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Caseinate, a water-soluble casein product, is a mixture of the four primary casein 
proteins, αs1-, αs2-, β-, and κ-caseins (molar mass ~ 2 × 104 g/mol), in a ratio of 
approximately 4:1:4:1 (1). Solutions of caseinates possess excellent functional 
properties that are of fundamental importance for a wide range of applications in 
food (nutritive supplements), confectioneries (foam stabilizers), glues (thickener 
agents), and pharmaceutics (drug delivery) (2). Studies on the molecular properties 
of caseinate solutions have been widely performed using batch dynamic light 
scattering (DLS) techniques providing size distributions in terms of hydrodynamic 
radius (Rh) (3). It has been shown that, in a caseinate solution, individual caseins 
form a dynamic system of small aggregates with an average Rh of ~ 10 nm as well 
as larger aggregates with an Rh of ~ 200 nm as a consequence of noncovalent 
interactions (3,4). Although LS methods provide a fast measurement of aggregate 
size in solution, they only yield average values and can hardly give a proper molecular 
characterization in the case of polydisperse samples. Yet, exact information about 
molar mass and conformation of individual components in caseinates is crucial to 
better understand the aggregation behaviours of caseins in solution as well as to 
develop structure–function relationships. Therefore, a separation step prior to LS 
analysis is needed to overcome the difficulties in analyzing caseinate solutions.

Asymmetrical flow field-flow fractionation (AF4) is an analytical technique that 
has, in the past decade, clearly shown to be a powerful alternative to column-based 
separation methods for the separation and characterization of colloidal properties 
of ultra-large milk protein aggregates under native conditions (5). In a recent 

The Effect of Carrier Liquid 
Composition on the Molecular 
Properties of Caseinate 
Solutions Studied by AF4
Raffaele Andrea Abbate1,2, Mahmoud Alkhalaf1, Susanne Boye1, and Albena Lederer1,2, 1Leibniz-Institut für Polymerforschung Dresden 

e.V., Dresden, Germany, 2Technische Universität Dresden, School of Science, Dresden, Germany

The effect of carrier liquid composition on the molecular properties of uncross-linked and enzymatically cross-linked 
caseinate solutions was studied by asymmetrical flow field-flow fractionation (AF4). The sample solutions were 
prepared in 0.1M NaCl solution and subjected to AF4 analysis using three different elution buffers: 0.1 M NaCl, 0.01 M 
NaCl, and 0.01M CaCl2. When using 0.1 M NaCl as the carrier liquid, AF4 enabled the separation of the main casein 
aggregates from larger species (probably residual phospholipids) according to their molar masses, which increase 
smoothly over the elution times. In contrast, a decrease in the ionic strength of the carrier liquid caused significant 
changes in the elution properties of the caseinate solutions as a result of variations in the molecular conformations 
of the aggregates. Our findings extend the knowledge on the molecular properties of complex caseinate solutions 
as well as point out potential challenges when analyzing dynamic natural systems with an AF4 method.

KEY POINTS
• Caseinate can be reliably 

characterized using AF4.
• Ionic strength and salt 

content influences self-
assembly of caseinate.

• Light scattering is crucial for 
understanding the structure 
of caseinate assemblies.
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work, we demonstrated the capabilities of AF4 to investigate 
the enzymatic cross-linking of non-micellar caseins with 
microbial transglutaminase (mTGase) (6). Through coupling 
of AF4 to multi-angle light scattering (MALS), DLS, and 

concentration detectors such as UV–vis and refractive index 
(RI), we were able to elucidate the impact of mTGase on the 
molecular structure of protein aggregates, which changes in a 
controlled manner during enzymatic treatments, from flexible 
to compact and much denser network-like objects (6).

The advantageous characteristics of AF4 for the analysis of 
dynamic natural systems mainly come from the lack of stationary 
phase. The sample fractionation is performed in an empty channel 
offering the following benefits: a “gentle” separation mechanism 
with severely reduced pressures and shear forces; higher molar 
mass separation range (approximately 103 to 1012 g/mol); and the 
possibility to apply non-denaturing eluents for a non-destructive 
analysis of native proteins. The theoretical background and the 
different separation modes of AF4 have been comprehensively 
reviewed over the years (7,8,9), and the method was presented 
particularly for the separation of caseins in our previous work (5). 

The AF4 separation mechanism is based on 
differences in the diffusion coefficient (D), which is 
related to the hydrodynamic size (Rh) of the molecules 
according to the Stokes-Einstein equation (10):

h
   

[1]

where kB is the Boltzmann constant, T is the temperature, 
and η is the viscosity of the carrier liquid.

Taking into account the AF4 retention theory (11) 
and combining with the previous equation, the elution 
time (tE) is related to Rh by the following equation:

h
   

[2]

where w is the channel thickness, Fx is the cross-flow velocity, 
and Fc is the channel flow velocity. The ratio between Fx and 
Fc defines the separation power, and it has to be optimized 
to obtain reliable size separation in a relatively short analysis 
time. Programmed cross-flow with linear or exponential decay 
over the time is used for the separation of highly distributed 
samples, whereas constant cross-flow enables the separation of 
monomers from aggregates (12). Besides the flow rates, however, 
other parameters in AF4 should be optimized to achieve good 
separation and characterization. These parameters include 
the membrane type (cut-off and material), channel thickness, 
sample volume injected, and focusing time (13). Additionally, 
the choice of carrier liquid is also crucial to obtain reliable AF4 
data and should be selected according to the properties of the 
sample. For protein analysis, buffer solutions are commonly used 
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to reduce electrostatic interactions that may affect the sample 
components and cause poor fractionation (5,7). Furthermore, the 
composition of the carrier liquid has been shown to affect the 
stability of delicate protein aggregates (14) as well as to induce 
changes in molecular structure of charged particles (15).

This article aims to understand the impact of the AF4 carrier 
liquid on the molecular properties of uncross-linked and 
enzymatically cross-linked caseinate solutions. Molar masses, 
sizes, and conformation of aggregates as a function of changes 
in composition of the carrier liquids are characterized through 
coupling of AF4 to MALS, on-line DLS, and concentration detectors. 
The results are expected to provide more insights into the complex 
properties of caseinate systems as well as to extend knowledge 
of AF4 applications for the analysis of biological macromolecules.

Experimental Section
Chemicals: Acid casein powder was purchased by 
Sigma-Aldrich Chemie GmbH, with a crude protein content 
of 868 g/kg (Kjeldahl method, N × 6.38 [IDF, 1979]). NaCl 
(anhydrous), NaOH, and NaN3 were purchased by Sigma 
Aldrich, whereas CaCl2 (dehydrated) was purchased by (Carl 
Roth GmbH + Co. KG). Microbial transglutaminase Activa MP 
from Streptomyces mobaraensis (mTGase; activity of 90 U/g 
of protein) was purchased by Ajinomoto Foods Europe SAS.
Carrier Liquids and Caseinate Preparation: All the carrier 
liquids were prepared using deionized 18.2 MΩ-cm water 
(Lab Water Purification Systems - ELGA LabWater). Three 
different AF4 carrier liquids were prepared as follow:
• Dissolution of 11.69 g of NaCl in 2 L of deionized 

water to obtain a 0.1 M NaCl solution.
• Dissolution of 1.17 g of NaCl in 2 L of deionized 

water to obtain a 0.01 M NaCl solution.
• Dissolution of 2.22 g of CaCl2 in 2 L of deionized 

water to obtain a 0.01 M CaCl2 solution.

In any case, 0.2 g of NaN3 was added to the solution for 
preservation, and the pH was adjusted to 6.8 using a freshly 
prepared solution of 1 M NaOH. Prior to AF4 experiments, 
the carrier liquids were filtered using 0.2 µm pore size 
cellulose acetate filters (Sartorius Stedim BioTech GmbH).

For the preparation of caseinate solution, commercial 
casein powder was dispersed at 10 mg/mL in 0.1 M NaCl and 
neutralized at pH 6.8 using 1 M NaOH solution. Thereafter, the 
caseinate solution was stirred overnight at room temperature 
to ensure complete dissolution of caseins. For the enzymatic 
cross-linking, a part of the solution was treated with 3 U mTGase 
per g casein at 40 °C. The enzyme was inactivated by heat 
treatment (85 °C for approximately 10 min) after 3 h (cross-linked 
caseinate). The reference caseinate was treated in the same 
way without enzyme addition (uncross-linked caseinate) (6).
Instrumentation: The AF4 instrument was an Eclipse Dualtec 
separation system (Wyatt Technology Europe GmbH) equipped 
with a flow reading unit and channel section. This consisted of a 
long channel (26.5 cm in length), poly(tetrafluoroethylene) (PTFE) 
spacer with a thickness of 490 μm, and regenerated cellulose 
(RC) ultra-filtration membrane with an average molecular weight 
cut-off (MWCO) of 10 kDa. The channel section was connected 
to an Optilab T-rEx (Wyatt Technology Europe GmbH) differential 
refractive index (dRI) detector with a wavelength of 658 nm, an 
18-angle Dawn-Heleos II MALS detector (Wyatt Technology 
Europe GmbH) operating at a wavelength of 658 nm, and a UV 
detector (Agilent Technologies) set at wavelength of 280 nm. A 
Wyatt QELS module (Wyatt Technology Europe GmbH) integrated 
inside the Dawn provided online Rh distributions at a scattering 
angle of 99°. The carrier liquids were delivered by an Agilent 
Technologies 1200 series isocratic pump equipped with an in-line 
vacuum degasser, while an autosampler (1200 series, Agilent 
Technologies) ensured the injections into the channel. Between 
the pump and the channel a filter holder with a 100 nm pore size 

log(Mw)(g/mol)log(Mw)(g/mol)

lo
g
(R
)(

n
m

)

lo
g
(R
)(

n
m

)

Uncross-linked caseinate Cross-linked caseinate3.0

2.5

2.0

1.5

1.0

0.5
5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.510.0

3.0

2.5

2.0

1.5

1.0

0.5
5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.510.0

νRh
 = 0.40

νRh
 = 0.49

νRg
 = 0.47

νRh
 = 0.38

νRh
 = 0.47

νRg
 = 0.44

FIGURE 3: Dependency of Rg (from MALS; grey triangles symbol) and Rh (from on‑line DLS; black circles symbol) 
on Mw for aggregates in uncross‑linked (left plot) and cross‑linked (right plot) caseinates analyzed by AF4 using 
0.1 M NaCl buffer solution.

115www.chromatographyonline.com

LEDERER ET AL.



poly(vinylidene fluoride) (PVDF) membrane (Millipore Corp.) to 
prevent the contamination of the separation device was placed.

The programmed flow for AF4 experiments is shown in 
Figure 1. The channel flow rate was maintained at 0.5 mL/
min for the entire AF4 run. The sample concentration 
was 10 mg/mL, and the amount of sample solution 
injected into the channel was optimized to 30 µL, which 
was tested to ensure no overloading of the channel.

The solution was injected during the focus–injection step 
with a duration of 4 min, whereas a focusing–relaxation 
step of 2 min was performed prior to elution mode. The total 
focusing time was 7 min with a cross-flow rate (focusing flow) 
of 3 mL/min. Similar to our previous study (6), the cross-flow 
was initially maintained at 2 mL/min for 5 min, and then 
decreased exponentially to reach 0.1 mL/min in 25 min in 
elution mode. The cross-flow was kept constant at 0.1 mL/
min for 10 min afterwards. At the end of each run, the channel 
was rinsed with the carrier liquid for 25 min without cross-flow 
to eliminate any particles prior to the next injection. 

The control of the Agilent and Eclipse components 
(flows and pressures) as well as the acquisition and data 
analysis were carried out using the software Vision CSH 
package (Chromatography Software Hub, Version R1806; 
Wyatt Technology Europe GmbH). The AF4 experiments 
were performed in triplicate, that is, three injections for 
uncross-linked and cross-linked caseinate solutions.
Light Scattering Analysis: After AF4 fractionation, light 
scattering techniques are widely used in the field of proteins 
because they provide direct information on size and structural 
properties of the individual molecules and aggregates. In 
particular, the combination of MALS with concentration 
detectors enables the determination of molar mass, or more 
specifically weight average molar mass (Mw), and radius of 
gyration (Rg) according to the following equations (16):

  [3]

where I(θ) is the intensity of light scattered by the molecule at 
angle θ, c is the concentration of the sample solution, dn⁄dc 
is the specific refractive index increment of the scattering 
solution, and P(θ) is the particle scattering function: 
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[4]

where λ is the wavelength of the incident light in a 
given solvent, and u is the scattering vector (16). 

The calculation of Mw by MALS works generally well 
for protein aggregates of at least 1 × 104 g/mol and the 
angular dependence of the light scattering, for example, the 
determination of Rg of at least 10 nm (diameter > λ/20 nm). 
The MALS data can be fitted using different models of 
which Berry is commonly utilized for casein particles 
(5,17). In this work, the determination of Mw was performed 
using Berry formalism fitting a 1st degree polynomial to 
data obtained at 29.6–130.4° scattering angles, and an 
extinction coefficient of 0.81 L/g for caseinate solution (1). 

As a third quantity, the Rh can be determined by on-line 
DLS, which substantially measures the frequency of the 
intensity fluctuations related to molecular diffusion, and thus 
to the Rh (equation 1). A significant advantage of having 
both DLS and MALS is that the first one is more sensitive to 
smaller aggregates (≤ 10 nm), and therefore a complete size 
distribution can be obtained by combining both detectors.

Additionally, assumptions about the molecular conformation of 
the proteins can be obtained from the dependency of radii on Mw:

ν
w=R K M  [5]
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The slope of a double logarithmic plot defines the scaling 
factor ν, which is theoretically defined for spheres (ν = 0.33), 
random coils (ν = 0.5-0.6), and stiff rods (ν ~ 1) (18).

Results and Discussion
Differences in the molecular properties of uncross-linked and 
cross-linked caseinate solutions with variation in the ionic strength 
as well as ion type of the AF4 carrier liquid were systematically 
studied. The impact of 0.1 M NaCl, 0.01 M NaCl, and 0.01 M 
CaCl2 elution buffers on the detector responses as well as on 
the Mw distributions of uncross-linked and cross-linked caseinate 
solutions is shown in Figure 2. The Rg and Rh distributions as well 
as their average values are reported in Figure S1 and Table S1 
(see supplementary material: http://www.chromatographyonline.
com/supplementary-information-effect-carrier-liquid-
composition-molecular-properties-caseinate-solutions). The 
variations of both radii with Mw (conformation plots) as a function 
of the carrier liquid compositions are shown in Figures 3, 4, 
and 5. The fractograms show that the elution behaviours of 
both uncross-linked and cross-linked caseinate solutions are 
strongly affected by variations in the composition of the carrier 
liquid used for AF4 analysis. Using a carrier liquid with identical 
composition as the sample preparation (0.1 M NaCl) allows high 
resolution separation of the main casein aggregate (at 20–35 min 
elution time) from larger aggregates eluting when cross-flow is 
off (at elution time of 50–60 min). The broader UV response at 
lower elution times (approximately less than 20 min) reveals the 
presence of casein material that is too small for a complete MALS 
analysis. The late-eluting fraction with relatively low UV activity but 
higher MALS response is likely a result of aggregation between 
proteins and residual phospholipids that are characteristics of the 
commercial casein powder (6,19). In fact, the zwitterionic phase 
of phospholipids molecules has been shown to interact with 

hydrophobic facets of κ-caseins located on the external surface 
of casein micelles in milk (20,21). Consequently, experimental 
conditions (for example, heat treatments) during milk processing 
to obtain the raw casein material might generate larger-sized 
complexes containing both casein proteins and lipid fractions, 
which are the cause of a high MALS response after AF4 separation. 

Casein aggregates in the uncross-linked caseinate possess an 
average Mw of 4.8 × 105 g/mol, which increases up to 1.02 × 106 g/
mol after mTGase cross-linking (Table S1, see supplementary 
material: http://www.chromatographyonline.com/supplementary-
information-effect-carrier-liquid-composition-molecular-properties-
caseinate-solutions). Furthermore, the average Rh measured by 
DLS is 12.6 nm and 12.2 nm after mTGase cross-linking; Rg values 
for this low elution time fraction cannot be calculated because 
the sizes are smaller than 10 nm and are behind the limits of 
MALS (Figure S1, Table S1, see supplementary material: http://
www.chromatographyonline.com/supplementary-information-
effect-carrier-liquid-composition-molecular-properties-caseinate-
solutions). Assumptions on the molecular conformations for 
casein aggregates can be made plotting Rh against Mw as 
shown in Figure 3. According to the theory, Rh is related to the 
diffusion coefficient of a hard sphere with the same volume 
(equation 1), whereas Rg is related to the geometrical dimension 
of a specific particle (5). It can be seen that casein aggregates 
possess compact molecular conformation (νRh = 0.40), which 
is rather unaffected by cross-linking reactions (νRh = 0.38). Such 
observations are in line with our previous studies, where we proved 
the hypothesis that mTGase forms cross-links between casein 
molecules predominantly within the same aggregates (6,19) 
However, the unavailability of Rg distributions does not allow further 
considerations to be made on the molecular shape of caseinate 
aggregates in this study. For larger aggregates, the average Mw 
increases from 6.4 × 108 g/mol to 8.7 × 108 g/mol, whereas the 
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two radii show similar average values after enzymatic reaction 
(Table S1; see also Figure S1, see supplementary material: http://
www.chromatographyonline.com/supplementary-information-effect-
carrier-liquid-composition-molecular-properties-caseinate-solutions). 
The trend (ν > 0.4) of all the conformation plots indicates large 
aggregate formation with an overall lower compactness (Figure 3).

When the concentration of NaCl in the carrier liquid was 
decreased to 0.01 M, the peak associated to the larger aggregates 
shifted towards shorter elution times (Figure 2), resulting in a 
decrease of the average Mw to 8.3 × 107 g/mol (uncross-linked 
caseinate) and 1.5 × 108 g/mol (cross-linked caseinate) (Table S1, 
see supplementary material: http://www.chromatographyonline.
com/supplementary-information-effect-carrier-liquid-composition-
molecular-properties-caseinate-solutions). Additionally, both 
radii also decreased at lower ionic strength but the differences 
were not as significant as in the case of Mw (Table S1, see 
supplementary material: http://www.chromatographyonline.com/
supplementary-information-effect-carrier-liquid-composition-
molecular-properties-caseinate-solutions). The conformation 
plots, however, show that the larger aggregates become more 
compact as the slopes decrease to values ≤ 0.40 (Figure 4). In 
contrast, the average values of Mw and the radii for the main casein 
aggregate fraction prior to and after mTGase cross-linking do 
not drastically change when decreasing the ionic strength of the 
carrier liquid (Table S1, see supplementary material: http://www.
chromatographyonline.com/supplementary-information-effect-
carrier-liquid-composition-molecular-properties-caseinate-solutions), 
but the structures become slightly expanded with increasing 
conformation slopes (Figure 4). Interestingly, for the cross-linked 
caseinate, an additional peak (approximately 30 min elution time; 
Figure 2) with average Rg of 13.1 nm (Table S1, see supplementary 
material: http://www.chromatographyonline.com/supplementary-
information-effect-carrier-liquid-composition-molecular-properties-
caseinate-solutions) was detected using MALS. For this fraction, 
the conformation plot based on the dependency of Rg on Mw 
gives a slope of 0.64, which is typical for flexible molecular 
structures. However, the molar mass range available for fitting 
the LS data is rather small because of poor separation and thus, 
the higher slope values might be a result of a low accuracy.

On the other hand, using salt-depleted carrier liquids causes 
a reduction in charge screening effects and thus increases 
electrostatic interactions during the AF4 analysis. In this context, the 
focusing step prior to elution could partially play an important role 
in changing the retention properties of caseinate solutions: during 
the focusing–relaxation step, the sample components undergo 
higher pressures and become concentrated from the cross-flow 
in a narrow band on the ultra-filtration membrane. Consequently, 
interactive moieties of caseins and other species can form different 
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agglomerates that significantly affect the AF4 performance and 
separation. However, the selection of focus flow conditions with 
respect to the type of buffer for AF4 analysis of caseinates requires 
more detailed investigations that are beyond the scope of this study.

The elution behaviours of components in caseinate solutions 
are even more affected when using 0.01 M CaCl2 for AF4 
separation (Figure 2). The presence of Ca2+ appears to greatly 
increase the interactions between casein material and larger 
aggregates, resulting in the formation of highly disperse species. 
In other studies, ion Ca2+ was added directly to caseinate 
solution, resulting in increased aggregation of individual caseins 
similar to native casein micelles (4,22). Furthermore, larger 
cross-linked casein aggregates were formed by mTGase in 
the presence of Ca2+ as a consequence of more pronounced 
self-assembly of casein molecules (23). The average value of Mw 
was 1.6 × 107 g/mol for the uncross-linked caseinate solution, and 
increased up to 8.7 × 107 g/mol for the cross-linked caseinate 
solution (average values of Mw can be seen in Table S1, see 
supplementary material: http://www.chromatographyonline.com/
supplementary-information-effect-carrier-liquid-composition-
molecular-properties-caseinate-solutions). The size distributions, 
however, show different tendencies (Figure S1, see supplementary 
material: http://www.chromatographyonline.com/supplementary-
information-effect-carrier-liquid-composition-molecular-properties-
caseinate-solutions) and the average values of radii calculated for 
uncross-linked caseinate were larger than those ones obtained for 
the cross-linked caseinate solution (Table S1, see supplementary 
material: http://www.chromatographyonline.com/supplementary-
information-effect-carrier-liquid-composition-molecular-properties-
caseinate-solutions). When plotting the radii against the molar 
mass for the uncross-linked caseinate, reliable scaling slopes 
were obtained in the region of Mw ≥ 2 × 107 g/mol (Figure 5). 

In the region of molar masses between 5 × 106 g/mol 
and 1 × 107 g/mol, no clear tendency was observed for the 
uncross-linked caseinate. This effect might be attributed to the 
formation of calcium bridges within the aggregates, resulting in 
a strong alteration of molecular conformations of the individual 
caseins. At higher Mw, however, both radii steeply increased 
with increasing Mw, which is typical for the formation of open 
structures (scaling factors > 0.6). In contrast, the dependency 
of both Rh and Rg on Mw for the cross-linked caseinate showed 
a decrease in conformation slopes, indicating the formation of 
more compact geometries. Whilst Rg increased constantly with 
increasing Mw, resulting in a slope value of 0.45, the Rh deviated 
slightly from linear behaviour at Mw ≥ 2 × 108 g/mol as reflected 
in the conformation value of 0.41 (Figure 5). This effect might 
be caused by ions Ca2+ of the carrier liquid that act on the 
external surface of cross-linked casein aggregates, and thus 

“mediate” stronger electrostatic interactions between individual 
caseins and residual phospholipids. In fact, it is rather unlikely 
that ions Ca2+ can diffuse within the aggregates because of 
the presence of cross-links induced by mTGase. However, it 
should be noted that the amount of Ca2+ in the buffer system 
was rather low but was sufficient to cause significant changes in 
AF4 performance during separation of caseinate components.

Conclusion
This study examined the impact of the carrier liquid composition 
used for AF4 analysis on the molecular properties of 
uncross-linked and cross-linked caseinate solutions. The sample 
solutions were prepared using 0.1 M NaCl solution and the 
same experimental conditions, whereas three carrier liquids 
were chosen for AF4 experiments: 0.1 M NaCl, 0.01M NaCl, 
and 0.01M CaCl2. The characterization of the eluted fractions 
was achieved through coupling AF4 with MALS-UV-online 
DLS detection systems. Whilst a carrier liquid with the same 
composition of the sample preparation (0.1 M NaCl) enabled 
a size separation of main casein aggregates from larger 
aggregates (probably phospholipids–protein complexes), the 
decrease in the ionic strength of the buffer systems affected 
the molecular conformation and, thus, the retention properties 
of both components. Such modifications are attributed to 
stronger interactions between caseins and residual lipids at 
lower salt concentration of the carrier liquid, resulting in the 
formation of different agglomerates during AF4 analysis.

On the one hand, the obtained results extend the knowledge 
about aggregation behaviours and molecular properties of 
components in caseinate solutions. Furthermore, the importance 
of the carrier liquid composition when characterizing dynamic 
natural systems with AF4 has been demonstrated. In order to 
minimize changes in the molecular structures of the sample 
components and obtain a reliable AF4 separation, great care 
must be taken in the selection of the salt concentration and ion 
types in addition to flow conditions for method development.
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Troubleshooting LC Separations of 
Biomolecules, Part 1: Background, 
and the Meaning of Inertness
Jordy J. Hsiao1, Gregory O. Staples1, and Dwight R. Stoll2, 1Agilent Technologies Santa Clara, California, USA, 2LC Troubleshooting Editor

How do bioinert and biocompatible liquid chromatography (LC) systems and columns improve separations 
of biomolecules? How do I know when these systems are required for my separation?

We are witnessing tremendous growth in 
the life science and biopharmaceutical 
research areas, and separation scientists 
have risen to the myriad challenges 
that have presented themselves in 
these industries. Increasingly, analytical 
workflows are being designed with special 
measures taken to improve separation 
performance for biomolecules. Thus, terms 
like bioinert, biocompatible, biocolumn, 
and large molecule liquid chromatography 
LC (bio-LC) have arrived on the liquid 
chromatography scene. For this month’s 
instalment of “LC Troubleshooting” I’ve 
asked two my research collaborators, 
Jordy Hsiao and Greg Staples, to join 
me to address these topics from the 
point of view of troubleshooting. In this 
first instalment, we’ll dive into some of 
the background behind these terms and 
their relevance to bioseparations, and 
how examples of paying attention to 
specific characteristics of LC systems and 
separation conditions can have dramatic 
effects on the separation of biomolecules.

Dwight Stoll

Background
Several years ago, some of our own work 
focused on using hydrophilic interaction 
chromatography (HILIC) to separate 

biologically relevant small molecules. The 
preliminary results were quite exciting as 
we were able to achieve good separations 
of underivatized amino acids. However, 
we had difficulty detecting and obtaining 
good peak shapes for acidic metabolites 
containing phosphate groups or multiple 
carboxylate groups. These compounds 
are important because they are involved 
in many crucial cellular pathways (for 
example, the tricarboxylic acid cycle). At 
that time, we embarked on a journey 
to systematically study these effects, 
with the hope that a more detailed 
understanding of the observations would 
lead to better separations in the long 
run. It turned out to be a long trip, and 
the path is one that many analytical 
scientists have travelled. We began 
assembling other reports of deleterious 
interactions between biomolecules and 
high performance liquid chromatography 
(HPLC) systems, cataloging problems with 
phosphopeptides (1,2), phosphorylated 
glycans (3), monoclonal antibodies (mAbs) 
(4), and pharmaceutical compounds (5). 
From this survey, we observed that these 
problems were reported to occur on a 
variety of stationary phases in addition 
to HILIC, including reversed-phase, ion 
exchange, size-exclusion chromatography 

(SEC), and others. We were eventually 
able to develop robust, high performing 
separations of acidic metabolites. We 
hope some of the general lessons we’ve 
learned through these experiences can be 
leveraged by others to save significant time 
in tackling tricky biomolecule separations.

How to Spot Problems 
in Bioseparations
Poor performance for separations of 
biomolecules can manifest in a number of 
ways. Biomolecules as a class of analytes 
comprise a vast array of molecules that 
vary in terms of both physicochemical 
properties and size, and it’s important 
to note that chromatography problems 
can arise for species that are either 
small (such as metabolites, glycans, 
peptides), or large (such as proteins).
1. Peak tailing: Often, analytes are 

eluted with undesirable peak tailing, 
which can make quantitation difficult. 
Sometimes these peak shapes 
gradually improve over the course 
of days or weeks, while other times 
their poor shapes can remain the 
same or continue to worsen. A good 
example of such peak tailing for a 
biomolecule is the separation of the 
protein cytochrome C using SEC. 
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Figures 1(a) and 1(b) show such a 
separation on a column housed in 
stainless steel (SS) versus a column 
housed in polyether ether ketone 
(PEEK). The tailing factor of the protein 
on the SS column is significantly 
worse than on the PEEK column.

2. Drifting peak area: Another situation 
that is commonly observed is an 
increase in peak area upon repeated 
injections of a sample, which can 
apply to individual or groups of 
analytes in the sample. An example of 
this is shown in Figure 1(c). The peak 
areas can eventually stabilize, but, in 
some cases, the stabilization can be 
very slow and require many injections. 
Sometimes, it’s impossible to be sure 
that the separation has stabilized at all.

3. No observable elution: Perhaps 
most concerning are situations 
where an analyte is not detected at 

all because it is stuck somewhere 
inside the instrument between the 
sample vial and the detector.

We’ll address some of the 
countermeasures for the situations 
listed above in future instalments of “LC 
Troubleshooting”. In the meantime, you 
might be wondering about the root 
cause of these problems. There are 
unfortunately many culprits, but a common 
issue involves the interaction between 

biomolecules and metals in HPLC systems, 
the most common of which is the iron in 
stainless steel. There are several ways 
that biomolecules can interact with iron, in 
a physicochemical sense. For example, 
the phosphate groups in metabolites, 
glycans, and phosphopeptides can 
act as Lewis bases that tend to interact 
strongly with Lewis acids, such as iron. 
Moreover, molecules that contain multiple 
acidic functional groups (for example, 
malate, adenosine diphosphate) can bind 
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FIGURE 1: Separation of cytochrome C protein on SEC columns in (a) SS or (b) PEEK 
column hardware. Panel (c) shows how the area of some peaks can increase when 
a protein sample is injected repeatedly on a SEC column with metal hardware.
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metals with extraordinary affinities as a 
result of interaction geometries that are 
particularly favourable (for example, this 
is what makes the interaction between 
ethylenediaminetetraacetic acid [EDTA] 
and metals so strong). With proteins 
in particular, it is difficult to develop 
clear and robust rules about what will 
or will not interact strongly with metals 
because there is the potential for so 
many amino acid sequence-specific 
effects, as well as a strong dependence 
of the interaction on secondary and 
tertiary structure of the protein.

Bioinert to the Rescue!
Let’s return to the terms we called out 
earlier, bioinert and biocompatible. These 
terms are used interchangeably in the 
literature, and in the context of biomolecule 
separations describe products that 
are designed to reduce problematic 
interactions with biomolecules. This 

is primarily accomplished by using 
alternatives to SS in the flow path of 
the separation. Some examples of 
materials that can be found in bioinert 
products are PEEK, alloys of titanium, 
ceramic, and MP35N (an alloy whose 
main components are Ni, Co, Cr, and 
Mo). Now that we are thinking of each 
of these different materials, it’s a good 
time to reflect on the many components 
of a UHPLC–mass spectrometry (MS) 
system, and consider how they relate to 
the interaction of biomolecules with metals. 
Figure 2 shows a block diagram of a 
typical LC–MS system. Metal-containing 
components can generally be divided 
into two categories: those that physically 
contact the sample and those that do 
not. The former includes things like the 
sample vial, the autosampler needle and 
loop, the HPLC column, any optical flow 
cells, transfer capillaries, and, in the case 
of MS, the nebulizer needle. The latter 

includes solvent bottles, pump heads, and 
mixers. It’s also worth noting that samples 
of biological origin may themselves contain 
metal ions, either inherently or by design.

Column Technologies 
for Biomolecules
Analyte interaction with HPLC columns 
has been the subject of much attention 
from column manufacturers. Analytes 
can potentially interact with the walls of 
the column tubes, as well as the inlet 
and outlet frits that hold the stationary 
phase in place. Despite their small size, 
column frits can actually have surface 
areas in the same order of magnitude 
as the column walls. In some of our own 
work, we compared SS and PEEK HILIC 
columns for adenosine triphosphate 
(ATP) analysis. In the experiment shown 
in Figure 3, low amounts of ATP injected 
onto SS columns were not detectable. 
Only with larger injection amounts (above 
250 ng) does the peak shape and intensity 
for ATP improve. This effect is mitigated 
using PEEK-lined columns, and more 
importantly, the sensitivity and peak 
shape improved significantly using PEEK 
hardware. Another similar comparison 
study has demonstrated better recovery 
and peak shape for phosphorylated 
N-glycans when using PEEK-lined 
column hardware (3). Alternatives to 
SS column hardware are available from 
column vendors, and comprise a variety 
of different bioinert materials in addition 
to PEEK (for example, titanium, glass).

Biocompatible HPLC 
Instrument Components
Let’s move on to the components of the 
HPLC–MS system that are relevant to 
metal–analyte interaction, keeping in 
mind the components in the flow path 
in Figure 2. It’s intuitive that there can be 
problems when the sample is in contact 
with a metal surface, but what about metal 
surfaces which the sample does not 

LC pump:
• Pump heads
• Check valves
• Mixers

Autosampler:
• Needle
• Loop
• Seat
• Valve

Analytical Column:
• Column body
• Frits

Optical Detector:
• Flow cell

Mass Spectrometer:
• Nebulizer needle

Sample Capillaries

Injection
Needle

FIGURE 2: Typical LC–MS instrument setup. This simplified illustration includes 
the HPLC pump, autosampler, analytical column, detectors (with both an optical 
detector and a mass spectrometer illustrated here), and the connection capillaries. 
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contact, like the pump heads? Indeed, 
these surfaces can be problematic 
when they leach (often variable) levels of 
metal ions into the mobile phase (6). This 
phenomenon can cause some serious 
complications, especially if leached metal 
ions accumulate on the column stationary 
phase, rendering the use of bioinert 
column hardware ineffective. Given that 
an HPLC–MS system has many potential 
sites of metal introduction or interaction, 
the effect on the performance of a 
biomolecule separation is cumulative. 
To illustrate this, consider the data in 
Figure 4, which examines separations of 
the metal sensitive analytes AMP, ADP, 
and ATP as markers for HILIC-LC–MS 
performance. We initially started with 
an LC system composed of a SS pump 
head, an autosampler with a SS injection 
needle, and SS capillaries connected 
to a quadrupole time-of-flight (QTOF) 

mass spectrometer (top row). Next, we 
changed the HPLC system to one with a 
titanium pump head, ceramic injection 
needle, and PEEK-lined connection 
capillaries, but with a single SS capillary 
post-column (middle row). In the last 
step, the postcolumn capillary was 
changed from SS to PEEK (bottom row). 

These results demonstrated that the 
signal intensities significantly increased 
as individual SS components were 
removed from the sample flow path. 
More notably, even a single SS capillary 
can negatively impact the detection 
limits for phosphorylated metabolites 
(compare middle and bottom rows). 
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FIGURE 4: Sensitivity for HILIC-LC–MS improves as individual metal components 
are removed from the analyte flow path. 
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Summary
In this first instalment of “LC 
Troubleshooting”, we’ve worked to 
highlight some of the problems you may 
encounter when developing a method 
for the analysis of biomolecules that 
are related to deleterious interactions 
between the analytes and the LC system. 
Such problems often show up in the form 
of lower than expected sensitivity, poor 
peak shape, and poor reproducibility. 
When working with analytes that have 
the potential to interact strongly with 
metals, it’s useful to know what to look 
for and how you can assess the overall 
performance of your system. In the 
best case, such separations should be 
developed using systems that limit or 
eliminate SS components. When this 
is not possible, there are other options 
available, including passivation and 

mobile phase additives, and we’ll discuss 
details of these approaches in a future 
instalment of “LC Troubleshooting”. 
Arming yourself with knowledge about the 
sources of metals in LC systems and the 
mechanism of interaction of biomolecules 
with these metals can be helpful in any 
troubleshooting you do, and facilitate 
the development of robust methods for 
accurate biomolecule determinations.
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Go With the Flow: Thinking 
About Carrier Gas Flow in 
Gas Chromatography
Sean P. McCann1, Hetal Rana1, Brittany A. Handzo2, and Nicholas H. Snow1, 1Department of Chemistry and Biochemistry, Seton Hall 

University, New Jersey, USA, 2GQAS&T Pharma and Forensics Department, Bristol Myers Squibb, New Brunswick, New Jersey, USA.

Mobile phase flow is critically important, and must be carefully controlled. In this instalment of “GC 
Connections”, we discuss carrier gas flow and its importance in successful gas chromatographic (GC) 
analysis. We will begin with a short review of fundamental theories showing why flow is important, and 
move into a discussion of how flow rate is measured and controlled on modern instruments. Finally, we will 
discuss the effect of flow-related parameters, including carrier gas choice, the difference between constant 
pressure and constant flow modes, and some new thinking about flow rate optimization. We conclude with 
some takeaways that should assist gas chromatographers with effective carrier gas management.

When a sample is injected into a 
column in any mode of chromatography, 
its molecules spend time in one of 
two phases, the stationary phase 
or the mobile phase, as illustrated 
in the very familiar equation 1:

tR tR + tM=               [1]

As we all know, tR represents the total 
retention time, t’R represents the adjusted 
retention time, or the time spent sorbed 
(not moving) in the stationary phase, 
and tM represents the hold-up time, the 
time spent moving in the mobile phase, 
also defined as the time required for 
an unretained substance to traverse 
the column. The carrier gas flow rate 
obviously has a very strong impact on tM. 
We are also very familiar with equation 2, 
which represents the retention factor:

k = tR
t M            [2]

Most experts in method development 
will suggest that the best separations 
occur when k is between about 2 and 
about 10. The lower limit allows enough 
total time in the column for effective 
separation. The upper limit comes 
from a diminishing return for better 
resolution as retention times get very 
long. As k gets smaller, the importance 
of tM (flow) becomes larger. At k = 2, 
the analyte spends one third of the 
retention time in the mobile phase. At 
k = 10, it spends about 9% (1/11) of 
the retention time in the mobile phase. 
In any case, precise flow control is 
important for retention times, retention 
factors, and all of the calculations that 
we base on them to be reproducible. 

Equation 3 relates the gas hold-up 
time to the average column 
volumetric flow rate:

=Fc
r 2L�
t M       [3]

The numerator of equation 3 represents 
the total volume of the column (think of 
it as a long skinny cylinder). Note that 
the stationary phase film thickness is not 
considered; it usually does not contribute 
much to the total volume inside the 
fused-silica tube. Also, note that this is 
an average flow rate. In contrast to high 
performance liquid chromatography 
(HPLC), in which the liquid mobile phase 
is essentially non-compressible, the gas 
mobile phase in gas chromatography 
(GC) is compressible. According to 
Boyle’s Law, pressure and volume 
are inversely proportional. As the gas 
moves from the higher-pressure column 
head to the lower-pressure outlet, it 
expands, increasing in volume. Thus, 
the volumetric flow rate calculated by 
equation 3 is the average volumetric 
flow rate and it is usually expressed 
in units of cm3/min or mL/min. 

A related term, average linear 
gas velocity, which is simply the 
average speed (usually expressed 
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in cm/s) of the gas flowing through 
the column, is given in equation 4:

=u L
t M              [4]

As we saw above, the gas is 
expanding as it moves along the column. 
Since the column constricts the gas 
flow, the velocity of the gas must also 
increase as it moves down the column. 
The average linear gas velocity is most 
commonly used to examine the effect of 
flow on peak width and the construction 
of “van Deemter” plots, the classical 
method for optimizing the flow rate, 
discussed below. In a previous “GC 
Connections” column, Hinshaw provided 
a detailed description of the relationships 
between carrier gas flow and velocity (1). 

There are several variables that 
determine the gas hold-up time and 
some complexity in how gas molecules 
move through the column. Blumberg 
has provided a detailed description and 
equations describing the fundamental 
basis of the gas hold-up time (2). The 
relationships involved are surprisingly 
complex, but can be summarized by 
stating that the gas hold-up time is a 
function of column dimensions (length 
and inside diameter), the inlet and outlet 
pressures, and the viscosity (resistance 
to flow) of the carrier gas. The viscosity 
of a gas is a function of temperature, and 
increases as temperature increases. 
This is the opposite behaviour seen with 
liquids, where the viscosity decreases 
with increasing temperature. Some 
instruments, data systems, and computer 

simulation programs use equations based 
on the these relationships to determine 
gas hold-up times from the known 
variables, lessening the need to physically 
measure tM. Finally, remember that the 
calculated flow rate and linear gas velocity 
are average values, and they assume 
isothermal operation throughout the run. 

Measuring the Gas Hold-up Time
In a recent “GC Connections” column, 
Hinshaw suggested keeping a manual 
syringe and a butane lighter handy 
as part of the supplies kit for any gas 
chromatograph (3). Injecting butane 
from a lighter serves two very important 
purposes. First, butane is not retained 
on most capillary columns at most 
temperatures used in GC, so it can be 
used as the analyte to directly measure the 
gas hold-up time, tM. Second, the shape 
of the butane peak, injected following a 
column change or other maintenance, 
provides a confirmation that the column is 
connected properly and the connections 
are leak-free. If the butane peak exhibits 
tailing or a poor peak shape, then there 
is likely a leak or a problem with the 
connections. Beware that butane may be 
retained on some thick film columns, so 
methane is preferred when using them.

The technique of injecting butane was 
developed in times when most GC was 
performed on packed column instruments, 
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FIGURE 1: Gas hold-up time versus temperature for several analytes. The figure shows data plotted for butane, pentane, hexane, ether, 
and software.  

TABLE 1: Characteristics of common carrier gases

Characteristic Hydrogen Helium Nitrogen

Cost $$-$$$ $$ $

Safety + +++ +++

Inertness ++ +++ +++

Speed +++ ++ +

Resolution +++ ++ ++

Use with FID +++ +++ +++

Use with MSD +++ +++ No

Molar Mass (da) 2 4 28

Viscosity at 60 oC (μP) 95 211 190

Key: (+ = good; ++ = better; +++ = best)
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with manual injection and a manually 
operated chart recorder as the data system. 
Classically, injecting butane or methane 
(we used Bunsen burner gas collected 
from the laboratory gas jets or in a small 
lecture bottle) requires training that may 
not be commonly known today. Also, if 
using an autosampler, the autosampler 
may need to be dismounted from the 
instrument and a manual method set up 
in the data system. This makes injecting 
butane, while it may be a necessity, 
potentially problematic. Interestingly, 
this problem was addressed as early 
as 1959 by Peterson and Hirsch, who 
developed an equation for determining 
the hold-up time from the retention times 
of three homologous fatty acid methyl 
esters (4). As recently as 2013, Wu and 
associates provided an excellent review 
and comparison of many techniques 
that have been used to determine gas 
hold-up times. They correctly pointed 

out that all substances are retained to 
some degree, and that variations in gas 
hold-up time measurements may lead to 
variations in calculations that are based on 
them, including retention factors, partition 
coefficients, and retention indexes (5). 

Figure 1 shows the retention time for 
several analytes injected neat, measured 
on a common capillary column under 

isothermal conditions at temperatures 
ranging from 40 to 250 °C. Butane 
was injected by drawing about 5 µL of 
vapour from a lighter (just hold down 
the handle on the lighter while inserting 
the syringe needle and moving the 
plunger). The liquids (pentane, hexane, 
and ether) were injected by placing 
about 100 µL of each into a standard 

FIGURE 2: Soap film flowmeter 
connected to the split vent of a classical 
pneumatic gas chromatograph.
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2 mL vial, sealing the vial and injecting 
5 µL of the headspace vapour, using a 
standard syringe and the autosampler. 
The tM values were also calculated using 
equation 5 and retention factors for 
tetradecane provided by the data system:

 =tM
tR

1 + k            [5]

With all variables other than temperature 
held constant, the retention time of an 
unretained substance, the gas hold-up 
time, should increase with temperature, 
related to the carrier gas viscosity. Viscosity 
of a gas is related to temperature by 
an exponential relationship that can 
approximate to a linear relationship in the 
temperature ranges used in GC (6). In 

short, if a substance is unretained, the 
relationship between retention time and 
temperature should be linear with a 
positive slope. In Figure 1, this is seen 
at all temperatures for butane, and 
at temperatures above about 150 °C 
for pentane and diethyl ether. The 
calculated value also almost exactly 
overlapped with the butane results over 
the entire range, indicating agreement 
between the measured and calculated 
values. As the temperature decreases, 
however, the pentane, hexane, and 
diethyl ether become clearly retained, 
eventually exhibiting the expected 
behaviour with the retention time 
becoming longer as the temperature 
is lowered. When measuring hold-up 
time, take care to ensure a symmetrical 
peak; if the peak is asymmetrical, the 
retention time will not be accurate. 

Measuring Flow Rates
As we have seen above, the average 
carrier gas flow rate can be calculated 
by measuring the gas hold-up time, tM. 
However, the average flow rate is not, 
by itself, a very useful measure for most 
practical situations. For example, the 
split ratio, calculated as the split vent flow 
divided by the column flow, requires the 
column flow to be measured at the inlet 
to be accurate. In packed-column GC, 
where column flow rates were much larger 
than with today’s capillary columns, the 
average and inlet flow rates are calculated 
from the measured outlet flow rate by 
applying appropriate correction factors (7). 

Also in packed column GC, the column 
flow rate is most easily measured by 
attaching a soap film flowmeter, as seen 
in Figure 2, to the column outlet. These 
are inexpensive, and are operated by 
generating a soap bubble from the 
bulb at the bottom, and measuring the 
time required for 1, 10, or 100 mL of 
gas to flow from the column. This time 
is converted to a flow rate in mL/min. 
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Soap film flowmeters can also measure 
split vent flow, as seen in Figure 2, and 
detector gas flow rates in capillary column 
systems. Today, fully electronic flow 
meters are available from a number of 
vendors. An electronic flow meter and 
an electronic leak detector are both 
must-haves in a modern GC laboratory.

Capillary column flow rates are more 
difficult to measure than packed column 
rates, as they are generally much lower, 
typically on the order of 1–2 mL/min and 
the measurement is often needed when 
the system is running. It is not wise to place 
the inlet of a flowmeter into a heated and 
running flame ionization detector (FID)! It 
is impossible to directly measure the outlet 
flow rate on an mass selective detector 
(MSD). Today’s electronically controlled 
systems calculate column flow rates 
automatically, using the known column 

dimensions, choice of carrier gas, inlet 
and outlet pressure, and temperature and 
relationships, such as those discussed in 
this article. Users should be certain that 
the column dimensions are accurately 
entered into the data system, and should 
double-check that they are correct if 
the system enters them automatically. 

Constant Pressure versus 
Constant Flow
Prior to the advent of the solid-state 
electronic pneumatic controls, used in 
most new GC instruments today, nearly 
all commercially available GC systems 
for both packed and capillary columns 
operated at constant column head 
pressure. For packed column systems, 
this allowed very simple pneumatics, 
essentially just a flow controller and a 
pressure regulator. Today’s capillary 
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FIGURE 3: Constant pressure and constant flow chromatograms of a column test 
mixture. (a) constant pressure, 10 psi initial pressure. (b) constant flow, 2.35 mL/min. 
Column: 30 m × 0.32 mm, 1.8-µm DB-624. Temperature program: 40 °C with no initial 
hold time, 5 °C/min to 250 °C, final hold time for 2 min. Injection: split 50:1. Detector 
FID, 250 °C. Sample: mixture of alkanes and McReynolds constant test probes.
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column systems with electronically 
controlled pneumatics can operate 
in two modes: constant pressure and 
constant flow. Shortly after the advent 
of electronic control of the pneumatic 
systems in gas chromatographs, 
Blumberg, Wilson, and Klee compared 
column performance characteristics 
in constant pressure and constant flow 
with temperature programming (8). They 
noted that there is little difference in 
overall column performance between 
the two options, so other considerations 
determine the choice of mode.

In constant pressure operation, the 
column head pressure is constant 
throughout the run. This is the more 
common operating condition and is seen 
is most of the GC literature, especially 
papers and methods more than 10 years 
old and in many compendial methods. 
In a temperature-programmed run the 
carrier gas viscosity will increase with 
the temperature, causing a decrease 
in the flow rate as the run proceeds. 
This decrease is partly offset by an 
increase in volume (Charles’ Law) as the 
temperature increases. Overall, however, 
in most cases, the volumetric flow rate 
will decrease as temperature increases 
in a temperature-programmed run. 

In constant flow operation, the 
electronic flow controller increases the 
head pressure as the temperature is 
increased, to maintain a constant flow 
rate. Figure 3 shows chromatograms 
of the same sample, run under the 
same temperature program and same 
initial column head pressure. The 
chromatogram on top was run in constant 
pressure mode and the chromatogram 
on the bottom was run under constant 
flow mode. Note that the retention times 
are slightly shorter in the constant flow 
chromatogram, however, in agreement 
with Blumberg and colleagues, the peak 
widths and spacing are about the same. 
Not surprisingly, the effect on retention 
time is greater for the later eluting peaks. 

An article on CHROMacademy, 
LCGC‘s learning platform, describes the 
fundamentals of setting up gas flows in 
GC and discusses constant pressure and 
constant flow (9). Some ideas to consider 
when choosing which mode to use include: 
• Detector performance. Mass-sensitive 

detectors such as FID and MSD may 
perform better with constant flow.

• Translating methods. Constant pressure 
may be preferred when a method is 
translated between differing column 
dimensions or stationary phases. 

• Speed. Constant flow methods will often 
be slightly faster than constant pressure.

• Lower temperature. Later eluted 
peaks will be eluted at lower 
temperature in constant flow mode. 

• Electronic pneumatic 
control-based techniques for 
ensuring system-to-system and 
laboratory-to-laboratory reproducibility, 
such as retention time locking 
and method translation often 
require constant flow mode. 

• When optimizing, adapting, or 
attempting to repeat a method from 
the literature, it is important to note 
which mode was used for the original 
method, and either ensure that you are 
using the same mode, or be prepared 
to perform additional optimizing. 

Choosing a Carrier Gas
Carrier gases for GC must meet several 
requirements to be useful. The carrier 
gas must be inert, safe, dry, highly pure, 
suitable for the detector, and inexpensive. 
Helium, which readily meets all of these 
characteristics, has been the carrier gas 
of choice for most capillary GC work, 
especially gas chromatography–mass 
spectrometry (GC–MS), for decades, 
used in over 90% of recent research 
articles describing GC methods. Recently, 
however, several incidents of regional 
and global shortages have caused 
helium to be expensive or unavailable at 
times. As helium becomes less available, 
hydrogen and nitrogen emerge as leading 
alternatives because they meet all of the 
necessary characteristics. Table 1 provides 
a brief comparison of the three gases.

As seen in Table 1, each gas has 
benefits and difficulties. Helium has 
been the gas of choice, because with 
moderate cost, it is highly pure, inert, 
and fast, gives high resolution, and is 
compatible with nearly all detectors, 
including mass spectrometers. With the 
rising cost of helium, many experts are 

FIGURE 4: Overlaid chromatograms of an n-alkane mixture (C6-C20) using nitrogen 
(green plot) and helium (black plot). Column: 30 m × 0.25 mm, 0.25-µm, 5% phenyl 
polydimethylsiloxane. Temperature program: 70–250 °C at 13 oC/ min. Inlet: split 
50:1, 15 psi head pressure. Detector FID, 250 °C.
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recommending changing to hydrogen, 
which, given its lower molecular weight 
and viscosity than helium, can generally 
provide faster separations with similar 
or improved resolution. If obtained from 
cylinders, hydrogen is also moderately 
expensive, offers better resolution, and 
is often the carrier gas of choice when 
extremely narrow bore columns (0.1 mm 
inside diameter) are used, and for fast 
GC. Many laboratories are now using 
hydrogen generators, which offer high 
purity hydrogen, but with high up-front 
capital cost, ongoing maintenance, and 
potential downtime if there is a failure 
of the generator. If you consider using 
hydrogen, be sure to consult with your 
instrument manufacturer because 
modifications or adjustments may be 
needed in order to prevent hydrogen 
from leaking into the laboratory. 

Most experts do not recommend 
nitrogen for capillary column work. 
Although the cost is low, it is compatible 
with most detectors, and the viscosity is 
similar to helium, the high-molecular-weight 
leads to lower resolution through increased 
diffusion rates for analyte molecules in 
the gas phase. Furthermore, nitrogen is 
detected within the mass range for most 
benchtop mass spectrometers, so it is not 

generally compatible with MS detection. 
In December 2018, a helium shortage 
struck our facility, and for several months 
we were not able to purchase helium 
cylinders at any price. Lacking enough 
capacity in our hydrogen generators to 
run carrier gas as well as FID gas, we 
decided to switch to nitrogen and take 
our chances. Figure 4 shows overlaid 
FID chromatograms of a simple (C6-C20 
n-alkanes) hydrocarbon mixture, using 
helium (black) and nitrogen (green) with a 
simple linear temperature program, a split 
injection, and a common capillary column 
operated in constant pressure mode. 

As seen in Figure 4, the two 
chromatograms are remarkably similar, with 
the main difference being slightly shorter 
retention times for nitrogen, due to the 
lower viscosity of nitrogen versus helium, 
as seen in Table 1. The peak widths and 
separation numbers (a measure of the 
spacing between the peaks) are nearly 
identical. This is not the result that most 
chromatographers would expect; we would 
have expected the nitrogen separation to 
exhibit significantly poorer performance. 
Remember that most of our common 
understanding about carrier gas flow and 
characteristics is based on isothermal 
analysis. Changing the temperature as 

the run proceeds impacts nearly every 
physical parameter that affects transport 
of molecules along the column. We 
addressed the overall peak widths seen 
in both chromatograms in a previous 

“GC Connections” column (10). In short, 
Figure 4 leads to the recommendation that, 
if using helium is becoming problematic, 
nitrogen should be considered, as it is very 
abundant, inexpensive to obtain, may give 
adequate separation performance, and 
will not damage the instrumentation if it 
does not work. With more helium shortages 
looming, there is already a lot of discussion 
and advertising around alternatives. 
When choosing an alternative to helium, 
chromatographers should carefully evaluate 
both hydrogen and nitrogen, and make 
the best choice for their own laboratory. 

New Directions
Classically, most gas chromatographers 
optimize the flow rate for a separation by 
trial and error, by making a Van Deemter 
or Golay plot of the height equivalent to a 
theoretical plate (H) versus the average 
mobile phase velocity or the average 
flow rate, or by doing nothing and simply 
setting a column head pressure they have 

“always used”. Trial and error and doing 
nothing are obvious approaches and 
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numerous references that discuss making 
van Deemter plots are available elsewhere 
(11). All three of these approaches have 
limitations; for trial and error and doing 
nothing, the limitations are obvious. Van 
Deemter and Golay plots have been 
heavily used for flow optimization since 
the early days of GC, and therein lies the 
limitation. The theory, while illustrative, was 
developed for the limited conditions of the 
inlet and outlet pressure ratio near unity 
and constant temperature (12,13). Quoting 
Golay, the equations “are applicable to 
columns of uniform cross-sections in 
which the input to exit pressure ratio is 
near unity”. This means that the commonly 
used Golay equation is only applicable in 
cases where the pressure drop between 
the column inlet and outlet is very small. 
In today’s capillary GC, this places a 
potentially severe limitation on the actual 
utility of the plots, given the common use of 
small-diameter columns and large pressure 
drops. It is generally not applicable to 
larger pressure drops and vacuum outlet 
detectors, such as MSD, common in 
today’s capillary GC. The Golay equation 
is also not applicable at all to temperature 
programming. In a book and a book 
chapter, Blumberg addresses this problem 
in detail, but a simplified optimization 
process to replace van Deemter and Golay 
plots is still eluding most chromatographers 
(14,15). Be careful when using classical 
van Deemter or Golay equation plots to 
select an optimum flow rate; they may 
not be applicable to your situation. 

Conclusions
Although measuring the carrier gas flow 
rate in GC is very straightforward, and 
optimizing it may be as simple as a 
trial-and-error approach, the underlying 
principles behind how the carrier gas 
flows through the column, and how 
this affects retention time and peak 
broadening, are not so simple and have 
been under discussion since the inception 

of GC. In thinking about carrier gas flow 
and gas hold-up time, some lessons 
and takeaways become apparent: 
• Given that the gas hold-up time may 

be up to half of the time an analyte 
spends in the column, precise flow 
control is critical in capillary GC.

• Calculated flow rate and linear 
gas velocity are average values, 
and they assume isothermal 
operation throughout the run. 

• When measuring gas hold-up time 
(tM), take care to ensure a symmetrical 
peak; if the peak is asymmetrical, the 
retention time will not be accurate, 
and the asymmetry indicates a 
problem with the inlet or gas flows. 

• An electronic flow meter and an 
electronic leak detector are both 
must-haves in a modern GC laboratory.

• Be certain that the column dimensions 
are accurately entered into the 
data system, or double-check 
that they are correct if the system 
enters them automatically.

• When optimizing, adapting, or 
attempting to repeat a method from 
the literature, note which mode 
(constant pressure or constant flow) 
was used for the original method, 
and either ensure that you are using 
the same mode, or be prepared to 
perform additional optimizing.

• When choosing an alternative to 
helium, chromatographers should 
carefully evaluate both hydrogen 
and nitrogen, and make the best 
choice for their own laboratories. 

• If you consider using hydrogen, be 
sure to consult with your instrument 
manufacturer, as modifications 
or adjustments may be needed 
in order to prevent hydrogen form 
leaking into the laboratory. 

• Be careful in using classical van 
Deemter or Golay equation plots to 
select an optimum flow rate; they may 
not be applicable to your situation.
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The Current Status and Future 
of Two- and Multidimensional 
Liquid Chromatography in 
Pharmaceutical R&D and QC
Adrian Clarke and Anthony Ehkirch, Novartis Pharma AG, Technical Research and Development, Chemical and Analytical Development 

(CHAD), Basel, Switzerland

Two-dimensional liquid chromatography (2D-LC) has recently seen major developments and attracted 
significant interest. The limited resolving power and insufficient chromatographic selectivity of conventional 
one-dimensional liquid chromatography (1D-LC) for more complex pharmaceutical products, alongside 
the introduction of modern commercial 2D-LC instruments means the technique is no longer considered 
a purely academic or specialist research tool. 2D-LC is now viewed as a powerful technique in the 

“analytical toolbox” and is being widely adopted in the analysis of both small molecules and more complex 
molecules, specifically biopharmaceuticals. This article will discuss the benefits of 2D-LC and multiple 
application areas in (bio)pharmaceutical analysis, and will highlight the challenges and future outlook. 

Conventional one-dimensional liquid 
chromatography (1D-LC) is not 
always capable of effectively resolving 
complex samples. This limitation is not 
solely because of the lack of column 
efficiency, but is predominantly a result of 
insufficient chromatographic selectivity 
and the need to separate the analytes 
of interest by using orthogonal retention 
mechanisms. These limitations are 
one the main reasons two-dimensional 
liquid chromatography (2D-LC) is 
continuing to attract significant interest. 
2D-LC greatly expands upon the 
capabilities of conventional 1D-LC by 
transferring fractions of the effluent 
leaving the first separation column 
to an additional separation process 
using a second separation system 
affording complementary selectivity 
(see Figure 1) (1). This results in 

considerably more resolving power than 
1D-LC, and is particularly useful for the 
resolution of highly complex mixtures 
or closely related analytes, and it can 
also be used to swap solvents (mobile 
phases) offering additional benefits. 

2D-LC was first introduced in the 1970s 
and Huber and co-workers expressed 
the opinion that “it represents one of the 
most powerful separation techniques and 
has a bright future, especially in routine 
analysis where optimal conditions are 
desired” (2). It was applied occasionally 
in pharmaceutical and biomedical 
analysis in the 1980s, and in the 1990s 
its use became wider spread, but was 
still mainly limited to the fields of polymer 
science, food science, and proteomics 
(1,3,4). These applications predominantly 
utilized the comprehensive on-line mode 
of 2D-LC, where effluent from the first 

separation dimension (1D) is sequentially 
transferred via a valve (modulator) to 
the second dimension (2D) over the 
course of the entire first separation time. 
It was widely applied to the analysis 
of samples that are not compatible 
with mass spectrometry (MS). In these 
scientific fields, custom-designed 2D-LC 
instruments became indispensable 
analytical tools for tackling highly 
complex and difficult-to-separate 
mixtures, such as high-molecular-weight 
polymers, providing detailed 
characterization information, for example, 
molecular weight, charge, lipophilicity, 
shape,and branching. However, the use 
of these customized 2D-LC systems 
in the more regulated pharmaceutical 
industry was limited owing to the 
higher complexity, fundamental issues 
such as the compatibility of the 1D and 
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2D mobile phases/transfer fractions, 
“undersampling” problems resulting in 
loss of analyte resolution as a result of 
remixing those analytes in the sampling 
loop, and the requirement that the 
2D separation must be very fast to 
accommodate the 1D sampling rate, for 
example, seconds to less than 2 min, 
using short columns and fast gradients. 
There were also other challenges, such 
as significantly higher instrument costs 
and training needs, lack of commercial 
instruments and integrated software, and 
the unproven performance, robustness, 
and regulatory acceptance. Therefore, 
the pharmaceutical industry continued 
to focus predominantly on the use of 
LC–MS and independent orthogonal 
techniques and modes, such as capillary 
zone electrophoresis (CZE), hydrophilic 
interaction liquid chromatography (HILIC), 
size-exclusion chromatography (SEC), 
and ion-exchange chromatography 
(IEC) to complement reversed-phase 
separations for the characterization of 
low- to medium-complexity products. 

In the past decade or so substantial 
technical progress has been made 
and there are now multiple specifically 
designed commercial 2D-LC instruments 
with integrated software. Alongside this, 
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major advances in equipment design 
in, for example, valves and modulators 

and the understanding of method 
development workflows by the groups 

of Carr and Stoll, and Schoenmakers, 
Gargano, Pirok, and co-workers means 
that the previous practical problems 
now appear to have solutions (1,4). 
The instruments are more robust and 
no longer considered research-only 
tools. This includes the development of 
non-comprehensive 2D-LC technologies, 
where only the fractions of the effluent 
of interest are transferred between the 
1D and 2D, for example, the selected 
regions, peaks, or slices of peaks. This 
means the 2D is not time limited and 
therefore not peak capacity limited, and 
allows the use of longer 2D analysis times 
that afford higher peak capacities and 
resolving power geared towards the 
problem to be solved. Figure 2 compares 
1D-LC and the comprehensive and 
non-comprehensive versions of 2D-LC, 
and the time to resolve a number of 
compounds (peak capacity and time). 
This indicates that 1D-LC is mainly 
suitable for low-medium complexity 
separations (<15–20 peaks) and 2D-LC 
modes afford more resolving power 
for complex separations by combining 
two different LC separation modes that 
offer complementary selectivities.

When developing 2D-LC methods 
there are many other practical 
considerations in addition to the goals 
and intended use of the separation 
method, the physicochemical properties 
of all the analytes of interest, and the 
desired peak capacity. A variety of 
combinations of 1st and 2nd dimension 
separation modes and retention 
mechanisms have been investigated 
by various groups, including Pirok and 
co-workers, and Stoll and Carr (1,4). 
They have produced various overviews 
on the combination of the most 
common LC separation modes, listing 
the advantages and disadvantages 
by evaluating chromatographic 
performance and suitability, such as 
applicability, orthogonality, solvent and 

 

Figure 3. Overview of the possible in-line LC x LC combinations using the most common forms of LC 
separations. Reproduced with permission from B. W. J. Pirok, A. F. G. Gargano, P. J. Schoenmakers, 
J. Sep Sci., 41 (2018) 68-98. 
 

FIGURE 3: Overview of the possible in-line LC×LC combinations using the most 
common forms of LC separations. Adapted and reproduced with permission 
from reference 4.

FIGURE 4: Application of 2D-LC–SPE-MS for on-line enrichment of low-level impurities. 
(a) Sample chromatogram on 1D routine QC method employing phosphate buffer, 
(b) 1D chromatogram of more concentrated sample solution on 1D routine QC method 
(phosphate buffer), (c) 1D chromatogram after trapping (capture and removal) of low-level 
impurity peaks on SPE cartridge, (d) 2D employing MS-compatible buffer to generate 
UV chromatogram, and (e) MS chromatogram and MS/MS spectrum of impurity peak 2. 
Selected 2D-LC–SPE-MS experimental conditions (b–e): Elevated sample concentration = 

12.5 mg/mL, Injection volume = 5 µL; 1D: 2.1 × 100 mm, 1.7-µm BEH C18 using 10 mM 

K2HPO4–acetonitrile gradient; 20 × 1.0 mm, 10-μm SPE cartridge XBridge C18 using 

water for de-salting; 2D column: 2.1 × 100 mm, 1.7-µm BEH C18 using 0.1% formic 
acid–acetonitrile gradient; MS: Xevo G2 XS MS. Previously unpublished results.
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MS compatibility, peak capacity and 
time, column re-equilibration time,  
and various other requirements. 
Coupling two different orthogonal 
reversed phase–reversed phase 
selectivities is proposed to be the most 
suitable combination owing to the 
high solvent compatibility, including 
MS, wider applicability, simplicity, 
and robustness (Figure 3). This is 
also observed in practice in our own 
laboratories and that of other groups 
and publications focused on small 
molecule analysis. The coupling of 
reversed-phase HILIC, reversed-phase 
IEC, and reversed-phase SEC (or vice 
versa) are also occasionally used (1,3,4).

The development and use of 
at-column dilution and active solvent 
modulation (ASM) are effective 
commercial technical solutions to 
lower to solvent strength fractions 

being transferred between the 1D and 
2D and thereby circumvent solvent 
incompatibility and differences in  
solvent strengths. Some instruments  
also facilitate the transfer of multiple 
fractions from the 1D using multiple 
heart-cutting (MHC) interfaces where 
the dual loop interface is replaced 
with selector valves equipped with 
multiple loops in a deck allowing 

“peak parking”, where the collected 
fractions can be analyzed later. 
These approaches simplify method 
development needs and workflows, for 
example, selection of mode, stationary 
phase, mobile phase and elutropic 
strength, or gradient ranges. These 
non-comprehensive modes typically 
offer sufficient resolving power for 
the goals of most pharmaceutical 
applications and are therefore finding 
wider spread use (see Figure 2) (1,3). 

Small Molecule Applications
The versatility and many benefits 
of non-comprehensive 2D-LC 
means there are multiple potential 
applications in pharmaceutical 
analysis. 2D-LC is used extensively to 
increase peak capacity, and support 
process and product development 
and investigations, such as mass 
balance deficiencies on stability. A 
number of groups have used reversed 
phase–reversed phase 2D-LC to 
characterize pharmaceutical samples, 
specifically assessing the stability 
of drug substances and products 
during long-term and stressed stability 
studies, and investigating loss of 
active and mass balance deficiencies 
(3,5). Haidar-Ahmad et al. developed 
a reversed-phase LC–SEC 2D-LC 
method to simultaneous separate 
and quantify degradation products 
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of a small molecule and large biomolecule in two different 
formulations as part of product development (5). 

2D-LC is often used to support the development of 
stability-indicating methods as part of analytical method 
life cycle management and to ensure the loss in active 
pharmaceutical ingredient (API) is consistent with the formation 
and detection of the degradation products. 2D-LC is often used 
to confirm peak purity using two orthogonal reversed-phase 
stationary phases in the 1D and 2D. It is complementary to 
LC–MS and has additional benefits for non-ionizing analytes 
and isobaric components, for example, isomers. Haidar-Ahmad 
et al. demonstrated the assessment of peak purity, where 
method performance suitability was confirmed (5). This 
employed MHC 2D-LC and the transfer of multiple fractions 
across the elution window of the main peak and all significant 
impurity and degradant peaks to a carefully selected second 

“orthogonal” column, based on a measure of “dissimilarity” in 
column characterization models and databases. The 2D-LC 
chromatograms of each fraction across the main peak were all 
single peaks, confirming the peak purity of the main peak. They 
also analyzed fractions across impurity peaks and showed that 
some peaks in the 2D eluted in a reverse order compared to the 
1D. This reversal in elution order was due to orthogonal selectivity 
between the two dimensions. The fact that there appeared to be 
no coeluting peaks in the 1D method indicated good method 
performance and that it was suitable for its intended use.

Reversed phase–reversed phase MHC 2D-LC method 
development concepts generally follow the same principles 
as 1D method development and maximize retention and 
selectivity differences (orthogonal leverage), whilst trying 
to maintain compatibility of the 1D with the 2D and minimize 
the 1D transfer volume (6). Changes in the mobile-phase 
pH can impart large changes in selectivity (for ionizable 
compounds), and the stationary phase can have a very 
strong influence on the orthogonal leverage, as well as 
changing the solvent type. The 2D gradient range, shape, and 
temperature are less influential and are typically evaluated 
during the optimization stage. Accordingly, several groups 
utilize method development platforms employing mobile phase 
and column selection valves, which facilitate the automated 
screening of orthogonal columns and mobile phases to 
maximize selectivity differences in the second dimension (3).

Beyond the coupling of orthogonal reversed-phase 
selectivities, heart-cutting 2D-LC was also applied to several 
other LC modes. For example, in our laboratories the coupling 
of reversed-phase LC and HILIC (and vice versa) for the 
separation, quantification, and identification of degradation 
products coeluting with polar excipients. Other groups 

have performed the separation and quantification of polar 
excipients in protein formulation samples using SEC–HILIC 
2D-LC, as well as combining chiral reverse phase and 
enantioselective columns for sequential quantitative achiral–
chiral analysis (or vice versa) (3). For quantitative analysis 
of low-level impurities, the single complete heart-cutting of 
the whole peak is a preferred mode to ensure no sample 
loss and simpler data analysis and quantification. 

2D-LC can be used to perform peak tracking and match the 
retention times for peaks of interest of two different LC methods. 
Examples include: comparing new and old methods, such 
as a compendial method, to justify its suitability, or comparing 
a drug substance method with the drug product method to 
clearly distinguish drug substance by-products from drug 
product degradant peaks. Another common example is the 
peak tracking of peaks of interest under different mobile 
phase conditions, either off-line or on-line. Such as the use of 
a nonvolatile, MS-incompatible buffer providing the desired 
chromatographic performance in the 1D coupled with an 
MS-compatible method in the 2D to provide MS structural 
information for identification purposes (5). MS is generally 
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considered as a “3rd dimension” when 
added to 2D-LC to provide unambiguous 
peak tracking and more information on 
complex separations that may not be 
fully resolved chromatographically, such 
as biopharmaceuticals. 2D-LC–MS 
is more effective than conventional 
1D-LC–MS to detect low-level impurities 
that coelute with or elute close to major 
peaks. It is an effective way to remove 
matrix interference, including reducing 
signal suppression caused by strongly 
ionizing components. Additionally, it can 
reduce sample preparation or purification 
work, and is also being explored 
for micro-preparative separations. 
Interestingly, it is often found that 
dilution of the 1D effluent with a weak 
solvent, such as water, prior to injection 
into the 2D has the beneficial effect of 
concentrating the analyte band on the 

head of the second column, causing an 
overall improvement in the peak height 
and sensitivity and MS spectral quality.

Similarly, the application of 2D-LC–
solid-phase extraction (SPE)-MS 
for on-line enrichment of low-level 
impurities is a major application area 
and is shown in Figure 4. The use of 
2D-LC–SPE-MS enables the use of a 
routine quality control (QC) method 
employing phosphate buffer in the 1D to 
achieve the desired chromatographic 
selectivity (Figures 4[a] and [b]). On 
exiting the 1D the fraction containing the 
low-level impurity of interest is diluted 
at-line with water and captured on 
an SPE trap column. This process is 
repeated multiple times, for example, 
five injections, to trap and enrich the 
trace peak. This process effectively 
removes sample matrix and nonvolatile 

mobile phase, and enriches the 
impurity (Figure 4[c]). The SPE trap 
column is then backflushed with an 
elution solvent into the 2D for retention 
and gradient separation employing a 
volatile mobile phase prior to UV and 
high resolution (HR)–MS/MS detection 
(Figures 4[d] and [e], respectively). 
2D-LC–SPE-MS can provide improved 
MS structural information and impurity 
identification compared to 1D-LC–MS, 
1D-LC–SPE-MS, or 2D-LC–MS. 

2D-LC as a Valuable Analytical 
Tool for Therapeutic Protein 
Characterization and Analysis
The analytical characterization of 
monoclonal antibodies (mAbs) and 
related therapeutic proteins is extremely 
challenging because of the large size 
of these molecules (ca. 150 kDa) and 
their inherent heterogeneity (3). This 
structural complexity drives the use 
of state-of-the-art chromatography 
and MS and in this context, 2D-LC 
is a very attractive additional tool. 
2D-LC–MS has perfectly integrated the 
analytical characterization landscape 
for therapeutic protein analysis by 
providing higher separation capabilities, 
complementary separation modes, 
and direct hyphenation of 1D-LC to 
MS. 2D-LC methodology has been 
widely applied throughout industry 
for the analytical characterization of 
therapeutic proteins, ranging from 
low-molecular-weight (LMW) species 
such as free drug identification and 
quantification from antibody–drug 
conjugate (ADC) samples via an SEC 
reversed-phase LC coupling, or the 
detection of host cell proteins (HCP) with 
reversed-phase LC–reversed-phase 
LC setup. It is regularly used to 
determine several critical quality 
attributes (CQAs) at the intact protein 
level, such as size, charge variants, or 
even CQAs related to intact ADCs (3).

FIGURE 5: On-line HIC×SEC-IM×MS of brentuximab vedotin. (a) Hydrophobic interaction 
chromatography (HIC) profile and (b) ion mobility mass spectrometry (IM-MS) 
characterization. For each individual drug-to-antibody ratio (DAR) (b, left panel), a 
zoom of the 13–18 MS td region of the driftscope plots, (b, middle panel) individual 
arrival time distributions (ATDs) corresponding to the 27+ charge state, and (b, right 
panel) deconvoluted native mass spectra were represented. Adapted and 
reproduced with permission from reference 8.
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FIGURE 6: Schematic representation of the automated 4D-LC workflow for SEC coupled 
to peptide mapping, enabling the separation and fractionation of size variants by SEC 
(1D) followed by on-column reduction by reversed-phase LC (2D), trypsin digestion in 
flow-through mode (3D), and peptide mapping analysis by reversed-phase LC (4D). Eluted 
peptides from the 4D reversed-phase LC column are then analyzed by MS. (I, a, b) SEC 
of ADC product reference, and samples stressed thermally, by light, at basic pH, at 
acidic pH, and under oxidative conditions (blue, brown, purple, green, orange, grey, and 
black traces, respectively). (II, a−c) 2D reversed-phase LC of the SEC heart-cut fractions 
that have been reduced on-line and then eluted. (III, a−c) 4D reversed-phase LC of the 
SEC heart-cut fractions that have been reduced and trypsin digested on-line. Due to 
the negligible amount of higher-order aggregates present in the ADC reference product, 
fractionation and peptide mapping of the higher-order aggregates were only performed 
with the stressed samples. Adapted and reproduced with permission from reference 10.

2D-LC Hyphenated 
to MS Detection
2D-LC separations have also been 
successfully hyphenated to MS 
detection for a deeper characterization 
of each separated species from 
therapeutic protein samples (3,7). For 
example, Sarrut et al. optimized a 2D 
separation for the characterization of 
the reference cysteine-linked ADC 
brentuximab vedotin (7). This coupling 
involved 1D-hydrophobic interaction 
chromatography (HIC), separating 
each drug-to-antibody ratio (DAR) 
species from the intact ADC, and 
2D-reversed-phase LC, allowing a 
separation of each DAR fragment 
in denaturing and MS-compatible 

conditions for on-line MS detection of 
each subunit as an indirect identification 
of 1D-HIC peaks. This methodology is 
adequate for the indirect determination 
of the CQAs related to intact ADCs, 
such as the amount of unconjugated 
mAb, the drug load distribution, and 
the average drug-to-antibody ratio. In 
a similar study, Ehkirch et al. optimized 
the direct hyphenation of HIC to the 
MS counterpart in nondenaturing 
conditions by integrating a 2D-SEC 
column in ammonium acetate through 
HIC×SEC-native MS coupling as 
depicted in Figure 5 (8). Indeed, 
the 1D-HIC conditions allowed the 
separation of each DAR species 
(Figure 5[a]) and the 2D-SEC was solely 

used for its size-based separation 
capabilities, more precisely as a 
fast desalting step prior to native MS 
detection (Figure 5[b]), allowing a 
direct identification of each 1D-HIC 
peak in a full nondenaturing conditions 
setup. The main purpose of this 
HIC×SEC-native MS methodology 
was to maintain the structural integrity 
of the ADC, from HIC separation to 
native MS analysis for an on-line, direct, 
and straightforward characterization 
performed in nondenaturing conditions.

Towards Several LC Dimensions 
Prior to MS Detection: 
4D-LC Hyphenated to MS
As therapeutic proteins become more 
and more complex, the need to obtain 
several separation dimensions prior to 
MS analysis is appealing. Consequently, 
major progress was achieved 
with the first and fully automated 
four-dimensional (4D)-LC–MS system 
optimized by Gstöttner et al. for a deep 
characterization of mAb charge variants 
(9). For instance, a 1D-cation-exchange 
chromatography (CEC) separation 
was performed for charge variant 
separation and fractionation for 
subsequent 2D-reversed-phase LC 
trapping, reduction of mAb chains, and 
elution of charge variant. The on-line 
three-dimensional (3D)-trypsin cartridge 
allowed tryptic digestion of  
the reduced mAb chains and 
subsequent elution of the peptide 
mixture into the 4D-reversed-phase 
LC separation for peptide mapping 
employing MS detection of the 
peptides. This 4D-LC–MS/MS setup 
allowed, in a single run, the detection 
and location at the amino acid level of 
modifications, such as deamidation 
or oxidation and glycation in stressed 
and non-stressed samples, therefore 
facilitating comprehensive charge 
variant characterization in an 
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on-line and time-saving way. In the 
same trend, Goyon et al. reported 
more recently another 4D-LC–MS 
methodology using the previous 
described model and replacing 
the first dimension by a 1D-SEC 
separation for a SEC-reduction-tryptic 
digestion-reversed-phase LC–MS/
MS methodology (Figure 6) (10). 
Consequently, ADC size variants 
were separated and fractionated by 
1D-SEC (Figure 6.I) and analyzed by 
2D-reduced reversed-phase LC to 
determine the average DAR of the main 
species and aggregates (Figure 6.II). 
Subsequently, 3D-tryptic digestion and 
4D-reversed-phase LC separation of the 
generated peptides for MS detection 
(Figure 6.III) were performed to identify 
and locate modifications such as 
deamidation or oxidation from stressed 
and non-stressed ADC size variants.

Oligonucleotides, A New 
Empowered Class of 
Human Therapeutics
A recently high profile class of 
therapeutics are oligonucleotide 
(ON)-based products that represent 
a promising approach in untreated 
diseases owing to their ability to be 
directed against their ribonucleic acid 
target. Their analytical characterization 
remains challenging, as it does for 
their associated impurities. Although 
multidimensional LC-based strategies 
have been used in numerous 
pharmaceutical industry applications, 
only a few examples are reported 
for oligonucleotide analysis. 2D-LC 
separations have been implemented 
in the analytical toolbox for such 
compounds, for example a HILIC × 

ion-pair (IP), IP × reversed-phase LC–
MS coupling reported by Li et al. (11). 

This setup allowed the characterization 
of di- to deca- phosphodiester ONs, 
enhancing the chromatographic 
peak capacity whilst providing MS 
compatibility at the same time. Roussis 
et al. reported the versatility of a 2D-LC 
configuration hyphenated to MS for 
the characterization of phosphodiester 
and phospho ON impurities using as 
1D anion-exchange chromatography 
(AEC), SEC, or IP-reversed-phase LC 
and 2D-IP-reversed-phase LC (12). 
Finally, a recent 2D-LC–MS combination 
was optimized by Koshel et al. for the 
characterization of fluoro-conjugated 
ON with IP-reversed-phase LC×IP-
reversed-phase LC–MS using a 
different ion-pairing agent to achieve 
both orthogonal separation as well 
as to ensure MS compatibility (13). 
Haloacetic acids (HAA) ion-pairing 
agent was used in the 1D to maintain 
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the best length-based separation and 
triethylamine-hexafluoroisopropanol 
(TEA-HFIP) was used in the 2D 
for subsequent MS detection.

Is 2D-LC Ready to be 
Implemented in the Regulatory 
QC Environment?
Multidimensional LC considerably 
facilitates the on-line characterization of 
therapeutic proteins such as mAb-based 
products by providing enhanced 
separation capabilities. Furthermore, 
multidimensional LC can be hyphenated 
to MS for the subsequent identification 
of various species and CQAs. For 
biopharmaceuticals the 1D separation 
can use chromatographic techniques 
such as SEC, HIC, IEC, reversed 
phase, or HILIC, and the 2D can be 
employed as an on-line desalting step 

with reversed-phase LC (denaturing 
conditions) or SEC (nondenaturing 
conditions), and consequently provide 
MS compatibility. Nonetheless, the need 
for such 2D-LC–MS coupling has to 
carefully considered, as a straightforward 
1D-LC–MS setup could be, in some 
cases, a more adequate choice for 
QC, allowing LC separation and MS 
identification at the same time with 
the use of volatile mobile phases. The 
automation of such multidimensional 
methods seems to be a real bottleneck, 
as well as developing systems that are 
easy to operate, which would facilitate 
the use of multidimensional strategies 
in regulatory environments. We believe 
that 2D-LC may be used in different 
biopharma environments, such as 
in-process control, including 2D-LC–
MS process analytical technologies 

(PAT), or quality control, as an on-line 
2D separation method could be less 
time-and resource-consuming compared 
with off-line 2D separation approaches.

A few groups have employed 
non-comprehensive 2D-LC in 
small-molecule QC-type applications 
and environments (3,14,15), mainly 
using 2D-LC for the separation and 
quantification of low-level impurities 
that coelute with the main peak in the 
1D. Single complete heart-cutting of 
the whole peak in the 1D dimension 
is the preferred separation mode for 
quantification because there is no 
sample loss and data analysis is simpler. 
Several groups have “validated” such 
methods, for example, achiral–achiral 
or achiral–chiral, assessing method 
attributes such as sensitivity, linearity, 
accuracy, and precision to demonstrate 
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that they can meet ICH Q2 expectations 
for impurity analysis (3,15). Venkatramani 
et al. demonstrated the power of 2D-LC 
in detailed quantitative analysis of 
structurally similar, coeluting impurities 
from key linker drug intermediate used 
in ADCs (15). High-resolution sampling 
(HRS) 2D-LC was used as this avoids 
sample losses commonly seen in MHC. 
The overall purity of the sample was 
determined from the product of 1D and 2D 
purity (LC Purity = %peak area of main 
component in 1D × %peak area of main 
component in 2D). They demonstrated 
that the method was validatable and 
also showed that effective peak focusing 
can lead to an order of magnitude 
enhancement in secondary column 
sensitivity. They also proposed that 
2D-LC–MS is ready to transition to real 
pharmaceutical QC laboratories. Other 

groups have used 2D-LC as supportive 
regulatory information, confirming peak 
purity as part of the method life cycle, 
for example, specificity and peak purity 
confirmation as part of method validation.

However, for small molecules in 
general, 2D-LC is still not truly considered 
a routine QC technique. This is mainly 
because 2D-LC is not as simple as 
conventional 1D-LC, it requires special 
equipment, software, and expertise 
that are not present in a critical mass 
to allow analytical method transfer and 
routine use. To date, robustness and 
transferability are not well demonstrated. 
In addition, the benefits of 2D-LC in small 
molecule QC analysis are significantly 
less than in biopharma, as molecular 
complexity is lower and typically one 
or two independent chromatographic 
techniques can provide the necessary 

specificity and performance. Here it is 
important not to misuse 2D-LC where 
there is limited benefit and introduce 
unnecessary complexity and cost in 
the QC laboratory. For example, two 
independent methods, or dual methods 
in parallel, can be optimized for specific 
analytes and method performance 
characteristics and will typically offer 
improved precision, accuracy, and 
robustness compared with an integrated 
2D-LC method. Independent methods 
are still easier to transfer, and typically 
offer more flexibility in the laboratory 
and more regulatory flexibility.

Conclusions
In recent years significant growth 
has occurred in the use of 2D-LC 
technologies in support of (bio)
pharmaceutical analysis. The 
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selectivity and specificity provided 
by 2D-LC enables the monitoring of 
product quality, leading to advances in 
process and product characterization 
and understanding. As the (bio)
pharmaceutical industries transition 
towards more complex processes and 
products, the implementation of versatile 
and powerful tools such as 2D-LC and 
2D-LC–MS will be a core component 
to the overall analytical control strategy, 
including impurity detection and 
identification, and for the assessment 
of method performance. 2D-LC is now 
considered a core technology in the 
analytical toolbox and is here to stay. 
There will be an increased trend to use 
non-comprehensive modes of 2D-LC 
in R&D and also mainstream (bio)
pharmaceutical QC, specifically for the 
analysis of complex products, or where 
multi-attribute monitoring is needed, 
and this can be performed with a single 
on-line 2D or multidimensional LC system. 

Continued advances in technology, 
workflows, and software are still needed 
to support routine 2D-LC implementation 
within development and in QC 
environments. These needs include: 
more platform-based 2D-LC tools with 
intuitive, easy-to-use hardware and 
software to enable non-experts to directly 
apply established methods or provide 
a simple starting point for method 
development; 2D-LC–MS software control 
and data processing and reporting via 
a single, integrated chromatography 
data system (CDS); simple, generic 
method development concepts covering 
more chromatographic space, ideally 
with method development software 
wizards and more automation; further 
training on the fundamentals of 2D 
chromatography and the development of 
industrial expertise and the knowledge 
base to facilitate the development, 
implementation, and transfer of methods. 
More scientists should share “real” 

validation, transfer, and robustness 
experiences to give more confidence 
and demonstrate its suitability for use 
in a regulated QC environment. Further 
development of other complementary 
chromatographic modes, for example, 
2D-supercritical fluid chromatography 
(SFC)–LC and the development of new 
instrument capabilities and formats 
based on microfluidics, as well as 
3D-printed devices, could further 
improve applicability and workflows.
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LENS3 DETECTOR – SEE YOUR MOLECULE IN A WHOLE NEW LIGHT

Discover our (U)HPLC columns, SEC systems and detectors for polymer characterization 
and biomolecules at Analytica 2020 in Munich, from March 31 - April 3, 2020, Hall A2, Booth 319.

Most sensitive MALS detection for protein aggregates

Rg measurement below 10 nm through revolutionary concept

Higher S/N through green laser and innovative optics

Compatible with GPC, HPLC and UHPLC systems

http://www.tosohbioscience.com


LC Method Migration
Pro EZLC method translation software simplifies LC 
method downscaling by taking manual calculations 
and time-consuming laboratory work out of the way, 
according to the company. Input current column 
dimensions and method conditions, then specify the 
dimensions of the new column to try. The software will generate new injection 
volumes and isocratic or gradient program conditions.

www.restek.com/ezlc
Restek Corporation, Bellefonte, USA.

GC Columns
Polysiloxane-based GC columns of earlier generations 
tend to column bleed at increased temperature levels. 
In order to overcome column bleed, Macherey-Nagel 
offers silarylene-stabilized polysiloxane columns such as 
Optima 5 MS Accent, 1301 MS, 1701 MS, 35 MS, and 
17 MS. They are commonly used in the fields of food 
analysis, drug abuse, and environmental analysis.

www.mn-net.com
Macherey-Nagel GmbH & Co. KG, Düren, Germany.

Micro-Pillar Array Columns 
PharmaFluidics has introduced the µPAC capLC column 
for highly sensitive LC–MS analysis with shorter run times 
for higher throughput, according to the company. Taking 
advantage of the micromachined pillar structure, µPAC 
capLC columns reportedly offer high reproducibility and 
robustness. The flow rate range of 1–15 µL/min allows for 
applications such as those in the “omic” fields.

www.pharmafluidics.com
PharmaFluidics, Ghent, Belgium.

Pocket-Sized Detectors
The new range of Runge Mikron detectors recently 
introduced by Biotech AB unites many attractive 
features in a tiny package, according to the company. 
Different modules can be combined to measure 
absorption, fluorescence, or conductivity in a variety of 
fluidic systems, including liquid chromatography.

www.biotechfluidics.com
Biotech AB, Onsala, Sweden.

Liquid Chromatography
Shimadzu’s Nexera Ultra 
high-performance liquid 
chromatograph series incorporates 
artificial intelligence because 
analytical intelligence allows 
systems to detect and resolve 
issues automatically. According 
to the company, the series makes 
laboratory management simple 
by integrating IoT and device 
networking, enabling users to easily 
review instrument status, optimize 
resource 
allocation, and 
achieve higher 
throughput.

www.
shimadzu.eu
Shimadzu 
Europa 
GmbH, 
Duisburg, 
Germany.

Positive Pressure 
Manifold
UCT’s 48-position positive pressure 
manifold features the same 
rugged performance end-users 
expect, but now has a streamlined, 
compact footprint, according to the 
company.

www.unitedchem.com
UCT inc, Bristol, Pennsylvania, 
USA.
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Dynamic Headspace System
The Dynamic Headspace system (DHS 3.5) holds 
up to four times more sorbent resulting in improved 
recovery, accuracy, and limits of quantitation, according 
to the company. Standard 3.5” tubes can be used for 
trapping. The DHS 3.5, Thermal Desorber TD 3.5+, and 
MultiPurpose Sampler MPS can process 120 samples 
in one run. The optional DHS large holds 250, 500, and 1000 mL containers.

www.gerstel.com
Gerstel GmbH & Co. KG, Mülheim an der Ruhr, Germany.

Sampling Tubes
Markes’ industry-standard-sized thermal desorption 
tubes are manufactured to the highest quality to 
deliver optimum results, according to the company. 
The complete range of tube materials and sorbent 
packings offer flexibility, making them suitable for 
VOC and SVOC analysis for all TD applications, including environmental air 
monitoring, fragrance analysis, and breath monitoring.

http://chem.markes.com/sampling-tubes
Markes International Ltd., Llantrisant, UK.

Column Selection App
Columns are the heart of any GPC/SEC system. However, it can be a 
challenge to find the best matching column from the wide range of options. 
PSS has therefore developed the Column Selection App to support users. The 
App offers the following choices: how to replace existing columns, column 
recommendations, USP methods/EP methods, and on application searches.

www.psscolumnselector.com
PSS GmbH, Mainz, Germany.

SEC-MALS Detector
The LenS3 MALS Detector for GPC, HPLC, and UHPLC is based on an 
approach to light scattering technology. The proprietary design increases S/N 
and extends the range of size determination (Rg) down to a few nanometres. 
According to the company, it is a sensitive detector for the characterization of 
polymers, proteins, or antibodies by SEC-MALS.

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

IEX Columns
If reproducibility in analyzing 
proteins and charge variants is 
very important, YMC’s BioPro IEX 
columns offer excellent lot-to-lot 
reproducibility. Furthermore, 
these columns reportedly provide 
high loadability together with 
high resolution. For fast analysis 
results, there is a non-porous 
version.

https://ymc.de/ymc-biopro-
iex-143.html
YMC Europe GmbH, Dinslaken, 
Germany.

Solvent Removal 
Workstation
Designed for easy integration, 
the UltraVap Mistral XT 150 is 
designed to serve and retrieve 
long tubes or microplates from 
the deck of most automated 
liquid handlers, according to 
the company. Removing the 
laboratory “bottleneck” of solvent 
removal, the UltraVap Mistral XT 
150 reportedly offers significant 
throughput advantages to 
laboratories looking to optimize 
sample preparation of single 
microplates or 
smaller numbers 
of tubes.

www.porvair-
sciences.com
Porvair 
Sciences Ltd, 
Wrexham, UK.
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MALS Detector
The DAWN is a multi-angle static light scattering 
(MALS) detector for absolute characterization 
of the molar mass and size of macromolecules 
and nanoparticles in solution. DAWN offers high 
sensitivity, a wide range of molecular weight, size, and 
concentration, and a large selection of configurations 
and optional modules for enhanced capabilities.

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

Gas Generator
The generator NG-Castore XL iQ uses a silent and 
innovative technology (from 48 dB only) combining a 
scroll compressor and an inverter for an on-demand 
supply of pure nitrogen to the applications. According 
to the company, it is designed for all LC–MS and 
evaporation applications on the market due to 
requirements in terms of gas, flow, and pressure.

www.lni-swissgas.eu
LNI Swissgas Srl, Milan, Italy.

LC Columns
With three silica-bonded phases on a large pore size of 
1000 Å utilizing fused-core technology, the benefits of total 
pore access and analysis speed can be achieved for large 
biomolecule reversed-phase HPLC separations, according 
to the company. HALO HPLC and UHPLC columns 
reportedly deliver fast separations with high resolution and narrow peak widths.

www.fused-core.com
Advanced Materials Technology, Delaware, USA.

Purge Valve
The purge valve, with an PTFE frit, is an appropriate 
option to use with Agilent HPLC instruments. This 
purge valve has been engineered and tested to be 
equivalent to the corresponding OEM product. The 
valve uses a replaceable gold seal and a PTFE frit to 
protect the HPLC system.

www.sciencix.com 
Sciencix, Burnsville, Minnesota, USA. 

CRM Mixtures
Cayman offers a suite of ISO 
17034-produced multi-component 
CRM mixtures designed and 
engineered to offer confidence 
in analytical data. According 
to the company, pre-made 
CRM mixtures deliver simplicity 
of use, provide accurate and 
precise data, and save time 
and consumable costs in the 
preparation of standard curves.

www.caymanchem.com/phytomix
Cayman Chemical, Ann Arbor, 
Michigan, USA.

Hydrogen Generator
Designed for GC–FID, Precision 
SL is a small and easy-to-use 
laboratory-grade hydrogen 
generator, according to the 
company, producing hydrogen 
gas at the touch of a button. 
Available in both 100 cc and 
200 cc, the hydrogen generator 
is reportedly simple to use 
and maintain with advanced 
technology, to offer a safer 
solution for flame detectors.

www.peakscientific.com/
precisionSL 
Peak Scientific, Scotland, UK. 
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Analytica 2020 
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21–22 APRIL 2020
The 13th International Scientific 
Conference on Ion Chromatography 
and Related Techniques 2020
Zabrze, Poland
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Public Meeting of the International 
Users Group GPC/SEC and Other 
Chromatographic Separation 
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W: https://SAC.KNCV.NL/WGS

20–25 JUNE 2020
50th International Symposium on High 
Performance Liquid Phase Separations 
and Related Techniques
San Diego, California, USA
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LabWorld China 2020
Shanghai, China
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21–25 SEPTEMBER 2020
ISC 2020 Conference
Budapest, Hungary
E: elesetele@diamond-congress.com
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27–30 OCTOBER 2020
The 18th International Symposium 
on Preparative and Industrial 
Chromatography and Allied 
Techniques (SPICA 2020)
Lisbon, Portugal
W: www.spica2020.org

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

44th International Symposium On Capillary Chromatography and the 
17th GC×GC Symposium

The 44th International Symposium On 
Capillary Chromatography (ISCC) and 

17th GC×GC Symposium will be held at 
the Palazzo dei Congressi, in Riva del 

Garda, Italy, from 24–29 May 2020.
The six-day event will feature recent 

findings from leading academic and 
industrial experts in the form of lectures and posters. Focusing on the most 
recent advances in the fields of pressure and electrodriven microcolumn 
separation techniques and comprehensive 2D-GC, this year will again have 
particular emphasis on comprehensive separation technologies combined with 
capillary chromatography and 2D-GC with various forms of mass spectrometry, 
from unit-mass to high resolution, and from single- to hybrid analyzers. 

The conference also offers sessions on capillary GC, micro-column LC, 
electromigration methods, and microfabricated analytical systems, which are expected 
to cover lab-on-a-chip, column technology, coupled and multidimensional techniques, 
comprehensive techniques, hyphenated techniques, sampling and sample preparation, 
trace analysis, and automation. Application sessions include environmental; energy, 
petrochemical, industrial; biomedical, pharmaceutical; and the analysis of natural 
products, food, flavours, and fragrances. Workshop seminars from instrument 
manufacturers and an extensive exhibition will run in parallel to the scientific programme. 

For more information visit: www.chromaleont.it/iscc or e-mail: iscc@chromaleont.it 

The 36th International Symposium on Microscale Separations 
and Bioanalysis (MSB2020)

The 36th International Symposium on 

Microscale Separations and Bioanalysis 

(MSB2020) will take place at the Conference 

Center Le Grand Large in the city of 
Saint-Malo, France, from 5–8 April 2020.

More than 250 international scientists, 
researchers, other academics, and industrial 

members will gather for the four-day symposium to discuss the latest trends in all major 
microscale separation techniques, including CE, nano-LC, microfluidics, MS, CE-MS, 
and lab-on-chip devices, independent of whether they are pressure- or electrically-driven.

The programme comprises 13 topic sessions, three plenary lectures, 18 
keynotes, and numerous oral presentations in two parallel tracks, giving the 
participants the opportunity to attend most of the talks. The programme covers 
all aspects of microscale separations and applications related to systems biology, 
pharmaceutical sciences, biotechnology, clinical diagnostics, food and health, 
nanoparticles, industrial chemicals, and advanced detection and instrumentation.

Up to three pre-congress courses are offered, as well as one workshop on the 
construction of an open-source CE system. This workshop will continue throughout 
the duration of MSB and will be a common thread during the congress. 

For more information visit: www.msb2020.com or e-mail: info@msb2020.com

Credit: stefanotermanini/stock.adobe.com

Credit: antoine2k/stock.adobe.com
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Determination of Three Selected Chlorinated Pesticides 
at Lowest Concentration Level by Fast GC–MS/MS
Waldemar Weber,  Shimadzu Europa GmbH

Pesticides are widely used to protect agricultural 
products from mould or insect infestation during growth, 
storage, and product transport. Intensive use or abuse of 
pesticides can cause environmental pollution in different 
areas. Lakes, rivers, and aquifers need to be monitored to 
protect drinking water. Concentration levels of pesticides 
down to low fg/μL range must therefore be quantified 
in organic solvent-based water extracts. Typically, large 
volume injections (LVI) are used to reach this concentration 
range. 

For this kind of application, the highest sensitivity and selectivity 
are necessary. Therefore, a GCMS-TQ8050 NX triple quadrupole 
mass spectrometer and the “Smart Pesticide Database Version 
2” were used to set up a multiple reaction monitoring (MRM) 
method for the quantification of three chlorinated pesticides: 
heptachlor, dicofol, and cypermethrin. With this method, the 
limit of detection (LOD), linear range, and repeatability were 
determined over 15 h for all analytes in hexane standards using 
a standard 1 μL liquid injection.

Instrumentation and Experimental Conditions
A Shimadzu GCMS-TQ8050 NX triple quadrupole GCMS in  
MS/MS (MRM) mode and equipped with an AOC-6000 
auto-injector was used. Separation of the pesticides was achieved 
using an SH-Rxi-5MS column (20 m × 0.18 mm, 0.18-μm).One 
μL of sample was injected at 280 °C using splitless mode with a 
sampling time of 1 min. The GC oven program was set to 50 °C 
for 0.5 min, then increased by 40 °C/min to 280 °C, and held for 
10 min. Helium as carrier gas was selected with a constant linear 
velocity of 45 cm/s. MS interface and ion source temperatures 
were set to 280 °C and 200 °C, respectively. A detector voltage 
of 1.7 kV was applied for heptachlor and dicofol, and 1.9 kV 
for cypermethrin. Table 1 shows the list of pesticides, retention 
time, and MRM transitions.

Results
LOD and Repeatability: The limit of detection was determined 
using a signal-to-noise ratio (S/N) of 3:1 and stated as “mass on 
column”. For the determination of the S/N, heptachlor (10 fg), 
dicofol (50 fg), and cypermethrin (100 fg) were injected 15 
times. Noise was calculated using ASTM with an interval of 
0.5  min. Furthermore, the LOD was estimated from the S/N 
ratios determined. Averaged results are summarized in Table 2. 
In addition, chromatograms of the analytes at 6 × LOD are shown 
in Figure 1. To demonstrate repeatability, the above-mentioned 
concentrations were injected 15 times at intervals of 55 min. 
Relative standard deviation (RSD) was calculated for each 
pesticide and is also summarized in Table 2.
Linear Range: To show the linearity of the system, two calibrations 
were performed. A seven-point calibration was done ranging 
from 3 × LOD to 300 × LOD for each compound. Concentrations 
were 20–1000 ng/L for heptachlor, 50–5000 ng/L for dicofol, 
and 100–10,000 ng/L for cypermethrin. In addition, a second 
calibration with a higher concentration range was carried out. 
Here, a calibration from 10 μg/L to 100 μg/L was measured for 
all analytes. For heptachlor and cypermethrin the linear range 
was extended up to 500 μg/L. All calibration curves showed a 
correlation coefficient R2 of ≥ 0.998.

Conclusion
Quantitative determination of heptachlor, dicofol, and 
cypermethrin was performed to demonstrate highest sensitivity 
and selectivity using the GCMS-TQ8050 NX. By applying fast 
GC–MS/MS, low detection limits of 2.5–25 fg “mass on column” 
were achieved for the analytes. Reproducibility, as RSD over 12 h, 
was measured in the range from 9% to 31% at a concentration of 
approximately 3 × LOD. A wide linear range from low ppt range 
(limit of quantification [LOQ]) to 500  ppb for heptachlor and 
cypermethrin was found. For dicofol, linearity was determined 
in the range of 50 ppt to 100 ppb. The correlation coefficient 

Table 1: MRM transitions for the determination of the chlorinated pesticides

Name
Ret. Time 

(min)
Target CE Ref. Ion 1 CE Ref. Ion 2 CE

Heptachlor 5.66 271.8 > 236.9 20 273.8 > 238.9 16 271.8 > 117.0 32

Dicofol 5.86 139.0 > 111.0 15 139.0 > 75.1 24 251.0 > 139.0 9

Cypermethrin 8.49 163.1 > 127.1 6 163.1 > 91.0 14 181.1 > 152.1 22

http://www.shimadzu.eu
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of all calibration curves was R2 ≥ 0.998. To conclude, the 
GCMS-TQ8050 NX provides suitable sensitivity and selectivity 
for the quantification of all three chlorinated pesticides in the 

low fg concentration range. Furthermore, high reproducibility 
and a sufficiently linear range were achieved.

Shimadzu Europa GmbH
Albert-Hahn-Str. 6–10,

47269 Duisburg, Germany
Tel.: + 49 203 76 87 0

Fax: + 49 203 76 66 25
E-mail: shimadzu@shimadzu.eu

Website: www.shimadzu.eu 

Table 2: LOD as average, and RSD

Heptachlor Dicofol Cypermethrin

Mass on column (fg) 10 50 100

Mean S/N 12.2 5.7 26.2

S/N SD 2.3 1.0 8.3

S/N RSD (%) 18.5 18.5 31.5

LOD (fg) ~2.5 ~25.0 ~11.5

Area RSD (%) 31.0 9.2 15.6

(a) (b)

(c)

Q 271.80 > 236.90 (+)

85.79

%

12.72
5.1 5.2 5.3 5.4 5.5 5.6

RT = 5.650

RT = 5.367

R1 2.19% (32.38)
R2 32.24% (60.36)

1.78e2 Q 139.00 > 111.00 (+)

132.25

%

1.08
5.80 5.85 5.90 5.95 6.00 6.05

RT = 5.846

R1 2.05% (80.73)
R2 33.47% (70.86)

6.10

5.15e3

Q 163.10 > 127.10 (+)

72.47

%

0.00
8.2 8.4 8.6 8.8

RT = 8.536

R1 94.35% (108.4)
R2 0.00% (0)

9.0

3.02e3

Figure 1: Chromatogram of (a) heptachlor, (b) dicofol, and (c) cypermethrin at 6 × LOD.

http://www.shimadzu.eu
http://www.shimadzu.eu
mailto:shimadzu@shimadzu.eu
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Amylose is an occasionally branched biopolymer and, 
together with amylopectin, the hyper-branched component, 
a constituent of starch. Determination of branching in 
amylopectin, an important property affecting viscosity, 
stiffness, and thermo-mechanical performance, requires a 
fully linear amylose analogue. This application note describes 
how synthetic amyloses from enzymatic (phosphorolytic) 
reaction were checked for their linearity using size-exclusion 
chromatography-multi-angle light scattering (SEC-MALS).

Materials and Methods
Separations were performed on Shodex OHpak HQ-806, -805, -804, 
and -803 SEC columns. A DAWN® MALS detector and Optilab® 
differential refractometer were placed downstream of the columns 
to analyze molar mass and size of each eluting fraction. Data were 
acquired and analyzed by ASTRA® chromatography software to 
calculate differential weight distributions, conformation plots of 
mean-square radius versus molar mass, and branching per molecule. 

The molar mass M and root-mean-square radius Rg were 
calculated at each slice using dn/dc = 0.146 mL/g. At least three 
data sets per sample were averaged together.

Results and Discussion
Branching calculations (branching ratio gM, branches per 
molecule B, and long-term branching λ) were performed using 
the Zimm-Stockmayer equations (trifunctional random branching). 
The molar mass distributions of low molar mass (LMM) synthetic 
amyloses are narrow in the range of 1–4 × 105 g/mol, and the 
branching calculations show that these polymers are strictly linear. 
The differential weight distribution plots of high molar mass (HMM) 
amyloses show a broader distribution extending into the 106  g/
mol range. A distinct halt to the rise of Rg with increasing M is 
noticeable beginning around 1 million g/mol (Figure 1). Rigorous 
analysis shows that branching starts (B  =  e0) at approximately  
8 × 105 g/mol (Figure 2). 

Conclusions
A fully-linear amylose was synthesized for use in branching analysis 
of naturally hyperbranched amylopectin. The synthetic amylose 
samples analyzed here were linear in the LMM range up to 

~ 800,000 g/mol, but exhibited branching at higher molar masses. 
Even though the linear samples ended at 800,000 g/mol, the 
conformation plot of linear amylose can be safely extrapolated up 
to 108 g/mol, enabling analysis of quite large amylopectins. Hence 
the SEC-MALS method using a DAWN and Optilab has proved to be 
useful to check branching in HMM biopolymers on the basis of linear 

LMM biopolymers and, by extension, in hyperbranched biopolymers 
as well.

SEC-MALS Analysis of Linear and Branched Synthetic Amyloses
Claudia Niemann, Technical University Berlin

Wyatt Technology Corp.
6330 Hollister Ave, Santa Barbara, California 93117, USA

Tel.: 1 (805) 681 9009
Website: www.wyatt.com
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Figure 1: Eight synthetic amyloses and linear extrapolation of 
the equation obtained from LMM amyloses to 108 g/mol.
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Antisense DNA and siRNA are widely used for gene silencing in 
research and medical applications. An effective delivery of the 
oligonucleotides into cells is important for clinical applications. 
As oligonucleotides are negatively charged the efficiency of 
the cell membrane permeability is low. Previous methods 
took several hours to deliver oligonucleotides to cytoplasm. 
Oligonucleotides modified with low-molecular-weight 
disulphide groups at their terminal residues reached the 
cytoplasm in 10 min as a result of disulphide exchange 
reactions with the thiol groups on the cell surface (1).

Due to the hydrophobic character of the disulphide units, 
a less hydrophobic stationary phase is necessary for the 
analysis of the modified oligonucleotides. Even C18 columns 
with lower hydrophobicity achieve poor peak shapes. Also, the 
target disulphide modified oligonucleotides are not completely 
eluted. In this application good peak shapes are achieved using 
the less hydrophobic, widepore YMC-Triart  Bio C4 column. 

Separation of Oligonucleotides Modified with 
Disulphides Using YMC-Triart Bio C4
Saki Kawaguchi,  Chemistry Department, Nagoya University

Disulphide-unit

t-Bu t-Bu

t-But-But-Bu

S S
S S

S S
S S

S
S

Antisense DNA
siRNA

Figure 1: Structure of disulphide modified oligonucleotides.

Table 1: Chromatographic conditions

Column: 250 × 4.6 mm, 5 µm

Product code: TB30S05-2546PTH

Eluent:
A) 95:5 50 mM TEAA* (pH 7.0)–acetonitrile

B) acetonitrile

Gradient:
5–95%B (0–30 min), 95%B (30–35 min), 

95–5%B (35–35.1 min), 5%B (35.1–45 min)

Flow rate: 1 mL/min

Temperature: 50 °C

Detection: UV at 260 nm

Sample: Crude reaction mixture

 * Triethylammonium acetate

http://www.ymc.de
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The disulphide modified oligonucleotides were analyzed using 
50 mM TEAA buffer–acetonitrile and acetonitrile as eluents at 
an elevated temperature of 50 °C.

Reference
(1) Z. Shu et al., Angew. Chem. 131, 6683–6687 (2019).

YMC Europe GmbH
Tel.: +49 2064 4270
E-mail: info@ymc.de

Website: www.ymc.de 
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Figure 2: Analysis of disulphide modified oligonucleotides using YMC-Triart Bio C4 and a polar C18 phase.
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