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Applied as a coating or bulk material, polymers have become vastly 
important to our society, with applications ranging across packaging, textiles, 
construction, automotive, furniture, toys, and electronic equipment.

The development of polymers can generally be classified into two main areas of 
innovation. The first aims to improve sustainability by reusing materials to reduce 
the carbon footprint. Examples include bio-based and environmentally-friendly 
materials, life cycle management, and microplastic reduction. The second is the 
development of higher performing functional polymers with special structural features. 
These features can be thermal or mechanical properties, but also functionalities 
tailored to the application and aimed at, for example, drug release, air purification, 
light emission, self-cleaning, or sensory properties. Functional polymers are often 
applied as coatings and this introduces additional properties to the bulk material 
(substrate) of the coating. These coatings have found a widespread use in specific 
high-performance applications ranging from hygiene (antibacterial), cosmetics (hair 
and skin care), environmentally-friendly waterborne coatings, special packaging 
(tactile perception), medical applications (drug release, wound healing, slippery 

Molecular Correlative Material 
Characterization: Advantages 
for Polymer Analysis Using 
Liquid Chromatography
Bob W.J. Pirok1,2, Ynze Mengerink3, and Ron A.H. Peters1,2,4, 1Analytical Chemistry Group, van ’t Hoff Institute for Molecular Sciences (HIMS), 

Faculty of Science, University of Amsterdam, Amsterdam, The Netherlands, 2Centre for Analytical Sciences Amsterdam (CASA), Amsterdam, 

The Netherlands, 3DSM Applied Science Center, Geleen, The Netherlands, 4Covestro Resins & Functional Materials, Analytical Technology 

Centre, Waalwijk, The Netherlands

Polymeric materials are an indispensable part of modern society. The functionality of polymers correlates heavily 
with their interrelating molecular features. There is a strong innovation focus on sustainability of functional polymers, 
which further increases the complexity of their molecular structure. Consequently, a thorough understanding of 
the relation between molecular structure, including their interrelating distributions and their final properties, is a 
crucial aspect in polymer research and innovation. A well-developed analytical toolbox of high-end methodologies 
and technologies is needed to elucidate the molecular structures of polymers and their distributions. The analysis 
of the structures and various distributions of these complex copolymers is referred to as molecular correlative 
material characterization. Liquid chromatography (LC) is an important technology to help determine the molecular 
structure and the distribution of polymers. Recent developments in LC in the areas of sample preparation, 
mono-distribution separations, and their hyphenation into fully orthogonal and optimized two-dimensional 
liquid chromatography (2D-LC) separations have unlocked the ability to conduct molecular correlative material 
characterization. This article will discuss these recent developments and the ongoing research towards the 
coupling of different information sources with respect to chemical structure distributions of complex copolymers.

KEY POINTS
• The development of new polymeric 

materials requires innovation 
in liquid chromatography. 

• The analysis of the structures 
and various distributions of 
these complex copolymers is 
referred to as molecular correlative 
material characterization. 

• Key approaches focus on 
improving sample preparation, 
novel mono-distribution 
separations, and two-dimensional 
liquid chromatography.
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feel), and agriculture (seed coatings), to 
photo/microelectronics (solar panels). 

Together, these two strong driving 
forces for innovation have resulted 

in a dramatic increase in the overall 
complexity of the molecular structure 
and their interrelated distributions. 
Indeed, copolymers composed of much 

more than three different monomers or 
oligomers are no longer exceptional. As a 
result, the complexity of the copolymers 
increases the dimensionality of the 
sample, featuring interrelating distributions 
in molar mass (MWD), chemical 
composition (CCD), block length (BLD), 
functionality-type (FTD), molecular 
architecture (MAD), and branching (BD).

As the properties of these copolymers 
correlate heavily with their molecular 
features, precision chemistry aimed at 
introducing tailored functionality requires 
an in-depth understanding of the complex 
molecular structures. A well-known 
example is the relation between the 
various chemical distributions. This 
branch of analytical chemistry can be 
referred to as molecular correlative 
material characterization (MCMC), and 
is aimed at determining the various 
chemical distributions of these polymers 
and their dependency on one another 
using chromatographic approaches. To 
achieve this, liquid chromatography 
(LC)-based methods have been hugely 
important and progress over the last 
five years will be discussed here. 

Correlative Information Through 
Making Modifications to the 
Polymer Prior to Analysis
Sample preparation is often regarded 
as a way to dissolve the sample without 
destroying the polymer. However, it can 
also be used to add chemical features to 
the polymeric structure and enhance the 
efficacy of the separation or detection. 

One approach focuses on the labelling 
of specific functionalities, so-called 
derivatization or tagging. In contrast to life 
sciences, this is not as well developed 
in (synthetic) polymer analysis, due to 
the change in derivatization efficiency 
over the full molar mass range (1), and 
so this approach is less frequently 
applied to the analysis of larger 
polymers. Brooijmans et al. (2) recently 
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quantitative determination of the acid content per molar mass fraction, resulting in 
an acid functionality distribution. For example the bimodal molar mass distribution 
with an acid-rich oligomer and acid-poor polymer system of a commercial 
polyacrylic resin. Adapted with permission from reference 2. 
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demonstrated that carboxylic acid-functionality in copolymers 
can be derivatized with a high degree of reproducibility, 
speed, and selectivity (>99% derivatization efficiency over the 
whole MWD range) using phenacylbromides. The developed 
derivatization technique was applied to gain more insight into 
the stabilization of polyacrylates emulsions. The distribution of 
carboxylic-acid functionalities along the polyacrylate backbone 
was determined by applying the phenacylbromide derivatization, 
followed by size-exclusion chromatography (SEC), so-called 
tag-SEC. UV and refractive index (RI) detection was used for the 
SEC separation of the derivatized copolymers, thus enabling 
the quantitative determination of the acid-functionality content 
for each molar mass fraction. Beside the MWD, this approach 
also yielded the concentration of the incorporated acidic 
monomer and its distribution over the molar mass. Figure 1 
demonstrates that this additional information yields more 
insight in the actual incorporation of these monomers, linking 
copolymer synthesis conditions to copolymer properties. 

In general, a wide variety of chromatographic and 
spectroscopic techniques can be applied as an alternative 
to the above, for example LC, titration, nuclear magnetic 
resonance (NMR); however, none of these approaches is able 
to determine the monomeric-functionality distribution such 
as acid functionality as a function of the MWD directly, as 
shown by the tag-SEC approach. Moreover, the derivatization 
approach can be applied to solve other challenges in 
polymer analysis. One example is the determination of the 
overall chemical composition of copolymers by pyrolysis–gas 
chromatography (Py–GC) (3). The main advantage of this 
approach is that phenacyl esters produced by precolumn 
derivatization prevent the dehydration and decarboxylation 
effects commonly formed if hydrophilic monomers, for example, 
(meth)acrylic-acid containing copolymers, are subjected directly 
to pyrolysis. This enables the determination of the copolymer 
composition including the hydrophilic functional monomers.

Another approach to obtain the correlation of the chemical 
composition distribution of a copolymer with morphology such as 
particle-size distribution (PSD) is the precolumn degradation of 
copolymers by enzymes. This was demonstrated by Wouters et 
al., who investigated enzymatic degradation of polyester-based 
nanoparticles, both in-solution and by an immobilized-enzyme 
reactor (IMER) (4). The authors demonstrated for the first 
time the implementation of such an IMER in a SEC system for 
online degradation and subsequent analysis of the copolymer 
degradation products (Figure 2). The effect of residence times 
ranging from 12 s to 4 min on copolymer degradation was 
assessed. IMER-assisted degradation takes minutes and is 
thus much faster compared to in-solution degradation, which 

requires anything from several hours up to several days. This 
unlocked the use of such reactors as selective modifiers prior to 
separation. Groenenveld et al. investigated the incorporation of 
this IMER technology in comprehensive two-dimensional liquid 
chromatography (LC×LC) modulation interfaces to determine the 
molecular structure of drug delivery nanosized particles (5). They 
showed the applicability for poly(lactic acid-co-glycolic acid)-
block-poly(ethylene glycol)-block-poly(lactic acid-co-glycolic 
acid) copolymers nanoparticles filled with a dye. They were able 
to determine, online, the composition of these nanoparticles 
by characterizing the dye as the composition of the copolymer. 
While research is ongoing, this example already clearly 
demonstrates that the use of selective degradation can help to 
obtain interrelated distribution information such as MWD as a 
function of PSD, as well as the composition as a function of PSD. 

Determining the Correlation Between 
Property Distributions Through Specific 
Detection of the Polymer
Detection is also key to obtaining accurate and precise 
information on the correlation between the different chemical 
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distributions in the molecular structure 
of polymers from both a quantitative 
and qualitative perspective. 

The quantitative aspects of all detectors 
for LC-based copolymer separations 
were recently extensively reviewed by 
Knol et al. (6). The main observation 
of the work was that current detectors 
are not universally applicable in the 
quantitation of copolymers with varying 
compositional features. This renders 
most techniques not applicable to 
contemporary complex polymers when 
the chemical structure is unknown. As 

a consequence, accurate quantitative 
analysis of copolymer separations is very 
challenging and inhibits the development 
of new sustainable materials. Therefore, 
the authors found that current research 
efforts focus on the development of 
more universal detectors, such as 
LC-flame ionization detection, and new 
calibration protocols for evaporative 
light scattering detectors (ELSD). 

There are several recent developments 
of interest in chemical-composition 
sensitive (information-rich) detectors. 
The coupling of chromatographic 

separations with mass spectrometric (MS) 
identification of copolymers has been 
reported by various publications and 
reviews (7,8). In general, electrospray 
ionization mass spectrometry (ESI-MS) 
has been extensively employed for 
polymer characterization because the 
hyphenation of LC to MS facilitates the 
determination of chemical heterogeneity 
and molar mass. Although Nohmi and 
Fenn (9) demonstrated that PEG up to 
5 MDa could be ionized with ESI-MS, no 
structural information could be obtained 
from these MS spectra. The complex MS 
spectra for copolymers of high sample 
dimensions limited the applicability of 
ESI-MS for broadly distributed or higher 
molar mass copolymers to a few kDa. This 
rendered mass spectrometry limited to 
complex copolymers of low molar mass 
at best and is thus mainly focused on 
identification of the chemical composition 
and structure of copolymers with limited 
sample dimensions. To expand the mass 
range for complex copolymers using 
MS, the enhancement of the ionization 
efficiencies by the use of a supercharging 
agent was explored. Steinkoenig et al. (10) 
used supercharging agents to extend 
both the polarity range and the ionization 
efficiency, thus unlocking MS detection of 
higher MWD. The authors illustrated the 
concept by using a chlorine attachment 
and the addition of supercharging agents 
(sulfolane or propylene carbonate) and 
found that even medium-sized nonpolar 
polymers, such as polystyrene, could be 
analyzed with ESI-MS using this technique. 

By applying this ionization process, 
the authors were able to analyze 
polystyrene and polybutadiene of masses 
up to 18 kDa and 10 kDa, respectively. 
Recent work from Voeten et al. (11) 
showed the successful implementation 
of 3-nitrobenzylalcohol (3-NBA) as a 
supercharging agent for the ionization 
of copolyester resins. Groeneveld et 
al. (12,13) applied this supercharging 

 

[(TPA-PG)2-TMP]
[(TPA-PG)4-TMP]

[(TPA-PG)10-TMP]

Collisional cross section [Å2]

FIGURE 4: Collision cross section traces of [(TPA-PG)2-TMP], where two peaks 
are visible depending on the TMP location in the backbone, [(TPA-PG)4-TMP] and 
[(TPA-PG)10-TMP], and a considerable amount of ion mobility bands are visible 
representing the different [(TPA-PG)10-TMP] isomers. Experimental conditions are 
described in reference 11.
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agent to enable the analysis of 10 kDa 
copolyesters by MS. As seen in Figure 3, 
the number of detected charge states 
increased from only [M+2Na]2+ to 
[M+10Na]10+ using 3-NBA. The authors 
applied the technique both for SEC–MS 
as well as 2D-LC with MS detection. 

The degree of branching is another 
important property of industrial polymeric 
materials. One useful innovation in this 
context has been the development of 
ion-mobility spectrometry (IMS)-MS 
(14). IMS can be hyphenated to MS 
as well as LC and can obtain unique 
information on both composition and 
structure (15). However, similar to MS, all 
publications related to IMS on polymers 
are limited to molar mass below a few 
kDa and mainly applied on polymers 
with a low sample dimensionality, such 
as homopolymers. With increasing 

molecular weight distribution, the 
spherical conformation of the polymer 
chains become independent of the 

molar mass and structure, which renders 
it less applicable for more complex 
copolymers. This was recently confirmed 
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by Voeten et al., who used LC–IMS-MS 
to investigate the branching of isomeric 
copolyesters (11). The time-based IMS 
separation and subsequent MS/MS 
allowed the identification of the separated 
species. While distinct branching 
could be observed, it was shown that 
insufficient resolution was obtained to 
enable clear distinction of all structural 
isomers present in the copolymer 
(Figure 4). Current research efforts focus 
on coupling IMS to two-dimensional liquid 
chromatography (2D-LC) frameworks to 

investigate the feasibility of identification of 
copolyester species with a higher MWD. 

Another interesting development in 
the field of detection is the coupling of 
LC with molecular spectroscopy, such 
as NMR and Fourier-transform infrared 
spectrometry (FT-IR). Despite its superior 
selectivity, the lack of sensitivity of 
NMR renders the technique difficult 
to hyphenate with LC, in particular 
with respect to sample size, eluent 
composition, and sampling frequency 
of the NMR spectrometer. Wilhelm et al. 

(16) optimized and applied an LC–NMR 
system to obtain MWD as a function 
of chemical composition in relatively 
fast analysis times (see Figure 5). 

SEC and IR have also been 
hyphenated within the context of polymer 
analysis to study the MWD and CCD 
(17). Using a custom-built external 
cavity quantum cascade laser mid-IR 
spectrometer, significant improvement of 
sensitivity was achieved. Detection limits 
were found to be roughly 30 times lower 
than previously reported for SEC–FT-IR. 

Determining the Correlation 
Between Property Distributions 
Through Two-Dimensional LC
From the point of sample dimensionality, 
2D-LC is one of the logical approaches 
to characterize the variation in structure of 
polymers that feature multiple distributions 
(5). The first decade of the millennium 
saw the development of several useful 
methods for the analysis of polymers 
of limited complexity. However, the 
majority of 2D-LC methods fail to yield 
useful information for more sophisticated 
copolymeric systems. For example, 
application of a reversed-phase separation 
in one dimension will see the enthalpic 
differences applied to the complete 
copolymer (that is, all monomer types), or 
polarities will have their own contribution 
to the overall enthalpy of the system. As 
a result, no selective mono-distribution 
separation is observed, yielding 
non-interpretable 2D-LC chromatograms 
with all distributions superimposed on top 
of each other. Therefore, there is a strong 
need for very selective mono-distribution 
separations, which can be applied in a 
2D-LC setup to obtain MCMC information. 

A good example of a recent 
mono-distribution separation of a complex 
copolymer is the use of non-aqueous 
ion-exchange chromatography (NAIEC) 
for the separation of the carboxylic 
acid-functionality in polyacrylates by 

TPA/PG Linear Polyester

TPA/PG Branched Polyester
Retention time (min)

Retention time (min)

R
et

en
ti

o
n

 t
im

e 
(m

in
)

R
et

en
ti

o
n

 t
im

e 
(m

in
)

0.7

0.6

0.5

0.4

0.3

0.2

0.1

10 20 30 40 50 60

0.7

0.6

0.5

0.4

0.3

0.2

0.1

10 20 30 40 50 60

(a)

(b)

Cyclic Linear mono-ol Linear diol
Linear mono-acid

Cyclic Linear mono-ol Linear diol

UV @ 254nm

UV @ 254nm

1º-branching

2º-branching

3º-branching

Multiple branching

FIGURE 7: Normal-phase LC×SEC–UV chromatograms of (a) a linear polyester 
and (b) branched polyester. Characterization of separated species according to 
online HRMS measurement employing supercharging (normal-phase LC×SEC–
UV/HRMS). Experimental conditions are described in reference 12. 

35

30

25

20

15

10

5

0

L
in

ea
ri

ze
d

 E
L

S
D

 R
es

p
o

n
se

 (
m

V
)

# Theoretical Acid groups

# Theoretical Acid groups

R
et

en
ti

o
n

 V
o

lu
m

e 
(m

L)

0 10 20 30 40 50 60 70

EA-2 EA-3 EA-4 EA-5 EA-6

0.0 20.0 40.0 60.0
0.0
1.0
2.0
3.0
4.0
5.0
6.0

# Acid groups =
(Vr – 1.7132)

0.0718

FIGURE 6: Acid functionality distribution based on NAIEX chromatography for 
ethyl acrylate acrylic acid copolymers with increasing number of incorporated acid 
groups (EA-2; 2.3 AA % [w/w], EA-3; 4.6 AA % [w/w], EA-4; 8.0 AA % [w/w], EA-5; 
10.4 AA % [w/w], EA-6 12.5 AA % [w/w]). Adapted with permission from reference 
18.

178 LCGC Europe  May 2021

PIROK ET AL.



Brooijmans et al. (18). The authors 
developed a novel NAIEC separation 
based on the number of deprotonated 
carboxylic-acid groups along the 
backbone chain of polyacrylates. The 
use of the polar aprotic N-methyl-2-
pyrrolidone was found to be a suitable 
solvent for both the polymers and 
organic salts, such as the superbase 
1,1,3,3-tetramethylguanidine. The retention 
in NAIEC appeared to be dominated by 
the number of acid groups incorporated 
in the copolymers. The influence of the 
polarity of the comonomer separation was 
found to be very limited, indicating little or 
negligible hydrophobic interactions. The 
NAIEC separation allowed the authors 
to determine the acid-functionality 
distribution (AFD) of the copolymers, as 
shown in Figure 6. The proposed mode of 
polymer chromatography is an interesting 
alternative to conventional normal-phase 
and reversed-phase separations and 
is particularly useful for obtaining 
acid-functionality distributions of complex 
copolymers. Brooijmans et al. compared 
the NAIEC separation with traditional 
normal-phase LC and reversed-phase 
LC methods and found that the latter 
failed to accurately describe a unique 
distribution for these complex copolymer 
systems as opposed to the NAIEC 
method. The authors suggested that the 
NAIEC method would be well-suited for 
incorporation as one of the dimensions in a 
2D-LC system, providing a fully orthogonal 
acid-functionality distribution as a function 
of a second-dimension MWD determination. 

The power of 2D-LC was also shown 
by Groeneveld et al. (12,19) when 
applying very selective mono-distribution 
separations. The authors determined 
the correlation of end-group functionality 
and molar mass with the chemical 
composition distribution of copolyesters 
by comprehensive normal-phase 
LC×SEC hyphenated with both UV–vis 
light spectroscopy and high-resolution 

mass spectrometry (normal-phase 
LC×SEC-UV–vis/HRMS) (19). By 
hyphenating the normal-phase LC×SEC 
separation, the end-group functionality 
relation with MWD could be determined, 
while the parallel detection (HRMS/UV–
vis), identification, and quantification of 
chemical composition over the combined 
FTD×MWD distributions could be 
performed (Figure 7). To provide chemical 
composition information of higher molar 
mass species, supercharging technology 
was used to increase the detected charge 
states with HRMS. Before this, there was 
no analytical method available that could 
characterize the interrelation of such 
distributions in a single analysis. Overall, 
the method can function as a universal 
platform to characterize the interrelation 
between carboxyl or hydroxyl end-group 
functionalities, molar mass distributions, 
and the chemical composition distribution 
of polyester samples. As a consequence, 
it is not surprising that the developed 
normal-phase LC×SEC–UV–vis/HRMS 
platform is a valuable tool for characterizing 
copolyesters in an industrial setting.

Another example demonstrating the 
power of 2D-LC for MCMC purposes is 
the coupling of two truly independent 
mono-distribution separations (20). A 
2D-LC setup was developed, which 
combined hydrodynamic chromatography 

(HDC) in the first dimension to separate 
polymeric nanoparticles in their 
dispersed state based on size, with 
ultrahigh-performance (UHP)SEC in 
the second dimension to separate 
the constituting copolymer molecules 
according to their molecular mass. A 
chip-based mixer was incorporated 
to transform the sample by dissolving 
the separated nanoparticles from 
the first dimension effluent online 
with tetrahydrofuran. The eluting 
polymer bands were focused using 
stationary-phase-assisted modulation 
(SPAM) to enhance sensitivity, and the 
water from the first dimension eluent was 
largely eliminated to allow interaction-free 
SEC. Using the developed system, the 
combined two-dimensional distribution 
of the particle size and the molecular 
size of a mixture of various polystyrene 
and polyacrylate nanoparticles was 
obtained within 60 min, as shown in 
Figure 8. This approach offers an insight 
into the interrelation between the particle 
size and the molar mass distribution 
of the intrinsic polymers. To show the 
applicability of this new approach, the 
newly developed 2D-LC system was 
applied to industrial waterborne emulsions 
comprising hydrophobic, hydrophilic, 
and charged moieties, viz. stabilized 
dispersions of poly[(methyl methacrylate)-
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co-(butyl acrylate)-co-(methacrylic 
acid)]-nanoparticles in water (21). The 
result is a simultaneous determination 
of the size distribution of nanoparticles 
and the molecular weight distribution of 
the constituting polymers as a function 
of the particle size. It was consistently 
found that, within a single population 
of particles, the weight-average molar 
mass increased with particle size. The 
authors furthermore demonstrated that the 
proposed approach enabled fundamental 
studies into the process of particle 
formation and copolymer growth during 
emulsion polymerization. Indeed, new 
insights were obtained in nanoparticle 
formulations with very narrow particle 
size distributions, which are particularly 
difficult to study by other means.

Discussion and Conclusions 
The applicability of copolymers correlates 
heavily with their molecular features, which 
emphasizes the need for a thorough 
understanding of the relation between 
their molecular distribution structures. This 
field of research, so-called molecular 
correlative material characterization 
(MCMC), will enhance the transition into 
new sustainable functional copolymers. 
Recent developments and ongoing 
research towards the coupling of 
different information sources with respect 
to chemical structure distributions of 
copolymers have been discussed here. 
The field is certainly moving towards 
MCMC, and generating mono-distribution 
information is therefore key here (that is, 
each present chemical-feature distribution 
is fully separated from others). From 
the latest developments we can see 
three main areas of development.

The first is the development of precolumn 
sample preparation strategies, not only 
dissolution of the copolymer without 
destroying information, but also combining 
this with selective modifications such as 
derivatization or degradation to enable 

mono-distribution information. The 
second angle of research focuses on 
the separation. Here, there is a need 
for truly mono-distribution separations 
of these high copolymer dimensions 
to avoid superimposition of the various 
distributions on each other. These 
mono-distribution separations are well 
suited to be incorporated into new 2D-LC 
platforms for MCMC. Often, this will require 
incorporation of chemical or physical 
active modulation, such as the IMER, 
to unlock hyphenation of incompatible 
separations, but also to obtain very 
selective mono-distribution information 
and their correlation. Finally, the detection 
is, of course, indispensable, yet, given the 
opportunities, this angle does not receive 
the attention that is deserved. Surprisingly, 
only a limited number of groups work in 
this field. Of particular interest are the 
developments of technologies such as 
online NMR, IR, and IMS (9,10,13,15), 
as the field pursues the development of 
a universal quantification detector (for 
example, flame ionization detection for LC). 

By approaching the problem from 
these three angles, analytical chemists 
are working hard to converge on a 
solution to unlock MCMC. This is 
certainly an exciting time to operate 
in this field, with opportunities across 
all disciplines. We expect many 
different and interesting developments 
to emerge in the years to come. 
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Where Has My Efficiency Gone?  
Impacts of Extracolumn Peak 
Broadening on Performance, 
Part 1: Basic Concepts 
Dwight R. Stoll1 and Ken Broeckhoven2, 1LC Troubleshooting Editor, 2Vrije Universiteit Brussel (VUB), Brussels, Belgium

Dispersion (the broadening or spreading) of analyte zones (peaks) outside of chromatography columns can 
seriously erode the resolution provided by good columns. Understanding the relationship between the level 
of dispersion associated with a given instrument relative to the intrinsic efficiency of a given column can 
help avoid disappointing results, especially when switching to new column technologies. In this instalment, 
we focus on basic concepts in extracolumn dispersion as a prelude to future instalments that will focus 
on dispersion in specific elements of high performance liquid chromatography (HPLC) systems. 

Even from the very early days of the 
development of chromatography “systems” 
that provided for mechanized introduction 
of samples into the mobile phase flow 
path, it was recognized that dispersion of 
analyte zones outside of the separation 
column could compromise the quality of 
the separation as measured by resolution 
(1). During the 400‑bar era of liquid 
chromatography (LC) that lasted through 
the mid‑2000s, instrument manufacturers 
worked to adjust the dimensions of 
component parts, including connecting 
tubing and detector elements, so that the 
impact of dispersion of the analyte zone 
outside of the column was manageable, 
and did not seriously affect separation 
performance in most cases. However, 
the introduction of instruments capable 
of separating at much higher pressures 
(for example, 1000 bar and beyond) 
starting in the mid‑2000s precipitated a 
dramatic growth in the use of narrower 
columns (mostly 2.1 mm i.d.) prepared with 

smaller particles (that is, moving below 
three micrometres). When used under 
these conditions, these columns have 
the potential to produce peaks with much 
lower volumes (on the order of 10 times or 
more) compared to those that were typical 
in the 400‑bar era. These lower volume 
peaks are, in turn, more susceptible to 
dispersion outside of the column to a 
degree that can seriously compromise the 
quality of the separation. As a result, there 
has been renewed interest in the topic of 
extracolumn dispersion (ECD) in the last 15 
years, both from instrument manufacturers 
looking to improve the performance of 
their instruments along these lines, and 
from researchers looking to further our 
understanding of these issues so that 
we can leverage this knowledge in the 
development of better methods (2). So, in 
spite of the fact that ECD has been studied 
intensively since the very early days of 
high performance liquid chromatography 
(HPLC), a lot has changed recently. For this 

month’s instalment of “LC Troubleshooting”, 
I have asked Dr. Ken Broeckhoven (fellow 
LCGC Emerging Leader, and one of 
the world’s experts on ECD) to join me 
in writing a multi‑part series on this topic 
where we aim to translate new findings 
described in the chromatographic 
literature into terms that can be applied 
in development and troubleshooting 
of modern HPLC methods. In this first 
instalment, we begin by reviewing terms 
and concepts that are central to the 
discussion, and quantify the effects of 
ECD on the performance of separations 
executed using columns of different 
dimensions and prepared with particles 
of different sizes. In subsequent parts 
of this series, we will go into more detail 
discussing how different parts of HPLC 
systems (for example, injectors, detectors, 
and connecting tubing) contribute to 
the overall dispersion that ultimately 
impacts the quality of a separation. 
We are hopeful that an improved 
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Part 2 of the Pharmaceutical Roots content series from 
LGC Mikromol, investigates the natural origins of opioids, 
and offers a deeper dive into their uses, risks, and 
mechanisms of action.
Named after Morpheus, the Greek god of dreams, morphine is a 
type of opiate pain medication. It has played a vital role in the history 
of chemical neuroscience since its isolation in the 19th century. 
Morphine belongs to a class of chemical compounds called alkaloids, 
which are produced by many organisms. What makes morphine 
particularly interesting is that it is only produced in significant 
amounts by one plant—Papaver somniferum, or the Opium Poppy.

THE HISTORY OF OPIUM

The opium poppy is a member of Papaveraceae, a large family 
comprising over 700 species of flowering plants. The plants vary wildly 
from flower to flower, but all have in common the production of a 
milky substance designed to protect the plant from herbivores known 
as latex. The latex of Papaveraceae have a rich phytochemistry and, 
when dried, the milky-white latex produced by P. somniferum turns 
into a sticky, brown resin known as opium.

Opium can be smoked, eaten, or drunk, and evidence of humans 
using opium dates back over 5000 years. Despite this long history, it 
was not until the 16th century that opium was used medicinally in 
the Western world. Paracelsus, a Swiss-German alchemist, promoted 
the use of laudanum (from laudere, “to praise”), an extract of opium 
mixed with alcohol, for many ailments. Many variations of laudanum 
followed, and the concoctions were available without prescription 
until the early 20th century.

ISOLATION OF MORPHINE AND OTHER ALKALOIDS

In the early 1800s, the German pharmacist Friedrich Sertürner began 
experimenting with opium, succeeding in isolating morphine. 
Morphine accounts for around 10% of the total alkaloid content of 
opium and was the first alkaloid ever extracted from both opium 
and plants. Other alkaloids later isolated from opium include 
papaverine, noscapine, codeine and thebaine. Papaverine was 
discovered in 1848 by Georg Merck and is used to treat erectile 
dysfunction. Noscapine was first isolated in 1817 and sometimes 
used as a cough suppressant. Papaverine and noscapine have very 
different structures from morphine, codeine, and thebaine, and are 
neither psychoactive nor addictive. 

Pharmaceutical Roots:  
The Origins of Opioids The French chemist Pierre Jean Robquet discovered 

codeine in 1832—he was also the isolator of 
noscapine. Codeine is less addictive and psychoactive 
than morphine or thebaine and is often used 
as a cough suppressant, or in conjunction with 
paracetamol as a painkiller. P. orientalis and P. 
bracteatum also produce thebaine, an important raw 
material for many opioids.

FROM OPIATES TO OPIOIDS
Opiates are the natural alkaloids obtained from the 
opium poppy. Unfortunately, many of these are highly 
addictive. Extensive research into semi-synthetic or 
synthetic opioids has been carried out, with hopes 
of finding a less addictive compound. As such, the 
opium family is a large one with semisynthetic opiate 
derivatives including oxycodone (from thebaine), 
hydrocodone (from codeine), and hydromorphone 
(from morphine) alongside opioid antagonists 
such as naloxone and naltrexone (both thebaine 
derivatives). There also exists a large number of 
synthetic opioids (almost 150) such as pethidine, 
fentanyl and methadone. Many of these compounds 
are less addictive but also less effective as analgesics, 
such as the cough suppressant pholcodine. Others, 
such as etorphine, are so potent they can be used to 
tranquilize elephants and walruses.

Perhaps the most infamous opioid is 
diacetylmorphine. In 1874, while on the hunt for a 
non-addictive morphine, English chemist Charles 
Wright boiled morphine and acetic anhydride, 
yielding diacetylmorphine. Wright carried out no 
further research on this compound and it was over 

20 years later, in 1897, that German researcher Felix 
Hoffman re-discovered the acetylated substance. 
Bayer began marketing this new drug, calling it 
“Heroin” (based on the German “heroisch”, meaning 
heroic), as a non-addictive morphine-alternative 
cough suppressant. Of course, it was soon realized 
that heroin was twice as potent as morphine with 
extremely high addiction rates, and its sale and 
production was banned.

LOOKING FORWARD
Although total synthesis of morphine has been 
realised, methods are not efficient enough to meet 
global demand. Opium poppies are still cultivated 
around the world, but there is ongoing research 
into new, potentially more efficient methods of 
obtaining opiates, by way of biosynthesis. 

For over ten years, researchers in Montreal, Canada, 
have been attempting the genetic modification 
of yeast to synthesise bioactive molecules. By 
reconstructing plant pathways mediating synthesis 
of morphine precursor (S)-reticuline, they have 
been able to increase the amount of precursor 
produced and provide a platform for morphine 
synthesis. In other studies in Japan, researchers 
have manipulated strains of Escherichia coli to 
synthesise thebaine from increased production 
of (R)-reticuline. Although they have a long way to 
go, both groups have the aim of scaling the these 
platforms up to industrial level. Until then, we will 
have to rely on opium poppies.
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such as etorphine, are so potent they can be used to 
tranquilize elephants and walruses.
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Bayer began marketing this new drug, calling it 
“Heroin” (based on the German “heroisch”, meaning 
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that heroin was twice as potent as morphine with 
extremely high addiction rates, and its sale and 
production was banned.
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around the world, but there is ongoing research 
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obtaining opiates, by way of biosynthesis. 
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of yeast to synthesise bioactive molecules. By 
reconstructing plant pathways mediating synthesis 
of morphine precursor (S)-reticuline, they have 
been able to increase the amount of precursor 
produced and provide a platform for morphine 
synthesis. In other studies in Japan, researchers 
have manipulated strains of Escherichia coli to 
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of (R)-reticuline. Although they have a long way to 
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understanding of these factors will help 
users identify situations where ECD may 
be unnecessarily compromising the quality 
of their separations, and identify a viable 
path to remedy this type of situation.

Dwight Stoll

Getting Acquainted 
with the Problem
Given that the pace of change in the 
HPLC column market has been rapid 
recently, and that the turnover of HPLC 
instruments in laboratories is relatively 
slow, it is commonplace for users to try 
out a new column technology using a 
relatively old instrument. Sometimes this 
works just fine, and sometimes it does 
not. We would really like to avoid situations 
where the apparent column performance 
does not measure up to expectations, 
not because the column doesn’t work 
properly, but because the influence of 
the instrument on the outcome obscures 
the actual column performance. Many 

column manufacturers have recognized 
the seriousness of this problem, and 
invested substantially in the development 
of educational material, tutorials, trainings, 
and software (such as method transfer 
calculators) to help users avoid bad 
experiences with new column technologies.

We recognize that many practicing 
chromatographers think in terms of 
chromatograms. To get acquainted 
with the problem we’re discussing 
here in a quantitative way, we have 
prepared the simulated chromatograms 
shown in Figure 1, which illustrate the 
impact of ECD typical of an older HPLC 
instrument on the quality of separations 
obtained with relatively older or newer 
column technologies. Panels a and 
b show simulated chromatograms for 
isocratic separations of a hypothetical 
five-component mixture of compounds 
with retention factors ranging from 0 to 
8.5. Panel a shows the separation of 
the mixture using a 150 mm × 4.6 mm 
i.d. column packed with 5 µm particles, 

operated at a mobile phase flow rate of 
1 mL/min, where we assume that there 
is absolutely no influence of dispersion 
outside of the column on the observed 
chromatogram (that is, σ2     = 0v,EC ; this is 
completely hypothetical, but useful to 
support discussion). The separation is 
good with a minimum resolution of 1.5 for 
both compound pairs 1–2 and 3–4, and the 
analysis is complete in about 12 min. Now, 
for a separation on this time-scale, one of 
the potential advantages of moving to a 
column with a smaller particle size is that 
the same resolution achieved with larger 
particles (panel a) can be achieved in a 
shorter time, provided that the pressure 
required to drive the separation using 
smaller particles can be generated by 
the pump. Panel b shows what such an 
improvement could look like. We see 
that moving to a shorter column packed 
with smaller particles yields the same 
resolution in a much shorter time provided 
that the flow rate is similar to what was 
used for the column with larger particles. 
Again, this assumes there is no impact 
of the dispersion outside of the column 
on resolution, and it is critically important 
to recognize here that this degree of 
improvement can only be realized if a 
much higher pressure is available.

Things become more interesting when 
we consider cases where dispersion 
outside of the column does impact 
resolution. By comparing panels a and 
c, and b and d, we can see that the 
magnitude of the impact of ECD is strongly 
influenced by the column in use. In the 
case of the long column with large particles, 
the level of ECD chosen here (which 
reflects the characteristics of a “good” 
system from the end of the 400-bar era; 
see more discussion below) does not affect 
the resolution of the 3–4 peak pair at all. 
There is a very small effect on the resolution 
of the 1–2 peak pair, but this level of 
change certainly would not be detectable 
by eye. In other words, separations 
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FIGURE 1: Comparison of the effect of extracolumn dispersion on resolution for 
separations (a) through (d) using (a) and (c) “large” or (b) and (d) “small” columns. 
Assumptions: Total column porosity, 0.5; Flow rate, 1.0 mL/min.; Plate heights, 10 µm 
(150 mm column) and 3.3 µm (50 mm column); k values, 1) 2.00, 2) 2.15, 3) 8.00, 4) 8.45. 
The elution time of an unretained compound is indicate by tm. 
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involving long columns and large particles 
tend to be relatively unaffected by 
dispersion outside of the column. In panel 
d, however, we see a completely different 
outcome. If we take the shorter, narrower 
column packed with smaller particles 
and carry out the separation using the 
same instrument characterized by an 
extracolumn variance of 30 μL2 as in panel 
c, the system has a devastating negative 
impact on the quality of the separation. The 
resolution of the 3–4 peak pair decreases 
by 23%; the loss of resolution for the 1–2 
peak pair is so bad that it is no longer 
even clear if there are actually two peaks 
present at that point in the chromatogram.

So, coming back to the title of this 
instalment, a perfectly good column can 
be robbed of its performance potential 
as a result of using it in an instrument 
that is not well suited to modern column 
technologies. In the remainder of this 
article, and in the other parts of this 

series, our aim is to provide an update 
on recent research results that inform 
our understanding of how different 
instrument parameters contribute to 
the level of ECD exhibited by different 
systems. We can then use this knowledge 
to troubleshoot problems originating from 
these effects, and build better methods 
from the start. Readers interested in 
learning much more about details related 
to this topic are referred to the recent 
review article by one of us (2), as well 
as contributions on the topic in LCGC 
Europe and LCGC North America (3–9).

Extracolumn Dispersion: 
Measuring It, and Adding It
One of the simplest definitions of column 
efficiency is that it is calculated as the 
square of the ratio of the retention time 
(or volume) to the peak width (in time 
or volume units to match the retention 
measurement). If the peak is symmetrical 

and has a Gaussian shape, then the 
simplest calculation of the efficiency 
relies on the standard deviation (σ) of 
the Gaussian, shown in Figure 2(a). It 
is common to measure the peak width 
at half of the peak height (w1/2). In the 
case of a Gaussian peak the relationship 
between w1/2 and σ is straightforward 
and thus σ can be calculated from w1/2. 
When peaks are perfectly symmetrical, 
determining σ by measuring the peak 
width at 50% of the height (w50) or 4.4% 
of the height (w4.4) will yield exactly the 
same σ number. However, as the peak 
becomes more asymmetric, the w50 value 
will underestimate the true peak variance, 
and thus using w4.4 provides a more 
conservative measure of the variance. 
More rigorous determination of the peak 
variance of asymmetric peaks requires 
the use of statistical moments, which 
comes with its own challenges. Readers 
interested in learning more about these 
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details are referred to a recent review 
of many issues related to ECD (2).

One of the simplest approaches 
to determining the level of total ECD 
involves replacing the column with a 
zero-dead-volume union and injecting a 
sample. The width of this “system peak” 
can then be determined using one of the 
methods discussed above. The most 
critical step in assessing the impact of the 
ECD on the observed column efficiency 
is recognizing that it is the variances 
(σ2) of system and column peaks that 
are additive, not the widths (that is, σ, 
determined by any of the methods above). 
The process of estimating the impact of 
the extracolumn variance on the observed 
column efficiency is shown graphically 
in Figure 2. The standard deviations of 
the system and column peaks are first 
measured or calculated, the variances 
for each component are calculated, 
and then they are added together. The 
resulting variance expected for the 
observed peak can then either be used 
as is, or converted back to a peak width.

Impact of Extracolumn  
Dispersion on Observed 
Column Efficiency over a 
Range of Conditions
In Figure 1, we illustrated the effect of 
one level of extracolumn variance on 

the resolution provided by two columns 
of very different dimensions. It is also 
instructive to examine the magnitude of 
this effect over ranges of retention factors, 
column dimensions and particle sizes, and 
extracolumn variance levels. The results 
of this kind of calculation provide a kind 
of map that one can use to estimate the 
seriousness of the effect of the extracolumn 
effect when approximate values of 
retention factor, extracolumn variance, and 
column dimensions are known. Whereas 
in Figure 1 we used the resolutions of 
specific peak pairs to quantify the loss of 
performance, in the following discussion 
we will use the loss of column efficiency 
as a metric, because it provides a more 
generalizable view of the problem.

There are a number of ways one 
could approach these calculations that 
vary in the level of rigour and accuracy 
required, but we have taken the following 
approach to arrive at the numbers shown 
in Figure 3. We start by estimating the 
inherent efficiency of the column (Ncol) 
(that is, without extracolumn effects) 
from the column length (L), particle 
size (dp), and the reduced plate height 
(h). In our case here we have assumed 
that the reduced plate heights for fully 
porous particles (Figures 3[a] and 3[c]) 
are 2.0, and 1.5 for superficially porous 
particles (Figure 3[b]). A more rigorous 
approach would require an estimate of 
the flow rate (F), and the dependence 
of h on the F through something like 
a van Deemter curve. We also note 
here that the following calculations and 
discussion are only relevant to isocratic 
separations. In future instalments we will 
discuss how things change in the case 
of separations that use gradient elution.

Ncol =       =L
H

L
h*dp [1]

Once we have the column efficiency, 
we can calculate the standard deviation 
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FIGURE 3: Calculated loss of column 
efficiency due to extracolumn dispersion 
for (a) through (c) different combinations 
of column dimensions, particle size, 
and level of extracolumn variance, as a 
function of retention factor. Assumptions: 
εT = 0.5; extracolumn volume does 
not add significantly to the apparent 
retention volume. Columns: (a) 150 mm 
× 4.6 mm i.d., 5-µm (h = 2); (b) 150 mm 
× 2.1 mm i.d., 2.7-µm (h = 1.5); and (c) 
30 mm × 2.1 mm i.d., 1.8-µm (h = 2).

(a)

(b)

σ

ColumnSystem Observed

w50 = w1/2 = 2.354σ

w4.4 = 5σ

σv,EC = 1.5 µL

 v,EC = 2.25 µL2σ2

σv,col = 3.0 µL

 v,col = 9.0 µL2σ2  v,obs = 11.25 µL2σ2

σv,obs = 3.35 µL

FIGURE 2: (a) Illustration of different ways of determining the peak standard deviation (σ), 
and (b) the concept of addition of peak variances to assess the impact of extracolumn 
dispersion on observed column efficiency.
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of a peak at any retention factor as long 
as we know the column dimensions and 
have an estimate of the total porosity of 
the column. A reasonable estimate for the 
total porosities (εT) of columns packed with 
fully and superficially porous particles is 
0.5 (10). First, the column dead volume 
(Vm) is calculated from the physical 
dimensions of the cylinder and the porosity.

Vm = π * r2 * L * εT [2]

Then, the retention volume (VR) can 
be calculated for a compound with 
retention factor k, and finally the peak 
standard deviation from the retention 
volume and the column efficiency.

VR = Vm (1+k) [3]

σv,col =
VR

Ncol

[4]

Now, with the expected peak  
standard deviation in hand, and an 
estimate of the extracolumn variance  
(σ2    v,EC), we can calculate the standard 
deviation that will be observed at 
the detector (σv,obs), where this will 
be larger than σv,col due to additional 
dispersion outside of the column.

σv,obs =  σ2
      + σ2

    v,col      v,EC [5]

The apparent column efficiency (Nobs) 
is then calculated by rearrangement of 
equation 4. Note that here we assume 
that VR is unaffected by the system 
volume outside of the column. This most 
definitely is an approximation, and a more 
rigorous approach would not rely on this 
assumption, but this is a minor issue in 
the context of the parameters chosen 
here and the focus of this discussion.

Nobs = 
2(        )VR

σv,obs

 [6]

Finally, the percent loss of column 
efficiency is calculated as:

%Loss = 100% * (               )Nobs - Ncol
Ncol

  [7]

A series of results from this type 
of calculation are shown in Figure 3 
for three different columns and three 

levels of extracolumn variance, over a 
range of retention factors from 0 to 10. 
The three columns selected are very 
different, and represent: a) large columns 
(150 mm × 4.6 mm i.d.) packed with large 
particles (5 µm) that are still often used 
in legacy methods that were developed 
in the 400-bar era; b) long (150 mm), 
narrow (2.1 mm i.d.) columns packed 
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with superficially porous particles of 
intermediate size (2.7 µm) used for modern, 
high efficiency separation; and c) short 
(30 mm), narrow (2.1 mm i.d.) columns 
packed with sub-2-µm particles used for 
very fast one-dimensional (1D) separations, 
or as the second dimension column in 
two-dimensional (2D)-LC separations. 
The three levels of extracolumn 
variance selected represent the level of 
dispersion found in good instruments 
from the end of the 400-bar era (30 µL2), 

“off-the-shelf” configurations of modern 
ultrahigh-pressure liquid chromatography 
(UHPLC) instruments (10 µL2), and 
highly optimized configurations of 
UHPLC instruments aimed at minimizing 
extracolumn dispersion (2 µL2) (2).

There are many useful observations we 
can make in reviewing these results.  
First, as discussed above, the performance 
of large columns like that shown in panel 
a is relatively insensitive to reasonable 
levels of extracolumn variance. Even with 
the largest variance of σ2    v,EC = 30 µL2, the 
maximum efficiency loss for any compound 
with k > 1 is only about 5%. Using this 
type of column in an instrument with lower 
extracolumn dispersion is not very helpful 
from the point of view of the observed 
efficiency (Nobs), unless one is dealing 
with very low retention compounds with 
k < 1 (which is important in size-exclusion 
chromatography [SEC], for example).

Moving to the results shown in panel 
b for the 150 mm × 2.1 mm i.d. columns 
packed with 2.7 µm superficially porous 
particles, we see that using this type 
of column in an instrument from the 
400-bar era will result in efficiency losses 
of more than 30% for compounds with 
k < 5. This obviously would be a serious 
disappointment for someone trying a 
column like this for the first time. Moving 
to an off-the-shelf UHPLC instrument 
helps quite a bit, but even in this case the 
efficiency loss for compounds with k < 1 is 
more than 50%. Realizing the full potential 

of this column requires some optimization 
of the UHPLC instrument. Reducing the 
extracolumn dispersion to 2 µL2 enables 
realization of more than 90% of the actual 
column efficiency for compounds with k > 2.

Out of the scenarios considered here, 
the results in panel c show that using short, 
narrow columns packed with sub-2-µm 
particles in instruments without careful 
attention to the level of extracolumn 
dispersion will lead to disastrous results. 
Even with a highly optimized UHPLC 
system, 80% of the actual column 
efficiency is only reached for compounds 
with k > 4. With columns of these 
dimensions we must be very careful to 
manage our expectations for performance 
by taking into account the characteristics 
of the instrument surrounding the column.

Summary
In this instalment of “LC 
Troubleshooting”, we have reviewed 
some of the basic concepts relevant 
to the consideration of extracolumn 
dispersion (ECD) that occurs in 
HPLC systems, and the impact of this 
dispersion on the apparent performance 
of columns of different dimensions 
and efficiencies. As columns become 
smaller, and as they are packed with 
smaller particles, attention to the 
minimization of ECD associated with the 
instrument becomes more important. 
Not considering this can result in very 
poor apparent column performance that 
has nothing to do with the actual column 
performance, and everything to do 
with robbing the column of its inherent 
efficiency by dispersion of the analyte 
zone that occurs outside of the column.

Here, we have talked about ECD from 
the point of view of an entire instrument. In 
upcoming instalments we will dig into the 
details of dispersion that occurs in different 
elements of these systems, including 
injectors, detectors, connecting tubing, and 
when post-column flow splitting is used, 

as well as differences in the treatment 
of ECD when gradient elution is used.
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Going Low: Understanding 
Limit of Detection in Gas 
Chromatography (GC)
Nicholas H. Snow, Department of Chemistry and Biochemistry, Seton Hall University, New Jersey, USA

Limit of detection (LOD) is among the most important and misunderstood analytical variables of merit for 
both instruments and analytical methods. In this instalment, we review the history and fundamentals for 
determining and reporting LOD for analytical instruments and methods. We also discuss the International 
Union of Pure and Applied Chemistry (IUPAC) and propagation of errors methods used for calculating 
LOD and explain the limitations of the IUPAC method in modern chromatography. We used simulated 
data to discuss the implications of the calculation method, and talk about the reported LOD values and 
our understanding of the sources of experimental uncertainty and variability in LOD determinations. 

Limit of detection (LOD) is among 
the most calculated and most 
misunderstood analytical figures of 
merit for instruments and methods. 
We are first exposed to LOD in 
undergraduate analytical chemistry 
textbooks. LOD is among the most 
reported figures of merit in validated 
methods, literature articles, and 
advertising literature. The International 
Union of Pure and Applied Chemistry 
(IUPAC) defines LOD as “the smallest 
concentration or absolute amount of 
analyte that has a signal significantly 
larger than the signal from a suitable 
blank” (1). As a result, this statement 
informs us that LOD can be expressed 
in concentration or mass units and 
that the analyte must produce a signal 
that can be deemed greater than a 
blank by a statistical test. In practice, 
a “signal significantly larger” means 
that the analyte signal should have a 
value two or three times the blank. 

The best way to determine LOD is 
to measure it directly by preparing 

standards at appropriately low 
concentrations and analyzing them on 
the instrument or running them through 
the method procedure. Analysts should 
know that experimental errors involved 
in the standard preparation and dilution 
procedure as well as the inherent  
33–50% relative variance that is 
inherent in a measurement where 
the signal is only two or three 
times the instrumental noise in 
the blank will factor into the LOD 
measurement. This means that LOD 
values should be reported to one 
significant digit only. Reporting LOD 
to more than one significant digit is 
one of the most common mistakes 
seen throughout the literature. 

LOD is usually calculated rather 
than measured directly. The classical 
methods for calculating LOD were 
developed using spectroscopic 
and electrochemical instruments 
in the 1960s and 1970s (2–4). 
Chromatographers have generally 
adapted these methods to gas 

chromatography (GC) and high 
performance liquid chromatography 
(HPLC), although there are fundamental 
differences between spectroscopic 
and chromatographic instruments. 

In 1983, Long and Winefordner 
provided a review and critical 
discussion of LOD calculation methods 
that still provides useful insights nearly 
40 years later (5). Their article is still 
cited as additional reading material 
for the discussions of LOD found in 
the instrumental analysis textbooks 
of today (6,7). More recently, in 2015, 
Krupcik and others provided a detailed 
statistical analysis of LOD and limit of 
quantification (LOQ) calculations in 
gas chromatography–flame ionization 
detection (GC–FID) and comprehensive 
two-dimensional gas chromatography–
flame ionization detection (GC×GC–
FID) analyses (8). They evaluated 
methods based on the classical IUPAC 
method and using signal-to-noise (S/N) 
ratios and found significant differences 
between LOD and LOQ calculated by 
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Water is the no. 1 solvent used in labs, but not all lab 
waters are created equal. To avoid cross-contamination 
and degrading quality, the Arium® water purification 
systems deliver consistent high-quality water. 

LCGC: What are the most important parameters for purified and 
highly purified water? 

GATZEMEYER: In general, the American Society for Testing and 
Materials' (ASTM) standard is most common. Its most critical 
parameters are conductivity (µS/cm)/resistivity (MΩ*cm), pH, total 
organic carbon (TOC) (ppb), sodium (µg/l), silica (µg/l), chloride (µg/l), 
endotoxins (EU/ml), and total bacterial count (CFU/ml).   

Besides ASTM, depending on the industry and application, 
our customers have to following standards such as ISO and/or 
pharmacopeia. Sartorius’ Arium® water purification systems are 
designed and developed to meet and exceed these standards.

LCGC: What about contaminants and their potential impact?

GATZEMEYER: When considering feed water impurities, there are five 
classes of impurities. 

1. The first class represents suspended particles such as sand, 
pipework debris, or colloids. They can have an impact on the 
performance of membranes or highly sensitive equipment such 
as pipes, tubing, evaporators, etc.

2. The second class includes dissolved inorganic compounds, e.g., 
calcium, iron, salts. They can influence test results in analyzing 
ions or affect protein interactions in samples.

3. The third class are dissolved organic compounds such as 
pesticide residue and oils. This class has a high impact on 
analytical results analyzed by chromatographic applications, 
causing background noises in, for example, HPLC baselines.

4. The fourth class is represented by microorganisms. 
Microorganisms can have an impact on mammalian cell cultures, 
as they can release endotoxins that can cause cell death.

5. The fifth class is dissolved gases e.g., oxygen and carbon dioxide, 
which can impact on electrochemical and biochemical processes.

Regardless of the technique, the key parameters in determining 
successful analysis are largely the same—sensitivity, resolution, 
reproducibility, efficiency, speed, etc. These factors are all negatively 
affected by the presence of contaminants, which will ultimately 
impact the validity of results. 

Ultrapure Type 1 Water Guarantees  
Best Results for Reliable Analytical  
QC in the Beverage Industry

LCGC: What are some of the traditional challenges 
associated with producing ultrapure water, and 
how does the Arium® overcome them?

GATZEMEYER: Growing demands and more 
sensitive analytical equipment are raising the bar 
for ultrapure water, but producing ultrapure water 
is a complex process that requires stable and 
continuous recirculation, a constant water flow, and 
high-quality materials to avoid cross contamination. 

Arium® systems help labs produce their own Type 
I ultrapure water according to the ASTM water 
quality for enhanced sensitivity. Using advanced 
technology, Arium® systems minimize all five class 
impurities and ensure optimized analyzing results. 
Additionally, lab space is highly limited and cost 
intensive. For that reason, Arium® systems can 
be easily integrated into any lab environment and 
adapted to meet the customers’ specific needs. As 
such, you can choose between a compact benchtop 
unit or a wall-mounted unit or integrate the system 
in your lab furniture. This flexibility also extends 
to the display and dispense units, which can be 
positioned wherever works best in your lab. 

This flexibility extends beyond space requirements. 
You can choose your preferred purification 
technology according to your application, which 
means you can choose optional components such 
as UV oxidation for analytical applications where low 
TOC is requested and ultrafiltration for life science 
applications to remove endotoxins, DNases, and 
RNases. A 0.2 μm sterilizing-grade final filter retains 
particles and bacteria, providing particle-free and 
sterile water at the point of use.

LCGC: What is the role of ultrapure water for trace 
analysis with ICP-MS, and why is the Arium® 
system beneficial for this application? 

GATZEMEYER: To maintain accuracy, ICP-MS requires 
reagents, solvents, and water of high purity. Water 
in particular is used to create instrument blanks, 
calibration curves, standard solutions, and sample 
prep. Given the sensitivity of the instrument, the 
water needs to be free from contaminants and trace 
elements that could impact on the validity of results. 

The Arium® Pro UV system is tailored for this kind 
of application. It produces ultrapure water that 
exceeds ASTM Type 1 water standard by removing 
trace levels of residual contaminations by using 
different purification methods such as: 

The Purification Pack, which includes two  
different cartridges:

• Pre-treatment cartridge containing a mixture 
of activated carbon and deionization resins for 
different feedwater conditions, removing most 
of the remaining ions in the water as well as 
some of the remaining TOC molecules.

• Polishing Cartridge for low TOC applications. 
It contains activated carbon to absorb TOC 
breakdown products and deionization resins 
to polish the water to a resistivity of 18.2 MΩ.

An optional UV lamp is operating with two wavelength 
185 and 254 nm. The 185 nm wavelengths, reducing 
TOC levels down to less than ≤ 2ppb. A 0.2 μm sterilizing-
grade final filter retains particles and bacteria, providing 
particle-free and sterile water at the point of use.

As a result, trace elements such as arsenic and 
mercury are present below the detection limits, 
removing the risk of error sources or inaccuracies. 

LCGC: Why is ultrapure water so important for 
HPLC, and how can an Arium® system help?

GATZEMEYER: The presence of trace 
contaminations during gradient elution in HPLC 
can result in ghost peaks background noises. To 
avoid this, you must use an eluant with very high 
physical and chemical purity; it should not contain 
any suspended mechanical particles or dissolved 
substances that lead to a degradation of the HPLC 
column, which can shift the running time of the 
samples and produce wrong results.

When using water as an eluant, it must be 
free of microorganisms. In the ASTM standards 
for deionized and distilled water, both waters 
still contain considerable quantities of organic 
substances, which influence your results in a 
negative way, so it is important that freshly 
produced ultrapure water is used.

The Arium® Pro VF ultrapure water system is very 
similar to the model described for ICP-MS, but it also 
has a built-in ultrafilter module used in a crossflow 
mode to retain uncharged organic components 
that have not been completely removed by previous 
purification steps. With Arium® systems, ultrapure 
water can be prepared on demand at any time. This 
guarantees reproducible results and enables the 
preparation of high-purity eluants for HPLC analysis. 
This offers laboratories an affordable alternative 
to commercial bottled ultrapure water, with the 
advantage of avoiding cross-contamination and 
degrading quality.

For more information, visit sartorius.com/water-qc. 

http://www.sartorius.com/water-qc
http://www.chromatographyonline.com
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each method in both GC and GC×GC. 
The results of LOD determinations 
are highly dependent on both the 
calculation method used and on how 
any standards used for the analysis are 
prepared. At a minimum, for LOD to 
be comparable between methods and 
instruments and repeatable between 
experiments, the calculation and 
the standard preparation should be 
reported in much more detail than is 
typical in the chromatographic literature. 

In the remainder of this article, 
we focus on a critical evaluation of 
the classical IUPAC definition for 
LOD, applied to chromatography, 
because this is the most widely 
practiced method. In determining 
LOD, most authors cite the classical 
IUPAC calculation equation, shown 
in equation 1, which states:

CL =
ksB
m

[1]

where CL is the limit of detection, 
usually expressed in concentration 
units, sB is the standard deviation of 
the signal generated by multiple blank 
measurements, or in the case of a 
chromatographic analysis, the signal 
for multiple data points recorded 
along the baseline, m is the slope 
of the calibration curve, and k is 
usually two or three, depending on 
the specific LOD definition chosen. 
This has been a matter of debate 
over the years. Long and Winefordner 
recommend k = 3 as the lowest value 
that provides a statistically significant 
difference between the signal and 
the noise. I agree with this as LOD 
should be reported conservatively, 
as we will see below, and k = 3 
provides over 90% confidence that 
the signal is not noise. If performing 
LOD determinations for method 
validation in a regulated environment, 
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FIGURE 1: Simulated chromatograms showing noisy baselines: (a) baseline only, (b) 
baseline with a peak representing k = 2, (c) baseline with a peak representing k = 3,  
and (d) baseline with a peak representing k = 10.

TABLE 1: X- and Y-data and statistical calculations for a calibration curve as shown in Figure 2, 
based on the simulated noise data shown in Figure 1

X-data Y-data Y-data with noise

5 55 56.65

10 105 105

20 205 202.95

40 405 388.8

80 805 788.9

120 1205 1192.95

160 1605 1637.1

Slope (m) 10.12

Sm 0.114

Intercept (i) −4.06

Si 9.47

R2 0.999
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the definition recommended by the 
regulating authority should be used. 

Before going into more details of 
LOD calculations, it is educational to 
look at data showing very low signals 
and instrumental noise. Figure 1 shows 
four plots, each with very low signal. 
Figure 1(a) shows 100 data points of 
simulated random instrumental noise, 
generated by the random number 
generator function in Microsoft Excel. 
This could be interpreted as 5 s of the 
noise generated by a flame ionization 
detector, with no analyte passing through 
the detector, operating at a sampling 
rate of 20 Hz. Every 20 values on the 
x-axis represents 1 s of data collection. 
The y-axis data are random numbers 
between 0–10. As seen in Figure 1(a), the 
noise is random. The baseline would be 
expressed as a signal of 5, the midpoint 
of the noise, which ranges from 0 to 10. 

Figure 1(b) shows a small peak 
that is 1 s (20 data points) wide with 
the peak height representing k = 2, a 
common usage in LOD calculations. 
Note that the peak does not appear 
symmetrical, as the random noise still 

comprises much of the signal. This 
is typical of actual experimental data 
for analyses performed on samples 
at or near the LOD. Both peak area 
and peak height determinations for 
this peak would have large amounts 
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FIGURE 2: Calibration plot showing (blue dots) ideal data, and (grey dots) data with ±5% 
noise superimposed on the y-values.  
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of experimental uncertainty. This leads 
to the important point made earlier 
that LOD should never be reported to 
more than one significant digit. Any 
additional claimed precision in an 
LOD determination is meaningless.

Figure 1(c) shows a 1 s wide peak 
representing k = 3 in equation 1, 
the recommended value. The peak, 
while still noisy, looks more like a 
traditional chromatographic peak. The 
peak height and peak area are still 
subject to experimental uncertainty 
approaching (1/3) or 33%, still making 
this a one significant digit estimate. 
One result of this is that the peak 
height or peak area for small signals, 
in the same order of magnitude of the 
noise, should be reported with one or 
two significant digits, no matter how 
many digits the data system provides 
in the peak table. Furthermore, the 
retention time, reported as the peak 
maximum, may also be more variable 
than implied by the number of digits 
provided by the data system. 

Figure 1(d) shows a 1 s wide peak 
representing k = 10 in equation 1, a 
typical value for LOQ that is often 
determined when validating a method 
or when determining analytical figures 
of merit. This looks more like a useful 
chromatographic peak and the peak 
height and area are now subject to 
experimental uncertainties around 
10%, making this a two-significant 
digit determination in many cases. 

However, the peak is still subject to 
significant impact from the random 
instrumental noise. LOQ is typically 
stated as the lowest concentration or 
mass for which quantitation would be 
effective and k = 10 is often used with 
equation 1 to determine this value. 

Figure 2 is a calibration plot showing 
sample data, typical of detection limit 
calculations, and Table 1 shows the 
x- and y-data and the statistics for 
the regression line. The calculations 
were performed using Microsoft 
Excel and the statistical calculations 
were performed using the LINEST 
function. The y-intercept of five for 
the line was chosen from the average 
baseline values shown in Figure 1 
and is illustrative of an instrument 
with a non-zero baseline. The slope 
of 10 was chosen as an illustration 
and provides data over a range of 
approximately 50–2000 of our arbitrary 
units, or about 1.5 orders of magnitude, 
typical of many calibration curves, 
and with the lowest point near the 
LOD. The random number generator 
function in Microsoft Excel was used 
to superimpose noise of +/− 5% on 
each of the y-data points. The blue 
dotted line represents the original 
noise-free y-values, and the grey dots 
represent the same values with the 
random noise added. Note that they 
do not perfectly overlap. We all know 
that on a calibration curve, the best fit 
line and the data points do not always 

match up, yet by using equation 1 to 
calculate LOD, we assume that they do. 

In Table 1, the x-data points 
are shown, along with the y-data 
without noise and the y-data with 
noise. Below these are the statistical 
results for the slope and intercept, 
their standard errors and the R2 
value, based on the noisy data. 

As seen in equation 1, the IUPAC 
equation is dependent on the 
amplitude of the baseline noise, 
which can be measured directly from 
the baseline of the chromatogram, 
preferably in a region near the peak 
of interest and the slope of the 
calibration curve. For this example, 
Figure 1(a) was used as the baseline 
noise. Note that equation 1 does 
not provide any specification on 
the region of the calibration curve 
that is used or its relationship to the 
ultimately determined LOD. More 
importantly, there is no accounting 
for experimental uncertainty in 
the slope of the calibration curve. 
The LOD determination is only as 
good as the instrument and the 
standards used to measure it. 

An alternate approach, discussed by 
Long and Winefordner and based on 
similar principles to the IUPAC equation 
method that employs propagation of 
errors accounting for experimental 
uncertainty in the calibration 
curve or standard preparation, 
is described by equation 2:

TABLE 2: Results of five propagation of errors method determinations of LOD using equation 2 with randomized (±5%) noise on the calibration curve

Determination SB Si i m Sm CL R2

1 5 6.6 −10 10.4 0.079 3 0.999

2 5 6.7 3.0 10.2 0.080 3 0.999

3 5 3.9 8.9 9.80 0.047 2 0.999

4 5 11.2 −0.54 10.3 0.135 4 0.999

5 5 4.9 −1.5 10.3 0.058 2 0.999
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CL =
k[sB+si +(  )2 sm]2

m

1
222 i

m [2]

where the propagation of errors method 
includes terms for experimental 
uncertainty in both the slope (sm) and 
y-intercept (si) of the calibration curve. 
The need to include slope uncertainty 
is clear; this cannot be assumed to be 
zero. Intercept uncertainty accounts 
for a non-zero baseline, as does the 
presence of a term for the amplitude 
of the baseline itself (i). In short, all 
experimental values that impact LOD 
determination are included. Equation 
2 reduces to the IUPAC method 
(equation 1) if the data are background 
corrected, providing a baseline of 
zero and the uncertainties on the 
slope and intercept of the calibration 
curve are near zero or much lower 
than the uncertainty on the baseline. 

Table 2 shows the results of five 
LOD determinations using our simple 
calibration curve simulator, as seen in 
Figure 2, with the propagation of errors 
calculation shown in equation 2, with 
k = 3, the slope (m) of 10, y-intercept 
(b) of 5 and standard deviation of 
the blank (sB) of 5. Using the IUPAC 
calculation in equation 1, the result for 
LOD would be 1.5 (rounded up to 2 
for reporting as one significant digit) 
for all the determinations because 
the slope does not change. For this 
illustration, the standard errors reported 
from the LINEST function in Excel 
were used for the uncertainties on 
the slope and intercept without any 
further calculations. In all cases, the 
propagation of errors method provided 
a LOD equal to or greater than the 
IUPAC method. In this example, it is 
easily seen that the uncertainty on the 
y-intercept is the major contributor to 
the increase and that uncertainty on 
the slope is negligible. This might not 

always be the case, but it is clear that 
uncertainties in standard preparation 
or calibration curve generation 
contribute to the LOD and should be 
accounted for, especially in situations 
such as gas chromatography tandem 
mass spectrometry (GC–MS/MS) 
and GC×GC where instrumental 
noise is likely to be very low. 

Thinking back to the context in which 
the classical IUPAC equation was 
developed, it is important to consider 
that hand calculators did not exist and 
calculators or software that would easily 
perform any kind of linear regression 
would not calculate uncertainties on the 
slope and intercept values determined 
by linear regression. Those calculations 
are difficult, time-consuming, and 
prone to mistakes, if performed by 
hand. Further, analogue instrumentation 
was often much noisier than today’s 
digital systems, making instrumental 
noise sources more common than 
the experimental uncertainty in 
standard preparation using volumetric 
glassware. Today, the reverse situation 
is much more likely. Instrumental 
noise is much lower, especially when 
multidimensional detectors such as MS/
MS are used, making uncertainty in 
the standard preparation much more 
important in the LOD calculation. 

There is much more to determining a 
LOD than simply looking up the IUPAC 
equation or other formula required 
by a regulatory body, whether that is 
examining the noise on a chromatogram, 
making a calibration curve, determining 
the slope, or calculating a value. We see 
that the LOD is dependent on several 
variables, including the instrumental 
noise and sensitivity, the uncertainty 
in the sensitivity and the calculated 
y-intercept of the calibration curve. At 
the very least, for LOD values to be 
comparable between instruments 
and methods, the calculation 

method should be clearly stated 
and sample calculations, including 
the uncertainties in the blank and 
calibration curve, should be provided 
in method reports or publications. 
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New Liquid Chromatography 
Columns and Accessories for 2021
David S. Bell, Column Watch Editor

Our annual review of new liquid chromatography columns and accessories, introduced at Pittcon and other events 
over the past 12 months.

As in previous years, LCGC sent out 
a survey in late 2020 and early 2021 
asking vendors to supply information 
on liquid chromatography (LC) columns 
and accessories launched after Pittcon 
2020. Information for this article was 
obtained over the course of several 
months, and thus, it is possible that 
some information has been missed 
or misinterpreted. The reader is 
encouraged to check with specific 
vendor sites for additional products, 
as well as more detailed information 
on product usage and attributes.

The vendors that responded to the 
survey and their new LC products are 
listed in Table 1. The products vary in 
targeted analyte type, as well as in their 
mode of chromatographic operation. 
The columns can be initially categorized 
as addressing small molecule or large 
molecule challenges. Within these 
categories, the products can be further 
separated based on specific modes 
of separation employed, including 
reversed‑phase LC, hydrophilic 
interaction liquid chromatography (HILIC), 
hydrophobic interaction chromatography 
(HIC), size‑exclusion chromatography 
(SEC), and ion‑exchange 
chromatography (IEC). Chiral columns 
are treated as a separate category. 
In addition to new chromatographic 

columns, accessories related to LC are 
also addressed. Trends noted throughout 
the article are based on comparisons 
to yearly reports since 2016 (1–5).

In the 2020 LC product review, 
the number of vendors reporting 
new products as well as the overall 
number of products showed a sharp 
downturn over previous years. Table 2 
provides a breakdown of products 
introduced in various categories over 
the previous five years plus this most 
recent year. The data suggests that 
the low numbers observed in the 2020 
review was an anomaly, and not the 
beginning of a downward trend. The 
number of reporting vendors in 2021 
is still low relative to some recent 
years; however, the number of unique 
column chemistries released is back 
on par with the previous five years of 
data. Please note that many products 
can be categorized in multiple areas, 
depending on usage. This is meant 
to be a basic guide that highlights 
trends only. Columns targeting 
reversed‑phase analysis of small 
molecules represent the largest group 
of newcomers (columns ascribed for 
peptide and oligonucleotide analysis 
were grouped with the small molecule 
columns). Characterization of large 
molecules often requires the use of 

multiple modes of separation. The 
new columns launched over the 
past year for the analysis of large 
molecules targeting reversed‑phase, 
SEC, HIC, and IEC reflect that need.

Small Molecule
Reversed-Phase/HILIC: The 
product offerings assigned to the 
small molecule category intended 
for reversed‑phase and HILIC are 
listed in Table 3. A total of 45 new 
column chemistries are shown with 43 
reversed‑phase columns, representing 
the largest single category in this 
review. It is clear from the list that 
superficially porous particles (SPPs) 
remain a substrate of choice to build 
phases upon while additional surface 
chemistries continue to be developed 
on fully porous particles (FPPs) as 
well. Continuing trends of recent years, 

“extended” C18 phases highlight the list 
where the C18 attributes are enhanced 
through additional interactions via 

“polar endcapping”, charged‑surface 
modifications, or through co‑bonding 
with other functionalities. Columns 
specific to HILIC continue to show 
less activity in comparison to 
reversed‑phase developments. 

Advanced Materials Technologies 
(AMT) released two phases targeting 
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specific classes of compounds. 
Halo PAH (polycyclic aromatic 
hydrocarbons), built on SPP, is 
described as a tri‑functional C18 
suggested for use in methods such 
as EPA 610, EPA 8310+2, and EU 
15+1. AMT also launched Halo PFAS 

(perfluoroalkyl substances), a column 
suggested for EPA 533, EPA 537.1, 
and EPA 8327. This latter column 
is an endcapped octadecylsilane 
(ODS, C18) also bonded to an SPP 
support. AMT notes that both columns 
are “application‑assured” through 

method qualified lot analysis. To 
complement the PFAS column, AMT 
has also developed the Halo PFAS 
Delay Column, which is described as a 
highly retentive alkyl phase. The delay 
column, placed upstream of the sample 
injector, acts to prevent background 
PFAS contamination from interfering 
with the PFAS analytes of interest.

Agilent introduced the AdvanceBio 
Peptide Plus column. Suggested 
for the detection of oxidized and 
deamidated peptides, the column is 
described as an endcapped “charged” 
C18 constructed on a SPP surface.  
The column is noted as being 
optimized for the separation of 
target peptides, impurities, and 
post‑translational modifications 
(PTMs). The AdvanceBio EC‑C18 
column, another phase build on SPP 
supports, features polyether ether 
ketone (PEEK)‑lined stainless steel 
hardware. The company promotes 
the column for the analysis of PTMs 
of peptides, without the need for 
passivation for phosphorylated or 
methionine‑containing peptides. The 
InfinityLab Poroshell 120 CS‑C18, 
also released by Agilent, represents 
another charged‑surface C18 phase 
built on SPPs. Described as a 

“hybrid endcapped C18”, the phase 
is purported to provide a highly 
pH‑stable column (pH range 2–11). 
According to the company, the SPP 
particle modified to have a charged 
surface, provides better peak shape 
for basic compounds, formic acid 
compatibility for MS, reduced operating 
pressures, and increased speed of 
analysis compared to FPP options. 

ChromaNik added new stationary 
phase chemistries to their SunShell 
(SPP‑based) and their Sunniest 
(FPP‑based) series of columns. 
SunShell Biphenyl is suggested for 
polar compounds, isomers, and 

TABLE 1: 2020 LCGC new product survery responding vendors

Company Product

Advanced Materials 
Technology

Halo PFAS

Halo PFAS delay column

Halo PAH

Agilent

PEEK Lined PLRP-S column

AdvanceBio EC-C18 column

AdvanceBio SEC 1.9 µm column

AdvanceBio HIC column

AdvanceBio Peptide Plus column

InfinityLab Poroshell 120 CS-C18 (charged surface – C18)

Cannabis and hemp potency kits

ChromaNik 
Technologies Inc.

SunShell Biphenyl

SunShell C18, 3.5 μm

Sunniest Biphenyl

ColumnTek Enantiocel AA (D)

Fortis Technologies

SpeedCore Aqua

SpeedCore C8

Bio Peptide

Horizon 
Chromatography 
Ltd.

Aurashell Amide 18

Aurashell C18 Ultra

Aurashell C18/AR

Horizon Amide 18

Horizon C18/AR

PharmaFluidics µPAC CapLC

PSS GmbH PSS MAB SEC column

Restek Raptor Polar X

Thermo Fisher Thermo Scientific MAbPac  
Capillary Reversed-Phase HPLC column

Tosoh TSKgel UP-SW Aggregate

Waters
Acquity Premier columns

BioResolve SEC mAb guards and columns

Welch

Boltimate Core-Shell series

Ultisil Series HPLC columns

Xtimate Series HPLC columns

YMC

YMC BioPro HIC HT

YMC BioPro IEX MiniChrom columns

YMC Chiral ART Cellulose-SZ

YMC-Triart Prep Bio200 C8
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pesticides. The SunShell C18 is now 
available in a 3.5 µm particle format, 
and is noted as a general purpose 
column. Sunniest Biphenyl, suggested 
for the same analytes as its SPP 
partner, provides a FPP‑based option.

Fortis Technologies introduced a 
number of new phases based on SPP 
supports as well. SpeedCore Aqua 
is described as a polar‑endcapped 
stationary phase, and is suggested 
for the extra retention of polar 

analytes. To provide additional options 
for retention of neutral, acidic, and 
basic analytes, the company also 
introduced SpeedCore C8. SpeedCore 
BIO Peptide columns, based on 
a 160 Å SPP, were also developed. 

TABLE 2: Trending data

Year
Companies 

(Count)

Small Molecule (Count) Large Molecule (Count)
Total 

(Count)Reversed-
Phase

HILIC Chiral
Ion-

Exchange
SFC

Reversed-
Phase

HIC IEC SEC Affinity

2021 14 43 2 2 0 0 2 2 2 4 0 57

2020 10 5 2 4 1 0 7 0 0 0 0 19

2019 17 25 5 5 5 0 5 1 2 2 1 51

2018 17 17 8 14 5 6 9 0 1 2 0 62

2017 27 17 8 8 4 4 17 0 0 5 0 63

2016 18 25 18 3 7 7 7 0 0 0 2 69
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TABLE 3: Small molecule reversed-phase, ion-exchange (IEC), and hydrophilic interaction liquid chromatography (HILIC) columns

Company
Product 
Name

Stationary 
Phase (s)

Chromatographic 
Mode

Particle 
Size(s) (µm)

Particle 
Type*

Dimensions 
(mm)

Comments#

Advanced 
Materials 
Technology

Halo PFAS C18 Reversed-phase 2.7 SPP 50 × 2.1 to 
250 × 3.0

Recommended for 
EPA 533, EPA 537.1, 

EPA 8327, and  
emerging PFAS.

Halo PFAS 
Delay 

Column

Highly-
retentive 

Alkyl
Reversed-phase 2.7 SPP 50 × 3.0, 

50 × 4.6

The delay column, 
placed upstream of the 
sample injector, is used 
to prevent background 
PFAS contamination.

Halo PAH Tri-functional 
C18 Reversed-phase 2.7 SPP 50 × 2.1 to 

150 × 4.6

Recommended 
for EPA 610, EPA 

8310, EU 15+1, and 
emerging PAHs.

Agilent

AdvanceBio  
Peptide Plus

“Charged” 
C18 Reversed-phase 2.7 SPP 50 × 2.1 to 

4.6 × 150

Optimized for the 
separation of target 
peptides, impurities, 

and post-translational 
modifications (PTMs).

AdvanceBio 
EC-C18 C18 Reversed-Phase 2.7 SPP 50 × 2.1 and 

100 × 2.1

PEEK-lined reversed-
phase columns for 
analysis of PTMs.

InfinityLab  
Poroshell120 

CS-C18

“Charged” 
C18 Reversed-Phase 2.7 SPP 50 × 2.1 to 

150 × 4.6

Recommended for 
basic compounds 

using low ionic strength 
mobile phases.

ChromaNik 
Technologies

SunShell 
Biphenyl Biphenyl Reversed-Phase 2.6 SPP 30 × 2.1 to 

150 × 4.6

Recommended for polar 
compounds, isomers, 

and pesticides.

Sunniest 
Biphenyl Biphenyl Reversed-phase 5 FPP 50 × 2.0 to 

250 × 20

Recommended for polar 
compounds, isomers, 

and pesticides.

SunShell 
HILIC-S Bare Silica HILIC 2.6 SPP 50 × 2.1 to 

150 × 2.1

Suggested for polar 
compounds.  

Suitable for LC–MS.

SunShell 
C18 C18 Reversed-Phase 3.5 SPP 50 × 2.1 to 

250 × 4.6

General purpose 
column featuring low 

backpressure and high 
theoretical plates.

Fortis

SpeedCore 
Aqua

“Polar 
Endcapped” Reversed-phase 2.6 SPP Not disclosed

Suggested for polar  
compounds.  

Suitable for LC–MS.

SpeedCore 
Bio Peptide

C18, C8 
and C4 Reversed-phase 2.6 SPP Not disclosed

160 Å pore size  
suitable for high speed 

and high sensitivity 
preparation of larger 

peptides and proteins.

SpeedCore 
C8 C8 Reversed-phase 2.6 SPP Not disclosed

Retention of neutral, 
acidic, and basic  
analytes for LC 

and LC–MS.

* FPP = fully porous (totally porous); SPP = superficially porous
# Comments supplied by vendors

Continued on Page 202
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C18, C8, and C4 surface chemistries 
are available for peptide and small 
protein separations. The company 
notes that the pore structure has been 
optimized for peptides and proteins.

Horizon launched a number of new 
phases in their Aurashell (SPP) and 
Horizon (FPP) lines. Aurashell Amide 
18 is described as an embedded 
amide group C18 suggested for 
basic and polar compounds. The 
company notes improved basic 
compound peak shapes and enhanced 
acidic compound retention with this 
phase. Aurashell C18 Ultra is touted 
as a “high pH C18”. The company 
claims improved column durability 
at elevated pH values. An additional 
phase in the Aurashell line, Aurashell 
C18/AR, was also released. This 
column features a unique C18/Phenyl 
chemistry that is said to enhance 
selectivity over conventional C18 

phases for compounds containing 
aromatic functionalities. Horizon 
Amide 18 represents an embedded 
amide group C18 built on a FPP 
support. Similar to its SPP counterpart, 
this column is noted as improving 
basic compound peak shapes and 
enhancing acidic compound retention. 
The C18/Phenyl chemistry is now also 
available on a FPP surface with the 
launch of the Horizon C18/AR phase.

Waters launched a series of columns 
with the brand name Acquity Premier. 
Available in C18, phenyl‑hexyl, and 
C18‑carbamate, the columns promise 
to provide maximum separation 
performance for metal‑sensitive 
analytes. These columns utilize what 
the company refers to as “MaxPeak 
High Performance Surface” technology, 
which they claim significantly 
reduces unwanted interactions 
between analytes and metal surfaces. 

Available in 1.7 and 1.8 µm particle 
sizes with pore sizes ranging from 
100 Å to 300 Å, the columns are 
suggested for oligonucleotides, acidic 
peptides, TCA cycle metabolites, 
phosphorylated compounds, and 
other metal‑sensitive compounds. 

Welch Materials launched several 
new series of columns over the 
past year. The Boltimate series is 
constructed on 2.7 µm, 90 Å SPP silica 
and is available with C18, phenyl‑hexyl, 
pentafluorophenyl (PFP), and HILIC 
surface chemistry modifications. The 
company claims enhanced speed 
and resolution from this series of 
columns. The Ultisil series is based 
on FPP particles ranging in size from 
1.8 µm to 10 µm and a pore size 
of 120 Å. With a number of different 
stationary phase options available 
(C18, C8, Phenyl, C4, C3, C1, cyano 
[CN], PFP, F‑C8, and C30), the columns 
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TABLE 3 (CONTINUED): Small molecule reversed-phase, ion-exchange (IEC), and hydrophilic interaction liquid chromatography (HILIC) columns

Company
Product 
Name

Stationary 
Phase (s)

Chromatographic 
Mode

Particle 
Size(s) (µm)

Particle 
Type*

Dimensions 
(mm)

Comments#

Horizon

Aurashell 
Amide18

Embedded Amide 
Group C18 Reversed-phase 2.7 and 5 SPP

Multiple 
lengths in 2.1, 
3, and 4.6 mm 

diameters

Improved basic  
compounds peak 

shape and enhanced 
acidic compound 

retention.

Aurashell 
C18 Ultra C18 Reversed-phase 2.7 and 5 SPP

Multiple 
lengths in 2.1, 
3, and 4.6 mm 

diameters

Enhanced surface 
protection improves 

column durability 
at elevated pH.

Aurashell 
C18/AR C18 and Phenyl Reversed-phase 2.7 and 5 SPP

Multiple 
lengths in 2.1, 
3, and 4.6 mm 

diameters

Enhanced selectivity 
over C18 phases 
for compounds 

containing aromatic 
functionality.

Horizon 
Amide 18

Embedded Amide 
Group C18 Reversed-phase 1.6, 3, 5, 

and 10 FPP

Multiple 
lengths in 
2.1, 3, 4.6, 
and 10 mm 
diameters

Improved basic  
compound peak 

shape and enhanced 
acidic compound 

retention.

Horizon 
C18/AR C18 and Phenyl Reversed-phase 1.6, 3, 5, 

and 10 FPP

Multiple 
lengths in 
2.1, 3, 4.6, 
and 10 mm 
diameters

Enhanced selectivity 
over C18 phases 
for compounds 

containing aromatic 
functionality.

Restek Raptor 
Polar X Proprietary HILIC / 

ion-exchange 2.7 SPP
30 to 100 × 

2.1, 50 × 3.0, 
5 × 2.1 guard

Specifically designed 
for the analysis of 
a broad range of 

polar compounds.

Waters

Acquity 
Premier C18 C18 Reversed-phase 1.7 or 1.8 Hybrid 50 to 150 

× 2.1 Suggested for  
oligonucleotides, 

acidic peptides, TCA 
cycle metabolites, 
and other metal-

sensitive compounds.

Acquity 
Premier 

Phenyl-Hexyl
Phenyl-Hexyl Reversed-phase 1.7 or 1.8 Hybrid 50 to 150 

× 2.1

Acquity 
Premier C18-
Carbamate

C18 Carbamate Reversed-phase 1.7 or 1.8 Hybrid 50 to 150 
× 2.1

Welch

Boltimate 
Core-Shell 

Series

C18, 
Phenyl-Hexyl, 

Pentafluorophenyl 
(PFP), and HILIC

Reversed-phase, 
HILIC 2.7 SPP

Up to 150 in 
2.1, 3, and 

4.6 i.d.

Enhanced speed and 
resolution for small 
molecule analysis.

Ultisil Series

C18, C8, Phenyl, 
C4, C3, C1, 

Cyano (CN), PFP, 
C30, and F-C8

Reversed-phase 1.8, 3, 5, 
and 10 FPP Analytical to 

preparative

Durable workhorse 
columns for small 

molecule, reversed-
phase separations.

Xtimate 
Hybrid 
Series

C18, C8, C4, 
Phenyl-Hexyl, 
CN, Polar-RP

Reversed-phase 1.8, 3, 5, 
and 10 Hybrid Analytical to 

preparative

Durability with various 
selectivity options 
for small molecule, 

reversed-phase 
separations.

YMC Co., 
Ltd.

YMC-Triart 
Prep  

Bio200 C8
C8 Reversed-phase 10 Hybrid 250 × 4.6

Designed for  
maximized 

loadability, recovery, 
and resolution of 

peptides with a wide 
usable pH range.

* FPP = fully porous (totally porous); SPP = superficially porous
# Comments supplied by vendors
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are suggested for small molecule 
reversed‑phase separations and are 
noted as durable, workhorse columns. 
Lastly, the Xtimate series, containing 
C18, C8, C4, phenyl‑hexyl, CN, and 
Polar‑RP surface chemistries, is built 
on hybrid particles. According to the 
company website, “hybrid” refers to a 
unique 5 nm organic/inorganic polymer 
layer coated on the silica surface. Built 
on particle sizes ranging from 1.8 µm 
to 10 µm and with a pore size of 120 Å, 
the columns are suggested for small 
molecule reversed‑phase separations 
and for use at extended pH range.
Hydrophilic Interaction Liquid  

Chromatography (HILIC): The 
introduction of HILIC phases over the 
past several years has waned. Aside 
from one HILIC phase released in a 
series by Welch Materials, the only 
column launched specifically for 
HILIC over the past year was Restek’s 
Raptor Polar X. The proprietary 
stationary phase, described as a 
multimodal HILIC/ion‑exchange 
SPP‑based column, is suggested for 
a wide range of polar compounds, 
including polar pesticides (glyphosate), 
underivatized amino acids, and 
ultra‑short chain PFAS analysis.
Preparative: Included with the small 
molecule listing is a preparative 
offering from YMC Co. Inc., the 
YMC‑Triart Prep Bio200 C8. The column 
is suggested for the preparative 
purification of insulin and other 
peptides. The company notes that the 
C8 phase was designed for maximized 
loadability, recovery, and resolution of 
peptides. The company also claims 
that the wide usable pH range allows 
for alkaline cleaning‑in‑place (up to 
pH 12) to remove adsorbed proteins. 

Chiral Chromatography
Table 4 provides information on the two 
columns introduced this year intended 

for chiral separations. Interest in chiral 
stationary phases, as indicated by 
the number of new columns launched, 
has trended downward since a spike 
in activity in 2018. See Table 2.

ColumnTek LLC. introduced a 
new chiral stationary phase (CSP) 
Enantiocel AA (D) for the enantiomeric 

resolution of amino acids, hydroxy 
acids, and amino alcohols. The 
company claims the column is an 
excellent chiral stationary phase for 
the direct resolution of α‑hydroxy 
acids, such as DL‑lactic acid. It 
also shows high utility for the chiral 
separation of free, underivatized 
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amino acids with excellent peak 
shape. A new D‑penicillamine chiral 
selector that is tightly bound to the 
packing utilizes ligand‑exchange 
interaction for chiral recognition. 

YMC Co. Inc., launched YMC 
Chiral ART Cellulose‑SZ. The 
immobilized cellulose tris(3‑chloro‑
4‑methylphenylcarbamate) surface 
provides separations of chiral 
compounds, cis‑trans isomers, and 
geometric isomers using a wide range 
of solvents offering greater flexibility for  
method development. 

Large Molecule
New columns introduced since 
Pittcon 2020 intended for large 
molecule separations are provided 
in Table 5. As stated earlier, large 
molecule analysis often requires 
multiple modes of separation for 
full characterization. As opposed to 
large molecule columns reported in 
2020 that were all reversed‑phase 
based, this year large molecule 
columns utilizing reversed‑phase, 
SEC, IEC, and HIC were released. 
Reversed-Phase: Two reversed‑phase 
columns targeting large molecules 
were launched over the past year. 
Interestingly, both of these columns are 
based on polystyrene‑divinylbenzene 
(PSDVB) particles. Agilent developed 
a PEEK‑lined PLRP‑S column. The 

phase is described as being an 
“inherently hydrophobic based bead 
free of silanols and heavy metal 
ions”. High temperature and pH 
compatible, the column is suggested 
for oligonucleotide analysis and other 
large biomolecules. The company 
notes that the introduction of PLRP‑S 
in PEEK‑lined stainless hardware 
provides a column for large biological 
molecules free of non‑selective 
biologic and metal interactions. 

Thermo Fisher Scientific introduced 
the Thermo Scientific MAbPac  
Capillary Reversed‑Phase HPLC 
column. Also based on PSDVB, 
the company claims the columns 
yield high sensitivity and high 
performance characterization of intact 
proteins for top‑down proteomics 
applications. Additional applications 
are noted for monoclonal antibodies 
(mAbs) fragments, antibody‑drug 
conjugates (ADCs), and polyethylene 
glycol‑added (PEGylated) proteins. 
The capillary format of the column is 
claimed to improve sensitivity, and 
achieve outstanding data results 
even with smaller sample volumes.
Hydrophobic Interaction

Chromatography (HIC): Hydrophobic 
interaction chromatography (HIC) 
is a valuable tool used to separate 
polar variants of proteins and study 
drug‑to‑antibody ratios (DAR) of 

ADCs. Two new columns in this 
category were released in 2020. 

Agilent launched the AdvanceBio 
HIC column and suggests it for the 
analysis of mAbs, ADCs, and other 
recombinant proteins. The company 
notes that the hydrophobic coating 
provides new levels of hydrophobicity 
and selectivity to address these 
particularly challenging molecules. 

YMC Co. Inc. introduced the YMC 
BioPro HIC HT column. The product 
was designed specifically for DAR 
analysis of ADCs, but also excels at 
HIC separations of proteins and mAbs. 
The company claims that the optimized 
butyl surface chemistry exhibits virtually 
no carryover while the 2.3 µm base 
particle offers high mechanical stability, 
enabling analysis at high flow rates, 
improving productivity by 2–3 times, 
while maintaining excellent resolution. 
Size-Exclusion Chromatography 

(SEC): Size‑exclusion chromatography 
(SEC) resolves analytes based on 
molecular size and is often used 
as a complementary technique to 
reversed‑phase analyses of proteins. 
Columns utilized in SEC are often 
characterized by strict control of pore 
size and by inert surface chemistry. 
Control of the pore size dictates how 
molecules of various sizes can diffuse 
into the pores while the inertness 
of the surface limits secondary 

TABLE 4: Chiral stationary phases

Company
Product 
Name

Stationary Phase (s)
Particle 

Size(s) (µm)
Particle 
Type*

Dimensions 
(mm)

Comments#

ColumnTek Enantiocel 
AA (D) Penicillamine 3, 5 FPP 50 × 4.6 and 

150 × 4.6

Ligand-exchange 
system using copper 

ions for the direct 
resolution of α-hydroxy 

acids, amino acids, 
and amino alcohols

YMC
YMC 

Chiral ART 
Cellulose-SZ

Cellulose tris 
(3-chloro-4-methylphenylcarbamate) 3, 5 FPP Analytical and 

preparative
New immobilized-
type chiral selector

* FPP = fully porous (totally porous); SPP = superficially porous
# Comments supplied by vendors
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interactions that may interfere with 
molecular size separation and 
determination. Four new SEC columns 
were introduced over the past year.

Agilent released the AdvanceBio 
SEC 1.9 µm column intended for 
protein aggregate, monomer, and 
fragment separation. The company 
notes that hydrophilic bonding 
prevents secondary interactions and 
protein adsorption. Columns are 
available in PEEK‑lined SS hardware.

PSS GmbH developed the PSS 
MAB SEC column for analysis of 
mAbs, fragments and aggregates. 
The company claims application 
to a wide molar mass separation 
range and notes the columns are 
pre‑equilibrated for direct use with 
light‑scattering detection. These 
columns are also available in an 
optional bio‑inert column hardware.

Tosoh introduced the TSKgel UP‑SW 
Aggregate column for quantitative 
determination of monoclonal antibody 
aggregates, high‑molecular‑weight 
(HMW) proteins, and nucleic 
acids. The company claims the diol 
surface chemistry results in low 
sample adsorption. A separation 
range of 10–2000 kDa is noted.

BioResolve SEC mAb guard and 
analytical columns from Waters rounds 
out the new SEC columns for 2021. 
Targeted towards monoclonal IgG SEC 
analysis, the diol surface built on a 
hybrid particle is noted as providing 
reliable mAb aggregate, monomer, 
and fragment component resolution. 
Ion-Exchange (IEC): Ion‑exchange 
chromatography is another important 
tool for large molecule analysis. YMC 
Co. Inc. introduced the YMC BioPro IEX 
MiniChrom column set. The columns 

contain screening IEC resins for protein, 
mAb, peptide, and oligonucleotide 
purification and polishing. The columns, 
based on a polymethacrylate surface, 
are available with sulfopropyl (cation 
exchange) and quaternary amine 
(anion exchange) functionalization. The 
company notes high dynamic binding 
capacity, together with low non‑specific 
adsorption and excellent recovery. 
Microfabricated Separation 

Devices: Microfabricated columns 
are included with the large molecule 
column listing. Several years ago 
PharmaFluidics launched their first 
microchip chromatography device 
containing what the company terms 
as “perfectly ordered pillar arrays” that 
are manufactured using lithographic 
techniques. Since that introduction, 
PharmaFluidics has released different 
effective length nanoflow columns 
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and a trapping column to enable fast 
sample cleanup and enrichment of 
samples prior to injection on to their 
analytical columns. This year the 
company released the µPAC CapLC 

column that expands the use of ordered 
pillar array technology into the capillary 
flow regime. The new product offers 
flow rate versatility between 1 and 
15 µL/min at moderate pressures, which 

enables short gradient separations. 
The company claims the columns are 
ideally suited for applications such as 
(clinical) proteomics, metabolomics, 
and biopharmaceutical analyses. 

TABLE 5: Liquid chromatogaphy columns for large molecule separations

Company
Product 
Name

Stationary 
Phase (s)

Chromatographic 
Mode

Particle 
Size(s) 
(µm)

Particle 
Type*

Dimensions 
(mm)

Comments#

Agilent

AdvanceBio 
HIC

“Hydrophobic 
coating” HIC 3.5 FPP 30 × 4.6 and 

100 × 4.6

Provides new levels of 
hydrophobicity and selectivity 

to address particularly 
challenging molecules such 
as monoclonal antibodies 

(mAbs), antibody-drug 
conjugates (ADCs), and 

other recombinant proteins.

AdvanceBio 
SEC 1.9 µm Not disclosed SEC 1.9 FPP

30, 150, and 
300 × 4.6 in 

stainless steel 
hardware, 
50 × 2.1 

and 150 × 
2.1 in PEEK 
hardware

High resolution and faster 
separation of aggregates 

and fragments.

PEEK Lined 
PLRP-S

Polystyrene 
divinylbenzene Reversed-phase 5 Polymeric 50 and 100 

× 2.1

Suggested for large biologic 
molecules susceptible 

to non-selective biologic/
metal interactions.

PharmaFluidics µPAC 
CapLC C18 Reversed-phase Micropillar 

Array SPP n/a

Suggested for high 
throughput omics 

analysis, host cell protein 
(HCP) monitoring, 

and high sensitivity 
biopharma assays.

PSS GmbH PSS MAB 
SEC Not disclosed SEC 3 FPP 250 × 4.6 

and 300 × 8

Wide molar mass 
separations range 

and pre-equilibrated 
for direct use with 

light-scattering detection.

Thermo Fisher 
Scientific

MAbPac 
Capillary 
Reversed 

Phase HPLC 
Column

Polystyrene 
divinylbenzene Reversed-phase 4 Polymeric 150 × .15

Suggested for the 
characterization of intact 

proteins in top-down 
proteomics applications.

Tosoh 
Bioscience

TSKgel 
UP-SW 

Aggregate
Diol SEC 3 FPP

150 × 4.6 
and 300 
× 4.6

Suggested for the 
quantitative determination 
of mAb aggregates and 
high-molecular-weight 

proteins and nucleic acids.

Waters BioResolve 
SEC mAb Diol SEC 2.5 Hybrid

30, 150, and 
300 × 4.6, 
150 and 

300 × 7.8

Suggested for mAb 
aggregate, monomer, 

and fragment 
component resolution.

* FPP = fully porous (totally porous); SPP = superficially porous
# Comments supplied by vendors

Continued on Page 207
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Accessories
Accessories are important products 
that facilitate and often enable liquid 
separations. The lone products 
introduced in the past year that fit this 
category are Agilent’s Cannabis and 
Hemp Potency Kits. The kits contain 
consumables required for potency 
(cannabinoid) analysis in cannabis flower 
and hemp. The company notes added 
convenience from a single part number 
kit that includes sample preparation 
products, sample containment, and high 
performance liquid chromatography 
(HPLC) columns and supplies for analysis. 

Conclusions
Following the dramatic drop off of 
products released relating to liquid 
chromatography last year, it was 
refreshing and reinvigorating to 
report an increase of the numbers to 
near‑normal levels in 2021. The most 
striking observation from this year is 
the high activity in small molecule, 
reversed‑phase column development. 
Similar to past years, the introduction 
alkyl phases with extended or 
alternative selectivity has highlighted 
new surface chemistry in this category. 
C18 phases with the incorporation 

of polar interactions through 
endcapping alternatives, the addition of 
co‑functionalities such as phenyl and the 
use of “charged” surfaces have all been 
noted in this review. Phases continue 
to be constructed on both fully porous 
and superficially porous supports. The 
use of “hybrid” particles, either surface 
modified via polymer deposition or 
by incorporation of organic moieties 
into the silica framework, continues its 
upwards trend. It was also refreshing to 
report completely new lines of columns 
from several lesser‑known vendors. For 
large molecules, a return to products 
covering a number of different modes 
of chromatography, each providing 
important information towards the full 
characterization of these complex 
molecules is noted. Columns for SEC 
actually outnumbered those developed 
for reversed‑phase modes in this 
category. Here again, modern particle 
technologies, such as SPP, hybrid, and 
polymeric supports, continue to enable 
new features and increased capabilities 
for chromatographers to exploit.
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TABLE 5 (CONTINUED): Liquid chromatogaphy columns for large molecule separations

Company
Product 
Name

Stationary 
Phase (s)

Chromatographic 
Mode

Particle 
Size(s) 
(µm)

Particle 
Type*

Dimensions 
(mm)

Comments#

YMC Co., Ltd.

YMC BioPro 
HIC HT Butyl HIC 2.3 Polymeric 100 × 4.6

Suggested for fast, 
high-throughput, 

and high resolution 
separations of proteins 
and biopharmaceutical 

drugs such as mAbs and 
drug-to-antibody (DAR) 

analysis of ADCs.

YMC 
BioPro IEX 
MiniChrom

Sulfopropyl 
(cation-

exchange) and 
quaternary 

amine (anion-
exchange)

IEC 20, 30, 
and 75 Polymeric

20 and 100 
× 8.0 and 
100 × 11.3

Screening IEC resins 
for preparative scale-up 
applicable to proteins, 

mAbs, peptides, 
and oligonuceotides 
purification/polishing.

* FPP = fully porous (totally porous); SPP = superficially porous
# Comments supplied by vendors
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New Sample Preparation 
Products and Accessories
Douglas E. Raynie, Sample Preparation Perspectives Editor

This yearly report on new products introduced in the preceding year, since March 2020, covers sample preparation 
instrumentation, supplies, and accessories.

I recall last year’s Pittcon in Chicago, 
USA. There was talk going around 
about a novel virus beginning its 
spread across the world. I don’t 
recall anyone wearing masks, 
yet. Handshakes were prevalent, 
though often reluctantly, and some 
offered fist bumps instead. Hand 
sanitizer was everywhere. 

In the next week or two, our world 
changed.

Presumably due to the pandemic, 
the number of new sample preparation 
technologies introduced in the past 
year appeared to be down compared 
with previous years. Our annual 
review of sample preparation products 
covers the previous year. In late 2020, 
the LCGC staff submitted a survey 
to vendors of sample preparation 
products. Responses to this survey 
are compiled in this review and 
were fewer than in the past, as are 
new product introductions during 
the past 12 months noted via direct 
mailings, e-mail, and other marketing 
means. Additionally, a keyword search 
(using the terms “sample preparation 
equip”, “extraction equipment”, “blend/
grind/mix/shake/stir”, “evaporators/
evaporation”, “filtration and purification”, 
and “pipets/pipetters”) of the online 
Pittcon 2021 vendor list was run, but 

attending a virtual conference is not 
the same as physical attendance. 
Most product introductions were 
aimed at improved performance of 
existing technologies or aimed at 
specific applications. Sorbents and 
accessories for solid-phase extraction 
(SPE) led the way, as in previous years.

This review is presented in three 
sections. First, SPE sorbents and 
products are discussed. Next, 
instrument-based sample preparation 
technologies are presented. Finally, 
attention is turned to other sample 
preparation accessories and 
supporting technologies. To assist 
the reader with some of the details 
behind these new products, each 
section presents a tabular summary 
of the associated products. In all 
cases, the new products we uncovered 
are presented in the annotated 
table, while the text highlights 
particularly worthwhile products.

Solid-Phase Extraction
Agilent Technologies focused on 
specialized sorbents which they used 
in a variety of application areas. Their 
Cannabis and Hemp Potency Kits 
performs the stated application using 
a 4-mm, 0.45-µm pore regenerated 
cellulose syringe filter, sample 

preparation consumables, and 
liquid chromatography column for 
potency analysis in cannabis flowers 
and hemp products. The Agilent 
BondElut Lipid uses a size-exclusion 
and hydrophobic-interaction sorbent 
in 1-mL cartridges or 96-well plates 
for lipid analysis, lipid profiling, 
or lipidomics. The lipid analysis 
products are based on their existing 
BondElut EMR-Lipid media.

Continuing the theme of novel 
configurations of SPE, Biotage brought 
their Mikro Solid Phase Extraction 
Microelution Plates, featuring 
hydrophobic and mixed-mode sorbents, 
to market. These 96-well microelution 
plates feature five different media: 
wettable hydrophobic; wettable 
hydrophobic plus strong cation 
exchange; wettable hydrophobic 
plus strong anion exchange; wettable 
hydrophobic plus weak cation 
exchange; and wettable hydrophobic 
plus weak anion exchange. The 
combination of the high capacity 
of the microelution plates and the 
low elution volume required may 
lead to an increased concentration 
of analyte in the elution solvent. 

CDS Analytical continued 
development of their acquisition of 
the Empore product line. They also 
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feature a 96-well plate with combined 
reversed-phase and cation-exchange 
modes (Empore 6041 SDB-RPS 
Standard 96-well plate). The same 
styrene divinylbenzene–sulfonate 
sorbents are also found in 6-mL 
two-layer cartridge format. A final 
new product is the EZ-Trace, a 
manual, vacuum-controlled extraction 
workstation. The independent channel 
design allows precise flow control 
to prevent cross-contamination, and 
the workstation is applicable with 
a number of U.S. Environmental 
Protection Agency (EPA) methods. 

For several years, DPX Technologies 
has been at the forefront of the pipette 
tip approach to SPE. This year, they 

advanced the field even further 
with the introduction of Tip-on-Tip 
(ToT) technology. ToT utilizes a top 
conductive tip with a bottom filtration 
tip, and can be employed in filtration, 
cleanup, and SPE modes. In the 

filtration mode, called INTip filtration, 
the sample is aspirated in the upper 
tip, which is then fitted to the filtration 
tip, and the sample is dispensed. 
This mode allows for high-throughput 
protein precipitation, particulate 

(a) (b)Aspirate
Acetonitrile

Blood Sample
Protein

Precipitation

Aspirate Sample Tip-on-Tip Dispense
Sample

Mix resin
& sample

Optional
offline/online
incubation

Aspirate
sample & resin

Tip-on-Tip

Air tight
hold

Resin stays in
filtration tip

Wash Elute Isolated
small molecule,

protein or antibody

Air Tight
Hold

FIGURE 1: DPX Technologies Tip-on-Tip technology. (a) Protein precipitation with the DPX 
Technologies INTip filtration, demonstrating removal of blood proteins with acetonitrile 
aspiration. (b) The generalized schematic of the SPE mode features the same steps as in 
conventional SPE.

TABLE 1: Solid-phase extraction products

Vendor Product Name Description

Agilent 
Technologies

Cannabis and Hemp Potency Kit
Regenerated cellulose syringe filter and various 

consumables for cannabinoid analysis using 4-mm diameter, 
0.45-micrometer pores. Single product number for entire kit.

BondElut Lipid Extraction
Size-exclusion and hydrophobic interaction sorbent 

available in 40 mg, 1 mL cartridges or 60 mg, 2 mL 96-well 
plates. Highly selective and efficient extraction of lipids.

Biotage
Mikro Solid Phase 

Extraction 
Microelution Plate

Wettable hydrophobic polymer with strong or weak cation or anion 
exchange media available. Two mg sorbent per well. Narrower pore 

sizes than other polymeric sorbents excludes protein residues.

CDS Analytical

Empore EZ-Trace SPE Workstation
Manual, vacuum-controlled SPE workstation with independent 

channel design for precise control and no cross-contamination. Flow 
switching allows for separate collection of aqueous and organic wastes.

Empore 4341HD2 SDB-RPS 
10 mm/6 mL 2-layer SPE Cartridge

Mixed-mode styrene divinylbenzene and sulfonate cation 
exchange cartridge disks. A prefilter prevents particulates and 

macromolecules from interrupting solvent flow. Disk SPE cartridge 
format for high flow and high capacity with lower elution volumes.

Empore 6041 SDB-RPS 
Standard 96-well Plate, 1.2 mL

Mixed-mode styrene divinylbenzene and sulfonate cation exchange 
96-well plates. A prefilter prevents particulates and macromolecules 

from interrupting solvent flow. A patented collar design prevents 
cross-contamination. High flows, high capacity, and reduced elution volumes.

DPX  
Technologies

INTip Size-Exclusion Chromatography
Dry resin gel filtration media within a pipette tip with 5000 Da and 

1500 Da molecular mass cutoffs available. Automates group separations 
without the need for centrifugation or positive pressure manifolds.

INTip Filtration

Tip-on-Tip technologies combines a lower filtration pipette tip and an upper 
wide bore conductive tip that aspirates sample solutions, is placed onto the 
filtration tip, and dispenses the sample in a clean, particulate-free manner. 

A variety of porosities are available with the filtration tip.

Thermo  
Fisher Scientific AutoTrace 280

Single instrument automates all steps of EPA method 537.1 for determination 
of per- and polyfluoroalkyl substances in drinking water. Can be configured 
to accommodate cartridges with 1-, 3-, or 6-mL plungers or 47 mm disks.

Waters  
Corporation

Otto SPEcialist 
Positive Pressure Manifold

Facilitates processing of 96-well plate or cartridge SPE. Use of positive 
pressure improves robustness, reliability, and reproducibility. Software 

tracks and documents pressure profiles for consistency between users.
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filtration, or β-glucuronidase removal. 
Figure 1(a) demonstrates an example 
of the protein precipitation mode using 
acetonitrile to crash blood proteins. 
The cleanup mode is compatible 
with a number of different sorbent 
chemistries, including a newly released 
size-exclusion chromatography (SEC) 
product. As with the blood protein 
precipitation example, one strength 
of the ToT is its advantages with 
viscous systems. With applications 
requiring specific sorbent-sample 
interactions, the SPE filtration tip is 
used. One advantage claimed for 
this approach is cost-effectiveness 
relative to alternative methods using 
magnetic beads. A summary of the 
SPE mode is shown in Figure 1(b).

Two instruments for SPE workflows 
were announced this year. Thermo 
Fisher Scientific launched the fully 
automated AutoTrace 280 PFAS system 
for the determination of per- and 
polyfluoroalkyl substances (PFAS) in 
drinking water by EPA method 537.1. 
The simultaneous processing of up to 
six samples takes 2–3 h, but requires 
only 15 min of operator intervention. 
The Waters Otto SPEcialist Positive 
Pressure Manifold is a programmable, 
semi-automated system for SPE 
using 96-well plates or larger (1, 3, 
and 6 mL) cartridges. The pressure 
profile of each channel is tracked 
to ensure workflow consistency.

Table 1 provides a summary of 
each of these SPE products. 

Automated Sample  
Preparation Instrumentation
Volatiles analysis, whether 
headspace sampling or following 
thermal desorption, was a 
feature of the sample preparation 
instruments introduced this year. 
Agilent Technologies introduced 
the Agilent 8697 Headspace 
Sampler, which is claimed to be 
the first headspace sampler with 
integrated gas chromatography 
(GC) communication. Features 
include a microchannel-based 
electronic pneumatic control (EPC) 
module with automatic pressure 
compensation and valve-based 
sampling. Sample racks can 
be exchanged during sample 

TABLE 2: Automated sample preparation products

Vendor Product Name Description

Agilent 
Technologies 8697 Headspace Sampler

Headspace autosampler with integrated GC communication. A 
microchannel-based EPC module with automated pressure compensation 

and valve-based sampling allows for improved precision. An isolated carrier 
flow path accommodates alternate carrier gas use and safely vents vials.

CDS Analytical 7550S Thermal Desorption 
Autosampler

A stand-alone 72-position thermal desorption autosampler with
sample split, thermal slicing, and programmable tube conditioning.

Fritsch Milling 
& Sizing

Puverisette 11 Knife Mill Homogenization of a variety of sample types with cryogenic option for difficult 
samples. Sample volumes from 40 to 1400 mL. Dishwasher and autoclave compatible.

Analysette 22 Next
Green laser light (532 nm) extending measurement range from 0.01 to 

3800 μm with wide light scattering angles. Wet dispersion with quick rinse 
cycles and suspension stability via temperature and pH adjustment.

Gerstel Thermal Extraction and 
Desorption GC–MS

TGA and thermal desorption processes are decoupled from each other. Uses sample 
sizes up to 100 mg. An IS standard for microplastics is under development.

Schivo Medical nano Litre Dispense Module
Contactless dispensing from single nanolitre up to full syringe volumes in 

a single dispensing action. Can dispense live cells and a variety of 
viscosities for MS introduction. Droplets can be dispensed at rates up to 20 Hz.

TABLE 3: Sample preparation accessories and related products

Vendor Product Name Description

HPLC Direct Syringe Filters 4-, 13-, and 25-mm diameter syringe filters for chromatography.

Microsolv 
Technology Autosampler Vials Polypropylene vials have no ionic leachables, so they are compatible with ion 

chromatography and capillary electrophoresis. Reduced adsorption of polar compounds.

Pall
Syringe Filters

Water-wettable PTFE syringe filters, centrifugation devices, well plates, 
and membrane disks. The hydrophilic and inert media offer minimal 

protein binding and low levels of UV-absorbing contaminants.

AcroPrep 24-well Filter Plates 24-well, 7 mL filter plates with a variety of membrane options 
designed for protein purification and 0.2 μm sterile filtration.

Supelco Smart SPME
Smart chip-based SPME fibres monitors fibre stroke count, usage dates, 

temperature exposure, phase chemistry, and lot number with 
robust configuration compatibility with PAL II autosampler.
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processing. Alternate carrier gases 
are allowed via an isolated flow path. 

The CDS Analytical 7550S 
system is a stand-alone 72-position 
thermal desorption autosampler. 
Sample split, thermal slicing, and 
programmable tube conditioning 
are new features of the system. 

The Gerstel TED-GC–MS system 
combines thermal desorption and 
sample pyrolysis with GC–mass 
spectrometry (MS). Large sample 
capacity renders the instrument 
amenable for the characterization 
of microplastics by separating 
thermogravimetric analysis and 
solid-phase concentration steps. 
The system was developed in 
partnership with the Bundesanstalt 
für Materialforschung und-prüfung 
(BAM) (The Federal Institute 
for Materials Research and 
Testing) in Berlin, Germany.

Fritsch Milling and Sizing continued 
its development of particle milling and 
sizing equipment. The Pulverisette 
11 is a knife mill for the particle size 
reduction and homogenization of 
moist, oily, fatty, dry, soft, brittle, 
ductile, and fibrous samples from 
a variety of application areas. 
Capacity for cryogenic grinding 
and sample volumes from less than 
40 mL to 1400 mL are features of 
the equipment. Dishwasher- and 
autoclave-safe sample compartments 
are other primary benefits of the 
knife mill. Fritsch also launched 
the Analysette 22 Next for particle 
sizing from 0.01 to 3800 μm. A 
static green laser is a feature of the 
optical bench and the instrument has 
minimal moving parts. Measurements 
can be made in less than 10 s.

The nano Litre Dispense Module 
(nLDM) is a sample introduction 
and microarray preparation systems 
from Schivo Medical. It allows 

noncontact dispensing from single 
nanolitre volumes up to full syringe 
capacities at rates up to 20 Hz. 
Software control allows precise 
control of individual droplet sizes. 
Live cells and solutions of a range 
of viscosities may be dispensed.

Table 2 provides a summary 
of these automated sample 
preparation instruments.

Sample Preparation 
Accessories and 
Related Products
The field of sample preparation 
is so broad, and there are any 
number of established and 
emerging technologies identified 
as sample preparation, that 
commercial developments and 
new product introductions are 
often in seemingly scattered areas. 
An attempt is made here to unify 
these varied product offerings.
Filtration: HPLC Direct launched 
a line of syringe filters with 4, 
13, and 25 mm diameters.

A syringe filter featuring 
water-wettable PTFE was developed 
by Pall. This hydrophilic, chemically 
inert membrane accommodates 
aqueous, acidic, basic, and organic 
solutions for minimal protein binding 
and low levels of UV-absorbing 
contaminants. In addition to syringe 
filters, the material is also used in 
centrifugal devices, well plates, and 
membrane devices. Pall also offers 
AcroPrep 24-well filter plates. The 
seven mL filter plates offer a variety 
of membrane options, including 
0.2-μm sterile filtration media. 
Glassware: Microsolv Technology 
introduced polypropylene autosampler 
vials for chromatography. The two mL 
vials have no ion extractables to allow 
compatibility with ion chromatography 
and capillary electrophoresis. 

Solid-Phase Microextraction: Smart 
technology has become pervasive 
throughout modern devices and is 
now entering the realm of solid-phase 
microextraction (SPME). Supleco 
has developed a new smart chip 
that monitors fibre stroke count, 
usage dates, temperature exposure, 
phase chemistry, and lot number for 
traceability and increased productivity. 
The Smart SPME format is compatible 
with the PAL II GC autosampler.

Table 3 provides a summary 
of these sample preparation 
accessories and related products.

Conclusions and 
Future Directions
As the pandemic slowly winds 
down and the business community 
opens back up, it will follow that 
extraction research will continue 
and commercial development and 
marketing will follow. A return to 
in-person conferences and visits with 
sales representatives will help drive 
awareness. The specific technologies, 
however, will be a “wait and see”, 
depending on the technologies 
and the ability of vendors to quickly 
commence development activities.
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GC Autosampler
The HT2800T is HTA’s multi-functional autosampler 
that combines the functions of an autosampler for 
liquid, static headspace, and SPME in a single unit. 
Compatible with GC and GC–MS systems of any 
brand or model. According to the company, HT2800T 
features cutting-edge technologies that allow usability 
optimization and excellent analytical performance. 

www.hta-it.com 
HTA s.r.l., Brescia, Italy.

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

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

Phospholipid Removal
The Microlute PLR from Porvair Sciences is a 
96-well microplate that provides effective removal 
of phospholipids and proteins with higher levels of 
reproducibility from plasma and serum samples 
while maintaining maximum recovery of target 
analytes. According to the company, Microlute PLR microplates enable you to 
increase the sensitivity and integrity of your UHPLC and HPLC methods.

www.microplates.com/microlute-plr 
Porvair Sciences Ltd, Wrexham, UK.

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

www.postnova.com
Postnova Analytics GmbH, Landberg, Germany.

Absolute Molar Mass 
and Size
The microDAWN can be coupled 
to any UHPLC-SEC system to 
determine absolute molecular 
weights and sizes of polymers, 
peptides, or proteins directly, 
without resorting to column 
calibration or reference standards. 
The microDAWN produces 
minimal band broadening to 
maintain the narrow peaks typical 
of UHPLC aggregates.

www.wyatt.com/microDAWN
Wyatt Technologies,  
Santa Barbara, USA.

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

https://ymc.de/ymc-biopro-
iex-143.html
YMC Europe GmbH, Dinslaken, 
Germany.
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Analysis of Redox and Bioenergetics Metabolites with Polymeric
iHILIC®-(P) Classic HILIC Column and Mass Spectrometry
Susan Kim1, Wen Jiang2, and Joshua D. Chandler1,3, 1Department of Pediatrics, Division of 
Pulmonology, Allergy & Immunology, Cystic Fibrosis and Sleep Medicine, Emory University, Atlanta, 
Georgia, USA, 2HILICON AB, 3Children’s Healthcare of Atlanta, Atlanta, Georgia, USA 

Aerobic organisms use oxygen as the terminal electron acceptor in 
cellular respiration. Molecular oxygen is capable of accepting up to 
four electrons to become water through the reaction catalyzed by 
mitochondrial complex IV (1). However, intermediate reactive oxygen 
species (ROS) are formed by partial reduction of oxygen. Aerobes 
have evolved both physiological and biochemical strategies to mitigate 
molecular damage caused by ROS while maintaining oxygen availability 
for cellular respiration (2). Core metabolism and redox control depend 
on a number of metabolites, including nucleotides (NADP+/NADPH and 
NAD+/NADH) and redox‑active amino acids and peptides (particularly 
glutathione, cysteine, and methionine). For example, reduced glutathione 
(GSH; γ‑L‑glutamyl‑L‑cysteinylglycine) is an important regulator of local 
hydrogen peroxide signalling by serving as a cofactor of glutathione 
peroxidases (3). In turn, oxidized glutathione (GSSG) is reduced back 
to GSH in an NADPH‑dependent fashion by GSSG reductase (4). Both 
cysteine and methionine in proteins may act as redox switches linked to 
NADPH‑dependent repair mechanisms (5,6). NADPH is generated by 
the pentose phosphate pathway that links to glycolysis, which generates 
ATP and relies on NAD+ as a cofactor. Multiple steps of the citric acid 
cycle generate NADH that supports chemiosmotic ATP synthesis.

Liquid chromatography–mass spectrometry (LC–MS) based 
metabolomics presents an opportunity to monitor many molecules 
simultaneously, relying on a combination of chromatographic and 

mass‑based resolution to quantify hundreds to thousands of molecules 
in a typical experiment (7). However, many of the metabolites noted 
above could be challenging to profile simultaneously because of poor 
chromatographic separation or peak shape (8). We sought to develop 
a simple method using hydrophilic interaction liquid chromatography 
(HILIC) that could simultaneously profile the metabolites that are 
important in redox regulation and bioenergetics. By incorporating 
these metabolites into a nontargeted‑compatible and derivatization‑free 
approach, information about redox and bioenergetics can be gained as 
part of routine profiling. 

Experimental
LC–MS System: A Vanquish Horizon binary pump was hyphenated to a 
Q Exactive HF (Thermo Fisher Scientific), set at 120,000 FWHM, 1e6 
AGC target, and 200 ms max IT. Connecting tubings between the column, 
autosampler, and MS system were 100 µm i.d. PEEK‑lined stainless steel 
MarvelXACT tubing (IDEX Health & Science) instead of original Viper 
MP35N. The HESI‑II probe was held at 320 °C and +3.5 kV with 40 
sheath gas, eight auxiliary gas, and one sweep gas flow (arbitrary units). 
Column: 150 × 2.1 mm, 5‑µm, 200 Å, iHILIC®‑(P) Classic (P/N 
160.152.0520, HILICON AB), coupled to a 20 mm guard column via 
a PEEK coupler. 
Eluent: A) 15 mM ammonium acetate pH 9.4, B) acetonitrile.

(a) (b)

(c) (d)

Time (min)
7.5 8.0 8.5 9.0 9.5 10.0

0

20
40

60

80

100 GSH
GSSG

N
o

rm
al

iz
ed

 In
te

n
si

ty

Time (min)
6.0 6.25 6.75 7.25 7.756.5 7.0 7.5 8.0

0

20

40

60
80

100

N
o

rm
al

iz
ed

 In
te

n
si

ty

Time (min)
7.5 8.0 8.5 9.0 9.5 10.0 10.5

0

20
40

60

80

100

N
o

rm
al

iz
ed

 In
te

n
si

ty

Time (min)
7.5 8.0 8.5 9.0 9.5 10.0 10.5 11.0

0

20

40

60

80

100

N
o

rm
al

iz
ed

 In
te

n
si

ty

NAD
NADH
NADP
NADPH

AMP
ADP
ATP

Met
MetO
MetO2

Figure 1: Base intensity-normalized chromatograms of (a) GSH/GSSG; (b) Met/MetO/MetO2; (c) NAD+/NADH/NADP+/NADPH; (d) AMP/ADP/ATP.
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Gradient Elution: 0–15 min, gradient from 10–90% A; 15–17 min, 90% 
A; 17–25 min, 10% A (column re‑equilibration)
Flow Rate: 200 µL/min
Column Temperature: 40 °C
Injection Volume: 2.5 µL
Metabolite Samples: Individual metabolites were prepared fresh from 
reference standards in water (50 µmol/L). We focused on the following 
14 metabolites: oxidized/reduced nicotinamide adenine dinucleotide 
(NAD+/NADH), oxidized/reduced nicotinamide adenine dinucleotide 
phosphate (NADP+/NADPH), adenosine mono‑/di‑/triphosphate (AMP/
ADP/ATP), glutathione/glutathione disulfide (GSH/GSSG), methionine/
methionine sulfoxide/methionine sulfone (Met/MetO/MetO2), and 
cysteine/cystine (Cys/CySS). We also analyzed human plasma Standard 
Reference Material 1950 (MilliporeSigma) and metabolite extract of 
E coli (Cambridge Isotope Labs), which were either reconstituted with 
a solution of 1:1:1 acetonitrile–methanol–water + 8.33 µM D5‑hippuric 
acid or extracted with addition of 2 vol 1:1 acetonitrile–methanol + 
12.5 µM D5‑hippuric acid followed by vortexing and incubation on ice for 
30 min. Samples were then centrifuged at 20,000 g and 4 ˚C for 10 min. 
The supernatant was then applied for HILIC–MS analysis.

Results and Conclusion
The newly developed method provides excellent peak separation and 
overall good peak quality for all of the metabolites as shown in Figure 1. 

We analyzed all of the reduced metabolite standards to determine if 
autoxidation was rapidly occurring (Table 1). Peak areas of most oxidized 
species from injections of reduced standards were <1% that of the 
reduced species at pH 9.4. However, in the case of the Cys standard, 
only oxidized CySS was detectible. When using neutral pH instead of 9.4, 
Cys was preserved and detected (though considerable autoxidation was 
still noted). Cys may be unstable at alkaline pH as a result of enhanced 
deprotonation to the nucleophilic thiolate form (pK = 8.3) (3). 

We then determined whether the 12 metabolites shown in Figure 1 
were well represented in standard reference materials for untargeted 
metabolomics experiments. Human plasma SRM 1950 and the 
unlabelled E. coli metabolite extracts were used as probes. Across the 
two matrices, signals for all metabolites except NADP+ were observed 
(Table 2).

This work demonstrates the feasibility of profiling core metabolites 
related to redox metabolism and bioenergetics, which might be 
incorporated into a nontargeted workflow for more extensive profiling. We 

note that thiol metabolites are labile and nontargeted profiling of these 
should be experimentally validated with derivatization‑based methods 
(9). A HILIC method with an acidic mobile phase may offer better stability 
for thiol compounds as well.
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Table 1: Peak areas of reduced and oxidized compounds 
from reduced standards

REDUCED OXIDIZED OXIDIZED %

GSH 6.82×107 2.16×104 0.03

METHIONINE 2.87×108 5.89×105 0.21

NADH 2.76×107 ND NA

NADPH 8.32×106 ND NA

* Metabolites were quantified in positive mode as their [M+H]+ ions 
with 5 ppm mass accuracy. The result is based on a semi‑quantitative 
comparison of peak areas.

Table 2: Peak areas of metabolites in reference samples

SRM 1950 E. COLI

GSH 1.06×105 9.89×108

GSSG ND 8.92×107

METHIONINE 7.22×107 6.75×107

METO 5.75×106 1.48×107

METO2 5.42×105 ND

NADH ND 8.29×104

NAD+ ND 1.42×108

NADPH ND 2.01×105

NADP+ ND ND

ATP ND 5.44×106

ADP ND 1.46×107

AMP ND 5.11×107

* Metabolites were quantified in positive mode as their [M+H]+ ions with 
5 ppm mass accuracy. 
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