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FROM
THE
EDITOR

Solving Tomorrow’s Challenges

A

s we celebrate the 40th year of LCGC, we are thinking not
about the past, but about the future. The field of chromatography has made incredible advances during the lifetime
of LCGC, and we believe that we have contributed, in our way,
by facilitating the sharing and cross-fertilization of ideas that are
essential for innovation. The vital questions, however, look forward. What’s next? What’s possible? Where can we push the limits,
and break through to something new? How can separation science enable breakthroughs in other fields, like disease research
and environmental science? In this issue, 13 leading analytical
chemists help us explore those questions by presenting their
approaches to solving the challenges of today and tomorrow,
and sharing their visions for the future.
When we think about the future of chromatography, one area
of focus is naturally the design of liquid chromatography (LC)
columns. Jim Grinias proposes reconsidering the van Deemter
equation. Taking a dimensional approach to the equation, he says,
can guide improvements in future LC column designs, and can
also help teach chromatography. For his part, Ken Broeckhoven
considers whether the future of LC columns—including those
made by 3D printing—requires a more drastically new approach.
Considering the future of LC more broadly, beyond columns,
naturally leads to discussions of two-dimensional LC (2D-LC).
Dwight Stoll, in his contribution, focuses on the need to make
method development for 2D-LC accessible to more users.
Thus, he advocates for increased development of modeling and
simulation tools for 2D-LC like those that led to vast improvements in method development for one-dimensional separations.
Phil Marriott and Rob Synovec
are also excited about the power
and future of multidimensional
separations. They of course, each
emphasize the role of comprehensive two-dimensional gas chromatography (GC×GC).
Jared Anderson, in turn, looks
to the need for cross-disciplinary
efforts, such as with the field of
materials science, and for turning
Laura Bush
to the next generation of leaders,
Editorial Director
who, he hopes, can take us not only
lbush@mjhlifesciences.com into new areas of innovation but

also onto paths that put greater emphasis on green chemistry.
Gongke Li sees an urgent need for innovation in sample preparation, with integration strategies as one route toward the solution.
Other contributors address how separation science is helping
advance other fields of science. Dan Armstrong believes disease research can make critical advances through chiral analysis
focused on D-amino acids. Chiral separations are also on the mind
of Laura Blue, who seeks mixed-mode columns capable of simultaneous chiral and achiral separations, to improve impurity profiling and reduce testing workload in the pharmaceutical industry. Similarly, Pete Yehl underscores the need for LC approaches
that can address multiple attributes of drugs and drug delivery
systems, to match the fast pace of drug development of today,
and the presumably faster pace of tomorrow.
Ryan Kelly is excited about what we can see today inside single
cells, but knows we need new solutions to push the limits further. The frontier, from his perspective, is inside us, and it’s very,
very small. Diana Aga, on the other hand, though analyzing
trace-level compounds, is thinking about the role of separation science in how we evaluate broad trends in human disease,
addressing both the challenges, as well as the opportunities,
of wastewater-based epidemiology. Kevin Schug is concerned
about another aspect of analyzing what we consume, pointing to
the glaring need to improve the quality of blood alcohol concentration analysis being conducted in many forensic laboratories.
These contributions emphasize a range of techniques and
problems, reflecting the varied scientific interests of our contributors (a pool that was deliberately weighted to North America,
in light of the coming 35th anniversary issue of LCGC Europe).
This diversity of focus is critical; only by taking on problems on
many fronts we will find the solutions of tomorrow.
At the same time, what these scientists share is just important:
a vision for tackling critical challenges in both the fundamentals
and applications of separation science—accompanied by the
confidence and the passion to make it happen.
It’s sharing in that passion, and sense of purpose, that makes
our own role in this space fulfilling. Here’s to the next 40 years.

338  LCGC NORTH AMERICA  VOLUME 40 NUMBER 8  AUGUST 2022WWW.CHROMATOGRAPHYONLINE.COM

LC TROUBLE SHOOTING

Essentials of LC Troubleshooting, Part IV:
What Is Going On with the Baseline?
Some liquid chromatography (LC) troubleshooting topics never get old because there are some problems that persist in
the practice of LC, even as instrument technology improves over time. There are many ways for things to go wrong in an
LC system that ultimately manifest as detector baselines that do not look right. Developing a short list of the likely causes of
these results can help streamline our troubleshooting experience when baseline-related problems occur.
Dwight R. Stoll

riting this “LC Troubleshooting” related to detector baselines that do not ple, mobile phase solvent quality) can
column and thinking about top- look right. As with all of the “essential” change suddenly. Therefore, it is imporics each month is interesting in the sense troubleshooting topics, problems with tant to consider a wide range of potential
that there are some topics that just never baselines have been discussed in “LC causes of a bad baseline, even if most of
get old. Whereas in the chromatography Troubleshooting” articles in the past (5). them are normally not a concern.
research world certain topics or ideas However, the solutions to these problems
become obsolete as they are displaced have changed over time. The causes of What Is to Be Expected?
by newer and better ideas, there are cer- these anomalous baselines can have chem- A critical step in any troubleshooting
tain topics in the troubleshooting world ical or physical origins, or both. Discussing exercise—but one that I think is not
that have remained relevant since the very some of the most commonly observed appreciated enough—is recognizing
first troubleshooting article appeared in causes empowers users to spot these that there is a problem to be solved.
this magazine in 1983 (1). Over the last problems when they occur, and it enables Recognizing that there is a problem usufew years, I focused several “LC Trouble- them get a start on the troubleshooting ally amounts to recognizing that what is
shooting” installments on contemporary effort by narrowing the list of possibilities happening with the instrument is differtrends (for example, the relatively recent to investigate and the range of possible ent from what is expected to happen. Our
advances in our understanding of the solutions. I hope LC users young and old expectations are formed from theories,
effects of pressure on retention [2]) in liq- will find the tips and reminders related to empirical knowledge, and experience (6).
uid chromatography (LC) that are affecting this important topic in this column useful.
“Normal” baselines can look very differthe way we approach our interpretation of
ent, depending on the chromatographic
LC results, and how we approach trouble- Everything is Possible
conditions and detector type in use.
shooting with modern LC instruments. More often than not, I find myself An ideal detector baseline is flat (that is,
In this installment, I am continuing a series responding to troubleshooting ques- no drift), with a low degree of noise
that I started back in December 2021 (3) tions with “Everything is possible,” which in the signal and free of artifacts such
that focuses on some of the “bread might seem like an easy out when con- as “ghost peaks” or other features
and butter” topics of LC troubleshoot- sidering observations that are hard to in the signal that are not related to
ing—those elements that are essential explain, but I find that this response the analytes we are trying to separate.
for any troubleshooter, no matter the vin- is appropriate more often than not. Figure 1 illustrates the difference
tage of the system we are working with. With so many possible causes of bad
between detector “drift” and “noise” in
The topics at the heart of this series are detector baselines, it is important to the signal. The closer our real detector
highly related to LCGC’s well-known “LC keep an open mind when considering baselines are to this ideal, the more powTroubleshooting” wall chart (4) that hangs what might be the problem. Even aspects erful our methods are for quantifying anain many laboratories. The fourth install- of LC systems and methods that are lytes accurately, with confidence, and at
ment in this series focuses on problems normally well controlled (for exam- low concentrations.

Icon Image: Joe Zugcic / Zugcic Photographers, Inc.
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Chemical Causes of
Baseline Anomalies

7

In my laboratory, we observed several different types of baseline anomalies that we
ultimately attributed to problems with the
reagents used to prepare mobile phases.

6

Signal

5

Cause #1: Mobile Phase Impurities
That Accumulate On-Column
Occasionally, mobile phase solvents
(for example, water and acetonitrile) or
additives (for example, formic acid and
triethylamine) contain impurities that are
highly retained under the conditions of
a chromatographic experiment. When
using isocratic methods, accumulation
may not become apparent until the column is “washed” with a strong solvent
(for example, a high level of acetonitrile)
at the end of a series of sample injections
or prior to storing the column. During the
washing step, elution of the impurities
that had accumulated on the column will
be observed as a large, broad change in
the detector signal. When using gradient
elution methods, impurities are retained
by the column early in the gradient,
but then they are washed out in the middle of the gradient or during a washing
step at the end of the gradient. Figure 2
shows an example of this occurrence from
our recent work aimed at developing a
reversed-phase (RP) method that involves
dimethylcyclohexylamine in the A solvent
used in the gradient. With the mobile
phase from supplier A, a large impurity
peak is observed at the end of the gradient, whereas this peak is much smaller
when using the mobile phase prepared
with the additive obtained from supplier B.

Cause #2: Mobile Phase
Impurities That Contribute to
High and Changing Baselines
In specific cases where the impurities
are highly soluble in the mobile phase,
they are not retained by the column and
contribute toward a higher-than-normal
detector signal throughout the chromatogram. When using gradient elution, if the
impurities are only present in one of the
solvents used in the gradient (for example, only in the mainly aqueous solvent
used in a gradient for a reversed-phase

Noise

4

Drift

3
2
1
0

1

2
3
Time (min)

4

5

FIGURE 1: Illustration of detector “drift” and “noise” in the signal.

separation), then the detector signal
may change slowly and in relation to
the fraction of that solvent contributing to the mobile phase at any point in
time. Figure 3 shows an example of this
occurring from our recent work involving mass spectrometric detection. In this
case, we ultimately found that the higherthan-expected signal was because of
the presence of short chain alkylamines

present in the isopropanol we were using
as a component of our mobile phase.
This particular case was quite surprising given that the isopropanol we had
sourced was sold as a “liquid chromatography–mass spectrometry (LC–MS)
grade” solvent. Changing to isopropanol
from a different manufacturer immediately solved the problem, which is shown
in the chromatograms in Figure 3.
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impurity peak appears after the solvent composition reaches 80% B at the end of the gradient.
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Physical and Physicochemical
Causes of Baseline Anomalies

x106

TIC (counts)

In addition to the chemical causes of baseline
problems discussed in the previous section,
there are many other causes that are either
purely physical in nature or can be characterized as having both chemical and physical
components (that is, physicochemical).
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FIGURE 3: Comparison of mass spectrometric total ion current (TIC) during a solvent
gradient (0–0.5 min) running from a low to high concentration of isopropanol in the
mobile phase (supplier A vs. supplier B).

500

However, if the physicochemical properties
of the impurities are similar to the analytes
of interest in a separation, then the impurities can manifest as features in the baseline
that look like typical peaks. These are sometimes referred to as “ghost peaks,” because
they persist in the baseline even when no
sample is injected. This topic has been
discussed many times in the history of the
“LC Troubleshooting” column (11 articles
use the keyword “ghost peak!”), and, on
several occasions, an entire installment has
been committed to the topic. Readers interested in this particular type of baseline are
referred to these articles, the most recent
of which was published in October 2016 (7).
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FIGURE 4: Comparison of detector baselines when using ammonium formate as a mobile phase additive in only the majority aqueous solvent, and UV absorbance detection
at either (a) 210 nm or (b) 254 nm.

Cause #3: Mobile Phase Impurities
That Produce “Ghost Peaks”
In cases similar to those discussed in
the preceding two sections, the mobile

phase impurities do not manifest as signal features that look like typical chromatographic peaks. Therefore, they don’t
directly conflict with analyte peaks per se.

Sometimes, small changes in the preparation of solvents used for a LC method can
have a dramatic effect on the appearance
of the baseline. A classic example of this
effect is the change from a phosphatebuffered mobile phase to one involving formic acid as an additive. Whereas
phosphate species are highly transparent
to UV light down to approximately 200
nm, carboxylate species (such as formate,
acetate) absorb much more than phosphates below approximately 230 nm.
This difference is readily observed when
gradient elution is used, and the additive
is only present in one of the solvents used
in the mobile phase gradient (for example,
the majority aqueous solvent). Figure 4
shows the detector baselines observed in
such a case, where we see that the absorbance at 210 nm decreases dramatically,
and roughly in proportion to the composition of the A/B solvent mixture in the mobile
phase at any point during the gradient.
On the other hand, the absorbance at
254 nm is relatively unchanged during the
gradient because the formate additive
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absorbs very little at this wavelength. The most frequently used
solutions to the dramatically changing baseline are to either use a
higher wavelength where the additive does not absorb so much
light (as in [B]), or to add a similar concentration of the additive
to the B solvent used in the gradient so that a change in the A/B
solvent mixture does not significantly change the concentration of
the additive arriving at the detector.

30 years of innovation

Cause #2: Inconsistent Mobile Phase
Composition Because of Pump Problems
Recently, I’ve written about ways that things can go wrong with
modern high performance LC (HPLC) pumps (3). Sticky check valves
and trapped air bubbles are common causes of inconsistent flow
from a high pressure pump head. When one of the two pumps in a
binary pumping system fails, it can lead to extreme changes in the
mobile phase composition that go through the HPLC column and
eventually to the detector. If the detector in use is sensitive to these
changes in composition, then an anomalous detector baseline
can be a symptom of a problem that is really caused by the pump.
An extreme example is a situation where the A solvent contains
ammonium acetate, the B solvent is acetonitrile, and UV detection is used at 210 nm. In this case, the A solvent absorbs much
more light than the B solvent, but if the composition of the A/B
mixture is consistent over time, a smooth, flat detector baseline
will be observed. However, if the flow from the A channel becomes
inconsistent because of a check valve problem or an air bubble,
then the composition of the A/B mixture will not be consistent,
leading to a saw-tooth pattern in the baseline. An example of such
a scenario is shown in Figure 5. This pattern in the signal is distinctly different from patterns that emerge because of other problems discussed in this installment and can be readily recognized.
Readers interested in troubleshooting pump problems that could
be the ultimate cause of this type of observation are referred to previous “LC Troubleshooting” articles on this topic (for example, [3]).

Cause #3: Temperature Effects
Different detectors are affected by changes in temperature in
different ways. The signal baseline for refractive index (RI) detec-
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FIGURE 6: Comparison of UV absorbance detector baselines obtained with data acquisition rates of (a) 2.5 or (b) 160 points per second.

tion is notoriously sensitive to changes in
temperature. Therefore, stabilizing the
temperature of the detector itself and the
laboratory environment will help minimize
drift in the baseline. UV absorbance detectors are also prone to changes in temperature, which causes drift in the baseline,
but to a lesser extent when compared to
RI detectors. Modern UV detector designs
are much less susceptible to changes in
laboratory temperature than the older
designs were in the past.

Cause #4: Baselines
That Are Too “Fuzzy”
Figure 1 illustrates the difference between
“drift” in detector baseline (the slow changing, or low frequency features), and “noise”
in the signal (the fast changing, or high
frequency features). Many of the problems discussed so far in this installment
cause slow changes in the detector signal,
but there are also many potential causes
of noise that is larger than expected, which
we sometimes refer to as “fuzzy” baselines. First, a data acquisition rate that is
higher than normal will lead to baselines
that look fuzzier than normal because the
actual short-term variations in the signal are revealed when a high acquisition
rate is used, that would otherwise be hidden when using a lower acquisition rate.
Figure 6 shows a comparison of baselines
(UV detection) obtained with otherwise
identical conditions, but one at a relatively
high acquisition rate of 160 points/s (B),
and one at a much lower rate of 2.5 points/s
(A). If a method is inadvertently or unintentionally set to a high acquisition rate,

then simply reverting to a lower rate will yield
a much smoother baseline. However, do be
careful not to use an acquisition rate that is
so low that it causes artificial broadening of
the chromatographic peaks of interest (8).
Second, when using spectroscopic detectors, conditions that lead to a small amount
of light reaching the detector can also lead
to fuzzy baselines. In the case of UV absorbance detection, this phenomenon can
occur when a) the lamp is not producing
the correct amount of light (for example,
if the lamp has exceeded its lifetime or has
not been turned on); b) something in the
mobile phase is absorbing a large fraction of the light at the wavelength being
monitored (for example, detecting below
220 nm when using a high concentration
of formic acid); or c) partial or total occlusion of the light path between the lamp
and the detector because of improper
installation of a flow cell or some other
blockage. Most modern HPLC systems are
supported with software that includes many
diagnostic tests, one of which will test for
“lamp intensity” for a UV detector. If weak
lamp output or partial occlusion of the light
path is suspected as a cause of a fuzzy baseline, running this diagnostic test is a good
place to start the troubleshooting process.

Summary
In this fourth installment on essential topics in LC troubleshooting, I discussed some
of the causes of anomalous baselines.
Most problems fall into one of two categories—problems characterized by baseline drift (low frequency signal changes)
or excessive noise (high frequency sig-

nal changes). These problems can have
chemical or physical origins. Similar to other
essential troubleshooting topics, effectively
troubleshooting baseline problems starts
with a clear expectation of what a typical
baseline looks like for the application at
hand, and then narrowing down the list of
possible causes by the type of anomaly (drift
vs. noise). Understanding these details provides a good place to start troubleshooting,
but does not capture all possibilities. Readers interested in learning about a deeper
list of causes and solutions for problems
related to detector baselines are referred to
the LCGC Troubleshooting Guide wall chart.
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PER SPEC TI V E S
IN MO DERN HPLC

Small-Molecule Drug Discovery:
Processes, Perspectives, Candidate Selection,
and Career Opportunities for Analytical Chemists
This article provides an overview of the small-molecule drug discovery (SMDD) process for analytical scientists. The focus is on the
modern approaches of identifying molecular targets, followed by high-throughput screening and synthesizing molecules with
optimized properties for disease mitigation. The fundamental concepts and studies required in drug candidate selection, the business
landscape, the technology trends, and the career opportunities for analytical chemists are discussed.
Michael W. Dong

T

his installment is the second of six white
papers on the pharmaceutical industry
written for analytical chemists and others
who want a concise overview of the industry
and its practices. This article describes the
drug discovery process for small-molecule
drugs from the molecular target identification and validation, screening compounds
for hits, and synthesizing leading compounds with optimized structural motifs to
maximize efficacy, bioavailability, and safety.
The medicinal chemist uses structure-activity
relationship (SAR) and therapeutic index
concepts to guide the discovery process to
nominate drug candidates for clinical trials.
The business and technology perspectives
and the role of the analytical chemist in drug
discovery are described.

What is Drug Discovery?
Today’s approach to discovering new drugs
generally starts with an understanding of the
pathophysiology of a disease and potential
molecular targets, followed by high-throughput screening (HTS) and the synthesis of a
variety of molecules that bind specifically to
the target (hits and leads), which medicinal
chemists subsequently optimize to development candidates. The complex and multidisciplinary processes in drug discovery
are described in detail in textbooks (1–4)

and short courses (5), using fundamental
concepts in molecular biology, medicinal
chemistry, pharmacology, pharmacokinetics,
pharmacodynamics, and toxicology (6–10).
This paper provides a brief overview of the
processes, criteria in candidate selection,
business landscape, and technology trends
of small-molecule drug discovery (SMDD).
In the rational approach, modern drug
discovery begins with a therapeutic concept or assumption that a molecular target
is associated with a disease state that a
small organic molecule can mitigate (1–3).
The process involves screening a library of
compounds that binds specifically to the
target. Typically, the leading compounds
are comprised of two or more structural
motifs that are then further optimized
through a series of customized syntheses to
increase the binding affinity, selectivity (to
reduce the potential for side effects), efficacy or potency (to mitigate the disease),
metabolic stability (to increase the halflife in systemic circulation), and bioavailability (having good solubility and permeability). Once a compound that fulfills these
requirements has been identified as a
candidate, the project focus shifts to drug
development to enable human clinical trials.
Successful clinical trials lead to the regulatory
registration as a commercial drug product.

Glossary and Abbreviations
Table I lists the common terminologies
and abbreviations associated with SMDD.

A Brief Review of Drug Discovery
and Development Processes
Figure 1 depicts the major steps and milestones of the drug discovery and development process. The reader is referred to many
excellent books on this complex, expensive, and multidisciplinary process (1–4).
The key stages are basic research, drug
discovery, nonclinical development, and
clinical development, which hopefully lead
and result in regulatory approval of a new
drug product. The regulatory filings are
investigational new drug (IND) for starting
clinical trials in humans and new drug application (NDA) in the United States. In the
European Union, they are the clinical trial
agreement (CTA) and marketing authorization application (MAA) for gaining approval
to start commercializing drug products.
Primary regulations that must be followed
in drug development are Good Laboratory Practice (GLP), Good Manufacturing
Practice (GMP), and Good Clinical Practice
(GCP) regulations. International Conference on Harmonization (ICH) guidelines are
not regulations, but they provide detailed
technical requirements for late-stage devel-
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opment and production, which sponsors
universally follow. Figure 1 provides perspectives on timelines, costs, regulations,
and standard practices for each step.

Basic Research Using the
Molecular Approach
In the preclinical research stage, a therapeutic
concept is formed based on understanding
the pathophysiology and molecular biology
of a disease. The research is often conducted
by molecular biologists, physicians, toxicologists, pharmacologists, and biochemists
working in academia or research institutions
(1,2). Because most biological functions in the
body are because of the activities of proteins,
a state of health can often be viewed as the
“normal” functioning of proteins. In a most
simplistic view, a disease state can be viewed
as the “abnormal” functioning of proteins,
which an appropriate drug may restore to a
“normal” state.
A critical finding of preclinical research
is the identification of a molecular target(s),
which is typically a receptor, enzyme, sig-

naling protein, or ion channel of the host
(patient) or pathogen (for example, virus
or bacteria). The disease state may be mitigated when a drug molecule binds to this
molecular target. Occasionally, a gene or
messenger ribonucleic acid (mRNA) can be
targeted though the drug delivery system to
such a target that is more challenging than
targeting a protein. This type of research
is conducted by protein chemists, pharmacologists, and computational chemists.
In the exploratory phase, data are generated
to prove that the modulation of the target
could ameliorate disease using in vitro assays
and validation studies that use experimental
animal models.

Drug Discovery (From
Therapeutic Concept to Leads)
and Medicinal Chemistry
The next step in drug discovery starts
with the high-throughput screening (HTS)
of many library compounds to identify those
molecules that bind to the target. Fragment
screening and results from in vitro assays

allow for understanding the structural motifs
that will increase the binding affinity and
specificity to the target. Once multiple hits
are found, they are used to generate large
virtual libraries of compounds that are then
further screened for the best drug candidates. To speed up this process, laboratories
may employ:
• In silico modeling, which allows predicting compounds’ properties from their
structure without actual synthesis.
• Statistical methods. For example, grouping (clustering) compounds by similarity
and selecting just a few representatives
from each group. The whole cluster of
compounds may be screened out quickly
if the representative was ineffective.
• High throughput experimentation
(HTE), which is a set of practices that
allows running many (sometimes thousands) experiments simultaneously.
In addition to speed, HTE helps save precious material because of miniaturization.
It often implies automation using robotics
like liquid handlers.

Maximize LC-MS/MS
Performance with Restek
From R&D to manufacturing to applications, the pillars for LC-MS/MS
success are ingrained in every Restek LC column.
• Stable retention times for tight MRM windows so you can
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TABLE I: Common terms and acronyms in drug discovery
Term or Acronyms

Explanations

Target

Generally, a protein (receptor) related to a disease state.
A hit is a compound that binds to the target. A lead is a hit with a high affinity for the molecular target and possibly mitigates the disease state.

Hit or lead
Drug candidate:

A lead with optimized structural motifs to be developed as a new drug.

CRO/CMO/CDMO

Contract Research Organization, Contract Manufacturing Organization,
Contract Development Manufacturing Organization.

API/NCE

Active pharmaceutical ingredient, new chemical entity.

DS/DP/CTM

Drug substance, Drug product, Clinical trial material.

Pharmacokinetics (PK)

The study of the movement of drugs through the body, or “What does the body do to the drug?”
The study of the body's response to the drug in terms of biochemical and
molecular interactions; “What the drug does to the body.”

Pharmacodynamics (PD)

Bioavailability is the extent a drug becomes available to its intended biological destination(s). However, it is
often taken as the amount absorbed and available in systemic circulation vs. the amount administered.

Bioavailability
Toxicology

Toxicology is the study of the adverse effects of chemical substances on living organisms.

IC 50, EC 50, LD50, TD50,
NOEL, NOAEL

IC50 is a quantitative measure that indicates how much of a particular inhibitory substance is needed to inhibit a given
biological process by 50%; EC50 is the effective concentration of a drug that produces a response halfway between the
maximum and baseline of no response; LD50 is the lethal dose that causes death in 50% of the test animals;
TD50 is the toxic dose that causes the toxic effect in 50% of the test animals; NOEL is the highest dose that
produces no observable toxic effect; and NOAEL is the highest dose that produces no observable adverse effect.

TI

The therapeutic index is the ratio of the toxic dose over the effective dose.

ADMET

Absorption, Distribution, Metabolism, Excretion, Toxicity.

SAR

The structure-activity relationship (SAR): The relationship between the
chemical structure of a molecule and its biological activity.

HTS

High-throughput screening of a compound library for bioactivity using automated in vitro assays.
Two regulatory bodies that approve the drug for commercialization are the
United States Food and Drug Administration and the European Medicines Agency.

US FDA, EMA

Regulatory filings: Investigational New Drug, New Drug Application,
Clinical Trial Application, Marketing Authorization Application.

IND, NDA, CTA, MAA

Regulations: Good Laboratory Practice, Good Manufacturing Practice,
Good Clinical Practice, International Conference of Harmonization.

GLP, GMP, GCP, ICH

Chemistry, Manufacturing, and Control is an organization responsible for the technical process development for
CTM production (both DS and DP) with the appropriate oversight to ensure drug quality and regulatory compliance.

Clinical
Basic and Preclinical Research
Drug Target
Selection/ Validation

2-3 y

Drug Lead
ID, optimization
Dev. Candidate
Nomination

1-2 y+
continuing

Preclinical
Development

Drug Discovery

2-5 Years

1-2 y

Phase 1
Safety, PK,
dose escalation

1-2 y

Phase 2
Efficacy, dose
finding, POC

3-5 y

GCP, GMP

Drug Development

CMC

Phase 3
Commercial POC
GMP, ICH

Non-GMP

GLP
GMP

Drug Product
Launch
Phase 4
Post-Commercial

Total time 11-16 Years
Cost ~ $1-2bn

FIGURE 1: Major steps in drug discovery and development are shown with typical time
lines, costs, regulations, and regulatory filings, using the United States as an example.
Time and cost estimates are highly variable and dependent on disease indication, the complexity of the molecule, and other factors. ID = identification, POC = proof of concept.

The medicinal chemist with an organic
chemistry background serves as the project lead by synthesizing compounds with
optimized physiochemical properties such
as binding affinity, bioavailability, and pharmacokinetics and drug metabolism (PKDM),
using both in vitro and in vivo studies (7).
Common principles in this iterative optimization process are the SAR, therapeutic ratio,
and the Lipinski “Rule of Five” for drug-like
properties that are described later (7,11).
A major pharmaceutical company that has
a SMDD organization often has many projects focusing on one or more disease indications (for example, oncology, immunology,
central nervous system, cardiovascular, pain,
and others). To increase the productivity of
the organization and the quality and purity of
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Preclinical Drug Development and
CMC (From Drug Candidates to IND)
Before conducting a GLP toxicology study, a
multidisciplinary technical development project team is formed, consisting of a process
chemist, analytical chemist, pharmaceutics
scientist, regulatory specialist, quality control
specialist, project manager, and team leader.
This chemistry, manufacturing, and controls
(CMC) team is charged with the detailed
characterization of the drug candidate,
driving process development for the production of the clinical trial materials (CTM)
(both days supply [DS] and drug product
[DP]), and filing regulatory documents
(IND) required for conducting clinical trials.
These processes and practices in nonclinical
drug development will be discussed further
in the next installment of this series.

Clinical Development (From IND to NDA)
Clinical trials in humans commence a month
after the filing of the IND (unless the study is
placed on a clinical hold by the regulatory
agency). The purpose of Phase 1 trials is to
assess the safety and pharmacokinetics (PK)
of the new chemical entity (NCE) using dose
escalation studies.
In Phase 2 trials, the goals are dosing findings and evaluating the efficacy of the NCE
using blinded studies (to establish proof of
concept [POC] of the NCE). Phase 2 studies
are completed using patients with the disease.
Phase 3 clinical trials aim to establish the
commercial POC of the dosing regimen
using a larger patient population with near-
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the leads, a centralized compound management system and analytical support group
are employed to purify and characterize the
leads before they are archived in a central
depository. Case studies on the workflow
and separation techniques used in the highthroughput purification and characterization
are published in the literature (12,13).
The main focus of a drug discovery program is to nominate drug candidates for
clinical trials. A GLP toxicological study is
initiated when a lead candidate is ready for
development. A GLP toxicology study can
cost over a million dollars and is required
for filing an IND. The GLP toxicology study
evaluates if the candidate is safe enough to
be administered to a human.
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FIGURE 2: Response curves (fractional occupancy) vs. effective concentration.
Inset: Log (drug) concentration vs. % Response curves for D1, D2, and D3.

commercial formulations and scale. Upon
the successful completion of the clinical trials,
clinical data are analyzed by biostatisticians
and clinicians. The data is compiled into the
new drug application (NDA), an extensive
document for drug approval submission to
the regulatory authorities.

and baseline and measure the potency of the
drug. The figure inset shows that drug D1 is
more potent than D2 because its EC50 is lower,
whereas D3 is less efficacious than D2 because
the response is approximately half while the
EC50 of both drugs is the same.

Fundamental Concepts for Candidate
Selection in Drug Discovery)

Although early screening in drug discovery
using HTS is based mainly on in vitro cell
and tissue-based assays (mostly assays using
radioactivity, fluorescence, enzyme-linked
immunoassay (ELISA), the use of in vivo animal studies is required in rodents (for example, a mouse or rat) for the target validation
and assessment of the efficacy, safety, tolerability, and bioavailability (8–10). The data that
are collected include mortality, weight loss,
observations for disease manifestation, and
efficacy (for example, tumor volume, viral
RNA, anti-inflammatory response, biomarkers, and bioavailability) (14). Animal studies
are single dose, repeated dose, or doseescalating in the short- or long-term to assess
safety as lethal dose for 50% (LD50), or toxic
dose for 50% (TD50), no-observed-adverseeffect level (NOAEL), pharmacokinetics (PK),
and aid candidate selection using concepts
such as the therapeutic index (TI). Data are
also used to define the route of administration, dose, and dosing frequency for
clinical studies.
GLP toxicology studies in rodent and nonrodent test animals are pivotal safety studies
with regulatory scrutiny to collect essential
data such as organ toxicity. Before filing the
IND, the GLP toxicology studies are completed to justify that the NCE is sufficiently
safe for human clinical trials.

Early Animal Studies

In this section, we discuss the fundamental studies and concepts used in selecting drug candidates in drug discovery.

Pharmacology and
Dose-Response Curves
Pharmacology is the study of drug action
or the interactions of a living organism and
exogenous chemicals that alter normal biochemical functions (6). Paul Ehrlich proposed
an important pharmacology concept in 1913
in a statement that reads as thus: “Corpora
non agunte nisi fixata,” which translates to “A
substance will not work unless it is bound” (1).
Most drugs bind to the target reversibly
and either inhibit or activate its functions
(antagonist or agonist). The binding kinetics
can be described using the equation below.

Drug + target

kon
koff

Drug: target

response

[1]
Figure 2 describes the relationship between
the target response (fractional occupancy)
and the concentration of the drug. EC50 is the
effective drug concentration that can produce
a response halfway between the maximum
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Therapeutic index
= toxicity/efficacy

Candidate
Therapeutic
index

Efficacy
(Potency)

Toxicity
(Safety)

• Binding
• Specificity
• Bioavailability
• In vitro screening
• Animal models
• Human trials

Pharmacokinetics
ADME

• Acute, chronic
• Organ, hERG
• Drug-drug interaction

Bioavailability, drug-like properties, stability,
tractable API synthesis, can be formulated,
IP protection, marketing position...

FIGURE 3: Principles in candidate selection are guided by testing for efficacy while minimizing toxicity. Other factors such as PK, bioavailability, and IP also play important roles.
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FIGURE 4: Sample workflow in a central analytical support group in a pharmaceutical
organization. Figure excerpted from reference (12).

Pharmacokinetics (PK)
and Metabolism

What is a Lead? Lipinski’s “Rule
of Five” of Drug-Like Properties

For a drug to be active, it must be able to reach
the site of action. One underlying assumption
is that the pharmacodynamics (PD) is related
(proportional) to the concentration of drug
binding to the target. Because these data is
challenging to measure, the drug concentration in the systemic circulation is collected in
PK studies as they may correlate with those at
the target (8,9). Because the preferred route
of administration for small-molecule drugs
is peroral for convenience and marketability
(for example, tablets or capsules), the solubility and permeability of the API (to Caco-2 cells
in the intestines) are the important factors in
oral bioavailability. Metabolism is another
critical consideration since rapid metabolism
of the API in the body will reduce the duration and maximum concentration of the drug
in circulation (6–9).

The small-molecule drug product should
preferably be a peroral formulation (a tablet or capsule) with a shelf life of two years
for marketability and convenience to the
patient. Lipinski’s “Rule of Five,” proposed
by Christopher A. Lipinski of Pfizer in 2000
(15), describes the drug-like properties of
the orally available candidate with promising physicochemical properties for aqueous
solubility, absorption, and bioavailability.
The “Rule of Five” are as follows: a
molecular weight <500; the partition coefficient of LogP <5, the number of H-bond
donors <5, and the number of H-acceptors
<10 (11,15,16). These rules of thumb guide
candidate selection in drug discovery.
Compounds of high hydrophobicity generally tend to be more potent, but they are also
less soluble or permeable even though they

have a higher binding affinity to the target
than candidates with lower hydrophobicity.
In contrast, more hydrophilic molecules are
readily excreted by the body, resulting in less
uptake. According to Lipinski, the rule was
developed to counter Pfizer’s observations
that rely on results from HTS binding assays,
which biased those hits with higher hydrophobicity and later turned out to be difficult
to develop (16). Therefore, aqueous solubility and permeability data must be provided
to medicinal chemists as early as possible to
avoid oral absorption problems. Lipinski also
pointed out that substrates for transporters
and natural products are the exceptions to
the “rule of five.”

Guiding Principles in
Candidate Selection
The selection of drug candidates from
thousands of hits and hundreds of leads
by the medicinal chemist is both an art
and science and is often compared with
finding “needles in a haystack.” The two
primary guiding principles in candidate
selection are SAR and TI. Figure 3 depicts
the myriad factors in the selection process
used in balancing the desirable attributes
that affect efficacy with those on safety and
toxicity. Other significant attributes are bioavailability, stability, intellectual property (IP)
rights, and the marketing landscape (17).
Although the risk of failure is great in new
drug development, the payback in revenues and the benefits to patients with
serious ailments are substantial to the company’s bottom line and public health.

Business Landscape in Drug Discovery
Sales of new innovative drugs for serious
diseases are the lifeblood of the pharmaceutical industry and represent the primary
revenue source for established companies
because most revenue is lost after patent expiry because of competition from
generic products (17). Nevertheless, many
pharmaceutical companies do not conduct
basic research or drug discovery because
they are expensive and the return on investment is uncertain. Most pharmaceutical
companies acquire development candidates through licensing, collaborative partnership, and merger or acquisition. A case
in point was the acquisition of Pharmasset
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by Gilead Sciences for $11 billion in 2011
for its phase-2 drug candidates for chronic
hepatitis C virus infection (18), or a recent
2022 acquisition of Biohaven by Pfizer for
$11.6 billion for Biohaven’s migraine therapies pipeline (17).
For those companies that engage in
drug discovery, many choose to offshore or
outsource the internal programs because
of their lower cost. In recent years, there
has been a proliferation of startups whose
business model is to take promising molecules into early phase trials with the intention to be acquired by larger companies.
These startups are mostly virtual (with minimal staff and limited laboratory facility by
relying on contract development and manufacturing organizations (CDMOs) and funded
by venture capitalists or private equity firms.
It is essential to mention that SMDD
is quite different from those in biologics
(monoclonal antibody [mAb] biotherapeutics) (1,2), with distinctively different modes
of action, targeted binding, and longer
pharmacokinetics (1,2,5). Biologics requires
more expensive production facilities using
recombinant DNA technology, fermentation, and bioprocessing. Biological therapeutics are also not orally available and therefore must be administered as parenterals.

Technology Perspectives:
Automating Drug Discovery
Using Artificial Intelligence_
SMDD can be viewed as a multidimensional problem in which various characteristics of compounds—efficacy, pharmacokinetics, and safety—need to be
optimized in parallel to provide drug
candidates. Past innovations and concepts, such as combinatorial compound
synthesis, HTS, microtiter plate automation, fluorescence-based binding assays,
3D imaging, computer-aided drug design
(CADD), and acoustic micro dispensing,
have all contributed to the improvement
in the speed, cost, and quality of the
decision-making process in the iterative
molecular design cycle by the medicinal
chemist (19). Recent advances in microfluidics-assisted chemical synthesis and
biological testing systems incorporating
artificial intelligence systems to provide
feedback analysis may provide the basis

TABLE II: Summary of high-throughput methodologies for purity determination and
identity confirmation.
Sample

Separation Science

Purity
Determination

Identity
Confirmation

Small organics/
amino acids

HPLC
Normal-phase
Reversed-phase (C18)

UV (chromophoric)
CAD, ELSD
(nonvolatile)
GC–MS (volatile)

ESI-MS (polar)
APCI-MS (neutral)
GC–MS (volatile)

Mid-size organics

Reversed-phase
HPLC (C18)

UV (chromophoric)
CAD, ELSD (nonchromophoric)

+ESI (basic)
-ESI (acidic)
APCI (neutral)

Large-size organics/peptides

Reversed-phase
HPLC (C8, C18)

UV
CAD, ELSD

+ESI-MS (basic)
-ESI-MS (acidic)
HRMS

Chiral organics

Supercritical
fluid chromatography (SFC)

UV
CAD

ESI-MS
APCI-MS

Salt determination

Ion chromatography
HPLC

Conductivity
CAD

MS
CAD

Residual Solvents

Gas
chromatography (GC)

Flame ionization

Headspace GC–MS

CAD = Charged Aerosol Detector, ELSD = Evaporative Light Scattering Detection, ESI = Electrospray
ionization, APCI = Atmospheric Pressure Chemical Ionization. Table extracted from reference (13).

for the next level of adaptive automated
de novo drug design systems (19).

Pharmaceutical Career
Opportunities for Analytical
Chemists in Drug Discovery
Analytical chemists’ most significant
employment segment (particularly separation scientists) is in new drug development and quality control in the pharmaceutical industry (20). The drug discovery
segment offers significantly fewer job
opportunities for reasons mentioned
earlier in the business landscape section.
For analytical chemists, the skill requirements in discovery are different from
those in development because there are
no GMP or regulatory compliance requirements. Those working in centralized analytical groups deal with thousands of compounds rather than a few drug candidates
in development.
The technical skills sought after in drug discovery are HTS, automation, high-throughput
purification and characterization, bioanalysis
for pharmacokinetic assays and biodistribution analysis, high performance liquid chromatography (HPLC), gas chromatography
(GC), mass spectrometry (MS), supercritical
fluid chromatography (SFC), preparative LC,
and chiral separation and purification. Details

of the workflows and separation techniques
used in a central drug discovery support
group are shown in Figures 4 and Tables II and
III. Readers are referred to the original publications for details (12,13).

Summary
This article provides an overview of the
drug discovery process of small-molecule
drugs for the analytical chemist. It includes a
description of the modern rational approach
of finding a compound binding to the
molecular target and optimizing its structural
motifs for efficacy and safety. Concepts for
candidate selection, business landscape,
technology trends, and career opportunities
in this pharmaceutical segment for analytical
chemists are also discussed.
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TABLE III: Summary of high-throughput methodologies for quantitation and physicochemical properties measurements.
Application

Analytical
Method
LC/MS/CAD

DMSO stock
QC and
quantitation

LC/MS/
CLND
LC/UV/MS

Aqueous
solubility

UV plate
reader
Turbidity
LC/UV
LC/UV/CLND

LC/UV
Lipophilicity
LogD

LC/CHI

Sample
Type

Calibration
Curve

Non-volatile
MW>250
amu
Containing
nitrogen
Chromophoric
Ionizable

Universal
calibration
Nitrogen
calibration
Cmpdspecific
calibration

Detect
precipitation
Chromophoric
Containing
nitrogen

Chromophoric
Chromophoric

LC/MS/MS
Ionizable

LC/UV
Lipophilicity
LogD

LC/CHI

Chromophoric
Chromophoric

LC/MS/MS
Ionizable

Sample
Throughput

High
High
Low

Cmpdspecific
calibration

High

Single
nitrogen
calibration

High

Cmpdspecific
calibration
Modeling
based
Cmpd
specific
calibration

10 µM
2 µM
10 nM –
1µM
Kinetic
solubility
20 µm

N/A

Cmpdspecific
calibration
Modeling
based
Cmpd
specific
calibration

Limit of
Detection
(LOD)

Low

Equilibrium
solubility
(10 µM)

This paper provides a brief overview of the
drug discovery process, concepts in drug
candidate selection, and the business and
technology landscape. The information
presented here stems from books, journal
articles, and internet resources collected for
my short course in drug development (5) and
often reflects personal experience and opinions. It is challenging to present a concise
and general overview of this complex and
diversified process from the perspective of
an analytical chemist, as some levels of simplification or interpretations are unavoidable.
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Where Is Separation Science Heading?
In honor of LCGC’s 40th year, we asked leading chromatographers to share their perspectives on current challenges and
their visions for the future, looking at fundamentals of the techniques as well as the impact of analytical developments
in important areas like medical research, pharmaceutical development, and environmental studies. Here’s what they said.

Wastewater Surveillance of Pharmaceuticals
and Genes: Challenges and Opportunities
Wastewater-based epidemiology (WBE) using viral nucleic acids to predict community viral outbreaks has many
challenges, including interferences from the wastewater matrix. Liquid chromatography with tandem mass
spectrometry (LC–MS/MS) monitoring of pharmaceutically active compounds, such as antivirals and over-the-counter
drugs commonly used to relieve the symptoms of infection, could complement information provided by molecular
techniques. For instance, residues of drugs associated with managing Covid-19 symptoms, including azithromycin,
chloroquine, hydroxychloroquine, and lopinavir, have been detected in influent wastewater. A significant correlation
can be observed between the total of Covid-19–related drugs detected and the 5-day rolling averages of reported
cases. Spikes in acetaminophen concentrations can also be observed a couple of weeks before a spike in SARS-CoV-2
RNA copies in wastewater, suggesting that over-the-counter analgesic concentrations in raw sewage may be used to
complement viral RNA data as an early-warning system for effective management of viral outbreaks at the community
level. Sample preparation and analysis of pharmaceuticals in wastewater present unique challenges and are discussed
in this article.
Diana S. Aga and Lahiruni M. Halwatura
Municipal wastewater presents a wealth
of information that provides a snapshot of a community’s collective health,
including biomarkers that can be linked
to different life styles (such as illicit drug
use or pharmaceutical consumption).
Since the onset of the Covid-19 pandemic,
researchers around the world have taken
advantage of the opportunity to harness
information from wastewater by measuring RNA fragments of the SARS-COV-2
virus in raw sewage to track community disease outbreak at an early stage.
Data from wastewater surveillance of viral
RNA fragments using real-time quantitative polymerase chain reaction (RT-qPCR)
have demonstrated that wastewaterbased epidemiology (WBE) can be used
as a reliable early warning of an outbreak.
In fact, there is evidence that suggest
that the Omicron variant was present in
New York City’s wastewater more than
a week before the first case of this variant was reported in the United States (1).
As a result, the potential of WBE to provide

a sensitive signal for tracking the spread
of pathogens and complement clinical
data to determine whether the pathogen
is present in the population and whether
transmission is increasing or declining has
been recognized worldwide (2–4).
Recently, we showed that in addition to
monitoring viral RNA fragments in wastewater,
measuring the concentrations of pharmaceutical residues can add another layer of information that reveals the state of community
health (5). In our study, we used liquid chromatography with tandem mass spectrometry
(LC–MS/MS) to quantify a suite of pharmaceutically active ingredients in raw sewage
(untreated municipal wastewater), ranging
from over-the-counter pain killers (such as
acetaminophen) to antiviral drugs (such as
lopinavir). Notably, elevated concentrations
of acetaminophen (>200 ug/L) in wastewater
were observed, which peaked approximately
2–2.5 weeks earlier than the observed spike
in SARS-CoV-2 RNA copies. Trends in population-normalized detections of acetaminophen in wastewater are shown in Figure 1 in

comparison to SARS-CoV-2 RT-qPCR data
and the estimated clinical cases of Covid-19
in one of the sewersheds monitored. The
gap between the acetaminophen peak and
the highest number of RNA copies detected
may be attributed to the incubation period of
the virus in the human body, the inability of
genome-determination techniques to quantify trace concentrations of viral genomes,
and a lag in significant community spread of
Covid-19. Moreover, the incubation period
of SARS-CoV-2 ranges from 2–14 d, with
8 d post-onset of symptoms as the expected
median duration of viral RNA shedding.
The community clinical data show that the
number of reported cases spiked in early
April, which corresponds to approximately a
week after the observed maximum in SARSCoV-2 RNA copies in wastewater. This gap is
not surprising given that Covid-19 testing is
typically performed a few days after infection
occurs. Because acetaminophen is a widely
used analgesic and is excreted at an average
of 4% as the unchanged parent compound
that remains stable in wastewater for up to 12 h,
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FIGURE 1: Trends in the concentrations of acetaminophen and viral RNA in wastewater compared
to Covid-19 cases in the community where the samples were collected. The solid line represents the
locally weighted scatterplot smoothing (LOWESS) and the circles represent the actual data points.
The cases are represented as (a) population-normalized concentrations of detected acetaminophen;
(b) wastewater severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) RNA concentrations;
and (c) estimated clinical cases of coronavirus 2019 (Covid-19) of Bird Island wastewater
treatment plant. Figure is adapted from reference (5).

Wastewater

FIGURE 2: Average extraction recoveries (n = 3) of (a) antivirals, (b) analgesics/antileptics and,
(c) other targeted pharmaceuticals and personal care products in pure water and influent wastewater
(spike concentration: 200 µg/L). Abscissa label is the Name of pharmaceutical product measured.

acetaminophen residues could be another
suitable surrogate to predict community
health using WBE. One advantage offered
by LC–MS/MS analysis of pharmaceuticals in
WBE is that information about pharmaceutical concentrations can be related to a broader
spectrum of infections that may cause potential community outbreak, rather than being
specific only to Covid-19 outbreak. The concentrations of drugs detected in sewage can
complement RNA data obtained by RT-qPCR
techniques, especially when the concentrations of RNA are below the limit of detection (LOD), or if variants of the viruses occur.
Data from LC–MS/MS analysis of pharmaceutical residues in wastewater can be particularly
useful when new variants of viruses appear
and escape detection by molecular techniques. Recently, the most transmissible Omicron variant yet, BA.5, is causing fresh waves
of cases that remain unreported because
many people are now testing at home.
Therefore, monitoring of pharmaceutical
residues in wastewater could become a very
important tool for tracking the spread of
Covid 19 that can help health professionals
prepare for outbreaks, or prevent recurrence
of a pandemic.
Conventional WBE studies use qPCR to
determine the levels of viral RNA load in
wastewater, but this technique is prone to
matrix interferences, resulting in high LODs
(6). In the past few years, many studies have
demonstrated the potential of using information on the concentrations of the active
ingredients of pharmaceuticals in wastewater to signal prevalence of multiple other
diseases in the community (7–9). The use of
LC–MS/MS in the latter approach offers the
advantage of gaining information on multiple
pharmaceutical residues simultaneously at
very low levels, which may be correlated with
different infectious disease outbreaks. In our
recently published study, a set of 64 pharmaceuticals was targeted for quantification using
LC–MS/MS with electrospray ionization (ESI).
To minimize matrix interferences and achieve
low LODs, samples were concentrated and
cleaned up using solid-phase extraction (SPE)
based on the hydrophilic-lipophilic balance
(HLB) sorbent. Despite the broad selectivity
of the HLB SPE sorbent, not all of the target
analytes were recovered with high extraction
efficiency. Many of the antiviral drugs had
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poor extraction recoveries because of their
highly polar nature. To evaluate matrix effects
on the extraction efficiencies using HLB SPE,
recovery studies were performed in fortified
distilled water and in influent wastewater. Figure 2 shows the results of the average extraction recoveries in the two matrices. A threshold of 60% recovery was arbitrarily assigned
to be the cut-off for “acceptable” recoveries.
In a distilled-water matrix, 27 out of 64 target
analytes showed ≥60% average recoveries,
while only 10 analytes showed ≥60% average recoveries in influent wastewater matrix.
These results indicate that the HLB sorbent
alone, which is the most commonly used SPE
sorbent in the analysis of pharmaceuticals in
wastewater, is not capable of capturing many
of the antiviral drug residues because of their
highly polar nature. Therefore, there is a need
to investigate other types of SPE sorbents,
or examine the use of more than one type of
sorbent, employed in tandem, when extracting pharmaceuticals in raw sewage.
Our study based on targeted LC–MS/MS
analysis quantified a limited set of analytes
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in wastewater, despite the presence of multiple other analytes in wastewater that could
potentially serve as biomarkers for other
disease occurrence in the community. Transformation products and metabolites of pharmaceuticals were not included in the study,
but they are important to monitor to broaden
the applications of WBE in predicting disease
outbreaks. To determine which metabolites are stable and abundant in wastewater,
a non-targeted LC–MS/MS analysis is needed
to provide unbiased data wherein “all” the
features detected in the samples are characterized and identified. Non-targeted analysis
using high-resolution mass spectrometry
(HRMS), with mass analyzers such as time-offlight (TOF) and orbital ion trap MS systems,
will allow expansion of the detection coverage to identify additional chemicals in WBE
studies. HRMS acquires data with high mass
accuracy in MS and multistage mass spectrometry (MSn) experiments, providing the
opportunity to store spectra and later screen
for the presence of additional compounds
of interest. Retrospective analysis of data

from HRMS can reveal new compounds
that are not typically included in targeted
analysis using low resolution LC–MS/MS (10).
To facilitate identification of a larger set of
compounds, high-efficiency analytical columns capable of separating a wide range of
compounds are essential, in order to retain
highly polar analytes and separate isobaric
compounds. Advanced column technologies for ultrahigh-pressure LC (UHPLC) instruments should be explored for simultaneous
analysis of a wide range of polar and nonpolar analytes in non-targeted HRMS.
In summary, there is high potential for using
information obtained from chemical analysis
to complement the data from genetic analysis
during wastewater surveillance to better predict occurrences of disease outbreaks. Key to
the success of this early warning approach is
the ability of the analytical method to achieve
highly efficient separation of a wide range of
analytes, and detect them with high signalto-noise (S/N) ratios in the complex matrix of
untreated wastewater. Although drug concentrations in raw sewage alone will not be
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able to single out the specific disease that
leads to the increased consumption of pharmaceuticals, there are many opportunities for
these data to provide a much earlier warning
than clinical data, especially when diseases
are not recorded, or where viral RNA detection in wastewater is not possible because
of their trace concentrations. A surveillance
system that provides an early warning for a
range of potential community disease outbreaks could be beneficial for the healthcare
system and providers in preparing for future
catastrophic events.

(3)

D. Panchal, O. Prakash, P. Bobde, and S. Pal,
Environ. Sci. Pollut. Res. Int. 28(18), 22221–
22240 (2021).
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A Field Full of Opportunities:
Transforming the Future of Separation Science
For four decades, LCGC has served to keep the field connected with new innovations and exciting product lines
while concurrently educating new generations of scientists entering the field. Celebration of the 40th anniversary
of LCGC allows us to reflect on future opportunities within the field of separation science. Innovations in separation
science continue to be driven by important breakthroughs in speed, selectivity, and resolution. Meanwhile, the field
of separation science is being advanced by tremendous discoveries in the fields of mass spectrometry (MS)
and sample preparation. A recent consensus study report by the National Academies of Sciences offered
recommendations to improve the field of separations. Collaborative opportunities with scientists in other fields,
such as material science, spectroscopy, and chemical engineering, will serve to address important challenges
and advance discoveries in three-dimensional (3D) printing, stationary phase development, and sustainable
separation platforms. The recruitment of young, talented entrepreneurs within academia and industry is needed
to tackle many of the challenges that exist today and that will emerge tomorrow.
Jared L. Anderson
It is an exciting time to be celebrating the
40th birthday of LCGC! There have been
many things that have changed over the past
couple of years since the start of the Covid19 pandemic. However, it is also important
to appreciate the scientific innovations,
particularly in separation science, that have
occurred to allow life-saving vaccines and
testing platforms to be created in recordbreaking times, resulting in many lives being
saved. I wanted to begin my contribution by
discussing the pandemic and its effect on
society because it is important to recognize
that scientific discoveries of today may not

always be regarded as earth-shattering innovations of tomorrow or the next day, but may
be vital in solving challenges years down the
road. In doing so, they have very important
societal implications.
LCGC has played a very important role in
communicating knowledge and ideas to a
broad range of separation scientists, ranging
from those just entering the discipline to those
who have worked in the field for decades.
The dedicated editorial staff who manage
LCGC, and the respected columnists who
write for it, are constantly taking the pulse of
the field and are identifying emerging areas to

keep the field vibrant and attractive to young
scientists entering the field. There are very few
scientific disciplines that have had a periodical like LCGC in existence for so many years
to help disseminate information on emerging
techniques, teach new generations of separation scientists, and allow practitioners in the
field to be aware of available stationary-phase
and instrument technologies that are often
debuted at international conferences.

A Blueprint for Innovation and Success
Innovations in the field of separation science
today are continuing to make important
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breakthroughs in speed, selectivity, resolution, and compatibility with upstream
sample preparation approaches and
downstream detectors. Rapid innovations
in the field of mass spectrometry (MS) continue to drive the development of powerful gas chromatography (GC)–MS and
liquid chromatography (LC)–MS systems
that are capable of analyzing the most
complex samples.
Several years ago, the National Academies of Sciences published a consensus
study report titled “A Research Agenda
for Transforming Separation Science.”
The impetus of this study was to highlight
important areas of opportunity within the
field of separation science where advancements in new and challenging separations
would result in larger economic gains
because of lower energy requirements
and more efficient processes overall.
Although the report discussed separation
processes as a whole, there were a number
of important recommendations made to
improve the field of analytical separations.
First, new advancements in material science are expected to drive the development
of state-of-the-art materials for separations.
We have observed this in the development of
core–shell particles for high performance LC
(HPLC) and in the development of sub-2-µm
particles for ultrahigh-pressure LC (UHPLC).
In sample preparation, new advancements
in the synthesis of metal-organic frameworks
is resulting in high selectivity gains when
they are used to extract target analytes
from complex samples. Separation systems
that exploit external stimuli (for example,
light and electrical or magnetic fields) constitute a highly versatile handle to alter selectivity for the capture (or release) of targeted
components. As separation systems become
more miniaturized, the use of external stimuli may be easier to adopt and couple with
other separation mechanisms.
Because samples today are more complex compared to samples decades ago,
separation systems should offer high selectivity, capacity, and throughput. In chromatographic separations, many of these
aspects can be addressed by stationaryphase composition, column configurations,
and choices of mobile phases. I believe
imaging studies that fundamentally inter-
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rogate the nanoscale ordering of stationary phases and allow the modeling of
analyte adsorption and diffusion within the
stationary phase are imperative and should
continue, especially when combined with
new generations of materials. I note the
work of Christy Landes of Rice University,
Emily Smith of Iowa State University, and
Joel Harris of the University of Utah, all of
whom have used single-molecule spectroscopy to study these important properties
and provide valuable information to chromatographers to enable more efficient separations. Continued efforts in the design
and synthesis of more advanced stationaryphase chemistries for GC and HPLC will
be important in providing optimal chromatographic selectivities, particularly in
very complex samples. Multidimensional
separations, particularly two-dimensional
(2D)-LC, will continue to provide important
solutions for addressing challenging analyses in proteomics, lipidomics, and largemolecule pharmaceuticals.
I would be remiss if I did not mention the importance of adequate sample
preparation approaches, when necessary.
Advanced stationary-phase materials need
to be highly robust so that their performance does not degrade over time. However, subjecting these stationary phases to
complex samples not only degrades the
performance of the stationary phases and
support materials, but also can contaminate detectors. Therefore, new advancements in improved sample preparation
approaches that are compatible with
chromatographic separations are vital.
New emerging areas within the field of
sample preparation that have great promise are in the design of advanced materials
and in the miniaturization of techniques that
use less solvent or external stimuli, such as
electric or magnetic fields, to facilitate the
capture and release of targeted analytes.
An exciting trend that I believe is important for more widespread adoption of
chromatographic separation techniques
is the development of portable HPLC
systems and miniaturized GC and HPLC
systems that take considerably less space
to operate. These instruments offer users
greater access to high-efficiency separations while enabling high sample through-

put. I believe that continued innovations in
this area will eventually provide an entire
range of scientists the opportunity to take
chromatographic systems to the field to
perform environmental monitoring instead
of obtaining samples and bringing these
back to the laboratory for analysis.

Realizing the Potential of 3D
Printing Through Collaboration
I also remain excited to see advancements that three-dimensional (3D)–printing technologies will have in the field of
separation science. Commercial 3D printers available today are becoming cheaper
while offering greater spatial resolution
compared to earlier models. In addition,
new filaments used in fused deposition
modeling and resins in stereolithography
printers are continually being introduced
into the market, offering users greater
control over material properties (flexibility,
hardness, and thermal stability) as well as
color and solvent compatibility. With the
introduction of robust filament extruders,
users have greater flexibility in synthesizing
customized filament materials for fused
deposition modeling to prepare stationary phases, columns, and frits with highly
tailorable thicknesses and geometries.
In the case of 3D printing based on
stereolithography and digital light processing, the design of customized resin
materials offers tremendous opportunities for controlling surface morphologies and hierarchical structures using
a laser or projector as light sources.
It is exciting to envision a future involving the creation of new generations of
3D-printable stationary phases in which
their milliscale or microscale ordering
can provide desired improvements in
selectivity, capacity, and throughput.
Also, 3D printing offers users tremendous
opportunities in incorporating other
components within the separation device,
such as embedded permanent or
electromagnets, LEDs, or electrodes,
just to name a few. Although the
robustness of the 3D-printed devices
under elevated temperatures, pressures, and solvent conditions are challenges that will need to be overcome,
I believe that collaborations between
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separation scientists and material scientists will be important.
As the world evolves with greater
awareness about greener solvents and
technologies, separation technologies
will also adapt. It is important that the
field continue to recruit young, tal-

ented entrepreneurs in academia and
industry to tackle many of the challenges that exist today and that will
emerge tomorrow. There is no doubt
that the field of separation science
is full of many exciting challenges
and opportunities.
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Analysis of D-Amino Acids:
Relevance in Human Disease
Small metabolic molecules often are chiral and can play important roles in regulating a variety of biological functions,
occasionally providing information about the presence and progression of disease. The most ubiquitous class of such
small molecules are amino acids. Sensitive and accurate analysis of the less prevalent D-amino acids as free entities or as
constituents of peptides can be challenging, particularly when complex physiological matrices are involved. The number
of studies involving low-abundance D-amino acids in biological systems has increased significantly over the last decade.
Studies involving their presence and importance have become increasingly difficult to ignore. Their relevance in neurological
pathologies, cancer, kidney disorders, and more, has advanced. Chiral separations have played and continue to play a central
role in these studies. Because enantiomers and epimers have the same exact mass, stereoselective separations are essential.
However, sensitive detection is also necessary because trace levels of these analytes are involved. Multidimensional separations
often provide the best avenue for accurate qualitative and quantitative results. Future developments will involve faster and
highly specific routine testing, particularly if these analyses are to enter the clinical realm.
Daniel W. Armstrong
Specific small-molecule metabolic biomarkers can be essential tools for detecting and
diagnosing diseases and monitoring their
progress. Furthermore, they can serve as
signaling and activation molecules and can
even play a role in developing new therapeutics. Many small-molecule biomarkers
are chiral and the dominant class of these
are amino acids. Most proteinic and nonproteinic amino acids exist in the dominate
L-enantiomeric form; the “D-form” is less
common. Studies on both types of D-amino
acids (proteinic and nonproteinic) in human
disease have increased significantly over
the last decade. Samples of various human
fluids and tissues can be limited in amounts,
involve complex matrices, and often have
only trace levels of D-amino acids or epimeric peptides. Because enantiomers and
epimeric peptides have the same exact
mass, separations play the dominant role in
their analysis. However, mass spectrometry
(MS) can be a highly useful detector, given its
sensitivity. Fluorescence detection is equally
or more sensitive but does not provide m/z
analyte corroboration, which can be useful in

complex samples with overlapping peaks (1).
In both cases, detection can benefit from analyte derivatization, which also aids with sample
preparation and preconcentration (1,2).
Multidimensional separations can be
highly useful to minimize matrix effects for
complex biological samples where multiple
amino acids or peptides are to be determined in a single analysis. Given that D-amino
acids in physiological samples nearly always
exist in the presence of much higher levels
of the L-amino acid enantiomers, good chiral
separations are necessary (3,4). High performance liquid chromatography (HPLC) is the
dominant approach for such analyses. Gas
chromatography (GC) and capillary electrophoresis (CE) have also been used for this
type of analysis, albeit to a much lesser extent.
Even when analyzing peptide epimers, using
chiral stationary phases often provides superior results, as shown in Figure 1 (5,6).
The acceptance of the physiological
role and the importance of the diagnostic
value of D-amino acids in human disease
(and mammals, in general) was slow to
materialize even though their importance as

essential elements in the cell wall peptidoglycan of bacteria was well known (7). The mainstay scientific and biomedical communities
were heavily invested in more routine areas
of study and were not anxious to have investigations in areas they did not understand
or for which they did not have facile, readily available methodologies at their disposal.
This attitude began to change at the turn
of the century. An important ion channel in
neurological tissue, referred to as N-methylD-aspartate (NMDA) receptors, began to
shift the attitudes of some scientists. In 2000,
it was reported that D-serine was an important agonist for NMDA receptors (8). Subsequent to the discovery of D-serine as
an NMDA agonist, D-aspartic acid and
D-alanine were found to function similarly.
NMDA receptors also were found to be upregulated in cancer cells (9–11). Over the last
decade, studies on D-amino acids in biological systems have increased exponentially.
It is interesting to note that Nobel Laureate H.A. Krebs discovered the existence
of D-amino acid oxidase in mammals in
1935 (12). Two things are notable about this
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FIGURE 1: Enkephalin peptide stereoisomers: separation of enkephalin peptide
epimers on a 100 mm x 4.6 mm, i.d. TeicoShell superficially porous particle (SPP) chiral
column (Azyp, LLC, Arlington, Texas) with UV detection and a flow rate of 1.0 mL/min.
Mobile phase = 65:35 (v:v) acetonitrile:aqueous 2.5 mM ammonium formate (NH4HCO2).
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FIGURE 2: Achiral-chiral heart-cutting using 2D-LC: In this separation sequence of analytes,
the first dimension utilized a gradient reversed-phase separation C18 SPP (Poroshell 120
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100 mm). Flow rates were both 1.0 mL/min. UV detection was used in the first dimension
and fluorescence detection was used in the second dimension. Axes labels are retention
time (min) for the x-axis and detector signal intensity for the y-axis.

relatively ignored discovery. First, this report
predated any publications on the existence
of naturally occurring D-amino acids in
mammals or even in bacteria. Second, few,
if any, biographies, reviews, or synopses of
Krebs’s substantial and important body of
work ever mention this seminal discovery.
Our early work involving D-amino acids
involved the HPLC enantiomeric chromatographic separation of dansyl-derivatized
amino acids on cyclodextrin bonded chiral stationary phases (CSPs) that we first
developed (13). Interestingly, the columns
were commercialized in 1983, but the
first paper didn’t appear until 1984 given
patent and review matters. A 1991 study
showed that D-amino acids were prevalent
in human urine (14). There were a number
of other important ramifications of this

work. It demonstrated the importance of
multidimensional LC (MDLC) for analyzing
enantiomers in biological samples, which
in this case was achiral-chiral, heart-cutting
two-dimensional (2D)-LC. Furthermore, this
study supported the contention that there
were no enantiomerically pure proteinic
amino acids—either biological or commercial. Finally, the superiority of chromatography for determining enantiomeric excess
was (and is) unsurpassed. For example, the
detection of less than one part per 100,000
of an enantiomer was clearly demonstrated.
By 1993, the ubiquitous presence of D-amino
acids in human plasma, cerebrospinal fluid,
and amniotic fluids was known (15). It was
shown that some biological fluids were
best analyzed by three-dimensional (3D)LC (achiral-achiral-chiral). Effective analyti-
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FIGURE 3: Reversal of the enantiomeric
elution order of amino acids: complete reversal
of enantiomeric elution order of representative
6-aminoquinolyl-carbamyl (AQC)-amino acids
on a 150 x 3 mm i.d. TeicoShell and Q-Shell chiral
stationary phases (Azyp, LLC). This reversal occurs
for all tested chiral native or N-blocked amino
acids. (a) Q-Shell conditions: flow rate= 0.4 mL/
min, gradient; mobile phase A; 90:10 methanol:
50 mM ammonium formate pH 6, mobile phase
B; 90:10 methanol:50 mM ammonium formate
pH 4.0, 0–12 min 0% B, 12–17 min 0–100% B,
17–55 min 100% B, 55–60 min 100–0% B. (b)
TeicoShell conditions: flow rate = 0.4 mL/min,
gradient; mobile phase A; 5 mM ammonium
formate pH 4, mobile phase B; acetonitrile with
0.1% formic acid, 0–3 mins 5% B, 3–18 mins
5–35% B, 18–20 mins 35–50% B, 20–23 min
50–80% B, 23–39 min 80% B, and 39–40 min 5% B.
Axes labels are retention time (min) for x-axis and
detector signal intensity for y-axis.

cal methodologies were critical for good
qualitative and quantitative determination of typically trace levels and often variable D-amino acid amounts in biological
samples. Questions regarding the origins
and relevance of these antipodes have
been asked continually, and the search for
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answers is escalating today. In mammals,
there are at least three important sources
of D-amino acids, which are food intake,
gut bacteria, and intrinsic biosynthesis (16).
The latter of these may be the most intriguing
in terms of signaling molecules, biomarkers
for disease, and so on. Early on, we developed a 2D-LC method with tandem UV and
fluorescence detection of N-(fluorenyl-9-methoxycarbonyl) amino acids (FMOC-AAs) to
evaluate these factors in the plasma and urine
of laboratory rodents (see Figure 2). Among
the interesting results was that pregnancy had
a profound effect on the excretion of D-amino
acids (16). This same analytical approach was
used to show that excretion levels of a nonproteinic D-amino acid (pipecolic acid) could
be directly correlated with the severity of a
family of genetic metabolic diseases, referred
to as peroxisomal deficiencies (17). The more
severe disorders of this type are invariably fatal
and are preceded by severe retardation. Subsequently, it was reported that high concentrations of certain D- and L-amino acids could
inhibit the growth of Chinese hamster ovary
(CHO) cells and HeLa cells (18). This effect was
thought to be because of the production of
hydrogen peroxide (H2O2) from D-amino acid
oxidase and L-amino acid oxidase. The essential determination of lipid peroxidation was
done by HPLC with fluorescence detection.
It was found that high levels of D-serine
can overstimulate NMDA receptors and
may be implicated in a number of neurodegenerative diseases. Additionally, D-amino
acid–containing peptides (epimers) were
found in the central nervous system and may
also be implicated in neurological disorders,
including Alzheimer’s disease (19–21). In a
groundbreaking study, D-leucine was found
to have potent antiseizure effects in humans
(22). Given the prevalence and importance
of NMDA receptors in the central nervous
system, it was not surprising to find that
specific D-amino acids were prevalent in
various brain tissues (3). In many of these
studies, 2D-LC played a fundamental role.
Among the more interesting results were
that D-glutamic acid was the least prevalent
D-amino acid in brain tissue. There appears
to be an active removal mechanism for
D-glutamic acid. Could this be connected to
the fact that L-glutamic acid is a potent and
prevalent neurotransmitter?
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Given that NMDA receptors are up-regulated in many types of cancer cells (9–11),
it is not surprising that D-amino acids
are of growing importance as biomarkers and possibly in therapeutic strategies.
Both 2D-LC (achiral-chiral) and chiral LC
with tandem mass spectrometry (LC–MS/
MS) have been indispensable tools in such
studies. Indeed, CSPs that can reverse the
elution order of amino acid enantiomers
are often essential tools for obtaining accurate qualitative and quantitative results,
as shown in Figure 3. Using such tools,
it was found that cancer cells quickly released
D-alanine and D-aspartic acid when their
viability was diminished by the presence of
NMDA blocking agents (11). The released
D-amino acids appeared to counteract the
effects of the blocking agents, thereby “revitalizing” the cancer cells.
It has been shown that high D-serine
levels can have detrimental effects on the
kidney. Conversely, low D-serine levels can
exacerbate ischemia and reperfusion injuries.
A 2D-LC–MS/MS system was used for chiral
amino acid metabolomics for screening and
prognosis of chronic kidney disease (CKD)
(23,24). D-aspartic acid and D-proline were
associated with diabetes mellitus, whereas
D-serine and D-aspartate were strongly associated with the progression of CKD.
The prevalence and role of D-amino
acids in human diseases continues to
expand into unexpected areas. For example, nonproteinic aminobutyric acids
have been shown to have clinical applications as biomarkers for osteoporosis (25).
Again, chiral LC–MS/MS with a TeicoShell
column was the fundamental technique
in analyzing the biological tissues. It was
shown that (R)–aminoisobutyric acid in
serum was positively associated with hip
bone mineral density in older individuals. Recently, D-cysteine was shown to
be an endogenous regulator of neural
progenitor cell dynamics in the mammalian brain (26). Chiral LC–MS and a
stereospecific luciferase assay were used
to identify endogenous D-cysteine in the
brain. D-cysteine was enriched more than
20-fold in the embryonic brain.
Clearly, the importance of analyzing
D-amino acids as single entities and as
constituents of peptides and proteins

is expanding enormously. The essential
analytical methodologies that have been
developed will continue to improve and
be a central part of the discovery process.
They will be essential tools that allow a
fundamental understanding of the mechanism of action and biological role of the
often “misunderstood” D-amino acids.
High-throughput screening will require fast
separations if such analyses are to move to
the clinical setting (27,28).
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One-Dimensional Simultaneous
Achiral and Chiral Analysis
Most molecules with therapeutic value have at least one chiral center, requiring resolution of both achiral and chiral impurities.
Separate achiral and chiral methods are the most used methodologies, but two-dimensional (2D) methods and columns
in series have also been implemented. Having a mixed-mode column that can provide both achiral and chiral resolution in
one-dimension (1D) would significantly improve impurity profile understanding and reduce testing workload.
Laura E. Blue
Most biologically active molecules contain
at least one chiral center, and the number
of therapeutically relevant chiral molecules
continues to increase. Given that biological targets recognize their ligands in three
dimensions, it is expected that molecules
with a higher degree of a three-dimensional
(3D) shape will have increased affinity and
specificity with their targets (1). Given this
specificity, one enantiomer of a chiral drug
may have a therapeutic benefit, whereas the
other enantiomer could be inactive against
the target or even be toxic (2). In 1992, the U.S.
Federal Drug Administration (FDA) guidelines on stereoisomeric drugs were released,
which began to define expectations that at
each step of the manufacturing process and
that during release and stability testing, there
should be a means of identifying, characterizing, and measuring stereoisomers. Those
guidelines drove development of new technologies that are still exploited today (1,3).
As the development of chiral therapeutics
matured, it became clear that enantiomers
and diastereomers of chiral bioactive molecules must be separated, identified, and
quantified to ensure the attribute is well
controlled throughout the synthetic process.
This requirement was further clarified with

the release of the 1992 FDA guidelines (3),
which state that chiral drug substances and
drug products should include a stereochemically specific identity test, a stereochemically
selective assay method, or both. Stereochemical integrity of the drug substance and
drug products should be assessed on stability
unless prior data show stereochemical conversion does not occur. It is essential to determine
the concentration of each isomer and define
limits for all isomeric components, impurities,
and contaminants (3). These stereochemical
requirements are in addition to demonstrating control of achiral impurities that arise
within the process. Requirements for control
have been defined in various control strategy approaches, but all aim to show control
of the undesired enantiomer, diastereomers,
and achiral process impurities. It is critical to
have analytical methods that can show control of the undesired analytes in raw materials,
active pharmaceutical ingredient starting
materials (APISMs), intermediates via in-process control methods, and during drug substance and drug product release and stability.
The Limitations of Current Approaches
To ensure product quality, separate achiral and
chiral methods are typically used, but other

methodologies have been implemented.
Examples of more progressive approaches
include using achiral and chiral columns in a
series (4), utilizing a chiral column alone that
has shown adequate resolution of achiral and
chiral impurities (5,6) and two-dimensional (2D)
separations (7). Although all approaches can
demonstrate control of undesired analytes,
each comes with a cost.
The typical approach of separate methods for determining achiral and chiral impurities results in a high workload and time
burden. Duplicate activities for each step in
the method life cycle process are required:
method development, method validation,
method transfer, and testing. This situation
is further complicated because control is
not typically only shown at the final drug
substance and drug product, but measured and controlled throughout the process, which results in two methods being
needed for multiple steps in the process.
More recent approaches, such as 2D-LC
separations or using two columns in series,
also present challenges. Generally, 2D
instruments are not widely available across
the contract manufacturing and quality
control landscape, resulting in their use
being limited to drug development rather
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than being expanded to support manufacturing activities. In any event, progressive approaches like these tend to result
in increased complexity of method transfers because of instrument configuration
variability. The impact of small instrument
variations on method performance is often
observed for a traditional one-column, onesystem approach. Such variations are only
exacerbated when multiple columns or
systems are used—a reality that reduces the
utility of these approaches for manufacturing.
A Simpler Approach Is Needed
Challenges associated with the current
approaches point to the need for a simpler
approach. Development of a single column
that can simultaneously separate achiral
and chiral impurities could have a significant impact on the industry. Although it is
unlikely that there will be a single magic
column that can work for all compounds,
it is expected that a similar approach to
method development could occur with
the simplification that one method could

AUGUST 2022  LCGC NORTH AMERICA  VOLUME 40 NUMBER 8  361

be developed rather than two. The suite of
columns is expected to be similar to those
available individually, but in combination of
achiral stationary phase (such as C18) and
a chiral stationary phase (such as cellulose).
There have been some evaluations of
this type of mixed-mode chromatography. A stationary phase functionalized with
β-cyclodextrin and C18 has been shown to
resolve enantiomers of compounds such as
warfarin and ibuprofen, but its utility for complex simultaneous achiral and chiral mixtures
was not demonstrated (8). Another example
is a stationary phase having zwitterionic,
strong cation exchange, and weak anion
exchange retention mechanisms that has
been shown to demonstrate chiral and achiral
resolution (9). Although both methods show
potential, the specific needs of the pharmaceutical industry have not yet been met.
Mixed-mode chromatography columns
are not a new development, but there is
room for growth in the application to include
complex, enantioselective site modes of
retention (10,11). Commercial availability of

achiral–chiral mixed-mode columns could
significantly simplify and accelerate the
analytical control strategy, method validation, and method transfer process within the
pharmaceutical industry.
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The Future of Instrumentation and
Columns in Liquid Chromatography
With the introduction of ultrahigh pressure and performance instrumentation and sub-2-µm superficially porous particles
(SPPs), a gigantic leap in separation performance was achieved starting approximately 20 years ago. Although smaller
advances have been made in the past decades, the question remains whether further extending operating pressure and
decreasing particle size remains a feasible approach, or whether drastically novel approaches are required.
Ken Broeckhoven
Whereas LCGC celebrates its 40th anniversary this year, my career in chromatography
only started approximately 15–16 years ago.
However, it was an exciting time for chromatography when I began my career because
it was when a significant leap in separation
performance was achieved. Not only was
the first ultrahigh-pressure liquid chromatography (UHPLC) instrument launched, but the
new generation of superficially porous particles (SPPs) that contained a loading capacity similar to that of fully porous particles was
introduced. Together with the first sub-2-µm
particle columns, these innovation paved the
way for up to five times faster separations
(constant efficiency) and a more than doubling of the efficiency (constant analysis time)
in a fully optimized setup. At the same time,
monolithic columns were still a hot topic, and
it seemed the technology was only one generation away from competing with or even
outperforming packed bed columns. In the
following decades, further improvements in
instrumentation, through reduction of extracolumn dispersion and further increases in
maximum instrument operating pressure
and column supports (wider selection of
particle and pore sizes, column dimensions,
to name a few) were made. However, these
later innovations provided only smaller incremental increases in separation performance.
With the use of small-particle columns
operating at high pressure, the downsides
also came to light quickly. Because sub-

2-µm particles have a higher optimal flow
rate, they are often packed in a 2.1-mm i.d.
column format to avoid excessive solvent
use. In addition, they are usually shorter
(5–10 cm) than the traditional 15–25 cm
column packed with 3–5 µm particles. This
drastically reduced the volume of these columns, making the overall separation performance strongly affected by the instrument’s
contribution to dispersion (extracolumn dispersion) (1). As a result, not only were older
generation high performance liquid chromatography(HPLC)instrumentswithlarge-volume
UV cells, preheaters, and tubing not compatible with these columns, but even the newer
generation UHPLC instruments required further fine tuning to fully capture the benefits
of these efficient, but low-volume columns.
In addition, with the high flow rate and pressure drop over the column, the mechanical
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energy introduced in the liquid during compression in the pump is dissipated in the form
of heat in the mobile phase. The resulting
temperature profiles in the column not only
deteriorate the separation performance,
but are also a nuisance when transferring
HPLC methods to UHPLC columns and
instruments because of the effects of temperature on retention and selectivity. To counter
these heating effects, further decreasing the
column diameter would be a straightforward
solution. However, this would bring us back
to the previously mentioned problem of
extracolumn band broadening. In addition,
it is often observed that separation performance of 1-mm i.d. columns is rather poor,
which was linked to apparent inherent walleffects that are most pronounced for these
column dimensions (2). Although there is
ongoing innovation in the field of monolithic
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FIGURE 1: Example of a 3D printed tetrahadron skeleton model type bed made using twophoton polymerization, showing a close-up of a specified region.
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columns, this seems to be limited to research
laboratories or the capillary column format
(3). Traditional column formats (2.1–4.6 mm
i.d.) still seem to be “one generation” away
from competing with packed-bed columns.
All the above raises the question: In what
direction is chromatography going? Indeed,
“Quo Vadis Chromatography?” was the wellchosen title of the opening lecture by Professor Gert Desmet at the 2022 HPLC symposium in San Diego, California (4). It would
appear that to make a leap in separation
performance similar to what was achieved
15–20 years ago, a drastic change in column
technology would be required. It is no surprise that the advances in three-dimensional
(3D) printing technology have attracted a
lot of attention in the field of separation science. The advantages of this technique are
that not only does it allow chromatographers to obtain perfectly ordered structures
(reduced minimum plate height), but it also
makes it possible to design open monolithic
structures that require much lower operating pressure and allow the use of longer
columns, higher flow rates, or both. Unfortunately, current printing technology either
lacks the resolution to print the sub-µm features that are optimal for highly efficient analytical separations, or require excessively long
printing times to obtain a reasonable column
volume (3,5). Figure 1 shows an example
of a 3D-printed column using two-photon
polymerization. This technique achieves the
required sub-µm resolution; however, achieving the required sub-µm resolution comes at
the cost of long printing times, even for capillary scale columns (5). The upcoming decade
will show if advances in this technique can
make it feasible for use in UHPLC, although
the limited size of the LC market and its reluctance to adopt drastically new technology
might not be a sufficient incentive for developers of 3D-printing technology to focus on
this area of study. Nevertheless, lithographic
techniques that can design perfectly ordered
two-dimensional (2D) or two-and-a-halfdimensional (2.5D) structures (that is, the socalled micro pillar array columns) have already
found their way into the LC market, albeit limited to the capillary and nano-LC scales (3,5).
Besides column technology, advances
in instrument technology still allow room
for further improvements to be made
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in separation performance. A further
increase in operating pressure might
seem like a straightforward method,
but there are several caveats. First, any
increase in operating pressure can only
by fully exploited with a concurrent
decrease in particle size, which requires
changes in column hardware, such as
inlet frits, and overcoming issues related
to column blockage. Second, the previously mentioned effects of viscous heating would become excessive and require

new column support materials with a high
thermal conductivity to obtain reasonable
temperature profiles in the column. As an
alternative, recent years have seen a tremendous increase in the development of
easy-to-use multidimensional instrumentation. Whereas the technique makes it
possible to bypass the need for very high
efficiency to separate compounds with
very limited selectivity, the requirement
to couple two different separation systems comes with its own challenges such
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as solvent incompatibility, sample breakthrough, and matching chromatographic
conditions in both dimensions. The development of easy-to-use and more universal interfaces that allow easy coupling of
strongly different separation systems in a
wide range of conditions will be required
to implement this technique as routinely
traditional one-dimensional LC (1D-LC).
To conclude, there are still many possible paths for further increasing separation performance in LC, which is still far
from a mature technique, despite some
occasional whispers in the corridors.
Nevertheless, many of the traditional avenues (particle size and operating pressure)
to improve efficiency or decrease analysis

time seem to have reached a critical point
where a more drastic redesign is required
or a technological revolution (3D printing, highly conductive particles, to name
a couple) is needed. Therefore, I am
looking forward to the developments
during the next 15 years of my career in
chromatography, and the next 40 years of
LCGC magazine!

(4) G. Desmet, “Technological (R)evolutions in Column Making: Quo Vadis
Chromatography?”, paper presented at
the 50th International Symposium and
Exposition on High Performance Liquid
Phase Separations and Related Techniques (HPLC 2022), San Diego, California, 2022.
(5)

K. Broeckhoven, S. Eeltink, W. De Malsche,
F. Matheuse, G. Desmet, and D. Cabooter,
LCGC North Am. 36, 9–17 (2018).
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New Perspectives on Comparative
Analysis for Comprehensive
Two-Dimensional Gas Chromatography
Because of the growing number of analysis scenarios involving complex samples, comprehensive two-dimensional gas
chromatography coupled with time-of-flight mass spectrometry (GC×GC–TOF-MS) is now a prominent technique for
characterization. However, the limitations on time, expenses, and sample quantities, as well as the need for specialized
expertise in comparative analysis, can prevent the discovery of analytes that distinguish multiple samples. This article
provides an overview of the development and current status of comparative analysis for GC×GC–TOF-MS data and how
key limitations can be overcome with a novel tile-based pairwise analysis method.
Caitlin N. Cain and Robert E. Synovec
Gas chromatography (GC) is routinely used in
a variety of fields such as forensics, metabolomics, environmental science, petroleomics,
and food analysis to resolve the volatile profile of these complex samples. In any of these
fields, GC can be used in targeted studies to
quantify pre-selected, known analytes or in
nontargeted studies to provide a fingerprint
(a chemical signature) of the entire sample
(1). The main difference between these two
types of studies is that in nontargeted studies, analytes of interest are not necessarily
known a priori; rather, these analytes are to
be “discovered” by the data analysis workflow. In recent years, the use of GC in nontargeted studies for sample characterization
and comparison has surged. However, a key
requirement for these comparative analysis
studies is having a high peak capacity (1),

which can be a limitation of one-dimensional
GC (1D-GC) (2). Fortunately, the development of comprehensive two-dimensional
GC (GC×GC), pioneered by Liu and Phillips
in 1991, delivers a 10-fold or greater peak
capacity compared to its 1D counterpart
(3,4). With GC×GC, a sample is separated on
two columns with complementary stationary
phases, providing increased selectivity along
with enhanced peak capacity. When GC×GC
is coupled with time-of-flight mass spectrometry (GC×GC–TOF-MS), this separation
technique provides an ideal instrumental
platform for comparative analysis.
Although GC×GC–TOF-MS does improve
the characterization of complex samples,
the data can be onerous to interpret, especially considering that one chromatogram
can contain up to 1 GB of information. The

research questions posed by several application fields are also becoming intricate enough
that manual identification and quantitation
of every peak in a single chromatogram, let
alone for the tens or hundreds of samples
in a data set, is impractical. However, chemometrics can perform these identification
and quantitation tasks while achieving similar,
or better, results with minimal human intervention. Chemometrics refers to the use of
advanced statistical analysis or linear algebra,
or both, to extract meaningful chemical information from either a single chromatogram
or entire data set. Figure 1 demonstrates the
typical workflow for comparative analysis of
GC×GC–TOF-MS data using chemometrics.
The application of chemometrics to chromatographic data first begins with designing an experimental framework to address
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1) Study Design
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FIGURE 1: General comparative analysis workflow for GC×GC–TOF-MS chromatograms.

the given analytical objective. For comparative analysis, the study should be designed
to guarantee that the chromatograms collected will reflect the true similarities and differences between the samples (5). After collecting high-quality GC×GC–TOF-MS data,
the analyst can proceed to use nontargeted chemometrics to discover differences
between the chromatograms (Figure 1). These
nontargeted approaches are categorized as
either unsupervised or supervised, where the
latter leverages user-defined information of
sample class membership to detect classdistinguishing analytes. The peaks discovered can then be identified and quantified
using targeted chemometric approaches
(Figure 1). Continued increases in the use
of chemometrics for GC×GC–TOF-MS data
analysis make this an exciting time for ongoing developments that bridge the chromatography and chemometrics communities,
so it is worth reviewing foundational methods put forth in recent years and how they
expand analysis possibilities for the future.
Fisher ratio (F-ratio) analysis has emerged
as the nontargeted, supervised methodology of choice for comparative analysis studies.
This method discovers class-distinguishing
analytes that have large between-class variances relative to the pooled within-class
variances and ranks them in a hit list for
subsequent data analysis steps (6). F-ratio
analysis can be applied using either a peak
table-based (7,8), pixel-based (6,9), or tilebased approach (10,11). A peak table-based
approach quantifies each peak in the chro-

matogram prior to calculating the F-ratio
on those measured signals, whereas a pixelbased approach determines an F-ratio at
every data point in each chromatogram. However, neither implementation is ideal because
key analytes with a low signal-to-noise (S/N)
ratio can be missed using peak tables and
false positives from retention time misalignment, and detector fluctuations can arise with
a pixel-based approach. Hence, tile-based
F-ratio analysis was developed to address
these challenges faced with GC×GC–TOFMS data. The tile-based approach relies on
dividing the chromatograms into rectangular
sections, or “tiles,” and calculating F-ratios on
the summed signal within each tile (10,11). Ultimately, the tile-based methodology mitigates
retention time misalignment and provides a
S/N enhancement compared to traditional
pixel- or peak table-based approaches (10,11).
Tile-based F-ratio analysis has been successfully applied to many fields, such as metabolomics (12–14), fuel quality (15), food analysis (16),
and environmental analysis (17). Recently, this
software has also become commercially available to further progress nontargeted studies
(18,19). Hit-list generation for tile-based F-ratio
analysis has also been improved to enhance
class-distinguishing analyte discoverability by
refining the definition and implementation of
the F-ratio metric (13,17).
In addition to discovering class-distinguishing analytes with nontargeted approaches,
confident conclusions on exactly what is
changing—and by how much—between
samples requires accurate identification

and quantitation via targeted methods.
Despite the higher peak capacity afforded
by GC×GC–TOF-MS, chromatographic
overlap inevitability challenges identification
and quantitation efforts. Multivariate curve
resolution–alternating least squares (MCRALS) and parallel factor analysis (PARAFAC)
are commonly applied in these situations to
mathematically resolve the analyte of interest
from the interfering background. Recently,
the capabilities of tile-based F-ratio analysis
were expanded into this targeted analysis
space with the development of class comparison enabled–mass spectrum purification
(CCE-MSP) (20). Based on the class-based
experimental design necessary for F-ratio
analysis, the underlying principle of CCEMSP is that the mass spectrum of the target
analyte changes between classes while the
background spectrum remains constant (20).
To obtain the pure target analyte spectrum
for a two-sample class comparison study,
CCE-MSP first normalizes the spectra from
both classes to a pure interferent m/z and
then subtracts the two (20). The performance of CCE-MSP was demonstrated to
be superior to standard methods like MCRALS and PARAFAC, especially under conditions where severe chromatographic overlap
arises from large interfering peaks (20).
Even with these robust chemometric techniques, a desire remains for data analysis that
can obtain similar—or better—results with
fewer constraints on the number of necessary
samples. For example, the minimum number of samples required for F-ratio analysis is
often given from four to six per sample class
(10,11). For many experiments, the capability of collecting this many replicates may not
be available because of time, expense, and
sample constraints. To address this challenge,
a novel tile-based pairwise analysis workflow, referred to as 1v1 analysis, was recently
developed (21). The same software platform
as with tile-based F-ratio analysis is used with
1v1 analysis; however, instead of generating
a hit list using the F-ratio metric, 1v1 analysis
uses the sum-normalized difference between
two chromatograms as the ranking metric (21).
Both analysis methods serve to discover classdistinguishing analytes, but tile-based 1v1
analysis requires just a single chromatogram
per “sample class” to achieve comparable
performance to tile-based F-ratio analysis.
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Essentially, 1v1 analysis is an effective way to
compare the results of two GC×GC–TOF-MS
separations, with far superior results than other
methods such as simply subtracting the two
chromatograms. This notable performance
was shown for two complex data sets: a diesel
fuel spiked with non-natives at low concentrations and cacao beans affected by moisture
damage (21). Additionally, tile-based 1v1 analysis was demonstrated to be easily coupled
to CCE-MSP to obtain pure analyte spectra
for identification, outperforming MCR-ALS
and PARAFAC under various resolution and
degrees of spectrum contamination (21).
With a full complement of nontargeted
and targeted approaches at their disposal,
researchers may now be able to push comparative analysis from strictly hypothesisdriven approaches to near real-time tracking
of chemical changes or processes. In addition, the approaches discussed here likely
have yet-unexplored capabilities in separation spaces beyond GC×GC such as 1D-GC
or 1D- and 2D-liquid chromatography (LC).
These current strategies in comparative analysis for chromatography are transforming
the analytical community to dive deeper into
their data to uncover hidden information.
It will be exciting to see where this field will
continue to lead us!
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Liquid Chromatography Column Design and
Dimensional Analysis of the van Deemter Equation
The fundamental mechanisms of band broadening are usually introduced to students through the van Deemter equation.
Dimensional analysis of this equation can give physical meaning to the equation coefficients and enhance our understanding relative
to qualitative descriptions. This approach can also guide improvements to future liquid chromatography (LC) column designs.
James P. Grinias and Justin M. Godinho
Think back to when you first learned about
the van Deemter equation:

B
H = A + u + Cu

[1]

If it was anything like our experience, it was
in your first lecture about column chroma-

tography. We learned about the three terms
of the equation (A, B, and C) that represent
the three “uncoupled” mechanisms contributing to the somewhat abstract concept of
band broadening and how they related to
the mobile phase velocity (u). These terms
were paired with three simple cartoons to

describe the movement of molecules through
a packed bed (Figure 1). This description
worked well, at least for passing the exam on
chromatography and explaining observations
for our course laboratory notebooks. It wasn’t
until we began our research projects on the
packed bed microstructures of capillary liq-
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FIGURE 1: Representative cartoon representation of van Deemter term-based description
of band broadening commonly used in introductory analytical chemistry courses.

uid chromatography (LC) columns (1) that lar LC column, there is essentially one primary
we started to think about the units of these flow path through the column that can be
terms. It confused us as to why dimensional extended to multichannel capillaries, where
analysis of the van Deemter equation isn’t a number of parallel flow paths are found
highlighted more widely. The equation within a single capillary (5). In these systems,
gives plate height, H, with units of length. small variations in diameter (a length term!)
As the terms of the equation are only modi- between parallel channels can increase bandfied by velocity, unit analysis is straightfor- width. To better replicate a chromatographic
ward. Here, we hope to convince you that “bed,” the ordered structures (for example,
this approach to the van Deemter equa- pillar arrays) can be generated through
tion is equally as important as the cartoons microfabrication (6) or three-dimensional (3D)
(or metaphors (2)) and a conduit to describ- printing (7,8). In these systems, a much larger
ing the fundamental mechanisms that will surface area is available compared to opendirect the future of column design.
tubular formats to increase the loading ability.
The A-term, related to multiple flow paths, However, based on the optimized designs,
has length units (cm, or more realistically, µm) multiple flow path broadening is still lower
as it matches the length units of H. Although than what may be observed in a less ordered
deeper theory on band broadening often packed bed or monolith (6). We imagine furseparates this “eddy diffusion” term into ther reduction of this term will continue to be
various components based on the scale over a focus of the future of column chromatogwhich the flow path differences are being
raphy. A potential approach that allows for
compared (3), the simplest way to connect the surface area advantages of particles but
modern LC to this term is through the idea of ensures ordered structures is the patterned
flow path homogeneity. Effectively, the more layering of particles (9). Similar in the way the
“perfectly ordered” a column structure is, the term is eliminated in capillary electrophoresis
fewer different flow paths (inherently of differ- (CE), mitigation of the drawbacks of column
ent lengths) that a single molecule can trans- sample loading through the implementation
verse. An open-tubular LC column (4) best of more-sensitive detectors will surely be a
demonstrates this because in an open-tubu- goal in the future of column design.

The B-term, which represents longitudinal
diffusion, has units that are used to describe
diffusion coefficients (cm2/s). This term is usually met with some understanding when first
introduced because the concepts of molecular diffusion apply broadly within the world of
chemistry. Longitudinal diffusion occurs inherently throughout the separation process, even
when flow is stopped, or analytes are so highly
retained that they are effectively “stuck” on
the column. A primary focus of fundamental LC research in recent years has been the
measurement of various contributions to the
overall diffusional broadening that occurs as
analyte molecules move through a column
(10). Dimensional analysis of the B-term suggests the spatial contribution to H can be
reduced by limiting the time over which diffusion is allowed. In practice, it leads to an
increase in the mobile phase velocity. It is rare
that someone chooses to develop a slow
LC method where broadening dominates
because of longitudinal diffusion. Instead,
we must think about modern applications
where this process may be the most relevant.
Recently, both step (11) and reverse (“negative”) (12) gradients have been proposed
to help significantly increase the resolution
between closely eluted peaks in monoclonal antibody samples, even pushing values
to “infinite” resolution. This application is
feasible because the “S-term” relating retention and eluent strength is incredibly steep for
large molecules and because the diffusion
coefficient of large molecules is already low
(13). As these techniques are only effective on
large molecules with very small diffusion coefficients, B-term broadening is not a primary
concern even in specific instances of long
separations (especially when additional peak
focusing effects are considered). Because diffusion can never be eliminated, the true focus
with continued progress in LC development
related to this term is rather how to design
separations in which its contribution plays a
minimal role in bandwidth. Fortunately, most
of the broadening because of this term is
eliminated if we simply speed up separations.
The C-term, resistance to mass transfer,
is calculated in time units. At the introductory level, it is attributed to the series of
steps, each with a finite time, that an analyte molecule undergoes to partition across
the column’s stationary and mobile phases.
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The slower this process, the more band broadening occurs, and it is
especially detrimental at high mobile-phase velocities. A number of
recent advances to limit this broadening have enabled efficient separations of small molecules at high speeds (14), with the focus now shifting
to tackle analytical challenges associated with modern therapeutics
that largely consist of biomolecules. As these large biomolecules have
low diffusion coefficients, they are at odds with rapid mass transfer
and thus, low C-term values. The future of chromatographic beds and
separation supports for biomolecules will focus on facilitating efficient
access to the stationary phase surface. Limiting the distance that these
larger molecules need to travel (by using smaller particles) or by reducing the distance that molecules have to travel once they enter a pore
(with core-shell morphologies, especially those with ordered pore
structure (15)) will be critical. Some wide-pore superficially porous particles (SPPs) already have shown utility this way (16,17). To fully access the
stationary phase area of a particle, the pore diameter should be large
enough to ensure unrestricted access to the pore volume by the largest molecules in a mixture. Different selectivity for large molecules can
be observed when similar stationary phases that primarily differ in pore
diameter are used (18). Although many of these variations have been
considered and developed for particle-packed columns, thinking about
expanded stationary phase area on some of the other column types
described to have lower A-term effects may help increase the rate of
their adoption. Again, we think implementation of open tubes or nonporous stationary phase supports will grow as detection capabilities
improve. To truly achieve diffusion-limited broadening, eliminating stationary phase effects (and the lengths and times associated with them)
is necessary. When analytes are amenable to these types of separations
(for example, CE and ion mobility spectrometry), peak widths are far
narrower and time scales are notably shorter than what can typically
be achieved in a packed column chromatographic separation (19,20).
The increase of these techniques in prevalence and their coupling to
mass spectrometry (MS) for analyzing complex systems implies that
these will also be powerful tools in the future of chemical separations,
when applicable to a given sample.
Whether it is the length units of the A-term, diffusion coefficients
of the B-term, or time scales of the C-term, dimensional analysis provides and important way of describing the van Deemter equation,
supplementing introductory cartoons and providing an avenue to
exciting advances in chromatographic research. These fundamental
principles will continue to drive the field as the chromatography community continues to strive for ever more efficient separations!
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Accredited Forensics Laboratories Are Not
Properly Validating and Controlling Their
Blood Alcohol Determination Methods
The lack of proper method validation has important implications in blood alcohol concentration (BAC) determinations.
We examine this issue, addressing the importance of gas chromatography (GC) for BAC determination, why certain
validation procedures are important, and why accreditation bodies need to step up their game.
Kevin A. Schug and Zacariah L. Hildenbrand
Over the past several years, we have consulted in a variety of litigation surrounding
various patent, environmental, and forensics
cases. What we have learned is that laboratory accreditation is not a cloak of infallibility when it comes to assessing the veracity
of different chemical measurements (1).
With that said, there is nowhere we have
encountered more deficiencies than in
blood alcohol concentration (BAC) determinations performed by forensics laboratories.
These forensics laboratories are accredited for their capability to meet International Organization for Standardization
(ISO) 17025 standards for testing and calibration procedures. ISO 17025 is an international standard designed to apply to anyone running a chemical testing laboratory.
It is a standard that is meant to show, when
followed, that the laboratory produces
reliable results.
ISO 17025 is quite vague when it comes to
the essentials associated with creating, testing, and controlling the quality of a method
designed for a specific purpose, such as for
BAC determination. As a result, the American National Standards Institute (ANSI) and
the American Academy of Forensic Science
Standards Board (ASB) created a series of

more specific guidance documents, one of
which is ANSI/ASB Standard 036: Standard
Practices for Method Validation in Forensics Toxicology (2). The document clearly
states that, “This standard was developed
to provide the minimum requirements for
validating analytical methods in forensic
toxicology laboratories” (emphasis added).
Although the first edition of this standard
was released in 2019, it was built from similar
guidance that had been established in the
field previously (3).
For those who have validated bioanalytical methods in the past, the procedures and tests prescribed by Standard
036 for method validation will look familiar.
It describes establishing a validation plan
depending on the scope of the method.
It then describes specifically how to assess
aspects of the method, such as bias and
precision, calibration, carryover, interference studies, ionization suppression and
enhancement (especially for methods
based on liquid chromatography–mass
spectrometry [LC–MS]), and limits of detection and quantitation. The guidance document also indicates when methods should
be revalidated—when major changes are
made to the method (for example, when a

new analyte is added) or to the sample processing procedures, following major maintenance events, and when there is a software change. Most notably, it says that the
method should be revalidated if the current
method validation used by the laboratory
does not include the validation experiments
described in this document.
We have rarely encountered a BAC
method that has been properly validated
according to Standard 036 guidelines, or
even according to its predecessor guidelines. When a method is not properly validated, the results generated by the method
should not be considered reliable. The various method validation steps, and ensuing
quality control during routine operation,
are meant to provide proof that the method
is not subject to a wide variety of issues that
would increase the uncertainty of the results.
The propagation of potential errors associated with lack of appropriate measures to
assess the presence or absence of these
deficiencies culminates in a very uncertain
result. The accuracy of such a result cannot
be trusted.
Most laboratories use aqueous calibration standards and controls during routine
BAC analysis. To be clear, the calibration

WWW.CHROMATOGRAPHYONLINE.COM

standards and most quality control standards are prepared in water, whereas the
actual case samples involve a whole blood
matrix. It is only valid to use an aqueousbased calibration of an instrument if the
laboratory has shown that accurate results
can be achieved for whole blood samples
when using the surrogate calibration matrix,
which requires a series of procedures to
assess accuracy, interference, and carryover
by analyzing fortified (spiked) and blank
whole blood matrices from a variety of
different sources. Without these measurements, it is impossible to assess whether the
mismatch of calibrator matrix and sample
matrix cause issues with accuracy.
Matrix effects is a catch-all term for interferences caused by other constituents in the
sample. There are many ways that matrix
effects can occur—during headspace
extraction, during injection, during separation, and during detection. It is not always
easy to determine the cause without a good
troubleshooting strategy.
Matrix effects can be manifested as extra
signals in the chromatogram. Because a
flame ionization detection (FID) instrument
does not discriminate what it detects, some
of these extra peaks could occur at the same
time as the signals for the ethanol or internal standard peaks. You would never know
how susceptible your method is to these
interferences without running an interference study where blank blood matrices from
a variety of sources indicate that there are
no aberrant signals at the retention times
of interest.
Blank and fortified blood samples should
also be included during batch analyses of
case samples because instrument performance can change over time as instrumental components become dirty and worn.
Without including these controls in the
batch, it is impossible to tell whether instrumental performance deficiencies that cause
matrix effects have developed since the last
performed validation.
Proficiency tests alone are not sufficient
to prove that a method is valid. Proficiency
tests involve measuring BAC in old-case
samples, often provided from an outside
source and measured previously by a (hopefully) validated instrument and method to
see if the same results are obtained on the
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new instrument and method. One would
like to assume that the previously determined values for the old-case samples are
accurate (and that they have not changed
over time), but the reference results for the
proficiency samples have often also been
measured on an improperly validated instrument. Although proficiency testing can be a
step in method validation, it should not be
considered enough to supplant measurement of blank and fortified whole blood
samples as prescribed in Standard 036.
In a whole fortified blood sample, one
knows exactly how much ethanol is present.
Such control does not exist with proficiency
test samples.
When forensics laboratories report
results for BAC, they include an uncertainty
value that has been somehow assessed
previously. This uncertainty value can represent the uncertainty of the measurement
if all of the steps of the method were performed perfectly. However, every misstep
will increase this uncertainty. Contamination during blood draws, improperly calibrated pipettes, coelutions during matrix
effects, and any other inconsistencies that
may be present in a measured case sample increase the uncertainty of the measurement. As the uncertainty increases,
the accuracy of the measurement becomes
more doubtful. Without proper validation and quality control, it is impossible to
refute the presence or absence of these
deleterious effects.
Completing the steps required for
proper method validation per Standard
036, as well as for the inclusion of proper
quality control standards during batch
analysis, are not onerous tasks. Within a
week, a laboratory could remove an instrument from service and properly validate it.
Many laboratories that we have encountered have been running BAC determinations for many years on instruments
that have never been properly validated.
They also fail to revalidate the method
after major maintenance events. This deficiency casts doubt on the veracity of the
reported measurements.
In our opinion, it is well past the time
that governing officials should address
this gross deficiency in forensics testing.
Accreditation bodies do not appear to

closely monitor the methodology used
for BAC determination in a forensics
laboratory, which devalues accreditation.
More importantly, the results of these measurements can massively compromise the
livelihood of an individual under investigation. Why are not more effort and attention
given to ensure a reliable measurement is
performed? In the meantime, clients are
forced to pay large sums of money to hire
experts who can refute the measurement
based on the grounds described above.
Alternatively, those that cannot afford this
service may not be able to contest inaccurate BAC measurements, which can
have a profound impact on their sentencing, and ultimately, their civil liberties.
The negative implications of unjust
persecution and expensive litigation
could be avoided if forensic laboratories brought their practices up to current
industry standards.
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Let’s Get Small: Miniaturizing
Separations for Single-Cell Analysis
Direct profiling of biochemical expression within single cells provides insights into cellular processes that are lost when
ensemble averages are measured across populations of cells. Advanced separations coupled with mass spectrometry
(MS) can now quantify more than 1000 proteins within single cells. Further miniaturization of separations will greatly
extend the reach of single-cell proteomics, metabolomics, and lipidomics, but key challenges in instrumentation,
column technology, and ionization sources must be addressed.
Ryan T. Kelly
It is a remarkable characteristic of electrospray
ionization–mass spectrometry (ESI-MS) that
analyzing less sample can provide more signal, yet this is easily observed when reducing
the flow rate in a direct infusion experiment.
Even as the flux of analytes exiting the electrospray emitter decreases, the MS signal may
increase because of ionization efficiency gains
that more than offset the reduced ion flux (1),
which is because of the formation of smaller,
more readily desolvated droplets at lower
flow rates. Additional benefits of low-flow
ESI-MS include reduced ionization suppression and charge competition, providing
improved quantitative performance (2).
When analyzing the biochemical content
of single cells containing mere picograms
of analytes, as well as other trace samples
such as tissue sections and fine needle aspiration biopsies, it is critical to leverage the
sensitivity gains associated with low-flow ESI.
With few exceptions (3), it requires operating
the liquid chromatography (LC) or capillary
electrophoresis (CE) separations that feed
the electrospray source at correspondingly
low flow rates. How low is low enough?
Standard LC flow rates for proteomics applications use 75 µm i.d. capillary columns
operating at ~300 nL/min. Although this flow
rate is already much lower than that of typical analytical LC columns, it is far from ideal
for single-cell applications. For example,
reducing the flow rate from 300 nL/min to
20 nL/min increases the amount of MS signal per analyte molecule by a factor of ~10
(Figure 1). We have found in previous studies
that ion utilization efficiency and MS signalto-noise (S/N) ratios continue to increase as
flow rates are further reduced to 1 nL/min (4).
Given the growing interest in single-cell
analysis and the clear benefits of ultralowflow LC- and CE-MS for such applications,

what is standing in the way of routine implementation? There are key challenges pertaining to column technology, instrumentation,
and ionization sources that must be overcome,
but each of these issues can be addressed.
Here, I discuss these challenges and potential
paths forward as they relate to LC.
Packed capillary columns having inner
diameters of 75 µm and C18 particles in
the 1.6–3 µm range have been the industry standard for proteomics applications
for well over a decade and are available from a variety of vendors. Operating these columns at flow rates that are
much lower than their intended 200–500
nL/min results in reduced separation efficiency. As such, the LC column diameter
must be reduced to maintain LC separations at their optimum linear velocity.
Unfortunately, packing chromatographic
media into smaller diameter capillaries
(for example, 20–50 µm) is quite challenging, with particles tending to block the column inlet and a propensity for nonuniform,
packed beds. Commercialization efforts
could conceivably make such narrowbore separations more broadly available,
but these packed columns are rarely
demonstrated below ~20 nL/min (5,6).
Therefore, this flow rate is still not as low
as desired to achieve the absolute lowest
detection limits. As a result, a promising
direction for further miniaturization of
LC is open tubular (OT) and porous layer
open tubular (PLOT) chromatography (7,8),
as these separations can achieve high
efficiencies at very low flow rates and do
not require difficult and tedious column
packing. The sample loading capacities
of OT and PLOT columns is low relative
to packed-bed columns, but a large loading capacity is not needed for single-cell

analyses, so these columns might be well
matched to such applications.
Even with a column that operates ideally at ultralow flow rates, commercial
nanoLC instrumentation is poorly suited
for these columns. There are extracolumn volumes that must be cleared to
transport the sample and mobile phase
from their source to the head of the column. These volumes are generally fixed,
and the resulting delay times can become
insupportably long at ultralow flow
rates. For example, the direct loading of
the sample from a 1 µL sample loop at
20 nL/min would require 50 min plus the
time it takes to clear the connecting tubing,
which can easily leave a ~$1M mass spectrometer sitting idle more than half the
time. As mentioned above, further miniaturizing LC with OT columns operating at
approximately 1 nL/min has proven highly
promising for single-cell proteomics (SCP)
(8). However, without a suitable injection
method, there is currently no way to inject
the sample onto these columns without
counterproductively wasting a majority of
the precious sample. Thus, suitable instrumentation needs to be developed to
accommodate much lower-flow LC separations. One potential path forward would
be to implement multi-column separations that allow sample to be eluted from
one column while the overhead steps of
column washing and regeneration, sample loading, and traversing delay volumes
take place on the other columns (9,10).
For example, if a single nanoLC column
is found to actively elute analytes 25% of
the time, then a four-column system may
be constructed to increase duty cycle
to ~100%. Implementing multi-column
separations is an active area of research
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FIGURE 1: Relative ion utilization efficiency as a function of flow rate for a standard peptide
mixture as measured by direct infusion using chemically nanoelectrospray emitters having
different inner diameters.

that should receive further attention
and investment.
It is also critical for ESI-MS-based analyses that the electrospray emitter provides
stable operation. The constraints on emitter geometry become increasingly stringent at ultralow flow rates, where a narrow,
flat orifice with very thin walls is required.
These emitter geometries have been
achieved by means of chemical etching
(4,11), but new commercial offerings may
also prove capable of such low flows. We
have successfully coupled etched emitters
to packed columns operating at 20 nL/min
with negligible band broadening using zerodead-volume unions (5,6), but this requires
making flawless connections and polishing
both the column outlet and the emitter inlet.
Thus, it would be highly desirable to have
emitters integrated into columns that are
designed to operate at these low flow rates.

The challenges in column technology,
instrumentation, and ionization must be
solved together to have an impact on the
emerging field of single-cell ‘omics (12).
For example, developing ideal columns and
instruments without a means of ionizing
the separated analytes will be of no benefit. However, given the rapid development
in each of these areas, it is likely that these
miniaturized separations will be routinely
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that would be otherwise unattainable.

(5) Y. Cong, Y. Liang, K. Motamedchaboki, R.
Huguet, T. Truong, R. Zhao, et al, Anal Chem.
92(3), 2665–2671 (2020).
(6) Y. Cong, K. Motamedchaboki, S.A. Misal, Y.
Liang, A.J. Guise, T. Truong, et al, Chem. Sci.
12(3), 1001–1006 (2021).
(7) S.Y. Li, B.D. Plouffe, A.M. Belov, S. Ray, X.Z.
Wang, S.K. Murthy, et al, Mol. Cell Proteomics 14(6), 1672–1683 (2015).
(8)

P.L. Xiang, Y. Zhu, Y. Yang, Z.T. Zhao, S.M. Williams, R.J. Moore, et al, Anal. Chem. 92(7),
4711–4715 (2020).

(9)

E.A. Livesay, K.Q. Tang, B.K. Taylor, M.A.
Buschbach, D.F. Hopkins, B.L. LaMarche, et
al, Anal. Chem. 80(1), 294–302 (2008).

(10) K.G.I. Webber, T. Truong, S.M. Johnston,
S.E. Zapata, Y. Liang, J.M. Davis, et al, Anal.
Chem. 94(15), 6017–6025 (2022).
(11) R.T. Kelly, J.S. Page, Q.Z. Luo, R.J. Moore,
D.J. Orton, K.Q. Tang, and R.D. Smith, Anal.
Chem. 78(22), 7796–7801 (2006).
(12) R.T. Kelly, Mol. Cell Proteomics 19(11), 1739–
1748 (2020).

Acknowledgment

Ryan T. Kelly is with

The author would like to thank the National
Institutes of Health (NIH) and National Institute of General Medical Science (NIGMS)
for supporting this work through award R01
GM138931.

Brigham Young University
in Provo, Utah. Direct correspondence to: ryan.kelly@
byu.edu.

Accelerating Sample Preparation
for the Analysis of Complex Samples
Sample preparation (that is, separation and enrichment) is a critical step in complex sample analysis that affects
the sensitivity, selectivity, speed, and accuracy of analytical results, especially in rapid analysis. From chaos to order,
the entropy reduction procedure of sample preparation cannot happen spontaneously. Given that sample preparation
consumes over two thirds of analysis time, sample preparation becomes the bottleneck issue in analytical chemistry,
resulting in the urgent necessity of developing accelerated sample preparation techniques.
Xia Ling and Gongke Li
Analytical chemistry faces the considerable
challenge of how to accomplish the effective measurement of extremely complicated
samples to satisfy increasing demands of fun-

damental research and practical application in
areas such as life sciences, medicine, and food
and environmental analysis. These samples
are of many different types, are accompanied

by complex matrices, and contain trace-level
target analytes whose properties are incredibly similar to each other. Because of these
conditions, excellent modern instrumental
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Sample preparation enables separation and
enrichment of target analytes from complex
matrices, and thus can improve the sensitivity, selectivity, speed, and accuracy of analytical results. Unfortunately, the migration of
target analytes from the original matrix to a
more ordered pre-analysis state is an entropy
reduction procedure, and does not happen
spontaneously. As a result, sample preparation is often characterized by being timeconsuming, labor-intensive, and error-prone,
making it the bottleneck in the development of analytical methods. We must break
through this bottleneck.
The development of accelerated sample
preparation strategies, methods, materials,
and devices has received much attention
(1), especially in rapid analysis of complex
samples. Field-assisted sample preparation
techniques, which input energy, are a good
match for rapid analysis. Various energy fields
(including force, thermal, electrical, magnetic,
acoustic, and microwave) have been utilized
to expedite the mass transfer process for individual analytes, or simultaneously for multiple
analytes. For example, magnetic field-assisted
techniques can contribute to rapid separation,
and they can also improve the sensitivity of
the analytical method via efficient enrichment
(2). In the analysis shown in Figure 1a, magnetic perhydroxy-cucurbit[8]url microspheres
were fabricated to achieve rapid and selective
enrichment of ultratrace cytokinins in plant
samples (2). In another example, assisted
by a hybrid field of microwave, ultrasonic,
and magnetic fields, the extraction of
organochlorine pesticide from tobacco was
performed faster and more efficiently (3).
Beyond inputting energy, introducing materials into the sample preparation process also
contributes to rapidly achieving the pre-analysis state of the target analyte. These materials include (but are not limited to) graphene
(4), metal-organic frameworks (5,6), covalent
organic frameworks (7.8), and supramolecular
porous polymers (9), which enable mass transfer or chemical transformation in a faster and
effective manner, and are more suitable for
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FIGURE 1: (a) Efficient and selective enrichment of ultratrace cytokinins in plant samples by
magnetic perhydroxy-cucurbit[8]uril microspheres (2). (b) Multilayer interparticle linking a hybrid
metal-organic framework (MOF-199) for noninvasive enrichment and analysis of the plant
hormone ethylene (5). (c) β-cyclodextrin porous polymers with three-dimensional chiral channels
for separation of polar racemates (9). (d) A novel fractionized sampling and stacking strategy for
online hyphenation of solid-phase extraction to ultrahigh-pressure liquid chromatography for
ultrasensitive analysis (12).

rapid analysis. In addition, these introduced
materials can contribute both as sample
preparation media (see Figure 1b) and chromatographic packing materials (see Figure 1c).
In contrast to the approach of inputting
energy or introducing materials during the
sample preparation process, the size-reduction strategy reduces sample preparation
time by dealing with a smaller amount of
sample. Miniaturized sample preparation
methods and devices are developing rapidly (10), such as solid-phase microextraction
(SPME). Recent developments in microfluidics promote device miniaturization even
further, making it possible to achieve picoliter-level sample preparation and analysis.
More important, the introduction of additional energy and materials into microfluidics
systems is easy. For example, by performing
immunoreaction on the surface of magnetic

beads and detection in a microfluidic device,
magnetic materials and fields are employed,
enabling highly effective biomarker analysis
from as little as 10 μL of serum (11).

Integration Strategies
Integration strategies that involve combining procedures or materials in sequence
or simultaneously have outstanding performance in reducing sample preparation time.
Among these strategies, online coupling and
high throughput approaches are commonly
used. Through online coupling of multiple
sample preparation and detection procedures, sample transfer time can be eliminated.
Even better, the automated nature of online
coupling strategies may improve the accuracy of analytical results (12,13). Figure 1d
shows an example of online coupling of solidphase extraction (SPE) and ultrahigh-pressure
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liquid chromatography (UHPLC) for trace
analysis in a complex sample. By preparing
numerous samples simultaneously, the total
analysis time is shortened without procedure
modification (14), an approach that is widely
adopted in ‘omics studies. Taking this further,
accomplishing several sample preparation
and detection procedures in a single step
is an emerging approach for rapid analysis.
This all-in-one strategy has shown remarkable
time-saving capacity in sample preparation
for various analysis methods, including chromatography (15), chemiluminescence (16,17),
and surface-enhanced Raman scattering (18).
Another integration strategy that should
be mentioned is in situ sample analysis.
By skipping the sample transfer step,
this strategy not only saves time, but also
maintains the original state and composition of the sample. The combination of
all the acceleration strategies for sample
preparation discussed above could speed
up complex sample analysis even further,
especially in chromatography (19).

Summary
The amount of time required for sample
preparation is an obstacle for revolutionizing analytical methods. Taking HPLC as

an example, over two thirds of the total
analysis time is generally consumed by
sample preparation. To speed up and
achieve rapid analysis of complex samples,
accelerated sample preparation strategies, methods, materials, and devices are
urgently needed.
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Whither Gas Chromatography?
New Tools ~ New Solutions
We might well ask “Where is gas chromatography (GC) heading?” For many analysts, the answer may be just
“more of the same,” reflecting that GC is mature and that most analysis tasks and sample types have been tried and tested.
In this scenario, any changes to the basic method may be marginal—sample introduction, and maybe a new detector?
But beneath this status quo is an undercurrent of passion, excitement, and power.
Philip J. Marriott, Yong Foo Wong, and Jane E. Hill
At the risk of sounding like a broken record,
it behooves us to continue the theme of the
topic we mentioned in our 35th anniversary issue, which is showcasing the advantages of multi-dimensional separations.
For the 40th anniversary issue of LCGC
North America, we focus primarily on comprehensive two-dimensional gas chromatography (GC×GC). There is no better way
to celebrate this respected magazine, which
has charted and chronicled many of the
developments in chromatographic separa-

tions over its 40-year history, than to reflect
on the history of GC×GC since its first demonstration in 1991. Although the first 10
years saw GC×GC struggling to justify its
position for ultrahigh resolutions and lacking mainstream appeal, it is evident in 2022
that the situation has changed significantly.
Applications of GC×GC are as broad
and extensive as for GC, testifying to the
interest in evaluating the technique against
one-dimensional (1D) methods, especially for complex mixtures and matrices.

There are now legions of reports extolling the virtues of GC×GC, but often these
reports also discuss the limitations and challenges that may accompany the technique.
It is apparent that an increasing number of
researchers are attracted to the novel capabilities inherent in having a high resolution
two-dimensional (2D) display of volatile analytes to achieve precise and expansive sample profiling, a greater knowledge of sample
composition, and facile sample-to-sample
comparison. However, the use of advanced
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FIGURE 1: Experimental design of the study: Exhaled breath condensate molecules were
analyzed using untargeted metabolomics. Statistical analysis performed on quantified molecules
was used to identify potential biomarkers and breath-biochemical changes associated with
SARS-CoV-2 infection. With permission of the author, from Metabolites 11, 847 (2021).

mass spectrometry (MS) approaches,
such as the now numerous tandem MS (MS/
MS) tools for GC analysis, is still not well investigated. In many cases, these approaches are
not applicable to the speed of modulated
peaks in GC×GC. Because MS/MS is often
praised and utilized for its analysis selectivity for samples that are not well resolved,
the high resolution of GC×GC makes the
use of MS/MS less relevant. Additional clarity
arises from the use of MS, especially when
underlying matrix and phase bleed are effectively removed by the selectivity of the twocolumn operation in GC×GC.
Over the last 10 years or so, what new
processing, operations, and applications
have emerged to manipulate and decorate
the technique? The basic method involves
decisions on modulator type, column set
selection (relative dimensions of the columns
and their phases), operating conditions, software options, the degree of data interpretation required, and the use of advanced data
processing solutions. Innovations include
adjustable selectivity, integrating multidimensional approaches with GC×GC to
improve separation, and chemometric data
processing that serves to rationalize trends
and features from the complex 2D data sets.
However,thereisstillreluctanceintheanalytical
world to embrace the power of this technique.
Perhaps the fact that 1D-GC, and especially
1D-GC–MS, has served the GC community
so well over many years, could mean that
changing to a new technique—which understandably requires a considerable mindset

adjustment—faces some inertia. The new
technical requirements, the lack of standard methods, the lack of trained analysts
(and managers!), the need for further education, and so on, may explain the reluctance
of many instrument companies, industrial
analysts, and academic users of GC to venture into this sunrise technology. Yes, effort is
required to master GC×GC, but isn’t superior chromatography the culmination of all
our analytical dreams?
Among the important applications that
now support the demonstration of enhanced
separations, we wish to highlight recent developments in analyzing biological samples.
Metabolomics should be where GC×GC
excels, simply because it is—or should be—
the ultimate in untargeted profiling of volatile
compounds in samples. A number of years
ago, we applied GC×GC–time-of-flight (TOF)MS to inborn errors of metabolism (IEM) (1).
Having a control sample—here, a urine
sample was used where IEM was absent—
does allow contrast with a positive sample
where the IEM is suspected. However, it can
still be difficult to identify specific compounds
of interest. Usually, it is a case of upregulated
compounds showing increased peak abundance. Here, a previously unreported compound was sufficiently resolved to recognize
its increased abundance and to allow identification of a compound that could be related to
aciduria, which offered a new IEM target that
could be added to the screening protocol.
Given the usually large matrix present in urine,
that strongly overlaps IEM in a 1D-GC screen,

the likelihood of identifying such a compound
with 1D-GC–MS will be remote. On the MS
side, the routine use of MS/MS technology is
essentially a targeted method, but choosing
the precursor and product ions for unknown
compounds is understandably uncertain.
As an alternative to GC×GC to help overcome this limitation, a study could utilize
high-resolution MS (HRMS) or screen a large
cohort of positive and control samples,
and then apply chemometrics methods to
identify potential analytes as biomarkers.
As an approach to investigate cancers,
Covid-19, and other disease states, breath
analysis has been an emerging active field,
although the studies are still few in terms
of the populations surveyed, typically ranging from 10 to 100 subjects. Exhaled human
breath analysis in active pulmonary tuberculosis diagnostics is an example of such a
study, using GC×GC–TOF-MS with chemometrics data interpretation (2). Figure 1 offers
an overview of the workflow in such a study.
The discovery of biomarkers responsible for
or indicative of the disease is significantly
enhanced by GC×GC technology, with
estimates ranging from 2–10 times greater
yield during comprehensive profiling (3).
However, the field is constrained by three
main issues. First, there is no breath chemical
standard mix. Second, instrument software
is unable to adequately process untargeted
data, meaning that researchers have to use
expensive commercial tools or build their
own data pipelines. Third, most compounds
that are considered biomarkers are not especially “novel,” and they are not unique to a
regular breath screen, but they are enhanced
in their response as a result of the disease.
In this manner, tuberculosis, cystic fibrosis,
inflammatory diseases, and lung cancer
metabolomic profiles through breath analysis have been reported (4–7).
In addition, GC×GC–TOF-MS also plays
a role in the profiling of other fluids (8).
For example, plasma samples have been
analyzed for evidence of acute febrile illnesses (9). In urine, studies have sought
biomarkers for bladder cancer and isolated
urinary steroids contributing to endocrine
disorders (10). The headspace of microorganisms has also been investigated, leading
to a greater understanding of their metabolic processes and phenotypes. Thus, the
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“volatilome” comprises unique information
of, for example, Pseudomonas aeruginosa, a
bacterium that can cause chronic lung infections in individuals with cystic fibrosis (11).
Notably, a fully automated portable
2D-GC–micro-photoionization detector
system that has the capabilities to perform
GC×GC operations (via rapid contiguous
heart cuts over the 1D elution) has been
recently reported for the on-site clinical
monitoring of exhaled human breath to
differentiate acute respiratory distress
syndrome (ARDS) from non-ARDS (12).
Interestingly, this study demonstrated
the gradual acceptance and transition
of GC×GC technologies from benchtop
to close-to-real-time clinical applications
(13). We cannot explore each one of these
here, save to say that the relevant studies universally support the value of the
discovery and discriminatory steps that
GC×GC provides.
Perhaps the most pertinent comment
here is that it is impossible to walk away
from or ignore the incredible information content of GC×GC. Advances made
across the board in many fields of research,
from petrochemicals to pesticides, with the
extra informing power of accurate mass
MS, and to food contaminants and flavors,
all testify to the reality of this new technique in our toolbox. The additional costs

in hardware, software, training, and validating methods associated with GC×GC
may act as an anchor against progress
that a full wind in the sails might expect.
However, as we move toward a turnkey
system, the future of GC×GC remains
bright and robust biomarker and profiling
research applications are anticipated.
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The Future of Method Development for
Two-Dimensional Liquid Chromatography–
Work Smarter, Not Just Harder?
The potential for wider use of two-dimensional liquid chromatography (2D-LC) is becoming more evident as the
complexity of samples that must be handled continues to increase in application areas ranging from biopharmaceuticals
to biosourced consumer products. Although the sophistication and ease of use have improved in recent years for
commercial 2D-LC instruments, many analysts are still intimidated by the method development process for 2D methods
because of the larger number of variables involved compared to conventional liquid chromatography. In this article,
I share my perspective on the trends in this area, and the developments we are likely to see in the field in the near future.
Dwight R. Stoll
In 2022, on this 40th anniversary of LCGC,
I often find myself thinking about how to
approach method development for twodimensional liquid chromatography (2D-LC).

Although 2D-LC is a powerful chromatographic technique, and today those just
starting to use it have very good options in
terms of purchasing commercial instrumenta-

tion and software, method development is a
process that is still strongly influenced by the
experience of the analyst. Although I am fortunate to have a lot of experience to draw upon
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when developing new methods, new users are
not so fortunate and often feel overwhelmed
and intimidated by the method development
process, which is understandable. If there is a
number of variables that can be adjusted in
method development for conventional LC (for
example, column chemistry and dimensions,
flow rate, and temperature, to name a few),
then there are at least twice as many variables
to deal with for 2D-LC methods. Perhaps even
more importantly, many of the variables in the
two dimensions are interdependent (1). I personally view this as the single greatest impediment to more widespread use of 2D-LC in the
coming years. Reflecting on the technical program for the High Performance Liquid Chromatography (HPLC) 2022 Conference recently
held in San Diego, California, it seems to me
that there are many parallels that can be drawn
between the way that method development
strategies developed for one-dimensional LC
(1D-LC) over the past 40 years, and the way
those strategies are currently developing for
2D-LC. Perhaps we can learn from the developments in 1D-LC to accelerate the progression of strategies for 2D-LC method development—I think there are good opportunities to
work smarter instead of harder. Thinking about
the talks and posters at HPLC 2022 and the
current work being done in my group, I see at
least three themes emerging.
First, we desperately need software tools
that can assist us with the method development process. In San Diego, John Dolan gave a
talk entitled, “In the Fullness of Time—The DryLab Story.” This talk, in 2022, occurred 33 years
after the first papers were published describing
what would eventually become known as DryLab (2,3). In one of these papers (2), Snyder and
others stated: “This procedure, which can be
referred to as ‘computer simulation,’ attempts
to mimic the strategy followed by experienced
chromatographers, but uses the computer to
reduce the required time and effort.”
Snyder and others were absolutely correct. Reducing the required time and effort
required for the method development process is needed for 2D-LC. There has been
some research in this direction in recent years
by Pirok’s and Regalado’s groups (4–8). For our
part, Thomas Lauer gave a presentation at the
HPLC 2022 meeting describing a recent effort
in my group to develop a freely available simulation tool for 2D-LC, but more is needed.

Second, it appears that our community
is embarking on a new era where advanced
simulation tools, informed in part by larger
data sets than we’ve had in the past (that
is, machine learning, artificial intelligence,
and big data) will play important roles in
chromatographic simulations of the future.
The program for HPLC 2022 had multiple
sessions dedicated to machine learning and
artificial intelligence, which I believe is the first
time these topics have appeared with such
prominence at this annual meeting. It will be
fascinating to see what value these advanced
simulation tools add to existing optimization
strategies, and if these approaches can be
applied to 2D-LC as well.
Finally, there are still some significant holes
in the foundational knowledge we need to
successfully implement method development software for 2D-LC, and any method
development software schemes we come up
with are not going to be as effective as they
could be until we fill those knowledge gaps.
One example of this that we have focused
on pretty intensively for the past several years
is how the volume and composition of the
effluent from a first dimension (1D) separation
affect the behavior of the second dimension
(2D) separation in 2D-LC. In 1D-LC, it is generally advised to not use injection volumes
much larger than approximately 1% of the
column dead volume because injecting
larger volumes can adversely affect peak
shape and resolution. However, in 2D-LC,
limiting the volume of the 1D effluent into
the 2D column in this way is not an option in
most cases because the detection sensitivity would be too poor and render the 2D-LC
method useless. As a concrete example, it is
common in our work to inject 80 μL of the 1D
effluent into a 50 mm x 2.1 mm i.d. 2D column
that has a dead volume of approximately
100 μL. In other words, the injected sample
literally fills the column and effectively acts as
the mobile phase for a short time. We (9–11)
and others (12) have studied this problem
and now better understand the conditions
that can lead to serious degradation of
the performance of the 2D separation (for
example, analyte breakthrough and other
types of peak distortion and broadening).
However, most of this work so far has
focused on relatively simple systems (for
example, injecting acetonitrile or a buffer

into acetonitrile or a buffer where pH does
not play a major role). Many important applications of 2D-LC involve conditions where
differences between the mobile phases and
column chemistries are maximized in the
interest of maximizing the complementarity of
the two separations. Under these conditions,
differences in mobile-phase pH and additive
concentrations can have significant effects
on the 2D separation (13), and can appear
as “unpredictable” behavior to those new to
2D-LC method development. In the long run,
we will need to be able to account for these
behaviors so that method development is
more about following a process informed by
data than it is about guessing which conditions might be worth trying. We need to build
up the knowledge and tools that enable us to
work smarter instead of harder.
I’m excited to see how the themes we
observed at the HPLC 2022 meeting impact
the field of 2D-LC in the near future, and I
am optimistic that by the 45th anniversary of
LCGC, method development for 2D-LC will
feel much more systematic than it does today
and approachable by a wide range of users.
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Incorporating HPLC as a Multi-Attribute
Characterization Technology for
Next-Generation Drug Development
The complexity of next-generation drug modalities and delivery systems requires new and integrated analytical approaches.
A progressive design of chromatographic instrumentation, stationary phases, flexible data systems, and integrated control
are needed for chromatography to remain a leading relevant characterization tool. This paper provides an overview of some
current and emerging physicochemical analytical challenges associated with these sophisticated drug systems and some of the
technical advances needed in chromatographic systems to enable their design, development, and manufacture.
Peter M. Yehl

The pace of innovation in the pharmaceutical industry has never been
faster, and there are no signs that it will
slow down in the foreseeable future.
Enabled by an expanding landscape of
genomic data, increasingly potent knowledge of the human cell atlas, and powerful modeling, scientific research will
move the industry forward into a world
in which disease detection, treatment,
and prevention will grow dimensionally.
These advances will in part be realized
through an array of alternative drug modalities, delivery carriers, and integrated drugdelivery systems. The foundational characterization of the macrostructure assembly and
the substructural elements will help enable
mechanism elucidation, metabolism, activity,
potency, and manufacturing. In these characterizations, analytical chemists must add value.
The different modes of chromatography have
proven to be important tools in these characterizations, but the challenge we face as an
industry is to combine and apply them in integrated ways. Although high performance liquid chromatography (HPLC) has dominated
pharmaceutical control systems in assay and
impurity analysis for decades, we have only
scratched the surface of what is possible.
Perhaps analytical separations and separation
systems of the future should be developed
as multi-attribute characterization tools that

allow for more comprehensive characterization of drug modalities.
The success of chromatographic stationary-phase chemistry lies in its ability
to discriminate between physicochemical
characteristics of substances. In a chromatographic separation, materials are sorted by
properties like physical size, shape, charge,
hydrophilicity, hydrophobicity, chemical
forces of attraction (such as pi–pi interactions, hydrogen bonding, and van der Waals
forces), chirality, and select combinations
thereof. Chromatographic separations have
been successfully coupled to selective detectors to further discriminate analytes by mass,
chirality, mobility, UV spectral signature,
charge capacity, and light scattering properties, to name a few. Indeed, certain hyphenated techniques, such as LC–mass spectrometry (LC–MS) or LC–diode-array detection
(LC–DAD), provide a secondary selectivity
that can be useful in the quantitation or qualitative identification of complex samples.
To date, multi-attribute applications of separation science have been largely limited to
the use of these hyphenated techniques.

New Analytical Approaches Needed
However, next-generation modalities and
new delivery systems will necessitate new analytical approaches in the future. Drug–polymer and antibody–drug conjugates, as well as

integrated drug-delivery systems like targeted
lipid nanoparticles, present unique characterization challenges. Chromatographic stationary phases, technologies, and detectors must
be integrated in innovative ways to allow
scientists to study and measure more than
one attribute simultaneously. The pressures
of competition, short development timelines, the advent of personalized medicines,
and needy patients make these needs urgent.
For example, consider a nanoparticle drug
delivery system. One of the rapidly evolving
goals in our industry is targeted drug delivery,
which we define as the use of a carrier system
to bring a therapeutic agent to specific diseased tissues or cells. The assembly parameters of a polymer-based nanoparticle vehicle
dictates its properties, and its properties dictate its utility. For example, the ratio of polymer component subunits impacts the size and
hydrophilicity of the system. In any particular
iteration of a nanoparticle assembly process,
the “cargo” (drug) load, the cargo that did
not get loaded, the load locality (whether it is
surface-adsorbed or internally encapsulated),
and the surface properties of the vehicle are
important control elements. These quantitative and qualitative features can affect activity,
potency, metabolism, and toxicity. Creating
a “tunable” product may be necessary during drug discovery and early development,
but creating a reproducible product to meet
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the desired quality profile is necessary later in
development. Analysis of each quality attribute during a particular preparation or in a
systematic optimization is usually prosecuted
in a nonintegrated way, often by a team of
analysts with a set of individual measurements. Each analytical technique requires
unique sample preparation, method development, and method qualification. Once the
platforms are established, individual analyses
are performed over several days, data are
assembled, and conclusions can be made.
The more complex the system, the longer the
timelines are for these data sets.
What if the chromatographic system we
developed to manage the analytical workflow
of this complex delivery particle were staged
differently and integrated to provide a more
comprehensive analytical profile? Perhaps a
single injection of the analytical sample could
be subjected to a series of chromatographic
separation interventions. Initially, this injection
can be done at the intact-particle level in the
early stages of the multi-attribute system. If a
nanoparticle carrier is constructed with a surface that has a feature to help it target a specific cell or tissue, a novel LC stationary phase
capable of selectively adsorbing to it could
be designed. Thus, the retention properties
observed could provide information on the
“valency” of the carrier surface, which would
inform or predict target specificity in vivo. On
the same sample, a measurement of the carrier size could be made, which could be done
in parallel with the analysis described above
using size-exclusion chromatography (SEC).
Once the intact-particle measurements
are complete, the carrier or cargo vehicle
could be systematically deconstructed on-line
using multidimensional approaches to look
at substructural elements. This work could be
accomplished by enzymatically or chemically
reducing the vehicle to its subunits (such as
the cargo, impurities, or delivery scaffold components) on-line before sending it to a second-dimension separation where it could be
quantitated or qualitatively analyzed by any
number of detectors. One could study in-vivo
and in-vitro product stability in this manner.
Development timelines would be reduced,
sample data would be integrated, and optimization spaces could be expanded because
the experimental approach would lend itself
to machine learning.

How We Get There
Realizing these opportunities will not be trivial;
there is much work that needs to be done.
However, certain individual elements are
beginning to take shape. Opportunities exist
to expand chromatographic technologies and
build greater integration between systems
and detection. For example, in the delivery
system described above, new stationary
phases designed to recognize desirable
surface features of nanoparticles are not far
out of reach. Recently, commercialized solidphase cartridges containing immobilized
ribonuclease (RNAse) enzymes were used
for on-line digestion of guide RNA prior to
multidimensional chromatographic analysis
(1). A similar enzymatic digestion was used to
deconstruct antibody–drug conjugates prior
to multidimensional chromatography to study
stability (2). Multidimensional separations
using SEC and reversed-phase LC (RPLC) can
be used to measure heavy-chain oligomer
content of drug substances and chemical
purity in the same analytical run (3), a concept
that has been applied to proteins as well (4).
Two-dimensional (2D) separations to make
achiral and chiral purity assessments on the
same sample have been used successfully on
small molecules (4), and in principle could be
applied to more complex systems, including
peptides or oligonucleotides with alternative
separation modes. Restricted access media
(RAM) used in sample preparation (5)
hold promise as stationary phases used in
multidimensional separations of deliverysystem components. One could also
conceptualize new mixed-mode stationary
phases that incorporate properties of RAM
and reversed-phase, ion-exchange, and sizeexclusion LC.
Commercial multidimensional instrumentation has advanced significantly over the last
decade, but more can be done. Incorporation
of low-volume temperature-controlled agitation cells to blend and mix derivatizing agents
or to deconstruct delivery vehicles could be
developed. Controls could be integrated to
allow easy manipulation of analysis streams
toward selected detectors or to preconcentration devices. Modern adaptations of vibrational and UV spectroscopy and mass spectrometry could enhance detection capability
and sensitivity. Data systems, data formats,
and detector controls will need to become

seamless and interchangeable across vendors. The resulting data sets produced from
these analyses will need format harmonization
to become more consumable, interactive, and
amenable to machine learning and modeling.

Conclusions
We are entering a more technically complex
and sophisticated realm of disease treatment.
The challenges of the recent global health crisis brought visibility into what is possible on a
technological level. It could also be the seed
to induce innovative modality and delivery
technologies with applications well beyond
infectious disease targets. In this domain, the
responsibility of the analytical chemist is vast
and vital: enabling physicochemical analytical measurements that carry knowledge and
insight to drive new perspectives on problems
and thus set the pace of innovation. Coordinated partnerships between scientists in the
pharmaceutical and biopharmaceutical industry, the instrumentation industry, and academia need to be established and fully leveraged to identify and understand emerging
needs and create clever, pragmatic solutions.

References
(1)

A. Goyon, B. Scott, K. Kurita, C. Maschinot,
K. Meyer, P. Yehl, and K. Zhang, Anal. Chem.
94, 1169–1177 (2022) https://doi.org/10.1021/
acs.analchem.1c04350

(2)

A. Goyon, M. Kim, L. Dai, C. Cornell, F.
Jacobson, D. Guillarme, and C. Stella, Anal.
Chem. 91, 14896–14903 (2019) https://doi.
org/10.1016/j.nbt.2018.05.114

(3)

A. Goyon, B. Scott, C.M. Crittenden, and
K. Zhang, J. Pharm. Biomed. Analysis 208,
114466 (2022). https://doi.org/10.1016/j.
jpba.2021.114466

(4)

C.J. Venkatramani, M. Al-Sayah, G. Li, M.
Goel, J. Girotti, L. Zang, et al, Talanta 148,
548–555 (2016). https://doi.org/10.1016/j.
talanta.2015.10.054

(5) H. Dipe de Faria, L. de Carvalhao Abrão,
M. Goncalves Santos, A.F. Barbosa, and E.
Costa Figueiredo, Anal. Chim. Acta 959,
43–65 (2017) http://dx.doi.org/10.1016/j.
aca.2016.12.047

Peter M. Yehl is the Exec-

utive Director of Small Molecule Analytical Chemistry
at Genentech Research and
Early Development, in South
San Francisco, California. Direct correspondence to: yehl.peter@gene.com.

DEDICATED DIALOGUE

SPONSORED CONTENT

Addressing Analytical Safety Challenges
Associated with Sustainability Issues
The chemical and materials science industries are under
increasing public and regulatory scrutiny to improve their
sustainability credentials. Waters’ analytical solutions can help
address some of the major concerns, including the safety of
consumer products.
LCGC: Sustainability is a broad term. What does it mean to the Waters Chemical & Materials
Science Market Group?
MacCreath: It can be a nebulous term; it means different things to different people. The markets
we serve are creating the chemicals and materials that underpin our modern and future society.
Importantly, they’ll be providing the answers to the big challenges that we have: economic, social,
and environmental.
Within that context, the U.N. Sustainability Development Agenda is the most appropriate framework,
adopted in 2015 and setting a 2030 target for the 17 goals set within. I should also mention green
chemistry, which precedes the U.N. sustainability agenda. Its 12 principles of green chemistry were
articulated in 1998, but for the chemical industry, this encompasses many of the best practices and
ethos for sustainability. Many companies align and report their efforts to these principles
The focus of the Chemical Materials Science Group is on our customers: how we can help them produce
a more sustainable product however they may define sustainable. Analytics and characterization are
going to play a very important part, including interpreting and understanding the science, but we also
want to help our customers reduce their negative footprint. For example, if one wants to reduce energy
usage by optimizing the manufacturing process, it’s important to understand the impact these changes
have on performance characteristics. If a company wants to reduce its plastic wastage by recycling the
offcuts back into the production process, our solutions can help companies understand the impact of
such actions and help them create and implement workflows.
Our group also looks at how we can reduce our own negative footprint. At Waters’ chemical plants,
we produce our chromatography media from scratch—from silicon particle synthesis to silane
bonding. We also have manufacturing plants and are heavy users of analytical systems, so there
are many ways we work to improve our own sustainability practices. We aim to be a responsible
member of the supply chain.
LCGC: What are the main industry challenges right now?
MacCreath: Performance drives our markets. Historically, the balance has been with cost. Now, the
balance has shifted; it’s now performance, cost, and sustainability. The crux of the challenge is to
maintain or, preferably, increase performance while improving sustainability with minimal impact
on cost on a tight timeline. It’s a challenge.
Let’s say a company wants to reduce its fossil fuel-based components with renewably sourced
compounds. This requires formulators to go from having a broad pallet of chemicals that they have
experience with, to adding in new components with no knowledge of how they will impact their

Ben MacCreath
Principal Manager
Chemical & Materials Science Marketing
Waters Corporation
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formulation and its performance. Formulations are highly complex with higher
order interactions, sustainability increases the dimensions of unknowns.
Formulators then need a greater depth of characterization quickly to predict
potential interactions and get back in control of their formulation process.
The most pressing challenge, however, is safety. Many natural materials
have components that can be potentially toxic. The compound profile at
the end of the manufacturing process can be unknown, so components
need to be identified and elucidated, and likely quantified to understand
the risks associated and track them back to the source of ingress.
Another topical challenge is the push for utilizing post-consumer resin in
packaging material. This approach differs from country to country, but it
tends to center around the percentage levels required and the approval
burden a manufacturer needs to go through. These are set by the EU or
FDA, for example. The key is the recovered and recycled materials need to
be incorporated without detriment to the product itself. However, in this
application, safety is the most important issue: ensuring the consumer is
not ingesting anything harmful. One needs to ensure safety by assessing
the potential migrants or elucidating compounds that shouldn’t be
there, i.e., non-intentionally added substances. This becomes a lot more
complex with recycled materials. Locations with an excellent infrastructure
collect, sort, and recycle fresh plastic waste with less exposure to external
contaminants, but there are still many challenges.
More regulations and legislation will help push this sustainability agenda
across all markets. In March 2022, the U.N. adopted a resolution to end plastic
pollution and wants to do an international legally binding agreement by the
end of 2024. This will undoubtedly bring more challenges.
LCGC: How difficult is it for the industry to address these challenges?
MacCreath: It’s not all bad news. From an analytical perspective, in most
cases, it’s still chemical and polymer analysis. However, there are important
differences. Those being successful are embracing analytical data, using
statistical analysis, and combining data from multiple techniques to get
a holistic picture. This all needs to be done with increased scale and by
adopting more sensitive techniques such as ultra-high performance liquid
chromatography (UHPLC) and size-exclusion chromatography (SEC). These
techniques have been around for a while but are not always fully adopted.
So, by increasing the depth of characterization and applying design of
experiments (DoE), one can better understand and predict the behavior of
complex formulations.
The issue with post-consumer resin is a bit different, as there is a critical safety
aspect. From an analytical perspective, trying to screen for broad chemistries
is difficult. When working with virgin materials, you can somewhat narrow
down to a list of compounds you’d expect to find. We have libraries to help
target these moieties to make it simpler for the analyst. However, when you
have materials that come from any source or may have come into contact
with a variety of unknown entities or from an age of pre-regulations, the
complexities multiply, as does the sampling issue. Many of these substances,
both natural and recycled, have increased heterogeneity, and this applies
both within a given batch and batch to batch. This means that more samples
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are required, therefore more runs are required. It could also mean more
quality control of incoming material. In general, although the techniques
are the same, there is a need for higher resolution, more sensitivity, and
more specificity. In short, more information to equip the scientists with the
information they need to make the decisions they need to make.
LCGC: Analytical techniques themselves have an environmental
footprint—how are these being addressed?
MacCreath: The information they provide is always the key focus. It is like
what I said about how our customers need to adopt sustainability with no
loss of performance. It’s the same for analytical manufacturers: We also
need to improve our sustainability credentials without loss of performance.
There is potentially a conflict in trying to achieve both of those goals, but
constraints also create innovation.
For example, to increase sensitivity on a mass spectrometer (MS), widen
the entrance to the MS analyzer and provide enhanced pumping to
cope with the increased gas load. However, this will have a negative
impact by introducing more matrices into the system, which means more
cleaning, more downtime, and more electricity consumption. It’s not all
positive. Though the new Xevo TQ Absolute uses less electricity and gas
while significantly increasing sensitivity—up to 15 times better sensitivity
and much less heat displacement, which lowers the demand on the air
conditioning, so you’re bringing down the overall impact on the lab.
The consumable side is also important. Chromatography requires columns,
standards, mobile phases, etc.—there’s a lot that goes into it. Here, however,
the technical push for improving performances coincidentally had a positive
impact on sustainability. By moving to high-efficiency systems, your solvent
usage is reduced. If you look at techniques such as SEC, where one is
having to dissolve a polymer, those solvents aren’t going to be benign. By
adopting techniques such as advanced polymer chromatography (APC), the
information itself is improved, but you also have a smaller solvent footprint.
Waters also has collaborations with industry partners to find alternative
solvents, such as those derived from sustainable sources. It’s an inherently
difficult challenge but a worthwhile one.
LCGC: What next steps would you recommend if someone wants to
learn more about the analytical challenges associated with safety
and sustainability?
MacCreath: The good news is there is plenty of activity in this space. The
public is now more cognizant of it, and there are a lot more regulations.
So, there’s plenty of information, and identifying small molecules that can
migrate out of a given material has been a hot topic for a while, especially
under the application of extractables and leachables (E&L). Additionally,
key opinion leaders have been looking at the sustainability aspects of
food-content materials for a little while. We have hosted a few at our
regular E&L seminars.
For those with a specific application, please contact us, and we can help
either directly with our knowledge and materials or by directing you to an
appropriate resource.
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Sonication Impacts and Sonolytic Pathways for Some
Organic Solvents Used in Pharmaceutical Analyses
The sonication effects on some organic solvents used regularly in pharmaceutical laboratories were studied using the
static headspace–gas chromatography (HS-GC) technique with different columns and detectors. Sealed headspace vials were
used during solvent sonication to retain the gaseous and volatile components. The results showed that all studied organic solvents
produced various degradants by sonication. The peaks of these degradants were obtained, resolved, and identified. Their sonolytic
products were gaseous C1-C3 hydrocarbons and other structure related compounds. The C1-C3 hydrocarbon peak pattern was
specific for each solvent under sonication. Their sonolytic pathways were illustrated, and the fragmentation rules of the electron
ionization–mass spectroscopy (EI-MS) were introduced to explain the radical formations caused by sonication with specificity.
Yu (Yon) Wang, Jianchen (Jessie) Wang, Thangavelauthum Ravishanker, and Prasad Panzade

I

n pharmaceutical residual solvents analyses,
some organic solvents are generally used
as sample diluents (or sample solvents) (1–4).
Interferences from sample diluents should be
monitored in method development and routine use. Gas chromatography (GC) is the technique that is widely used for testing gaseous or
volatile substances. Many residual solvents are
suitable to be analyzed by static headspace–
gas chromatography (HS-GC) (1–4). In preparing solid samples for analysis, vortexing, shaking, and sonication are general approaches
used in laboratories to accelerate the sample
disintegrating and dissolving processes,
increase sample extractions, and improve
test accuracies. During method development
for a drug extended-release tablet product,
several whole tablets were used as samples
to avoid solvent losses from ground powders
and ensure sample representativity. First, it was
found that the tablets were not effectively disintegrated when mechanical shaking was used
for sample preparation. Therefore, sonication
was further applied, and the result was that
the disintegrating processes were significantly
improved. Unfortunately, some unknown
peaks at early retention times in chromatograms of samples were noticed. Further investigations indicated that these unknown peaks
were generated from the used organic sample
diluents during sonication.
The principles of sonication to accelerate
particle disintegration are briefly summarized
here. Sonication is the technique of utilizing ultrasounds. When ultrasounds radiate
through a medium like water, they cause
alternating high pressures and low pressures.
During the low-pressure stages, rarefac-

tion forces can overcome the intermolecular
forces, break down the connection of molecules, and create cavities (cavitation bubbles). Millions of microbubbles can form and
grow during the low-pressure stages. During
high-pressure stages under strong compression, many of these bubbles can explode
vigorously and release enormous expanding
forces and high-speed liquid microjets (5–7).
Therefore, when the liquid is close, or adhering to the particle surface or even further infiltrating the tiny pores, sonication can cause
powerful disintegration.
Sonication can also cause chemical effects.
Along with vigorous disintegrating powers,
the cavitation processes of sonication can
produce high temperatures and pressures
within the bubbles even if there are no significant temperature changes in bulk solutions.
The local temperature and pressure created
by bubble cavitation can be 5000 K and
1000 atm, respectively (5–7). Recent studies
showed that the acoustic cavitation could
cause even much higher intrabubble temperatures and form plasmas comprised of ions
and high-energy electrons (8,9). Therefore,
under such extreme circumstances, the thermal energies produced by high temperatures
can cause chemical bond dissociation and
create free radicals. For this reason, thermal
decomposition, or pyrolysis, were commonly
adopted to describe the sonication destruction processes. After being captured by spin
trapping chemicals, the formed free radicals
can be detected by techniques of electron
paramagnetic resonances (also called electron spin resonances) (10,11). The free radicals
in solutions are not stable and can be rear-

ranged to form stable molecules which are different from the originals. Many results of sonication on aqueous and nonaqueous solutions
analyzed by various techniques have been
reported (10–15). Sonication products of acetic acid and benzyl alcohol, analyzed with GC
techniques, have also been reported (16,17).
In this project, the sonication effects on
some daily used organic solvents in pharmaceutical residual solvents analyses, such
as N,N-dimethylformamide (DMF), N,Ndimethylacetamide (DMA), dimethyl sulfoxide (DMS), and benzyl alcohol (BA), were
studied. To avoid any loss of gaseous and
volatile products, the sealed headspace vials
were used during solvent sonication and
then injected directly into the static HS-GC
systems with different columns and detectors. Their sonolytic products were detected,
resolved, and identified. Their sonolytic
pathways, radical formations, radical rearrangements, and peak patterns were further
discussed. Besides thermal decomposition
or pyrolysis, knowledge of electron ionization–mass spectrometry (EI-MS) was used to
provide specific explanations for the sonication radical formation processes.

Materials and Experimental
Materials and Instrument
All of the chemicals and reagents used were
common inventories. An Agilent GC 6890 or
7890 series, with headspace autosamplers
(mode 7694 or G1888) and a flame ionization
detector (FID) or N5973 mass spectrometer
detector (MSD), were used. A capillary column, DB-WAX, with a 0.5 µm film thickness,
dimensions of 60 m x 0.32 mm, and a col-
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umn HP-PLOT/Q with a 40 µm film thickness
and dimensions of 30 m x 0.53 mm, were
employed for analysis (Agilent Technologies).

Preparations of Sonicated Solvents
To prepare the sonicated solvents, 3.0 mL of
each solvent was added into a 20-mL size
headspace vial before being sealed tightly.
The vial was sonicated at different times in
a Branson Mode 8800 ultrasound sonicator
with 40 kHz transducers.
Chromatograms
All chromatographic runs were completed as
per the procedures described in the “Instrument Parameters” section. The whole chromatogram for each injection was obtained.
To better focus on targeted unknown peaks,
only the relevant parts of the chromatograms
were presented in the respective figures.

300.00
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Instrument Parameters
For the headspace autosampler, the temperature for the oven, loop, and transfer line
were 80, 170, and 175 °C, respectively. Vials
were equilibrated with high agitation for
20 min. The times for vial pressurization,
loop fill, loop equilibration, and injection were
all set at 0.2 min. The vial fill pressure was
10 psi, and each vial underwent a single extraction, with the injection volume set at 1.0 mL.
For the GC instrument, the carrier gas was
helium, and the constant flow mode had an
initial velocity of approximately 30 cm/s. The
type of inlet was the volatile interface inlet
with a split ratio of 5, and its temperature was
set at 200 °C. For the GC oven program, the
initial oven temperature was set at 50 °C and
held for 15 min, then ramped up to 150 °C
with a rate of 30 °C/min, and held for 5 min.
The oven program was further ramped up
at a rate of 50 °C/min to 220 °C and held for
10 min. When using the HP-PLOT/Q column
after each injection, the column was baked at
220 °C for 30 min to remove the solvent main
peak and other possible late eluted peaks.
For the detectors, the FID temperature was set at 250 °C, with the hydrogen flow rate at 40 mL/min, the air flow at
400 mL/min, and the make-up gas (helium)
at 25 mL/min. For the MSD parameters,
the transfer line temperature was set at
240 °C, the ion source temperature at 150 °C,
and the EI energy at 70 eV with positive mode.
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FIGURE 1: The chromatograms (2–6 min) of sonicated solvents obtained on HS-GC-FID
with DB-WAX column; Lines from bottom to top were the control (non-sonicated N,Ndimethylacetamide), sonicated benzyl alcohol (BA), sonicated N,N-dimethylformamide (DMF),
sonicated N,N-dimethylacetamide (DMA), and sonicated dimethyl sulfoxide (DMS), respectively.
TABLE I: Retention times and names of degradants of sonicated solvents obtained by HSGC-MSD system with DB-WAX column
Sonicated Solvents
N,N-dimethylformamide
N,N-dimethylacetamide
Dimethyl sulfoxide

Benzyl alcohol

Peak # in
Figure 2

Retention
Time (minutes)

Identified
Chemical Name

1

3.65

Methyl isocyanate

2

3.26

Carbon disulfide

3

3.36

Dimethyl sulfide

4

4.15

Sulfur dioxide

5

3.08

1-Buten-3-yne

6

3.30

1,3-cyclopentadiene

7

6.08

Benzene

8

6.31

1,3-butadiyne

Results and Discussion
Sonication Degradants
Analyzed with DB-WAX Column
To verify the occurrences of sonicationcaused unknown peaks with different types
of organic solvents, DMF, DMA, DMS, and
BA were used and analyzed with HS-GC
systems with DB-WAX columns and the FID
instrument. A FID instrument is a selective
detector that is only sensitive to hydrocarbon
portions of substances, and its responses are
directly proportional to the concentrations
of carbon atoms in compounds (at least for
light hydrocarbons). Non-hydrocarbon substances, such as the air (O2, N2, CO2), H2O,
carbon disulfide, and sulfur dioxide, do not
produce signals under FID (18). Therefore,
the interferences of air, which may happen
with MSD, can be removed under FID.
Solvent vials were sonicated for approximately 3 h. The non-sonicated (control) and
sonicated solvents were injected. The early
front parts of the chromatograms (2–6 min),

which included the target unknown peaks,
were shown in Figure 1. In this time range,
the baselines for all four non-sonicated solvents were similar to each other. Thus, only
the non-sonicated N,N-dimethylacetamide
was shown as the control in Figure 1.
The peaks shown at 2.9–3.1 min in Figure 1
were the unknown peaks previously observed
in preliminary trails. Through further studies,
these peaks were confirmed to be the real
solvent peaks rather than those from baseline disturbances at the column void volume,
system spiking, or HS intrinsic reactions, and
they were truly caused by sonication.
To identify these unknown peaks by their
mass spectra, the non-sonicated and sonicated solvents were injected on the HS-GCMSD system installed with the DB-WAX
column. The total ion chromatograms were
collected. For checking the differences, chromatograms of the non-sonicated and sonicated solvents were overlaid for each solvent
and are shown in Figure 2. The chromato-
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FIGURE 2: Total ion chromatograms (0–9 min) obtained on a HS-GC-MSD system with a DB-WAX column for sonicated and nonsonicated solvents. Figures 2a, 2b, 2c, and 2d were for (a) N,N-dimethylformamide, (b) N,N-dimethylacetamide, (c) dimethyl sulfoxide,
and (d) benzyl alcohol, respectively. The dark line was for the non-sonicated chromatogram as the control, the red line was for the sonicated
chromatogram. The numbered peaks were identified as: 1: methyl isocyanate; 2: carbon disulfide; 3: dimethyl sulfide; 4: sulfur dioxide;
5: 1-buten-3-yne; 6: 1,3-cyclopentadiene; 7: benzene; 8: 1,3-butadiyne.

grams of 0–9 min, which covered all significant changes, was presented.
In Figure 2, the targeted unknown peaks
from Figure 1 were not observed. Instead,
there was a huge peak at 2.4–3.0 min.
Mass spectra shown that its components
were the air. Because MSD is sensitive to all
charged substances and produce signals
for them, the extremely intensive peak of
air was recorded, which concealed those
unknown peaks previously observed with FID.
Despite the air interferences, other new
findings were observed in the sonicated solvents. After sonication, DMF and DMA had
one new peak (peak #1); DMS produced
two new peaks (peak #2 and #4); and BA
formed three new peaks (peak #5, #6, and #8).
Meanwhile, the peak size of peak #3 in DMS
and peak #7 in BA increased significantly after
sonication. All these new or size-increased
peaks were identified by their mass spectra.
Their retention times and identified names
were listed in Table I.
All these degradants in Table I are their
structure-related compounds for these solvents. The earliest eluted identifiable peak in

Figure 2 was 1-buten-3-yne with a retention
time of 3.08 min, which was just behind the
huge peak of air. Because 1-buten-3-yne is a
C4 compound, only hydrocarbons can create
sensitive signals to FID. Therefore, it can be
reasonably assumed that the peaks at 2.9–3.1
min in Figure 1 were possibly components of
C1 to C3 light hydrocarbons.
Light Hydrocarbon Sonolytic
Products Analyzed
with an HP-PLOT/Q Column
To verify the above hypotheses, an Agilent
HP-PLOT/Q column, capable of separating
C1-C3 hydrocarbons, was employed. For each
solvent, the sonicated and non-sonicated
were injected on the HS-GC-FID systems
installed with an HP-PLOT/Q column. Chromatograms of 0–21 min are shown in Figure 3.
In this time range, the baselines for all four nonsonicated solvents were similar to each other.
Then, only the non-sonicated of DMA was
shown as the control in Figure 3. Figure 3
shows that many degradant peaks were
found, and they were separated completely
without any air interference.

To identify these peaks, the individual substances of methane, acetylene, propane, and
butane were injected along with the above
injections to match the retention times, and
the vials of sonicated DMS and BA were
injected on the HS-GC-MSD system installed
with the HP-PLOT/Q column for acquiring
the mass spectra. In addition, the typical chromatograms of C1 to C3 hydrocarbons from
the column performance summary sheet of
the HP-PLOT/Q column (Agilent Technologies) was used for peak position alignment.
These peaks in Figure 3 were identified as
C1-C4 hydrocarbons, and their names are
listed in Table II. From the peak sizes in Figure 3, it was determined that most amounts
of them were C1 and C2 hydrocarbons, and
slight amounts were C3 and C4 hydrocarbons.
In Figure 3, the last eluted peak (peak
#8) was 1-buten-3-yne, which was the
first identified peak (peak #5) in Figure 2.
They were all from the sonicated BA. Therefore, using 1-buten-3-yne as the joined point,
chromatograms of Figure 3 can be connected in front of that of Figure 2 to present
a whole view of chromatograms obtained
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with both DB-WAX and HP-PLOT/Q columns for each solvent. The front parts were
C1-C3 hydrocarbons, and the late parts were
other various structure-related degradants.
Conclusively, it was approved that sonication
produced C1 to C3 hydrocarbons and other
structure-related degradants for all the four
studied solvents.
To further study the effecting extents of
sonication with different sonication times,
all four solvents were sonicated up to 4 h
and injected on HS-GC-FID systems with
the HP-PLOT/Q column. The peak area,
total peak area, and area percentage for
each solvent were calculated. These results
were tableted and are displayed in Table II.
The total area of all light hydrocarbon
peaks can be used an indicator for the overall effects of sonication, which is the extent
of sonication effects. The results in Table II
show that the sonication effects became
larger as the sonication time increased.
For example, after sonication from 2 h to 4 h,
the total peak areas of DMA were significantly increased from 205 to 441.
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FIGURE 3: The chromatograms (0–21 minutes) of sonicated solvents obtained on HS-GCFID systems with HP-PLOT/Q column. Lines from bottom to top are the non-sonicated
DMA as control, the sonicated DMF, sonicated DMA, sonicated DMS, and sonicated BA,
respectively. Peak names were: 1: methane; 2: ethylene; 3: acetylene; 4: ethane; 5: propylene;
6: propane; 7: propyne; 8: 1-buten-3-yne.

In addition, it was also found that under
the same sonicating time, the sonication effects on different solvents were
significantly different. For example, with
2-h sonication, the total peak areas for
DMF, DMA, DMS, and BA were 41, 205,
417, 457, respectively. The order of sonication effects for these 4 solvents were
DMF < DMA < DMS and BA.

It was further noticed that there were
specific peak patterns of C1-C3 hydrocarbons for each solvent. DMF and DMA
had a predominated methane peak;
DMS had a predominated ethane peak.
On the other hand, BA had a predominated acetylene peak. Moreover, these
peak patterns were kept consistent at different sonicating times. As sonication time
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TABLE II: Peak name, retention times, peak area, total peak area, and area percentage of C1–C4 hydrocarbon degradants obtained by
HS-GC-FID systems with HP-PLOT/Q column under different sonication times

Solvent

Sonication
Time

2 hours
DMF
4 hours
2 hours
DMA
4 hours
2 hours
DMS
4 hours
2 hours
BA
4 hours

Peak # in
Figure 3

1

2

3

4

5

6

7

8

Name

Methane

Ethylene

Acetylene

Ethane

Propylene

Propane

Propyne

1-Buten3-yne

Retention Time
(minutes)

4.30

6.84

7.32

8.28

17.88

18.30

18.51

20.29

Total
Area

Area

31.64

4.05

0.80

4.67

-

-

-

-

Area%

76.88

9.84

1.94

11.34

-

-

-

-

41.16
-

Area

106.13

14.81

3.22

17.19

-

-

-

-

141.35

Area%

75.08

10.48

2.28

12.16

-

-

-

-

-

Area

117.53

24.91

3.91

55.22

0.93

2.35

-

-

204.85

Area%

57.37

12.16

1.91

26.96

0.46

1.15

-

-

-

Area

265.95

49.12

7.72

112.12

2.05

4.06

-

-

441.02

Area%

60.30

11.14

1.75

25.42

0.46

0.92

-

-

-

Area

98.18

55.05

7.13

239.63

3.80

13.10

-

-

416.89

Area%

23.55

13.21

1.71

57.48

0.91

3.14

-

-

-

Area

166.68

88.94

12.60

364.41

6.92

20.07

-

-

659.62

Area%

25.27

13.48

1.91

55.25

1.05

3.04

-

-

456.51

Area

10.96

17.13

377.71

0.65

2.67

10.81

16.32

20.26

Area%

2.40

3.75

82.74

0.14

0.58

2.37

3.58

4.44

-

Area

15.01

24.15

523.01

0.87

3.83

14.53

23.22

28.63

633.25

Area%

2.37

3.81

82.59

0.14

0.60

2.29

3.67

4.52

-

- : not applicable

increased, the peak area of each degradant
was increased significantly, but its area
percentage remained nearly unchanged.
For example, in DMA, as sonication from
2 h to 4 h increased the peak area of methane from 117.53 to 265.95, its area percentage was almost kept stable as 57.37% and
60.30%, respectively. From the above facts,
the conclusion was that under the experimental conditions in this project for each
solvent, its sonication-caused bond cleavages and sonolytic processes are selective
and specific in the sonolytic mechanisms,
rather than a random occurrence.
Sonolytic Pathways and
C1–C3 Hydrocarbon Peak Patterns
Based on the above results, we know that
the sonication bond cleavages of solvents do selectively more often occur on
specific sites rather than randomly occurring on all places. The bond cleavages
depend on many factors, such as molecular properties like chemical structures,

chemical environments, electron distributions, bond strengths, and bond dissociation energies, and also on sonicationrelated parameters, such as sonication
strengths, frequencies, durations, and so on.
Therefore, the solvent sonolytic processes
are very complicated, and so far, there are
few reports available to elaborate on all
their aspects. In this study, chemical structure knowledge and fragmentation rules
for EI-MS were used to tentatively provide
specific explanations for sonolytic bond
cleavages and radical formation processes.
The mechanisms and pathways described
here were based on the observed structurerelated degradants and the relative amounts
of C1-C3 hydrocarbon products obtained
under the experimental conditions used in
this project. In this report, all simple fragments, if not specified, were meant to be
radicals, like radials of H and CH3 (in literatures, radicals were often denoted with a
dot, such as •H and •CH3, for indicating the
unpaired electron of radicals).

DMF Sonolytic Pathway
O
C
α

H

CH3

CH3

O

N
β

C

N

+

CH3

+

H

CH3

For DMF, primarily and preferably, the C-H
bond at the α position undertakes cleavages
to release hydrogen. Meanwhile, the N-C
bond at the β position performs cleavages to
release CH3, and the residual stem becomes
the molecule of methyl isocyanate. The primary step of radical rearrangements is that
H and CH3 combines to form methane. The
observed predominant methane peak (75%)
confirmed this reaction step. In addition, CH3
and CH3 also have chances to combine to
form ethane. Second, CH3 can go further to
dissociate H, as CH3→CH2→CH. These radicals can recombine to form other compounds
such as ethylene and acetylene. Each further
step of bond dissociation needs extra energies and then their dissociation extents will be
less. Thus, their correspondingly formed compounds will be less as well. The facts, that only
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approximately 10% ethylene and 2% acetylene were formed, confirmed this tendency.
The peak pattern for DMF was methane
(75%) > ethane (12%) > ethylene (10%) > other
hydrocarbons (≤2%).
The straightforward pathways of radical
rearrangements to form C1 to C3 hydrocarbons are listed as below.

For DMS, all the bonds can possibly be
cleft. When only the S=O bond clefts,
it is to form molecules of dimethyl sulfide. S-C bond cleavages are to form CH3.
All the bonds can be cleft simultaneously to
produce other radicals, and these radicals
can rearrange to form molecules of carbon
disulfide (CS2) and sulfur dioxide (SO2).
The two methyl groups connected to
Methane: H + CH3 → CH4
[1] atom sulfur are under the same chemical
Ethane: CH3 + CH3 → H3C-CH3
[2] environments and thus, they are equivaEthylene: CH2 + CH2 → H2C=CH2
[3] lent. Therefore, they should have an equal
Acetylene: CH + CH→ HC≡CH
[4] chance to produce S-C bond cleavages
Propane: CH2 + H3C-CH3 → H3C-CH2-CH3
and equal amounts of CH3. The primary
[5] radical rearrangement is to be a combiPropylene: CH2 + H2C=CH2 →
nation of CH3 and CH3 to form ethane.
H3C-HC=CH2 		
[6] The predominant ethane peak (55%) conPropyne: CH2 + HC≡CH → H3C-C≡CH
firmed this reaction step. As described in
[7] DMF, CH3 can conduct further cleavages
to form CH2, CH, and H, and these radicals
DMS Sonolytic Pathway
can recombine to form methane, ethylene,
and other hydrocarbons.
O
The peak pattern for DMS was ethane
S
S
CH3 + CH + CH
H3C
(55%) > methane (25%) > ethylene (13%) >
CH3
H3C
July-half-page-ad-blue.pdf 1 7/14/2022 1:08:24 PMother hydrocarbons (≤3%).
3

3

DMA Sonolytic Pathway
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CH3

In DMA, the C-C bond at α position and
the N-C bond at β position undertake
cleavages, and both sites release CH3.
The residual stem becomes molecules of
methyl isocyanate, which is same as that
in sonicated DMF. Based on the stories
on DMS, the formed CH3 and CH3 radicals should primarily recombine to form
ethane as the predominate peak for DMA.
However, in DMA, rather than ethane,
methane is the predominate peak (60%).
The reason for this variation is that the two
methyl groups at α and β positions of DMA
are not equivalent because of their different chemical environments.
The peak pattern for DMA was methane
(60%) > ethane (25%) > ethylene (11%) >
other hydrocarbons (≤ 2%).
The peak order in DMA is the same as
that of DMF, with only slight differences in
area percentage for each peak, and both

OLIGONUCLEOTIDES WITHOUT ION PAIRING

C

+

CH3
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have the same degradant of methyl isocyanate. Therefore, based on their close
similarities of chemical structures and
sonolytic products, it can be deduced
that DMA and DMF should have similar
mechanisms for sonicating bond dissociations. For making methane in DMF,
the only source of CH 3 is the β position N-C bond cleavages; analogously,
the β position N-C bond cleavages in
DMA should also be the key sources of
CH3. The sources for providing hydrogen should be at the α positions for
both solvents.
In EI-MS, the radical site of DMF
or DMA molecular ions can be sited
on their oxygen atoms (19). For DMF,
the radical initiated bond cleavages
can release H radicals by cleaving the
C-H bond at the α position. For DMA,
the radical initiated bond cleavages
break down the C-C bonds at the α position to release CH3 radicals. Therefore, in
DMA, to provide enough H radicals for
making the predominate methane peak,
the formed CH3 from the α position
should immediately perform further
C-H cleavages or the C-H bond cleavages happen simultaneously as C-C
bond cleaving. The common phenomena of losses of hydrogen from oxygen
or nitrogen-containing compounds
in EI-MS may provide some clues
for the sources of hydrogen coming.
However, further studies are needed to
reveal their in-detail mechanisms.
BA Sonolytic Pathway
HO
C
α

H
H

+ CH2-OH

In BA molecules, the oxygen atom also
can be the radical site. The radical initiated bond cleavages break down the
Ph-C bonds to produce phenyl (C6H5)
radicals and CH2-OH radicals. The CH2OH radicals perform further cleavages
to create CH, H, and OH. Phenyl radical
and hydrogen can combine to form benzene molecules, which was observed in
sonicated BA. Hydrogen and OH can
form water, which is the typical neutral
loss for alcohol fragmentations in EI-MS

(19). CH and CH radicals can combine to
form acetylene. It was the only predominate peak observed among many other
peaks in sonicated BA. CH can also
obtain hydrogen to form CH2 and CH3,
stepwise as CH→CH2→CH3. These radicals can further form other C1 and C2
compounds, and obviously their occurrences should decrease as the steps
go further. The results of acetylene
(83%) > ethylene (3.8 %) > ethane (0.14%)
verified these radical formation and
rearrangement processes.
The peak pattern of BA was acetylene
(83%) > all other hydrocarbons (<5%)

Conclusion
In this report, the sonication effects
on organic solvents, DMF, DMA, DMS,
and BA were studied. Sonication can
cause degradations of these solvents.
Although only a small portion of solvents undertook degradations under
sonication, it can still cause serious quality issues for the analyses of
residual solvents of pharmaceuticals,
in which the ppm level effect may
result in out of specification (OOS)
results. Solvents sonolytic degradant
peaks were detected, resolved, and
identified by using different columns and detectors on static headspace gas chromatographic systems.
Their sonolytic products were determined to be C1-C3 hydrocarbons and
other structure-related compounds.
The peak pattern of C1-C3 hydrocarbon degradants was specific for each
studied solvent. Their sonolytic pathways, bond cleavages, radical formations, and radical rearrangements
were illustrated in detail. Knowledge
of EI-MS was also helpful in understanding the specificity of sonication
degradation processes for these solvents. Further studies are still strongly
required to reveal the full mechanisms
of solvent sonolytic processes.
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Development of Highly Sensitive LC–MS and
CE–MS Methods for In-Depth Proteomic and
Glycomic Profiling of Limited Biological Samples
Informative and deep proteomic and glycomic characterization of limited availability biological and medical samples has been a
significant challenge. Here, we describe our current and recent efforts in advancing sample preparation as well as miniaturized
electric field- and pressure-driven separation approaches interfaced with high-end mass spectrometry (MS) to enhance the
sensitivity and depth of proteomic and glycomic profiling of several types of limited biological and clinically relevant samples.
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ass spectrometry (MS) is one of the
most extensively used, sensitive,
and powerful techniques to study and
characterize metabolomes, lipidomes, proteomes, and glycomes of complex biological systems. Despite many recent advancements, the sensitivity of proteomic and
glycomic analyses is still limited, especially
for scarce amounts of biological samples
(for example, microsampled liquid biopsies,
microneedle biopsies, populations of rare
cells, and even single cells). Many factors
impact the sensitivity, including material
losses during sample preparation, high MS
background noise, MS signal interference
because of contaminants (for example,
traces of chaotropic agents used in cell
lysis or side products of labeling procedures), ionization suppression because of
the presence of salts, suboptimal ion transfer into the MS instrument, and inefficient
chromatographic or electrophoretic separation. In this article, we outline a few of
our most recent research efforts and activities aimed at improving the sensitivity of
molecular profiling.

Materials and Methods
The HeLa protein digest standard was
obtained from Pierce (Thermo Fisher
Scientific) and was resuspended in 1%

formic acid (FA) in water. In the analysis
of the HeLa digest, an in-house polymerized poly(styrene-co-divinylbenzene)
(PS-DVB) monolithic, 35 cm long, 20 μm
internal diameter (i.d.) was coupled to an
Orbitrap Fusion Lumos MS instrument
(Thermo Fisher Scientific) and the acquired
data were searched using Proteome Discoverer (version 2.5, searched with SequestHT,
≤1% false discovery rate [FDR]). Extracellular
vesicles (EVs) were isolated using a biphasic multimode column in-house packed
with CaptoCore 400 and Sepharose CL-2B
beads (Cytiva), that we named a sandwich 400 (SW 400) column. The resulting
peptides were separated on a 15 cm long,
75 µm i.d., C18 bead-packed reversedphase (RP) column (1.9 µm ReproSil-Pur,
120 Å C18-AQ beads, Dr. Maisch, Ammerbuch, Germany) on an Ultimate 3000
nano-liquid chromatography (LC) system
coupled to Thermo Fisher Scientific’s
Orbitrap Exploris 480 MS instrument.
All capillary electrophoresis–MS (CE–MS)
experiments were carried out with bare
fused silica OptiMS capillaries (Sciex, 30
µm i.d. x 150 µm outer diameter x 90 cm)
coupled to various MS instruments via a
sheathless interface (CESI 8000, Sciex).
In CE–MS-based bottom-up proteomic
profiling experiments, Thermo Fisher Sci-
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entific’s Orbitrap Fusion Lumos was used in
positive electrospray ionization (ESI) mode.
Capillary zone electrophoresis–MS (CZE-MS)
and capillary zone electrophoresis–tandem
MS (CZE-MS2) data were processed with
GlycReSoft (v. 3.10) software (Boston University) and SimGlycan (v. 5.91) software (Premier
Biosoft), respectively. CZE–MS methods to
profile N-glycans were conducted using
a Q Exactive Plus Orbitrap MS (Thermo
Fisher Scientific) instrument in negative ESI
mode. Proteome Discoverer (version 2.5),
searched with the SequestHT algorithm
with Inferys rescoring (1) and filtered at a
≤1% FDR, was used to search the EV-related
proteomic data (bead-packed column) and
in CE–MS analysis of a 10-cell equivalent.
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FIGURE 1: An overview of the capillary-based separation formats being developed and
used in the Ivanov Laboratory. (a) Schematics of the fused silica capillary tubing protected by a polyimide coating. Schematics and typical dimensions from a top view of
(b) capillary electrophoresis, (c) nLC—bead-packed, (d) nLC—porous layer open tubular,
and (e) nLC—monolithic separation columns. Gray structures inside the capillaries represent the stationary phase used for LC separations. Schematic images and capillary
dimensions are not in scale.
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FIGURE 2: Proteomic profiling of low-nanogram samples using ultra-low flow monolithic columns. Monolithic column (PS-C18-DVB chemistry, 20 µm i.d., 35 cm long)
used for bottom-up proteomic analysis of 10 ng of the HeLa protein digest standard.
Peptides were eluted at a flow rate of 12 nL/min from the column with a 1 h linear gradient
from 1% B to 15% B, where solvent A is 0.1% FA in water and solvent B consisted of 0.1%
FA in acetonitrile. The analytical approach was the same as previously described (10).

Results
Sample preparation is one of the most critical
steps to achieve high sensitivity. Proteomic
bottom-up or top-down sample preparation workflows are typically done in-solution
in an Eppendorf tube with a relatively large
total volume. Such sample processing techniques are appropriate for larger-scale sample amounts (μg or mg amounts of protein),
but they are not suitable for limited complex samples (pg or μg amounts of protein)
because of significant nonspecific protein
and peptide losses caused by adsorption on
various surfaces. To overcome this challenge,

our group has developed a novel bottomup workflow that we named On-microSolidphase Extraction Tip (OmSET) sample preparation for limited biological samples (2). This
miniaturized method builds upon the stopand-go extraction tip (StageTip) approach
(3) and the findings in sample processing previously described by our group (4).
The micro-solid-phase extraction (micro-SPE)
tips consist of several C18 particle-loaded
porous microfiber membrane discs inserted
inside a 10 µL pipette tip, where all stages of
the sample preparation workflow occur, from
cell lysis to protein digestion. This approach

allows for minimal sample processing volumes (1−3 μL) and a broad range of protein
amounts (tested range 200–10,000 U937
cells roughly corresponding to 70–3,500 ng
of protein) (5) to be processed with minimal
sample losses since the number of steps
(including the desalting cleanup and sample transfer steps) is dramatically reduced.
Similar to the OmSET method, we developed another miniaturized in-solution
technique to process limited samples (6).
This workflow allows all sample processing
steps—starting from sample deposition to
final sample injection—to be performed in a
glass sample insert that can be placed directly
into instrument-specific autosampler vials.
This protocol further minimizes sample losses
by eliminating one sample pipetting step (that
is, transfer of the digested sample to the sample injection vial). Therefore, the processed
sample can be injected for CE or nanoflow
liquid chromatography (nLC) analysis directly
from the vial where it was prepared.
To increase the sensitivity in the analysis
of highly heterogeneous limited samples
and to facilitate data interpretation, nanoflow liquid separation techniques are often
coupled to MS. CE and nLC are nanoscale
separation techniques, typically used in
MS-based proteomic and glycomic profiling of limited samples, and both techniques are extensively used in our laboratory
(Figure 1). In CE and nLC, the analytes are
injected in fused silica capillary columns
of various lengths and internal diameters.
Currently, several nLC capillary bead-packed
column formats are commercially available,
with typical column internal diameters ranging from 50 to 100 µm. However, further
miniaturized capillary columns with internal
diameters less than 50 µm may play a crucial
role in applications where high sensitivity is
required and where the sample amount is
limited (for example, single cells and small
cell populations). Such nLC columns are challenging to pack, and they are currently not
commercially available. Therefore, their production and use are mostly limited to academic laboratories. Columns with a narrow
i.d. provide enhanced sensitivity because
of the reduced radial dilution of chromatographic bands (7). Moreover, these columns
are typically operated at an ultra-low flow
(ULF, flow rate ≤25 nL/min), and their cou-
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pling to MS results in a further increase in the sensitivity because
of enhanced ESI efficiency, improved transfer of ions into the MS,
and reduced ionization suppression. Similar results can be obtained
in CE–MS analysis with a sheathless interface using 30 µm i.d. capillaries and the separation conducted with ULF (8).
In our laboratory, there are three main types of nLC columns in a
capillary format that have been used for the ultrasensitive analysis
of limited biological samples. The first type is a bead-packed column (Figure 1c) used to evaluate the OmSET workflow (2) and in the
analysis of EVs. There are multiple options for commercially available
and in-house packed nLC columns with various bead types (porous,
non-porous, and superficially porous), sizes, and chemistries.
The second column type that we use in our research and continuously advancing is the open tubular (OT) or porous layer open tubular (PLOT) capillary columns (Figure 1d), in which a thin layer of a
stationary phase is attached to the interior surface of the capillary.
PLOT columns are versatile and can be used in a variety of applications—from the analysis of small molecules to the analysis of peptides
and intact proteins (9). We are specifically interested in advancing the
PLOT column technology to enhance the sensitivity of MS-based topdown and bottom-up proteomic profiling of small-cell populations.
The third type of nLC capillary column we are actively developing and
using in our laboratory is the monolithic column (Figure 1e). The separation medium of a monolithic column bed consists of a continuous
fully porous rod-like material that is covalently attached to the capillary inner wall. The polymeric monolithic stationary phase that we
have been using lately is synthesized by temperature-induced radical
polymerization of monomers (for example, styrene and 1-octadecene
(C18)) and a crosslinker (for example, divinylbenzene) inside the capillary. A monolithic column prepared this way can be used either as
a precolumn or as an analytical column (4,10). Figure 2 shows the
separation of the 10 ng HeLa protein digest standard (corresponding
to approximately 25 average-size cells) using a 35 cm long and 20
µm i.d. monolithic nLC column (10). This type of column is prepared
by copolymerization of styrene, divinylbenzene, and 1-octadecene.
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The C18 moieties are added to the polymerization mixture to
increase the column hydrophobicity. We typically operate such ULF
monolithic columns at a flow rate of ~12 nL/min. The follow-up
database searches after the LC–MS analysis resulted in, on average,
3,244 ± 24 protein group and 14,015 ± 118 peptide group identifications (filtered at ≤1% FDR) (10). The gains in profiling depth typically correspond to ~20–30% over a 75 µm i.d. bead-packed column.
However, even presently, there are still many challenges that hamper
a broader use of ULF nLC columns in proteomic studies of limited
samples and other applications requiring high sensitivity MS-based
detection. For example, specialized nanoflow ultrahigh-pressure
liquid chromatography (nUHPLC) pumps, which are capable of
reproducible gradient delivery at 1–20 nL/min without splitting
the flow, are still unavailable. Also, the separation performance of
ULF nLC columns is highly susceptible to any imperfections in plumbing, resulting in dead volumes and other extra column effects compared to conventional 75–100 µm i.d. nLC columns.
Plasma, serum, whole blood, urine, saliva, and other highly
complex physiological fluids can be used as sources of EVs.
EVs are nanoscale lipid membrane-enclosed structures that are
secreted by various cell types. EVs can be involved in cell–cell
communication that may influence diverse biological pathways.
EVs demonstrated the potential for applications in early diagnostics of different pathologies and targeted therapeutics. EVs have
been characterized by multiple and complementary analytical
techniques, including nLC coupled to MS to profile EV-related
proteins that have been attributed to EV biogenesis and disease
progression (11). However, there is still a lack of standardization in
the EV field for sample procurement, isolation, and EV and biomolecule analysis (12). We developed several methods to help
alleviate this issue, specifically pertaining to EV-derived protein
analysis. Utilizing nLC coupled to MS, lower abundance proteins
within EVs can be profiled and screened for biomarkers specific
to certain disease states. To do so, the EVs must be isolated
from other highly abundant macromolecules present in the bio-
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FIGURE 3: Isolation and proteomic profiling of plasma extracellular vesicles. (a) The left
top insert shows a representative transmission electron microscopy (TEM) image of
an EV. (b) Base peak chromatogram of digested EV proteins from 100 µL human blood
plasma isolated from a biphasic multimode column. A 90-min linear gradient from
1% B to 25% B, where solvent A is 0.1% formic acid (FA) in water and solvent B is 0.1% FA
in acetonitrile, was used. (c) Results of gene ontology term enrichment analysis.
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FIGURE 4: CE–MS in bottom-up proteomic profiling of mass-limited samples. Ion density map (intensity level: 5.0 E5) of the CZE–MS analysis of a 10-cell equivalent injected
from ~1,000 HeLa cells processed by our miniaturized in-solution digestion protocol.
A separation voltage of 20 kV was applied in normal polarity. The experimental techniques were the same as previously described (6).

logical matrices, such as proteins, protein
complexes, and apolipoprotein particles.
There are various reported ways to isolate
EVs from biological fluids, including the
gold standard, ultracentrifugation (UC) (12).
However, UC-based EV enrichment co-isolates highly abundant apolipoprotein particles because of the similar densities between
apolipoproteins and EVs, leading to a contaminated sample (13). To combat this issue,
biphasic multimode columns, including
size-exclusion chromatography (SEC) Sepharose CL-2B and mixed-mode CaptoCore
(400 or 700) stationary phases, were developed in our laboratory. By using this bipha-

sic isolation technique, apolipoproteins, as
well as free plasma proteins and protein
complexes, can be efficiently depleted
while retaining EVs, leading to a higher
purity EV isolate. The EVs enriched with a
biphasic multimode column from plasma
were processed using the OmSET digestion method (2), and the released peptides
were loaded onto a nLC C18 bead-packed
column (75 µm i.d., 15 cm long) coupled to
an Orbitrap Exploris 480 mass spectrometer
(Thermo Fisher Scientific). We quantified on
average 823 ± 96 proteins (filtered at ≤1%
FDR) in EVs isolated from 100 μL of human
blood plasma, among which approximately

60% are proteins commonly found in EVs
(Figure 3).
CE (CZE) is a powerful separation technique alternative to LC, with the advantage of high separation efficiency, typically
short analysis time, and very low sample
volume and background electrolyte (BGE)
consumption. In CE (Figure 1b), analytes
are separated in an electric field according
to their charge and hydrodynamic volume.
For some applications, the inner surface of
the bare fused capillaries can be treated
to alter the physicochemical properties
of the surface (for example, charge) and
potentially minimize, eliminate, or reverse
the direction of the electroosmotic flow.
Our group specializes in developing highly
sensitive CE–MS methods for proteomic
(bottom-up, top-down, and native) and glycomic profiling of mass-limited and complex biological samples. Recently, CE–MS
analysis of a 10-cell equivalent injected from
approximately 1000 HeLa cells processed
by our miniaturized in-solution digestion
protocol resulted in the identification of, on
average, 1286 ± 5 protein groups and 5,617
± 119 peptide groups (6). Figure 4 shows
an example of an ion density map of this
ultra-sensitive CE–MS-based bottom-up
proteomic analysis of 10 HeLa cell equivalent injections (6).
Additionally, CZE–MS methods were
developed in our group to profile N-glycans released from minute amounts of
blood-derived samples or mammalian
cells (14). To achieve the best sensitivity,
dopant-enriched nitrogen (DEN) gas, introduced in the nanospray microenvironment,
was used in combination with optimized
sample preparation (use of carboxyl-coated
magnetic microparticles for the enrichment
and release of N-glycans) and optimized
CZE–MS conditions (that is, optimized CE
pressure, ionization, desolvation, and MS
parameters). Over 400 and 500 N-glycans
could be detected and identified in the EV
isolate and whole plasma, respectively, for
injected sample amounts equivalent to 340
nL and 14 nL of human plasma, respectively.
Figure 5a shows a characteristic ion density
map of the CZE–MS analysis of the total EV
isolate. Two of the most abundant N-glycans detected in the EV isolate are A2G2S2,
a biantennary disialylated glycan, and
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FIGURE 5: CE–MS in N-glycan profiling of EVs isolated from blood plasma. (a) Ion density map (intensity level: 2.0 E6) of the CZE–MS analysis of human blood-derived total
EV isolate. Panel (b) shows a zoomed-in portion of the same density map at a selected
time (min) and m/z range. N-glycans were labeled with 8-aminopyrene-1,3,6-trisulfonic
acid (APTS) before their CZE–MS analysis in negative ESI mode. APTS-labeled N-glycans were separated by applying 20 kV in reverse polarity, and the supplemental CZE
pressure was switched off for 16 min before applying 5 psi during the rest of the analysis. Sample injections were performed at 5 psi for 40 s, which corresponds to ~34 nL
injection volume (that is ~5.3% of the capillary volume) and the amount of EV isolate
released from ~340 nL of plasma (that is ~1 µL of human blood). The experimental techniques were the same as previously described (14).

A3G3S3, a tri-antennary trisialylated glycan.
In addition, a large number (approximately
70%) of sialylated glycans (up to five sialic acid
residues), among which low abundance ones,
were detected in the EV isolate (Figure 5b)
(14). The developed and optimized CZE–MS
methods were also applied to the profiling of
N-glycans released from cancer mammalian
cells treated with selected types of cytokines.
In our preliminary experiments, over 300
N-glycans were detected and identified in the
cell-derived samples using injected amounts
equivalent to approximately 50 cells. Different levels of fucosylation (up to seven fucose
residues) and sialylation (up to 14 sialic acid
residues) were detected in the treated cells.

Conclusions
The above-described projects and developed
approaches outline only some of our recent
and ongoing research efforts in the field of
high sensitivity molecular profiling based on
the miniaturized separation coupled to MS.
Our additional current research directions also
include different modes of micro- or nanoscale separations coupled to MS to enable
high sensitivity and increased depth of molec-

ular profiling and structural characterization of
intact cellular proteomes, biopharmaceutical
proteins, new modalities of biotherapeutics,
non-covalent protein-protein and proteindrug interactions, and metabolites to solve
biological and clinical puzzles and challenges.
We believe that miniaturized and ULF liquid
phase separations coupled with MS will progress further to enable numerous exciting and
long-awaited applications to advance fundamental biology and medicine.

Acknowledgments
We are thankful to all our current and
past collaborators. We are grateful for the
financial support of the various projects
described here provided by the National
Institutes of Health under award numbers
R35GM136421 (A.R.I) and R01CA218500
(A.R.I). The authors acknowledge Thermo
Fisher Scientific for their support through
a technology alliance partnership program
(A.R.I), Sciex for providing CESI capillaries
and support, and the Dana-Farber Cancer Institute/Northeastern University Joint
Program in Cancer Drug Development, for
additional financial support.

(6) K.R. Johnson, M. Gregus, J.C. Kostas, and A.R. Ivanov, Anal. Chem.
94(2), 704–713 (2022). DOI: 10.1021/acs.
analchem.1c02929.
(7) S.R. Wilson, T. Vehus, H.S. Berg, and E. Lundanes, Bioanalysis 7(14), 1799–1815 (2015).
DOI: 10.4155/bio.15.92.
(8) J.M. Busnel, B. Schoenmaker, R. Ramautar, A.
Carrasco-Pancorbo, C. Ratnayake, J.S. Feitelson, et al, Anal. Chem. 82(22), 9476–9483
(2010). DOI: 10.1021/ac102159d.
(9) T. Vehus, H. Roberg-Larsen, J. Waaler, S.
Aslaksen, S. Krauss, S.R. Wilson, and E. Lundanes, Sci. Rep. 6, 37507 (2016). DOI: 10.1038/
srep37507.
(10) M. Gregus, J.C. Kostas, S. Ray, S.E. Abbatiello, and A.R. Ivanov, Anal. Chem. 92(21),
14702–14712 (2020). DOI: 10.1021/acs.
analchem.0c03262.
(11) C. Thery, K.W. Witwer, E. Aikawa, M.J.
Alcaraz, J.D. Anderson, et al, J. Extracell. Vesicles 7(1), 1535750 (2018). DOI:
10.1080/20013078.2018.1535750.
(12) S. Gandham, X. Su, J. Wood, A.L. Nocera,
S.C. Alli, L. Milane, et al, Trends Biotechnol.
38(10), 1066–1098 (2020). DOI: 10.1016/j.
tibtech.2020.05.012.
(13) N. Karimi, A. Cvjetkovic, S.C. Jang, R.
Crescitelli, M.A. Hosseinpour Feizi, R. Nieuwland, et al, Cell. Mol. Life Sci. 75(15), 2873–
2886 (2018). DOI: 10.1007/s00018-018-2773-4.
(14) A.L. Marie, R. Ray, S. Lu, J. Jones, I. Ghiran, and
A.R. Ivanov, Anal. Chem. 93(4), 1991–2002
(2021). DOI: 10.1021/acs.analchem.0c03102.

ABOUT THE AUTHOR

Michal Gregus, Alan Zimmerman,
Anne-Lise Marie, Kendall R. Johnson, and Alexander R. Ivanov are with
the Barnett Institute of Chemical and
Biological Analysis in the Department
of Chemistry and Chemical Biology, at
Northeastern University, in Boston, Massachusetts. Direct correspondence to:
a.ivanov@northeastern.edu

ADVERTORIAL

VENDOR TIPS & TRICKS
Five Frequently Asked Questions about Thermal Desorption
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Tips for Successful Sample Filtration in
Compendial Analytical Procedures
Danielle Clare, Cat Lautenschlager, and Maricar Dube,MilliporeSigma, a business of Merck KGaA, Darmstadt, Germany
The United States Pharmacopeia –
National Formulary (USP-NF) issues

Table I: Percent recovery of the organic impurity budesonide glyoxal per the
“Organic Impurities” test from the USP budesonide nasal spray monograph
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ingredients for pharmaceuticals active
pharmaceutical ingredients (APIs) and

Percent Impurity/Control

Filtrate

0.45 µm Millex PES
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fraction, it is not recommended to use

strength, purity, and performance.

type, volume, and method. The filter

the first 1–3 mL of filtrate (or more,

require

membrane material should be compat-

depending on sample concentration)

sample filtration by syringe filter prior to

ible with the drug formulation. Use a

due to a higher likelihood of analyte loss.

analysis. However, in many cases, they

4 mm diameter syringe filter for sam-

This initial volume should be discarded.

do not provide specific information on

ple volumes less than 1 mL; a 13 mm

the quality and safety of drug products

Many

USP

monographs

what type of filter to use. For example, in

syringe filter for 1–10 mL volumes;

the budesonide nasal spray monograph,

and a 25 mm or 33 mm syringe filter for

under Organic Impurities testing, the

10-100 mL volumes. Pore size is typi-

supernatant

cally dictated by method.

is

passed

through

a

“suitable” syringe filter with 0.45 µm
pore size. Following the monograph

2. Always test your filter for analyte

testing procedure, three 0.45 µm filter

binding. Analyte binding is dependent

membranes (hydrophilic PES, PTFE, and

on the physico-chemical properties of

PVDF) showed differences in the recovery

the filter membrane and the analyte.

of budesonide glyoxal impurity (Table I).

Both contain various functional groups

These

data

suggest

hydrophilic

that can promote electrostatic interactions,

PES has the most consistent data for

hydrogen

budesonide glyoxal USP monograph

interactions that facilitate adsorption.

testing. A subset of data points for

It is critical to test each filter and

both PVDF and hydrophilic PTFE fell

analyte for binding, which can lead to

outside the USP acceptance criteria

analyte loss.

(90–110%).

These

data

are

bonding,

or

hydrophobic

an

Explore our filters for sample preparation at

example of why membrane testing for

3. Discard the first volume of filtrate

each analyte is important since binding

as

varies by analyte and membrane type.

obtained after the filter membrane

needed.

Highest

recovery

www.sigmaaldrich.com/Millex.

is

has become saturated with analyte.
For successful sample filtration, it is

Once this occurs, subsequent solution

important to:

will pass freely with less adsorption.
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VENDOR PERSPECTIVES
What do you think is currently an impactful, unaddressed need in separation science?
A cost-effective way to gain more sensitivity and performance from liquid chromatography (LC–MS) and ultra
high performance liquid chromatography (UHPLC) systems. The adoption of UHPLC systems is now mainstream in most laboratories, and the desire has grown to getting even more performance from those systems.
Sensitivity and throughput remain a driver, particularly with mass spectrometry usage. To achieve more sensitivity,
some separation scientists have adopted microflow and nanoflow systems to gain a sensitivity boost. That, however,
comes with a price, and a generally more complicated system to operate and maintain making it less convenient
to broadly adopt. So how can one keep the robustness and familiarity of the analytical system and reach deeper?
One way to do this is by moving to a smaller column ID. Most modern UHPLC systems have been optimized to
minimize dispersion or extra column volume (ECV), which improves separation performance. ECV is deleterious to separations because it leads to band broadening, which affects the overall efficiency of the separation.
It diminishes the work the column had just performed. Moving down in column ID makes separation efficiency
and sample component resolution more susceptible to this ECV.
Instrumentation manufacturers can further improve their designs with smaller ID and shorter length tubing,
but should focus on flow cell volume contributions for users with ultraviolet (UV), fluorescence, or other LC detectors and offer better micro-volume options. A new column offering from Advanced Materials Technology has also
been introduced with these separation needs in mind. HALO ® 1.5 mm ID columns answer the request of more
sensitivity, without sacrificing the convenience of an analytical UHPLC system. Offering the look, feel, and robustness of a 2.1 mm ID column, this option is easy to implement and delivers up to 2x the signal response while using
50% less solvent. The latter benefit also helps laboratories to achieve green initiatives.

Stephanie Rosenberg, Director of Sales & Marketing, Advanced Materials Technology

We keep hearing about biphenyl columns and their selectivity. Can you share some of the
history of this phase?
In the timeline of modern high performance liquid chromatography (HPLC), biphenyl is relatively new on the scene as
a liquid chromatography (LC) stationary phase ligand. First brought to market by Restek in 2005, that gives us about a
17-year lifetime so far. Fac tor out the “early adopter” years, and it was more like 2013 before biphenyl saw concer ted usage in U.S. Drugs of Abuse testing, and it has been only about five years since
LC prac titioners in other markets star ted experiencing the benefits of biphenyl’s unique selec tivit y
and performance. That is almost no time at all.
While C18s in all their myriad forms are still king, biphenyl is becoming an upstart of concern for the old C18
guard. Its ability to retain and separate compounds, isomers, and metabolites that C18s simply cannot “get a
handle on,” while still being able to perform many of the same separations as a C18, makes a compelling argument for including Restek’s biphenyl phase in the mix to accelerate column screening and method development.
At Restek, we look to biphenyl as a logical “go to” phase for many applications. Because resolution and retention can be tuned by merely making the choice bet ween organic mobile-phase solvent s, you have t wo dif ferent phases in one column, which is a testament to the biphenyl’s utilit y. If I run with acetonitrile, I can get ver y similar selec tivit y to a C18. However, if I use methanol,
I open up additional possibilities for selectivity and retention that other phases do not offer.

Paul Connolly, Sr. Product Manager for LC Columns, Restek Corporation
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VENDOR PERSPECTIVES
What trends or developments do you see in 2022?
A trend we have seen recently is that customers want space-saving solutions without losing functionality.
With bench space being a hot commodity, a small footprint gas chromatograph is a must for any busy laboratory.
At only 12.6” wide, the Scion 8300 Gas Chromatograph is a true space-effective powerhouse, bundling flexibility
within the instrument’s configuration with the productivity and performance needed to generate the right results
with confidence. The 8300’s ultra-large front-mounted user interface now offers an unrivaled experience in the
laboratory, making the journey to our results as convenient as possible. Even with the small footprint, the 8300 GC
can still hold up to two standard gas chromatography (GC) columns with two inlets and one standard GC detector
(FID, TCD, ECD, PFPD, NPD) and one external or mass spectrometry (MS) detector.
When paired with a Scion single quadrupole or triple quadrupole mass spectrometer, the full width of the GC–MS
instrument is less than 24” without compromising on the sensitivity of the MS detector. With the 8300 GC’s small
footprint and compact oven size, the 8300 GC boasts a super-fast column oven ramp of 170 °C per min, which
can result in faster analysis times. The 8300 GC can fit a full-size autosampler; there are two options: the 8400 Pro,
which holds up to 100 x 2 mL vials, or the 8410 Pro, which can hold 10 x 2 mL vials, 6 x 5 mL vials, and 5 x 10 mL vials.
Both autosamplers have the capability for dual port injector access, two samples can be injected into two injectors
sequentially (dual mode), or one sample into two injectors sequentially (duplicate mode).
The trend for space-saving in a laboratory has led Scion to develop smaller-footprint instrumentation while
improving sensitivity and quality as shown by our increasing market share.

Anne-Marie McDonnell, Software Business Development Manager, Scion Instruments

INSTRUMENTAL INNOVATIONS
YMC
N-Rich® - Impurity Isolation Technology

Repeated for n cycles
(with addition of feed)

Repeated for m cycles
(no addition of feed)

Fractionation of target
region

concentration

YMC ChromaCon’s proprietary N-Rich technology is an automated purification technique run
by the Contichrom CUBE, a specialized Twin-column chromatography system. The purification
of low abundance target compounds from a complex mixture is often a difficult challenge,
typically done by pooling 10s or 100s of analytical HPLC runs to accumulate enough target
material for further testing. By contrast, N-Rich employs a more efficient two-step enrichment
and separation strategy yielding high purity material in far less time. In step 1, N-Rich uses
cyclical enrichment where the desired molecule is selectively accumulated while interfering
compounds are depleted. In step 2, the enriched fraction is then automatically separated using
a shallow, high-resolution gradient. Crucially, N-Rich can be done at semi-preparative scale,
while achieving analytical purity. Due to the much higher loading afforded by semi-preparative
resins, N-Rich completes task orders of magnitude faster than accumulating fractions from
standard analytical HPLC runs. N-Rich is an invaluable tool for:
• Isolation of product-related impurities for active pharmaceutical ingredients
• Biosimilar chemistry, manufacturing, and controls (CMC) characterization
• Characterization of antibody-drug conjugate isoforms
• Identification of biomarkers and compounds in
proteomics and metabolomics research
• Purification of ultra-pure compounds as reference materials
• Isolation of impurities after stability and formulation studies

Start

Enrichment

Depletion

Elution

time

YMC America, Inc.
8 Charlestown St., Devens, MA 01434
Phone: + 1-978-487-1100
E-mail: sales@ymcpt.com
Website: www.ymcamerica.com
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Curing My Personal Ignorance,
One Day at a Time
Mark A. Hayes

eparation science within microfluidics has the 1960s and 1970s, along with a friendship
already begun to make significant impact with a mathematician, were the key to a new
across a number of fields, but often microflu- world for me: information theory.
idics are embedded within a larger system —
They have been at this a long time; the
their importance hidden or minimized.
original driver was (as I understand it) to estiThe tiny length scale of microfluidics enables mate the amount of information that could
things to happen that have no equivalent on be pushed through the trans-Atlantic cable.
the benchtop. For example, very large electric To understand impact of an analytical techfields and gradients may be induced that are nique, I needed to be looking to boats, cables,
impossible on the macroscale. When resolu- oceans, and electronics? Obvious, right?
tion is coupled to the value of these elements,
Buried within their analysis was a formula
it can skyrocket. If the details of the techniques for the smallest “size” (bit) of information
naturally lend themselves to multi-step separa- compared to the total width of that informations or enhance detector function, the impact tion, which in our world is peak capacity. Furfrom the advanced resolution is multiplied.
thermore, the amplitude range can be similarly
I began to wonder, “By how much?” quantified for “information content” or bits.
Can I estimate how much better the sepa- Adapted to separations science, this can give
rations can be, and how much better the the number of available “bits” of information
attached mass spectrometry (MS), cyroelec- from that system. Cue more ignorance.
tron microscopy (cryoEM), spectrophotometry,
Turns out spectroscopists challenged with
or nuclear magnetic resonance (NMR) might similar problems attacked them with concepts
work? What is the true “impact?” If I want to consistent with Shannon’s equation. Kaiser wrote
answer such a question, what are my metrics? two articles in 1970 (Anal. Chem. 42, 24A–41A,
What do I put on the x- and y-axes when I go 26A–59A) that explains these concepts applied
to plot it? “Impact” didn’t seem to work well as to identifying and quantifying all of the elements
an analytic unit of measure.
in lunar rock samples and defines the “informI can estimate peak capacity (the number ing power” of an overall technique (in available
of separate pieces of information that can be bits) and “informing volume” of that technique
gathered), coupled to the resolution and the as applied to a particular problem. Importantly,
maximum and minimum elution time or spa- also defined is the volume of information
tial elements. Microfluidics can provide ten to needed from the sample or problem posed.
a thousand times better peak capacity on a
Now I have the tools to estimate and comsingle axis. But how can you understand the pare the informing power of a separations
impact of such a thing? Cue my ignorance of science technique in terms of the available
entire fields of science.
information in bits. I also have a construct
Like most things in my career, someone to estimate the volume of the information
else has been thinking about this stuff for a needed to attack a particular problem.
long time, and I just didn’t know about it
On this second point is an interesting ques(and, of course, they did not use any words tion we are playing with: How much information
I would search for, or understand, initially). is contained in blood? It sounds ludicrous to
Some lucky wandering through some old gas ask such a question. But with these strategies
chromatography (GC) and MS literature from enumerated by information theory, this can

be considered. Think of cells, small bioparticles, proteins, peptides, small molecules, and
organic and inorganic ions; set maximum/minimum concentrations and the smallest clinically
relevant or biologically important difference in
concentration, and you have it. It’s a huge number that we are still refining, but for argument’s
sake, let’s set it at 1022 bits. Is it feasible to create
analytical techniques to match this information
volume? When you start running through the
numbers and the math, the simple answer is
yes, but the keys are microfluidics and the multiplicative factors of having multiple axes and
the amplification of the information-rich detection schemes. When we are multiplying exponents, they grow quickly. Coupled with this
outrageous claim (I just said you can get 1022
bits of information from blood; didn’t notice,
did you?), the various axes of separation and
detection must be compatible in time, space,
configuration, and concentration.
We are currently writing an academic paper
in this space. Although we are off a bit in detail
here and there, the numbers are so large that
it won’t change the conclusion. When separations science is fully exploited and coupled with
information-rich detectors, the amount of information available will challenge data storage
and computational systems. The bottleneck
won’t be the analytics anymore.
On to my next ignorance.

Mark A. Hayes is a Professor at the School of Molecular Sciences at Arizona State
University. Direct correspondence to: MHayes@asu.edu
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