccharide 
phase: Chiral Art Cellulose-SZ. The immobilized 
chiral selector is cellulose tris(3-chloro-4-
methylphenylcarbamate), which, until now has only 
been available as a coated type from traditional 
suppliers. As a result of its immobilization, more 
flexibility in eluent- and sample solvent usage is reportedly provided.

www.ymc.de
YMC Europe GmbH, Dinslaken, Germany.

High-Resolution MS
The Thermo Scientific Orbitrap Exploris 240 mass spectrometer can tackle 
challenging proteomics, metabolomics, biopharmaceutical characterization, 
and small-molecule applications. The instrument 
delivers high mass accuracy, sensitivity, and resolving 
power across a wide dynamic range, driving precise and 
accurate discovery and identification. 

www.thermofisher.com 
Thermo Fisher Scientific,  
San Jose, California, USA.

SEC Columns
PSS MAB, for size-exclusion chromatography (SEC) 
of monoclonal antibodies, is the latest addition to 
the PSS column family. Analytical and semi-micro 
columns, which cover a wide molar mass range and 
are pre-equilibrated for light scattering detection, are 
available. Bio-inert coated hardware is also optional 
for separations that are required to be metal-free. 

www.pss-polymer.com
PSS GmbH, Mainz, Germany.

Polymeric HILIC Columns
iHILIC-Fusion(P) and iHILIC-(P) Classic are two lines of polymeric HILIC columns 
with different surface chemistries. They provide complementary selectivity, 
ultra-low column bleeding, and excellent durability 
at basic conditions. According to the company, the 
columns are particularly suitable for LC–MS-based 
analysis of polar compounds in “Omics” studies at  
pH 1–10.

www.hilicon.com
Hilicon AB, Tvistevägen, Umeå, Sweden.

Field-Flow Fractionation
The sixth-generation Eclipse 
is an advance in field-flow 
fractionation for nanoparticle 
and macromolecular separation 
and characterization. The 
system offers built-in intelligence 
throughout the FFF workflow, from 
computer-aided method design 
to continuous diagnostics and 
also provides recommendations 
for maximum productivity.

www.wyatt.com/Eclipse
Wyatt Technology, Santa Barbara, 
California, USA.

EAF4 System
Postnova’s simultaneous electrical 
and asymmetrical flow field-flow 
fractionation (EAF4) system 
is designed to enhance the 
separation and characterization of 
biopharmaceutical, environmental, 
and nanomaterials. In an EAF2000 
system, electrical and cross flow 
fields are applied simultaneously 
to enable separations by particle 
size and particle charge based 
on electrophoretic mobility to 
characterize complex proteins, 
antibodies, and viruses, as well 
as environmental and charged 
nanoparticles or polymers.

www.postnova.com
Postnova Analytics GmbH, 
Landberg, Germany.
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LCGC online
Selected highlights of digital content from LCGC Europe and The Column.

Connect with LCGC: Stay in touch with LCGC and keep updated with the latest news. Follow us on social 
media to keep up-to-date with the latest troubleshooting tips and technical peer-reviewed articles featured on 
our website. Follow @LC_GC on Twitter, join our LCGC magazine LinkedIn group, or like our page on Facebook. 
You are also free to post your questions or discussions for other members to view and comment on!

LCGC BLOG

Inexpensive, Quick, and Selective: Seeking the 
Holy Grail of Sample Extraction
Which key efficiency techniques can maximize your 
analytical goals? This instalment of The LCGC Blog begins 
by describing the principles and optimization of liquid–liquid 
extraction (LLE).
Read more: https://bit.ly/3fXBxrW

SAMPLE PREPARATION

Nanomaterials Have Come to Stay: An 
Overview of their Use as Sorbents in 
Sample Preparation
This article reviews how nanomaterials are being 
used in a variety of sample preparation techniques, 
such as dSPE, SPME, SBSE, and MSPD.
Read more: https://bit.ly/3mxRmrA

PEER-REVIEWED

Not (Only) Reversed-Phase Liquid 
Chromatography–Mass Spectrometry: 
Alternative LC–MS Approaches
This article describes alternative chromatographic 
approaches to separate analytes in the liquid phase, exploring 
relevant applications and the future of these techniques.
Read more: https://bit.ly/39pDb4h

NEWS

Identifying Algal Bloom Toxins Using LC–HRMS
Researchers from Baylor University have identified the toxins 
responsible for fish deaths in Prymnesium parvum algal 
blooms using liquid chromatography–high resolution mass 
spectrometry (LC–HRMS).
Read more: https://bit.ly/39RnhzZ

E-BOOK

Data Integrity Tips for 
Regulated Laboratories, 
Part 2
This free e-book discusses the 
considerations and forethought 
required by all laboratories to 
ensure data integrity.
Read more: https://bit.ly/3qp7wFX

PODCAST

Forever Chemicals: 
Understanding Their 
Origins, Evolution, 
and Overcoming the 
Analytical Separation 
Challenges They Present
This podcast discusses the 
pervasive nature of PFAS in 
aquatic and agricultural systems, 
and the analytical challenges 
surrounding their analysis.
Read more: https://bit.ly/3mEpRMW

MasterSergeant/
stock.adobe.com leowolfert/stock.adobe.com

Martin Mullen/ 
stock.adobe.com

greentellect/ 
stock.adobe.com
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