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Note from the CEO
Mike Hennessy, Jr.  
President & CEO, MJH Life Sciences®

Our aim is always to provide techniques, methods, 
approaches, and other information to help improve 

your analytical chemistry work—from cutting-edge method-
ologies to fundamentals and problem-solving tips. I think 
you’ll agree that this issue achieves that goal. 

Non-targeted screening (NTS) has long been used 
in omics studies, but is now expanding in application.  
Our cover story, from Thomas Letzel of the Technical Univer-
sity of Munich, presents an improved way to carry out NTS 
in gas chromatography–time-of-flight mass spectrometry 
(GC–MS) using simultaneous electron and chemical ioniza-
tion. The article illustrates the benefits of the approach with a 
study of authenticity verification of branded perfume.

Two-dimensional liquid chromatography (2D-LC) is a tech-
nique that is also being increasingly adopted for practical 
applications. The authors, from the RIC Group in Belgium, 
explain why—showing how 2D-LC can minimize the risk 
of missing critical information about a sample (for exam-
ple, as a result of chromatographically overlapping peaks).  
The authors focus on biopharmaceutical and pharmaceutical 
analysis, but it’s easy to understand the relevance to other 
areas, such as food or environmental analysis.

Food analysis, in fact, is the focus of another article in this 
issue, which presents a method using a simple solvent extrac-
tion and dual ionization source (ESI and APCI) that makes 
it possible to consolidate the analysis of a large number of 
pesticides into a single instrument.

In “Viewpoints,” Kevin Schug argues for greater use of 
machine learning in analytical chemistry. Machine learning is 
also one of the developments that Dave Bell reports on from 
the HPLC 2022 conference—where members of the LC com-
munity finally met up again after more than two years.

Our regular columns, of course, are packed with practical 
information and tips. In “LC Troubleshooting,” Dwight Stoll 
and co-authors explain the impact of esterification of your 
LC mobile phase, and how to avoid the related problems.  
In “GC Connections,” Nick Snow shares 15 lessons about 
GC—from fundamentals to troubleshooting—that were 
presented by the speakers in the GC session of the Chrom-
Talks 2022 virtual symposium from LCGC. In “Sample 
Prep Perspectives,” Doug Raynie turns the tables, asking 
if you know the answers to a test he gives his students— 
sharing and explaining the answers, of course.  

We hope this information helps you, both in carrying out 
your next experiment and in developing your longer-term 
thinking about new approaches and techniques to adopt.
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Chemistry in a Bottle: Ester Formation 
in Acidified Mobile-Phase Solvents
Acidified solvents are commonly used in reversed-phase liquid chromatography (RPLC) to adjust mobile-phase pH and the 
ionization state of ionogenic compounds. When methanol-containing solvents are acidified with formic or trifluoroacetic 
acids, esters can be formed at chromatographically relevant rates, affecting baseline quality, retention, and selectivity.  
Understanding these effects is the first step toward avoiding the problems that can be caused by esterification in the bottle.

Benedikt Metzger, Konstantin Shoykhet, Stephan Buckenmaier, and Dwight R. Stoll

In reversed-phase liquid chromatography 
(RPLC), mobile-phase additives are used 

for pH control because mobile-phase pH 
can strongly affect retention, peak shape, 
and method robustness for ionizable com-
pounds. For instance, an amine-containing 
compound at a pH value lower than two 
units below the pKa of its protonated, acidic 
form (for example, the ammonium ion is 
the protonated acidic form of ammonia)  
is almost fully protonated (<0.1% present as 
neutral, unionized base). On the other hand, 
when the mobile-phase pH is more than two 
units higher than its pKa, the amine is nearly 
fully unprotonated and neutral (<0.1% pres-
ent as protonated, positively charged acidic 
form), and when the pH is between these 
benchmarks (that is, [pKa − 2] < pH < [pKa 

+ 2]), the ratio of the concentrations of the 
neutral and positively charged forms will be 
between 0.01 and 0.99. In RPLC, the proton-
ated, positively charged form of the amine 
is less retained than the deprotonated, neu-
tral form. Thus, the mobile-phase pH pro-
vides a powerful lever to adjust selectivity, 
with the most significant changes expected 
to occur within ±1 pH unit of the pKa of the 
compound (1). Nevertheless, peak shape 
(for example, peak tailing) for amine-con-
taining compounds is strongly influenced by 
electrostatic interactions between the posi-
tively charged analytes and charged groups 
in the stationary phase, including the ion-

ized silanol groups on the silica backbone 
of the reversed-phase (RP) columns (2). Thus, 
it is common practice to use a low mobile-
phase pH for analyzing these amines so that 
the silica silanols are mostly protonated and 
neutral (and amines are fully protonated), 
and small changes in mobile-phase pH will 
not cause large changes in retention (3).

The type of organic solvent used in 
the mobile phase for RP separations can 
also have a significant effect on selectivity. 
Though acetonitrile is still the most com-
monly used solvent (4), methanol is often 
considered as a first alternative because it 
can yield significant differences in selectivity 
for some analyte-stationary phase combina-
tions (5). Mass spectrometry (MS) detection 
continually gains in importance, and favors 
the use of volatile, low ionic strength addi-
tives to adjust the mobile-phase pH, such as 
formic acid (FA) or trifluoroacetic acid (TFA). 
FA is often preferred because it has been 
found that suppression of analyte ionization 
during the electrospray process is gener-
ally lower with FA compared to TFA (6). On 
the other hand, TFA has potential advan-
tages over FA in some situations, including 
better peak shapes for amine-containing 
compounds, retention enhancement for 
highly hydrophilic amines because of ion-
pairing, and higher acidity that yields lower 
mobile-phase pH at modest concentrations.  
However, carboxylic acids, such as FA, can 

react with alcohols like methanol to form 
esters, which causes a reduction in the acid 
content of the mobile phase. The kinetics 
of the esterification reaction in the specific 
case of FA and methanol were briefly stud-
ied by Przybytek and coworkers. They also 
demonstrated the potential for the process 
to affect the separation of peptides through 
changes in retention and resolution (7). 
Shifts in retention time can be problematic 
in two-dimensional LC (2D-LC), particularly 
when using heart-cutting 2D-LC mode. In 
this case, fractions of the first dimension (1D) 
effluent are often collected in reference to 
a previously collected 1D chromatogram.  
Any change in retention time because of the 
esterification reaction when using methanol 
as a mobile-phase component results in a 

“moving target,” which can, in turn, result in 
missing a 1D peak that then never appears 
on the second dimension chromatogram (8). 

In this work, we revisited the topic of 
esterification with two objectives: 1) to 
determine the extent of the effect of losing 
acid content from the mobile phase on the 
retention and selectivity of different ana-
lytes; and 2) to develop a mitigation strat-
egy for this problem.

Esterification of Formic Acid, and Its 
Effects on UV Detection Baselines 
Figure 1 shows UV detection chromato-
grams from RP separations of a sample con-
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taining a low molecular weight, and ionizable compounds acquired 
over the course of three consecutive days (d1 to d3). The method 
used gradient elution from 20 to 70% B (B = 0.1% FA in methanol). 

Both the A and B solvents were freshly prepared on the first day.  
We see that the slope of the baseline at 214 nm continually increased 
over the course of three days, as did the magnitude of a negative 
peak shortly after a positive system peak. Retention times were 
stable over the three days, with the exception of the compound 
marked with P, which shifted towards later retention times from day 
1 to day 3. The changes in the early part of each chromatogram were 
quite interesting. Along with a system peak (approximately 1.5 min), 
which we assume occurs because of a mechanism described previ-
ously (9), we believe the negative peak at approximately 2.5 min is 
because of the methyl formate produced in the B solvent (0.1% FA 
in methanol) since the moment the acid was added on day 1. As the 
esterification reaction proceeds, the amount of ester adsorbed onto 
the column in the starting mobile phase of the gradient (that is, 20% 
methanol) increases. At the same time, the UV absorption back-
ground caused by the ester increases. The injected plug of strong 
solvent (acetonitrile) in the sample matrix leads to desorption of the 
ester from the stationary phase and a local decrease in the ester 
content on the column because the sample itself does not contain 
the ester. These vacancies are subsequently replenished by methyl 
formate as it enters the column with the mobile phase. The larger 
amount of the ester needed to re-establish the mobile-stationary 
phase equilibrium in the column, and the higher background absor-
bance (which is usually not realized by an operator, because the 
detector is “zeroed” or “balanced” at the initial conditions in the 
run) lead to an increasingly large negative peak at the retention 
time of the ester, when the depletion zone arrives at the detector. 

To confirm the esterification reaction in our hands, a mixture of  
10 µL concentrated FA and 990 µL methanol was added to a vial, and 
injections of the mixture were made over the course of 24 h. A RPLC 
method was used with a mobile phase of 2:98 acetonitrile:water; the 
results are shown in Figure 2. After 10 min of reaction time, most 
of the observed peak area was because of FA (that is, the peak at 
approximately 1 min). However, there was also evidence of methyl 
formate eluting at 1.6 min, which was confirmed by spiking the sam-
ple with methyl formate (data not shown). Over time, the area of the 
ester peak at 1.6 min increased, with a concomitant decrease in the 
area of the peak because of the acid.

Rationalizing the Effect of Formic Acid 
Loss on Retention of Amines
To understand why the retention of compound P increased over 
time while the other components of the sample were not affected 
(Figure 1), we added a mass spectrometric (MS) detector to identify 
the compounds. Figure 3 shows excerpts from RP separations of 
the 16-component sample acquired over the course of three days. 
Conditions were similar to those used in Figure 1, but adjusted 
to accommodate the requirements of the MS detector. Six com-
pounds were confirmed by MS within the range shown: 1) chlortol-
uron (pKa, 14.4); 2) metobromuron (pKa, 12.8); 3) atrazine (pKa, 1.6); 4) 
methabenthiazuron (pKa, 12.8); 5) prometryn (pKa, 4.1); and 6) diuron 
(pKa, 13.6). Interestingly, the resolution of peaks 4 and 5 improved 
on days 2 and 3; however, these significant changes in retention and 
resolution under apparently identical conditions are not acceptable 
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FIGURE 1: Separation of the 2D-LC starter sample over the 
course of three consecutive days (labeled d1 to d3) and diluted 
1:10 with acetonitrile using a Zorbax SB-C18 column (150 mm x 
4.6 mm i.d., 5 µm). For the LC system, solvent A contained 0.1% 
FA in water; solvent B contained 0.1% FA in methanol; the gra-
dient was 20–70% B over 25 min; the flow rate was 1 mL/min;  
the injection volume was 1 µL; the column temperature was  
40 °C; and the detection by UV absorbance was at 214 nm.
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FIGURE 2: Separation of formic acid and methyl formate using a Po-
roshell 120 EC-C18 column (100 mm x 3.0 mm i.d., 2.7 µm). Chromato-
graphic conditions: mobile phase, 2:98 acetonitrile:water; flow rate, 0.5 
mL/min, column temperature, 35 °C; and detection by UV absorbance 
at 230 nm. Injections were made after (a) 10 min, (b) 14 h, or (c) 24 h. 
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for routine use of such a method. Prometryn 
(peak 5 in Figure 3) has a pKa value of 4.1 in 
an aqueous solution at 20 °C (10). The pH of 
the mobile phase A solvent was 2.8 at room 
temperature. Both these values are subject 
to change upon the addition of methanol 
to the mobile phase during the gradient, 
with the column temperature set to 40 °C  
(relative to room temperature). It is likely that 
the mobile-phase pH and the pKa of prom-

etryn approach each other under these con-
ditions (11). Thus, a small increase in mobile-
phase pH because of the loss of FA in the 
solution pushes the prometryn to a lower 
degree of ionization (that is, a higher ratio 
of neutral free amine to protonated, posi-
tively charged amine). Because the neutral, 
free amine is less hydrophilic, the observed 
retention time increases. The compounds  
(1, 2, 4, and 6) with a pKa far above the pH of 

FA are not affected because subtle changes 
in pKa and mobile-phase pH do not change 
their ionization state markedly. On the other 
hand, the retention of atrazine, whose pKa 
values lies within the region pH (FA) ±2 pH 
units, is only slightly affected, which shows 
that pH effects can be analyte specific. 

Esterification Occurs With 
Trifluoroacetic Acid in Methanol, Too
In a further study of the effects of esterifica-
tion on LC separations, the A and B solvents 
used in Figure 1 were replaced by 0.1% TFA 
in water and 0.1% TFA in methanol, respec-
tively. The pH of the solution of 0.1% TFA 
in water was 1.9; thus, any effects on the 
retention of prometryn (pKa ~ 4.1) caused 
by slight shifts in the mobile-phase pH (as 
described above) should be at least reduced.  
Figure 4 shows chromatograms obtained 
under the same conditions as those in Figure 1,  
except for the replacement of FA with 
TFA. As in Figure 1, the retention times of 
some peaks are not affected by the loss of 
mobile-phase acidity over the course of the 
three days (for example, peaks 1, 2, and 5). 
However, in contrast to the results obtained 
with FA, the retention times of some com-
pounds decreased with TFA, and the mag-
nitude of these decreases was smaller than 
the magnitude of the increase observed 
with FA. For instance, the retention times 
of peaks 3, 4, 6, and 7 all decreased, with 
the most pronounced change observed 
for peak 4. On day 1, peak 4 eluted after 
peak 3, but by day 3, the elution order had 
completely reversed. These results could 
be related to the ion pairing ability of TFA. 
When TFA is lost from the solution because 
of esterification, there is less TFA available 
for ion pairing with the analytes, render-
ing them less hydrophobic, and thus less 
retained under RP conditions. 

A final, remarkable example of the effect 
of esterification in acidified methanol is 
shown in Figure 5. In this case, a mixture 
of 2,6-dihydroxybenzoic acid (peak 1), sali-
cylic acid (peak 2), and chlorhexidine (peak 
3) was injected repeatedly over a period of 
three days. The reduction of TFA in the solu-
tion is accompanied by drift of the chlorhex-
idine peak towards shorter retention times 
(from 3.3 to 2.7 min). Chlorhexidine is a poly-
guanidine that is polycationic under most 
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FIGURE 4: Separations of the 2D-LC standard samples, diluted 1:100 with the initial mo-
bile phase, over the course of three consecutive days (labeled d1 to d3), using a Zorbax 
SB-C18 column (150 mm x 4.6 mm i.d., 5 µm). Conditions are as in Figure 1, except that 
the A and B solvents were replaced by 0.1% TFA acid and 0.1% TFA acid in methanol,  
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conditions and can form ion pairs with TFA, 
which may explain its extreme sensitivity to 
the effects of esterification chemistry.

Solutions to the Problem
From the examples discussed in this install-
ment, it is clear that esterification in acidified 
methanol can jeopardize the robustness 
of RPLC separations of small molecules,  
and, as already described by Przybytek 
and coworkers, chromatographically rel-
evant levels of esterification of methanol 
occur even in presence of a large fraction of 
water (7). To avoid the effects of esterifica-
tion on the separations, the methanol and 
acid must be kept apart until immediately 
before use, which could be achieved in at 
least two ways. 

When using binary HPLC pumps, we 
have used 0.2% FA in water as solvent A 
and no acid in solvent B (data not shown). 
Though this approach provided retention 
stability, the drawback is that the FA con-
centration in the mobile phase changes 
as the gradient elution proceeds, which 

could cause a significant baseline slope 
when using UV detection. Alternatively, a 
quaternary pump could be used to blend 
the acid into the gradient as it proceeds. 
Figure 6 shows the same excerpt as in Fig-

ure 3, but from separations where a quater-
nary pump was used to deliver the mobile 
phase using the following solutions con-
nected to three channels of the pump: a) 
water; b) methanol; and c) 0.5% FA in water. 
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FIGURE 5: Separation of a sample containing (1) 2,6-dihydroxybenzoic acid, (2) salicylic 
acid, and (3) chlorhexidine over three days (Run #1–35), using a Zorbax SB-C18 column 
(150 mm x 4.6 mm i.d., 5 µm). Chromatographic conditions: solvent A, 0.1% TFA acid in 
water; solvent B, 0.1% TFA acid in methanol; isocratic elution at 65% B; flow rate, 1 mL/
min; injection volume, 1 µL; column temperature, 25 °C; and detection by UV absorbance 
at 214 nm. The time interval between sample injections was approximately 2 h.
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For the gradient elution program used for 
this method, the pump was programmed 
to deliver 20% of the flow from channel 
C while adjusting the flows from A and B 
to establish the methanol:water ratio. This 
approach yielded a 0.1% FA concentration 
in the mobile phase throughout the gradi-
ent, while keeping the methanol and acid 
apart until the blending point. A compari-
son of chromatograms obtained at day 1 
(d1) in Figure 3 and 6 shows that the elution 
patterns are extremely similar. The reten-
tion times in Figure 6 are generally longer 
because of the larger gradient delay vol-
ume of the quaternary pump compared to 
a binary pump. However, in contrast to Fig-
ure 3, the pattern in the chromatograms of 
Figure 6 do not change markedly over the 
course of the three days of measurement. 

Summary
We have demonstrated that the use of 
methanol acidified with FA or TFA as mobile-
phase solvents can be problematic in RPLC 
separations of low molecular weight com-
pounds. Chromatographically relevant levels 
of esterification of the methanol can lead to 
baseline artifacts and changes in both reten-
tion and selectivity. Although some analytes 
are insensitive to the depletion of acid from 
the methanol-containing solvent, retention 
of other compounds can change dramatically, 

resulting in poor reproducibility and even 
elution order reversal, which compromises 
method robustness. These problems can be 
avoided by adding acid to only the aque-
ous part of the mobile phase (for example,  
when using a binary pump) or when the acid-
ified mobile phase is prepared “in situ” by 
online blending. This dramatically improves 
the repeatability of baselines, retention times, 
and selectivity on the timescale of days. 
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COLUMN 
WATCH

Highlights from the 50th International Symposium 
on High Performance Liquid Phase Separations 
and Related Techniques (HPLC 2022)
After three “lost” years, the 50th International Symposium on High Performance Liquid Phase Separations and Related 
Techniques, or HPLC 2022, returned. The symposium was held at the Town and Country Hotel and Conference Center 
in sunny San Diego, California, from June 18–23, 2022. The HPLC symposium continues to be the premier event 
bringing together leading scientists in the field of liquid chromatography (LC) and related techniques. The conference 
was chaired by Frantisek Svec of Charles University, and, especially under the uncertain times leading up to the event, 
was very successful and welcomed by the attendees.

Cory E. Muraco and David S. Bell

In this installment of “Column Watch,  
we report on the observed highlights and 

trends from the HPLC 2022 conference. 
In a similar fashion to the previous HPLC 
symposium review articles (1–3), many col-
leagues in attendance at the symposium 
were asked for their insights regarding the 
most interesting topics they observed at 
the event. Figure 1 attempts to capture the 
major topics of interest as determined by 
the attendees in an infographic gleaned 
from these responses, and what follows is 
a synopsis of the highlighted topics along 
with some personal views.

Column and System Technologies
The topic of column technologies immedi-
ately took center stage with the opening 
plenary lecture by Gert Desmet of Vrije Uni-
versiteit Brussels called, “Technological (R)
evolutions in Column Making: Quo Vadis 
Chromatography?” Desmet provided a his-
torical review of column development and 
highlighted the concept of Moore’s Law and 
its pertinence to developments in column 
technology. The “law” predicts that there 
will be a certain steady rate of gain in a given 
area of development until something revolu-
tionary happens to change that rate of gain. 

Desmet went on to demonstrate how mea-
surements of performance, such as column 
efficiency, have followed this law pretty well 
since the 1980s (see Figure 2), and asked 
the question, “How do we break out of it?”  
The advantages, disadvantages, and 
potential for some emerging technologies 
intended to create highly ordered structures, 
such as three-dimensional (3D)-printing, 
micro-machining, and micro-groove col-
umns, were discussed and contrasted. It was 
interesting to learn that the 3D-printing tech-
nology has developed enough to create the 
microstructures necessary for the creation of 
chromatographic devices, but the time to 
process is still extraordinarily long, and mate-
rials amenable to printing are very limited.

In a plenary lecture entitled “3D-Printed 
Microfluidics for Solid-Phase Extraction and 
Biomolecule Separation,” Adam Woolley 
(Brigham Young University) discussed mod-
ern tools in 3D printing to create microfluidic 
devices for solid-phase extraction (SPE) and 
biomolecule separations. By utilizing such 
a device, Woolley’s group developed a reli-
able assay for monitoring protein biomarkers 
for pre-term birth. In the future, such a small 
device could be amenable to rapid detection 
in the clinic in real time; thus, it demonstrates 

an area of promise for 3D printing. In addi-
tion to this lecture, there was an excellent 
short course put on by Woolley and Greg 
Nordin (Brigham Young University), as well 
as a focus session within the program featur-
ing noted talks by Nordin and Rosanne Guijt 
(Deakin University). Although the 3D-printed 
liquid chromatography (LC) column may be 
a long way away, 3D printing is certainly gain-
ing ground in the area of microfluidics and 
integrated fluidic devices.

In addition to 3D printing, there were 
several other prominent column and system 
technologies that stood out. These include 
an increase in the presence and number of 
portable LC systems, continued advances 
in microscale separations, and the current 
trend toward bio-inert or metal-passivated 
columns and systems.

Portable Instrumentation
Prominent at the symposium was the 
concept of miniaturized and portable LC 
instrumentation. Several talks were given, 
including “A Modular Approach to a Por-
table Analytical Separation System for Phar-
maceutical Analysis,” by Llewellyn Coates; 
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able Instruments for Environmental Appli-
cations,” by Brett Paull; “Evolving Capa-
bilities of Compact, Portable Capillary LC,”  

by Milton Lee; “Analysis of Small Molecules 
in Complex Mixtures using Compact LC–
UV-MS Instrumentation,” by Samuel Foster; 

and “Implementation of Compact Capillary 
LC into Analytical Workflows,” by James 
Grinias. The latter presenter noted in his 
talk that portability affords “laboratory-to-
sample” rather than “sample-to-laboratory,” 
which could be utilized in improving point-
of-care and many environmental analy-
ses. The reduced solvent and power con-
sumption also leads to a lower overall cost,  
as well as moving toward a more “green 
analytical chemistry” approach. Grinias dem-
onstrated several applications where the por-
table LC systems were fit for purpose.

The upward trend in the development 
of portable instrument was also apparent 
on the exhibition floor with Axcend, Trajan, 
and CEM (Lucidity) all promoting their latest 
high performance LC (HPLC) systems.

Microscale Separations
Robert Kennedy of the University of Michi-
gan presented “Capillary LC at 35,000 psi 
and Beyond for Complex Mixture Analysis,” 
a talk centered on using elevated pressure, 
combined with capillary LC–mass spec-
trometry (MS), to analyze complex mixtures. 
Kennedy’s group employed longer columns 
(20–100 cm) in length running at pressures 
of 35,000 psi to separate lipid and metab-
olite mixtures. With 1-m long columns,  
he demonstrated a peak capacity of ~1000 
in 3-h analysis times, suitable for complex 
mixtures. When employing a novel 1.1 µm 
particle in this format, analysis times were 
reduced to 1/3 of those achieved by a more 
conventional 1.7 µm particle in a 15-cm long 
column at 15,000 psi. Taking this aspect one 
step further, Kennedy used 2D-LC (hydro-
philic-interaction chromatography [HILIC] 
and reversed-phase liquid chromatography 
[RPLC]) to analyze the lipid complement 
of plasma to yield a peak capacity of 1900 
in a MS-compatible format (see Figure 3).  
He also reported packing HILIC particles 
into 75-cm columns at 35,000 psi to yield 
213,000 plate separations. 

In his talk entitled “Nanoscale Separa-
tions to Enable Bottom-up, Top-down 
and Native Proteomic Profiling of ng- and 
Sub-ng-level Samples,” Alexander Iva-
nov (Northeastern University) employed 
nano-flow methodologies with narrow-
bore monolith columns to achieve sensi-
tive results for analyzing sample-limited 

Source: Created at https://www.freewordcloudgenerator.com/
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protein mixtures in a proteomics workflow.  
The use of a low-flow solvent delivery system  
(12 nL/min) was key to achieving the sensi-
tivity needed in very low abundant protein 
biomarkers in the clinical specimen.

The need for small sample analyses (for 
example, in single cells) is proving the 
need for very narrow columns. Examples 
were also shown by Ryan Kelly of Brigham 
Young University in his talk, “Miniaturized 
LC Separations for Single-Cell Proteomics.” 
The need for reduced dilution and high res-
olution is, and will be, key for small samples. 
The technique also appears to be moving 
closer to clinical applications as exempli-
fied later in this article under the “High-
lighted Areas of Application” section.

Bio-Inert Systems and Columns
The topic of bio-inert or metal-passivated 
systems and columns was prevalent at 
HPLC 2022. As noted in the LCGC 2022 
review of new LC columns and accesso-
ries (4), column and system hardware with 
various metal passivation strategies have 
been on the rise recently. David McCalley 
(University of the West of England Bristol) 
kicked off the discussion with a highly cited 
Monday morning keynote lecture entitled, 

“Managing Deleterious Solute Interactions 
with Metals in Hydrophilic Interaction Chro-
matography.” McCalley noted that interac-
tions of analytes such as nucleotides and 
catecholamines with metal surfaces can 
occur, and there are several ways one may 
mitigate these undesirable interactions: 
(1) use columns and systems constructed 
from metals other than stainless steel;  
(2) use PEEK or PTFE coated systems;  
(3) use systems and columns deactivated 
by vapor-deposition of some “inert” mate-
rial; or (4) use complexing agents in the 
mobile phase. Although the focus of the 
work was geared toward the favorable 
impact of vapor-deposition deactivated 
columns and systems, the additional use 
of high pH as well as low-level complexing 
agents in the mobile phase provided the 
best overall separation of the adenosine 
phosphate probes employed.

In addition to several posters, many 
vendors were demonstrating their vari-
ous approaches to bio-inert systems and 
columns. ThermoFisher displayed their 

Vanquish systems that replace stainless 
steel with titanium or MP35N components.  
Shimadzu showcased Nexera XS Inert, their 
bio-inert system that utilizes PEEK-lined 
stainless steel to offer a metal free flow path. 
Waters delivered numerous talks and pre-
sented quite a few posters,on their Premier 
systems that utilize chemical vapor deposi-
tion of hybrid silica to block metal interac-
tions. Agilent also had their suite of biosys-
tems, which were either metal free (PEEK) 
or utilize alternative metal alloys labeled as 

“iron-free.” Silcotek was also present and 
showcased their chemical vapor deposition 
solutions and how their product perfor-
mance is on par with PEEK when it comes 
to keeping LC flow paths metal-free. 

As noted later in the “Highlighted Areas 
of Application” section, HILIC was also 
prominent in various aspects of practical 
research, and HILIC is also often employed 
in multidimensional chromatography.

Multidimensional Chromatography
Multidimensional chromatography was a 
large part of the show, with two dedicated 
sessions as well as many lectures utiliz-
ing various multidimensional techniques 
throughout the conference. Peilin Yang 
(Dow Chemical) presented an excellent 
lecture entitled, “Multidimensional Sepa-
rations with Simultaneous Evaporative 
Light Scattering Detection (ELSD) and MS 
Detections for Complex Industrial Poly-
mers,” where she showed examples of 
how comprehensive two-dimensional LC 
(2D-LC) can be a powerful tool for polymer 
analysis. Yang focused her examples on 
industrial applications such as terpolymer 
composition heterogeneity, tri-block poly-
meric impurities, and nonionic copolymer 
surfactants analysis. Combinations of SEC 
and RPLC, as well as HILIC and RPLC, were 
highlighted along with the intelligent use 
of various detectors based on information 
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needs. Unfortunately, little detail on any 
additional multidimensional talks and top-
ics were available at the time of the writing 
of this column. However, it is interesting to 
note that attendee thoughts on the adop-
tion of multidimensional chromatography in 
the industry varies widely where some indi-
cate a clear adoption whereas others feel 
this is still solidly in the hands of academics. 

Separation Modes
Several separation modes were consid-
ered dominant in their presence this year 
by conference attendees. Notably super-
critical fluid chromatography (SFC), HILIC,  
and multidimensional separations seemed 
to take center stage.

SFC
A number of colleagues expressed surprise 
at the number of presentations focusing 
on SFC, and many were perplexed by the 
lack of adoption of SFC in general practice. 
Some also expressed the sentiment that 
perhaps SFC is finally breaking through 
toward acceptance. As for the conference, 
there were presentations on SFC funda-
mentals, practical tips and tricks, and, as 
noted in the forthcoming “Highlighted 
Areas of Application” section, important 
real-world applications in cancer diagnosis.

In his talk entitled, “Measurement and 
Modeling of Longitudinal Diffusion in 
Supercritical Fluid Chromatography,” Ken 
Broeckhoven of Vrije Universiteit Brussel 

measured both molecular diffusion and lon-
gitudinal diffusion (that is, the B-term) in SFC, 
which allowed the authors to model particle 
diffusion and surface diffusion, possibly for 
the first time, in SFC. In another notable 
talk, Chun-Kai Chang of the University of 
Minnesota used molecular simulations of 
the mobile-phase composition stationary 
phase pores to better understand reten-
tion mechanisms in SFC in the talk entitled, 

“Exploration of the Retention Mechanism 
in Supercritical Fluid Chromatography by 
Molecular Simulations.” Although they only 
showed results for C18 surfaces, this work 
might shed some light on the rather poorly 
understood retention mechanisms in SFC.

Attila Felinger of the University of Pecs 
discussed the adoption of methanol on SFC 
stationary phases in his talk entitled, “Solvent 
Interactions in Supercritical Fluid Chromatog-
raphy.” Lucie Novakova of Charles University 
(“Problems of Stationary Phases in SFC”) fol-
lowed this up by providing highly practical evi-
dence on how the history of using a column in 
SFC can strongly affect separation. Columns 
exposed to additives and organic modifiers 
may be chemically changed so as to perform 
differently than the original or a new column. 
Novakova suggested dedicating columns 
to certain methods because of this, but also 
noted that the change is not necessarily per-
manent. The group is running a large amount 
of experiments to test a wide range of col-
umns and conditions to find adequate pro-
cedures to better understand these findings.

SFC was also noted for its potential as 
a more “green” technique compared to 
HPLC. Stefan Lamotte (from BASF) pro-
vided a keynote lecture entitled, “The 
Good, the Bad and the Ugly - Towards the 
Separation of Polar Analytes in Supercritical 
Fluid Chromatography,” where he provided 
comparisons of SFC with HPLC and HILIC 
as well as examples of important SFC sepa-
rations. Lamotte noted that SFC has several 
real advantages over HPLC including speed 
of analysis, but noted solubility issues in SFC 
may need to be overcome. In a post-confer-
ence communication, Lamotte added that 
the chemical industry is clearly being asked 
to minimize waste and develop sustainable 
methodologies, and his efforts are clearly 
moving in the direction of SFC.

HILIC
HILIC was a hot topic of discussion.  
The topic garnered its own session, and 
there were several additional HILIC-based 
talks throughout the conference. As men-
tioned previously, David McCalley’s talk on 
the impact of metal passivation in HILIC 
was a noted highlight. Brady Anderson 
(University of Michigan) presented a well-
received lecture on the power of HILIC at 
pressures up to 50,000 psi. Thomas Walter 
and Jinchuan Yang from Waters Corpora-
tion gave excellent talks on characteriz-
ing and using a zwitterionic HILIC phase, 
respectively. Joe Pesek from San Jose State 
University discussed method development 
for hydrophilic compounds using aque-
ous normal phase (ANP) chromatography 
and contrasted this to HILIC. Although the 
modes employ similar mobile phase com-
positions, ANP uses silica hydride-based 
stationary phases as opposed to more com-
mon silica-based chemistries (see Figure 4).  
Pesek noted that this silica hydride surface 
exhibits less than one-half a monolayer of 
water, whereas silica-based columns can 
have between 4–10 monolayers under simi-
lar mobile phase conditions. It is this differ-
ence that Pesek surmises results in differ-
ences in retention mechanisms (dominant 
adsorption in ANP compared to dominant 
partition in HILIC) and other attributes such 
as fast equilibration. Separation examples 
are then provided for several important 
classes of polar analytes. 

Source: Provided by Steven Ray Wilson, University of Oslo, Oslo, Norway.
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Emerging Topics and Trends
Pressure-Enhanced–Liquid
Chromatography (PE–LC)
Many colleagues noted Szabolcs Fekete’s 
talk on how pressure could be used as an 
additional and unique parameter to tune 
the selectivity of large molecules in LC as 
an interesting highlight of the conference.  
Fekete introduced pressure as a potentially 
important parameter for selectivity tuning, 
especially for large molecules as pressure 
might impact analyte tertiary structure. Equi-
libria associated with separation processes 
such as ionization, adsorption, partition, and 
complexation are also pressure-dependent. 
Fekete also noted that pressure may also 
impact the stationary phase structure and 
thus the interactions available for retention 
and selectivity. A system utilizing a pressure-
regulating fluid interface was described and 
utilized to test the retention and selectivity 
dependence of a set of large and small mol-
ecule probes. PE–LC was shown to provide 
unique separations and be applicable to large 
molecules. PE–LC also showed efficacy in 
several modes of chromatography including 
RPLC, ion-exchange, hydrophobic interaction 
chromatography (HIC) and ion-pair RPLC. 

Machine Learning and
Molecular Dynamics Simulations
Many attendees noted the increased inter-
est and prevalence of machine learn-
ing and molecular dynamics as tools 
for improving our understanding of 
chromatographic principles. Two talks 
on molecular dynamic simulations and 
model reconstruction of porous media 
to predict chromatographic separa-
tions were given by Ulrich Tallarek from 
Philipps-Universität Marburg and Fabrice 
Gritti from Waters Corporation. Gritti con-
trasted the molecular dynamics approach 
to more traditional modeling methods 
such as empirical modeling and rate the-
ory measurements (both with limitations).  
Although the molecular modeling requires 
a deep understanding of physical chemis-
try method and techniques, it may lead to 
a vast expansion of our knowledge of reten-
tion and mass transfer mechanisms as well 
as improve the robustness of LC modeling. 

Machine learning approaches were 
also noted as an emerging trend. Torgny 

Fornstedt from Karlstad University gave a 
talk on ion-pair chromatography of oligo-
nucleotides, discussing the importance of 
machine learning to interpret and act on 
the abundance of data that is collected 
for these complex analytes. In the fol-
lowing lecture, Imad Haidar Ahmad from 
Merck & Co. discussed the multifactorial 
modeling of data for multidimensional 
chromatography in an attempt to facilitate 
method development in both one- and  
two-dimensional separations.

Green Analytical Chemistry
A major theme throughout the conference 
centered on green analytical chemistry and 
some of the major topics discussed previ-
ously, such as SFC, microscale separations, 
and even modeling, can be related to this 
theme. As with other areas of chemistry 
and life in general, analytical chemists will 
certainly be called upon to get creative 
and generate less waste, use less power,  
and establish overall sustainable methods 
of analyses moving forward.
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Highlighted Areas of Application
The application of modern separation tools 
in life sciences was once again prominent 
at the symposium. Whereas recent HPLC 
meetings have focused largely on pro-
teomics and related therapeutics (that is, 
monoclonal antibodies [mAbs] and anti-
body–drug conjugates [ADCs]), HPLC 2022 
also had a strong focus on oligonucleotides, 
lipids, and the emerging general topic of 
personalized medicine.

Oligonucleotides, RNA, 
DNA, and Nucleic Acids
The most recognized applied topic for the 
conference was centered on the separation 
of oligonucleotides, including various ribo-
nucleic acid (RNA) and deoxyribonucleic 
acid (DNA) classes. A simple search of the 
conference technical program using the 
term “oligonucleotide” revealed the topic 
was highlighted not only in many lectures 
and posters, but also in several vendor sem-
inars and short courses. The focus on oligo-
nucleotides likely stems from the location 
of the conference (San Diego is a recog-
nized hotbed for oligonucleotide research), 
recent success of oligonucleotide-based 
therapeutics and, of course, the elevated 
general community recognition of oligo-
nucleotides because of Covid-19. 

In a session dedicated to nucleic acids 
and oligonucleotides, Kelly Zhang, Claus 
Rentel, and Alexandre Goyon from Genen-
tech impressed many attendees with their 
recent efforts in analyzing oligonucleotides 
using clustered regularly interspaced short 
palindromic repeats (CRISPR). In her lecture 
entitled, “Characterization of Guide RNA 
for CRISPR Gene Editing,” Zhang described 
methods for characterizing guide RNA 
(gRNA) for CRISPR gene editing systems 
and therapeutics. Zhang described ion-pair 
RPLC (IP-RPC) strategies, and noted the best 
results were achieved by using large pore 
stationary phases, triethylamine (TEA)- and 
hexafluoroisopropanol (HFIP)-supplemented 
mobile phases, and temperatures less than 
40 °C to resolve variants. For fine discrimina-
tion of gRNA that only differ by one nucleo-
tide, Zhang employed the use of HILIC–MS.  
Overall, Zhang’s platform of methods 
includes IP-RPLC, SEC, and HILIC–MS in 
analyzing these biotherapeutics.

Rentel discussed the analysis challenges 
and methods for synthetic oligonucleotides 
by LC–MS in the paper “Analytical Tech-
niques for Oligonucleotide Therapeutics.” 
Three different modes of chromatography 
were employed in characterizing oligonucle-
otides: ion-pairing, reversed-phase chroma-
tography (IP-RPC) using various IP reagents, 
weak anion exchange (WAX) chromatogra-
phy, and metal ion complexation chroma-
tography. The IP-RPC was used to resolve 
positional isomers of nucleic acids to detect 
truncated or modified oligos. The WAX chro-
matography was employed to resolve dia-
stereoisomers and deamidation by-products 
during formulation. Alternatively, the metal 
ion complexation chromatography methods 
were also used to examine diastereoisomers.

In the lecture entitled “Development of 
Innovative Analytical Approaches for the 
Separation of Large RNA Oligonucleotide 
Impurities and Their Sequencing,” Goyon 
discussed a 2D-LC–MS platform to ana-
lyze these impurities. The first-dimension 
column was packed with various nucle-
ase enzymes to digest the large oligo-
nucleotides into smaller fragments that 
would be more amenable to ionization 
and interpretation in the MS instrument. 
Goyon shared with the audience that 
this technique was successful in allowing 
for the detection of very minute modifi-
cations in the oligonucleotide product, 
including even single oxidation events on 
one nucleotide. The second-dimension 
column was a HILIC phase because it 
provided better resolution than several 
IP-RPC columns and methods.

In a second session dedicated to nucleic 
acids and oligonucleotides, Gregory Jones 
of Alnylam Pharmaceuticals discussed ways 
to automate impurity characterization of 
oligos utilizing multidimensional chroma-
tography in his talk, “RNAi Therapeutic 
Impurity Characterization: Workflow Auto-
mation using Multidimensional Chromatog-
raphy.” Also noted as a highlight by several 
attendees was Ken Cook’s presentation,  

“Optimization of mRNA Sequence Analysis 
by UHPLC/HRMS.” 

Separation of oligonucleotides is com-
plicated and, as expressed by many of the 
presenters, requires a number of separation 
tools. IP-RPC and HILIC appear to be the 

main modes of separation, sometimes in 
combination (multidimensional approaches). 
It was also evident that column and system 
metal passivation (bio-inert) is highly desir-
able for this class of analytes.

Lipids
A highly touted lecture from Michal 
Holčapek, University of Pardubice, high-
lighted the use of ultrahigh-performance 
supercritical fluid chromatography coupled 
with MS (UHSFC–MS) for high-throughput 
quantitation of lipids in biological samples. 
Holčapek described the SFC approach 
and compared it to HILIC and RPLC sepa-
ration modes (also coupled with MS).  
Although each mode has its advantages, 
the UHSFC–MS system offered excellent 
selectivity and sensitivity (among other attri-
butes) at comparatively short analysis times 
(see Figure 5). Holčapek went on to describe 
how the methodology was impressively 
applied to the early diagnosis of pancreatic 
and other cancer types. In a post-confer-
ence communication, Holčapek noted that 

“We have already established the spin-off 
company LipiDiCa (abbreviation of Lipido-
mic Diagnosis of Cancer), hired [our] first 
employees, are installing instruments in the 
laboratories now, and we are working on 
the preparation of clinical validation, which 
is a crucial step in our ambitious effort.”  
The reader is referred to two recent key 
papers that the presentation was derived 
from in the literature (5,6).

Lipid research was also well repre-
sented by both Robert Kennedy (“Capil-
lary LC at 35,000 psi and Beyond for Com-
plex Mixture Analysis”) and Erin Baker  
(“Combining Multidimensional Measure-
ments with Standards and Isotopologue 
Workflows to Detect, Identify and Validate 
Molecules in Omic Studies”). Analysis of 
lipids continues to a big opportunity for 
separation science, as they are challenging 
analytes to identify with MS alone. Isomers, 
underdeveloped databases, and a huge 
range of sizes and polarities make them a 
gold mine for separations research.

Personalized Medicine
The emerging topic of personalized medi-
cine was very apparent at the meeting. In her 
plenary lecture in the opening session, titled 
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“Next Phase of Precision Medicine: Applica-
tion of LC–MS,” Jennifer Van Eyk (Cedars-
Sinai Medical Center) discussed the utiliza-
tion of LC–MS in personalized medicine. 

Organ on a Chip/Human on a Chip
Perhaps the most personally memo-
rable lecture of the conference was 
given by Steven Ray Wilson (University 
of Oslo) entitled “Organoids, Organ-
on-a-Chip, and HPLC.” After describing 
the advantages and disadvantages of 
current biomedical research models for 
disease modeling, Wilson introduced 
the ideas of using organoids, or labora-
tory-grown organ models derived from 
human pluripotent stem cells (Figure 6).  
The research effort aims to couple organ-
oids with LC as a means for improving, 
among others, precision medicine and 
drug development. After describing initial 
success studying the role of oxysterols 
in non-alcoholic fatty liver disease using 
a basic “offline” setup, Wilson went 
on to describe a more elaborate liver 

“organ-on-a-chip” for drug metabolism 
studies that utilized electromembrane 
extraction (EME) to sample solutions 
in contact with the operative organ-
oid. Lastly, Wilson described packing  

“columns” with organoids, representing 
a new area of research where devices 
could be developed for research pur-
poses (that is, drug metabolism stud-
ies) or as bioreactors. For the latter,  
the potential of a “pancreas-on-a-chip” 
was assessed by the on-line coupling of 
a disulfide bond cleavage reactor prior 
to MS analysis for measuring excreted 
insulin. The disulfide bond cleavage 
was used to fully characterize the insulin 
released from the organoids when using 
a nano-LC based set up.

Conclusions
The HPLC 2022 symposium was a wel-
come return to face-to-face commu-
nication that was well-organized and 
lively. The meeting once again engaged 
researchers interested in analytical sci-
ence from around the globe. The con-
ference was full of new and expanding 
column and system technologies, offer-
ing new insights into many different sep-

aration modes and exhibiting important 
applications to our craft in real-world 
situations such as personalized medi-
cine and the potential early diagnosis 
of cancer. The meeting also revealed 
some clear emerging topics such as a 
focus on oligonucleotide separations, 
the need for metal passivation of instru-
ments and columns and the increased 
focus on green analytical technologies.  
That said, it was mentioned by many 
attendees that there were no monu-
mental or revolutionary developments 
noted at the conference, so it appears 
the science is still trending in accor-
dance with Moore’s Law. Be it from 
3D-printing advancements, develop-
ments in microscale separations or 
perhaps revelations from molecular 
dynamics studies, the scientific com-
munity lies in anticipation for that next  
revolutionary discovery. 
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Testing the Fundamentals: 
An Examination of Your Extraction Knowledge
As I write this, I’m also grading the final exam from my “Chromatography and Separations” course. We spent approximately the 
first 75% of the course covering column chromatography, capillary electrophoresis (CE), and field-flow fractionation. The remainder 
of the course focused on chromatographic sample preparation. The final exam was based on this last section of the course.  
Some questions make a good review of the fundamentals of various extraction techniques. The basis for these questions may 
have been discussed in previous iterations of this column, in analytical chemistry textbooks, or in books on chemical separations. 
I generally give the final exam in my graduate courses as a take-home exam, so you are free to use whatever resources you have 
available to you. Here’s your opportunity to test yourself, as the answers are provided.

Douglas E. Raynie

Question 1: Consider a system 
comprised of water and a neu-

tral solute. An aliquot of this mixture 
is used to partially fill a septum-
capped vial, and solid-phase micro-
extraction (SPME) is used to extract 
the solute from the headspace 
vapor. Using Gibbs’ Phase Rule,  
how many degrees of freedom 
describes this extraction system? 
Considering these degrees of free-
dom, what are the important param-
eters in developing this extraction?
The phase rule, F = C – P + 2, describes 
systems at thermodynamic equilibrium, 
where F is the number of degrees of 
freedom describing the system; C is the 
number of components in the system; 
and P is the number of phases. Because 
the phase rule applies to “pressure/
volume/temperature (pvT)” systems,  
the constant 2 accounts for the pressure 
and temperature of the system. For exam-
ple, if we have a single solute that may par-
tition between an aqueous and an organic 
phase, there are three components  
(the aqueous and organic phases and the 
solute) and two phases (the aqueous and 
organic), so F = 3 – 2 + 2 = 3. Thus, if the 
temperature and pressure are constant, 

the concentration of solute in one phase 
dictates the concentration in the other 
phase because the system is at equilib-
rium. In other words, concentration is the 
third degree of freedom, which provides 
the basis for the concept of distribution 
ratios. In a slightly more complex, illus-
trative example, consider that the sol-
ute in the previous example is an amine.  
Now we have four components (the aque-
ous and organic phases, the deprotonated 
amine, and its protonated counterpart) 
with the two phases, or F = 4 – 2 + 2 = 4. 
As in the previous example, temperature, 
pressure, and concentration are degrees 
of freedom that describe the system.  
The fourth degree of freedom is the pH (rel-
ative to the pKb of the amine), which deter-
mines whether the amine is protonated  
or deprotonated.

Getting back to our question, in this 
case, we have four components (water, sol-
ute, headspace vapor, and SPME sorbent) 
and three phases (water, headspace vapor, 
and SPME sorbent), or F = 4 – 3 + 2 = 3. In 
addition to the temperature and pressure, 
because all three phases are in equilibrium 
with each other, [solute]aq ↔ [solute]g ↔ [sol-
ute]SPME, the concentration of solute in one 
phase dictates the solute concentration in all 

phases. Thus, headspace SPME can be con-
sidered a quantitative technique, provided 
the SPME fiber is exposed to the headspace 
for a sufficient period to allow equilibria to  
be attained.

Question 2: Refer to the graph in Fig-
ure 1 for a given pair of extractions. 
For each of the two data sets depicted, 
state what property limits the extrac-
tion from producing quantitative yields. 
How might you adjust the extraction 
conditions to produce a more quantita-
tive yield in each case?
The kinetics of most extractions gener-
ally follows the curve shown in Figure 1. 
In these plots, the cumulative amount 
extracted is shown as a function extrac-
tion progress, which may be, for example, 
solvent volume or time in a flow-based 
extraction like pressurized liquid extrac-
tion (PLE) or supercritical fluid extraction 
(SFE), individual separative funnel extrac-
tions, or cycles in a Soxhlet apparatus.  
The kinetics show a rapid extraction 
period because of analyte solubility in 
the extraction solvent under the pre-
scribed conditions, followed by a slowing 
of the curve, where the extraction kinet-
ics become dependent on the diffusion 
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of the solvent (with or without dissolved analyte) through the 
sample phase, asymptotic to the maximum amount extracted. 
Figure 1 demonstrates two different extraction examples.

In the upper blue curve, the initial slope is quite large, dem-
onstrating high solubility of the analyte in the extracting sol-
vent. Approximately 55% of the analyte is extracted in one 
cycle and a combined two-thirds following the second cycle.  
However, the total extraction never exceeds 70%. We can con-
clude that the rate-limiting step for this extraction is the diffu-
sion of the extracting solvent into the pores of the sample par-
ticles (these diffusion-limited situations are much less prevalent 
when extracting liquid or gaseous samples) to solvate the ana-
lyte trapped inside the sample. There are two primary means 
of overcoming the diffusion limitation. The first is to shorten 
the diffusion pathlength (that is, increase the sample surface 
area) by grinding the sample. Extractions of solids are gener-
ally faster as the sample particle size decreases. For example,  
consider making a pot of coffee with whole beans as opposed to 
grinding the beans! The one thing to watch out for in this situation 
is to minimize grinding the sample too fine (say the consistency of 
flour or talcum powder) to avoid the particles packing together 
and impede solvent flow. The second means to address this situ-
ation is to enhance the diffusivity of the solvent. One may choose 
a less viscous solvent, but solubility is not the issue, so we would 
likely stay with the original solvent used. Supercritical fluids are one 

type of potential extracting solvent exhibiting fast diffusion rates. 
The easiest way to improve solvent diffusivity is to heat the system. 
As the temperature increases, the diffusion is faster, which is the 
principle behind techniques such as PLE or microwave-assisted 
extraction (MAE). PLE and MAE allow for higher temperatures 
than the atmospheric boiling point to be used. One caveat is that 
we must avoid thermal decomposition of the sample or analyte. 
Another less often used and more difficult way to increase sol-
vent diffusivity is to add a secondary chemical, such as a surfactant 
or a gas like carbon dioxide (perhaps in the supercritical region),  
which lowers the surface tension and enhances diffusion.
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FIGURE 1: Extraction kinetics for two extraction examples, show-
ing cumulative extraction yield versus the progress of the extraction.
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The example shown in the lower, red curve 
in Figure 1 is limited by the analyte solubility 
in the extracting solvent. Only approximately 
20% of the analyte is extracted during the 
first cycle before the curve flattens, though it 
still rises at a visible rate. This extraction is sol-
ubility limited. Again, increasing temperature 
generally results in increased analyte solubil-
ity. A different solvent, or a solvent additive,  
is most likely needed.

Plotting the extraction kinetics during 
method development, especially when 
extracting solid samples, often helps 
guide the extraction process: Should I 
switch solvents, heat, or grind the sam-
ple? However, the analyst should keep in 
mind two common situations where the 
shape of the kinetic plot may differ from 
that shown in Figure 1. The first common 
situation is where the analyte may decom-
pose (because of light, heat, or oxida-
tion) during the course of the extraction.  
The second common situation the analyte 
may be tightly adsorbed onto the sample 
matrix, or may even be encapsulated by 
the matrix. These situations may require 
more complex method development.

Question 3: Over the past 20–25 years, 
there have been serious concerns 
over the environmental consequences 
(for example, flammability, toxicity, 
and waste generation) of the use of 
organic solvents in chemical extractions.  
Discuss how modern extraction meth-
ods reduce or eliminate the use of 

organic solvents from the perspectives 
of (a) extracting liquid samples and (b) 
extracting solid samples.
Since the 1990s, the chemistry commu-
nity has seen the rise of green chemis-
try, a thought process on the practice of 
our discipline considering the health and 
environmental consequences of our prod-
ucts and processes. At approximately the 
same time, there has been the concurrent 
development of the next generation of 
extraction techniques with improved perfor-
mance. Techniques like solid-phase extrac-
tion (SPE), SPME, hollow-fiber membranes, 
SFE, PLE, and MAE are among the tech-
niques that possess significant performance 
advantages compared to their traditional 
counterparts and happen to have green 
advantages as well. These approaches are 
preferred because methods cannot pos-
sess green advantages only; they must also 
be cheaper, faster, and more quantitative 
(equal performance will not cut it) than the 
methods they are replacing.

Extracting liquid samples has been 
greatly influenced by the use of adsor-
bents, such as chromatographic station-
ary phases. This led to the development 
of SPE, followed by SPME, stir-bar sorp-
tive extraction (SBSE), immobilized liquid 
extraction (ILE), and others. The key fea-
ture of each of these techniques is that 
the dissolved (typically aqueous) sample 
is added to the sorbent phase, with a 
variety of configurations that define the 
techniques, and small amounts of organic 

solvent are used in the washing steps, 
the desorption steps, or both. The same 
organic solvents may be used in conven-
tional extractions or different solvents may 
be used. As these methods, especially 
SPME and SBSE, were developed, ther-
mal desorption of the analyte from the 
sorbent led to the complete elimination of 
organic solvent use. The various formats of 
these sorbent-based extractions became 
the basis for other techniques like hollow-
fiber membranes and support-assisted 
liquid–liquid extraction (SALLE), which also 
dramatically reduced organic solvent use.  
Single-drop microextraction (SDME) can be 
envisioned as a derivative of SPME where 
microliters of immiscible organic solvent 
may be considered as the sorbent phase.

Meanwhile, the extraction of solid 
samples was advanced by the develop-
ment of instrumental approaches that 
utilize energy to impact the extraction.  
Generally, the energy is manifested in the 
form of heat to improve solubility, diffu-
sion, and desorption energy, as discussed 
in Question 2. These techniques include 
PLE, MAE, and ultrasound-assisted 
extraction (UAE). The advantage of these 
techniques is a reduction of solvent use 
from hundreds of milliliters in Soxhlet 
extraction, for example, to tens of milli-
liters. The techniques also happen to be 
faster (from up to a day to 15–30 min per 
extraction), and more reproducible.

In addition to the newer techniques 
described above, another approach 

TABLE I: Comparison of the attributes of modern extraction techniques

Soxhlet
Automated

Soxhlet
SFE PLE MAE UAE

Extraction time High Medium Low Low Low Medium

Organic solvent 
consumption

High Medium Low Low Low Medium

Manpower 
(time/sample)

High Medium Low Low Medium Medium

Operating cost 
per sample

High Medium Low Low Low Medium

Equipment 
acquisition cost

Low Medium High High High Medium

Extract filtration 
or clean-up?

Clean-up Clean-up None Clean-up Both Both

Automation No Partial Yes Yes Yes Partial
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applied to both liquid and solid samples is 
the use of alternative solvents with green 
advantages. Beginning in the mid-1980s, 
SFE began to be used more frequently. 
Supercritical carbon dioxide has solubil-
ity and selectivity advantages for cer-
tain compounds and favorable diffusion.  
The instrumental configuration of SFE 
also inspired the subsequent develop-
ment of PLE and MAE. Natural products 
like D-limonene, α-pinene, ethyl lactate, 
deep eutectic solvents, and ionic liquids 
are all finding use in analytical extractions.  
Coacervative extractions, such as cloud-
point extraction (CPE), use surfactants to 
encapsulate solutes in the form of mis-
celles to isolate and separate the solutes 
from the liquid solution.

Question 4: Choose one of the more 
“advanced” methods (that is, auto-
mated Soxlet, UAE, PLE, SFE, or MAE) 
for extracting solid samples. Compare 
this method with the traditional Soxhlet 
procedure in terms of method opera-
tion, time, solvent use, cost, safety,  
and other performance variables.
Table I summarizes the attributes of each 
of the subject extraction techniques.  
Each of the techniques is much quicker 
than Soxhlet extraction, which takes 
6–24 h. SFE, PLE, and MAE use the 
least amount of solvent, even though 
automated Soxhlet and UAE are 
also reduced-solvent use techniques.  
The automation characteristics of SFE, PLE, 
and MAE result in less labor intensiveness.  
The instrumental methods suffer from a 
high acquisition cost, but that is amor-
tized to a lower operating cost per sam-
ple. Although each technique is safe if 
operated properly (Soxhlet extraction 
should be performed in a fumehood), the 
instrumental methods have built-in fea-
tures to avoid exposure to solvent vapors. 

Question 5: Caffeine has an octa-
nol–water partition coefficient, or Kow,  
of 0.616. A cup (237 mL) of coffee con-
tains 95 mg of caffeine. If you want to 
extract caffeine from a cup of coffee 
using liquid–liquid extraction (LLE) with 
a separatory funnel and ethyl acetate 
as the solvent, how many extractions 

and how much solvent will be used to 
extract 92 mg of caffeine, if 237 mL each 
of coffee and ethyl acetate are used in  
each extraction?
The Kow can be used to estimate 
the amount of solvent used in a LLE.  
This value is tabulated for many com-
mon compounds of biochemical or envi-
ronmental interest in several references.  
The Kow is the equilibrium constant show-
ing the distribution of an analyte (A) 
between a nonpolar solvent (n-octanol) 
and water: Kow = [A]org/[A]aq, assuming 
n-octanol approximates all nonpolar 
organics. One thing I try teaching stu-
dents is to estimate an answer using what 
is known. With a Kow of approximately 0.5, 
one-third of the solute should partition into 
the organic solvent with each extraction, or 
seven steps should extract approximately 
95% of the caffeine in this case.

The equation: 

Benzoic acid Ethyl benzoate

O

OH

O

O CH3

[A]i = (                    )i [A]0

Vaq

VorgK + Vaq
[1]

where [A]i is the concentration of analyte 
remaining in the sample following i num-
ber of extractions, [A]0 is the initial con-
centration of analyte in the sample, and 
Vaq and Vorg are the volumes of aqueous 
sample and organic extracting solvent, 
tells use the efficiency of an extraction. 
Using our ballpark estimate of seven 
extractions: [A]i = (237 mL coffee)/((237 
mL ethyl acetate x 0.616) + 237 mL cof-
fee))7 x 95 mg caffeine = 3.3 mg caffeine 
remaining. This will result in a whopping 
1659 mL of ethyl acetate to extract the cup  
(237 mL) of coffee.

Therefore, seven extractions will result 
in a cup of coffee with 91.7 mg caffeine 
remaining. From an analytical perspective, 
selection of a solvent with a greater Kow 
for caffeine will provide a more efficient 
extraction. From a coffee drinker perspec-
tive, start with decaffeinated beans!

Question 6: Both benzoic acid and ethyl 
benzoate (structures shown below) are 
soluble in organic solvents. How can you 
use extraction to separate them from  
a solution?
Knowledge of the acid-base proper-
ties of benzoic acid is key to solving this 

problem, similar to the amine example 
in Question 1. The pKa of benzoic acid is 
4.20, meaning that it will be in the depro-
tonated, or anionic, form at neutral pH or 
at any pH greater than 1.5 pH units higher 
than the pKa, or pH 5.60. Therefore, it 
should be water soluble. The ethyl ester 
is not impacted by pH and is essentially 
insoluble in water. Thus, a LLE using neu-
tral water and a water-immiscible organic 
solvent should achieve the desired sepa-
ration. As seen in Question 5, selection of 
the organic solvent should be based on 
the Kow of ethyl benzoate in that solvent.

Benzoic acid Ethyl benzoate

O

OH

O

O CH3

[A]i = (                    )i [A]0

Vaq

VorgK + Vaq

Conclusion
I hope that this month’s column provides 
an understanding of important extrac-
tion and sample preparation concepts.  
You are challenged to recall your knowl-
edge, or learn it for the first time, using 
the format of exam questions. Because our 
course is taught in alternate years, I’m likely 
to teach the course no more than one more 
time before retirement. Therefore, other 
professors are welcome to reuse or modify 
my questions, but it is also likely that these 
questions will be available to your students 
on various internet sites. Future installments 
of this column may present other exam 
questions I’ve developed over the years.  
In the meantime, as sung by Alice Cooper, 

“School’s out!” 

Douglas E. Raynie
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Getting “Under the Hood” of Gas Chromatography: 
Lessons from ChromTalks 2022
The gas chromatography (GC) session of the 2022 ChromTalks event, sponsored by LCGC and ChromAcademy,  
brought together six world-renowned gas chromatography experts who discussed some of the most important 
lessons in troubleshooting and “getting under the hood” of gas chromatography. In this installment, we revisit the  
2022 ChromTalks, discussing the most important GC troubleshooting lessons from the symposium. 

Nicholas H. Snow

Speakers in the gas chromatogra-
phy (GC) session of the ChromTalks 

2022 event, sponsored by LCGC and 
Chrom-Academy, provided practical 
advice for maintaining, optimizing, and 
troubleshooting sampling, inlets, detec-
tors, data handling, and documentation.  
They shared key insights about how to 
get the most out of GC for the most dif-
ficult problem solving, carry out the best 
quantitative analysis, and ensure the 
highest data integrity (1). 

I led off the symposium with a discus-
sion of some hidden errors in sampling 
and sample preparation, especially in 
glassware handling, that befall all of 
our methods, which was discussed in a 
previous installment of this column (2).  
Our first two lessons are these:

Lesson 1: Volumetric glassware is 
not perfect. It has finite uncertainty that 
must be considered in the development 
of even the simplest methods. 

Lesson 2: Be careful of basic statistics 
and significant figures when reporting 
results. We often over-report significant 
figures and under-report experimental 
uncertainty, making our results appear 
better than they actually are. 

Now, we discuss highlights from the 
other five speakers’ talks, and provide 
information on how you can access the 
recorded talks online. In my opinion,  

this was one of the strongest lineups of 
gas chromatographers in one sympo-
sium in recent memory. There was far 
more takeaway information than we can 
discuss here, so please access the full 
session on-demand at ChromAcademy, 
LCGC’s educational partner, or in the 
webcast section of the LCGC website 
(www.chromatographyonline.com). 

Jaap de Zeeuw of Creavision, an inde-
pendent consulting firm and a longtime 
column and instrumentation wizard with 
Varian and Restek, discussed “The 10 
Most Important Maintenance Points You 
Need to Know About Your Split/Splitless 
Injection System.” Hans-Gerd Janssen of 
Unilever and Wageningen University then 
discussed “Sample Introduction Meth-
ods for Liquid Samples in GC: Classical 
Volumes and Large Volumes.” Matthew 
Klee, currently of XO Associates and pre-
viously a longtime GC leader at Agilent 
Technologies, presented “Optimizing the 
Inlet-to-Column Transition in Gas Chroma-
tography.” Mary Ellen McNally of FMC Cor-
poration followed with “Detecting It All— 
Keeping Your Response Consistent with 
Common GC Detectors.” Finally, Greg-
ory Slack of Boston Analytical discussed  

“Qualifying and Optimizing GC Instru-
ments and Methods in High-Throughput 
Regulated Laboratories.” The titles alone 
provide some insight into the most com-

mon trouble points in GC: inlets, injection, 
detectors, data handling, and documen-
tation. A follow-up session at ChromTalks 
included talks from vendor scientists 
including Agilent Technologies, CEM/
Lucidity, LECO, and Scion Instruments. 

Lesson 3: The inlet is the most dif-
ficult part of the instrument to under-
stand and optimize. Jaap de Zeeuw 
offered over 10 practical tips for optimiz-
ing and caring for split/splitless inlets, 
some of which are highlighted here. 

Lesson 4: Take care with the septum 
and ferrules. Pre-seal ferrules onto the 
column prior to installation to ensure a 
secure leak-free seal. Ferrules should 
be tightened, but not too tight, using 
modern finger-tight fittings and avoiding 
wrenches. Use an electronic leak detec-
tor for checking for leaks; avoid using 
soap solutions because these can allow 
soap to enter, and thus contaminate the 
system. Beware of inlet contamination 
by septum particles. Septa are made of 
the same polymers that make up com-
mon stationary phases. Inspect the liner 
regularly for septum particles. Particles 
can retain your analytes, generating 
unwanted retention in the inlet. A septum 
has about 60 times more polydimeth-
ylsiloxane (PDMS) than the whole col-
umn. Septum lifetime depends on sep-
tum type, temperature, syringe needle,  

Large industrial scale farms use triazines to help increase the 
production of foods through the blocking of broad-leaf weeds. 
The inhibitors are primarily used on farms growing corn, sugar 
cane, palm oil, and citrus and, to a lesser degree, weed control  
in roadway applications. 

The primary mode of action for triazine herbicides in plants is 
through the binding of proteins involved in the electron transfer 
chain of the photosystem II pathway of photosynthesis.1 Triazine 
compounds block the water reduction pathway, which normally 
generates protons that are used in subsequent steps along the 
electronic cascade. With the plants’ proton pump deactivated, 
the gradual destruction of chloroplasts occurs, culminating in 
plant death.2, 3 

Triazines have been found as contaminants in waterways  
and drinking water supplies. Multiple studies have shown  
that triazines exhibit endocrine disruption in female and  
male reproduction in reptiles, rats, and humans.4

As such, drinking and waste water regulations involving triazine 
compounds are now employed. Structural similarities between 
the seven federally approved triazines adds to the difficulty of 
identification, isolation, and quantification. Hamilton Company 
has achieved a separation using the 3 µm HxSil HPLC column. 
The column utilizes C18 moieties chemically bonded to silica as 
its primary mode of separation. The ample end-capping applied 
to the column helps to facilitate longer lifetimes while limiting 
free silanols. The Hamilton ODS column is a great choice when 
analyzing analytes that exhibit Lewis basicity and therefore 
contribute more extensively to acidic hydrogen bonding in the 
stationary phase. The separation of the seven triazines occurs 
within 15 minutes, with baseline resolution of all critical pairs. 

Author: Adam L. Moore, PhD, Hamilton Company
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centering of the autosampler, and sam-
ple solvent. To minimize problems, use a 
lower temperature, septum purge, and 
new generation septa, and make sure to 
replace them on time. Always have spares 
of septa and all other changeable parts 
on-hand for quick replacement. 

Lesson 5: Beware of sample size and 
backflash. The sample matrix can con-
taminate carrier gas lines and be eluted 
as ghost peaks, or as a broad baseline 
drift that cannot be attributed to column 
bleed. This usually results from backflash 
generated by injecting too much sample. 
Interestingly, the sample matrix can also 
deposit in the split line, causing ghost 
peaks and possibly changing the split 
ratio. Backflash is also a possible cause 
of very broad ghost peaks. Just 1 μL of 
liquid can generate up to 1 mL of vapor, 
depending on the solvent and injection 
conditions used. This can be a greater 
volume than the glass liner, causing the 
backflash. Several vendors have injec-
tion volume calculators that can help with 
determining the maximum injection vol-
ume, depending on choice of liner, sol-
vent, pressure, and temperature. 

Lesson 6: Column positioning and inlet 
liner geometry are critical. Be sure to 
know the correct column positioning in the 
inlet liner. This varies by instrument manu-
facturer, liner geometry, and injection tech-
nique. When performing split injections 

with wool in the liner, make sure the wool is 
in the correct position. Use wool in the liner 
to assure high heat transfer to the sample, 
while minimizing the temperature drop 
because of evaporation. Wool also pre-
vents small liquid droplets from reaching 
the column, and catches impurities such as 
septum particles. For split injections, use a 
4-mm internal diameter (i.d.) liner with glass 
wool, or a cyclo liner if wool is not used.  
For splitless injection, a 4-mm i.d. single 
taper liner with wool at the bottom is recom-
mended. If wool cannot be used, a 4-mm 
i.d. double taper with cyclo is best, but 
also more expensive. In a previous install-
ment of this column, I discussed inlet liners 
(3). If you review that, you will see differ-
ent recommendations. One challenge that 
remains with inlet liners is that they should 
be studied as a part of the method devel-
opment process. There is no single liner 
that works best with all samples. To improve 
the lifetime of a liner, inject less sample, use 
a lower temperature and cleaner sample,  
or use backflush techniques. 

Lesson 7: “If the column is described 
as the heart of the chromatographic 
system, than sample introduction is the 
Achilles heel.” – Pretorius and Bertsch 
1983 (4). Hans Gerd Janssen and co-
author Sjaak de Koning discussed sample 
introduction for liquids using classical and 
large volumes. There is a wide range of 
injection techniques available; how do we 

select one? The main factors to consider 
include sample concentration, stabil-
ity, boiling point of solvent and analytes, 
polarity of the solvent, and injection vol-
ume. A decision tree to assist in making 
the best choice of injection technique was 
provided in the presentation. 

Lesson 8: Understand the impact of 
solvent and stationary-phase focusing 
on splitless injections. Peak focusing is 
very important in sample introduction; 
we can only get narrow peaks at the end 
of the column if we introduce narrow 
peaks at the beginning of the column.  
Whatever injection technique is used, 
think about how the analytes are focused 
at the column head. In stationary-phase 
focusing, bands are focused by interaction 
with the stationary phase and is inherent in 
temperature programming. The cool tem-
perature at the column head traps ana-
lyte bands near the head of the column. 
The second mechanism, solvent focusing, 
works for volatile analytes. After the injec-
tion, a band of liquid solvent is created 
at the column inlet. As the solvent band 
evaporates, analytes are concentrated 
until the solvent band fully evaporates.  
In a classical split injection, transfer through 
the inlet is very rapid, so peaks enter the 
column already focused. Classical splitless 
injection is a much slower process, requir-
ing peak focusing, either by solvent or sta-
tionary phase focusing at the beginning of 

http://www.scioninstruments.com
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the run. Hans-Gerd presented several guide-
lines for splitless injections, including purge-
off time, initial oven temperature (keep it  
20 degrees or more below the pressure cor-
rected solvent boiling point), and avoiding 
sample discrimination. 

Lesson 9: Try cold injection tech-
niques. Although split and splitless injec-
tions are most widely used, programmed 
temperature vaporization (PTV) injection 
combines the benefits of split, splitless, 
and on-column inlets. In short, the sample 
is injected cold as a liquid into the liner,  
and analytes are transferred into the col-
umn by rapidly heating the inlet. There are 
three modes: cold split, cold splitless, and 
solvent elimination, with solvent elimination 
being the most useful. In solvent elimination,  
the syringe to liner and liner to column 
transfers are decoupled. Hans-Gerd pro-
vided an overview of how solvent elimina-
tion PTV injection can be used to inject both 
traditional volumes of liquid volumes and 
large volumes up to hundreds of microliters.  
An overview of cold injection techniques 
with references was provided in a recent 

“GC Connections” column (5). 
Lesson 10: Representative sampling is 

critical if the full sample is to be analyzed, 
as in untargeted analysis. It is less critical 
in targeted analysis. Matthew Klee dis-
cussed the inlet-to-column transition, includ-
ing representative sampling, discrimination,  
droplet formation in the column, liner-versus-

column decomposition, and maintenance 
principles. Regardless of the inlet or detector 
system, representative sampling is critical if 
the sample components must be fully char-
acterized, a is the case in untargeted analysis.  
Representative sampling is not always 
needed in targeted analysis. To ensure rep-
resentative injection in an Agilent GC system, 
install the insulation cup in the oven under 
the inlet. The inlet temperature causes dis-
crimination, which results in nonrepresenta-
tive sampling with sources including pres-
sure surge or liner overload, causing loss of 
volatile components and too low tempera-
ture, which causes loss of less-volatile com-
ponents. Splitless purge time also influences 
discrimination with less-volatile components 
requiring longer purge times. 

Lesson 11: Use a tapered liner with 
glass wool for most liquid injections. 
Although simple straight liners were recom-
mended in the past, for simplicity, today, a 
liner with glass wool at the top and a taper at 
the bottom is recommended for most liquid 
injections. Wool wipes the needle and pre-
vents septum pieces from falling further into 
the liner. This helps reduce inlet degradation, 
which can cause peak splitting or poor peak 
shapes. Column degradation will gener-
ally cause a broad increase in the baseline.  
If both are present, a “bridge” between the 
two peaks might be seen. Split peaks also 
often result from sample condensation in the 
column; use of a retention gap or uncoated 

precolumn can ensure that a stable uniform 
solvent film is formed in a splitless injection. 
Split peaks commonly result from a mis-
match in polarity between the solvent and 
the stationary phase. Finally, have a routine 
maintenance schedule that includes sep-
tum, liner, baseplate and seal replacement,  
column trimming and installation, and sol-
vent vent trap replacement. 

Lesson 12: Detectors are not just a “black 
box” at the end of the column. Mary Ellen 
McNally discussed detectors, with a focus on 
the fundamentals of how common and selec-
tive detectors operate, as well as principles 
common to detection. Some key practical 
considerations for all detectors include:
• Avoid temperature fluctuations when 

placing the instrument. Avoid air condi-
tioning ducts, drafts, vents, and poorly 
insulated walls. Detectors are very sen-
sitive. Also, allow time for the detec-
tor temperature to equilibrate when 
changed or cooled for maintenance. 

• Watch for gas leaks. Gas leaks can 
seriously degrade performance; for 
example, diffusion of air into a thermal 
conductivity detector (TCD) is particu-
larly bad because air has a different 
conductivity than helium or nitrogen.  
Use an electronic leak detector to 
ensure all connections are leak free, 
and ensure that carrier gas is pure. 
Carrier gas impurities will cause both 
elevated baseline and noise.

● Continued on Page 450
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Analysis of Near 400 Pesticides in Tea via 
LC–MS/MS: Simple Sample Preparation 
and APCI to Improve Analyte Coverage
As regulatory laboratories search for and implement consolidated methods for multiple matrix and analyte classes, compound lists 
increase to hundreds or thousands of targets. Multi-instrument approaches are often relied upon to analyze all pesticide targets, 
with the workload split between liquid chromatography–mass spectrometry (LC–MS) and gas chromatography–mass spectrometry  
(GC–MS) instrumentation. In this work, a simple solvent extraction approach was coupled with dual source electrospray ionization (ESI) 
and atmospheric pressure chemical ionization (APCI) modes on an LC–tandem mass spectrometry (MS/MS) instrument to analyze  
395 analytes extracted from black tea (345 compounds via ESI and 50 compounds via APCI, along with the internal standards).  
Excellent method performance (defined as an accuracy of 70–120% and a precision of <20% at one of two validation levels) was 
achieved for over 93% of analytes, including compounds normally analyzed by GC–MS, such as trifluralin, chlorfenson, chlormephos, 
fenchlorphos, etridiazole, and others. This approach can allow the consolidation of a pesticide method to a single instrument or 
significantly reduce the workload of a complementary GC–MS method.
 
Alexander Kasperkiewicz, Avinash Dalmia, Thomas Dillion, and Feng Qin

Because tea is the most consumed 
beverage worldwide, the global tea 

crop has immense cultural and economic 
importance (1). As with any crop, growers 
use pesticides to ensure high harvest yields 
and quality, resulting in consumer exposure 
via the brewing process (most notably for 
polar analytes such as neonicotinoids and 
organophosphates) (2–4). Regulatory and  
testing laboratories face challenges as 
consumer preference in organic prod-
ucts increases, pesticide screening lists 
broaden, and global tea trade and con-
sumption grow. These laboratories rely 
on mass spectrometry (MS) techniques, 
such as gas chromatography–tandem MS 
(GC–MS/MS) and liquid chromatography–
tandem MS (LC–MS/MS), to quantify pes-
ticide targets, often requiring both instru-
ment platforms to fully cover their target 
lists (5). As demonstrated in past publica-
tions, atmospheric pressure chemical ion-
ization (APCI) in LC–MS/MS can substitute 
for GC–MS/MS in analyzing some nonpolar 

compounds that can reduce cost and com-
plexity for routine analysis laboratories (6–8).

In the same efficiency vein, sample 
preparation techniques for tea analysis are 
often based around the quick, easy, cheap, 
effective, robust, and safe (QuEChERS) 
extraction techniques, solid-phase extrac-
tion (SPE), or both (9). These sample prep-
aration approaches add complexity, cost, 
and time for minimal to no improvement 
in extraction efficiency, and matrix effects 
as compound panels are scaled up to hun-
dreds or thousands of targets (10,11). 

In the following work, a simple sol-
vent extraction approach was coupled 
with a LC–MS/MS instrument fitted with 
a dual electrospray ionization (ESI) and 
APCI source to analyze approximately 400 
pesticides extracted from black tea (345 
compounds analyzed via ESI and 50 com-
pounds determined via APCI). Excellent 
method performance (defined as accuracy 
of 70–120% and a precision of <20%) was 
achieved for over 93% of analytes, includ-

ing compounds normally analyzed by GC–
MS/MS, such as fluralins, chlormephos,  
chlorfenson, thiometon, and others (5).

Experimental
Materials
All experiments were carried out using a 
QSight LX50 ultrahigh-pressure LC (UHPLC) 
instrument coupled to a QSight 420 triple 
quadrupole MS instrument (PerkinElmer, 
Inc.) via a divert valve. All instrument control, 
method development, and data process-
ing were completed using the Simplicity 
3Q software. All pesticide standards were 
sourced in custom mixes from AccuStan-
dard. The internal standards were sourced 
from the One Pesticide420 Reagent Kit 
(PerkinElmer, Inc.), containing 29 deuter-
ated pesticide analogues. For sample 
extraction, 15 mL centrifuge tubes, a high-
capacity vortex mixer (DVX-2500 from VWR 
International LLC), and a refrigerated cen-
trifuge (5702 R from Eppendorf Canada 
Ltd) were used. Black tea, chamomile tea,  
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herbal blend tea, and the catnip matrix 
were purchased from a local organic spe-
cialty store in Toronto, Ontario. The tea was 
ground prior to extraction by using a con-
sumer-grade personal blender and sieved 
to a particle size of <1 mm. All the solvents 
and mobile phase additives that were used 
were LC–MS grade.

Analytical Protocols
A solvent extraction sample preparation 
procedure (illustrated in Figure 1) with 
internal standard dilution was employed:  
1 ± 0.01 g of the ground and sieved tea 
sample was weighed into a 15 mL centri-
fuge tube. For prespiked recovery experi-
ments, pesticide standards were spiked 
into the solid matrix with the samples 
placed on a high-capacity vortex shaker 
pulsing at 1500 rpm for 1 hr. Following 
agitation, 10 µL of the internal standard 
mix was added, along with 5 mL of aceto-
nitrile and 0.1% formic acid. After extract-
ing the solvent addition, the samples 
were agitated again for 30 min at 1500 rpm. 

Following extraction, the samples were cen-
trifuged for 5 min at >3 × 103 RCF, with 1 mL 
of the extract filtered through a 0.2 µm filter 
into a 2 mL amber vial for LC–MS/MS analysis. 

Solvent calibrants with stable isotope-
labeled internal standards were used for 
calibration, with nine calibration standards 

prepared in a neat solvent spanning the 
range of 0.1–250 ng/mL. The accuracy and 
precision of the method were determined 
at the 10 ng/g and 100 ng/g level (spiked 
in tea samples) across four sample repli-
cates. Limits of quantification (LOQs) were 
reported at the lowest concentration level, 

FIGURE 1: Analytical procedure employed for analyzing pesticides from tea: 1) 1 g of tea 
sample measured into a 15 mL centrifuge tube along with internal standards; 2) 5 mL of ace-
tonitrile with 0.1% formic acid added; 3) sample agitated for 30 min during extraction; and 4)  
sample centrifuged before 5) filtration and analysis via LC–MS/MS with ESI and APCI methods.
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which met the accuracy qualifiers within 
70–120%, a relative standard deviation (RSD) 
of <20%, and the signal-to-noise (S/N) ratio 
of greater than 10 (for the quantifier transi-
tion) requirements. For analytes with accu-
racy values outside the range of 70–120%, 
LOQs were determined as the lowest point 
in the calibration curve with a S/N of greater 
than 10. Matrix effects were determined 
by comparing the slopes between calibra-
tion curves made in neat solvent and tea 
extract (with stock standards spiked into 
solvent and extract), which was reported 
as a percentage of signal suppression and 
enhancement (%SSE). Absolute matrix 
effects in the additional tea matrices of 
chamomile, herbal blend, and catnip were 
determined by comparing the peak areas 
between the post-extract spike and solvent-
only standards at 10 ng/mL and 100 ng/mL, 
expressed as %SSE (12). 

Instrumental Conditions
Instrumental parameters for both the APCI 
and ESI methods are shown in Table I.  
A time-managed multiple reaction moni-
toring (TM-MRM) method was built for 
both APCI and ESI compounds. In total, 
690 MRM transitions were monitored 
for 345 compounds in the ESI method,  

and 100 MRM transitions were monitored 
for 50 compounds in the APCI method, 
along with the internal standards (shown 
in Figure 2). For both LC methods, a 100 
mm x 4.6 mm i.d. 2.7 µm Quasar SPP 
C18 column (PerkinElmer, Inc.) was used.

Results and Discussion
LC–MS/MS Method Performance
Because of the high sample processing 
load of routine testing facilities, several 
method development decisions were 
made to meet their high sample through-
put requirements. The pursuit of a protocol-
based around solvent extraction, a com-
mercially available internal standard mixture,  
and internal standard calibration resulted 
in an easy-to-execute analysis procedure. 
Negligible matrix effects (80 < SSE < 120%) 
were observed across 94% (371 compounds) 
of the compound panel. The remaining 6% 
of compounds were either suspected to be 
degrading in the extract (thiocyclam and 
diafenthiuron) (13,14), or displayed signal 
suppression or enhancement greater than 
20% (such as dodemorph and chlormephos, 
respectively). These compounds with matrix 
effects greater than 20% demonstrated 
the need to incorporate internal standards 
into the calibration and sample preparation 

procedure to improve method accuracy, as 
well as to provide flexibility to expand the 
protocol to additional matrices and com-
pounds in the future. Internal standards 
were added before extraction to correct 
for both losses in the sample preparation 
procedure along with matrix effects during 
the analysis step. Excellent analytical fig-
ures of merit were observed for most of the 
analytes under study (displayed for all com-
pounds of interest in Table II), with %SSE in 
black tea ranging from 161 to 69%. Black 
tea has been referenced as a difficult matrix 
in regard to suppression by co-extracting 
matrix-sourced interferences via QuECh-
ERS and other dilute-and-shoot methods.  
However, extensive suppression was not 
observed in our implementation (15–17). 

Similarly, accuracy, precision, and LOQs 
were determined for the compound panel 
across both LC methods. Of the 395 com-
pounds validated, 93% (373 compounds) 
displayed accuracy values of 70–120% 
along with sub-20% RSD values at the 100 
ng/g validation level with 3% (15 com-
pounds) within 60–140%. Full compound 
panel validation results, retention times 
(tR), and method details are presented 
in Table II with a summary of the Table 
II results displayed in Figure 4 for %SSE, 
accuracy, and precision data at the 10 ng/g 
validation level. Of the 11 compounds that 
resulted in recoveries below 60%, eight of 
them (dodine, formetanate, propamocarb,  
ethirimol, imazalil, dodemorph, pymetro-
zine, and cyromazine) were found to have 
constant recoveries at five concentration 
levels spanning 5–500 ng/g (cyromazine at 
100–500 ng/g), with reproducibility across 
both experiments. Recoveries outside of the 
target range of 70–120% can be accounted 
for with a correction factor and if instru-
mental sensitivity remains sufficient (LOQs 
for the aforementioned compounds are  
<10 ng/g with recovery losses). The two 
remaining analytes of diafenthiuron and 
thiocyclam with a recovery lower than 20% 
are known to be pro-insecticides, with deg-
radation integral to their mode-of-action. 
Therefore, if surveillance of these com-
pounds is critical, it is recommended to 
additionally monitor their degradation prod-
ucts: diafenthiuron, derived-carbodiimide,  
and nereistoxin, respectively (13,14,18). 

(a)

(b)

In
te

ns
it

y 
(c

p
s)

In
te

ns
it

y 
(c

p
s)

Time (min)

Time (min)

2
0

1E+05

2E+05

3E+05

4E+05

5E+05

6E+05

7E+05

8E+05

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10

Max: 8.10E+5 cps

Number of Scans: 462
Max: 1.31E+6 cps

0

1E+05

2E+05

3E+05

4E+05

5E+05

6E+05

7E+05

8E+05

9E+05

1E+05

1.1E+05

1.2E+05

FIGURE 2: TIC of 345 and 50 pesticides analyzed using (a) ESI and (b) APCI methods, 
respectively.



WWW.CHROMATOGRAPHYONLINE.COM SEPTEMBER 2022  LCGC NORTH AMERICA  VOLUME 40 NUMBER 9  435

Further Matrix Effects Investigation
Following the promising method valida-
tion results in black tea, an extension of the 
matrix effects investigation was pursued to 
investigate the suitability of this approach in 
other herbal teas. An absolute matrix effects 
study was designed to explore method per-
formance between black tea, chamomile,  
an herbal blend (containing chamomile, 
spearmint, lemongrass, blackberry leaves, 
orange blossoms, hawthorn, and rosebuds), 
and catnip (12). Samples were extracted 
following the procedure highlighted in Fig-
ure 1, and the extracts were spiked at 10 
and 100 ng/mL with the pesticides under 
study. Peak areas were compared between 
the post-extract spikes and solvent-only 
samples, expressed as %SSE. The summa-
rized results can be found in a scatter plot 
in Figure 3 for all compounds and matrices. 
The robustness of the separation method to 
matrix effects continued in the additional 
tea matrices tested. For the ESI method, 
97% of analytes were found to have negli-
gible matrix effects (defined as 85% < %SSE 
< 115%) in black tea, 93% in chamomile, 95% 
in the herbal blend, and 85% in catnip (12).  
The APCI method performed similarly with 
100% of compounds in black tea displaying 
negligible matrix effects, 94% in chamomile 
and the herbal blend, and 89% in catnip. 
The low matrix effects across multiple herbal 
tea products suggests that the method 
developed can be adapted to analyze sev-
eral types of tea with a trivial revalidation. 

LOQs Compared with Pesticide 
Maximum Regulatory Limits (MRLs) 
For a method developed to be fit-for-pur-
pose in the regulatory environment, it needs 
to meet regulatory performance levels.  
A complete comparison of all LOQs deter-
mined to MRLs was not possible, because 
not all compounds were regulated for use on 
tea consistently between regions. The most 
comprehensive and strict regulatory list of 
pesticides in tea was found via the European 
Commission. Of the 395 compounds vali-
dated, 227 compounds have been assigned 
an EU-harmonized MRL and are authorized 
for use in tea products. Upon comparison 
of the method LOQs, it was found that 172 
of the 227 compounds had MRLs at least 
10-fold greater than method LOQs (over 

80% of analytes). The LOQs of the remain-
ing 55 compounds were found to be less 
or equal to the MRL for all but azadirachtin  
and cyhalothrin. 

Using APCI to Reduce ESI Workload 
and Expand Method Coverage
APCI has been shown to be less susceptible 
to matrix effects than ESI for bioanalytical 
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and agrochemical analysis (19). Therefore, 
the addition of APCI to the protocol pro-
vides two primary benefits: it has the abil-
ity to monitor previously GC–MS/MS-only 
compounds (such as pentachloronitroben-
zene, chlordane, fenitrothion, chlorfenapyr, 
and anthraquinone) as well as the flexibility 
to monitor compounds via APCI because 
of improved sensitivity compared to ESI  
(such as phthalimide-class compounds, 
parathion, fluralin-class compounds, and 
fenchlorphos), which is because of a dif-
ferent ionization mechanism or a reduc-
tion in matrix effects. In this work, samples 

were analyzed for the bulk of the analyte 
target list during the ESI method followed 
by a repeated sequence (injection) for 
APCI analysis of the 50 analytes that were 
not suitable for ESI. Low LOQs of 5 ng/g 
were achieved using APCI for compounds 
traditionally analyzed using GC–MS, such 
as fluralin-class compounds (benfluralin 
and profluralin), fenitrothion, chlorfenson,  
fenchlorphos oxon, dicloran, bromophos 
ethyl, and dichlofenthion. It is worth men-
tioning that the dual source setting for 
QSight LC–MS/MS allows for automatic 
LC method and MS probe switching with-

out any manual intervention, which greatly 
reduces operation time and cost. Leveraging 
APCI has vastly simplified pesticide analysis 
in certain applications, and the work com-
pleted aims to broaden prior success (6–8). 

Conclusion
With routine laboratories tasked with ana-
lyzing larger target lists and with greater 
numbers of samples requiring analysis, we 
deployed simple sample preparation pro-
tocols, such as solvent extraction, to meet 
the need of high sample throughput with 
lower cost. In this work, we demonstrated 
how a practical simple solvent extraction 
of black tea can be employed to analyze 
a large multi-residue panel of pesticides, 
with low limits of detection (with 319 of 
395 analytes displaying LOQs of 5 ng/g 
or below), minimal matrix effects (94% 
of compounds with negligible %SSE in 
black tea), and excellent method perfor-
mance (93% of compounds with accu-
racies within 70–120% and RSD <20%). 
Prior successes in cannabis matrices, 
along with this study, have suggested 
simple, acetonitrile extraction conditions 
and high-flow rate LC parameters allow 
for practical workflows when conduct-
ing pesticide analysis. Additionally, APCI 
analysis allowed for traditionally GC-only 
compounds (such as pentachloronitro-
benzene, chlormephos, and others) to 
be included on this LC pesticide panel, 
reducing support instrument workload 
and potentially eliminating the need 
for a complementary GC–MS protocol 
for multiresidue pesticide quantification. 
We hope to extend these concepts to a 
plethora of food matrices of varying dif-
ficulties and compositions.
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TABLE I: LC–MS/MS instrumental conditions for ESI and APCI methods

LC Conditions Comments

Mobile phase A

ESI
LC–MS grade water + 0.1% formic acid + 2 mM 

ammonium formate

APCI LC–MS grade water

Mobile phase B

ESI
LC–MS grade methanol + 0.1% formic 

acid + 2 mM ammonium formate

APCI LC–MS grade methanol

Gradients used

For the ESI method, the 19 min run had initial conditions of 
5% B at 0.8 mL/min for a 0.5 min hold, with a ramp to 50% B 

by 4 min, followed by a ramp to 100% B by 17.5 min, with a 1.5 
min re-equilibration period at initial conditions.  

 
For the APCI method, the 12 min run had initial condi-

tions of 30% B at 0.8 mL/min for a 0.5 min hold, followed 
by a ramp to 95% B by 8 min, with a hold for 2 min be-

fore a 2 min re-equilibration at initial conditions.

Column oven temperature 40 °C

Sample tray temperature 5 °C

Injection volume ESI 3 µL

APCI 10 µL

MS Conditions

Positive ESI voltage + 5100 V

Negative ESI voltage -4500 V

Negative APCI current -3 µA

Drying gas 150 arbitrary units

Nebulizer gas 350 arbitrary units

Source Temperature

ESI 315 °C

APCI 250 °C

HSID Temperature

ESI 200 °C

APCI 180 °C

Detection mode MRM
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TABLE II: Analytical figures of merit for selected analytes of interest extracted from black tea along with ionization method used.  
Full list of figures of merit available online. 

10 ng/g (n = 4)* 100 ng/g (n = 4)

Compound Method
LOQ [MRL]± 

(ng/g)
tR (min) Accuracy (%) Precision (%) Accuracy (%) Precision (%)

Dicloran APCI 5 [50] 6.03 100 5.8 100 2.6

Captan APCI 20 [100] 6.25 ND ND 62 12.6

Methyl parathion APCI 5 [50] 6.44 103 6.8 103 3.2

Folpet APCI 50 [100] 6.85 ND ND 99 4.8

Fenitrothion APCI 5 [50] 6.9 103 7.1 105 2.7

Etridiazole APCI 5 [50] 6.93 110 6 89 5.8

Anthraquinone APCI 10 [20] 7.28 107 19.2 97 6

Fenchlorphos oxon APCI 5 [100] 7.29 105 10.1 106 4.6

Chlorothalonil APCI 50 [50] 7.33 ND ND 111 14.8

Chlozolinate APCI 10 [50] 7.35 120 14.1 139 6.2

Vinclozin APCI 10 [50] 7.39 109 20.2 103 4.9

Chlorfenson APCI 5 [100] 7.7 106 4.4 99 3

Tetradifon APCI 5 [50] 8.01 98 14.4 102 4.4

Oxyfluorfen APCI 5 [50] 8.29 104 16.4 105 7

Bromopropylate APCI 20 [50] 8.52 ND ND 103 11.3

Ethalfuralin APCI 5 [10] 8.53 102 14.3 100 6.8

Benfluralin/
Trifuralin

APCI 5 [100] 8.73 109 17.4 107 6

Flumetralin APCI 20 [50] 8.73 ND ND 102 3.7

Bromophos ethyl APCI 5 [50] 9.14 94 4.4 100 5.3

Formetanate ESI 1 [50] 2.96 31 7.9 32 3.5

Acephate ESI 1 [50] 3.09 106 2.1 102 1.3

Propamocarb ESI 5 [50] 3.2 33 4.3 32 2.3

Oxamyl ESI 5 [50] 3.98 110 1.5 105 2.3

Dimethoate ESI 5 [50] 5.08 111 2.3 109 1.7

Acetamiprid ESI 1 [50] 5.26 113 2.3 110 2.2

Aldicarb ESI 1 [50] 5.94 111 5.3 108 2.8

Tricyclazole ESI 5 [50] 6.28 88 3.6 84 2.3

Dichlorvos ESI 5 [20] 6.64 102 3.9 102 1

Carbofuran ESI 1 [50] 6.76 126 2 120 2.3

Carboxin ESI 1 [100] 7.03 94 5.5 86 3

Forchlorfenuron ESI 1 [50] 7.91 107 1.5 102 2

Fenpropimorph ESI 5 [50] 8.32 80 5.2 75 1.8

Spiroxamine ESI 5 [50] 8.64 76 2.4 73 2.1

Linuron ESI 5 [50] 8.77 104 0.9 103 2

Methiocarb ESI 1 [100] 9.13 101 3.7 94 2.4

Chlorpropham ESI 10 [50] 9.39 108 6.9 100 3.8

Dimethomorph ESI 5 [50] 9.86 103 2.7 101 3.6

Fipronil ESI 1 [5] 10.47 111 3.9 115 4.8

Acetochlor ESI 5 [50] 10.6 105 9 108 4

Fenoxycarb ESI 5 [50] 10.82 114 4.4 106 3.1

Continued on Page 438
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TABLE II (CONTINUED): Analytical figures of merit for selected analytes of interest extracted from black tea along with ionization 
method used. Full list of figures of merit available online. 

10 ng/g (n = 4)* 100 ng/g (n = 4)

Compound Method
LOQ [MRL]± 

(ng/g)
tR (min) Accuracy (%) Precision (%) Accuracy (%) Precision (%)

Kresoxim-
methyl

ESI 5 [50] 11.08 113 17.6 104 3.6

Fenthion ESI 5 [50] 11.13 116 4.5 110 2.1

Triflumuron ESI 5 [50] 11.46 108 10.7 104 2.3

Diazinon ESI 5 [50] 11.53 115 6.7 111 3.3

Hexaconazole ESI 5 [50] 11.56 106 7.2 103 1.9

Metaconazole ESI 5 [50] 11.6 101 6.4 99 3.3

Cyflufenamide ESI 5 [50] 11.69 120 8.2 111 4.1

Clofentezine ESI 5 [50] 11.7 107 7 107 2.2

Propiconazole ESI 5 [50] 11.73 108 6.8 102 3.7

Thiobencarb ESI 5 [50] 11.92 111 6.1 110 2.8

Pyrazophos ESI 1 [50] 11.94 115 8.4 109 3.4

Haloxyfop-methyl ESI 5 [50] 12.18 115 3.9 112 3

Spinosad D ESI 5 [100] 12.26 81 3.3 77 8.1

Diflufenican ESI 5 [50] 12.27 112 2.2 106 2.5

Trifloxystrobin ESI 5 [50] 12.34 115 0.9 109 2.7

Cadusafos ESI 1 [10] 12.42 110 0.9 108 2.8

Spintoram L ESI 5 [100] 12.91 73 12.1 77 1.5

Emamectin-
benzoate

ESI 10 [20] 13.25 84 8.9 76 3.8

Chlorpyrifos ESI 5 [10] 13.47 99 7 94 9.7

L-Cyhalothrin ESI 20 [10] 14.17 135 10.1 114 4.3

Cyfluthrin ESI 100 [100] 14.22 ND ND 109 10

Proquinazid ESI 1 [50] 14.49 12.1 0.8 123 3.1

Meptyldinocap ESI 5 [100] 14.66 12.1 0.9 120 3

Abamectin ESI 20 [50] 15.22 ND ND 108 7.2

Fenbutatin oxide ESI 5 [50] 16.5 92 9.4 83 6.7

Acequinocyl ESI 5 [20] 16.88 83 6.9 87 1.7

*Compounds with LOQs above 10 ng/g were expressed as Not Detected (ND) for the 10 ng/g validation level.
±Maximum regulatory limit (MRL) taken from EU Pesticides Database (v2.2) under Teas (Product Code: 0610000), February 2022

mailto:alexander.kasperkiewicz@perkinelmer.com
https://resources.perkinelmer.com/lab-solutions/resources/docs/APP_Canadian-Cannabis-Pesticide.pdf
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Nontargeted Screening for the Verification 
of Allergenic Ingredients and Perfume 
Authenticity by GC–ecTOF-MS
Fraudulent products are ubiquitous in all markets. Besides the financial aspect, a major concern related to product adulteration 
for the environment and society is the missing regulation and control of these goods; if these goods are not monitored correctly,  
harmful and toxic compounds in fraudulent products could jeopardize human health and the environment. Because small amounts 
of toxic substances can still have damaging effects, sensitive and reliable identification of compounds is needed, and novel 
technologies are necessary to identify and prevent fraud and related risks. Goods from the food, flavor, and fragrance markets often 
contain volatile organic compounds (VOCs), which include most allergenic fragrances. To detect and identify these substances,  
gas chromatographic separation hyphenated with high-resolution mass spectrometry (GC–HRMS) is an ideal instrumental technique 
to use. GC–simultaneous electron and chemical ionization (ec) time-of-flight mass spectrometry (TOF)-MS) generates various types 
of information via simultaneous ec–HRMS. Advantages are given for target, known unknown, and unknown unknown data analysis 
by generating various types of ions within a single experimental GC–MS run. In this study, the experimental nontargeted screening 
approach and corresponding data analysis workflows—simultaneously using molecular ion information and structural information—
are presented for the molecular identification and authenticity verification process of a branded perfume using GC–ecTOF-MS.

Sonja Klee, Steffen Bräkling, Marleen Vetter, Stefan Bieber, and Thomas Letzel

For detecting and identifying volatile 
organic compounds (VOCs), gas chro-

matography (GC)–high resolution mass 
spectrometry (HRMS) is an ideal instrumen-
tal technique. Electron ionization (EI) at 70 
eV is the ionization technique of choice for 
targeted analysis using GC–MS because of 
its sensitivity and reproducibility, along with 
the availability of large spectral libraries. EI 
relies mostly on the in-source generation of 
specific fragment ion patterns using high 
energetic electrons. The received mass 
spectra are further used for compound 
identification by comparing the mass spec-
tra to the stored library spectra from refer-
ence compounds, such as those provided 
by the National Institute of Standards and 
Technology (NIST), the Environmental Pro-
tection Agency (EPA), and the National Insti-
tute of Health (NIH) Mass Spectral Library 
(1). EI-generated data are well suited for tar-
geted analysis and, with limitations, for sus-
pect screening approaches. Nontargeted 
screening (NTS) strategies using EI–MS data 
is sometimes possible, but even then can  
be challenging. 

NTS is the analytical strategy to use when 
determining compounds utilizing MS (mainly 
via their molecular ion mass) without prior 
knowledge of the compounds. This strategy 

is constantly gaining interest because of its 
capability to characterize complex samples 
and identify unknown or unexpected com-
pounds (2). Unfortunately, typical 70 eV 
EI alone is often insufficient to generate 
enough information for NTS approaches 
because of three reasons: 1) a compound 
library search is only sufficient if the gen-
erated mass spectrum and the occurring 
fragments are characteristic enough for 
highly reliable identification of a compound;  
2) the use of library searches requires that 
the compounds of interest be available in 
the spectral library; and 3) the usage of 70 eV 
electrons leads to excessive fragmentation, 
and often, the information on the molecular 
ion of the compound for identification is lost. 

The first two reasons can be overcome by 
using additional tools to perform an EI-mass 
spectra-based library search, such as com-
pound library searches (3), hybrid searches 
(4), and simulation or prediction tools (5).  
It should be noted that for all of these tools 
the molecular ion information is essen-
tial. Thus, the generation of such molecu-
lar ion information by a softer ionization 
technique is required. Various soft ioniza-
tion techniques are available for GC–MS— 
for example, atmospheric pressure photon 
ionization (APPI) (6), cold EI (7), and atmo-

spheric pressure chemical ionization (APCI) 
(8). Furthermore, new-generation chemical 
ionization (CI) sources enable soft and con-
trolled analyte ionization via ion–molecule 
reactions. The latter offers multiple advan-
tages that encompasses a broad range of 
selectivity and high sensitivity (9). 

Common GC–MS setups usually require 
two sequential GC runs to generate molec-
ular ion information via soft ionization in 
addition to structural information via GC-
EI-MS. Running two GC–MS experiments is 
time consuming, and the subsequent data 
alignment between EI and CI data is highly 
complex and error prone. To overcome this, 
a simultaneous electron and chemical ioniza-
tion (ec) time-of-flight (TOF) (referred to as 
ecTOF) MS instrument was introduced in 
2021. This instrument operates an EI and a CI 
source within a single GC run while using the 
same single mass analyzer simultaneously for 
monitoring. In addition, the TOF instrument 
can provide accurate mass measurements 
used for precise sum formula calculations, 
which are not possible with common quad-
rupole setups, giving the TOF instrument a 
distinct advantage. 

Figure 1 depicts the GC-ecTOF instru-
ment and its principle of operation. After the 
chromatographic separation of volatiles by 
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GC, the analyte-containing effluent is split 
1:1; subsequently, each half is guided to one 
of the two ionization sources. This way, both 
ionization sources are fed the same GC efflu-
ent simultaneously. Both ionization sources 

are operated continuously, and both types 
of ions (red and blue in Figure 1) are guided 
on their specific ion pathways toward the 
TOF mass analyzer. By using fast switching 
ion optics (up to 100 Hz), the type of ions 

that are led into the analyzer for detection 
alternates. Therefore, EI and CI information is 
acquired quasi simultaneously (10). Because 
a TOF mass analyzer is used, complete mass 
spectra are continuously generated that do 
not require preselection of target analytes.

The present study describes the benefits of 
this new combined dual ionization approach 
for analyzing an original perfume and two 

“scent-twins.” This application shows how 
EI- and CI-generated MS NTS data are per-
fectly aligned and can be used to identify 
known and expected compounds in samples.  
Furthermore, the approach allows for the 
screening of unexpected or even unknown 
components using statistical approaches 
such as principal component analysis (PCA).

Materials and Methods
Analytical System, Chromatographic
Method, and Data Analysis
The chromatographic separation was exe-
cuted using an Agilent 7890A GC instru-
ment (Agilent Technologies) and an RXI-5 
MS semi-polar GC column (30 m, 0.25 
mm, 25 µm; Restek). The separation was 
performed according to the following pro-
gram: The carrier gas flow was set to 1.2 mL/
min of helium (99.49% helium, Carbagas).  
After 1 µL splitless liquid injection (injector 
temperature: 250 °C), the oven temperature 
was initially held for 4 min at 40 °C, followed 
by a temperature ramping of 10 °C/min  
to 250 °C. The temperature was further 
increased to 320 °C, increasing by 20 °C/min.  
The final temperature was then held for 2 
min. The column outlet was connected via 
a heated transfer line setup (280 °C), and 
the GC effluent was led toward a 70 eV EI 
(TEI 280 °C) and a helical resonator plasma 
(HRP) medium-pressure chemical ioniza-
tion source. The HRP source was operated 
as described by Bräkling and others (9).  
Both ionization sources were operated in 
parallel on an ecTOF R instrument (Tof-
werk). For the VOC analysis, a mass range 
of 1–450 Th was chosen. In this study, H3O

+ 
and NH4

+ were used as reactant ions for the 
chemical ionization. If the reactant used for 
the specific experiment varied from H3O

+,  
it is stated in the “Results” section. The TOF 
analyzer used for these experiments pro-
vided a mass resolution of approximately 
4500 and a mass accuracy of <5 ppm mass 

TABLE I:  Indicated contact allergens for the perfume samples and the indication if they are 
included in the target library list (√).

Indicated Allergen Original Twin 1 Twin 2 Target List

Octinoxate Ο -

Hydroxycitronellal + √

Geraniol + + + √

Citronellol + Δ Δ √

Citral X X √

Lilial + √

Limonene X √

The signs under the samples original, Twin 1, and Twin 2 reflect the confidence of molecule identification via 
the target screening concept using ecTOF-MS: + = allergen directly identified with high confidence via target 
library; 
Δ = allergen included in the target library, but not directly identified with high confidence; X = no fitting feature 
found; 
Ο = indicated allergen not included in the target library but identified via the known unknown strategy.
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FIGURE 1: A schematic showing the principle of operation of a GC–ecTOF-MS system.
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FIGURE 2: Head-to-tail display of CI (red) and EI (blue) generated ion chromatograms for 
(a) the original brand perfume, (b) scent twin 1, and (c) scent twin 2. 
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error for the mass spectral detection. During 
acquisition, the EI and CI data are stored 
within one data file, but can be handled sep-
arately or in combination for post-processing.

The AnalyzerPro XD (SpectralWorks) and 
the NIST20 library were used for data post-
processing. Chromatographic deconvolu-
tion was applied for peak identification in 
post-processing via the AnalyzerPro XD. The 
AnalyzerPro XD can handle and display both 
EI and CI data within one processing step. 

Within the processing method, it was cho-
sen to directly report components (binned 
and aligned features) in the summary report. 
These components were then used in further 
data analysis steps. Target libraries were gen-
erated via target component analysis from 
AnalyzerPro XD using the retention time (tR) 
as well as EI and CI mass spectral information 
for various allergens within standard mixtures. 
It was predefined that a confidence of 70% 
was reached using a 0.1 min tR window and 
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650 as the mass spectral forward and reverse match factors. Based 
on experience, a minimum level of confidence greater than 80% had 
to be reached in the AnalyzerPro XD target library search for each 
compound identification in EI and CI, respectively. For the retention 
index (RI) calculation (11) AnalyzerPro XD offers a specific retention 
indices tool that interpolates RI values based on standard analytes 
(which in this study was an alkane mixture) with defined RI values.  
The Sequence Results viewer in the AnalyzerPro XD was used for sta-
tistical analysis of the data via principal component analysis (PCA)  
or volcano plots. Blank measurements were carried out and reviewed 
via AnalyzerPro XD. Overall, only a small number of peaks with very 
low intensities were detected in the blank measurements. Because 
they are not highly relevant for the present study, the blank measure-
ments and corresponding components are not further discussed here. 

Materials 
Original branded perfumes were purchased in an official perfumery 
shop. Two “scent-twins” of the original were ordered at different 
online shops. These scent-twins are sold with different names to the 
original but imitate its fragrance profile. All perfume samples were 
diluted (1:100) in hexane (>99.9%). Each of the three purchased per-
fumes was analyzed in triplicate using the method described above. 
Three commercial fragrance allergen standard mixtures (Restek), 

including 32 allergens, were analyzed and used for the generation 
of the target library. A C7-C40 alkane standard mix (Merck & Cie) was 
used for the RI estimation. 

Results
Perfume Analysis Overview
Figure 2 presents three head-to-tail plots of ion chromatograms for 
the simultaneously generated EI and CI HRMS data of each of the 
perfume samples, respectively. Because scents of the original and 
the two twin perfumes were claimed to be highly comparable, the 
molecular composition of all samples was similar. However, signifi-
cant differences were detected in the EI and CI traces. These were 
measured using the ecTOF-MS instrument in positive ion mode. The 
instrument was operated specifically to create a nontargeted screen-
ing type of measurement. Consequently, the data can be post-pro-
cessed using the following three strategies: targeted analysis, known 
unknown analysis, and unknown unknown analysis. These data analy-
sis approaches (for identification, statistical use, or both) are discussed 
in the following sections using the complementary CI and EI data.

Targeted Analysis of Indicated Allergens
The lists of ingredients of all samples included European Union (EU)-
wide regulated contact allergens. Preferably, these should be identi-
fied directly using targeted analysis if included in both the sample 
and the allergen standards. Thus, conducting a comparison of several 
detected components with the relevant entries in the target library 
is required. The target library for this study was generated using 
retention times and the EI and CI mass spectra of the compounds 
from all allergen reference standards (see the “Materials & Methods” 
sections). The indicated allergens for the original and the scent-twin 
samples can be found in Table I. 

Three of the ingredients indicated allergens (hydroxycitronellal, 
geraniol, and citronellol) that were available as reference standards 
and could be identified directly in the original perfume. The high-
est level of confidence was reached using both ionization methods. 
CI- and EI-generated mass spectra as well as retention time were 
highly comparable with the reference standard (see the “+” in Table I).  
One allergen out of three (geraniol) was identified for twin 1 as well, 
and two out of five (geraniol and lilial) were identified for twin 2. 
The allergens identified in the original perfume are highlighted in 
the CI and EI chromatograms of the original perfume in Figure 3 as 
red traces. The gray traces in Figure 3 depict all ion chromatograms 
found in the CI mass spectra. The blue highlighted trace can be seen 
in the EI chromatogram and reflects the total ion chromatogram.

Using the target library, hydroxycitronellal and geraniol could 
be identified in the original sample with both types of ionization,  
with the AnalyzerPro XD given levels of confidence of 98% (CI) and 
98% (EI), and 88% (CI), and 98% (EI), respectively. Lilial was identified 
in the same way, which was only indicated for twin 2 and found with 
levels of confidence of 97% (EI) and 95 % (CI).

Previous studies have shown that citronellol and nerol are coe-
luted; they are not separable on a non- or semi-polar GC column (12). 
Because of this coelution, the levels of confidence for identification 
via a target library comparison dropped to 88% for EI and <80% for 
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CI in the original perfume. Both scent twins 
had the same coelution, and using neither EI 
nor CI could identification certainty >80% be 
reached. Furthermore, the NIST library search 
results did not show citronellol within the 
first 10 hit suggestions. In the given samples, 
nerol was found to be the more dominant 
compound. Because of the large difference 
in peak intensity levels, citronellol does not 
significantly contribute to the mass spectrum. 
Therefore, nerol dominates reasonable frag-
ment pattern library hits. However, molecular 
masses of citronellol and nerol differ by two 
mass units. Both molecular ions were found 
in relatively low abundance in the H3O

+ 
generated CI mass spectra. Therefore, the 
[M+H]+ sum formula for both could be calcu-
lated with a mass error <3 ppm. Additionally, 
for a better level of confidence, molecular ion 
signals can be increased using NH4

+-cluster-
CI. This additional accurate mass analysis 
experiment using the NH4

+-molecular clus-
ter ion signals strengthened the identifica-
tion confidence of both citronellol and nerol, 
clearly reflecting the availability of different CI 
reactants that can greatly improve the com-
pound identification process. 

These results show the limitation of a com-
mon targeted EI-only identification process 
used in most standard protocols, such as 
Deutsches Institut für Normung (DIN) and 
International Organization for Standardiza-
tion (ISO) norms (such as ISO 16000 or ISO 
12219). Thus, the additional information from 
CI-formed ions is shown to be essential, 
and needs to be included in forthcoming  
standard protocols if nontargeted screening  
is required.

Another example of the complementar-
ity  of the ion sources is shown with citral 
and limonene. Here, the absence of com-
pounds can clearly be proven using this type 
of analysis. Citral and limonene—stated as 
ingredients of both scent-twins (see Table I)— 
were not detected in twin 1 or twin 2, respec-
tively. In detail, no feature could be detected 
at a corresponding RI via CI or EI mass spec-
tra. Using this analytical approach, the limits 
of detection (LODs) of the studied allergens 
were estimated to low pg levels on the col-
umn ranges. These LODs correspond to 
sample concentrations in the range of µg/g. 
This concentration range is multiple orders 
of magnitude lower than the concentration 

described in the EU cosmetics directive (13) 
for which the presence of allergens must be 
indicated in the list of ingredients.

Reasons for this finding could be that 
these allergens were wrongly indicated for 
the twin perfumes or their concentrations 
varied strongly between different charges of 
the samples, which illustrates that certainties 
of molecular absences can also be increased 
using the ecTOF instrument.

Known Unknown Analysis  
of Indicated Substances
To further process and interpret the simul-
taneously generated EI and CI data, the 
so-called known unknown data analysis pro-
cess was applied (14). In this strategy, nontar-
geted data were used for external analytical 
and compound database searches to find 
expected and suggested compounds based 
on observed features, because no reference 
standard was available at this point. 

Octinoxate (C18H26O3) was indicated on 
the list of ingredients as an allergen for the 
original perfume, but was not present in 
the applied reference standard mixtures.  
The automated NIST library searching in the 
AnalyzerPro XD of the observed component 
at 22.3 min was identified by NIST as the cis-
isomer of octinoxate. A match factor of 909,  
a reverse match of 913, and a probability of 
75% was achieved. Corresponding EI and CI 
mass spectra of the mentioned component 
are shown in Figure 4a as a head-to-tail dis-
play. The accurate CI mass analysis of the 
[M+H]+ corresponding feature indicated 
a mass error of <2 ppm for octinoxate 
(C18H27O3

+). Additionally, a visual comparison 
of the measured (red peaks) and calculated 
(green lines) [M+H]+ isotopic pattern distri-
bution, as depicted in Figure 4b, was used 
to increase confidence in the molecular ion 
information. Octinoxate was listed as the sec-
ond entry in the NIST fragment spectra library 
hit list with a match factor of 889, a reverse 
match factor of 898, and a probability of 22%.  
However, the RI that was generated via the 
alkane standard analysis of the observed 
component (2326) favors octinoxate (RI 2339) 
compared to the cis-isomer (RI 2152) (favored 
by the NIST library search). In the case of octi-
noxate, EI, CI, and chromatographic informa-
tion together lead to high class identification 
certainty of the suspected compound. 

Diethylamino-hydroxybenzoyl-hexyl-ben-
zoate (C24H31NO4) was also indicated as an 
ingredient in the original perfume. Because 
no reference standard was available in the 
laboratory at that time, this compound was 
also treated as a known unknown. Because 
no direct evidence on diethylamino-hydroxy-
benzoyl-hexyl-benzoate was found via the 
automated NIST library search, this com-
pound was used as an example of how a 
known unknown can be handled via an “NTS 
approach” or a “suspect screening approach.”

Coming from an NTS approach of simul-
taneously generated CI and EI GC–MS data,  
a component was detected at a tR of 26.7 min 
(see Figure 3 green trace). This component 
was only found in the original perfume and 
not in the twin samples, pointing out an inter-
esting compound for product fraud identifi-
cation. Diethylamino-hydroxybenzoyl-hexyl-
benzoate is a highly stable and antiallergenic 
UV filter; therefore, it is very common in high 
quality cosmetics and fragrances.

The CI mass spectrum of this component 
shows a very intense signal at m/z 398.2315. 
The accurate mass analysis of this signal indi-
cates a sum formula of C24H32NO4

+ with <3 
ppm accuracy. Through knowledge of the CI 
processes, a protonated molecule is expected. 
The isotopic pattern is shown to be a great fit 
for this calculated sum formula (see Figure 4d). 
At this point, additional evidence could be 
collected via the usage of the calculated sum 
formula in compound databases on chemical 
platforms, such as the EPA Chemical Dash-
board (15), Forident (3), or others. 

The NIST library search of the correspond-
ing EI data provided low match and reverse 
match factors (<700) along with a maximal 
probability of <20%, indicating the absence of 
this compound in the library. However, accu-
rate mass EI fragment information can still 
provide structural information for additional 
prediction tools, such as Alpinac (5) and NIST 
hybrid search (4). 

Coming from a suspect screening 
approach, diethylamino-hydroxy-hexyl-ben-
zoate can be easily found by targeting the 
[M+H]+ within the CI chromatogram because 
it is also indicated as an ingredient. As men-
tioned earlier, only one feature fit the [M+H]+ 
ion of diethylamino-hydroxybenzoyl-hexyl-
benzoate at the tR of 26.7 min (see Figure 3 
green trace). It should be noted that this first 
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step in a compound search (via molecular 
ion information) is only possible if the data 
generation are based on a full nontargeted 
screening approach with a soft ionization 
source. If a component is found and has 
a perfect alignment of EI and CI data,  
it directly reveals the corresponding EI 
mass spectrum of the CI peak that is 
focused on it (see Figure 4b). In the follow-
ing steps, the data analysis would follow 
the previously described scheme: CI accu-
rate mass analysis for sum formula calcula-
tion, isotopic pattern comparison, library 
searches of the corresponding EI mass 
spectrum, usage of prediction tools, and 
databases on chemical media for further 
collection of evidence (a perfect example 
showing how only the molecular mass 
information generated via CI can guide the 
identification of an expected compound in 
the absence of NIST library data).

Nontargeted Screening Data 
Used for Statistical Unknown Analysis
All signals within the chromatogram in Fig-
ure 3 (gray, blue, red, and green traces) can 
be used within further evaluation workflows 
because targeted and known unknown data 
analysis are also based on the analytical 
data generated from nontargeted screen-
ing. Because of the larger number of total 
features that can occur in a sample, three 
strategies are mainly followed during NTS 
data processing and analysis: 1) identify 
unknown unknown substances in a specific 
single sample (additionally to targets and 
known unknowns); 2) characterize relevant 
features or components found to be differ-
ent or in common between samples; and 3) 
differentiate features of samples via statistical 
approaches that describe further molecular 
reflecting questions.

For instance, within this study, the authen-
ticity of perfumes and their molecular dif-
ferences are of high interest. Differences 
between single samples can easily be visu-
alized using statistical approaches, such as 
volcano plots. The volcano plot in Figure 5 
visualizes the relative intensity of each com-
ponent measured in the original and the 
twin 1 perfume. In addition to the compo-
nents found in both samples (blue triangles),  
the components that were found in just one 
of each sample are highlighted in red or 

green, respectively. Components with poten-
tial interest for authenticity characterization 
can subsequently be transferred, using the 
processes described above, into known 
unknowns (without reference) and for target 
analysis (with reference); it can also remain in 
the authenticity interpretation as a significant 
unidentified component.

PCA is a useful tool for providing a first 
indication of differences between samples 
using NTS data. The three samples are 
clearly separated along PC1 and PC2 with 
the replicate runs for each sample cluster-
ing together (Figure 6). Further NTS mea-
surements of other perfumes mimicking 
the original perfume can easily be com-
pared to the original sample in the future, 
because NTS analysis allows retrospective 
handling of data.

Conclusion and Outlook
The combination of EI- and CI-generated 
MS data used in nontargeted screening 
analysis is highly effective for targeted, 
known unknown, and statistical feature 
data evaluation. A special benefit of hav-
ing CI data in addition to EI spectral infor-
mation (here monitoring the adulteration 
of perfumes) is the identification of com-
pounds not available in libraries, and in 
handling coeluted compounds. 

Future development will focus on how 
to better implement prediction tools and 
databases on chemical media for the NTS 
analysis by exploiting the simultaneously 
generated accurate mass EI and CI infor-
mation. The advantages gained using 
additional tools and databases for both 
ionization methods in terms of compound 
identification have already been shown. 
Additional chromatographic method varia-
tion using the ecTOF instrument provides 
further advantages (for example, higher 
chromatographic resolving power) and is 
highly complementary to this dual type of 
ionization. The dual ionization HR-TOF-MS 
instrument also provides benefits for sta-
tistical approaches within NTS workflows. 
The combined use of CI- and EI-generated 
information can bring the statistical usage 
to a new level of depth and details about 
synergetic information, which will be a 
major advantage in GC–MS-based NTS 
analysis going forward. 
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Minimizing the Risk of Missing  
Critical Sample Information by Using  
Two-Dimensional Liquid Chromatography
Analytical requirements in the biopharmaceutical, pharmaceutical, and food industries, among several others,  
are more demanding than ever. Chromatographic techniques are great tools to acquire detailed information on a vast 
number of molecules and sample types. The present challenge in research and development (R&D), as well as in quality 
control (QC) laboratories, is to collect as much sample information as possible. However, even with the current one-
dimensional (1D) analytical portfolio, it is not possible to fully ensure that all the relevant information from a sample has 
been captured. This article illustrates the power of an online two-dimensional liquid chromatographic (2D-LC) setup to 
unravel the complexity of biopharmaceutical and pharmaceutical samples. This technology tremendously increases the 
resolving power in all areas where LC is applied and drastically reduces the risk of missing information about the sample.

Gerd Vanhoenacker, Pat Sandra, and Koen Sandra

Chromatographic instrumentation and 
column technology are continuously 

evolving, and the state-of-the-art equipment 
used regularly today is quite impressive. 
Ultrahigh-pressure liquid chromatography 
(UHPLC) has enabled laboratories to boost 
the chromatographic resolution, and there-
fore, the number of compounds that can 
be separated in an analytical run. Even with 
high-end systems and well-developed one-
dimensional LC (1D-LC) methods, the prob-
ability of missing critical information on the 
sample composition, for example, because 
of chromatographically overlapping peaks, is 
possible. Figuring out ways to minimize this 
risk must be continuously explored.

The hyphenation of chromatography with 
mass spectrometry (MS) generally improves 
analytical sensitivity and selectivity signifi-
cantly. Using MS can help the user to detect 
compounds that otherwise would be over-
looked as a result of a lack in signal intensity 
or interference from other compounds pres-
ent in the sample. LC–MS techniques are a 
big leap forward, but even these instruments 
are not always able to provide the answers, 
and LC–MS methods have more restric-

tions in terms of the chemicals (such as the 
mobile-phase buffers and additives) that 
can be used to execute the analyses com-
pared to other more traditional detectors.  
Furthermore, high-end MS instrumentation 
is expensive to acquire and operate, requir-
ing substantial user expertise. 

All of the above leads to the conclusion 
that even with the high performance of 
UHPLC and MS equipment, the probability 
of missing critical information about the sam-
ple persists. Missing relevant compounds in 
the sample and not meeting the given ana-
lytical or regulatory requirements can have 
serious economic consequences (delays), 
damage the reputation of the department 
or company, and, above all, affect safety and 
efficacy. The latter is obviously the reason for 
the considerable regulatory burden associ-
ated with drug development.

An emerging tool to substantially reduce 
the above risk is two-dimensional LC (2D-LC). 
In 2D-LC, two different chromatographic 
separation mechanisms are combined and 
peaks that are eluted from the first column 
are further separated on a second column 
that ideally has an orthogonal separation 

behavior. As a result, separation power can,  
to a great extent, be boosted, complemen-
tary information can readily be obtained 
(such as information related to molecular 
properties like size, charge, hydrophobicity, 
and affinity), and separations can be ren-
dered MS-compatible, allowing the analyst 
to obtain a detailed understanding of the 
sample under investigation. Peaks can be 
transferred from one dimension to another, 
either in an online or an offline manner.  
Historically, offline transfer has been the 
method of choice, but with robust, state-
of-the-art online 2D-LC instrumentation 
and the elegant software solutions made 
commercially available in recent years, this 
technology has found its way to main-
stream laboratories. Such advanced systems 
offer the further benefit of automation and 
reduced sample manipulation, thus prevent-
ing solute loss and degradation. In addition, 
automation inherently adds more reliable 
tracking of the entire workflow, in contrast to 
manual or external tracking applied in offline 
approaches, thereby improving traceability 
in regulated environments.

This short contribution discusses the 
potential pitfalls associated with 1D-LC,  
and the 2D-LC approaches that can 
address those shortcomings. This discus-
sion is briefly illustrated with some relevant 
applications related to pharmaceutical and 
biopharmaceutical analysis (1–17). However, 
the reader should take note that the same 

Major 1D-LC Pitfalls That Can Be Overcome by 2D–LC
• Coelution resulting from lack of selectivity
• Insufficient resolving power for given sample complexity
• Non-MS–compatible conditions
• Matrix interference and MS ionization suppression
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principles apply in other disciplines such as 
food, environmental, toxicological, chemical,  
and petrochemical analysis, to name a few. 

Coelution Resulting from 
Lack of Selectivity
One of the most recurring analytical concerns 
in the pharmaceutical industry relates to the 
lack of selectivity of methods, causing peaks 
to be coeluted, or a failure to prove that the 
results demonstrate adequate selectivity. 
Hence, it is crucial to incorporate as much 
selectivity as possible into any chromato-
graphic method. This goal of ensuring suf-
ficient selectivity is often supported by using 
forced degradation or even process samples 
during method development. However, it is 
impossible to ensure full selectivity for all 
potential and real impurities and degradants 
in the drug substance or drug product using 
a single LC method. Therefore, evaluating 
other methods with alternative selectivity is a 
good common practice to assess peak coe-
lution and prove peak purity. 

One obvious example is the investigation 
of chirality for a given active pharmaceutical 
ingredient (API) and its impurities separated 
in a purity LC method, typically in reversed-
phase LC (RPLC) mode. Because the purity 
method is achiral, it would not supply infor-
mation about the presence of enantiomeric 
impurities in a 1D-LC setup. The sample or 
collected fractions would need to be analyzed 
with another method and alternative (chiral) 
stationary phases. By using an online 2D-LC 
instrument that combines an RPLC and a chi-

ral LC column, data on both the achiral and 
chiral impurities can be obtained from a single 
injection in a fully automated manner. 

Another typical challenge is related to being 
able to demonstrate the absence or presence 
of impurities because of degradation or the 
synthesis reactions that might be coeluted 
with the main peak. The main peak is often 
overloaded and too broad to reach the 0.05% 
reporting limit and can mask the presence 
of low-abundance compounds. Selective 
detectors can sometimes reveal these impu-
rities based on differential m/z; however, the 
high API and matrix content loaded onto the  
LC–MS system can suppress the ioniza-
tion and detection of coeluted impurities.  
In addition, coeluted isomers often would 
not be differentiated. Therefore, it is advised 
to investigate such samples using chromato-
graphic methods with alternative selectivity.  
An example of RPLC analysis of a small-mole-
cule API (metoclopramide) is shown in Figure 1.  
The large peak of the API observed in the UV 
chromatogram hides any impurities that may 
be eluted in this region. MS data on this run 
only show the presence of the API. On the 
other hand, data from comprehensive 2D-LC 
(LC×LC), in which the entire first dimension 
is sent in discrete fractions to the second 
dimension with alternative selectivity, reveal 
the presence of an unknown impurity hidden  
underneath the main peak. 

It is crucial to detect these impurities and 
degradation products early in the method 
development process to streamline final 
method development. It is because of this 

that multiple 1D-LC methods are frequently 
developed and applied, so as to cover as 
many impurities as possible. However, such 
an approach is time and resource consum-
ing, and peak tracking is not an easy task.  
Bundling alternative selectivities in a single 
2D-LC method may be the better and more 
productive approach.

A multitude of examples can be found in 
the literature that apply to small molecules, 
oligonucleotides, peptides, proteins, mono-
clonal antibodies (mAbs), antibody–drug con-
jugates (ADCs), and more, illustrating the lack 
of selectivity of 1D-LC and how 2D-LC sheds 
light on peak and drug purity and drug quality. 

Insufficient Resolving Power for 
a Given Sample Complexity
The above discussion focuses on potential 
chromatographic issues encountered in 
relatively simple yet challenging and difficult-
to-resolve mixtures. The biopharmaceutical 
industry is evidently also confronted with 
many samples of high complexity such as 
natural products, fermentation samples, 
reaction mixtures, digests, antibodies, mRNA, 
and so on. It is obvious that when sample 
complexity increases, the risk of losing or not 
detecting valuable information rises. 

Peptide mapping is an appreciated meth-
odology for the in-depth characterization 
of therapeutic proteins, such as mAbs and 
ADCs. The analysis is part of an extensive 
portfolio of chromatographic methods that, 
on their own, already demonstrate the need 
for complementary selectivities. Interest-
ingly, there is a tendency to combine several 
of these methods in multidimensional and 
parallel setups, a principle known as multi-
attribute analysis (12). Peptide mapping 
demands the best in terms of chromato-
graphic separation because the complex-
ity of the sample is substantially increased 
following the generation of peptides.  
In digests of larger therapeutic proteins, such 
as mAbs, it is not uncommon to encounter 
hundreds of peptides with different physi-
cochemical properties that are present in 
a wide concentration range. Despite the 
feasibility of generating peak capacities up 
to 1000 in UHPLC, the random distribution 
of peaks requires peak capacities in excess 
of 10,000 to resolve 98% of a tryptic digest 
containing 100 peptides. As a result, peptide 
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FIGURE 1: Analysis of a metoclopramide formulation stored at 40 °C using (a) 1D-LC, 
in an RPLC separation and (b) comprehensive 2D-LC, using RPLC in both dimensions 
(RPLC×RPLC). Detection: DAD, 275 nm. Of note, a generic RPLC×RPLC method was 
applied applicable to a wide range of small-molecule pharmaceuticals. 
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mapping using 1D-LC does not provide the 
complete picture. In contrast, 2D-LC offers a 
substantially higher peak capacity, as long 
as the two dimensions are orthogonal,  
and separation obtained in the first dimen-
sion is maintained upon transfer to the sec-
ond dimension (13). 

Regulations do not only require full 
characterization of the API; guidelines 
concerning the evaluation of excipients 
are also becoming more demanding.  
Some excipients, such as surfactants, are 
highly heterogeneous, and their analysis 
as a raw material or in a formulation rep-
resents an additional challenge. In addi-
tion, composition can change over time,  
and stability needs to be evaluated with 

the best chromatographic performance. 
For example, polysorbates (Tween) are 
commonly used surfactants in pharma-
ceutical and biopharmaceutical formula-
tions and exhibit high complexity result-
ing from the synthesis process and the 
inherent distribution already present in 
the raw materials used. If the distribution 
within each group were relatively narrow 
(degree of ethoxylation, fatty acid), a well-
developed RPLC method could potentially 
suffice to profile the polysorbate sample.  
Generally, however, natural mixtures of 
fatty acids are used in synthesis and the 
ethoxylation degree is relatively broad, 
making it very difficult to clearly separate 
all groups from each other. MS can be 

used to increase selectivity to a certain 
extent, but care should be taken for com-
ponents with the same elemental compo-
sition and molecular weight. Consequently, 
1D-LC will not be able to resolve all com-
pounds within those samples. Nevertheless, 
impressive profiles and complexities have 
been revealed using 2D-LC (Figure 2) (14). 

MS Compatibility
MS is nowadays an indispensable tool in 
analytical laboratories, both in research 
and development (R&D) and quality con-
trol (QC) environments. However, the 
direct hyphenation of LC methods to 
MS is not always an option because of 
mobile-phase incompatibility. For legacy 
and compendial LC methods, the main 
reason is the use of involatile mobile-
phase additives such as phosphate and 
ion-pairing reagents that are incompat-
ible with MS. In addition, chromato-
graphic modes, such as ion exchange 
(IEX), hydrophobic interaction (HIC),  
and size-exclusion chromatography (SEC), 
are used to highlight charge, hydropho-
bic, and size variants of protein biophar-
maceuticals, and are ideally run with inor-
ganic or nonvolatile mobile phases, which 
are also incompatible with MS.

In the absence of MS data, the probabil-
ity of missing crucial sample information is 
real. A solution could be to perform an 
LC–MS experiment using similar, yet MS-
compatible conditions by, for example, 
replacing phosphoric acid with formic 
acid. In certain cases, success will lurk 
around the corner. However, more fre-
quently, selectivity would have changed 
too drastically, and, in a worst-case sce-
nario, separation would be completely 
destroyed. Another approach to retrieve 
an MS readout from an MS-incompatible 
run is to collect the peaks of interest 
offline using a fraction collector (or man-
ually in tubes), and desalt or concentrate 
them before MS analysis. Desalting or 
concentration is ideally carried out dur-
ing the reinjection of the collected frac-
tion onto an MS-compatible LC method, 
typically RPLC-based, in which salts are 
eluted before the compounds of interest. 

The above process can be fully auto-
mated using (multiple) heart-cutting 2D-LC 
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FIGURE 3: (a) 1D-LC–UV analysis of a glucagon system suitability solution per USP 39;  
(b) and (c): Mass spectra taken after on-line desalting (2D-LC–MS) on a short polymeric RPLC 
cartridge of the heartcuts for (b) the glucagon peak and (c) the first desamido-glucagon 
peak. The MS spectrum of the desamido-glucagon peak reveals a mass difference in 
accordance with deamidation.  
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FIGURE 2: Analysis of polysorbate 20 using (a) 1D-LC, in a HILIC separation, and (b) 
comprehensive 2D-LC, using HILIC in the first dimension and RPLC in the second dimension 
(HILIC×RPLC). Detection: MS, ESI positive. 
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in which one or a couple of first-dimension 
peaks or fractions are collected in loops 
installed on a valve, followed by sequen-
tial transfer to a second chromatographic 
dimension that takes care of the desalting, 
concentration, or both. The second dimen-
sion optionally adds further separating 
power or selectivity, which is further ben-
eficial to discriminate in-source fragments 
from real signals. The existing method, and 
therefore the previously acquired chro-
matographic profile, remains unchanged,  
and the peaks or regions of interest 
observed in the first-dimension profile can 
be identified. Additional advantages of 
online 2D-LC–MS are full traceability and 
limited sample manipulation, which pre-
vents sample loss and degradation. It is 
not uncommon for low-abundance peaks 
to remain undetectable when they are col-
lected in an offline manner, and yet to be fully 
retrieved using the online 2D-LC approach. 

Some of the common applications of 
this approach are MS characterization of 
protein variants observed in the SEC, IEX, 
or HIC chromatograms of mAbs or the 
identification of unknown or new impuri-
ties detected with legacy and validated 
methods that are not compatible with 
MS. Figure 3 shows the analysis of the 
peptide glucagon using an MS-incom-
patible mobile phase in accordance with 
the monograph in USP 39 and the auto-
mated desalting of peaks of interest using 
a short RPLC cartridge and MS-compatible 
mobile phases in the second dimension.  
Clean and adduct-free MS spectra are 
obtained for major and minor peaks (15). 
As a more advanced example, a fully 
automated four-dimensional (4D)-LC–MS 
protein analyzer was recently described 
for characterizing mAbs. Charge variants 
resolved by IEX were collected in loops 
installed on a multiple heart-cutting valve 
and consequently subjected to online 
desalting, denaturation, reduction, and 
trypsin digestion prior to LC–MS–based 
peptide mapping (16). This innovation sub-
stantially reduces turnaround time, sample 
manipulation, loss, and artifacts, and 
increases information gathering. Unstable 
protein modifications, such as succinimide 
intermediates, which were not maintained 
when performing classical in-solution over-

night digestion of offline collected IEX 
peaks, were revealed.

Sample Matrix Effects
In addition to the impact of mobile-phase 
additives, the sample matrix can drasti-
cally influence MS behavior. Electrospray 
ionization (ESI) may be suppressed as 
a result of the presence of high levels of 
salt, polymer, surfactant, lipid, protein, 
and so on in the sample (drug product,  
biological matrix). In addition to causing 
signal suppression and the concomitant 
limited sensitivity, a heavy matrix can lead 
to contamination and loss of performance 
of the MS system. Consequently, it is neces-
sary to carry out extensive sample cleanup 
to remove as much matrix as possible 
prior to LC–MS analysis. A challenge is to 
minimize the loss of target analytes and to 
reduce the workload to a minimum, in case 
large number of samples are to be analyzed 
(such as in pharmacokinetic studies). In con-
trast, 2D-LC, in which the relevant section in 
the first-dimension chromatogram is trans-
ferred to a second dimension with altered 
selectivity, is an elegant approach to sub-
stantially reduce matrix effects and detect 
the undetectable or improve sensitivity by 
at least an order of magnitude.

Conclusions
Despite the fact that the state-of-the-art 
in 1D-LC is impressive, there is an ongo-
ing risk of missing relevant sample infor-
mation and not complying with regulatory 
requirements, particularly given increas-
ing demands. In fact, these risks are grow-
ing, given the ever-increasing structural 
complexity of all the new therapeutic 
modalities that are being developed and 
introduced today. To continue to bring 
safe and effective products to the patient 
today and in the future, pharmaceutical 
and biopharmaceutical scientists need to 
continuously explore the analytical land-
scape and guarantee that the latest and 
greatest tools are utilized. 

In recent decades, the chromatographic 
community has devoted a lot of attention 
to the development of 2D-LC. Recently, 
2D-LC hardware and software became 
commercially available, and the technology 
has quickly been adopted by, and shown 

to be of enormous value to, the pharma-
ceutical and biopharmaceutical industry. In 
comparison to 1D-LC, the main features of 
2D-LC in pharmaceutical and biopharma-
ceutical analysis are 1) increased selectiv-
ity, limiting the risk of coeluted peaks and 
making it possible to obtain complemen-
tary information about the sample (such as 
size, charge, hydrophobicity, and affinity); 2) 
a substantially increased resolving power 
for complex samples; 3) MS compatibility 
and the option to hyphen all LC modes 
and methods to MS; and 4) the reduction 
or even elimination of matrix interferences, 
thus boosting detectability. Furthermore, all 
these benefits are available in 2D separa-
tions that can be run in a fully automated 
manner with minimal sample manipulation, 
thereby reducing the risk of sample loss and 
degradation while offering full traceability. 

Moreover, given the ruggedness of cur-
rent instrumentation, developing 2D-LC 
methods is not particularly more chal-
lenging than developing 1D-LC methods, 
and method validation in 2D-LC has been 
demonstrated (17). 

With the implementation of 2D-LC in 
the pharmaceutical and biopharmaceutical 
industry, the risk of missing relevant sample 
information is substantially reduced to the 
benefit of all, but not in the least the patient! 
Furthermore, although the examples shown 
here relate to pharmaceutical and biophar-
maceutical analysis, the application domain 
of 2D-LC stretches way beyond drugs to 
food, environmental, toxicological, chemical, 
and petrochemical analysis, and beyond. 
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• Disconnect the column from the 
detector during column conditioning.  
This prevents eluents from the condition-
ing from contaminating the detector.

• Bring the column oven to operat-
ing temperature before turning on 
the detector to prevent condensation 
buildup in the detector, because the 
oven heats more rapidly.

• Keep all side panels and covers in place 
on the instrument during operation to 
maintain overall thermal stability.

• Scrubbers and moisture traps are 
recommended to remove contami-
nants from detector gases, as well as  
carrier gases. 
Lesson 13: Ensure that the detector 

is clean and equilibrated. In short, for the 
best detector operation, think cleanliness 
and equilibration. The detector and system 
should be contaminant free and given time 
to equilibrate before use and between runs. 
Keep the detector running overnight. 

Lesson 14: Qualify your instrument at 
installation, for performance at installation, 
and ongoing, as according to the standard 
operating procedure. Gregory Slack closed 
the session by providing a big-picture over-
view of challenges in optimizing and qualify-
ing gas chromatographs in high-throughout 
laboratories. Instrument qualification requires 
four steps: design qualification, installa-
tion qualification, performance qualification,  
and ongoing calibration and maintenance. 
Greg emphasized the need for standard 
operating procedures and documented 
processes for each step. He recommended 
using real samples for ongoing qualification. 

Lesson 15: Ensure that methods are 
fully documented, and that all analysts 

follow them. Greg also provided several 
examples of investigations and FDA inspec-
tion results. A common theme in the inspec-
tion results was that written methods and 
standard operating procedures were either 
incomplete or not followed. In regulated 
laboratories, once instruments are qualified,  
the methods that run on them must be 
validated, according to regulatory guidance 
and internal standard operating procedures.  
A broad audit finding might indicate a prob-
lem such as the assay method for the active 
pharmaceutical ingredient lacking a specific-
ity determination. A more detailed finding 
might indicate a problem such as the use 
of a 10.0 μL syringe for a method requiring 
delivery of 0.2 μL of liquid. The finding might 
then ask for supportive data to prove that 
the 10.0 μL syringe can accurately and pre-
cisely deliver the 0.2 μL of liquid. This finding 
provides an appropriate close to this column. 
Although it is possible that the 10 μL syringe 
can precisely deliver a given volume, it can-
not accurately deliver 0.2 μL given the nee-
dle volume alone of approximately 0.5 μL.  
Our previous speakers discussed sampling 
and injection; in this case, an injection prob-
lem becomes evident in a regulatory inspec-
tion. Greg also provided several real-world 
troubleshooting investigation examples. 
Interestingly, and independently of the other 
speakers, he discussed a real-world example 
involving a poor choice of injection liner. 

Conclusion
I was honored to host and speak in the 
GC session of the ChromTalks 2022 event,  

“Getting Under the Hood of Chromatog-
raphy.” These brief summaries only give 
us a quick look. I invite you to watch these 

presentations online, they are available 
on demand, in the webcast section of the 
LCGC website (www.chromatographyon-
line.com) or at LCGC’s ChromAcademy—to 
get a more detailed look “under the hood.” 
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A universal extraction method has been developed for 
the LC–UV analysis of cannabidiol (CBD) in infused lotions, 
balms, and creams. The method was evaluated using 
fortified samples with percent recoveries ranging from 
90.2–108%. Linearity was evaluated from 2–300 ppm  
and returned an R2 value of 0.9997. The sample 
preparation method developed produces clean extracts 
and reliable results. The LC–UV analysis was conducted 
using a Raptor ARC-18 (150 mm x 4.6 mm ID x 2.7 µm)  
column with a Raptor ARC-18 EXP guard column 
cartridge. Isocratic mobile phase conditions were used 
for a total run time of 5 min per sample.

The development of extraction procedures and analytical 
methods for cannabis-infused matrices can be difficult due 
to their diverse array of ingredients, posing a challenge in 
developing universal procedures that work for all samples. 
In the workflow developed here, one sample preparation and 
method of analysis was successfully used to quantify CBD in 
all three sample types. The result of this sample preparation 
technique is a clean extract that will ensure instrument uptime 
and maximize column lifetime, while providing fast and  
re-liable quantitation of CBD in these complex matrix samples.

Experimental
First, 0.5 g of sample was weighed into a 50 mL centrifuge 
tube (cat.# 25846) and extracted using 5 mL of 50:50 methyl 

tert-butyl ether:methanol solvent solution. The samples were 
vortexed for approximately 90 s, shaken on a shaker table for 
5 min, and centrifuged for 5 min at 3000 rpm. Next, 50 µL  
of supernatant was transferred to a vial and dried under a 
stream of nitrogen. Each sample was reconstituted with 1 mL 
of 25:75 water:acetonitrile and a 300 µL aliquot transferred to 
a 0.2 µm PTFE Thompson filter vial (cat.# 25893) for filtration 
prior to analysis.

Calibration standards were prepared at 2, 3, 5, 10, 20, 
50, 100, 200, and 300 ppm and analyzed in triplicate.  

Quantitative LC-UV Method for CBD  
in Topicals with Simplified Extraction  
of Lotions, Balms, and Creams
Jamie York,  Restek Corporation

Lotion

Time (min)

Peaks tR (min)
1. Cannabidiol (CBD) 3.081

LC FF0581
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0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.8 5.0

Figure 1: Example chromatogram for this LC–UV method for CBD in lotion.

Experimental details

Analytical column:
Raptor ARC-18 150 mm x 4.6 mm ID x 2.7 μm 

column (cat.# 9314A65)

Guard column:
Raptor ARC-18 5 mm x 4.6 mm ID x 2.7 μm 

EXP guard column
(cat.# 9314A0250)

Mobile phase A 
(25%):

Water, 5 mM ammonium formate, 0.1% formic 
acid

Mobile phase B 
(75%):

Acetonitrile, 0.1% formic acid

Flow rate: 1.5 mL/min

Injection volume: 5 μL

Oven temp: 30 °C

Wavelength: 228 nm

Run time: 5 min

http://www.restek.com
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Quality control standards were prepared at 8, 80, and 280 
ppm, and analyzed six times each. A comparison of label 
claims to experimental values was made by calculating the 
native concentrations of CBD in lotion, balm, and cream 
containers based on the measured concentrations in each 
sample. This value was compared to the advertised amount of 
CBD by calculating percent difference.

Percent recovery experiments were performed by fortify-
ing a set of samples prior to sample preparation and another 
set of samples post-sample preparation at a concentration of  
6 ppm. These values were then used to calculate percent re-
covery to determine if any analyte was lost during the sample 
preparation procedure.

Results and Discussion
The developed workflow allows for multiple CBD-infused 
samples (lotions, balms, creams) to be analyzed by the 
same sample preparation procedure and method of analysis, 
saving time and allowing for higher sample throughput.  
The LOD for these experiments was determined to be 2 ppm 
and the calibration curve returned an R2 value of 0.9997. 
Experimentally determined CBD per bottle, precision (%RSD), 
percent difference, and percent recovery are displayed in 
Table I. A representative sample chromatogram is displayed 
in Figure 1.

Conclusion
The LC-UV method for CBD in topicals presented here 
allows for a fast and straightforward sample preparation and 
subsequent detection. The applicability of this methodology 
for multiple sample types provides laboratories with an 
opportunity for higher sample throughput by applying a 
single method to a wide variety of CBD-infused lotions, balms,  
and creams.

Restek Corporation
110 Benner Circle, Bellefonte, PA 16823

Tel. 1-814-353-1300
www.restek.com

Table I: Percent recovery of fortified samples and comparison to label value results

Recovery Experiment Comparison to Label Value Experiment

Sample % Recovery
CBD Label Value per 

Bottle (mg)
Experimental CBD per 

Bottle (mg)
Precision (%RSD)

% Difference
(Experimental versus 

Label)

1. Hemp-infused lotion 106 348 343 0.84 1.42

2. CBD-infused lotion 108 600 617 1.43 2.90

3. CBD-infused cream 96.8 150 151 3.08 0.69

4. CBD-infused balm 90.2 100 88.6 2.94 11.4

5. Hemp-infused balm 99.2 82.6 82.3 2.96 0.39

6. CBD-infused lotion 102 250 269 2.02 7.58

7. CBD-infused cream 98.8 100 90.5 9.51 9.56

8. CBD-infused lotion 99.0 100 97.1 5.02 2.91

9. CBD- infused balm 90.7 70.0 55.8 4.46 20.3

10. Blank lotion (no CBD) 101 n/a n/a n/a n/a

http://www.restek.com
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Development of Mass Spectrometry 
Search Algorithm for Mixed Microplastics by Py–GC/MS
Rojin Belganeh,  Frontier Lab Americas

F-Search MP 2.0 software is a dedicated mass spectral
library constructed from data obtained by pyrolysis–
gas chromatography/mass spectrometry (Py–GC/MS).
Unknown microplastics (MPs) are rapidly and accurately
identified and quantified using this software.

MPs pollution in our environment has become one of the significant issues 
affecting marine life by accumulating in the food chain and impacting 
human health. Unlike traditional analytical methods such as µRaman 
spectroscopy and µFTIR–ATR, micro-furnace Py–GC/MS analyzes MPs 
independent of a sample’s particle size and shape. Once the MS data 
is acquired, F-Search MP 2.0 software quickly and accurately identifies 
and quantifies unknown MPs based on the mass spectral libraries of 
pyrolyzates. The library of 12 commonly used polymers is registered for 
quantification analysis; users also can easily add their polymers to the 
software. The software automatically creates a calibration curve (ISTD and 
ESTD) based on the analytical results from the reference polymer mixture.

Experimental Condition
A vertical micro-furnace pyrolyzer (EGA/PY-3030D, Frontier Laboratories  
Ltd., Japan), directly interfaced to a split/splitless injection port of a  
GC–MS instrument, was used. Twelve representative polymers (Figure 1) 
were selected as the search target polymers. Mass spectra constructed by 
summing up all the intensities of characteristic ions of major pyrolyzates for 
each polymer were stored in the library. 

F-Search MP 2.0 software includes the MP Calibration Standard 
(MPCS) kit for users to create calibration standards easily. Two MPCS with 
different diluents (SiO2 or CaCO3) are available. Both samples contain a 

few µg each of commonly used 12 polymers which are homogeneously 
dispersed with a solid diluent for easy weighing on semi-microbalances.

Results
An example of searching polypropylene (PP) in a test mixture sample of 12 
polymers is shown in Figure 1. To isolate the major pyrolyzates of PP in the 
pyrogram, their characteristic ions, m/z 41, 43, 55, and 70 were selected 
to obtain mass chromatograms (MCs). The match quality between the 
summated mass spectrum (A) of the characteristic pyrolyzates detected 
on the MCs of the test sample and the summated mass spectrum (B) 
of the PP pyrolyzates stored in the library, a high match quality of 96.6% 
was obtained. The mass of PP calculated from the calibration curve was 
in good agreement with the actual polymer amount in the test sample. 
Similar results were obtained for the rest of the polymers.

Conclusion
F-Search MP 2.0 software is a unique and powerful analytical tool
for identifying and quantifying MPs.

References
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Figure 1: Pyrograms of (a) a test sample and (b) PP with each summated MS spectrum.
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In this application, UCT offers a simple procedure to extract opioids from 
biological matrices with excellent recoveries and overall precision. 

Additionally, UCT’s Selectra DA UHPLC column provides excellent 
retention and peak shape for all the opioids in the method, including baseline 
separation of the critical isobaric compounds. Furthermore, all compounds 
were eluted in less than 8 min from the Selectra DA UHPLC column.

Results
Extraction of urine and blood quality control samples resulted in excellent 
recoveries and reproducibility. Urine samples spiked at 5 and 25 ng/mL 
concentrations had recoveries > 80%, with the corresponding RSD valued 
<3%. Blood samples spiked at 5 and 25 ng/mL concentrations showed 
recoveries ≥ 85%, with the corresponding RSD values < 4%. The simple 

protocol outlined in this application note can be readily implemented in 
pain management, clinical diagnostics, and forensic analysis.

Analysis of 26 Natural and Synthetic Opioids in Blood and Urine 
Using Clean Screen® DAU SPE and Selectra® DA UHPLC Column
UCT
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Figure 1: A representative chromatogram showing complete 
separation of isobaric compounds; (1) morphine (2) hydromorphone, 
(3) norcodeine, and (4) norhydrocodone.

UCT, LLC
2731 Bartram Road, Bristol, PA 19007

Tel. (215) 781-9255, Fax (215) 785-1226
www.unitedchem.com

Urine Recoveries

R
ec

o
ve

ry

5 ng/mL 25 ng/mL

n=5

120%

6-
A

ce
ty

lm
o

rp
hi

ne
A

ce
ty

l f
en

ta
ny

l
B

up
re

no
rp

hi
ne

C
o

d
ei

ne
E

D
D

P
Fe

nt
an

yl
H

er
o

in
H

yd
ro

co
d

o
ne

H
yd

ro
m

o
rp

ho
ne

Le
vo

rp
ha

no
l

M
ep

er
id

in
e

M
o

rp
hi

ne
M

et
ha

d
o

ne
N

al
o

xo
ne

N
al

tr
ex

o
ne

N
o

rc
o

d
ei

ne
N

o
rb

up
re

no
rp

hi
ne

N
o

rf
en

ta
ny

l
N

o
rh

yd
ro

co
d

o
ne

N
o

rm
ep

er
id

in
e

N
o

ro
xy

co
d

o
ne

N
o

ro
xy

m
o

rp
ho

ne
O

xy
co

d
o

ne
O

xy
m

o
rp

ho
ne

Ta
p

en
ta

d
o

l
Tr

am
ad

o
l

100%
80%
60%
40%
20%

0%

Figure 2: Analyte recovery from urine samples prepared at 5 ng/mL and 
25 ng/mL using an optimized extraction method on CSDAU SPE column. 

Table 1: Instrument parameters

HPLC System Thermo Scientific Dionex Ultimate 3000

MS System Thermo Scientific TSQ Vantage

UHPLC Column Selectra DA Column 50 × 2.1 mm, 1.8 μm
PN: SLDA50ID21-18UM

Guard Column Selectra DA 5 × 2.1 mm, 1.8 μm
PN: SLDAGDC20-18UMOPT

Column Temp. 40 °C

Flow Rate 0.4 mL/min

Injection Volume 5 μL

Mobile Phase A
Mobile Phase B

0.1% formic acid in water
0.1% formic acid in MeOH

Gradient
B Conc: 0% (0 min) – 15% (0.5 min) – 30% (3.5 
min) – 100% (7.5 to 8.5 min) – 0% (8.6 to 11 min)

Table 2: SPE procedure

(Clean Screen DAU, 6 mL 200 mg PN: CSDAU206)

Sample  
Pre-treatment

Urine
1 mL sample + 1 mL pH 6.0 phosphate buffer (0.1 M) 
+ ISTDs. Vortex briefly and centrifuge 
Note: Hydrolysis protocol is required for panels contain-
ing conjugated compounds 
Blood
1 mL sample + 4 mL pH 6.0 phosphate buffer (0.1 M) 
+ ISTDs. Vortex briefly and centrifuge

Condition
- 3 mL MeOH 
- 3 mL pH 6.0 phosphate buffer (0.1 M)

Load - Load the samples at 1–2 mL/min

Wash
- 3 mL 1% formic acid in DI H2O  
- 3 mL MeOH

Dry - Dry column for 1–2 min at full vacuum or pressure

Elute - 3 mL 5% NH4OH in MeOH (95:5 v/v MeOH:NH4OH)

Post Elution
- Evaporate and reconstitute in mobile phase or 1 mL MeOH 
Note: Smaller reconstitution volumes can be used to 
achieve higher concentrations
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Figure 3: Analyte recovery from blood samples prepared at 5 ng/mL and 
25 ng/mL using an optimized extraction method on CSDAU SPE column. 
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Selection of UHPLC Columns for Nucleic Acid Oligomer Analysis
S. Horikiri,  Nomura Chemical

Nucleic acid–based drugs are located between small-molecule drugs 
and biopharmaceuticals, and synthetic oligonucleotides up to about  
30-mer are the mainstream. This class of drugs is attracting a lot  
of attention, and is expected to expand in scale in the future.

We examined FlexFire columns and their analytical conditions using 
synthesized miRNA samples. For this study, we applied inert UHPLC 
columns to prevent sample loss.

Comparison with Conventional Products
Synthesized 40-mer miRNA has been analyzed using both a 
conventional column and the FlexFire series with the new silica gel.  
The conventional Develosil 300 C4-HG showed peak tailing and less 
peak height. The FlexFire series has improved peak shapes, and results 
in better sensitivity. High-quality packing materials with few impurities 
are essential for nucleic acid analysis.

Calibration curve of 40 mer miRNA
The calibration curve obtained by the UV detector presented a clean 
straight line in the range of 0.32–650 ng of miRNA. LC–MS should 
yield similar results at even lower concentrations.
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Detection of 1-Base Difference in miRNA
Resolution has been improved in the FlexFire wide pore columns,  
and the FlexFire Wide Pore (WP) C8 has the same retention as the FlexFire 
WP C18. The performance of these columns is dramatically improved 
compared to the conventional product.

Effect of HFIP Concentration  
HFIP Concentration and Retention
HFIP concentration was altered while the ratio of HFIP:Ion Pair (base) 
was kept at 10:1. At 5 mM HFIP, the peak appeared in the front. At 50 
mM HFIP, a sharp peak was detected. However, the peaks of 20 nt and 
21 nt tended to overlap slightly.

Increasing HFIP concentration to 100 mM showed good separation. 
At 200 mM, the separation power was better, but the effect of HFIP 
seemed to have plateaued. We recommend using 100 mM HFIP, 
because it shows good separation performance while minimizing 
damage to the column.

Conclusion
The important points when selecting a column for the analysis of nucleic 
acid oligomers are:

• Using a wide pore column
• Use a silica gel substrate with very low impurities
In addition to HFIP, TEAA (triethylammonium acetate) and ion pair 
concentrations affect the separation. When using LC–MS, the mobile-phase 
constituents can affect both the sensitivity and pollution of the detector.
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Exosome Characterization in Biological Matrices 
Using Asymmetrical Flow Field-Flow Fractionation 
and Nanoparticle Tracking Analysis
Postnova Analytics GmbH

For therapeutics development, a comprehensive investigation 
of formulations during the optimization process is 
essential for later clinical trials. Often the in vivo behavior 
differs significantly from the previous in vitro activity.  
Therefore a characterization under conditions mimicking the 
in vivo environment is gaining in interest (1).

Both field-flow fractionation (FFF) and nanoparticle tracking 
analysis (NTA) have gained in increasing popularity for the 
analysis of complex biological samples, including extracellular 
vesicles such as exosomes, over recent years (2–4). 

In this application note, we present the online hyphenation 
of asymmetrical flow field-flow fractionation (AF4), multi-
angle light scattering (MALS), and NTA to analyze exosomes 
spiked into rabbit serum.

Experimental
The exosome pellet (exosome standard, which was extracted 
from human urine) was recovered according to the 
manufacturer’s guidelines. Prior to injection, the exosomes 
were diluted to the final concentration of 1.64 × 1010 particles 
mL-1 in phosphate-buffered saline in a 1:10 dilution of rabbit 
serum in ultrapure water (UPW).

The experimental setup is illustrated in Figure 1.  
The samples were fractionated in the AF4 channel according 
to their hydrodynamic size. To reduce the flow rate for NTA 
measurement and to increase the sample concentration 
after the dilution in the channel, the Slot Outlet technique 
(also known as Smart Stream Splitting) was used: the upper 
sample-free solvent stream was split away at the end of the 
fractionation channel. The AF4 system was also coupled 
with a MALS detector to derive the size (radius of gyration, 
Rg) of the fractionated sample constituents. To deliver the 
sample at an appropriate flow rate (here approximately  
12  μL min-1) for the NTA measurement, an additional 
flow splitter was used for coupling both systems.  
The NTA determined the hydrodynamic diameter, Dh, and the 
concentration of the separated sample constituents.

Results
The rabbit serum represents a highly complex mixture 
containing a variety of proteins and electrolytes. To exclude 
matrix-induced interferences, a comprehensive fractionation 
step is advised prior to the analysis. Otherwise, various 
interactions between the matrix components and the incident 
laser light, such as fluorescence, would overlap with the 
scattered light and may render an accurate size determination 

by MALS and NTA virtually impossible. In addition, in NTA, 
the significantly lower intensity of scattered light from small 
particles may also result in a size distribution that is skewed 
towards the bigger particles.

Figure 2 shows the obtained AF4-MALS fractograms 
overlaying the exosome standard, the serum blank, and the 
exosomes in serum, including the obtained Rg distributions. 

Sample Slot outlet
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MALS detector
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Figure 1: Schematic principle of the AF4-MALS-NTA setup (1).
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The data confirm the successful separation of rabbit serum 
constituents from the exosomes. However, the serum blank 
also shows particles in the same size range as the exosomes, 
indicating that there may also be exosomes already present in 
the serum itself. The Rg distribution of the exosomes ranged 
from 23 nm to 100 nm and was not affected by the spiking 
into rabbit serum. In Figure  3, AF4-NTA fractograms with 
an overlay of Dh and the particle number concentration are 
displayed for (a) the exosome standard and (b) the exosomes 
in serum. The Dh distribution of the exosomes ranged from 
around 43 nm up to a maximum of 150 nm. The Dh distribution 
of the exosome-serum sample ranged from roughly 35 nm up 
to 90 nm, with increasing variation to the exosome standard. 
The particle concentration and the relationship of Rg and 
Dh in a blank medium and in serum provide information on 
the morphology of the exosomes and indications of a corona 
formation. The hyphenation of AF4-MALS-NTA delivers this 
information within one single measurement, which reduces 
time, costs, and sample material.

Conclusions
Asymmetrical flow field-flow fractionation hyphenated to 
multi-angle light scattering detection and nanoparticle 
tracking analysis represents a powerful analytical platform 
to study the behavior of promising drug delivery vehicles 
under in vivo-like conditions. Both techniques complement 
each other perfectly. The online matrix removal and sample 
purification capability of AF4 support the NTA to overcome 
its limitations, while NTA acts as a true particle-counting 
detector for AF4. Together with MALS, AF4-NTA may also 
enable particle shape analysis.
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Characterization of monoclonal antibodies (mAbs) is essential to 
product safety and efficacy. Determining the purity and characterizing 
the impurities such as dimers or fragments are two critical quality 
parameters. Size-exclusion chromatography (SEC) coupled with 
mass spectrometry (MS) is increasingly used to identify the accurate 
molecular mass of mAbs. However, traditional SEC typically generates 
high particle shedding, which decreases ionization efficiency over time, 
even when operating in high molecular weight (HMW) m/z ranges. 
To avoid shedding for MS and multi-angle light scattering (MALS) 
applications, Tosoh Bioscience developed TSKgel® UP-SW3000-LS  
U/HPLC size exclusion columns.

In this application note, a TSKgel UP-SW3000-LS column was coupled 
with an MS instrument for the analysis of a mAb standard. Data demonstrates 
that the TSKgel UP-SW3000-LS column surpasses competitive UHPLC 
columns and a dedicated low shedding column for SEC of proteins in 
terms of particle shedding observed by MS. Moreover, this column helps 
maintain ionization efficiency in the electrospray ionization (ESI) source 
>90% compared to the initial injection over >50 injections.

Experimental HPLC Conditions
Columns:   TSKgel UP-SW3000-LS,
   4.6 mm ID × 15 cm (2 μm)
   UHPLC column for SEC of proteins, 
   4.6 mm ID × 15 cm (1.7 μm)
   Dedicated light scattering column, 
   4.6 mm ID × 15 cm (3 μm)
Instruments:
UHPLC instrument:  Shimadzu Nexera® XR
MS instrument:   SCIEX X500B QTOF
Ionization mode:   ESI, positive mode
MS mode:   Scanning, TOF MS m/z 4000-8000
Ion source gas 1:   50 psi
Ion source gas 2:   50 psi
Curtain gas:   30 psi

Method and Mobile Phase:
Mobile phase:   100 mmol/L ammonium formate,  
   pH 6.8
Flow rate:    0.2 mL/min
Detection:   UV @ 280 nm
Temperature:   25 °C
Injection vol.:   10 μL
CAD gas:    7 psi
Spray voltage:   5500 V
Source temperature:   450 °C
Declustering potential:  275 V ± 20 V

Collision energy:    5 V
Accumulation time:   0.5 s
Time bins to sum:    80
Script of Intact Protein Mode:   ON
Q1 transmission window:   100% at 2250 Da

Results and Discussion 
Reduced Particle Shedding in SEC-MS Using TSKgel UP-SW3000-LS
Based on our first observations, particle shedding does not occur 
at a specific retention time. It is a continuous process that occurs 
throughout the elution process. Therefore, we decided to collect 
the data accumulated between 3 and 15 min elution time to 
quantify the amount of column shedding occurring during one 
SEC run (see Figure 1).

We quantified column shedding throughout multiple SEC 
runs by counting the measured intensities of the various molec-
ular ions stemming from each column. The analysis sequence 
consisted of 10 equilibration runs (no injections), followed by  
10 runs where mobile phase blanks were injected onto the col-
umn. The results from the quantification of particle shedding 
are presented in Figure 2, in which we plotted the intensity 
or count per s (cps) of particle shedding as a function of the  
run number.

The TSKgel UP-SW3000-LS column exhibited almost no 
particle shedding after the first equilibration run and surpassed 
both the UHPLC and dedicated light scattering columns in terms 
of particle shedding. As shedding is not measurable after the first 
equilibration run, users do not have to condition the SEC column 
for a long time before starting their analyses.

Selecting the Optimal Column for Native 
SEC–MS of Monoclonal Antibodies
 Tosoh Bioscience
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Figure 1: Experimental design to measure SEC particle shedding using 
LC–MS. 
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Increased Ionization Efficiency in SEC–MS 
Using TSKgel UP-SW3000-LS
We measured the area under the curve of the 28+ peak to quan-
tify the MS ionization efficiency of the eluted NIST mAb monomer 
peak for the various columns tested over 50 consecutive injections 
(see Figures 3 and 4). We observed a correlation between the 
decrease in ionization efficiency and the high particle shedding.

The TSKgel UP-SW3000-LS column, which exhibited the 
lowest high particle shedding, maintained high ionization  
efficiency (above 90%) for more than 50 injections.

Conclusion
Using the TSKgel UP-SW3000-LS column for SEC-MS analysis 
helps limit column shedding, which significantly improves the over-
all analysis performance. It also helps maintain the instrument’s 
uptime with less frequent cleaning of the ESI source compared with 
competitor columns. As a consequence, SEC-MS analyses are more 
reproducible and reliable while being done at a higher throughput 
when using the TSKgel UP-SW3000-LS column.

TSKgel and Tosoh Bioscience are registered trademarks of Tosoh Corporation.

Nexera is a registered trademark of Shimadzu Corporation.
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Figure 2: Quantification of SEC particle shedding using LC–MS.

Figure 3: SEC-MS analysis of a mAb.

Figure 4: Ionization efficiency of a mAb by electrospray ionization.

Tosoh Bioscience LLC
3604 Horizon Drive, Suite 100, King of Prussia, PA 19406

Tel. (484) 805-1219, fax (484) 805-1277
Website: www.tosohbioscience.com
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In the past, I have openly lamented the seem-
ing lack of National Science Foundation 

(NSF) support for research into fundamental 
separation science. This past fall, I was heart-
ened to receive a NSF grant (CHE-2108767) 
to support explorations into how data sci-
ence techniques could be used to advance 
complex on-line extraction and analysis sys-
tems. I am willing to eat my past words to 
some degree. Although I think more federal 
research support could always be provided, 
with this project support, we are investigating 
fundamental relationships between the struc-
tures of molecules and their interaction with 
different materials, in the context of on-line 
supercritical fluid extraction–supercritical fluid 
chromatography (SFE–SFC).

Although I do not intend to drill down into 
the nuts and bolts of the full project details, 
our intent is to combine machine learning 
and surrogate optimization techniques to effi-
ciently reach optimal SFE–SFC conditions for 
a wide range of applications. A big challenge 
is being able to generate a methodology, that 
could work across a wide range of molecule 
types and materials. SFE and SFC are known 
to be applicable across much of the space 
that both gas chromatography and liquid 
chromatography can analyze. The materi-
als under consideration are those that might 
contain the molecules from which they need 
to be extracted (such as sample materials), as 
well as the SFC stationary phases, which are 
used to both trap and separate the molecules.

Deriving parameters associated with a 
particular molecule that are predictive of its 
physicochemical properties, as well as its 
interactions with a wide variety of materials, 
is also challenging. On the one side, much 
can be done by determining linear solvation 
energy relationships for solutes that have 
detailed property descriptors, but the sets of 

molecules where these descriptors are known 
is limited, and the descriptors are not easy to 
determine for other molecules of interest. On 
the other hand, properties that are easily cal-
culable, such as pKa or log P, provide limited 
prediction capacity when the molecules are 
present in complex systems.

With that in mind, we have decided to 
pursue machine learning methods, which can 
encode the actual chemical structure of the 
compound and correlate it with measured 
properties. This type of work is being pursued 
in drug discovery and synthesis, but as of yet 
only to a very limited degree in analytical 
chemistry.

To determine the best encoding strategy 
for the two- and three-dimensional chemi-
cal structures, we have been exploring the 
potential to predict vacuum UV (VUV) absorp-
tion spectra. Techniques that use, for example, 
time-dependent density functional theory, do 
an okay job, but they do not often produce 
the fine spectral structure we can observe in 
experimental gas phase VUV spectra. Using 
a variety of deep learning methods, we have 
had good success now in predicting VUV 
spectra from chemical structures, and even 
vice versa. This should create a powerful tool 
to aid both VUV detection for gas chromatog-
raphy, as well as provide a framework for us to 
advance our work to optimize SFE–SFC.

We will also use a surrogate optimization 
technique to study and optimize the on-line 
extraction and trapping variables. Surrogate 
optimization is an enhanced-response surface 
methodology, incorporating a wider range of 
functions, in order to handle more complex 
response surfaces. Our team has been work-
ing on the code, focusing on modeling elec-
trospray response of different analytes, which 
is a bit simpler and less instrument intensive 
than jumping into the SFE–SFC optimization. 

Although I am far from able to code or decode 
any Python, it has been extremely enlighten-
ing to gain a better appreciation for cutting-
edge data science. The biggest challenge 
with such a collaboration is communication. 
As we are each experts in our domains, try-
ing to bridge the gap requires discussions that 
often drop down to very basic fundamentals 
in each of our fields. But, as we begin to be 
able to better speak each other’s language, 
the potential for advancement in both of our 
fields has become clear.

Now, as some students graduate from the 
team, it will be interesting to see what kind of 
employment they can find. I have no doubt 
that analytical chemists with some data sci-
ence background will be snatched up. I won-
der more about the data scientists with some 
analytical chemistry background. Are analyti-
cal chemistry companies considering how 
they might utilize a hard-core data scientist? 
I can attest to the exceptional level of data 
science expertise these industrial engineers 
possess, and would like to, with this blog, 
promote them to the analytical chemistry 
community. Let me know if you are hiring in 
this area, or if you know someone or some 
company who is.
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