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MECKELMANN ET AL.
PEER REVIEW

Supercritical Fluid Chromatography
Coupled with Drift Time Ion Mobility
Quadrupole Time-of-Flight Mass
Spectrometry as a Tool for Lipid
Characterization of HepG2 Cells
Sven W. Meckelmann, Pia Wittenhofer, Kristina Tötsch, and Oliver J. Schmitz, Applied Analytical Chemistry
and Teaching and Research Center for Separation, University of Duisburg-Essen, Essen, Germany

Lipidomic studies are often conducted using shotgun mass spectrometry (MS) or reversed-phase liquid
chromatography coupled with MS (LC–MS). However, chromatographic separation offers several advantages such
as an additional identification parameter (retention time), lower ion suppression, and separation of isobaric species.
In contrast, quantification is more difficult because ion suppression is not the same over the whole analysis, and as
a consequence more standards are needed to compensate for this. Supercritical fluid chromatography (SFC) offers
orthogonal separation compared to reversed-phase LC. While the separation of lipids in reversed-phase LC is mainly
based on the length of the carbon chain and the number of double bonds, lipids in SFC are mainly separated according
to their lipid classes, which simplifies quantification with standards. In this study, SFC coupled with drift time ion
mobility quadrupole time-of-flight mass spectrometry (DTIMS-QTOF-MS) was used to characterize the HepG2 lipidome.

HepG2 cells (Figure 1) are widely used as an in vivo liver model system to study
the beneficial or toxic effects of different compounds. However, the effects
are mostly determined by cell viability, or the influence of a drug in a known
metabolomic pathway is investigated. Only a few studies exist that are focused on
investigating the complete metabolome and/or lipidome of HepG2 cells (1).
Such studies make it possible to monitor large numbers of metabolic pathways
simultaneously and can describe the effects in biological studies more

KEY POINTS
• SFC-IM-QTOF-MS is a
promising tool in lipidomics
and metabolomics.
• Ion mobility in combination with
high-resolution mass spectrometry
is a useful platform for the
analysis of complex samples.
• Chromatography and ion
mobility show an orthogonal
separation mechanism.

www.chromatographyonline.com

precisely. For lipidomic studies, shotgun mass spectrometry (MS) and reversedphase liquid chromatography coupled with MS (LC–MS) are often used.
The chromatographic separation offers the benefit of an additional identification
parameter (retention time), as well as reduced ion suppression in the ion source
as a result of previous separation (2,3). In comparison with reversed-phase
LC, supercritical fluid chromatography (SFC) offers an orthogonal separation,
and the lipids are separated mainly by their lipid classes (Figure 2) (2,4,5)
instead of their carbon chain length and number of double bonds, which
facilitates quantification with few standards. Ion mobility mass spectrometry
(IM-MS) can be used to further separate the lipid classes after SFC.
The coupling of ion mobility spectrometry (IMS) to mass spectrometry (MS)
started in the 1960s and has experienced a strong development since the 1990s
(7,8). The first commercially available IM-MS was a quadrupole/travelling-wave
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In this study, SFC was coupled to ion mobility

FIGURE 1: HepG2.

quadrupole time-of-flight mass spectrometry
(IM‑QTOF-MS) using electrospray ionization (ESI)
and the lipidome of HepG2 cells was analyzed.

Materials and Methods
Chemicals and Biological Materials:
LC–MS-grade acetonitrile, LC–MS-grade methanol, LC–MSgrade 2-propanol, chloroform (stabilized with 0.6% ethanol),
and LC-grade dichloromethane were obtained from VWR
International. Gas chromatography (GC)-grade n-hexane,
LC–MS-grade ammonium acetate, LC–MS-grade acetic acid,
and Splash LipidoMix internal standard from Avanti polar lipids
were purchased from Merck. CO2 (99.9995%) was obtained
from Air Liquide. HepG2 cells, Dulbecco’s modified Eagle’s

FIGURE 2: Structures of the major lipid categories.
Fatty acyls

medium (DMEM):Ham’s F12 (1:1), foetal bovine serum (FBS),
and all other cell culture reagents were purchased from

Glycerolipids

O

O

O

OH

CLS. Ultrapure water with a resistivity of 18.2 M Ω/cm was

OH

O

obtained using a water purification system (Sartorius Stedim).

O

Glycerophospholipids
O

O
O

Sterol lipids
H

O

O

O
P

O-

Sphingolipids
O

H

N+

OH
NH H

O

O
P
O-

Cell Culture and Lipid Extraction: HepG2 cells were
N+

O

O

Saccharolipids

and Ham’s F12 medium (1:1), supplemented with 10% FBS,

HO
OH

H

HO

P
O

H
HO

O

O

O

O

NH HO

O
O

NH

O

O
O

Prenol lipids

50 U/mL penicillin, and 50 µg/mL streptomycin, at 37 °C, and 5%

O
O

O
O

HO

O

OH
O

P

OH

O
HO

Lipid extraction of the prepared cell pallets was performed
isopropanol-hexane extraction in the first and an optimized

O

Polyketides
HO

O
HO

CO2. Pellets of 106 cells were stored at -80 °C until extraction.
by a two-step liquid–liquid extraction (LLE), using an

HO

HO

maintained in Dulbecco’s modified eagle medium (DMEM)

OH

OH
P O
O

Bligh and Dyer extraction in the second (19,20).
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SFC-IM-QTOF-MS Analysis: Supercritical fluid
chromatography was performed by injecting 1 µL of the

IMS/time-of-flight (TWIMS-TOF) system (9). In 2014,

obtained extract or lipid standard with a feed speed of 1 µL/

an IM‑QTOF-MS system using drift time IMS (DTIMS) was

min and a feed volume of 1 µL into the Agilent Infinity II SFC

released (10). New developments in this field include the

(Agilent Technologies), which was coupled to an Agilent 6560

introduction of a cyclic ion mobility spectrometry (cIMS) system

drift tube IM-QTOF-MS system. Separation was performed

(11), a trapped ion mobility (TIMS)-TOF system (12), and a

using a 2.1 × 50 mm, 1.8-µm RX-SIL column (Agilent) and

structures for lossless ion manipulations (SLIM)-TOF instrument (13).

a gradient with A: CO2sc and B: 99:1 MeOH–H2O + 20 mM

IMS separates ions according to their size/shape‑to‑charge

ammonium acetate. Initial conditions were 0.5% B, 0–1 min

ratio, and therefore has the ability to determine collision

linear to 1.5% B, 1–6 min linear to 51% B, 6–8 min linear

cross sections (CCS) of the ions (14). In comparison to

to 70% B, 8–10 min isocratic 70% B followed by 8 min at

other ion mobility techniques—where calibration has to be

initial conditions for re-equilibration. The flow rate was 1 mL/

performed to determine CCS because a non‑uniform electric

min. The back pressure regulator was set at 200 bar and the

field is used (15)—drift tube ion mobility spectroscopy

column temperature was maintained at 60 °C. For the transfer

(DTIMS) allows CCS to be calculated directly from the

of the SFC eluate to the mass spectrometer, an additional

observed drift times using the Mason-Schamp equation

makeup flow of 99:1 0.25 mL/min MeOH–H2O was used.

(16,17). Several CCS values—which are specific for

Ionization was performed using the Dual Jet Stream source

certain substances—are available in the literature for

(Agilent) in positive mode. Nitrogen was used as a source gas

different peptides, N-glycans, drug-like compounds,

and ionization was performed using the following settings:

metabolites, lipids, and different biomolecules (18).

gas temp.: 325 °C; drying gas: 5 L/min; nebulizer: 20 psi;
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sheath gas temp.: 350 °C; sheath gas
flow: 12 L/min; VCap: 4000 V; nozzle
voltage: 500 V; fragmentor: 350 V; and
Oct 1 RF Vpp: 750 V. The mass range
was from 100 to 1700 m/z. Nitrogen
was used as drift gas, trap fill time was
30 ms, and release time was 0.15 ms.

3: Left: SFC-IM-QTOF-MS(/MS) analysis of a lipid standard. Right:
SFC‑IM‑QTOF‑MS(/MS) analysis of HepG2 cell lipid extract. Both analyses have been
carried out in positive ionization mode and using data independent fragmentation.
Cholesterolester (CE), triacylglyceride (TG), diacylglyceride (DG), cholesterol (Chol),
diacylglyceride (DG), ceramide (Cer), phosphatidylglycerol (PG), phosphatidylethanolamine
(PE), phosphatidylinositol (PI), phosphatidylcholine (PC), lyso-phosphatidylcholine (LPC),
cardiolipin (CL), sphingomyelin (SM).
FIGURE

drift time of 70 ms. Fragmentation data
were acquired using the alternating
frame mode by switching between
high and no fragmentation energy
between each IM frame. In the high
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Data were acquired within an m/z range
from 100 to 1700 Da and a maximum
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energy mode, a linear ramped collision

lipidomics was carried out using Mass

mass tolerance ± (10 ppm + 2 mDa),

energy depending on the drift time

Profiler (10.0, Agilent) with the following

and minimum Q-Score of 40. CEF files,

was applied. From 0 ms to 10 ms, the

parameters: measure of abundance:

including fragmentation data, were

collision energy was 10 V, linear ramp

max ion volume; isotope model:

extracted for lipid identification with the

to 60 V at 59 ms, and from 60 ms to

common organic molecules, limit charge

following parameters: no compound

70 ms 60 V. Cycle time was 0.14 s.

states to a range of 1–3, retention time

filters, retention time extraction window

Data Analysis and Identification:

tolerance ± 0.3 min, retention time range

width ± 0 s, drift time extraction window

Feature analysis for nontargeted

0.3–8.0 min, drift time tolerance ± 1.5%,

width ± 0.5 ms, limit (by height) to the
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209

MECKELMANN ET AL.

FIGURE 4: EICs of selected lipids ranging from nonpolar triacylglycerides (TG) and

Relative intensity (%)

diacylglycerides (DG) to medium-polar lipids such as phosphatidylgycerol (PG),
-ethanolamin (PE), or -inositol (PI), to charged lipids such as phosphatidylcholine
(PC), sphingomyeline (SM), and lyso- phosphatidylcholine (LPC).

100

1,2-DG;
1,3-DG

TG

capable of separating major lipid classes
(Figure 3) in under 8 min, while even
short reversed-phase LC methods
require around 15 min, as reported by
Tötsch et al. (22) and Tsugawa et al.

PC SM LCP

PG PE PI

(23). Another advantage of class‑based

80

separation is that quantification is

60
40
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0

The developed SFC method was

easier. As all compounds of one species
elute in one peak, ion suppression
is similar for all compounds in that

0

2

4
Time (min)

6

peak and quantification can be

8

carried out using just a few standards
(25). In a reversed-phase LC-based

FIGURE 5: 2D plot (drift spectra vs. mass spectra) of PC (14:1/14:1) (m/z [M+Na]+

= 696.4568) measured in ESI positive mode. Low fragmentation data are displayed
in green, high fragmentation data in red.
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Figure 3 (left) shows the heat map
obtained for the separation of a standard
containing various lipids from different
classes. As can be seen, nonpolar

34

12 10

(PC) or triacylglycerides (TG), elute
over a wide time range. Hence, ion

184.0803

4

1

x105

method, individual lipids of one
class, such as phosphatidylcholines

lipids such as TGs or cholesterolesters

33

(CEs) eluted rather early, while polar

32

(phospholipids) and charged lipids

31
m/z

(sphingomyelins) showed strong
retention. The separation also provided
good peak shapes and peak symmetries

largest 15 fragment peaks, minimum

separations, C18 columns that allow the

for all lipids, ranging from nonpolar to

absolute fragment peak height 100

separation of lipids based on the carbon

polar and charged lipids (Figure 4).

counts, absolute fragment spectrum

chain length rather than the polar head

However, the separation depends not

drift time offset -0.3 ms, and relative

group are commonly used. In contrast,

just on the lipid class, as there is a slight

fragment spectrum drift time offset

HILIC- and SFC-based methods use

separation for the lipids within each class

0%. The identification of the lipids

polar columns, resulting in orthogonal

(26). It also depends on the number

was performed using the LipidIMMS

separations. Accordingly, the interaction

of double bonds and the total carbon

Analyzer (freely available software) (21).

of the polar head group of the lipids is

number of the side chains that contribute

key for interaction with the stationary

overall to the polarity of the molecule.

phase. Therefore, the lipid separation is

For example, for the TG(52:1), the

Chromatographic Separation and

based on the lipid species and all lipids

observed retention time was 1.39 min, and

Optimization: Lipid separation prior to

of one species elute in one major peak.

for the TG(52:4) 1.47 min. Considering

mass spectrometric separation can be

This has some benefits over conventional

the small peak width obtained from the

performed using reversed-phase LC

reversed-phase LC methods.

SFC separation, baseline separation
of both lipids was observed.

Results and Discussion

(22–24), hydrophilic interaction liquid

Generally, a lipid species-based

chromatography (HILIC) (24,25), or SFC

separation is often faster; SFC methods in

(2,26). In reversed-phase LC-based

particular offer short analysis times (26).
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Figure 3 shows the separation of a
HepG2 cell sample after extraction by
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SFC-IM-QTOF-MS. The direct comparison of both heat maps
allows for a quick evaluation of the lipidome. As highlighted,
large amounts of CEs and TG were detected at the
beginning. In addition, the phospholipid composition

FIGURE 6: Ion map showing all identified lipids in HepG2

cells. The data of the ESI positive analysis are presented.
The data show the dependency of the CCS value (Å2) and
the corresponding m/z value.

was evaluated quickly and was rather simple, consisting
of mostly PCs and some lyso- phosphatidylcholines

375

(LPC) and phosphatidylethanolamines (PE).

350
325

can increase the separation power of a method by introducing

300

an additional dimension that allows the separation by the

CCS

Ion Mobility and Drift Time Aligned Fragmentation: Ion mobility

TG
DG
Cer
PE
PC
SM
LCP

275
250

shape-to‑charge of a molecule. This can eventually lead

225

to the separation of coeluting isomers that cannot be

200

separated by chromatography or mass spectrometry,

175
450

hence increasing the coverage of the detected molecules.

550

650

Moreover, ion mobility provides the CCS as an intrinsic

750
m/z

850

950

1050

factor that aids in the identification of metabolites or lipids in

mode only. To increase the coverage, the analysis can also

complex biological samples. Today, programs are available

be performed in negative ionization mode. Figure 6 gives an

that allow the identification of lipids using in silico databases,

overview of the detected and identified lipids as an ion map,

such as LipidIMMS Analyzer (21), Lipid4DAnalyzer (27), or

showing the CCS value and m/z ratio of all identified lipids.

MS-Dial (28) (freely available software), and can make use

The most diverse class was triacylglycerols, with 103 different

of the full potential of IM-MS. In silico databases for CCS

detected species. In addition, a large variety of diacylglycerols,

values work well for lipids, as their structures follow rules

phosphatidylcholines, phosphatidylethanolamines, lyso-

that makes predictions easier compared to other structurally
more diverse molecules (for example, metabolites). This
also holds true for MS/MS libraries, such as LipidBlast (freely
available software). Together, the CCS and MS/MS spectra can
contribute to more accurate identification of lipids essential

s

for application in systems biology or precision medicine.
In this study, the alternating frame method was used to acquire
all ion fragmentation data of the lipids. In detail, an IM-frame
is the sum of several transients of ion packages travelling
through the drift tube to increase the signal-to-noise ratio.
After a frame without any fragmentation energy to acquire
the m/z of the molecule ions, fragmentation energy is applied.
As the fragmentation takes place after the drift tube, the drift
time of the molecule ion and the fragment ions are the same
(Figure 5). Because it is performed in an alternating manner,
fragmentation spectra are acquired during the whole analysis.
Feature Analysis and Detected Lipids: Using the described
SFC-IM-QTOF-MS method, the lipidome of HepG2 cells that
are frequently used in studies as an in vivo liver model system
to investigate beneficial or toxic effects of different compounds
was analyzed. The cells were extracted using LLE, and the
lipid analysis was carried out as described. The resulting data
were further processed using software for feature analysis, and
for lipid identification based on CCS value and fragmentation
data the LipidIMMS Analyzer (21) was used. In total, 214
lipids were detected and identified by ionization in positive
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phosphatidylcholines ceramides, and
sphingomyelins were detected.

9)

(2013). 10.1002/mas.21349.

al., Nat. Biotechnol. 38(10), 1159–1163,

S.D. Pringle, K. Giles, J.L. Wildgoose,

(2020). 10.1038/s41587-020-0531-2.

et al., International Journal of Mass

Conclusion
Ion mobility is a powerful technology that
can help to separate coeluting isobaric
compounds, and offers an additional
parameter for identification. Together
with chromatographic separation and
high-resolution MS, it is a valuable tool
for the analysis of lipids and metabolites
in complex biological samples. In the
present study, a method for the analysis
of lipids in cell samples using SFC and
IM-QTOF-MS was developed. The
method was capable of acquiring
drift time aligned ion fragmentation
for further structural identification. The
method provided excellent peak
shape for all lipid classes, such as
nonpolar triacylglycerides, polar
phosphatidylethanolamines, or charged
lipids such as phosphatidylcholines.
SFC-IM-QTOF-MS is another valuable
tool that combines fast analysis times
and accurate identification, all of which
are necessary to answer questions in
systems biology and precision medicine.
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LC TROUBLESHOOTING

Dealing with Wandering
First-Dimension Peaks in
2D-LC Separations
Stephan Buckenmaier1 and Patrik Petersson2, 1Agilent Technologies, Waldbronn, Germany, 2Novo Nordisk, Copenhagen, Denmark

The retention of large molecules, such as peptides and proteins, is strongly dependent on mobile-phase
composition and temperature. Consequently, the retention times (tR) of these molecules often fluctuate from one
separation to the next. In two-dimensional liquid chromatography (2D-LC), this fluctuation can be challenging to
deal with, especially if only one or a few specific peaks in the first dimension (1D) separation are targeted for further
separation. In this instalment, we describe instrumental concepts that are useful for coping with this challenge.

In October of 2019, I invited Dr. Patrik

performance of the analytical platform.

and can reduce column overloading

Petersson to contribute an “LC

Two-dimensional liquid chromatography

effects often observed with ionizable

Troubleshooting” article describing some

(2D-LC) can enhance the separation

compounds, thereby improving peak

tips and tricks for minimizing fluctuating

further because the second dimension

shape and resolution (3,7,8). The second

first dimension (1D) retention times in

can improve upon any resolution that has

dimension added to this one-dimensional

two-dimensional liquid chromatography

been achieved in the first dimension, which

(1D) method markedly improved the

(2D-LC) separations of peptides.

works best if the selectivities employed in

resolution. Because the second dimension

While all of the advice described in that

the two dimensions are complementary.

was operated under MS-compatible

instalment is still relevant, Dr. Petersson

In our work on the characterization of

conditions, it allowed for the determination

has subsequently worked with

related impurities in peptides, we focus

Dr. Stephan Buckenmaier to develop new

on multiple heartcutting (MHC) 2D‑LC–

of impurities by MS in real-time.

instrumentation concepts that make it

MS workflows (3–6). With MHC, the

separations of high-molecular-weight

easier to cope with shifting first dimension

link between the time scales of the two

compounds such as peptides is that they
are affected very strongly by small changes

However, a general problem with LC

retention times (tR). In this instalment,

dimensions is decoupled because first

they demonstrate the utility of these

dimension (1D) fractions can be stored

in chromatographic conditions, such as

concepts in the context of determining

while others are processed in the second

variations in the mobile-phase composition

impurities in peptide materials using 2D-LC.

dimension. Thus, both dimensions can be

or temperature. Such fluctuations in tR lead

operated under optimal conditions. For

to problems in heartcutting 2D-LC because

example, MHC 2D-LC was employed to

the target 1D peak one tries to sample

—Dwight Stoll
Characterizing peptide products requires

further separate 13 first-dimension fractions

keeps moving. Moreover, this “wandering

superior separation performance

of a forcibly degraded insulin sample

peak” problem can be more serious when

because of the complexity of these

taken from a 1D reversed-phase separation

using very shallow gradients, which are

samples and the difficulties associated

that used a mobile phase containing a

required to separate peptide impurities (5).

with separating related components such

high concentration of salt. High ionic

as isomers (1–3). Chromatography and

strength solvents are frequently used in

of 1D peaks vary in these separations.
A sole impurity peak might be relatively

Another complication is that the widths

mass spectrometry (MS) are powerful

the biopharmaceutical industry because

separation techniques individually, but

they provide an alternative selectivity to

narrow while the main peak is typically

coupling them strongly amplifies the

trifluoroacetic acid (TFA)-based solvents,

overloaded and very broad (8). This
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FIGURE 1: (a) 1D reference chromatogram with IRTS (cut 1) defined by peak-based interval

(indicated by the brackets with arrows) and time-based cuts (2–8) linked to the IRTS. (b1) 1D
chromatogram (green) and 1D cut markers (purple). (b2) repetition of (b1), 1D chromatogram
(orange) and cut markers (purple). (c) 2D EIC chromatograms obtained from analysis in
(b1 and b2) superimposed; corresponding colour as in (b1 and b2). Conditions: Bio 2D‑LC–
QTOF‑MS system equipped with multiple heartcutting (MHC) interface (ASM-f 3). 1D:
Solvent-A: 0.1% TFA in water, B: 0.09% TFA in 80:20 acetonitrile–water, gradient: 31–40–
80–80–31%B at 0–60–61–62–63 min, equilibration time: 12 min, flow: 0.3 mL/min, column:
150 × 2.1 mm, 2.7-µm Poroshell HPH at 40 °C, UV detection: 214 nm, 40 Hz. 2D: Solvent-A:
0.1% FA in water, B: 0.09% FA in 80:20 (v/v) acetonitrile–water, gradient: 6.25–25–34–90–
90%B at 0–0.01–2.3–2.4–2.5 min, flow: 0.4 mL/min, cycle time: 5.0 min incl. equilibration time:
1.6 min, column: 50 × 2.1 mm, 2.7-µm Poroshell HPH at 40 °C, UV detection: 214 nm, 40 Hz,
QTOF: positive mode scanning range 100–3500 m/z.
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retention times of peaks that are targeted
for 2D separation. Data obtained from
the analysis of forcibly degraded bovine
insulin show that triggering sampling of
the 1D separation using the observation
of specific features in the online signal of
the 1D detector can solve this “wandering
peak” problem and correct time-based

multiple cuts (5 × 40 µL) from the 1D
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separation into the 2D column before a
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single 2D elution program elutes all of the

0
1

(b2)

2

3

4 5

6

7

8

injected material at once for a single 2D
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chromatogram. This “multi-inject” approach
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injection‑to‑injection variability in 1D

procedure is introduced that injects
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impurities in peptide products. First, an
approach was introduced to cope with

sampling events on the fly. Second, a
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of 2D-LC–MS for the analysis of related
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Demonstration of the Concept:
FIGURE 2: (a) 1D reference chromatogram with overlaid highlights for sLC×LC sampling

series. (b) 2D results in form of extracted ion chromatograms (EIC). (c) MS spectra for the
charge state +4 for insulin and deamidated insulin. 2D-LC–MS conditions as in Figure 1.
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sampling, cuts are made according to a
table of events specified by the operator.

occurrence means that for a given loop

number of 2D cycles and therefore a

volume in the 2D-LC interface (40 µL),

lengthy overall 2D-LC analysis time.

peak moves in a subsequent separation

In this instalment, two concepts

(relative to the reference chromatogram),

one cut could be enough to determine the

The problem arises when the target 1D

purity of a narrow 1D peak, but multiple

are discussed that help address

cuts have to be taken across a broad main

these challenges and thus further

In the peak-based sampling mode, the

peak, which can lead to a corresponding

improve the usability and robustness

decision to sample the 1D effluent is made
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and cuts are taken in the wrong spots.
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whenever the 1D detector signal fulfils set criteria (signal threshold
or slope), which is very useful to compensate for 1D tR variations,
but it is sometimes not viable for analyzing peptide impurities
because of high sample complexity and poor separation (3,5).
Here, we introduce the concept of dynamic peak parking (DPP),
which aims to adjust time-based sampling events dynamically
to compensate for fluctuations in 1D retention. Figure 1(a) shows
the chromatogram used as the “reference” upon which sampling
events are based, as defined in the 2D-LC method. The heartcuts
are indicated by the highlights incorporating the cut numbers.
To use DPP, a peak was selected as an internal retention time
standard (IRTS), which is bracketed by an interval within which
this compound was expected to be eluted in subsequent
separations. Recognition of the IRTS peak, and sampling of
cut 1, was triggered when the 1D detector reached the 4 mAU
threshold. In the later part of this chromatogram, seven time-based
cuts (cuts 2–8) were specified and linked to the IRTS. All of the
timed events needed to make the seven cuts were adjusted “on
the fly” by applying a time shift corresponding to the difference
between the tR of the IRTS peak in the reference chromatogram,
and the retention time observed live during the 2D-LC separation.
A suitable IRTS should thus exhibit the same, or at least very
similar, retention properties as those compounds linked to it. The
IRTS selected here was a deamidation product of bovine insulin.
Figure 1(b) shows 1D chromatograms along with 1D cut
markers (purple) that indicate where cuts were sampled in real
time. These chromatograms were acquired on different days
from that in panel A, which was the reference chromatogram
used for the initial method setup. Figure b1 (green) shows the first
analysis of the day, and Figure b2 (orange) shows a repetition.
The peaks in both chromatograms in Figure 1(b), in comparison
to those in the chromatogram in Figure 1(a), are shifted to
earlier retention times, but to different extents. The differences
in retention were −0.25 and −0.14 min in panels b1 and b2,
respectively. These values were detected for the IRTS and applied
to the time-based cuts as is evident from the corresponding
D cut markers. Without this compensation, the desired peak

1

targets defined by time-based cuts would have been missed.
Figure 1(c) shows representative 2D chromatograms for cuts 1,
2, 5, and 7 obtained from the 1D separations in panels b1 (green
trace) and b2 (orange trace). The near congruency of the 2D
peaks indicates that each compound observed in the second
dimension has been sampled at the same time with respect to
its peak apex in the 1D, despite the significant shift in 1D tR.
In-Depth Analysis of the Main Peak: In the selective
comprehensive sampling mode of 2D-LC (sLC×LC, sometimes
called HiRes sampling [9]) several adjacent fractions are taken
from the 1D separation in contrast to heartcutting where isolated

www.chromatographyonline.com
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deamidation product of c1, c3 was the

FIGURE 3: Continuous UV-trace of 2D chromatograms (blue) along with 2D cut markers

(purple). Cut numbers indicate related chromatogram sections. (a) Obtained from
peak‑based sLC×LC mode. (b) Obtained from peak-based sLC×LC mode and multi‑inject
activated. (c) Overlay of 2D results (UV) for cuts 1–5 (multi-inject) and 4 (sLC×LC; left),
and correspondingly cuts 6–9 and 7 (right). 2D-LC–MS conditions as in Figure 1.
Norm. UV response (%)
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This process demonstrates the importance
separation provided by the second
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intact insulin, and c4 and c5 were
two deamidation products of insulin.

Figure 2(c). On the other hand, c1 and c3,
and c2 and c4 would have been coeluted
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in the second dimension if not already
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separated in the first dimension, and the

c4

abundances of c1 and c2 were low in cut
2. Even so, the high resolution quadrupole
c4

time-of-flight (QTOF) data facilitated their

c3

separation by extracting the corresponding
masses. Thus, the combination of the two
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separation techniques (2D-LC and MS)
is invaluable for the full characterization
of the impurities in this sample.

cuts are typically distributed across the

states from +3 to +6. Figure 2(c) shows

1

D separation time. sLC×LC is a good

spectra for the charge state +4 of the

technique to determine the purity of the

bovine insulin and a corresponding

at least three components under the main

Results from Approach #2:
“sLC×LC Multi-Inject” and PeakBased Sampling Help Handle
Wandering 1D Peaks and Reduce
Overall 2D-LC Analysis Time

is reduced; therefore, the likelihood of

peak as indicated by shoulders in the front

The “multi-inject” concept allows one to

resolution in the 2D separation is increased

and rear of the peak, which was confirmed

flexibly set the volume sampled from the 1D

(10). Here, sLC×LC separations were

by deconvoluted MS data (max. entropy

separation without the need for instrument

main peak because the abundance of the

deamidation product superimposed.

main component relative to the impurities

The 1D peak profile in panel a suggested

coeluted in the front or tail of the main peak

carried out with peak-based triggering.

algorithm) providing monoisotopic masses

hardware modifications (11), and it can be

Figure 2(a) shows a portion of a 1D

of 5729.6 Da (at the apex of the main peak),

used to save time and improve detection

reference chromatogram with nine cuts

5730.6 Da (at the rear), and 5658.6 Da

sensitivity in 2D-LC experiments. Figure 3

of the sLC×LC series sampling the

(at the front). These monoisotopic masses

shows the continuous string of 2D-UV

entire band of the main peak for further

were assigned to the intact bovine insulin,

chromatograms along with 2D cut markers

separation in the second dimension.

a deamidation product, and a loss of

(purple trace, which denotes the start and

Figure 2(b) shows 2D chromatograms

alanine at the C-terminus of the b-chain,

end times for each 2D separation) obtained

for cuts 1, 2, 4, 6, and 9 in the form of

respectively. In the second dimension,

for the series of nine cuts taken from the 1D

extracted ion chromatograms (EIC)

five compounds (c1 to c5 in Figure 2[b])

separation shown in Figure 2(a). Figure 3(a)

obtained by summing the isotopic peaks

were found. Compound c1 was identified

shows results from standard sLC×LC

of insulin, taking into account the charge

as insulin-Ala, c2 was a corresponding

operation, whereas Figure 3(b) shows the
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results obtained when the “multi-inject”

when using the “multi-inject” approach.

obtained using the “multi-inject” approach,

mode was used. In standard sLC×LC

The 200 µL (cuts 1–5) and 160 µL (cuts

mode, the second dimension runs through

6–9) injection volumes by far exceeded the

nine consecutive 2D cycles, and the last 2D

void volume of the 2D column used here

panel). The green traces ameliorate

separation is complete at approximately

(approximately 100 µL), thus the 1D effluent

any concerns about the effect of such

68 min. In “multi-inject” mode, the full

(1D mobile phase sampled containing

large injection volumes on the 2D

content of each MHC deck (that is, five

the compounds of interest) temporarily

separation because the peak shape and

loops in deck A, or four loops in deck B)

acts as the 2D mobile phase upon transfer

resolution are very good. Indeed, similar

is first transferred to the 2D column (marked

to the 2D column. In some cases, this

peak shapes were obtained in both
experiments, with a maximum increase in

while cut 7 was obtained using the
“standard sLC×LC” approach (right

in Figure 3[b] with TC [transfer-to-column])

phenomenon can seriously compromise

before all of the analyte is transferred from

the quality of the 2D separation. Thus, from

peak width of approximately 10% when

one deck and is retained by the 2D column

a chromatographic performance point of

using “multi‑inject” compared to sLC×LC.

before it is eluted within a single 2D elution

view, it is important that the compounds

Excellent agreement was observed with

cycle. In this case, the deck valves were

analyzed are focused at the D column inlet.

respect to peak area. For multi-inject

fitted with multiple 40 µL sampling loops.

To support this, active solvent modulation

compared to sLC×LC (summing all

Thus, when “multi-inject” is used, any 1D

(ASM) was used in this work, with an ASM-f

areas obtained per compound, which in

peak volume between 40–200 µL can be

of 3. Readers interested in the function of

sLC×LC includes all nine 2D cycles, and

sampled from the D, and the content of

ASM are referred to a prior publication (4).

in multi-inject just two 2D cycles), 99.1%,

1

2

each deck is eluted all at one time from the

Figure 3(c) shows an overlay of cuts

100.9%, and 100.8% were calculated

second dimension without replumbing the

1–5 and 4 obtained, respectively, using

for peaks c3, c5, and c4, respectively.

instrument hardware. The 2D cut markers

the “multi-inject” (green trace) or standard

show that the total 2D-LC analysis time

sLC×LC (blue trace) approaches (left

successfully reduced the 2D-LC

was markedly reduced from 68 to 39 min

panel), and similarly, cuts 6–9 were

analysis time by approximately 30 min

www.chromatographyonline.com

Here, the “multi-inject” approach
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(the 1D can be shortened accordingly,

2)

D.R. Stoll, D.C. Harmes, J. Danforth, E. WagnerRousset, D. Guillarme, S. Fekete, and A. Beck,
Anal. Chem. 87, 8307–8315 (2015). https://
doi.org/10.1021/acs.analchem.5b01578.

3)

P. Petersson, K. Haselmann, and S. Buckenmaier,
J. Chromatogr. A 1468, 95–101 (2016). https://
doi.org/10.1016/j.chroma.2016.09.023.

4)

D.R. Stoll, K. Shoykhet, P. Petersson, and S.
Buckenmaier, Anal. Chem. 89, 9260–9267 (2017).
https://doi.org/10.1021/acs.analchem.7b02046.

flushing out anything still retained in
the 1D column after sampling of the
main peak is complete). The degree
of time savings becomes even more
significant when longer 2D cycle times
are used. It is not unusual to use more
than 30 min per D cycle in experiments
2

aiming for the separation of isomers of

5)

P. Petersson, LCGC Europe 32(10), 536–542 (2019).

peptide and protein-related impurities.

6)

S.M.C. Buckenmaier, U. Freisler, J. Trafkowski,
K. Shoykhet, K.E. Witt, and M.M. Dittmann,
Chromatography Today 20–26 (2015).

Summary
In heartcutting 2D-LC analyses, fluctuations

7)

J.K. Field, M.R. Euerby, K.F. Haselmann, and P.
Petersson, J. Chromatogr. A 1641, 461986 (2021).
https://doi.org/10.1016/j.chroma.2021.461986.

in the retention times of peaks of interest
in the 1D separation lead to failed 2D-LC

8)

M.M. Fallas, S.M.C. Buckenmaier, and D.V.
McCalley, J. Chromatogr. A 1235, 49–59 (2012).
https://doi.org/10.1016/j.chroma.2012.02.027.

9)

S.R. Groskreutz, M.M. Swenson, L.B. Secor, and
D.R. Stoll, J. Chromatogr. A 1228, 31–40 (2012).
https://doi.org/10.1016/j.chroma.2011.06.035.

separations if time-based sampling is used
and the target peak moves outside of the
sampling window. One solution to this is to
use peak-based triggering where sampling
starts and ends based on features in the
D detector signal; however, this approach

1

is not always useful for complex samples
that produce crowded 1D chromatograms.
A new approach, described here, involves
dynamic adjustment of time-based
sampling events based on the evolution of
the 1D chromatogram in real time relative
to a reference chromatogram. sLC×LC,
in conjunction with the “multi-inject”
approach and peak-based sampling,
provides a means to deal with fluctuating
D retention, enables large sampling

1

volumes, and facilitates reduction of the
total 2D-LC analysis time by reducing
the number of 2D cycles used to elute all
of the analyte injected into the second
dimension. These approaches are
powerful tools that can further improve the
robustness of 2D-LC methods, especially
when employed in the analysis of
biopharmaceuticals because the retention
of these molecules is often sensitive to
small changes in elution conditions.
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BIOPHARMACEUTICAL PERSPECTIVES

Diving into the Structural Details
of In Vitro Transcribed mRNA
Using Liquid Chromatography–
Mass Spectrometry-Based
Oligonucleotide Profiling
Kris Morreel, Ruben t’Kindt, Griet Debyser, Stefanie Jonckheere, Pat Sandra, and Koen Sandra, RIC group, Kortrijk, Belgium

The production process of in vitro transcribed messenger RNA (IVT-mRNA)-based vaccines has matured in
recent years, partly due to the fight against infectious diseases such as COVID-19. One key to success has
been the use of modified, next to canonical, nucleotides and the efficient addition of a Cap-structure and poly
A tail to the 5’ and 3’ end, respectively, of this massive biomolecule. These important features affect mRNA
stability and impact translation efficiency, consequently boosting the optimization and implementation of liquid
chromatography–mass spectrometry (LC–MS)-based oligonucleotide profiling methods for their characterization.
This article will provide an overview of these LC–MS methods at a fundamental and application level. It will be
shown how LC–MS is implemented in mRNA-based vaccine analysis to determine the capping efficiency and
the poly A tail length, and how it allows, via RNA mapping, (i) to determine the mRNA sequence, (ii) to screen
the fidelity of the manufactured modifications, and (iii) to identify and quantify unwanted modifications resulting
from manufacturing or storage, and sequence variants resulting from mutation or transcription errors.

When dealing with the coronavirus

the instability of RNA in the omnipresence

gained merits in combatting allergic

pandemic, academia and pharmaceutical

of RNA-degrading enzymes (so-called

diseases and in protein-replacement

companies have been investing greatly

ribonucleases or RNases). Promising

therapies (6,7,8,9,10,11,12).

in vaccine development and production

results showing that IVT-mRNA could

during the last two years (1,2). Noticeably,

be successfully implemented in disease

advantages when compared to the use

for the first time, vaccines based on

control were first obtained when an

of DNA or proteins as drugs. IVT-mRNA

In drug design, mRNA offers many

messenger RNA (mRNA) have been

antibody response was triggered following

has only to enter the cytoplasm to enable

successfully implemented in disease

intramuscular injection of IVT-mRNA

its processing into a functional protein,

control. Although this might give the

encoding carcinoembryonic antigen into

avoiding nuclear import restrictions or

impression that mRNA prophylactics/

mice (4). Meanwhile, the development

insertional mutagenesis as in the case

therapeutics are a recent development,

of IVT-mRNA drugs/vaccines has seen

for DNA drugs and, hence, tackling a

its foundation was laid down three decades

a gradual progression. For example,

major public concern. Furthermore, the

ago when in vitro transcribed mRNA

almost 50 IVT-mRNA drugs in cancer

administered IVT-mRNA is only temporarily

(IVT-mRNA) was shown to be translated

immunotherapy entered clinical trials

translated in the cytoplasm, after which it is
degraded. In contrast to proteins for which

following injection into the muscle of mice

between 2006 and 2020 (5). In addition

(3). However, progress in the field of mRNA

to its use in infectious diseases and in

heterologous systems do not necessarily

therapeutics has been slowed owing to

cancer immunotherapy, IVT-mRNA has

guarantee the correct post-translational
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they are unintended in a protein-replacement therapy. Despite

FIGURE 1: Structures of IVT-mRNA and the canonical

ribonucleotides (a) and of some modified nucleotides (b).
The modified nucleotides also include nucleotides with a modified
ribose moiety that are not strictly ribonucleotides anymore. The Cap
structure is shortly referred to as 7meGpppN in which N can be
any ribonucleotide. Here, N represents 2’-O-methyladenosine. ORF,
open reading frame; UTR, untranslated region.
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IVT-mRNA. According to the closed-loop model (14), EIF-4E
associates with a poly A tail-bound protein complex consisting

protein copies—for example, spike glycoprotein in the case
of the SARS-COV2 vaccine—via a rolling circle principle. This
highlights the importance of the poly A tail for efficient translation
next to its role in the stability of mRNA. In addition to the Cap

N
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OH
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O
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enzymes DCP1, DCP2, and DCP3 initiates degradation of the

a closed-loop model enables a fast generation of multiple

O

CH3

5’-5’-triphosphate linker (7meGpppN). Translation is only possible
upon binding of the IVT-mRNA Cap to eukaryotic translation

of EIF-4G and proximal poly-A-binding protein (PABP). Such

modified nucleosides
O

nucleotide (nt)-long poly A tail and a so-called Cap, respectively.

initiation factor 4E (EIF-4E), whereas binding to the decapping

N

N

N

OH

OH

uridine (U)

(open reading frame; ORF) is flanked by untranslated regions

(7meG) that is connected to the next nucleotide unit (N) via a

R

HN

To allow efficient translation, IVT-mRNAs are designed to
reflect the structure of natural mRNAs as much as possible

The eukaryotic 5’-Cap structure consists of a 7-methylguanosine

OMe
O

O

H3C

N

N

O

O

OH

NH2

N

O

OH

O

N
H2 N

O

hurdles, and even takes full advantage of these cellular strategies
to tune the stability and translation efficiency of IVT-mRNA (14).

(UTR), and the 3’ and 5’ termini are extended with a 120–150

H3C
O

maturing to the extent that it is increasingly less hindered by these

(Figure 1[a]). Typically, the coding sequence in an IVT-mRNA

in vitro transcribed mRNA
Cap

the stability and immune-response issues, IVT-mRNA design is

N
OH
O
OH
OH

N6-methyladenosine

structure and the poly A tail, the UTRs and the coding sequence
are important for the IVT-mRNA’s stability, translation efficiency,
and the strength of invoking an innate immunity response.

modifications (PTMs) or allow a facile production, PTMs are not an
is fast, inexpensive, and high-throughput (5), an important feature

Fine-Tuning IVT-mRNA Synthesis
Towards its Pharmaceutical Role

when a highly infective disease such as COVID-19 emerges.

Shorter oligonucleotides (20–50 nt), such as short interfering

Still, designing IVT-mRNA drugs is not completely devoid of

RNA (siRNA), aptamers, antisense (ASO), and splice-

challenges (6,11); as far as naked IVT-mRNA is (i) correctly

switching oligonucleotides (SSO), are efficiently obtained via

issue in the design of IVT-mRNAs. Moreover, IVT-mRNA production

routed to its target tissue and (ii) not digested prior to reaching

the phosphoramidite-based solid-phase synthesis procedure

the latter tissue, only a minimal amount will be endocytosed.

(15). However, this method does not allow the production of

Furthermore, IVT-mRNA might trigger an innate immune response

full-length mRNAs, which typically have lengths of 1000–4000 nt,

upon complexing with the endosomal toll-like receptors (TLR)

or even up to 10,000 nt in the case of self-amplifying mRNA

3, 7, and 8 in immune cells, or with the cytosolic receptors called

(SAmRNA). Rather, in vitro transcription is necessary to produce

retinoic acid-inducible gene I protein (RIG-I) and melanoma

mRNAs (6,16,17). Here, the corresponding gene might reside

differentiation-associated protein 5 (MDA5) in non-immune cells.

on a plasmid, which necessitates a restriction enzyme-involved

Whereas single-stranded RNA (ssRNA) is recognized by TLR7

linearization of the plasmid. Alternatively, transcription might start

and TLR8, double-stranded RNA (dsRNA) activates TLR3 and

from a polymerase chain reaction (PCR) product. In either case,

MDA5; RIG-I is stimulated by dsRNA having a 5’-triphosphate.

to prevent contamination of the IVT-mRNA by the DNA template,

Upon complexation, the released interferon and cytokines will

the latter is digested with deoxyribonuclease (DNase) following

stall mRNA translation, initiate mRNA degradation, and direct

transcription using, for instance, T7 or SP6 RNA polymerase.

antiviral activity (13). These responses might be to a certain extent
beneficial in the case of IVT-mRNAs serving as vaccines but
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The DNA template encodes the mRNA’s ORF, its UTR regions,
and sometimes also the poly A tail (Figure 1[a]). To enhance the IVT-
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mRNA’s stability and translation efficiency, the 3’-UTR region is often
taken from α- or β-globin. For the same purposes, the mRNA’s ORF
is generally optimized by replacing rare codons with synonymous
frequent codons because relying on more abundantly available

Top quality manufacturer of laboratory
equipment for liquid chromatography.

transfer RNAs (tRNAs) will augment the translation efficiency.
The underlying reason for this is that amino-acylation of tRNAs
occurs near the site of translation, which speeds up their recycling.
IVT-mRNAs readily contain modified nucleotides to increase

High performance-price ratio.

the stability of the IVT-mRNA and/or to circumvent the innate
immune system. These modified nucleotides might be based

OEM or built-in equipment design and
development.

on naturally occurring nucleosides such as pseudouridine,
N1-methylpseudouridine, 2-thiouridine, 5-methyluridine,
5-methylcytidine, or N6-methyladenosine (Figure 1[b]), but also
include nucleotides that comprise non-natural modifications often

30 years of innovation.

targeting the ribose ring. Examples of the latter are nucleotides
where 2’-O-methyl substituents are present on the ribose ring.
Post-transcriptionally, the 7meGpppN Cap structure can
be formed using recombinant Vaccinia virus-derived capping
enzymes, yet the incorporation of the Cap occurs increasingly
more co-transcriptionally by adding a synthesized Cap analogue
to the mixture of UTP, CTP, GTP, and ATP. Despite capping

OEM's / Built-in units

occurring faster co-transcriptionally than post-transcriptionally,
it still yields uncapped mRNAs (generally lower than 10% for
commonly used capping procedures) that might trigger the innate
immune system. In order to avoid this, free terminal phosphate
groups are removed from the IVT-mRNA using a phosphatase.
As mentioned above, the poly A tail can be encoded on
the template DNA or it is attached post-transcriptionally via
recombinant poly A polymerase. The latter method produces
mRNAs with an unfavourable distribution of poly A tail lengths
rather than a fixed length, which is optimally between 120 and
150 nt, yet it has the benefit that modified nucleotides can be
readily incorporated to enhance protection against poly A-specific
nucleases. The efficiency of the Cap incorporation and the
poly A tail length determination are of the utmost importance
for the quality of the IVT-mRNA, and are typically unravelled
The naked IVT-mRNA is not efficiently endocytosed by cells and,
therefore, should be encapsulated in a delivery system. Although
various delivery systems have been proposed, by far the most
efficient to date is based on lipid nanoparticles (LNP). Currently
used LNPs contain four components: cationic lipids, phospholipids,
cholesterol, and polyethylene glycol (PEG) lipids. Whereas the
cationic lipids improve the encapsulation, phospholipids are more
readily endocytosed. The assembly of the IVT-mRNA with the
LNP is rather challenging and occurs by rapid mixing of all four
LNP components in ethanol (18). After adding the pH-4 buffered

Customized Flow-Cells
© 2022 ECOM spol. s r.o. All rights reserved.

via liquid chromatography–mass spectrometry (LC–MS).

3D View - Spectral Data

aqueous solution of IVT-mRNA, the cationic lipids will be charged
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FIGURE 2: IP-RP-LC–MS analysis of an RNA standard ladder. By gradually diluting

aqueous TEA–HFIP in methanol–acetonitrile, the RNA standards were eluted at 80 °C
from a narrow-bore C18 column containing sub-2-µm particles. The RNA standard ladder
represents a mixture of four oligonucleotides of which the MS spectra of the smallest,
the 14-mer, are shown. The deconvoluted MS spectrum was derived from the raw MS
spectrum following transformation of the multiple charge states into a zero-charge stage.
The alkali metal adducts are still present in the deconvoluted MS spectrum.
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cannot readily be hyphenated to MS,
despite the fact that isomeric RNA
sequences are often well separated by

when contacting the buffer. This will lead

have changed their position too much.

to an electrostatic attraction with the

However, this so-called autocorrelation

RNA phosphate backbone. Nevertheless,

negatively charged phosphate backbone

quickly decays over time, occurring at a

electrostatic interactions can be exploited

of the IVT-mRNA, resulting in the formation

much faster pace for small than for large

in IP-RP by supplementing an ion-pair

of small hydrophobic vesicles. The latter

vesicles as the former vesicles diffuse

reagent (IPR) (for example, an alkylamine)

vesicles will fuse to larger-sized vesicles

quicker. Analysis of the lipids constituting

into the mobile phase, while also using a

when the cationic lipids are neutralized

the vesicle is readily performed by LC

reversed phase stationary phase—the latter

upon raising the pH of the solution.

in combination with evaporative light

often consisting of octadecyl carbon chains

The final vesicle size is reached when the

scattering detection (ELSD), charged

(C18). Two mechanisms appear to affect

PEG-lipid proportion provides a hydrophilic

aerosol detection (CAD), or MS.

exterior to the vesicle. Important for the

AEC owing to the polyanionic nature of the

RNA retention in IP-RP: (i) reversed-phase

Besides the above, an arsenal of

separation of the IPR-RNA complexes and

quality of the IVT-mRNA/LNP formulation is

analytical methods are involved in the

(ii) anion exchange of the RNA molecules

(i) the vesicle size (< 100 nm), as vesicles

characterization of IVT-mRNA or the IVT-

onto the IPR that is embedded with its alkyl

may still enlarge after manufacturing,

mRNA/LNP formulation (20); however, we

chain into the reversed phase stationary

and (ii) the vesicle composition which

will restrict our discussion to LC–MS‑based

phase. A counterion, traditionally acetate

determines the adjuvant activity of the

oligonucleotide profiling methods.

or bicarbonate in IP-RP, is added to allow
readily hyphenated to MS. The polyanionic

The size of the suspended vesicles can be

LC–MS Peculiarities in
Oligonucleotide Profiling

determined via dynamic light scattering

Current LC methods for poly- and

the aqueous stationary phase, whereas
the organic solvent-rich mobile phase

vesicle, that is, the tendency of the vesicle
to induce the innate immune response.

buffering of the mobile phase. HILIC is also
nature of RNA promotes its transfer towards

(DLS) (19). DLS is based on the scattering

oligonucleotide profiling are mainly based

of monochromatic, polarized light on

on anion-exchange (AEC), ion pairing

improves the MS sensitivity. HILIC was first

suspended vesicles that are subjected

reversed phase (IP-RP), or hydrophilic

demonstrated for oligonucleotide profiling

to Brownian motion. Due to the latter, the

interaction (HILIC) chromatography

using a diol-functionalized stationary phase,

intensity of the scattered light will change

(21,22,23). As IVT-mRNA characterization

yet amide groups are currently showing

over time and is correlated along very

relies heavily on MS, this would

great promise (24,25). Although having

short time intervals as the vesicles will not

necessitate the hyphenation of the latter

the advantage of avoiding the use of IPRs,
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which yield a memory effect in subsequent

in further Coulomb explosions whenever

(charge residue model, CRM). In recent

LC–MS separations, current HILIC

charges become too concentrated. Finally,

years, a third mechanism, called the

methods still exert poor column stability.

the analyte ions will enter the gas phase

chain ejection model (CEM; Figure 3)

This might be partially solved by using

either by desorption from very small

has been proposed that explains the

higher buffer concentrations (up to 25 mM

droplets in the case of small molecules

ionization behaviour of unfolded polymers

ammonium acetate or ammonium formate),

(ion evaporation model, IEM), or by

such as denatured RNA (27). In CEM,

as higher salt concentrations will aid in

inheriting the charges upon complete

one end of the unfolded RNA molecule

establishing a thicker water layer onto the

solvent evaporation of the droplet in

moves towards the droplet surface

stationary phase support. This improves

the case of compactly folded polymers

where it is charged by the counterion

the solubility of the oligonucleotides into
the stationary phase and their retention,
yet simultaneously results in a decreased
MS signal (26). Although highly promising,
HILIC needs further maturation to
become a routine LC–MS method for

A

gas generation brand

oligonucleotide profiling. Consequently,
most oligonucleotide profiling studies are
still being performed using IP-RP LC.
The sensitive detection of
oligonucleotides via mass spectrometry is
a major concern because a wide range of
ions is generally formed involving different
charge states, isotopes, and alkali adducts.
Consequently, an MS peak envelope
is created to which often more than 50
channels are contributing (Figure 2).
Downscaling the number of charge states
needs a good understanding of RNA ion
generation in the electrospray ionization
(ESI) source of the mass spectrometer. In
ESI ionization, an electric field is generated
between the metal capillary tip and the
mass spectrometer entrance. Analytes
in the LC effluent are either charged
via the buffer ions present in the mobile
phase or via electrochemical reactions
at the metal wall of the capillary. As the
charges accumulate at the tip of the
capillary, a liquid cone is formed in which
the charges repel each other. When these
electrostatic repulsion forces surpass the
surface tension, a Coulomb explosion
occurs leading to a spray of droplets,
each taking some of the charges towards
the mass spectrometer entrance. By
heating the ionization source and using
a coaxial nitrogen flow, these droplets

Streamline your workflow
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are continuously shrinking, which results
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The widespread occurrence of RNases is the major source of

FIGURE 3: Electrospray ionization via the chain ejection

RNA degradation. Therefore, the use of RNase-free products and

model (CEM). See text for explanation. HA, hexylamine; HFIP,
hexafluoroisopropanol; TEA, triethylamine.
e-

an extensive cleaning of all laboratory material are prerequisites
for RNA sample preparation. Concerning RNA adsorption to

e-

Power supply

metal surfaces, this is particularly an issue during LC separation.
Consequently, the LC instrument should be devoid as much as
possible of stainless-steel parts that contact the mobile phase.
Such metal surfaces include metal filters, stainless-steel tubing
(particularly encountered in ultrahigh-pressure LC [UHPLC]),
and the column frits. The latter might comprise up to 50% of
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unfolded RNA
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all mobile phase-contacting metal surfaces in the LC system.
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oligonucleotides improves the reproducibility of MS quantification
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Meanwhile, bio-inert columns for oligonucleotide profiling are also
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(30). Alternatively, a bio-inert LC system might be preferred.
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Among the various LC methods for oligonucleotide profiling, metal
adsorption might occur less in IP-RP where the many negative
charges on the oligonucleotides will likely be blocked by the IPR.

HA

HFIP -

HA
HFIP

ethylene-bridged siloxane-deactivated stainless steel columns (31).

HAH+

+

IP-RP as the Prevailing Method for
Oligonucleotide Profiling
Alongside the above-described general oligonucleotide
profiling issues in LC–MS, the commonly used IP-RP profiling

via proton migration while gradually being ejected. Visually, this

demands paying attention to the IPR and its counterion, as

resembles a tail protruding from a growing tadpole. The latter

both will affect the separation efficiency as well as the MS

model explains the wide charge state envelope observed in the

sensitivity. The effect of the ion-pairing buffer on the MS sensitivity

MS spectrum of RNA (Figure 2). This suggests that the number of

and the separation efficiency will be discussed separately.

charge states and the average charge state could be lowered by
keeping RNA in a tightly folded state, allowing MS ionization via

IP-RP Effects on Oligonucleotide Ionization

the CRM mechanism. However, a higher average charge state

The use of an ion-pairing buffer promotes ionization via the CEM

might be necessary when MS/MS fragmentation is envisaged.

model (see above), yet the efficiency differs dependent on the type

In addition to reduction of the number of charge states, adduct

and concentration of IPR and counterion. At least four properties of

formation should be kept to a minimum to enable a high MS

the ionization process are impacted by the buffer: the CEM process

sensitivity. Sources that lead to metal adduction are (i) insufficiently

via ion-pair formation, the evaporation efficiency due to crowding

pure solvents and buffers—sometimes leading to a preference

of the ESI droplet surface by buffer ions, the electrochemistry

for using doubly de-ionized tapwater as mobile phase rather than

of the counterions at the ESI metal capillary wall, and the

purchased MS-grade water (28)—(ii) alkali metal salt deposits

acid-base reactions between counterion and oligonucleotide

within the chromatographic system, which can be removed by

in both the condensed and the gas phase. While studies on

including a washing step with low-pH mobile phases after each

these mechanisms have made an enormous contribution to our

LC run (29), and (iii) any glass surfaces that might be encountered

understanding of both the chromatography and MS ionization

during sample preparation and separation. Concerning the

of IP-RP-based oligonucleotide profiling (32,33,34,35,36,37),

latter issue, glass containers should be avoided, and plastic

it should be stressed that these studies were predominantly

LC vials and solvent bottles used instead. Furthermore, care

based on the use of fluoroalcohols as counterions, which are

should be taken to replace glass solvent filters by plastic filters.

much weaker acids than the traditionally used carboxylates.

A diminished MS signal and distorted LC separation will result
whenever RNA gets degraded or adsorbed onto metal surfaces.

226

Nonetheless, these ionization mechanisms will mostly hold for any
weak acid that is used as counterion. The buffer effects on the

LCGC Europe June 2022

BIOPHARMACEUTICAL PERSPECTIVES

ionization will be largely independently

a gas phase acid-base reaction) by the

to evaporate (high Henry’s law partition

described. However, it should be kept in

counterion than bare oligonucleotides,

coefficient), which promotes its adduction

mind that the ionization is also affected by

yielding oligonucleotides that have rather

to the oligonucleotide (Figure 3). In contrast,

interactions among all four buffer-based

low charge states following dissociation

the high volatility of triethylamine (TEA) (low

ionization effects. Furthermore, where

of the complex (34). It must be stressed

Henry’s law partition coefficient) will lead

appropriate, acid-base reactions between

that complex dissociation occurs while

to dissociation of the oligonucleotide–TEA

alkylamine and counterion are mentioned

moving away from the droplet towards the

complex just beneath the droplet surface,

in relation to the ionization mechanism.

less dense gas regions in, for example,

and the independent evaporation of

Effect of Ion-Pair Formation on the CEM

the MS pre-analyzer region. In the latter

TEA species and bare oligonucleotides

Process: The CEM-proposed tail-like

region, the probability of encountering

(Figure 3). These bare oligonucleotides

ejection of the oligonucleotides is affected

other molecular species is rather limited,

are amenable for further deprotonation

by the formation of an ion-pair between

preventing any further ionizations via

by the counterion in the gas phase,

the oligonucleotide and the alkylamine

collisions. During complex dissociation,

leading to high charge states. However,
an alternative mechanism to explain the

within the ESI droplet. As oligonucleotide–

the charges will distribute equally

alkylamine complexes are more

among the oligonucleotide phosphate

low charge state when using HA as IPR

amphiphilic than bare oligonucleotides,

backbone and the alkylamines, as the

was proposed by Basiri et al. (35), who

they have a higher tendency to move to the

proton affinities of the phosphate anion

mentioned that linear alkylamines might

droplet surface and being ejected into the

and neutral alkylamine are similar (33).

gas phase (27,32) (Figure 3). In the dense

Oligonucleotide–alkylamine complex

better keep the oligonucleotide in a folded
conformation by neutralizing many of

gas phase just above the droplet surface,

desorption from the droplet prevails

the phosphate backbone charges, and,

oligonucleotide–alkylamine complexes

when using linear alkylamines such as

thus, preventing that charge repulsions

are less vulnerable to ionization (involving

hexylamine (HA). HA has a low tendency

would result in more open and elongated

www.chromatographyonline.com
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FIGURE 4: IP-RP-LC–MS results of the Cap structure of FLuc mRNA. Cap structure analysis

was performed following the isothermal RNase H digestion method of Liau (42) (black curve).
The same LC–MS conditions were used as mentioned in Figure 2. Green arrows indicate the
cleavage positions of RNase H and the resulting 5’-end mRNA fragments. Peaks eluting prior
to the annotated peaks represent degradation products of the 5’-end mRNA fragments.
The red curve was obtained for a sample in which the RNase H cleavage probe was excluded
from the procedure, hence preventing RNA hydrolysis. See text for further explanation.
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formation by neutralizing many of the
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forms of the oligonucleotides. Hence, by

The lower coefficient for TEA implies that

better conserving the oligonucleotide’s

TEA more readily evaporates, thereby

Reduction of the Counterion: Next

secondary structure, HA would enhance

leaving lower effective TEA concentrations

to ion suppression, high counterion

ionization via the CRM model rather than

inside the droplet. Subsequently, less TEA

concentrations of a weak acid might also

via the CEM model, leading to lower

will initially enter complex formation than

lead to ion enhancement. High counterion

Effects Due to Electrochemical

charge states. This mechanism seems

in the case of HA. This would allow highly

levels contribute to the ionization of

plausible taking the Henry’s law partition

charged oligonucleotides to unfold more

oligonucleotides by providing a large

coefficients of HA and TEA into account.

readily when using TEA rather than HA.

proton pool for reduction to hydrogen
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at the inner wall of the metal capillary

(HFIP; pKa 9.3) in the commonly used

and more volatile than acetate, neutral

(32) (Figure 3). This electrochemical

triethylamine (TEA; pKa 11.0) acetate

HFIP readily evaporates from the ESI

mechanism removes free protons and

buffer (37). Compared to an alcohol,

droplet surface. Initially, these beneficial

therefore enhances the amount of

the higher acidity of this fluorinated

HFIP properties for oligonucleotide

negatively charged counterions in the ESI

alcohol evolves from the presence

ionization were enforced using a high

droplets, increasing the droplet pH and

of fluorine. The small size and very high

HFIP (400 mM) concentration that was

improving oligonucleotide ionization.

electronegativity of fluorine endows the

buffered to pH 7 with TEA. Furthermore,

Effects Due to Acid-Base Reactions

C-F bond with (i) a high dipole moment,

methanol rather than acetonitrile was

with the Counterion: Finally, the ionization

increasing the acidity of a nearby acidic

used as organic mobile phase because

process is also affected by both the

function, and (ii) a low polarity resulting

of the low solubility of HFIP in the latter

solution-based acidity and the gas-phase-

in weak dispersion forces explaining the

organic solvent (37). However, despite its

based proton affinity of the counterion.

volatility, and the simultaneous lipophobic

high volatility, high HFIP concentrations

Weak acids with higher pKa values offer

and hydrophobic properties of fluorinated

may still lead to ion suppression by

higher droplet pH values, improving

compounds. As the latter properties

crowding the droplet surface when

negative ionization of the oligonucleotide.

suggest, in addition to the stimulating

evaporation is not fast enough (32,34).

When such acids also have a high proton

effect of HFIP on oligonucleotide ionization

affinity, they will keep the evaporated

due to its favourable pKa and proton

IP-RP Effects on
Oligonucleotide Retention

oligonucleotides negatively charged in

affinity values, HFIP also contributes in

the gas phase. From this perspective,

other ways to an improved ionization.

Performing the separation at lower

a breakthrough in the hyphenation of

It improves droplet desorption of the

pH values boosts ion-pair formation

IP-RP-LC to MS was the replacement of

nucleotides by reducing the droplet

via alkylamine protonation. Therefore,

acetate (pKa 4.8) by hexafluoroisopropanol

surface tension and, being a weaker acid

more acidic mobile phases and higher
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amounts of the alkylamine improve LC

charge states (see above), the use of

Cap Structure Analysis by LC–MS
Using ssRNA-specific RNases on IVT-

retention (38). When compared to a

HA rather than TEA as alkylamine in

carboxylate, the use of a fluoroalcohol

IP-RP has been repeatedly observed to

mRNA for Cap isolation yields a mixture of

as counterion yields even more retention.

increase the retention of oligonucleotides

small oligonucleotides, mainly di-, tri-, and

This happens because fluoroalcohol-rich

(35,39). Therefore, HA might be

tetranucleotides. Upon LC–MS profiling,

mobile phases enhance the sorption of

opted for rather than TEA whenever

the capped oligonucleotides can be

alkylamines into the stationary phase, as

small oligonucleotides need to be

readily traced based on the specific mass

the alkylamines cannot dissolve very well

analyzed. Although, IP-RP separations

contribution of the Cap structure. Such a

in them (36,39). Consequently, apart from

of oligonucleotides are currently heavily

method allows different Cap types to be

improving alkylamine protonation, low

reliant on the use of either HA or TEA

discriminated between, especially when

pH-buffered IP-RP separations using

along with HFIP, alternative alkylamine–

combined with MS/MS fragmentation of

alkylamine–fluoroalcohol will also stimulate

fluoroalcohol combinations that further

the precursor ions (44). However, this

retention by forcing the alkylamine into the

optimize both the separation and

method will not allow the uncapped

stationary phase (due to the necessarily

ionization efficiencies have been the

5’-end-derived oligonucleotides to

higher fluoroalcohol levels). However, at

subject of many recent studies (22,41).

high alkylamine concentrations, pHs, and/

be distinguished from internal mRNA
oligonucleotides with the same sequence

partially absorb the oligonucleotides,

Strategies Towards the
RNA Characterization of
IVT-mRNA Using LC–MS

leading to their decreased interaction

Current approaches for the characterization

focused on the use of RNase H for Cap

with the stationary phase (22). A ternary

and quantification of the Cap and poly

analysis. RNase H cleavage necessitates

or column temperatures, the alkylamines
will form micelles or colloids that will

and it therefore fails to determine the
uncapped proportion in IVT-mRNA.
Consequently, attention has been mainly

mobile phase in which the alkylamine

A tail via LC–MS rely on RNases that

that the IVT-mRNA is first hybridized

and fluoroalcohol are dissolved in

generate oligonucleotides and, thus, allow

to a DNA strand, which explains the

separate solvents might increase the

isolation of the IVT-mRNA’s 5’- and 3’-ends.

implementation of a synthesized RNase

mobile phase stability (40). Recently, it

Equally so, the confirmation of the mRNA

H cleavage probe in all currently available

has been shown that concentrations of

sequence and the detection of modified

procedures. This probe should target

the alkylamine and the fluoroalcohol that

nucleotides (expected or unexpected)

a sequence that is close to the 5’-end

optimize both the retention as well as the

and sequence impurities, such as single

of the IVT-mRNA, so that, following

ionization of oligonucleotides might be

nucleotide polymorphisms (SNPs), build

RNase H digestion, a rather short

rather low, that is, between 10 and 15 mM

upon the combination of RNases and

5’-end oligonucleotide is generated

and 25 and 50 mM, respectively (33).

LC–MS profiling. Various RNases with

that can be readily separated via LC

different cleavage preferences are

from the remainder of the IVT-mRNA

the type of alkylamine and fluoroalcohol

It is not only the concentration but also

commercially available. Whereas RNases

polynucleotide. Simultaneously, this probe

that affects retention and ionization of

A (cleaves at the 3’ end of cytidine [C]

should be sufficiently long, for example,

the oligonucleotide (41). The use of

and uridine [U]), T1 (3’ end of guanosine

between 15 and 30 nt, to prevent random

alkylamines with a higher number of

[G]) and U2 (3’ end of any residue) are

hybridization. Because digestion of such

carbons in their alkyl chain will generally

specific to ssRNA, RNase H recognizes

a long hybrid would lead to a variety
of 5’-end-derived oligonucleotides of

lead to more retention (42,43) and these

DNA:RNA hybrid duplexes. Two main

more hydrophobic alkylamines seem

types of RNase H exist: RNase H1 and

many different lengths (resulting in a

to yield a better LC–MS performance

RNase H2. RNase H1 needs a DNA:RNA

decreased detection sensitivity), the

when combined with more hydrophobic

hybrid duplex of at least four adjacent

RNase H cleavage probe is typically

fluoroalcohols (35). Many studies have

ribonucleotides. RNase H2 will excise any

designed as a gapmer, that is, a chimeric

compared the effects of HA and TEA in

ribonucleotide mismatch in a DNA:DNA

nucleotide sequence that is only partially

IP-RP. Both IPR are favoured because

duplex—even single ribonucleotide

DNA-based. The most efficient RNase

they can be more easily cleaned from

mismatches. Methods comprising RNase

H substrates are RNA:gapmer duplexes

the instrument than larger IPR such as

digestions are subsequently described

in which the DNA sequence occupies

octylamine or dibutylamine. In addition

below for the analysis of the Cap structure,

a central position in the gapmer. The

to yielding oligonucleotides with lower

the poly A tail, and RNA mapping.

DNA-flanking gapmer sequences
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represent modified oligoribonucleotide

analysis. LC–MS has been implemented in

the poly A tail post-transcriptionally
yields a variety of poly A tail lengths,

sequences, for example, 2’-O-methylated

poly A tail analysis due to the inefficiency

oligoribonucleotides, as RNA:RNA

of current molecular biology methods. For

necessitating an average poly A tail length

duplexes are also vulnerable to RNase

example, deep sequencing cannot handle

determination. This can only be handled

H cleavage. If these prerequisites are

long repetitive sequences very well, even

by LC–MS. Typically, MS detection is

fulfilled, the RNase H-based Cap isolation

when the IVT-mRNA has a well-defined

preceded by RNA digestion using ssRNA-

procedure can be started and consists

poly A tail length, for example, when

specific RNases that leave the poly A tail

of 3 steps: denaturation of the IVT-mRNA

obtained by encoding the poly A tail in the

untouched, for example, RNase T1. Such

at 80–90 °C to remove any secondary

template DNA. Furthermore, producing

an RNA digestion yields a mixture of single

structures, hybridization of the RNase H
cleavage probe at a temperature below
its melting temperature, and RNase H
digestion at 37 °C. Assuming that partial
unwinding of the mRNA followed by probe
hybridization could occur at 50 °C, Liau
(45) performed the whole procedure
isothermally using thermostable RNase
H. The proportion of uncapped versus
capped IVT-mRNA could be readily
determined by LC–MS as, following
digestion, the longer-sized 3’-end of the
IVT-mRNA eluted later than its 5’-end.
As an example of this isothermal method,
the LC–MS profile of the digested mRNA
from firefly luciferase (FLuc) is shown in
Figure 4; here, a capping efficiency of
more than 98% could be determined.
Still, dependent on the IVT-mRNA
and the designed RNase H cleavage
probe, LC conditions might have to be
optimized to allow full separation of the
IVT-mRNA’s 3’- and 5’-moieties following
digestion. Furthermore, the sensitivity
of Cap analysis could be improved by
purifying the 5’-end from the digest prior
to LC–MS analysis. Therefore, Beverly et
al. (46) designed a RNase H cleavage
probe anchored to a biotin moiety. Via
streptavidin-coated magnetic beads, the
biotinylated RNase H cleavage probe
to which the 5’-end of the IVT-mRNA
was hybridized could be isolated from
the remainder of the IVT-mRNA digest.

Determining the Poly A Tail
Length Distribution by LC–MS
Next to the Cap structure, the poly A tail
has received much attention in IVT-mRNA

www.chromatographyonline.com
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nucleotides and small oligonucleotides,

laboratory. Here, the different poly A tail

between 119 and 129, with an average

mostly di- up to tetramers, and various

species are almost simultaneously eluting,

length of 124. Whenever the elution of

poly A species with an average length

yielding a wide peak. Upon deconvolution

the digestion-derived oligonucleotides

of 100–150 nt. Hence, the poly A tail

of the raw MS spectrum associated with

interferes with the elutions of the poly A

species can be readily separated from

this peak, a frequency distribution of the

tail species, purification of the poly A

the oligonucleotides via IP-RP separation.

masses associated with the different poly

tail mixture might be desirable prior to

Figure 5 displays the LC–MS results

A tail species can be observed. These

LC–MS analysis. In this case, following

obtained for the poly A tail analysis of the

masses indicate that the poly A tail length

RNase T1 digestion, the poly A tails

FLuc mRNA as acquired in the author’s

of the analyzed FLuc mRNA ranged

can be isolated by hybridization to
oligo(dT)25-coated magnetic beads
(47,48). Upon denaturation of the
oligo(dT)25:poly A tail duplex, the length
distribution of the denatured poly A tails
can then be analyzed by LC–MS.

Confirming the mRNA Sequence
and Detecting Modified
Nucleotides by RNA Mapping
More than 170 modified nucleotide
structures are currently known to exist;
these are comprehensively referred to
as the epitranscriptome (49). Some of
these modified nucleotides are also used
in IVT-mRNA production and therefore
need to be considered in determining the
mRNA sequence (see Figure 1). However,
degradation mechanisms (oxidation
and adduction) of IVT-mRNA during
manufacturing and storage will yield
additional, unintended, modifications to
the nucleotides. These modifications will
accumulate over time, yielding differently
modified IVT-mRNA molecules, ultimately
changing the pharmaceutical efficacy
of the vaccine/drug. It has been shown,
for example, that the oxidation of mRNA
(typically, 8-oxo-7,8-dihydroguanosine)
inhibits the efficiency of peptide bond
formation by more than 1000-fold,
regardless of the codon position (50). More
recently, LNP lipid-mRNA reactions were
described rendering mRNA untranslatable,
leading to loss of protein expression.
Electrophilic impurities derived from
the ionizable cationic lipid component
were at the origin of this unfortunate
event (51). Tracing such modifications
needs a methodology that (i) is sensitive
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enough to pinpoint modified nucleotides in only a small fraction
of the IVT-mRNA pool, (ii) can comprehensively detect all types of
modifications, (iii) can handle potentially unknown modifications,
and (iv) can quantify the frequencies of the modified nucleotides.
State-of-the-art RNA sequencing via molecular biology
techniques involves either nanopore RNA sequencing or they are
based on next-generation DNA sequencing (NGS). Nanopore
RNA sequencing can allow detection of modified nucleotides,
yet it must be trained to associate the electronic signals with
the corresponding type of modified nucleotide. Training
nanopore RNA sequencing can only be attempted when a large
database containing modified RNA sequences is available.
However, such databases do currently not exist (52,53).
NGS methods can reveal the sequence of IVT-mRNA following
its conversion to complementary DNA (cDNA) via reverse
transcription‑PCR (RT-PCR), yet they do not readily provide
information on the presence or type of modifications. Such cDNAbased NGS methods are indirect and will only reveal the sequence
of the canonical nucleobases in the cDNA. Efforts to detect modified
nucleotides via NGS take advantage of the disturbing effect—
leading to RT arrest or a nucleotide misincorporation—that many
modified nucleotides have on RT-PCR (54). For many modified
nucleotides, a disturbing effect on RT-PCR only happens upon a
chemical treatment of the RNA with a selective reagent that targets
a particular nucleotide or type of modification. Following RT-PCR,
sequencing of the aberrant cDNA molecules then allows the position
of the modified nucleotide to be pinpointed, yet the identification
of the modified nucleotide is often error-prone. In addition, despite
being currently popular, these RT-PCR-based methods are

MICROLUTE™ CP
ENHANCED REPRODUCIBILITY

The solid hybrid technology eliminates resin,
flow and packing inconsistencies for greater
confidence in results, every time.

cumbersome, tackle a limited set of modified nucleotides, and need
validation by LC–MS. Both nanopore RNA sequencing and NGSbased methods handle only a few modifications, do not deal with
unknown modifications, and are not able to quantify modifications.
LC–MS approaches that annotate an RNA species based on

Take traditional solid phase extraction to a whole new
level of perfomance with MicroluteTM CP. Developed
with the hybrid technololgy to enhance sample
preparation workflows where reproducibility and
reliability matters.

its sequence or that pinpoint modified nucleotides in the RNA
species are based on the profiling of the (oligo)nucleotides following

www.microplates.com/microlute-cp

enzymatic digestion or chemical hydrolysis, often complemented
by MS/MS fragmentation (15). Complete hydrolysis of RNA will
yield a pool of free nucleotides, including all modified nucleotides,
which can be subsequently identified and quantified via MS.
Although this readily reveals all types of nucleotides and their
modifications, this methodology does not provide any information
on the position of the modified nucleotides in the mRNA sequence.
RNA digestion with RNases T1, U2, or A has been shown to
yield a characteristic oligonucleotide profile that enables RNA
characterization (55)—at least in the case of transfer RNA (tRNA)
(56) and a CRISPR/Cas9 single guide RNA (57). Optimizing
the digestion step is necessary to generate long, overlapping

www.chromatographyonline.com
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oligonucleotide products. For the latter

by fragmenting the highly charged

having progressed a lot during the last
decade, further maturing is necessary to

purpose, it has been shown that including

precursor ions, which will augment

digestions in parallel using different

the range of deprotonated gas phase

handle polymer lengths of a few thousand

RNases will enhance the generation of

fragments. To interpret oligonucleotide

nucleotides that are typical for IVT-mRNA.

overlapping sequences (57). Alternatively,

MS/MS spectra, both freeware and

longer sequences upon RNA digestion can

commercial software packages (59–62)

Conclusions and Perspectives

be obtained using RNases that are more

have been developed. Using these

The COVID-19 pandemic has boosted both

sequence-specific than RNases T1, U2, or

packages, sequences might be obtained

the development of mRNA-vaccines and

A. Jiang et al. (58) used the endonucleases

for oligonucleotides up to a length of

their official approval for prophylactic use

colicin E5 and mazF, which recognize

approximately 25 nucleotides. RNases

by health authorities worldwide. Despite

GU and ACA sequences, respectively.

will yield oligonucleotides that are often

initial distrust, the effectiveness of these

By performing parallel digestions using

much shorter than 25 nucleotides, thereby

vaccines has been shown to downsize

RNase T1, the authors succeeded in

making RNase-derived oligonucleotides

the number and severity of infections,

covering 70% of the sequence of a

amenable to MS/MS sequencing.

therefore changing the adverse opinion

3000-nucleotide-long mRNA. In addition,

However, the question arises as to what

of many. However, IVT-mRNA drug

the described method allowed low level

extent sequences obtained for these

development and application are in their

sequence impurities such as SNPs to

small‑length oligonucleotides are sufficient

infancy, particularly for analytical scientists

be detected and quantified at sub 1%

to reassemble the full sequence of a

that need to develop methods to analyze

levels. RNA mapping is similar to peptide

complete IVT-mRNA. At least in the case

IVT-mRNA. From a structural perspective,

mapping in that, following digestion, the

of small RNA oligonucleotides (length

IVT-mRNA is to a certain extent still a black

profiled peptide masses allow an in-depth

up to 100 nt), the full sequence and its

box and is not as well characterized as

study of the amino acid sequence and

modifications can be obtained using

biologics such as monoclonal antibodies.

PTMs of the target recombinant protein.

parallel digestions as described above (57).

These experimental peptide masses
can then be matched against in silico

An ingenious approach towards

Furthermore, there is a lack of knowledge
as to what criteria will be most decisive to

LC–MS-based de novo sequencing of

the efficacy and safety of IVT-mRNAs. The

generated peptide masses derived

RNA starts with generating a ladder of

principal analytical methods that are of use

from the cloned amino acid sequence.

the RNA sequence via partial digestion

to date are quickly evolving. For example,

However, in the case of RNA mapping,

(63). This method implies (i) that cleavage

LC–MS methods for oligonucleotide

such a matching procedure might be

occurs randomly throughout the full RNA

profiling are currently mainly based on

flawed, as RNA is built from only four

sequence and (ii) the presence of either

IP-RP. Consequently, much effort is being

nucleotides and so isomeric sequences

the 5’- or 3’-end in the cleaved product.

focused on understanding the effect of

might be more readily encountered than

Following mass-based ordering of all 5’- or

the IPR and counterion on separation and

in the case of proteins. Therefore, in

3’-end-comprising partial sequences, the

ionization efficiency to further optimize

contrast to protein characterization via

full RNA sequence can then be derived

IP-RP for oligonucleotide profiling by, for

peptide mapping, the combination of RNA

by considering the mass differences

example, the implementation of new IPR/

mapping with MS/MS fragmentation is

between subsequent partial sequences

counterion combinations. Simultaneously,

rather essential for RNA characterization.

in the ladder. To easily annotate partial

part of the RNA-based LC–MS community

The gas phase fragmentation behaviour
of oligo(ribo)nucleotides is well-known—

sequences still having a 5’- or 3’-end, a

are turning away from IP-RP because

hydrophobic linker can be attached that

of the memory effects of the IPR in

as well as that of many modified

will lead to a considerable retention shift

MS, and are instead further developing

oligonucleotides that are used in designing

so that the derivatized sequences elute

HILIC. The resolution of one‑dimensional

IVT-mRNAs, such as 2’-O-methyl-

separately from other oligonucleotides

(1D) separations might prove insufficient,

derivatized oligoribonucleotides (15).

representing internal sequences of the

especially in the case of RNase

Furthermore, LC–MS conditions can be

RNA. Up to now, this method has been

digests. Therefore, a renewed interest in

applied that will yield highly informative

applied to 20–22-nt-long oligonucleotides,

multidimensional LC(–MS) will emerge. In
that respect, early work on comprehensive

MS/MS spectra displaying product ions

hence, targeting oligonucleotides of

representing sub-sequences of all possible

lengths similar to those in RNA mapping.

two-dimensional LC (2D-LC) for

lengths. This can be achieved, for instance,

Despite LC–MS-based sequencing of RNA

oligonucleotide profiling incorporating
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exist that completely contrast the field
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Column Overload in PLOT Columns
Katarina Oden1 and Jaap de Zeeuw2, 1Restek Corporation, Bellefonte, Pennsylvania, USA, 2CreaVisions, Boxtel, The Netherlands

Injecting too much sample onto a chromatographic system will eventually overload the column. Analytical
chemists are concerned about column overloading because it reduces the column efficiency, and, as a result,
the resolution is sacrificed. Surprisingly, there is little data in the literature about the overloading of the porous
layer open tubular (PLOT) columns. This month’s article looks at the basic types of column overload, volume and
mass, and defines the variables that most affect the sample loading capacity in PLOT column chromatography.

Column overloading in chromatography

overloaded peaks are much broader, and

are that the retention times move towards

occurs when we inject too much

their shape is distorted and non-Gaussian.

lower values and the peak exhibits tailing.

sample onto the column. Injecting too

As a result, we notice considerable

This is not a classical tailing usually caused

much sample volume corresponds

changes in the retention times.

to volume overload, and will result in
peak broadening. Peaks can either stay

There are two basic types of capillary

by active sites present in the column.
The peaks are more similar to a right

columns in gas chromatography (GC):

triangle—the signal rapidly raises when the

symmetrical or exhibit tailing. Volume

the standard, wall-coated open tubular

component is eluted, followed by a slow

overload is hard to demonstrate, and it is

(WCOT) column with a thin layer of a

decrease, which results in a tail observed

fairly rare. Peak broadening often happens

liquid stationary phase coated to the

in the chromatograms in Figures 2 and

due to the slow sample transfer onto the

deactivated wall of the column, and

3. Note that the peak-end remains almost

column or dead volume in the system.

the porous layer open tubular (PLOT)

at the same retention time. At the signs of

As an illustration, in the chromatograms

column, where the stationary phase is a

overloading, we say we have exceeded
the sample loading capacity of the column.

presented in Figure 1, the same sample

solid adsorbent that is coated onto the

volume and concentration were injected

column wall (1). Separations on a liquid

on‑column. In the chromatogram

stationary phase are based on partitioning

resolution, and changes in retention

labelled Figure 1(a), the lower total flow

and principles of solubility as opposed

times could potentially be a source of

through the injection port contributes to

to PLOT columns, where separation is

misidentification. For these reasons,

slow sample transfer, a source of peak

based on adsorption, which is a surface

we like to avoid overloaded peaks.

Broader peaks show a loss in

broadening and tailing. However, the

process (2). Due to the fundamental

Nevertheless, overloaded peaks do not

resolution can be significantly improved

separation disparities between both

necessarily impact linearity. Figure 3(a)

by accelerating the sample transfer

types of column, the main difference in

shows an overlay of the calibration

using a split injection. A narrower initial

how overloading will be observed is by

chromatograms. The gradual changes in

sample band will allow for narrower peaks

their opposite peak shapes (Figure 2).

peak shape indicate we are overloading

with less tailing, increasing resolution.
A completely different overloading

Compared to the liquid stationary phase,

the column with the sample. However,

where an overloaded peak has a typical

the calibration curves show the linearity

case results when injecting too high of a

shark fin shape (slowly increasing in

was not compromised, and r2 values

concentration of analyte onto the column.

response then sharply falling back on the

greater than 0.998 were achieved

That is considered a mass overload. At that

baseline), the overloaded peak on a PLOT

for all three analytes (Figure 3[b]).

point, all the column interaction sites have

column has the opposite shape (Figure 2)

saturated with the sample component, and

(3). When the adsorbent sites are occupied

the sample band becomes considerably

with the analyte, a portion of the sample

Effect of Column Internal
Diameter on the Loading Capacity

wider. Due to the varied distribution of

travels with the mobile phase, and is eluted

Sample loading capacity for a GC column

interactions with the stationary phase,

from the column faster. The consequences

is defined as the amount of compound

www.chromatographyonline.com
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Dean Rood’s approach, which is the

FIGURE 1: An example of peak broadening due to poor instrument settings and not due to

amount of solute where broadening of

component mass overload. (a) Chromatogram is a 100 µL direct injection where R(O2/N2) =
1.1, and (b) chromatogram is a 500 µL 1:4 split injection (where four parts of the sample are
sent to a split vent and one part on a column) of 5% permanent gases. For (b) chromatogram
R(O2/N2) = 1.5. Analysis conditions: Shincarbon column: 2 m × 0.53 mm, tubing mesh size:
80/100, helium flow: 3 mL/min, oven: 40 °C isothermal, same sample concentration.

(a)

25 µV

the peak width by 10% at the half-height
occurs (5). At that point, the increase of
peak width is so severe that the loss of
resolution is approximately 10% (2).
An experimental evaluation of the

O2 N
2

(b)

effects column internal diameter (i.d.)

500

O2 N
2

Signal

400

CO

has on the loading capacity of PLOT

CO

columns was performed using two

300
200

porous polymer Q-Bond PLOT columns.

100

The increase in loading capacity for
ethyl acetate was measured when

0
1

2

1

switching from a 0.25 mm i.d. column

2

Time (min)

to a 0.53 mm i.d. column with the same

Time (min)

phase ratio and translated analysis
FIGURE 2: Demonstration of effects of overloading on peak shape in (a) WCOT and (b)

conditions. The capacity point was

PLOT columns.

determined by injecting samples

(a)

with a gradual increase of analyte

(b)

concentration from 3–140 ng for a
0.25 mm i.d. column, and 10–550 ng
for a 0.53 mm i.d. column (Figure 4).
At the overload point, where the peak

Peak shape of an overloaded component
in Gas-Liquid chromatography

width increased by 10% of the initial

Peak shape of an overloaded component in
Gas-Solid chromatography

value, loading capacity decreased from
approximately 350 ng on a 0.53 mm

Chemically bonded phases

Absorbents

Rtx-1, 5, 17, 200

Al2O3, carbon, molsieve, silica,
porous polymers

i.d. column to the 50 ng for a 0.25
mm column i.d. As we move from a

WCOT columns

0.25 mm i.d. column to a 0.53 mm

PLOT columns

i.d. column, we increase the sample
capacity for our system nearly sixfold.

FIGURE 3: (a) Overlay of the chromatograms from 10–550 ng on the column and (b)

linearity curves for all three analytes: ethyl acetate (orange), butanol (blue), and benzene
(grey). Linearity greater than 0.998 for all the analytes was achieved. Analysis conditions:
porous polymer Rt-Q bond column: 15 m × 0.53 mm, 20-µm, helium carrier gas: 5 mL/
min, oven temperature: 140 °C isothermal, eight split injections of a sample containing
ethyl acetate, benzene, and butanol from 10–550 ng on the column.
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peaks show signs of tailing, which is

rare in PLOT column chromatography,

we plotted the loss of symmetry for ethyl
acetate—an increase in tailing from the

Time (min)

that can be put on a GC column at some

analysis of ethyl acetate. Overloaded

8.5

measured as symmetry. In Figure 5,

set of conditions where the peak shape

with most peaks showing some degree

of the chromatogram is symmetrical (4).

of tailing. To estimate the overloading

initial value as measured by the Agilent

However, perfectly symmetric peaks are

point, we used a “capacity cup-full point”

ChemStation (6)—with the increasing

238

LCGC Europe June 2022

COMPACT, MODULAR AND EFFICIENT
VICI DBS H2, N2 & ZERO AIR 19” RACK
GAS GENERATORS

19” 3U Rack suitable for all static and
mobile cabinets
H2 Purity 99.99996%, Zero Air Purity
<0.1ppm THC
Primary applications: mud logging,
process GCs, THA, stack gas and
emissions test analyzers
No maintenance, high purity gas supply
with proprietary cell technology &
2 year warranty
RS232, RS485 and USB connections
for remote monitoring

For more information
scan the code

+41 (41) 925 62 00

sales@vicidbs.com

COLUMN WATCH

FIGURE 4: An overlay of eight chromatograms from (a) 3–140 ng of ethyl acetate on

a 0.25 mm i.d. column and (b) 10–500 ng of ethyl acetate on a 0.53 mm i.d. column.
Analysis conditions: (a) porous polymer Q-Bond PLOT column: 15 m × 0.25 mm, 8-µm,
helium flow: 1.5 mL/min, oven: 140 °C isothermal, split injection, and (b) 15 m × 0.53 mm,
20-µm, helium flow: 5 mL/min, oven: 140 °C isothermal, split injection.

results in broader, distorted peaks, and
can be avoided by injecting less, diluting
the sample, increasing the split ratios,
or even evaluating different phases.
Sometimes overloading cannot be

800

prevented. For example, overloaded

700

Signal (pA)

with too high a concentration of analyte

peaks are common in the analysis of
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impurities due to the significant difference
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in concentrations between the compounds.
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FIGURE 5: Comparison of symmetry changes using different concentrations of ethyl

acetate on 8 µm and 12 µm porous polymer Q-Bond PLOT column. Overloaded peaks
show signs of tailing which is measured as symmetry. Key for the figure: 12 µm film
thickness (blue) and 8 µm film thickness (green). Analysis conditions: porous polymer
Q-Bond PLOT columns: 15 m × 0.25 mm, 8-µm and 1 5 m × 0.25 mm, 12-µm,
helium flow: 2 mL/min, oven: 140 °C isothermal, split injection.
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concentration of the analyte on-column.

stationary phase resulted in a 0.5 times

The column loading capacity somewhat

increase in loading capacity in our study.

increases as we increase the stationary
phase film thickness, as observed from

Conclusion

a less drastic loss of peak symmetry on

Due to surface interactions on a PLOT

a 12 µm film thickness stationary phase.

column, the loading capacity is inherently

As we moved to a thicker layer column,

limited, and signs of overloading are

the capacity increased from 50 ng to

easily observed. Similar to a WCOT

75 ng of ethyl acetate on the column

column, higher capacity can be achieved

measured at the point when the peak

by considering larger column internal

width exceeded 10% of the initial value.

diameters and the thickest possible

A 33% increase in the thickness of the

layer of stationary phase. Overloading
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POLYMER ANALYSIS FOCUS

Co-Polymer Sequence
Determination Using SEC
Combined with Py-GC
LCGC Europe spoke to Wouter Knol from the University of Amsterdam, The Netherlands, about
co‑polymers, the difficulties surrounding their analysis, and what pyrolysis-gas chromatography (Py‑GC)
offers in comparison to other techniques when analyzing co-polymers and their sequence.
Interview by Lewis Botcherby
Q. What are co-polymers and

resonance (13C-NMR) is currently the most

alternating copolymers, such as homo

why is it important to analyze

used method in copolymer sequence

and hybrid trimers. This therefore provides

their chain sequence?

analysis. Spectra are typically very

a deeper insight into chemical differences

A: By definition, co-polymers are polymers

convoluted, as tacticity—the stereochemistry

between samples, enabling a better

that consist of more than one monomer.

of the backbone—effects complicate

understanding their functional properties.

Most industrial polymers, which find

the obtained spectra and 13C-NMR

wide application in daily life in cosmetics,

is also an insensitive method. Mass

coatings, paints, and such, are very

spectrometric methods are sometimes

parameters of various random and block

complex co-polymers, consisting of multiple

also applied to monitor the sequence

co-polymers (1). Can you elaborate

Q.You recently determined the sequence

monomers. The sequence of co-polymers,

of co-polymers, but they are generally

on how (and why) you combined

the order in which the monomers are

limited to low molar mass polymers, mainly

SEC with Py-GC in this research?

connected, affects their functional properties.

because larger molecules are harder to

A: The main goal was to gain an insight

Analysis of the chain sequence is therefore

introduce intact into the gas phase.

crucial to gain a better understanding
of the behaviour of these copolymers.

into the change in sequence as a
function of molar mass. Therefore, we

Q. What are the features of pyrolysis-gas

combined the molar mass separation

chromatography that you believed would

of SEC with the sensitive sequence

Q. What methods are currently used

be beneficial in co-polymer analysis?

determination from Py‑GC. We found

to analyze co-polymers and what are

A: Pyrolysis-gas chromatography (Py‑GC)

the method to be sensitive enough to

the issues with these methods?

offers two main advantages over its

determine the sequence of the small

A: Co-polymers feature multiple distributions,

major competitor 13C-NMR for copolymer

such as the molecular weight distribution,

sequence analysis. The first is that Py-GC

Wouter Knol

the chemical composition distribution,

methods are much more sensitive—

obtained his

and end-group distribution, among

signal‑to-noise ratios easily differ by orders

MSc. in analytical

others. Typically, different analytical

of decades. Second, the chromatographic

methods are used to characterize these

resolution of trimers in Py-GC is typically

University of Amsterdam in 2019.

different distributions. This is to me what

superior to the resolution obtained

After which he started his PhD at the

makes co-polymer analysis interesting.

between signals relating to sequence

same institution in the framework of

You have different tools to incrementally

differences in NMR. This allows the

the UNMATCHED (understanding

acquire more information about a sample.

sequencing of polymers that do not

materials by characterizing essential

The characterization of the co-polymer

feature sufficient resolution in NMR.

distributions) project. His research

sequence is especially challenging, as it

Furthermore, it allows the sequencing

mainly focuses on the development of

requires measurement of subunits within

of low amounts of sample, such as

novel method for quantifying chemical

the copolymer backbone, such as dimers

size-exclusion chromatography (SEC)

distributions within polymers.

or trimers. Carbon-13 nuclear magnetic

fractions, or alternatively very blocky or

www.chromatographyonline.com
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amount of polymer in the SEC fractions,

Q. How did the method perform

from the SEC separations was in the
order of micrograms, thus requiring

thereby allowing us to determine the

in comparison to alternatives?

sequence heterogeneity over molar

A: The main goal was to study the

Py-GC for analysis. In the case of block

mass. The sequence heterogeneity is

sequence heterogeneity, the change in

co-polymers, the concentration in the

often not investigated because there

sequence over the molar mass distribution.

polymer of hybrid trimers is very low

are very few tools to do so; therefore we

Here we exploited the increased sensitivity

and requires a sensitive method to

developed this method as it might aid

of Py-GC compared to 13C-NMR. We

detect sequence differences. The main

the development of future materials, by

analyzed fractions obtained from SEC

downside of Py-GC is the accuracy;

giving scientists a deeper insight into

separations and analyzed them with

without calibration with NMR the method is

the chemical structure of the polymer.

Py-GC. The amount of polymer yielded

not directly quantitative because differing
monomers can depolymerize in varying
degrees. I would argue both methods
are thus complementary; in cases where
sensitivity is required Py-GC shines, in
cases where quantitative results are
needed 13C-NMR is the better option. By
calibration of Py-GC with 13C-NMR you
can combine the best of both worlds.
Q. Your paper mentions a challenge
you encountered with the analyzed
polymer system. How did you
overcome this challenge?
A: The main challenge was that in the
analyzed systems not all monomers
formed larger fragments—one of the
monomers (methyl methacrylate)
depolymerized fully. If only the monomer
is formed, no sequence information is
obtained. As the sequence describes the
order of monomers, larger fragments of
the backbone, such as dimers or trimers,
are required for its measurement. The
sequence of the other monomer (styrene)
was thus the only one that could be
determined directly. One workaround was
using the chemical composition—the
overall ratio between the monomers in the
polymer—to calculate the sequence of the
unknown monomer. This is what we did
in our work. We have also looked at the
addition of additives to alter the pyrolysis
mechanism in an attempt to yield larger
fragments of both monomers. However,
this has proved quite challenging.
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LPGC–MS Speeds Up Analyses Using the MS Vacuum
Jaap de Zeeuw and Jana Hepner

carrier gas flow rates within the MS vacuum pump capabilities; and can
maintain positive inlet pressure, despite the vacuum at the end of the
column. Here is a comparison of several common fast GC strategies to the
LPGC–MS approach used in Figure 1.
1. A shorter, narrower column
A 10 m × 0.10 mm column has similar efficiency (plate number)
and resolving power to a 30 m × 0.25 mm column. But this format has
very low column capacity, so low concentrations or injection volumes must
be used to avoid peak distortion.
2. A 30 m × 0.25 mm column run at a higher flow
Increasing the flow rate is the easiest way to reduce analysis time.
But, to get the 3× faster analysis shown in Figure 1, a flow of approximately
12 mL/min is needed. This requires an inlet pressure of approximately
63 psi, which is problematic for injection, MS data acquisition rate,
and MS pump capacity.
3. A 10 m × 0.25 mm column run at optimal carrier gas flow rate
A 3× shorter column has about 40,000 theoretical plates and should
speed up analysis by 3–4×, but the inlet pressure required for this
scenario is about 0.35 psi, which is very difficult to control. At such
pressures, split injection is a challenge, column trimming is barely possible

• 3× faster analysis of multiresidue pesticides in foods.
• Simple setup using a factory-coupled, leak-free kit.
• Ideal for fast GC–MS and GC–MS/MS methods.
Using a mass spectrometer as a GC detector has many advantages for
compound identification and quantification, but there is another less
known benefit: speeding up analyses by using the MS vacuum to lower
pressure within the column. This technique, also known as “vacuum‑outlet
GC” or “low-pressure GC–MS” (LPGC–MS), can provide significant gains
for fast GC–MS (1). For example, Figure 1 demonstrates that LPGC–MS
using an LPGC column kit is three times faster than a conventional
GC–MS analysis of multiresidue pesticides in food. Historically, the difficulty
of making a manual leak-free connection has been a barrier to LPGC
adoption but using a factory-connected kit makes leak-free installation
simple and allows the speed gains of LPGC to be reliably achieved.

Why Use LPGC–MS for Fast GC–MS?
There are several options for fast GC–MS, so what makes LPGC–MS
advantageous? For MS work, a 30 m × 0.25 mm column is usually used.
This format generates about 120,000 theoretical plates; has optimum

TIC: LPGC Column Kit and Method
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Figure 1: Compared to a conventional setup, this LPGC–MS analysis of pesticides in food is 3× faster, even though a lower efficiency column is
used. Sensitivity may be higher because the increased linear velocity creates taller, narrower peaks. Note that even closely eluting peaks can still
usually be resolved by MS.
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Restrictor Column
The 5 m long, 0.18 mm ID deactivated restrictor
column allows head pressure to be maintained
in the GC inlet while pressure in the anayltical
column is reduced by the MS vacuum.

GC
Inlet

Gas Chromatograph (GC) with
Fast Oven Ramping Capability
Pre-Connected, Leak-Free
Column Connector
This insert, zero-dead-volume
connector is installed at Restek using
specialized tools and then tested to
ensure leak-free performance.

Mass Spectrometer
(and its vacuum pumps)

MS Transfer Line

GC Oven

Integrated Transfer Line Column
1 m length of deactivated, uncoated 0.53 mm
ID capillary tubing extending past the 15 m
coated analytical column section. Housed
in the same, unbroken length of tubing,
no connector is needed between the transfer
line and analytical column.

Analytical Column
15 m long, 0.53 mm ID capillary column
coated with 1 µm Rtx-5ms stationary phase.
These specifically chosen column dimensions
allow the MS vacuum to lower the pressure
throughout the entire length of the
analytical column.

Figure 2: How low-pressure GC–MS with an LPGC column kit works.

Implementation Considerations

because it affects pressure, and extremely narrow peak widths make MS
data acquisition challenging.
4. An LPGC column kit
An LPGC column kit consists of a 15 m × 0.53 mm analytical column that
is factory coupled to a 5 m × 0.18 mm restrictor column. This configuration
produces about 30,000 theoretical plates and can be operated at standard
flow rates of about 2 mL/min. Optimal carrier gas linear velocities are very
high because of the vacuum inside the 0.53 mm i.d. analytical column.
This results in very short analysis times (typically 3× faster compared to
a 30 m × 0.25 mm column). Peak widths are 1.5–2 s, which is broad
enough for MS data acquisition. In addition, the 0.53 mm column has
high capacity due to the 1 µm Rtx-5ms film.

Although the LPGC column kit makes the technique’s physical setup
much simpler and more reliable than manual connections, some method
development time is still required when translating a conventional
method. This includes setting the column dimensions (restrictor column
only) in the GC software and adjusting the oven ramp and flow rate
as necessary. Online method translation calculators should not be
used because they do not allow you to directly calculate new method
conditions for low-pressure GC. Although some method development
work is necessary when implementing LPGC, the significant increase in
sample throughput makes it a worthwhile investment.

How It Works

(1)

References
LPGC–MS speeds up analysis by using the MS vacuum, along with a
specially designed column setup, to lower pressure inside the entire
column. As Figure 2 illustrates, a 0.53 mm analytical column is inserted
directly into the MS, and a flow restrictor is used on the GC inlet side;
this allows low pressure to be maintained throughout the 0.53 mm
analytical column. The reason an LPGC column kit makes this technique
easier is because it provides a robust, zero-dead-volume, factory coupling
of the necessary restrictor column and the recommended analytical
column (which also includes an integrated transfer line). The LPGC
column kit has been specifically designed to install easily, and each one is
tested to ensure leak-free performance, meaning the setup for LPGC–MS
is now essentially as easy as changing a column.
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Maximum Flexibility with YMC-Triart: HPLC Analysis
of Phosphoramidites Using RP or NP Conditions
Julia Sablotny and Daniel Eßer, YMC Europe GmbH

Synthetic oligonucleotides are extremely promising candidates
for biopharmaceuticals in a wide range of diseases. This is
why nucleic acid therapeutics such as silencing RNA (siRNA),
messenger RNA (mRNA), and antisense oligonucleotides
(ASOs) are gaining more and more attention in current
research.
Phosphoramidites are the essential part of the chemical
synthesis of oligonucleotides, short fragments of nucleotides
and analogues. To prevent any side reactions on residual
reactive sites such as hydroxyl and amino groups during
oligonucleotide synthesis, these groups need to be protected.
Therefore, the highly reactive native nucleotides are modified
with four different protecting groups.
Benzoyl (Bz) or isobutyryl (iBu) groups protect the amino
group of the base. This is only required for the nucleobases
adenine, guanine, and cytosine, as they all have primary amino
groups that would otherwise attach to another nucleotide.
For thymine, this protecting group is not required since it only
has a less reactive secondary amine group. The 5’-hydroxyl
group of the sugar moiety is protected by a dimethoxytrityl
(DMT) group. Inhibiting side reactions at the 3’-hydroxyl
group of the sugar moiety is performed by two groups: a
diisopropylamino and a 2-cyanoethyl (CE) group are attached
to the phosphate atom. Figure 1 shows the protecting groups
using the example of an adenosine-based phosphoramidite.
The chemical oligonucleotide synthesis is performed
in four major steps: detritylation of the phosphoramidite,
coupling, oxidation, and capping. During this process, errors
can occur, which is why the purity of the phosphoramidites
needs to be closely monitored. In this application note
two different separation modes—reversed phase (RP)
and normal phase (NP)—were used for the analysis of
four different phosphoramidites. Due to the complexity
of these molecules, different interactions can be used
in order to achieve reasonable retention and resolution.
As phosphoramidites have a chiral centre at the phosphorus atom,
two isomers are present, resulting in double peaks visualized
in the chromatograms.
All separations were performed using the highly robust
YMC-Triart columns, which are an ideal choice for modern
biochromatography applications. For RP separations, a
YMC‑Triart C18 column was used. By applying a gradient up
to 95%B and only moderate temperatures, sharp peaks were
obtained. Due to the special multi-stage endcapping process
for YMC-Triart C18, no tailing was observed as shown in
Figure 2.
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Figure 1: Protecting groups of an adenosine-based phosphoramidite.

Besides employing the hydrophobic interactions of
RP chromatography, the separation of phosphoramidites
is also possible by focusing on the polar interactions using
NP conditions. The corresponding chromatograms are shown
in Figure 3. A YMC-Triart SIL column was used based on
bare hybrid silica. Although the substances have several
basic parts in their structure, there was no tailing
observed for the phosphoramidites based on thymine and
cytosine using a mobile phase containing triethylamine
as additive. Excellent resolution was obtained for all
compounds.
Chromatographic Conditions for RP Mode
Column: YMC-Triart C18 (5 μm, 12 nm) 150 × 4.6 mm
Part No.: TA12S05-1546PTH
Eluent: A) 20 mM triethylammonium acetate (pH 7.0)–
acetonitrile (90:10); B) acetonitrile
Gradient: 45–95%B (0–12 min), 95%B (12–17 min)
Flow rate: 1.0 mL/min
Temperature: 30 °C
Detection: UV at 254 nm
Injection: 4 μL (1.0 mg/mL)
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Figure 2: Separation of four phosphoramidites using RP conditions.
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Figure 3: Separation of the same four phosphoramidites using NP conditions.

Chromatographic Conditions for NP Mode
Column: YMC-Triart SIL (5 μm, 12 nm) 250 × 4.6 mm
Part No.: TS12S05-2546PTH
Eluent: n-hexane–ethyl acetate–triethylamine (50:50:0.1) for
dT; n-hexane–ethyl acetate–triethylamine (25:75:0.1) for dG;
n-hexane–ethyl acetate–triethylamine (20:80:0.1) for dA, dC
Flow rate: 1.0 mL/min
Temperature: 25 °C
Detection: UV at 285 nm
Injection: 10 μL (0.25 mg/mL)
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ULDC—Effects of Extracolumn Volume
and Extracolumn Dispersion
Kristin Folmert, Carsten Losch, and Kate Monks, KNAUER Wissenschaftliche Geräte GmbH

Theoretical plates N

Ultra low dispersion chromatography (ULDC) makes use of the
reduction of the system volume to enhance the separation by
improvement of peak shape/width, resolution, and signal‑to‑noise
ratio. A comparison of different system volumes was performed to
show the effect of extracolumn dispersion on system performance.
Using the new KNAUER AZURA® 862 ULDC chromatography
systems makes it easy to enhance performance compared to
standard high performance liquid chromatography (HPLC) systems.
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Figure 1: Comparison of calculated and measured extracolumn
volume (ECV).
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Figure 2: (a) Comparison of the peak height and width: blue, HPLC;
red, ULDC. (b) Enhanced view of Figure 2 (peak 3, aniline): blue,
HPLC; red, ULDC.
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Chromeleon™ 7.2 (2)

HPLC

0,5

Materials and Methods: System configuration

Supelco Titan C18, 2.1 x 50 mm, 1.9 μm

0

-15
0,0

Sample Preparation
A mixed standard of eight compounds was used (Table 1). The stock
solution was prepared with 50% acetonitrile. This stock solution was
diluted in a ratio 1:100 with 25% acetonitrile. The concentrations were
between 0.005 and 0.050 mg/mL.
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Figure 3: Comparison of theoretical plates. See Table 1 for substance
names.
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When considering the optimization of an HPLC system, the pre- and
post-column volume, and their impact on the performance, are often
underestimated. To optimize dispersion volume and band broadening,
various aspects of a system should be considered (1), for example,
the volume of the injector, capillaries, measuring cell, and column volume
itself should be reduced when optimizing a system. Reducing the column
size to smaller dimensions, for example, 50 × 2 mm i.d., is also beneficial
because it shortens the runtime and can therefore enable high-throughput
analysis. To support the smaller volumes required for optimization,
the HPLC system must be able to withstand the resulting higher pressure.
With the AZURA 862 ULDC system, all applications up to 862 bar can
be carried out, allowing UHPLC to be performed on a standard system—
this makes dedicated UHPLC systems obsolete.

Theoretical plates

HPLC
ULDC

200000

Diffusion occurred in the internal volume of the injection system, as well
as the detector, tubings, and any other devices present in the flow path.
Collectively, the volume of these components is known as extracolumn
volume (ECV) (3). ECV was determined with an isocratic method by
injecting a 140 μg/mL caffeine solution with a low volume coupling/
connector instead of a column (n = 10) (4).
For the standard HPLC configuration, the ECV was determined
as 24 μL and could be reduced to 8.50 μL applying ULDC settings.
Comparing the standard HPLC configuration to ULDC dimensions
meant a significant decrease of about 65% for ECV was achieved.
The reduction of system volumes also naturally resulted in an increase in
pressure. For gradient elution with a flow rate of 0.7 mL/min, a maximum
pressure of about 510 bar was measured using ULDC configuration.
With the AZURA 862 systems this is not an issue and enough reserves
for even higher flow rates are available. Figure 1 shows the comparison
of theoretically calculated ECV and measured ECV. The measured values
are in the same range but slightly higher than the calculated volumes.
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Table 1: Comparison of peak area, peak width w 0.5, peak height, and S/N ratio for gradient elution
Analyte

HPLC

ULDC

Area (mAU*s)

Peak Width0.5
(s)

Area (mAU*s)

Peak Width0.5
(s)

Uracil (U)

3.834

1.08

180.27

Resorcinol (R)

1.160

2.64

24.98

3338

3.235

0.30

489.04

11643

463

1.016

1.80

33.67

802

Aniline (A)

1.604

1.50

2-Nitrobenzyl
alcohol (2-)

57.60

1067

1.600

0.96

87.37

2080

1.896

1.32

78.85

1460

1.766

0.60

137.47

3273

4-Nitrophenol
(4-)

1.023

1.44

36.10

669

0.990

0.72

70.10

1669

N,NDimethylaniline
(N,N-)

1.854

1.32

77.91

1443

2.164

0.72

155.20

3695

Ethyl benzoate
(Et)

0.790

1.32

32.20

596

0.678

0.66

56.91

1355

Toluene (T)

0.772

1.32

31,413

582

0.495

0.66

38.22

911

Peak Height (mAU) S/N Ratio

Table 2: Improvement of resolution for critical peaks
Analyte

HPLC

ULDC

Increase
(%)

6

N,N-Dimethylanilin

12.28

22.72

54.05

7

Ethyl benzoate

1.32

2.33

56.65

8

Toluene

1.33

2.56

51.91

Peak

Peak Height (mAU) S/N Ratio

The peak width at 5σ for the last three peaks could only be determined
using the ULDC configuration. This was caused by the improved resolution
of these critical peaks when decreasing the system volume (Table 2).
Smaller peak widths and a better resolution and signal-to-noise value lead
to more stable methods and easier quantification of analytes.
Comparing the resolution values from HPLC to ULDC configuration
meant that finally a baseline separation was achieved.

Conclusion
This work has shown that it is possible to significantly enhance the
performance when decreasing the ECV in the system. Even with the
resulting back pressure, the AZURA ULDC system is able to adapt
the methods up to 862 bar. Not only does the ECV decrease, the peak
width also decreases. Therefore, if the peak width is reduced while
the area remains the same, the peak height rises, resulting in a better
signal‑to‑noise ratio and enhanced sensitivity.
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PRODUCTS

GC–MS Software

Method Development

ChromCompare+ is a data analysis and chemometrics
platform for aligning and comparing chromatographic
data in automated workflows. ChromCompare+
reportedly allows batches of GC–MS or GC×GC data
files to be compared in minutes rather than days.
Prediction models are built, validated, and tested to
automatically classify future samples.

The perfect complement for the
Nexera Method Scouting System:
LabSolutions MD integrates
all phases of HPLC method
development into a piece of
software that follows an
Analytical Quality by Design
(QbD) approach.

https://bit.ly/3FC6L4B
SepSolve Analytical Ltd., Peterborough, UK.

https://www.shimadzu.eu/fine-art
Shimadzu Europa GmbH,
Duisburg, Germany.

Nitrogen Generator for LC–MS
Designed for LC–MS with low flow requirements up to 36 L/min, this plug and
play nitrogen generator is maintenance-free, quiet (< 48 db), and consumes
up to 30% less energy than products of similar capacity, according to the
company. The practical dedicated KOMFORTO bench provides an efficient
workspace for all LC–MS instruments to run.
www.lni-swissgas.eu
LNI Swissgas Srl,
Torreglia (PD), Italy.

TOC Vials

Cannabis Sample Prep Protocol

Ultra-low TOC certified vials
<10 ppb suitable for air, water, and
soil analysis as well as pesticide
residues, pharmaceutical
manufacturing, and forensic
tests. TOC vials are supplied with
white open top PP screw cap with
22 mm natural PTFE/white silicone
3.0 mm thick septa (EPA-quality)
and dust cover. 72 pcs/pack.

Accurate determination of cannabis THC/CBD ratio is determined by effective
sample prep. Sample prep methods when conducted in standard microplates
can often lead to cracking, leaking, and cross-contamination. Porvair Sciences
reports on a highly effective protocol, using its robust plant processing
microplate, for preparing cannabis samples.

www.teknokroma.es/en/
products/handling/vials-capstaps-and-accessories/vials/tocvials-teknokroma?fn3=
Teknokroma Analítica S.A.,
Barcelona, Spain.

www.microplates.com
Porvair Sciences Ltd,
Wrexham, UK.

LPGC–MS Column Kit
Multiresidue pesticides can be analyzed by LPGC–MS in a third of the time
required for conventional methods, but LPGC–MS can be difficult to implement
because manual connections between different tubing diameters are prone to
leaks. Restek’s factory-coupled, low-pressure GC column kit makes getting set
up as simple as a column change, and ensures consistent,
leak-free performance, according to the company.
www.restek.com
Restek, Bellefonte,
Pennsylvania, USA.
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ELS Detector

MALS Detector

The Verity 1601 ELS Detector is
an evaporative light scattering
detector (ELSD). An ELSD is not
dependent on UV absorbance
and can detect compounds or
impurities even if they do not
contain chromophores, making it
an ideal complementary detector
to a UV‑based purification system.

The Dawn MALS detector coupled to SEC is ideal for
separation, characterization, and quantification of a
wide range of macromolecules and nanoparticles,
including gene therapy vectors in solution. It offers
a large selection of configurations and optional
modules for enhanced capabilities.
www.wyatt.com/dawn
Wyatt Technologies,
California, USA.

www.gilson.com
Gilson, Middleton,
Wisconsin, USA.

PEEK-Lined UHPLC Columns
Dedicated for sensitive substances such as selected
proteins/peptides, nucleotides, oligonucleotides, and
metal-coordinating small molecules. The PEEK‑lined
YMC-Triart (U)HPLC columns provide excellent
peak shapes, recoveries, and no carryover effects,
according to the company. A selection of eight different stationary phases
are available.
https://ymc.eu/d/brDlO
YMC Europe GmbH, Dinslaken, Germany.

Nitrogen Generator

UHPLC Columns

The VICI DBS HP Tower Nitrogen Generator produces a 24/7
on‑demand supply of high‑purity nitrogen with flow rates
from 500 to 4000 mL/min, purity up to 99.999% and less than
0.1 ppm, and THC pressure up to 5 bar. The generator can be
placed close to the instrument, which eliminates the need for
long gas lines from external cylinder supplies.

TSKgel UP-SW3000-LS
UHPLC columns analyze
monoclonal antibodies and other
biotherapeutics by size-exclusion
chromatography with high
resolution. The key feature of this
column is its noise suppression in
downstream detection methods
such as light scattering and
MS. This not only facilitates and
accelerates their addition but also
improves analysis performance,
according to the company.

www.vici-dbs.com
VICI AG International,
Schenkon, Switzerland.

Multi-Angle Static Light Scattering
The SLD2020 MALLS is a 20-angle static light
scattering detector for the measurement of
absolute molecular weight, size, and conformation
of macromolecules in solution. It can be integrated
into any GPC/SEC or FFF system.

www.tosohbioscience.de
Tosoh Bioscience GmbH,
Darmstadt, Germany.

https://www.pss-polymer.com
PSS Polymer Standards Service GmbH,
Mainz, Germany.

www.chromatographyonline.com
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10th International Symposium on Recent Advances
in Food Analysis (RAFA 2022)
Courtesy of Yasonya/stock.adobe.com

The 10th International Symposium on Recent Advances
in Food Analysis (RAFA 2022) will take place in
Prague, Czech Republic, on 6–9 September 2022.
The RAFA organizers, the University of
Chemistry and Technology, Prague (UCT
Prague, Czech Republic), and Wageningen

Food Safety Research (WFSR), part of Wageningen University & Research (The
Netherlands), would like to invite food scientists from academia, together with
representatives of industry, national and international agencies, control authorities,
and governmental and commercial laboratories to attend this event.
The RAFA 2022 symposium will provide an overview of contemporary trends in
analytical and bioanalytical strategies in food quality and safety control, and will discuss
challenges and novel approaches in food and natural products analysis, including:
multi-omics in food analysis; food fraud; forensics and authenticity; organic crops and
foodstuffs; bioactivity determination and identification; micro- and nano‑plastics in food;
portable on-site food analysis; QA/QC, chemometrics, and big data handling; mycotoxins,
marine, and plant toxins in a changing climate; process-induced contaminants; pesticide
and veterinary drug residues; food legislation and food control; human biomonitoring
and exposure assessment; healthy nutrients & vitamins; environmental contaminants;
emerging alternative proteins; allergens and other issues; metals, metalloids, and
speciation; cannabinoids in food and supplements; and flavours in food engineering.
Workshops, Seminars, Tutorials, Vendor Seminars, and Exhibition
The conference programme will be accompanied by several satellite events on
novel analytical strategies, including workshops on vibrational spectroscopy
and chemometrics, and the analysis of contaminants and migrants in circular
food production. Other sessions will include tutorials on data quality and smart
data handling in food analysis. An interactive seminar will discuss step-by-step
strategies for the fast development of smart analytical methods. Furthermore, the
EU Reference Laboratories Colloquium are holding a workshop on the experiences,
achievements, and challenges addressed by EU reference laboratories.
Vendor seminars and exhibition will be organized by leading companies to introduce
recent instrumentation and analytical strategies for advanced food quality and safety control.
Opportunities for Young Scientists
As always, RAFA will offer a platform for young scientists to present their scientific
work, with 20% of the contributed oral presentations typically assigned to the next
generation. There are opportunities to take advantage of the RAFA 2022 “Student
Travel Grants”, and the best poster presentation(s) by a young scientist(s) will be
rewarded with the prestigious RAFA Poster Award and sponsored poster award(s).
In summary, RAFA 2022 offers a high-quality scientific programme, with top-quality
presentations, stimulating discussions, a series of satellite events, state-of-the-art
exhibition, and an attractive social programme. The RAFA 2022 programme will be
tailored to provide a lot of opportunities for networking, as well as
exploration of the latest results from the food analysis community. More

28 JUNE–1 JULY 2022
ISSS 2022 and HPTLC 2022
Ljubljana, Slovenia
E: info@isss2020.si
W: https://www.isss2020.si

22–26 AUGUST 2022
ACHEMA 2022
Frankfurt, Germany
E: exhibition@dechema.de
W: www.achema.de

27 AUGUST–2 SEPTEMBER
2022
23rd International Mass Spectrometry
Conference (IMSC 2022)
Maastricht, The Netherlands
E: info@imsc2022.com
W: www.imsc2022.com

28 AUGUST–1 SEPTEMBER
2022
The 8th EuChemS Chemistry
Congress
Lisbon, Portugal
E: euchems2022@chemistry.pt
W: https://euchems2022.eu/

18–22 SEPTEMBER 2022
33rd International Symposium on
Chromatography (ISC 2022)
Budapest, Hungary
W: https://isc2022.hu/

19–23 SEPTEMBER 2022
14th European Pesticide Residue
Workshop
Bologna, Italy
E: eprw2022@fullday.com
W: https://eprw2022.com

11–14 OCTOBER 2022
18th International Symposium
on Preparative and Industrial
Chromatography and Allied
Techniques (SPICA 2022)
Lisbon, Portugal
E: secretariat@LDOrganisation.lu
W: www.spica2022.org

Please send any upcoming event
information to Lewis Botcherby at
lbotcherby@mjhlifesciences.com

details can be found on the RAFA 2022 website at www.rafa2022.eu
Prof. Jana Hajslova, Prof. Michel Nielen and Dr. Stefan van Leeuwen,
RAFA 2022 chairs
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