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Benzodiazepines were � rst discovered in the 1960s and reached 
a peak around 1970 with diazepam (Valium). During that time the 
drug was prescribed for any kind of antihypertensive, analgesic, 
or psychotropic medications1. The overall enthusiasm for the 
bene� ts of this class of drug has made a growing trend of 
addiction more dif� cult to treat and diagnose. Benzodiazepines 
became popular due to their safety for the treatment of insomnia 
and anxiety compared to the preceding sedatives, barbiturates2. 
Benzodiazepines contain a benzene ring fused to a 7-member 
diazepine ring with variable side chains that can affect potency, 
duration of action, metabolite activity, and the rate of elimination. 
Though this class of prescription drugs is considered socially 
acceptable and generally well tolerated, the addictive effects 
can be detrimental to life especially when mixed with other 
drugs. The most commonly mixed drugs with benzodiazepine 
include over-the-counter cold and � u preparations or ethanol 
due to the exacerbated effects of mixing3. Yet, most metabolite 

1 ) Dodds TJ. Prim Care Companion CNS Disord. 2017. 02:19(2).

2 ) Miller N.S., Gold M.S. Adv Alcohol Subst Abuse. 1990. 8(3–4):67–84.

3 ) Araujo EJF, Rezende-Junior LM, Lima LKF, Silva-Junior MPD, Silva OA, Sousa Neto BP, 
Almeida AAC, Gutierrez SJC, Tome ADR, Lopes LDS, Ferriera PMP, Lima FDCA. Biomed. 
Pharmacother. 2018. 103:973–981.

Column Information

Packing Material P/N

PRP-1, 5 µm 79443

Chromatographic Conditions

Gradient
0.00–2.00 min, 20% B
2.01–10 min, 20–52% B

Temperature 35°C

Injection Volume 5 µL

Detection UV at 240 nm

Dimensions 50 x 4.1 mm

Eluent A 20 mM CH3COONH4

Eluent B CH3CN:CH3COONH4 20:1

Flow Rate 3.0 mL/min

Author: Adam L. Moore, PhD, Hamilton Company

toxicology screens of benzodiazepines are only done for 
oxazepam-glucuronide. The analysis of the metabolites from 
benzodiazepine use are of importance in the detection of abuse. 
Though, the majority of benzodiazepines metabolize to a single 
compound, oxazepam, other metabolites can be detected by 
liquid chromatography; Temazepam, α-hydroxyalprazolam, 
7-aminoclonazepam, α-hydroxy-midazolam, and the glucuronides 
of lorazepam, oxazepam, and temazepam (LOT).

In this application note, we examine the chromatography of 
the aforementioned metabolites from benzodiazepine use. 
Hamilton’s PRP-1, 5 µm, 50 x 4.1 mm HPLC column with the use 
of ammonium acetate 20 mM buffer to facilitate a run time of less 
than 10 minutes with good separation between components 
was used. If a more sensitive detection limit is required, the use of 
ammonium acetate enables mass spectrometry detection instead 
of UV used in this application note.

Compounds:

1: Oxazepam Glucuronide

2: Lorazepam Glucuronide

3: Temazepam Glucuronide

4: 7-Aminoclonazepam

5: Alpha-Hydroxyalprazolam

6: Oxazepam

7: Alpha-Hydroxyalprazolam

8: Temazepam
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Publisher’s Note
Mike Hennessy, Jr.  
President & CEO, MJH Life Sciences

Welcome to the 40th year of LCGC! We kick off our 
anniversary year by looking to the future—as we 

launch a new article series called “The Next Generation,” 
which highlights the work of young analytical chemists. 

The first installment is from James P. Grinias and his 
team at Rowan University. Their contribution addresses 
a current trend in chromatography, compact instrumen-
tation, examining its usefulness in various workflows.  
(Grinias is the 2022 Emerging Leader in Chromatography, 
and in February, you will hear more about his research 
and that of our 2022 Lifetime Achievement Award winner, 
Barry L. Karger of Northeastern University.) 

This new series is a perfect way to continue the tra-
dition of LCGC. For four decades, we have been serv-
ing the separation science community with a unique mix 
of information—peer-reviewed science, tutorials from 
trusted experts, and updates on new technologies— 
with a highly practical focus. 

That mix is visible throughout this issue. In “LC Trou-
bleshooting,” Dwight Stoll and Ken Broeckhoven review 
how to use kinetic plots. In “GC Connections,” Nick Snow 
explains Golay’s famous equation for height equivalent 
to a theoretical plate (HETP). In “Sample Prep Perspec-
tives,” Steve Lehotay, the co-inventor of the QuEChERS 
(quick, easy, cheap, effective, rugged, and safe) approach 
to sample preparation, explains “QuEChERSER.” Now also 

“efficient and robust,” this updated version takes better 
advantage of modern instrumentation. Most notably, it is a 

“mega-method” that covers a broader scope of polar and 
nonpolar analytes in diverse sample types.

“Focus on Biopharmaceutical Analysis” always addresses 
the practical application of separations techniques to 
an essential industry. This month, Anurag S. Rathore,  
Jared Auclair, and co-authors examine multidimensional 
separations for the analysis of size-based heterogene-
ities in monoclonal antibody–based biotherapeutics.  

“Viewpoints” assesses trends in the burgeoning canna-
bis testing market. Our peer-reviewed article addresses 
another contemporary concern: the analysis of heat-not-
burn tobacco.

At LCGC, we are proud of our strong history and look 
forward to an equally strong future. We are grateful to 
the community of experts who have made it all possible. 
We hope you enjoy this issue, this 40th volume, and all of 
LCGC—both print issues and digital offerings—for years to 
come. Don’t miss our special anniversary issue in August!
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IN MEMORIAM

Michael J. Hennessy, Sr. was the beloved chairman and CEO of 
MJH Life Sciences, parent company of LCGC North America.

Hennessy spent his career turning his passion for building busi-
nesses and creating jobs into a run of successful ventures and 
brands. Following his graduation from Rider University in 1982,  
he started his career in medical publishing as a sales trainee. In 1986, 
Hennessy became chief operating officer of Medical World Busi-
ness Press, which was part of the launch of medical newspapers and 
other media products. The company prospered and was eventually 
sold to a Boston-based venture capital firm.

Hennessy launched Multimedia Healthcare, LLC, in 1993 
and built a portfolio of award-winning clinical journals. In 2001,  
Freedom Communications, Inc. acquired Multimedia Healthcare, 
about the time that Hennessy was pioneering a new approach 
to print and digital publishing with Intellisphere, LLC (now part of  
MJH Life Sciences). Guided by the principles of innovation and 
entrepreneurial spirit, and reflecting its founder’s dedication to 
improving quality of life through health care research and education, 
Intellisphere publishes a variety of integrated print and digital prod-
ucts focusing on a range of topics in research and clinical medicine.

To build a comprehensive multimedia and education plat-
form, Hennessy added additional companies and capabilities to 
the MJH Life Sciences portfolio. In 2004, he acquired Healthcare 
Research Analytics, which has been the leader in health care market 
research for over 30 years. In 2005, Hennessy acquired ArcMesa  
Educators, LLC, leaders in online certification for physicians, phar-
macists, nurses, and other health care professionals. Reflecting his 
lifelong interest in politics, Hennessy acquired Campaigns & Elec-
tions magazine in 2005, publishing the journal through Political 
World Communications, LLC. He sold the publication to Biteback 
Media Ltd. in 2011.

In February 2008, Hennessy acquired the rights to the jour-
nals Pharmacy Times and The American Journal of Managed 
Care, both recognized in their respective markets as authoritative,  
trusted media platforms that provide essential information to a 
large audience of health care professionals.

In April 2011, MJH Life Sciences acquired Physicians’ Education 
Resource, LLC (PER), an accredited continuing medical education 
company that is an industry leader in producing high-quality, first-
rate oncology and hematology meetings and conferences. The PER 
acquisition included a variety of multichannel enduring educational 
activities, as well the rights to legacy medical meetings, such as the 
annual Miami Breast Cancer Conference.

Hennessy’s commitment to improving the lives of patients with 
cancer is deeply rooted within the halls of MJH Life Sciences. As a 

complement to the industry leading 
OncLive platform, he developed the 
Giants of Cancer Care awards to rec-
ognize the leaders and pioneers who 
often go unrecognized for their con-
tributions to advancing oncology care. 
He further strengthened his commit-
ment to education by acquiring CURE 
Media Group in 2014, followed by 
the purchase of the Chemotherapy 
Foundation Symposium, in his quest 
to provide oncology professionals 
with focused education on innovative  
cancer therapy.

In 2019, MJH Life Sciences made 
its largest acquisition to date when it acquired the Healthcare 
and Industry Sciences divisions of UBM Medica, nearly doubling 
the size of the organization and adding legacy titles such as  
Medical Economics and Pharmaceutical Executive to his already 
impressive portfolio. This acquisition made the organization the 
largest independently owned medical communications company 
in North America. In addition to acquisitions, Hennessy organi-
cally developed ancillary in-house agency divisions with Proximyl 
Health, Truth Serum NTWK, and MJH Global Medical Affairs. 

Later in 2019, Hennessy elevated his own role to Chairman 
while naming his son, Mike Hennessy, Jr. to assume the lead-
ership role of the organization and carry on the family leg-
acy. Under Mike Jr.’s leadership, the company enhanced its 
global potential by entering into a long-term partnership with  
BDT Capital Partners, LLC in November 2021. 

Due to his broad business and educational experience 
and understanding of the challenges facing New Jersey,  
Hennessy’s counsel and insight had been sought by several 
organizations, including his alma mater Rider University, where 
he served on the Board of Trustees and was elected to the 
executive committee. In addition to being active in state and 
national politics, Hennessy also had a long record of service at 
the local level, where he was a strong advocate for veterans and  
environmental issues. 

Hennessy was preceded in death by his wife, Patrice Hen-
nessey, who bravely battled cancer for almost 10 years until 
her death in January 2020. Hennessy donated $4 million to  
Rider University to expand the Science and Technology Center 
at their alma mater. The Mike & Patti Hennessy Science and  
Technology Center is set to be completed in 2022. 

Michael J. Hennessy Sr.
Chairman/Founder
MJH Life Sciences
1960-2021
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But Why Doesn’t It Get Better? Kinetic Plots for 
Liquid Chromatography, Part I: Basic Concepts 
Choosing a liquid chromatography (LC) column for a particular application can be a surprisingly challenging task. On the one 
hand, column manufacturers give us many options to choose from, including particle types, pore sizes, particle sizes, and different 
lengths and diameters. On the other hand, we usually do not have time to experimentally evaluate many combinations of these 
parameters, and sometimes we end up picking something similar to the columns that are already in the drawer. The “kinetic plot” 
is a powerful graphical tool that can help leverage the best available theory to help us understand how different combinations of 
parameters (such as particle size and length) will perform in relation to the time needed to get to a particular column efficiency  
(and thus resolution), and therefore make well-informed decisions when choosing columns. 

Ken Broeckhoven and Dwight R. Stoll

Fifty years into the evolution of modern 
liquid chromatography (LC) we are still 

observing remarkable growth in the com-
mercial offerings of LC columns. Each year, 
we see introductions of columns prepared 
with superficially porous particles (SPPs) 
from more manufacturers, new column for-
mats (such as pillar array columns), more 
particle types suitable for bioanalysis (such 
as wide pore particles), and so on. From 
an analyst’s perspective, these develop-
ments are wonderful because they give us 
more choices, and increasingly they give 
us options that are designed with specific 
applications in mind (such as columns sold 
specifically for the purpose of characteriz-
ing monoclonal antibodies [mAbs]). How-
ever, having all these options to choose 
from can also make purchasing decisions 
complicated. How do we know which col-
umn is the “right” one? Of course, with 
purchase prices in the $500–$1000 range, 
trying a large number of them is simply 
not realistic. In the worst-case scenario, 
making the wrong choice can lead to 
real disappointment and sunk costs. If we 
choose the wrong combination of particle 
size and column length and diameter and 
pore size for a particular application, we 
may find that the performance we observe  

(as measured by analysis time, resolu-
tion, and sensitivity) is not as good as we 
expected, or perhaps even worse than 
what we were already using.

The analysis time–resolution compro-
mise is one of the most studied topics in 
the history of LC research. Although the 
issue may have been considered settled in 
the late 1990s, new developments over the 
last 20 years, including the use of pressures 
greater than 400 bar, particles smaller than 
three micrometers, new stationary phase 
supports, and the surge in interest in the 
analysis of biopharmaceuticals, are keeping 
things interesting (1,2). One very powerful 
framework that is used to understand how 
all these factors influence what columns 
we should use for which applications is the 

“kinetic plot.” For this first installment in a 
multipart series on the construction and use 
of these plots in practice, I’ve asked kinetic 
plot expert Professor Ken Broeckhoven to 
join me in describing what a kinetic plot is 
and how it relates to the practical factors 
we care about most in LC—analysis time 
and resolution. In subsequent installments, 
we will go on to show how these plots can 
be constructed from experimental data of 
your own, or data accessible to you, and 
finally how the resulting plots can be used 

to guide decision making when choosing 
columns, and help troubleshoot situations 
where a particular column does not deliver 
the performance expected based on intu-
ition and community conversations.

Dwight Stoll

Analysis Time and  
Resolution Are Connected
A primary goal of most analytical separations 
is to achieve a certain resolution between 
one or more pairs of compounds in the short-
est possible analysis time. More-efficient col-
umns enable realization of this resolution in 
shorter times. Column efficiency (plate num-
ber, N) as defined in equation 1 makes the 
connection between plate number and peak 
width (w1/2) clear:

N = 5.54(       )tR
w1/2

2

[1]

 If we compare two separations where an 
analyte of interest is eluted at the same reten-
tion time (tR), the separation with the higher 
efficiency will have narrower peaks because 
of the inverse relationship between N and 
w1/2. Because resolution is also inversely 
related to peak width, higher plate numbers 
lead to higher resolution. As soon as we 
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start discussing analysis time, the mobile phase flow rate matters: 
Higher flow rates lead to shorter analysis times, and vice versa. How-
ever, the plate number also depends on the flow rate, so optimizing 
a separation is not as simple as using the highest possible flow rate.  
The conventional framework used to relate the plate height and flow 
rate involves the concept of the plate height (H), or height equivalent 

to a theoretical plate (HETP), which is related to the column length (L) 
and plate number through equation 2:

H = 
L
N                      [2]

 In rough terms, the plate height is a property of the material 
inside the column, but is also affected by the mobile-phase flow 
rate and the properties of the analyte. Increasing the diameter 
of the particles inside the column generally leads to larger plate 
heights and lower efficiencies, for a given column length. The rela-
tionship between the plate height and the mobile-phase flow rate 
has the characteristic shape shown in Figure 1a, and is most com-
monly referred to as a van Deemter curve (3,4). Although for real 
separations we are mostly interested in the mobile-phase flow rate, 
van Deemter curves are usually plotted with mobile-phase velocity 
on the x-axis because the velocity is independent of the column 
diameter, and thus allows a comparison of the curves constructed 
from data obtained using different columns. The most valuable 
takeaway from the van Deemter curve is the realization that the 
smallest plate heights—and thus highest plate number and reso-
lution—are obtained at intermediate velocities (not too low and 
not too high). However, the mobile-phase flow rate that produces 
the optimal (minimum) plate height—and thus the maximum plate 
number and resolution—is not necessarily the best flow rate in prac-
tice because analysis time is so heavily dependent on the flow rate.
 It is instructive to examine the chromatograms that we would 
observe in experiments conducted with flow rates corresponding to 
three characteristic points on the van Deemter curve: a) the low-flow 
region (referred to as the B-term regime); b) the optimum (where 
H is at its minimum); and c) the high-flow region (referred to as the 
C-term regime). These three points are highlighted with purple geo-
metric shapes in Figure 1a, and the corresponding chromatograms 
are shown in panels (c–e) (full timescale) and (f–h) (zoomed view).  
These chromatograms make clear the practically relevant tradeoffs 
that are encoded in the van Deemter plot, but can be difficult to 
appreciate without a lot of experience working with these plots.  
We call your attention to three main points:
1. Working at flow rates below the optimum flow rate (where H is at 

its minimum) is almost never a good idea. Under these conditions 
the analysis will take longer than necessary—compare panel (c) to 
(d) and (e)—and the resolution will be poorer than what can be 
obtained at the optimum flow rate.

2. The highest resolution is obtained by working at the optimum 
flow rate, which is clear in panels (f–h) where we see that the valley 
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between the peaks is greatest in panel (g). 
The valley between the peaks is greatest 
in panel (g) because the peaks are nar-
rower, which also leads to taller peaks.

3. Much shorter analysis times can be real-
ized by working at flow rates above the 
optimum, so long as some resolution can 
be sacrificed in the interest of a faster anal-
ysis. The resolution in panel (h) is clearly 
not as good as it is in panel (g), but this 
is a small change compared to the 70% 
decrease in analysis time. This tradeoff, 
and the extent to which this game can 
be played with real separations, strongly 
depends on how steep the H vs. u curve is 
in the C-term regime. This slope strongly 
depends on particle size (slope generally 
increases with particle size, see Figure 1a), 
and the properties of the analyte (slope 
generally increases with molecular weight).

 At this point, we encounter a significant 
limitation of the use of van Deemter curves 
alone for optimizing a separation—the plot 
does not explicitly communicate anything 
about the pressures required to realize chro-
matograms like those shown in Figure 1c–h. 
The significance of this limitation is made 
dramatically clear in Figure 1b, which shows 
the pressures required to produce the data 
points plotted in Figure 1a. For example, it is 
true that a 100-mm column packed with 1.7-
µm particles will yield a plate number at the 
optimum flow rate that is roughly three times 
higher (29,400 compared to 10,000) than that 
for a column of the same length packed with 
5-µm particles, and it will do so in one-third 
the time (optimum velocity of 6 mm/s com-
pared to 2 mm/s). However, this improve-
ment in plate number and speed comes 
at the cost of a significantly higher pres-
sure requirement for the smaller particles.  
The pressure at the optimum for the 1.7-µm 
particles is 800 bar, whereas it is only 33 bar 
for the 5-µm particles. We also see here that 
one can also achieve a plate number of about 
29,000 using a 20-cm long column packed 
with 3.5-µm particles at the optimum velocity, 
which would require a longer analysis time 
(roughly four times longer) compared to the 
column with 1.7-µm particles, but only one-
fourth the pressure (200 compared to 800 
bar). The van Deemter plot alone cannot 
help us manage the compromise between 
resolution (plate number), analysis time, and 

pressure requirements. However, the kinetic 
plot can help with this, and this is why it is 
so useful as a conceptual framework for opti-
mizing separations and choosing columns.

Introduction to the  
Kinetic Plot Concept
Although many variants of the kinetic plot 
have been introduced and discussed over the 
years, a kinetic plot, in principle, is any method 
of presenting data that relates plate number 
to analysis time (5,6). This type of represen-
tation is not new and dates back to some 

of the early publications of Giddings (7,8).  
Figure 2 shows the relationship between a van 
Deemter curve and a kinetic plot. To go from 
the van Deemter curve in panel (a) to the first 
type of kinetic plot in panel (b), the y-axis is 
transformed from H to N using equation 2. 
The x-axis is transformed from mobile phase 
velocity (u0) to column dead time (t0) using 
equation 3:

t0 = 
L
u0

[3]

 The kinetic plot in panel B makes the impli-
cations of the relationship between H and u0 

for analysis time clear. Moving to the right on 
the plot—which corresponds to the B-term 
regime discussed above—leads to longer 
analysis times and poor efficiencies, which 
is not good. On the other hand, moving to 
the left of the maximum in the curve leads to 
much shorter analysis times, albeit at a slight 
cost of reduced plate number. The kinetic plot 
in Figure 2c is a simple transformation of the 
plot in panel B. The axes are reversed, and 
each axis is presented on a logarithmic scale, 
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which helps visualize the relationship between 
t0 and N over a time range that spans from a 
few seconds to tens of minutes.

Adding the Dimension of 
Pressure to the Kinetic Plot
The kinetic plot in Figure 2c is sometimes 
referred to as a “fixed length kinetic plot.” 
Although it does make explicit the connec-
tion between analysis time and plate number, 
it does not make clear how the pressure limi-

tations of a particular LC system (or column 
type) influence column selection. The fixed 
length plot can be extended as shown in 
Figure 3 by adding multiple curves, each rep-
resenting a different column length. On each 
curve, moving from the top of the plot toward 
the bottom corresponds to an increase in flow 
rate until the maximum pressure of the system 
is reached, where the curve terminates in “X,” 
and intersects the gray line. This gray line rep-
resents the “kinetic performance limit,” which 

defines the maximum achievable plate num-
ber for a given analysis time, or the shortest 
time needed to obtain a given plate number, 
depending on your perspective. Such families 
of curves can yield very instructive insights 
related to column selection. Consider the 
vertical dashed black line that intersects the 
curves for the 10-, 15-, and 25-cm columns. 
This view makes it immediately clear that there 
are multiple ways to obtain a plate number of 
10,000 using columns of different lengths, but 
all packed with 3.5-µm particles. The most 
time-inefficient way is to use a 25-cm column 
and operate it at low flow rate. In this exam-
ple, the column dead time would be approxi-
mately 15 min (intersection of the dashed 
vertical line and the green curve), which is in 
spite of the fact that we generally think of long 
columns as being more efficient. Although it is 
true that longer columns have the potential to 
produce larger plate numbers, this potential 
can only be realized when the column is oper-
ated the “right” way. The next best option out 
of those shown here is to use the 15-cm col-
umn, which would produce 10,000 plates with 
a dead time of about 4 min. By far, the best 
way is to use the 10-cm column, operated at a 
velocity above the optimum, where the dead 
time would be about 10 s, a 90-fold improve-
ment over the use of the 25-cm column at a 
low flow rate. Another way to look at this is to 
fix the analysis time at 0.9 min (horizontal black 
dashed line). Using a 10-cm column, this cor-
responds to operation in the B-term regime 
and only a little more than 10,000 plates are 
obtained (Note that by operating the same 
column length in the C-term, the same effi-
ciency is reached in only 10 s, as shown for the 
vertical line). Operating a 15 cm column at the 
optimum velocity, a much higher efficiency 
of 21,600 plates is obtained, clearly making 
it a better choice. However, when operating 
a 25-cm long column slightly above its opti-
mum flow rate, even 33,000 plates can be 
obtained in 0.9 min.

Summary
This installment of “LC Troubleshooting” is 
the first in a multipart series aimed at provid-
ing a framework for troubleshooting separa-
tions that don’t perform as expected based on 
perceptions about the influence of variables 
including column length, particle size, and 
flow rate on column efficiency and resolution.  
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SAMPLE PREP  
PERSPECTIVES

The QuEChERSER Mega-Method
Introduced in 2003, the “quick, easy, cheap, effective, rugged, and safe” (QuEChERS) sample preparation approach has been 
widely adopted in many applications, particularly in chemical residue analysis of foods. Prior to QuEChERS, sample preparation 
generally entailed several time-consuming, labor-intensive, and reagent-excessive steps, but the commercialization at the time of 
powerful, cost-effective, benchtop gas chromatography–mass spectrometry (GC–MS) and liquid chromatography–tandem MS 
(LC–MS/MS) instruments enabled the implementation of the QuEChERS procedure. Despite analytical technologies continuing to 
improve over the last two decades, many laboratories are still using QuEChERS protocols developed for outdated instrumentation. 
Recently, QuEChERS has been updated into QuEChERSER (with “efficient and robust” being added to the portmanteau) to better 
take advantage of the features provided by modern sample preparation and analytical techniques. Most notably, QuEChERSER 
is a “mega-method” that covers a broader scope of polar and nonpolar analytes in diverse sample types. In this article, the new 
QuEChERSER approach and its advantages over QuEChERS are explained. 

Steven J. Lehotay

Twenty years ago, the “quick, easy, cheap, 
effective, rugged, and safe” (QuECh-

ERS) approach for sample preparation was 
developed by Anastassiades and Lehotay at 
the United States Department of Agriculture–
Agricultural Research Service (USDA–ARS) 
Eastern Regional Research Laboratory (1,2). 
The goal was to develop the most efficient 
method for the multiclass, multiresidue analy-
sis of pesticides in foods, which had been a 
long-standing wish for regulatory and industry 
laboratories for decades. However, increasing 
concerns, such as excessive glassware, use of 
chlorinated solvents, high labor needs, and 
low sample throughput, were putting pres-
sure on laboratories to adopt more efficient 
practices. Simultaneously, more sensitive, 
smaller, and less expensive gas chromatog-
raphy–mass spectrometry (GC–MS) and liq-
uid chromatography–tandem MS (LC–MS/
MS) instruments were also being introduced, 
which allowed for a broader scope of analy-
sis while still maintaining high selectivity in 
detection. The introduction of these new GC–
MS and LC–MS/MS instruments meant that 
sample preparation needed to recover a wide 
range of polar and nonpolar pesticides in the 
same method. Because chemical interfer-
ences were less likely to occur, cleanup could 

be “just enough” to reduce indirect matrix 
effects and avoid instrument contamination.

We decided to start from scratch, and 
QuEChERS essentially grew out of brute 
force experimentation of each aspect in the 
extraction and cleanup process (2). We even-
tually achieved the most streamlined proto-
col to yield high recoveries with sufficiently 
clean final extracts for moistened food sam-
ples. Acetonitrile was shown to work best for 
extraction. MgSO4/NaCl induced the most 
effectively tailored phase separation to avoid 
proteins and sugars, and dispersive solid-
phase extraction (d-SPE) cleanup with a com-
bination of anhydrous MgSO4, primary sec-
ondary amine (PSA), C18, and graphitized 
carbon black (GCB) sorbents worked well to 
retain lipids (including fatty acids) and chlo-
rophyll. We realized that traditional SPE car-
tridges were expensive, inflexible, and inef-
ficient in “chemical filtration” applications in 
which the extract also serves as the eluting 
solvent, so we decided to just combine the 
extract with the sorbents. 

Two versions of QuEChERS were indepen-
dently validated in successful interlaboratory 
trials for analysis of pesticide residues in foods 
(3,4). In 2010, Majors interviewed Lehotay and 
Anastassiades for LCGC to discuss the past, 

present, and future of QuEChERS (5). Since 
then, many reviews have been published 
about QuEChERS, including descriptions of 
how it has expanded beyond the monitor-
ing of pesticides in foods (6–8). Lehotay and 
Chen (9) plotted the trend in scientific publi-
cations involving QuEChERS, tracking a total 
of 2565 papers on the topic through 2017. In 
a continuation of the same search in Web of 
Science, QuEChERS has grown from nearly 
450 to >600 papers per year, totaling 4499 
publications through 2020. More than 30 
vendors worldwide market QuEChERS prod-
ucts, which has helped it become a staple 
approach in sample preparation. The chem-
istry of QuEChERS possesses a flexibility that 
enables it to be a template for modifications, 
while still maintaining streamlined protocols 
for a wide range of applications. 

Despite the popularity of QuEChERS, 
analytical instrumentation has continued 
to improve in the past two decades, which 
enables even more streamlined sample 
preparation with broader applicability. For 
example, extract and inject methods are now 
feasible in many cases to overcome matrix 
effects using highly sensitive and selective 
MS-based analyses (10,11). However, robust 
cleanup is still often needed to provide long-
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term ruggedness in high-throughput appli-
cations involving complex matrices. 

Recently, an updated approach in stream-
lined sample preparation, dubbed QuECh-
ERSER, has been introduced (12–16). QuECh-
ERSER adds “efficient and robust” to the 
QuEChERS portmanteau, but more impor-
tantly, QuEChERSER is a “mega-method” 
that covers a wider polarity range than 
QuEChERS. The most effective way to gain 
laboratory efficiency is by reducing the num-
ber of methods needed to analyze the same 
scope of analytes. For example, four individual 
methods are typically used to monitor pesti-
cides, environmental contaminants, veterinary 
drugs, and mycotoxins in pertinent foods, but 
with QuEChERSER, the same sample can be 
prepared by the same method to cover the 
contaminants in all kinds of foods.

This article describes and explains the 
changes made in QuEChERS leading to the 
development of the QuEChERSER method. 

QuEChERSER vs. QuEChERS
Table I outlines each step in the QuEChERS 
and QuEChERSER templates for comparison, 
and the following discussion is sectioned by 

the individual components. Only the differ-
ences in bold text (Table I) are discussed. 
Otherwise, both methods are streamlined to 
employ liquid extraction of sample test por-
tions in tubes by shaking for 10 min followed 
by centrifugation for 3 min.

Sample Comminution 
An easy way to increase practical efficiency 
in sample preparation is by reducing test 
portion sizes. However, sample processing 
(comminution) is rarely included by most 
chemists as part of the analytical method 
even though it is as equally (or more) impor-
tant as any other step. As discussed in previ-
ous papers (9,12,17–20), comminution must 
not be ignored! Fundamentally, all analytical 
chemists must understand that ineffective 
sample comminution relative to the test por-
tion size for analysis leads to a “garbage in, 
garbage out” situation. No matter how accu-
rate the sample preparation and analytical 
methods are demonstrated to be based on 
the validation and quality control (QC) results,  
the expenses and effort put into the analyses 
are rendered meaningless if the analyzed test 
portion fails to represent the original sample.

Prior to QuEChERS, most methods called 
for 50–100 g test portions of bulk processed 
food samples in pesticide residue analysis, 
but studies showed that 10–15 g subsam-
ples could yield similar results with better 
comminution practices, such as using two 
steps, high-quality devices, or cryogenics (18).  
In QuEChERSER, test portions can be further 
reduced to 1–5 g by the same concepts, but 
it is better to use liquid nitrogen rather than 
dry ice for reasons described in the litera-
ture (12,19). For QuEChERSER, a safe, facile, 
and high-throughput protocol was devel-
oped using conventional sample processors 
for (unfrozen) raw bulk food commodities 
applying liquid nitrogen in a single step.  
With practice, two technicians alternating 
two containers for a single device can com-
minute a batch of 40 bulk samples and weigh 
out the test portions in centrifuge tubes 
ready for extraction in approximately 4 h.

This type of efficient comminution using 
liquid nitrogen can be done for any sample 
preparation method to gain the benefits of 
reduced test portion sizes. Independent of 
the subsequent steps, the degree of sub-
sample homogeneity can be empirically 
measured by adding a QC spike to the bulk 
samples prior to comminution. The repeat-
ability and recovery of the QC spike is then 
determined for each batch of samples to 
isolate and assess the sample processing 
step, as well as similar QC spikes added just 
prior to the sample preparation and analy-
sis steps to follow (12,20). The measurement 
uncertainty and contributions of each step 
in the overall method are then calculated 
using summation of squares to determine 
the limiting source of error for control and 
improvement in routine monitoring. Despite 
the smaller test portion, QuEChERSER has 
been demonstrated to yield about 5% lower 
overall relative standard deviation (RSD) (bet-
ter reproducibility) than QuEChERS (12,20).

 
Extraction
Prior to QuEChERS, extraction typically 
called for 2 mL or more of the solvent. 
QuEChERS reduced this ratio to 1 mL/g 
sample for three reasons: 1) a greater vol-
ume could not fit well within the conve-
nient 50 mL extraction tubes; 2) use of the 
smaller solvent-to-sample ratio led to more 
concentrated extracts for potentially lower 

TABLE I: Differences between QuEChERS and QuEChERSER (highlighted in bold)

Step QuEChERS QuEChERSER

Bulk Sample  
Comminution

1-step room Temp. (or dry ice)
1-step liquid nitrogen or dry 

ice, 2-step room temp.

Test Portion
10-15 g (2–5 g); add water 

to dried or oily samples
>0.25 g (2–5 g); may add 

water to complex dried samples

Extraction
1 mL/g Acetonitrile 

(optional buffer)
5 mL/g 4/1 (v/v) Acetonitrile/water 

(buffer probably not needed)

Shaking Time 1–10 min (up to 60) 1–10 min (up to 60?)

Centrifugation 3 min at >3000 rcf 3 min at >3000 rcf

Salt-Out (Shake 
1 min and  
centrifuge 3 min)

4 g 4/1 (w/w) MgSO4/
NaCl per 10 g sample 

(can be added in 1-Step)

A) None for LC (take 200 μL)
B) For GC, decant = 10 mL into 

2g 4/1 (w/w) MgSO4/NaCl
(1 g per g sample)

Cleanup

(d-) SPE with 0.25 g
3/1/1 (w/w/w)anh.
MgSO4/PSA/C18

per g. equiv. sample
Many options (GCB, Z-Sep,  

EMR-L, ChloroFiltr, etc.)

A) For LC, evaporate MeCN, add 
initial mobile phase,  

ultracentrifuge for 5 min
B) For GC, (μ)SPE with 45 mg 

20/12/12/1 anh. MGSO4/PSA/C18/
CarbonX per 0.3 mL extract

Final Extracts
1 g/mL

(adjustable)
LC) adjustable
GC) 0.25 g/mL

Scope

LC- and GC-amenable 
pesticides, environmental 

contaminants, mycotoxins, et 
al. (depending on cleanup)

LC- and GC-amenable pesticides,  
environmental contaminants,  

mycotoxins, et al., vet. drugs, and 
more relatively polar analytes
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detection limits (without solvent evapora-
tion); and 3) a 1 mL/g ratio was determined 
to be acceptable for complete extraction 
of the tested incurred analytes in real sam-
ples (2–4). In the latter case, using more 
solvent per test would have been desirable 
to provide thorough extraction for all types 
of analytes and matrices, but the former 
two reasons precluded a change to the 
method, which is one of the reasons why 
QuEChERS is not ideal for extracting lipo-
philic analytes in relatively fatty matrices. 
Furthermore, analytical tools are capable 
of orders of magnitude lower detection 
limits nowadays than when QuEChERS 
was developed, thus more dilute extracts 
are no longer a problem, and in fact, dilu-
tion is often used to overcome matrix 
effects in MS analyses. 

The reduction of the test portion size 
in QuEChERSER allowed for the recon-
sideration of the 1 mL/g ratio used in 
QuEChERS. Using 2 g samples in 15 mL 
centrifuge tubes can be readily extracted 
with approximately 10 mL of solvent (or 30 
mL for 6 g test portions in 50 mL tubes). 
As it turned out, the multiclass, multiresi-
due method developed in my laboratory 
for veterinary drug residues employed  
10 mL of a acetonitrile:water solution 
in a 4:1 (v/v) ratio for extraction of 2 g 
test portions of animal tissues (10,13,21).  
This 5 mL/g solvent-to-sample ratio has 
been shown to fully extract many incurred 
drugs in different matrices, and the USDA 
Food Safety and Inspection Service has 
been using this approach routinely in the 
National Residue Program for nearly a 
decade (22). In QuEChERSER, this proven 
extraction protocol was simply extended to 
also include pesticides, environmental con-
taminants, and other types of analytes in the  
same sample.

Another major factor for extraction 
in nearly all methods is the amount of 
water in the sample or extraction solvent.  
For dry commodities, such as grains, 
QuEChERS and other nonaqueous extrac-
tion methods require the addition of water 
to the test portions prior to extraction with 
the organic solvent. However, the extrac-
tion solvent already contains 20% water 
in QuEChERSER, thus the water addition 
step is avoided. QuEChERS for dry sam-

ples typically entails 2 g samples and 5 mL 
of water, followed by extraction with 10–15 
mL of acetonitrile, which is not too differ-
ent from the aqueous acetonitrile extrac-
tion conditions in QuEChERSER. 

 The limitation in QuEChERS with 
nonpolar analytes in fatty food matrices 
and soils was also addressed in QuECh-
ERSER by an increased solvent-to-sample 
ratio. Even though isotopically labeled 
surrogate standards are used in both 
methods to compensate for <100% 
recovery of legacy chlorinated pesticides 
and environmental contaminants in fatty 
foods, the accuracy of the QuEChERSER 
method is substantially better than with 
QuEChERS (13,16). Better cleanup using 
mini-cartridge SPE rather than d-SPE 
prior to GC analysis is another major rea-
son, and is discussed later in this article 
 
Precipitation Cleanup and
Ultracentrifugation for LC Analysis 
An advantage and disadvantage of 
QuEChERS is that the same final extract is 
usually used for both GC and LC analyses, 
which is a convenient and efficient ben-
efit, but it also limits the performance and 
scope of the analyses, particularly for LC-
only analytes. Hydrophilic analytes do not 
partition into the acetonitrile layer during 
the salting-out partitioning step, and in (d-)
SPE, PSA and its alternatives retain many 
LC-amenable carboxylic acid analytes. 
Furthermore, the final extract in QuECh-
ERS consists almost entirely of acetonitrile, 
which is not ideal for injection in reversed-
phase LC. The first-to-elute analytes tend 
to have poor peak shapes even when the 
final extracts are partially diluted with water.

  In QuEChERSER, a small aliquot  
(200 µL) of the initial extract before phase 
separation is taken for LC analysis, which 
expands the analytical scope to many 
polar compounds (such as many drugs) 
that do not partition into acetonitrile from 
water. This extract can be taken directly for 
LC analysis as done in extract and inject  
methods (10,13–14), but this runs into the 
same problem as in QuEChERS with poor 
peak shapes of the most polar analytes. 

In the QuEChERSER method, a solution 
that also provides cleanup is to perform a 
solvent-exchange step that matches the 

Any lab interested 
in increasing the 
throughput and 

productivity of the 
analytical process 

should consider ITSP 
µSPE PAL System

sample preparation.
But don’t take our 

word for it...

DEFENSE

FOOD SAFETY

FORENSIC/CLINICAL

WATER TESTING

www.ITSPsolutions.com
www.PALsystem.com

µSPE uses the downtime 
of the PAL RTC to prep samples 

within the runtime of the 
analytical instrument. µSPE 

reduces solvents, sample, labor 
and instrument downtime. 

http://www.itspsolutions.com
http://www.palsystem.com
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final extracts with the initial mobile phase. 
A common evaporation device using nitro-
gen flow evaporates a batch of 200 µL 
extracts at 40 °C in approximately 5 min. 
Then, the initial mobile phase solvent is 
added (750 µL), which does not dissolve 
the hydrophobic matrix components that 
had precipitated from the extracts in the 
micro-centrifuge tubes. Nonpolar analytes 
also precipitate, but those are analyzed 
by GC anyway, which minimally affects the 
overall scope of analysis. 

 Otherwise, sorbent-based cleanup tends 
to lose certain analytes, which was shown 
in a recent comparison study involving 
four veterinary drug methods (23). Similarly, 
in the case of ultrafiltration, adsorption of 
some analytes always occur in mega-meth-
ods for any one type of membrane material, 
especially in a highly aqueous solvent as in 
this application (24). Furthermore, exposure 
of final extracts to filters and sorbents some-
times adds more potential interferences 
in the analysis than they remove. Thus, 
QuEChERSER employs a 5 min ultracentri-
fugation (13,000 relative centrifugal force) 
step after precipitation cleanup to maintain 
the exceptionally broad scope of analysis. 
Although vendors who sell sorbents and fil-
ters do not promote precipitation cleanup 
and ultracentrifugation for sample prepara-
tion, these are excellent tools that analytical 
chemists should not neglect. 

 Another key advantage of removal of 
the nonpolars by precipitation is that these 
components tend to be highly retentive in 
reversed-phase (RP) LC, which can pose 
a serious problem with matrix effects and 
ghost peaks. Michlig and others studied 
this aspect in the analysis of highly com-
plex hemp matrices (15). The precipitation 
cleanup greatly decreased the extent of 
matrix components coeluted with analytes 
as the mobile phase became less aqueous. 
Ghost peaks were also reduced by this type 
of cleanup, and the elimination of the possi-
bility of ghost peaks was achieved by back-
flushing the columns with an organic sol-
vent phase between injections (15). In long 
sequences, ghost peaks are often the cause 
of matrix effects in subsequent injections, 
despite the fact that cleanup may appear 
to be sufficient for individual samples.  
We have recently implemented alternating 

dual-column switching with backflushing 
in our QuEChERSER studies, which will be 
published in the future.

Salt-out Partitioning and Automated 
µ-SPE Cleanup for GC Analysis
One of the elegant aspects of QuECh-
ERSER is that the salt-partitioning and 
cleanup steps are tailored for GC-ame-
nable analytes without compromising to 
accommodate LC analysis. After the small 
aliquot of initial extract is taken for LC, the 
remaining supernatant extract (10–11.7 mL) 
is decanted into 2 g of the same salt com-
bination as used in QuEChERS. As demon-
strated in the seminal publication (2), the 
use of MgSO4 combined (or not) with other 
salts for phase separation in QuEChERS is 
robust in that different amounts of the salts 
per extract volume yields 100% recoveries 
for a wide range of GC-amenable pesticides.  
Thus, 2 g of the commercially available 
QuEChERS salts conveniently packaged in 
15 mL centrifuge tubes were chosen for use 
in QuEChERSER. The protocol simply calls 
for pouring the supernatant (extract) into 
the tube containing the salts followed by  
1 min shaking and 3 min centrifugation. 

In the final step, automated instrument-
top sample preparation (ITSP or µ-SPE) is 
used for extensive cleanup (12–16,20,25–27). 
The approach is commercially available 
from several vendors for installation on any 
brand of GC. The analyst merely needs to 
transfer 1–1.5 mL of the acetonitrile extracts 
(upper layers) into autosampler vials and 
load the trays as normally done for instru-
mental sequences. The robotic liquid han-
dler that also serves as an autosampler con-
ducts the mini-column SPE cleanup step 
for each extract just before GC injection.  
The cleanup is done in parallel with analysis 
of the previous sample, which is also done 
in parallel with LC analysis, to maximize 
sample throughput. 

The same ITSP cleanup sorbent combi-
nation of 45 mg 20/12/12/1 and MgSO4/
PSA/C18/CarbonX per 300 µL extract can 
be used in QuEChERS or QuEChERSER, 
but the four-fold less equivalent sample 
concentration in the latter method is much 
less likely to overload the mini-cartridges. 
Modern instruments are still capable of 
achieving the needed detection limits in 

QuEChERSER, and injection volume can 
be increased if needed. 

The same sample–sorbent ratios could 
be conducted in batch-wise fashion using 
traditional cartridges loaded in a manifold 
or in a centrifugal SPE format, but this has 
at least four drawbacks compared to the 
automated approach: 1) traditional SPE 
costs more and involves attentive labor; 
2) ITSP in parallel with analysis has higher 
sample throughput and permits larger 
batch sizes; 3) ITSP produces highly con-
sistent, controlled, and slow (2 µL/s) flow 
rate for better precision; and 4) opera-
tion in batches loses the benefits of “just-
in-time” cleanup prior to injection. The 
capital expense and maintenance of the 
robotic liquid handler are drawbacks with 
any automated system, but they should 
pay off in the long run.

In QuEChERS, d-SPE has several ben-
eficial features (fast, flexible, easy, and 
inexpensive), but it sacrifices a degree of 
cleanup compared with column SPE. Auto-
mated µ-SPE has a similar extent of cleanup 
as cartridge-SPE, but it also possesses the 
advantages of speed and ease akin to 
d-SPE for reasonable cost and robustness. 
Although d-SPE has practical advantages 
over traditional SPE, it still takes time and 
care in pipetting to avoid sorbent particles 
from being transferred to the autosampler 
vials. QuEChERSER obviates this problem, 
and more importantly, it involves plenty of 
extract volume for easy and accurate trans-
fers for both LC and GC analyses. A limited 
amount of final extract constitutes a draw-
back in QuEChERS, especially for reduced 
test portion size as in QuEChERSER.

Not only does QuEChERSER with 
ITSP recover a wider scope of analytes 
than QuEChERS with d-SPE, it also 
works without modification for a greater 
range of sample matrices. The effect of 
the increased solvent–sample ratio has 
already been discussed, but the more 
dilute extracts using the combination of 
cleanup sorbents in ITSP does an excel-
lent job to remove common matrix com-
ponents in meats (13), fish (14,15), hemp 
(16), eggs, grains, fruits, and vegetables 
(12). Although milk and soils have yet to 
be tested in QuEChERSER, the method is 
expected to work better than QuEChERS 
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for those and other sample types. If needed, the same cleanup 
options can be done in QuEChERSER as in QuEChERS, such as 
hexane partitioning (21), enhanced-matrix removal (28), mag-
netic-SPE (29), and freezing out (6–9).

Analytical Aspects
Although analysis is distinct from sample preparation, the author 
would be remiss not to mention that low-pressure (LP) GC–MS (30) 
and analyte protectants (31) serve as valuable techniques in con-
junction with QuEChERS, QuEChERSER, and other methods. LPGC 
matches the speed of ultrahigh-pressure liquid chromatography 
(UHPLC) with ≈13 min cycle times (from injection-to-injection), which 
is approximately three-fold faster than conventional GC analy-
ses that would normally limit sample throughput. With respect to 
QuEChERS and QuEChERSER, LPGC enables large-volume injec-
tion of acetonitrile in a standard hot splitless injector (12–16,30), 
which is a key feature to further lower detection limits. Similarly, 
QuEChERS and QuEChERSER are well-suited for using analyte pro-
tectants, which tend to be relatively polar sugar derivatives, because 
they are soluble in acetonitrile final extracts. Analyte protectants fill 
active sites in the GC–MS system, which acts to reduce peak tailing,  
improve accuracy, enhance signal, decrease matrix effects, and 
increase ruggedness in high-throughput analyses (31). 

 Last, targeted analysis in both LPGC and LPLC permit the use 
of summation function peak integration to greatly reduce analyst 
time spent on data review and manual re-integrations (32). Sum-
mation integration is commonly used when an analyte consists of 
multiple or misshaped peaks because the default integrator fails 
in those (and other) situations. Default software integrators do not 
provide fully trustworthy chromatographic peak integrations in 
mega-method analyses, especially at low concentrations. Despite 
that matrix interferences rarely occur when using highly selective 
MS-based detection, one set of integrator settings for each ana-
lyte rarely integrates all the peaks reliably throughout a sequence. 
However, summation function integration does not fail because 
it simply entails setting of the start and stop times for each ana-
lyte peak before and after the known retention times, accounting 
for peak widths. If the peaks consistently fall within the start and 
stop times (and there is a chromatographic problem if they don’t), 
then the peaks will always be integrated from the baseline, usually 
better than the conventional integrator or human can do. Then, 
MS-based identification criteria, including signal or concentration 
thresholds, indicate if the targeted analyte is present or not (33).

Conclusions
Technology advances in analytical chemistry, and real-world labo-
ratory methods need to be updated periodically to incorporate 
new proven capabilities. The QuEChERS approach was devel-
oped to suit the analytical devices and instruments commercially 
available 20 years ago, and the time has come for an updated 
generic sample preparation approach that incorporates modern 
technology. To meet this need, the QuEChERSER mega-method 
has been introduced (12–16), and its features in comparison with 
QuEChERS were described in this article. 

http://www.unitedchem.com
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QuEChERSER relies on the same three 
trends in sample preparation that have 
been taking place for centuries: minia-
turization, streamlining, and automation. 
Using improved devices and techniques for 
comminution enables acceptable reduc-
tion of test portions sizes from 10–15 g to  
1–5 g. Extraction and cleanup better tai-
lored for both LC and GC analyses expands 
the analytical scope, including suitability to 
more applications. Using automated ITSP 
improves cleanup and analytical accuracy 
while also increasing ease and sample 
throughput. Even though QuEChERSER is 
ostensibly a sample preparation method, 
it follows the QuEChERS method in that it 
is also a holistic approach for streamlined 
generic sample preparation suited for  
modern times. 
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The van Deemter curve—in spite of its fre-
quent use for relating plate height and 
mobile phase velocity—does not explicitly 
indicate the tradeoff between analysis time 
and plate number (and thus resolution).  
The kinetic plot is a graphical tool that does 
make this relationship clear, and can also 
incorporate practical limits on the use of 
certain columns based in the pressure limita-
tions of a LC system. In subsequent install-
ments in this series, we will explain how you 
can create your own kinetic plots using your 
data, or data from the literature, and then 
use these plots to guide decision making 
when choosing columns, and troubleshoot 
situations where the performance of a col-
umn in use does not seem to be as high 
as expected. Readers interested in a more 
comprehensive discussion of kinetic plots 
and related optimization tools are referred 
to several recent papers in this area (9–12).
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Filtering analytical samples and mobile-phase solutions using 
the correct filtration device is an economical way to reduce 
instrument downtime, maintenance, and associated costs. 

LCGC: Why is filtration used in analytical chemistry sample preparation?
PEARCE: The purpose of filtration in analytical sample prep is to remove any particulate contamination 
that could impact the integrity of the analytical instrument. With a high-performance liquid 
chromatography (HPLC) instrument, for example, particulate contamination could cause blockages or 
wear and tear to parts of the system, the pump, the injector port, tubing, or even the detector. 

Filtration is important for protecting those parts but also for protecting the column. Effective filtration 
can prevent particulate contamination from blocking the flow path within a chromatography column, 
prolonging the life of the column, and prevent the premature replacement of the column—basically 
filtration protects the instrument and the column, and it prevents system downtime and reduces 
maintenance costs. However, above all, it ensures the integrity of the testing, preventing noisy baselines 
and ensuring clear resolutions, which gives analysts clear, accurate, consistent results.

LCGC: What are some of the important considerations when you’re selecting a filter to use for 
sample preparation?
PEARCE: There are several factors to consider. First, the application and type of analysis. Pall, for 
example, offers syringe filters that are designed and certified for use in HPLC, liquid chromatography-
mass spectrometry (LC-MS), and ion-chromatography applications. The type of analysis will help 
determine the pore size, the filter needed to effectively protect both the instrument and the column. 

For example, if you’re using a column with 3.0 μm packing, then the flow path will be 0.43 μm. Therefore, 
you need a 0.2 μm filter to prevent particulate from plugging that column. Typically, when using an HPLC 
column, a 0.45-micron filter will offer effective protection; however, if you’re using an ultra-HPLC (UHPLC) 
column with a much smaller packing size, then it’s better to use a 0.2 μm filter with a smaller pore size. 

Second, how are you going to handle the filter? Will it be used manually, or will it be used in 
an automated-handling system? For dissolution testing, for example, the filter system must be 
compatible with the auto-handling system you’re using. 

And third, the filtration device needs to be chemically compatible with the sample. Chemical 
compatibility is influenced by more than just the membrane; the filter that houses the membrane and 
other construction materials used within the device need to be considered.

Pall offers a range of different membrane types based on the type of sample and solvent mix. Within 
their portfolio, they offer water-wettable polytetrafluoroethylene (PTFE). This is a good membrane 
because it’s chemically compatible with most standard solvents, including both aqueous and aggressive 
organic solvents. This makes membrane selection more simplistic during method development and 
validation processing. 

Considerations for Selecting the Best Filtration 
Devices in Analytical Sample Preparation

Richard Pearce
Life Science Consultant

Next, sample volume needs to be considered. How much sample do you 
have? This is important because many times there isn’t a lot of sample 
available. There is a range of filtration devices that have different sizes 
and filter diameters based on the volumes of sample you’re using. Users 
tend to think about the diameter of a device, but manufacturers use 
slightly different sealing mechanisms when making filtration devices, so it’s 
important to look at the effective filtration area (EFA) of a filter. This is the 
amount of filter material that’s exposed to the sample when filtering, so the 
larger the EFA, the larger the sample throughput; and the larger the device, 
the larger the EFA, so the greater the throughput, which makes filtration a 
lot easier. The flip side is if you’re using a larger device, then the hold-up 
volume—the amount of sample that gets trapped in the device during 
filtration—will be greater. So, if you’re filtering a small amount of sample, 
you have to account for the hold-up volume to ensure you’re getting 
enough of your filtrate to do your analysis.  

In summary, when selecting a filter, there are a number of things to consider: 
the application and analysis type, the pore size needed to effectively protect 
the system and column and how you’re handling the filter, and finally, 
chemical compatibility and how much volume you have to start with. 

LCGC: What types of filtration devices can be used in sample-
preparation applications?
PEARCE: There are several filtration devices commercially available. The 
most commonly used for analytical sample prep is the syringe filter. They 
range in diameter from 4 mm - 37 mm, so they have different EFAs to suit 
different sample volume types. If you have a difficult-to-filter solution, Pall 
offers syringe filters with a built-in glass fiber pre-filter where both the pre-
filter and the final membrane filter are encapsulated in one device. Pall’s 
premium syringe filters are designed to be used manually, so with your 
hand and your thumb, or on automated platforms. They have designed 
features that ensure trouble-free operation when you’re using them on a 
robotic system. 

There are newer forms of filtration devices available as well, such as spin 
devices that filter under centrifuge and 96-well filter plates. These types of 
products are great if you have a lot of small-volume samples you want to 
process all at once. They feature the same membranes and construction 
materials as syringe filters, so you don’t have to worry about revalidation. 

LCGC: What are extractables, and are they a concern?
PEARCE: Extractables are undesirable artifacts or chemicals that can leach 
out of a filtration device and go into your sample. Extractables can arise from 
either the filter membrane or the housing—they can even come from chemicals 
in the product packaging, which is used to house the filtration device. 

Extractable materials are a major concern for many analysts because they 
can jeopardize analytical results. They can cause coalition and extraneous 
peaks on chromatograms. Pall’s membranes and devices have been tested 
for compatibility with common HPLC solvents—water, methanol, acetyl 

nitrile, etc.—and they use established HPLC procedures to verify low levels 
of UV detectable extractables, ensuring the products are clean for use in 
HPLC. They also offer high-quality LC-MS syringe filter products that feature 
a certificate containing TIC chromatograms that show all the detected 
peaks relative to internal standards. 

LCGC: Are there any other quality concerns that users should consider 
when choosing the correct filtration device?
PEARCE: In addition to extractables, binding is another quality concern: 
Are there analytes in your sample that could bind to your filtration device? 
Binding is a particular concern to researchers who are working with proteins, 
large-key molecules, for example. They are also a concern to analysts 
working in critical pharmaceutical quality control such as dissolution testing. 

Pall performed an Active Pharmaceutical Ingredient (API) binding study. 
They’ve tested a variety of drug compounds having differing chemical 
structures, ionization properties, and molecular weights against wwPTFE 
syringe filters, and they have published data showing that the syringe 
filters have a very acceptable level of drug binding that won’t give 
out-of-spec results. Ultimately, analysts want to ensure that they have 
consistency, reliability, and reproducible results, and the quality of the 
filtration device is key to them achieving this. 

LCGC: You discussed sample preparation filtration—is it also 
important to filter mobile-phase solutions used in HPLC? 
PEARCE: Yes, it is. Mobile-phase filtration is often overlooked. There is 
an assumption that HPLC-grade solvents can be used directly out of the 
bottle. However, it is as important to filter your mobile phase as it is your 
sample. It’s never safe to assume your mobile phase is free from particulate 
contamination, especially if your mobile phase is a mixture that’s been 
produced in a laboratory. It’s a good idea to filter either with a 0.45 μm 
or 0.2 μm filter, depending on the needs of the system and the type of 
column being used. Also, when filtering a mobile phase, it’s typically filtered 
under a vacuum, so you’re degassing your solvent. Degassing the solvent 
prevents any bubble formation, which could shift baselines, create shifts in 
retention times, and ultimately give inaccurate data. 

Some of the older style mobile-phase filtration devices were made of 
glass, and they were very difficult to set up and clean. Pall got around this 
problem by supplying the SolVac® filter holder for mobile-phase filtration. 
It’s constructed from chemically resistant polypropylene plastic, so it’s very 
safe to use. If you drop it, it won’t break, unlike the glass setups, and it uses 
a magnetic seal to seal the membrane disc inside the unit. So, it’s a lot 
easier to use compared to older glass-funnel systems. 

One of the real benefits is it filters directly into your mobile-phase reservoir, 
so you can use it directly on an HPLC bottle, which simplifies the handling 
and washing steps involved. The SolVac filter holder uses a 47-mm 
membrane disc, and Pall provides the same selection of membranes for 
mobile-phase filtration as they do in all its other filtration devices. 

© Copyright 2021, Pall Corporation. Solvac is a trademark of Pall Corporation. ® Indicates a trademark registered in the USA.

http://www.pall.com
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Filtering analytical samples and mobile-phase solutions using 
the correct filtration device is an economical way to reduce 
instrument downtime, maintenance, and associated costs. 

LCGC: Why is filtration used in analytical chemistry sample preparation?
PEARCE: The purpose of filtration in analytical sample prep is to remove any particulate contamination 
that could impact the integrity of the analytical instrument. With a high-performance liquid 
chromatography (HPLC) instrument, for example, particulate contamination could cause blockages or 
wear and tear to parts of the system, the pump, the injector port, tubing, or even the detector. 

Filtration is important for protecting those parts but also for protecting the column. Effective filtration 
can prevent particulate contamination from blocking the flow path within a chromatography column, 
prolonging the life of the column, and prevent the premature replacement of the column—basically 
filtration protects the instrument and the column, and it prevents system downtime and reduces 
maintenance costs. However, above all, it ensures the integrity of the testing, preventing noisy baselines 
and ensuring clear resolutions, which gives analysts clear, accurate, consistent results.

LCGC: What are some of the important considerations when you’re selecting a filter to use for 
sample preparation?
PEARCE: There are several factors to consider. First, the application and type of analysis. Pall, for 
example, offers syringe filters that are designed and certified for use in HPLC, liquid chromatography-
mass spectrometry (LC-MS), and ion-chromatography applications. The type of analysis will help 
determine the pore size, the filter needed to effectively protect both the instrument and the column. 

For example, if you’re using a column with 3.0 μm packing, then the flow path will be 0.43 μm. Therefore, 
you need a 0.2 μm filter to prevent particulate from plugging that column. Typically, when using an HPLC 
column, a 0.45-micron filter will offer effective protection; however, if you’re using an ultra-HPLC (UHPLC) 
column with a much smaller packing size, then it’s better to use a 0.2 μm filter with a smaller pore size. 

Second, how are you going to handle the filter? Will it be used manually, or will it be used in 
an automated-handling system? For dissolution testing, for example, the filter system must be 
compatible with the auto-handling system you’re using. 

And third, the filtration device needs to be chemically compatible with the sample. Chemical 
compatibility is influenced by more than just the membrane; the filter that houses the membrane and 
other construction materials used within the device need to be considered.

Pall offers a range of different membrane types based on the type of sample and solvent mix. Within 
their portfolio, they offer water-wettable polytetrafluoroethylene (PTFE). This is a good membrane 
because it’s chemically compatible with most standard solvents, including both aqueous and aggressive 
organic solvents. This makes membrane selection more simplistic during method development and 
validation processing. 

Considerations for Selecting the Best Filtration 
Devices in Analytical Sample Preparation
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Next, sample volume needs to be considered. How much sample do you 
have? This is important because many times there isn’t a lot of sample 
available. There is a range of filtration devices that have different sizes 
and filter diameters based on the volumes of sample you’re using. Users 
tend to think about the diameter of a device, but manufacturers use 
slightly different sealing mechanisms when making filtration devices, so it’s 
important to look at the effective filtration area (EFA) of a filter. This is the 
amount of filter material that’s exposed to the sample when filtering, so the 
larger the EFA, the larger the sample throughput; and the larger the device, 
the larger the EFA, so the greater the throughput, which makes filtration a 
lot easier. The flip side is if you’re using a larger device, then the hold-up 
volume—the amount of sample that gets trapped in the device during 
filtration—will be greater. So, if you’re filtering a small amount of sample, 
you have to account for the hold-up volume to ensure you’re getting 
enough of your filtrate to do your analysis.  

In summary, when selecting a filter, there are a number of things to consider: 
the application and analysis type, the pore size needed to effectively protect 
the system and column and how you’re handling the filter, and finally, 
chemical compatibility and how much volume you have to start with. 

LCGC: What types of filtration devices can be used in sample-
preparation applications?
PEARCE: There are several filtration devices commercially available. The 
most commonly used for analytical sample prep is the syringe filter. They 
range in diameter from 4 mm - 37 mm, so they have different EFAs to suit 
different sample volume types. If you have a difficult-to-filter solution, Pall 
offers syringe filters with a built-in glass fiber pre-filter where both the pre-
filter and the final membrane filter are encapsulated in one device. Pall’s 
premium syringe filters are designed to be used manually, so with your 
hand and your thumb, or on automated platforms. They have designed 
features that ensure trouble-free operation when you’re using them on a 
robotic system. 

There are newer forms of filtration devices available as well, such as spin 
devices that filter under centrifuge and 96-well filter plates. These types of 
products are great if you have a lot of small-volume samples you want to 
process all at once. They feature the same membranes and construction 
materials as syringe filters, so you don’t have to worry about revalidation. 

LCGC: What are extractables, and are they a concern?
PEARCE: Extractables are undesirable artifacts or chemicals that can leach 
out of a filtration device and go into your sample. Extractables can arise from 
either the filter membrane or the housing—they can even come from chemicals 
in the product packaging, which is used to house the filtration device. 

Extractable materials are a major concern for many analysts because they 
can jeopardize analytical results. They can cause coalition and extraneous 
peaks on chromatograms. Pall’s membranes and devices have been tested 
for compatibility with common HPLC solvents—water, methanol, acetyl 

nitrile, etc.—and they use established HPLC procedures to verify low levels 
of UV detectable extractables, ensuring the products are clean for use in 
HPLC. They also offer high-quality LC-MS syringe filter products that feature 
a certificate containing TIC chromatograms that show all the detected 
peaks relative to internal standards. 

LCGC: Are there any other quality concerns that users should consider 
when choosing the correct filtration device?
PEARCE: In addition to extractables, binding is another quality concern: 
Are there analytes in your sample that could bind to your filtration device? 
Binding is a particular concern to researchers who are working with proteins, 
large-key molecules, for example. They are also a concern to analysts 
working in critical pharmaceutical quality control such as dissolution testing. 

Pall performed an Active Pharmaceutical Ingredient (API) binding study. 
They’ve tested a variety of drug compounds having differing chemical 
structures, ionization properties, and molecular weights against wwPTFE 
syringe filters, and they have published data showing that the syringe 
filters have a very acceptable level of drug binding that won’t give 
out-of-spec results. Ultimately, analysts want to ensure that they have 
consistency, reliability, and reproducible results, and the quality of the 
filtration device is key to them achieving this. 

LCGC: You discussed sample preparation filtration—is it also 
important to filter mobile-phase solutions used in HPLC? 
PEARCE: Yes, it is. Mobile-phase filtration is often overlooked. There is 
an assumption that HPLC-grade solvents can be used directly out of the 
bottle. However, it is as important to filter your mobile phase as it is your 
sample. It’s never safe to assume your mobile phase is free from particulate 
contamination, especially if your mobile phase is a mixture that’s been 
produced in a laboratory. It’s a good idea to filter either with a 0.45 μm 
or 0.2 μm filter, depending on the needs of the system and the type of 
column being used. Also, when filtering a mobile phase, it’s typically filtered 
under a vacuum, so you’re degassing your solvent. Degassing the solvent 
prevents any bubble formation, which could shift baselines, create shifts in 
retention times, and ultimately give inaccurate data. 

Some of the older style mobile-phase filtration devices were made of 
glass, and they were very difficult to set up and clean. Pall got around this 
problem by supplying the SolVac® filter holder for mobile-phase filtration. 
It’s constructed from chemically resistant polypropylene plastic, so it’s very 
safe to use. If you drop it, it won’t break, unlike the glass setups, and it uses 
a magnetic seal to seal the membrane disc inside the unit. So, it’s a lot 
easier to use compared to older glass-funnel systems. 

One of the real benefits is it filters directly into your mobile-phase reservoir, 
so you can use it directly on an HPLC bottle, which simplifies the handling 
and washing steps involved. The SolVac filter holder uses a 47-mm 
membrane disc, and Pall provides the same selection of membranes for 
mobile-phase filtration as they do in all its other filtration devices. 

© Copyright 2021, Pall Corporation. Solvac is a trademark of Pall Corporation. ® Indicates a trademark registered in the USA.
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Is Golay’s Famous Equation for HETP Still Relevant  
in Capillary Gas Chromatography?  
Part 1: A Common View of HETP
In this installment of “GC Connections,” we take a close look at Golay’s famous equation that most people view as 
relating to height equivalent to a theoretical plate (HETP) to the carrier gas flow rate or average linear gas velocity in a 
capillary column. We explore the original works of Golay and Keulemans. We also look closely at the original equation, 
the assumptions involved with its development, and the assumptions (both good and bad) that have been applied to 
HETP over the years. In part two, we will explore the consequences and relevance of this theory today, with temperature 
programming, very long (and very short) columns, high pressure drops, and vacuum outlet detectors.

Nicholas H. Snow

The height equivalent to a theoreti-
cal plate (HETP) is one of the most 

important parameters used to mea-
sure column performance. HETP is the 
length of column required to gener-
ate one theoretical plate, with a theo-
retical plate being one transfer pro-
cess of an analyte molecule between 
the mobile phase and the stationary 
phase. We are all familiar with consid-
ering the number of theoretical plates 
in a column or the number of theo-
retical plates in a length of column, as 
these are often stated by column ven-
dors as a measure of column quality.  
More theoretical plates and more theo-
retical plates per meter are often consid-
ered good, leading to better resolution.  
A 30-m column with 100,000 theoreti-
cal plates is said to have 3333 theoreti-
cal plates per meter. 

We use a chromatogram to mea-
sure theoretical plates (as shown in 
Figure 1), using equation 1, where N 
is the number of theoretical plates, 
tR is the retention time of the peak, 
and Wb is the peak width at the base-
line. N and HETP (as discussed later) 
are dependent on many parameters, 

including temperature, carrier gas 
flow rate, inlet and outlet pressures, 
column dimensions, and the choice of 
carrier gas. One challenge in compar-
ing plate numbers between different 
columns is that the experiments will 
almost always have been performed 
under different conditions, making 
true comparisons difficult.

N = 16(    )2tR
Wb

[1]

HETP is then calculated using equa-
tion 2, where L is the column length 
and N is the number of theoretical 
plates calculated using equation 1:

H =     L
N [2]

As we discuss in detail below, H, or 
HETP, is also defined as the rate of 
band broadening. As we know, the 
peaks or bands get wider in all chro-
matographic techniques as the peaks 
and bands traverse the length of the 
column. HETP provides a measure 
of the rate of the broadening, with a 
smaller HETP indicating slower band 
broadening, leading to sharper peaks.  

Origins of Golay’s Famous Equation
How was HETP as a measure of the 
rate of band broadening originally 
defined? This definition goes back 
to the earliest days of gas chroma-
tography (GC) in the 1950s and the 
work of A.J.P. Martin and A.T. James, 
the inventors of GC; J. Van Deemter, 
who developed the original theory of 
band broadening for packed columns; 
Golay, who developed the theory for 
capillary columns; and Keulemans, 
who provided a fundamental concep-
tual definition for a theoretical plate. 

Keulemans presented a picture of 
the separation process in chromatog-
raphy in a classic text, Gas Chroma-
tography, published in 1959 (1). In the 
foreword to this short text, A.J.P. Mar-
tin described it as “an admirably clear 
account of all the practical and theo-
retical aspects of this rapidly growing 
method.” The clear influence of the 
text is seen in the highly recognized 
1965 text, Basic Gas Chromatography, 
by McNair and Bonelli (2). 

As illustrated in Table I, Keulemans 
described each theoretical plate as 
a liquid–liquid extraction between 
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immiscible solvents. Starting with a 
flask containing a solution of an ana-
lyte dissolved in a solvent, say, water. 
The solution is mixed with an equal 
volume of hexane. If the partition 
coefficient is 1, then equal masses 
of solute are present in each phase. 
The hexane layer is then removed 
and mixed with an equal volume 
of water in a second flask and fresh 
hexane is added to the first flask.  
Each flask now contains half of the 
original analyte, equally distributed 
between the two phases. This pro-
cess can be repeated with a third, 
fourth, fifth, and up to any number of 
flasks, ultimately resulting in a distri-
bution of analyte among all the flasks  

(seen in Table I), calculated for 10 flask 
theoretical plates, 10,000 molecules, 
and a distribution constant between 
the two phases of one. 

The numbers in Table I represent 
the number of molecules out of the 
10,000 in each flask or theoretical 
plate. We can note immediately that 
as the number of flasks increases,  
the number of molecules in each flask 
decreases, analogous to the chro-
matographic peak becoming broader 
and shorter. Also note that there are 
still some molecules in the initial flask, 
even after ten extractions, an often-
unappreciated consequence of chem-
ical equilibrium: There are always 
some molecules left behind. 

The description provided above 
makes several assumptions that, 
although illustrative of the chromato-
graphic process, do not account for 
all processes that occur in real col-
umns. First, it assumes that each the-
oretical plate occurs independently 
and has no direct contact with the 
other theoretical plates. Obviously 
in a column with a mobile phase, this 
assumption cannot be true because 
the mobile phase is continuously 
transporting solutes along the col-
umn. Second, it assumes that there 
are no barriers to mass transfer at the 
phase interfaces. In a real system, of 
course, the kinetics of mass transfer 
across the phase interfaces must be 
considered. Finally, there is no con-
sideration of diffusion both within 
and between the two phases. In a col-
umn, the solute molecules distribute 
throughout the mobile and stationary 
phases. Golay’s equation, described 
below, uses a description of the chro-
matographic process like Keulemans, 
and accounts for these assumptions, 
plus the dimensions and physical 
conditions observed within columns.  
 
The “Golay Equation”
Golay provided a thorough descrip-
tion of an equation describing the 
rate of band broadening in the pro-
ceedings of the “Gas Chromatogra-
phy 1958” symposium organized by 

tR

t’R(B)
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Wb

Injection

N=16 (      )2
 = 5.545 (      )2tR
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• Theoretical Plates

FIGURE 1: Simple chromatogram showing the classical calculation of N, the number of 
theoretical plates. 

TABLE I: Illustration of a 10 theoretical plate distribution of 10,000 molecules with a partition coefficient of 1

Flasks Representing Theoretical Plates

Step 0 1 2 3 4 5 6 7 8 9 10

0 10000

1 5000 5,000

2 2500 5000 2500

3 1250 3750 3750 1250

4 625 2500 3750 2500 625

5 312 1562 3125 3125 1562 312

6 156 937 2344 3125 2344 937 156

7 78 547 1640 2734 2734 1640 547 78

8 39 312 1094 2188 2731 2188 1094 312 39

9 20 176 703 1641 2461 2461 1641 703 176 20

10 10 98 439 1172 2051 2461 2051 1172 439 98 10
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the Hydrocarbon Research Group of 
the Institute of Petroleum and the 
Koninkiljke Nederlandse Chemische 
Vreniging in Amsterdam, the Nether-
lands, in May 1958. The symposium 
volume was published in 1959, edited 
by Desty (3). The equation for circu-
lar capillary columns is presented as 
equation 3: 

du = (     +                      +                ) dx1
2D
v0

k3v0r0
6(1+k)2c2D1

(1+6k+11k2)v0r0
24(1+k)2D

2
                   

[3]

Note that Golay also described a sim-
ilar equation for rectangular capillaries. 
At the time, there was considerable 
discussion about which would be bet-
ter, and clearly circular capillaries have 
become far more popular. Interestingly, 
with recent interest in columns etched 
into silicon wafers for “laboratory on a 
chip” applications, rectangular capillar-
ies are increasing in usage and impor-
tance. This equation is popularly called 
the “Golay Equation,” but it combines 

the work of many early researchers  
in chromatography. 

Definitions of the many variables 
are discussed in the “deeper dive” 
below. Interestingly, the proceedings 
volume includes commentary follow-
ing the formal text of the talk, in which 
substantive discussion among the 
symposium participants was captured.  
The names of those participating in 
that discussion read like an all-star 
lineup of modern chromatography 
inventors, including Golay, A.J.P. Mar-
tin, R.P.W. Scott, I.G. McWilliam, and 
others. It was traditional in the past 
to assign scribes to record the dis-
cussions. In one especially important 
exchange between Golay and Mar-
tin, they appear to agree, possibly 
begrudgingly, to use the definition of 
HETP presented by Keulemans and 
illustrated above (4). 

In the original work, several related 
forms of the equation are presented, 
relating to specific situations that 
may occur in the making of capil-

lary columns; the form used here is 
equation 31a from that work, cho-
sen for simplicity in discussing the 
basic principles and consequences. 
The first thing to note is that this is 
a differential equation relating to du, 
a differential of peak width to dx, a 
differential of length or distance. The 
terms enclosed in the parentheses 
provide what we term as HETP or H, 
the height equivalent to a theoreti-
cal plate, so the equation could be 
conceptually simplified to equation 
4. Interestingly, similar to the Keule-
mans description, the independent 
variable is the length of the column 
(dx), as the differential is distance and 
the dependent variable is the peak 
width, represented by the differential 
of the second statistical moment (du). 

du = (HETP)dx or      = HETPdu
dx

[4]

Equation 4 shows us that the rate 
of band broadening as the band tra-
verses the column is equal to HETP. 
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As we have learned in short courses and textbooks, smaller 
HETP means a slower rate of band broadening and sharper 
peaks. In many textbooks and courses, the terms within 
the parentheses in equation 3 are simplified to the form 
shown in equation 5. As we will see in Part 2 next month, 
equation 5 is an oversimplification that can generate con-
fusion and possibly lead to false directions in method 
development and optimization. 

HETP =      + Cmv0 + Csv0
B
v0

               [5]

Note the average velocity of carrier gas (v0) is usually 
chosen as the independent variable in equations 4 and 5, 
leading to the “van Deemter” or “Golay” plots often seen 
in discussions of column performance in the scientific liter-
ature. The three terms are often described as representing 
analyte diffusion in the mobile phase (the “B” term), ana-
lyte diffusion in the stationary phase (the “Cs” term) and 
analyte diffusion in the mobile phase (the “Cm” term). In 
developing equation 3, Golay noted the similarity in form to 
the equation of van Deemter, developed a few years earlier.  
 
A Deeper Dive into Golay’s Equation
Whether we perform detailed calculations based on 
it or not, equation 3 provides a very useful description 

of the many variables and processes relating to band 
broadening and ultimately to peak widths and resolution.  
Some important general principles are discussed here; for 
a detailed description of all variables and how they are 
used to evaluate column performance, see these book 
chapters or the discussion in ChromAcademy, LCGC’s 
online chromatography learning platform (5–7). In short, 
to minimize HETP, the quantities in parentheses in equa-
tion 3 should be minimized. 

In the first term within the parentheses, often called the 
“B” term using the terminology in equation 5, diffusion 
in the mobile phase is considered. The numerator, D, is 
the diffusion coefficient of an analyte molecule in the gas 
phase, which for simplicity, can be considered a constant 
for that analyte at a given temperature in a given carrier 
gas. Diffusion coefficients in the gas phase are mainly 
dependent on the identity of the analyte, the solvent gas, 
and the temperature. The denominator is the average car-
rier gas velocity in the column. Not surprisingly, this sug-
gests an inverse relationship between HETP and average 
carrier gas velocity. 

The second term, often abbreviated as Cm, relates to 
mass transfer, also in the mobile phase and is the major 
difference between Golay’s equation for capillary columns 
and the original van Deemter equation for packed col-
umns. Capillary columns usually have much larger phase 
ratios (volume of mobile phase divided by volume of sta-
tionary phase) than packed columns, so mass transfer in 
the mobile phase becomes important. Note that in this 
term, the same diffusion coefficient described above 
is now in the denominator and the average carrier gas 
velocity (v0) is in the numerator, suggesting a proportional  
(linear) relationship between HETP and carrier gas velocity. 

Additional variables in the Cm term include the square 
of the column radius, r2, and a complex polynomial of the 
retention factor (k). Note that all of the variables, except 
for the column radius are temperature dependent and that 
the retention factor is also related to the column dimen-
sions and average linear gas velocity. 

The third term, Cs, relates to mass transfer in the station-
ary phase. Like the Cm term, the Cs term is linear with the 
average carrier gas velocity and the square of the column 
radius (v0 and r0

2). Also, similar to the Cs term, the denomi-
nator includes a diffusion coefficient, this time in the liq-
uid phase, which depends on the specific analyte, liquid 
phase and temperature. Additionally, the analyte partition 
coefficient (c) into the liquid phase is part of the denomi-
nator. The term also includes a polynomial function of the 
retention factor (k). 

Taken together, the three terms of the expression 
describing HETP, as presented by Golay, have numerous 
dependencies, and many of the variables that make up 
the equation have their own dependencies. The column 
radius is fixed and appears in two of the three terms.  

• Continued on Page 31
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Two-Dimensional Liquid Chromatography (2D-LC):  
Analysis of Size-Based Heterogeneities in  
Monoclonal Antibody–Based Biotherapeutic Products
Monoclonal antibodies (mAbs) dominate the pipelines in the biopharmaceutical industry today. Being complex products,  
this class of molecules has numerous critical quality attributes (CQAs). Their thorough characterization is a necessary and critical 
component of biopharmaceutical product development. One CQA is size-based heterogeneity. Aggregates are widely considered 
a CQA because of their likely impact on the immunogenicity of the product. There is no single analytical tool that can accurately 
characterize aggregates because of the significant diversity that they exhibit with respect to size, structure, and morphology. As a 
result, it is common practice to use multiple, orthogonal analytical tools for aggregate characterization. This article reviews efforts 
targeting the use of two-dimensional liquid chromatography (2D-LC) and mass spectrometry (MS) for aggregate characterization.

Anurag S. Rathore, Jared Auclair, Sanghati Bhattacharya, and Deepika Sarin

Two-dimensional liquid chromatog-
raphy (2D-LC) is a technique that is 

capable of resolving heterogeneity of 
a biological sample via using two dif-
ferent LC columns, each corresponding 
to a different separation mechanism. 
The concept of 2D-LC has been around 
since 1944, when separation of amino 
acids was performed using a thin cel-
lulose sheet and applying two different 
solvents, one after another, in different 
directions (1). This 2D-LC workflow was 
offline and tedious. Various coupling 
strategies have been conceptualized 
thereafter along with major develop-
ments in hardware, where first dimen-
sional eluents are selectively transferred 
to the second dimension for separation 
of heterogeneous molecules within a 
single time frame (2). Advanced 2D-LC 
allows online analysis of samples with-
out the need for in-between manual 
intervention, subsequently reducing 
offline workflow drawbacks includ-
ing buffer exchange, sample loss, and 
contamination (3). General instru-
mentation of 2D-LC involves using an 
autosampler with binary or quaternary 

pumps, switching valves, two column 
compartments, and two diode array 
detectors (DADs) (Figure 1). The prin-
ciple of 2D-LC is mainly based on a 
set of pumps and loop-valves present 
in-between the two chromatographic 
chambers, which collect and store the 
analyzed peak from the first dimension 
and subsequently transfer it to the sec-
ond dimension. For inline analysis of 
2D-LC, peaks can further be identified 
or characterized using mass spectrom-
etry (MS) (4). The biopharmaceutical 
market as of 2021 occupies approxi-
mately 400 billion USD of the global 
market share and is further expected 
to grow annually at the rate of 7% (5). 

Monoclonal antibodies (mAbs) are 
the fastest growing therapeutics in 
the pharmaceutical industry and con-
stitute a major portion of the biophar-
maceutical market (6). These products 
are known to be complex and have 
numerous critical quality attributes 
(CQAs) that are known to impact the 
product’s safety and efficacy. As a 
result, the manufacturer is expected 
to closely monitor these during their 

production and distribution and have 
suitable process controls in place to 
ensure that the final product has con-
sistent quality. One of these many 
CQAs is the size-based heterogeneity 
of aggregates. These are particularly 
difficult to analyze as they vary in size 
(from dimer to visible particles), mor-
phology, and structure. As a result, no 
single analytical technique is sufficient 
for their accurate characterization. The 
typical approach that the manufacturer 
takes is to use multiple, orthogonal, 
high-resolution analytical methods 
for characterization and monitoring of 
protein aggregates. In light of these 
challenges, 2D-LC coupled with MS 
offers potential for this application (7,8)  
 
Aggregates Analysis Using 2D-LC
In this article, we review the different 
approaches and coupling strategies 
that have been used to analyze aggre-
gates through 2D-LC. One of the earli-
est applications of 2D-LC for aggregate 
analysis is that for antibody drug conju-
gates (ADCs) (9). Because the structure 
of ADCs is more complex and hetero-
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geneous than that of corresponding 
antibodies (10), there is a need for 
newer characterization approaches 
to supplement the traditionally used, 
labor-intensive, and time-consuming 

analytical approaches like competi-
tion enzyme-linked immunosorbent 
assay (ELISA) (11), reversed-phase (RP) 
high performance liquid chromatogra-
phy (HPLC) (12), protein precipitation, 

and solid-phase extraction (SPE) assay 
(13). By accessing 2D-LC technology, 
size exclusion chromatography (SEC) 
in the first dimension and RP in the 
second dimension, researchers have 
successfully analyzed the size-based 
heterogeneity, along with the con-
jugation and formulation of uncon-
jugated small molecule drugs (14).  
MS detectors have also been success-
fully used to identify small molecular 
species, thereby elucidating the deg-
radation pathways of the ADCs as well 
as to study the stability of an ADC at 
different temperatures and formula-
tion pHs (15). Although SEC in the 
first dimension characterized the ADC 
aggregates, RP-HPLC in the second 
dimension differentiated the small 
molecular degradation products (16). 
Researchers had successfully identi-
fied the major degradation pathways 

1D Pump

1D Autosampler

1D Column

Switching Valve
2D Pump

2D Column

Detector

MS

Comprehensive

Heart-Cut

Multiple heart-cut

FIGURE 1: General instrumentation of 2D-LC coupling with MS. 

TABLE I: Use of 2D-LC for analysis of aggregates in mAbs 

Sample 
type

One 
Dimension 

(1D)

Second 
Dimension 

(2D)

Third 
Dimension 

(3D)

Fourth 
Dimension 

(4D)
Coupling Description References

Recombi-
nant mAb

SEC RP NA ESI-MS
Fast and successful  

characterization of aggregates
(14,15)

Heat-
stressed 
recombinant 
mAb

SEC RP NA MS/MS

Increase in peak capacity of collected 
SEC fractions, more components 
detected in fractionated samples 

than unfractionated samples

(16,17)

Harvested 
cell culture 
sample

ProA SEC NA
Fast analysis of mAb  
titre and aggregates

(20,21)

Intact mAb  
and force  
degradated 
mAb

ProA

Fraction 
collection 

device after 
1D then SEC

NA
Inline fraction collection allowed 

better in-depth analysis of  
aggregate peak composition

(22,23)

Stressed 
mAbs

IEC SEC NA
Bridging of mAb charge and size 

variants in an online manner
(26)

mAb AEX SEC NA
Time saving method to test 

aggregates along with acidic variants 
(27)

mAb CEX SEC NA
To test aggregates along 

with basic variants
(28,29)

Aggregates 
mAb

ProA HIC SEC NA
Analysis of aggregates and rapid 

solid-solution mass transfer 
characteristics of the HIC phase

(30–32)

Stressed mAB SEC IEX NA nMS To analyze soluble aggregates (33–35)
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associated with drug antibody maleimide functional group 
linker by 2D SEC-RP association (17). 

The two most commonly used 2D-LC fractionation modes 
to analyze aggregates are comprehensive mode and the 
heart-cutting approach (18). The comprehensive mode repre-
sents constant cutting of the first-dimension eluent followed 
by transfer to the second-dimension to obtain a wide-ranging 
sample profile. In contrast, the heart cutting mode selects the 
specific peak of interest and transfers that particular peak to 
the second dimension. Hence, the heart-cutting mode has 
been reported to be more suitable for the separation different 
size variants in mAbs (19).

Aggregates have also been examined in analyzing har-
vested cell culture impurities while keeping SEC in the sec-
ond dimension. Protein-A (ProA) has often been used in 
the first dimension to facilitate mAb capture from a myriad 
of species in the harvest, which is followed by SEC in the 
second dimension for aggregate characterization in the 
second dimension (20). The 2D ProA-SEC platform has also 
been demonstrated to successfully estimate the titer as 
well as the percent aggregation in a relatively short time 
(4.5 min) of analysis (21). However, it has also been reported 
that lower pH mobile phase of ProA columns reduces the 
recovery rate of aggregates while passing through the SEC 
column in the second dimension (22). Therefore, 2D ProA-
SEC affords an oblique measurement to identify relative 
amounts of aggregates in different isolated areas of the 
ProA peak. Hence, in the ProA-SEC chromatogram, the first 
peak contains undesirable impurities of harvested samples, 
whereas the main peak contains protein aggregates includ-
ing monomer and fragments thereafter (23). Thus, the 2D 
ProA-SEC sequence affords an oblique measurement to 
identify relative amounts of aggregates in different isolated 
areas of the ProA peak. Researchers have also used 2D-LC 
to estimate high and low molecular weight size variants 
using SEC-multiangle light scattering (MALS) along with 
charge variants in the first dimension (24). 

A challenging task for researchers attempting to link size 
and charge based heterogeneities is that the process of iso-
lating each charge variant is quite rigorous, time consuming, 
and laborious (25). 2D-LC offers a solution to this conun-
drum via use of complementary modes such as ion exchange 
chromatography (IEC) and SEC in the two dimensions (26). 
Although anion exchange chromatography (AEX)-SEC has 
been used to investigate aggregation of acidic variants (27), 
cation exchange chromatography (CEX)–SEC has been used 
to examine aggregation of basic variants (28,29). 

Researchers have also attempted to improve recovery of 
aggregates in mAbs by using a novel hydrophobic capture 
phase as the injection loop in 2D-LC (30). A polyester capillary-
channeled polymer (C-CP) fiber was used as a hydrophobic 
chromatography (HIC) capture phase and placed in between 
the protein A and size exclusion compartments, functioning 
with the heart cutting mode. The study revealed that the par-
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ticular loop could enable higher recovery of aggregates (31). 
The ProA-HIC-SEC method has been proposed for testing 
the cell culture harvest in less than 10 min (32). Thus, the con-
cept of fraction collection loop is quite successful for 2D-LC 
based analysis of aggregates and researchers are attempting 
to deliver high permeability and rapid solid-solution mass 
transfer characteristics of the HIC phase.

To analyze soluble aggregates, researchers have used 
SEC-IEX hyphenated with native MS (nMS) (33). The resulting  
SEC-IEX-UV-nMS offered detection via UV absorbance and 
mass detection in a single method. This approach has been 
successfully applied for analyzing a significant spectrum of 
biologics and biotherapeutics, to separate growth hormones, 
oligomer state distributions of liraglutides in solutions with dif-
ferent pHs (34), and native states of homodimers and heterodi-
mers of force stressed studies of mAb mixtures (35). Research-
ers have indicated that by applying an external isocratic flow 
pump on a simple binary pump, any binary LC system can be 
transformed into a simple multi-dimensional analytical tool (35).

Conclusions
Researchers worldwide are showing increased interest in 
using 2D-LC for characterizing protein aggregates. Table I 
presents a summary of aggregation studies undertaken for 

mAbs specifically using SEC. It is evident that SEC in 2D-LC 
has also been used for excipient analysis during formulation 
development of mAbs, wherein methods like hydrophilic 
interaction chromatography (HILIC) and evaporative light 
scattering detector (ELSD) are usually employed in the sec-
ond dimension. Researchers around the globe have already 
started establishing analytical methods of up to three to four 
dimensions with significantly high resolution. The advan-
tages of 2D-LC are undoubtedly many. The technique can 
save time and labor, minimize product degradation, reduce 
manipulation and thus the chances of contamination, ensure 
product quality, and provide improved method attributes, 
including sensitivity, selectivity, and resolution. Of course, it 
is important to point out the challenges that are faced by 
users of 2D-LC as well. Incompatibility of solvents across 
two modes used for 2D-LC, higher complexity, more time 
required for analytical method development, and reproduc-
ibility are some of the hurdles that need to be crossed. How-
ever, there is no doubt that 2D-LC will continue to offer major 
developments in the time to come.
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All the other variables are dependent on
temperature. The average carrier gas veloc-
ity is dependent on the choice of carrier gas,
the column dimensions (length and inside
diameter), and temperature. The partition
coefficient depends on the chemical nature
of the analyte and stationary phase and the
retention factor depends on the partition
coefficient, column phase ratio and is further
related to the average carrier gas velocity.

In our next installment, we will exam-
ine these dependences and the assump-
tions upon which our traditional view of 
HETP, based on the “Golay Equation,” are 
founded. We will also discuss their relevance 
in today’s capillary GC The major changes 
between thinking about GC from the 1950s 
when these ideas were developed and today 
include: the nearly universal use of tempera-
ture programming, smaller diameter capil-
lary columns, thinner stationary phase films,  
and high vacuum column outlets, as seen 
in GC–mass spectrometry (MS). We will see 
that many of the traditional views that we 

were all taught (and still teach) about HETP, 
peak broadening and peak widths in gas 
chromatography deserve some new thinking. 
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In the fifth part of this six-part series, Cannabis Science 
& Technology sat down with Anthony Macherone, 
senior scientist and cannabis technical lead for Agilent 
Technologies to speak with Jodi McDonald, president and 
founder of Keystone Labs, about how poor-quality data can 
negatively impact a lab’s reputation, consumer confidence, 
and its repeat business. She shares tips and strategies 
to ensure the quality of cannabis and sample collection, 
sample preparation, and analysis.

MACHERONE: What kind of testing did Keystone Labs perform prior to cannabis testing?
MCDONALD: Keystone Labs is a third-party test lab. When I first started the company, we focused 
on providing testing solutions for pharmaceutical, medical-device, and natural-health product 
companies. We’ve worked with companies around the globe, but our focus has always been 
helping Canadian companies navigate the regulatory requirements as they innovate health 
products and bring them to market. We use lots of methods from the different pharmacopoeias—
from the European pharmacopeia to the U.S. Pharmacopeia. And our two key areas of focus are 
microbiology and analytical testing.

MACHERONE: How did the quality program you developed for the pharmaceutical 
environment meet the expectations of regulators and set you up for success?
MCDONALD: To provide testing support for Canadian companies, we’re required to hold an 
establishment license under GMP (good manufacturing practice) legislation, which means we have 
a robust quality framework. That is priority one for any test lab, no matter what industry they’re 
serving: a quality framework that gives your customers confidence and gives you confidence that 
the data you’re providing them is reliable and consistent. 

There are other quality programs and standards labs can choose from: ISO is a great example, but 
our lab focuses on GMP certification. However, any certification is important, especially in cannabis 
since there’s not a worldwide cannabis standard or even local cannabis standards for how testing is 
performed or what standards are used. 

Our quality program allows us to meet the expectations of regulators and set us up for success 
because it allows us to be confident in the three key areas of any lab: the equipment, the people 
performing the testing, and the processes used produce data. Knowing all three are well-defined 
and under control means when something unexpected happens, we can deal with it. For example, 
we received a letter from a supplier saying one of our key standards had been mislabeled for almost 
two years. (Many of the labs we work with in Canada also received the same letter.) But for us, 
having a robust quality program meant all of the information we needed to do a risk and impact 
assessment was easily accessible. All of the data we had produced in the affected time window had 
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very little impact to our clients and no recalls came from this unexpected 
event. At the end of the day, that’s what a quality program allows you to 
do: deal with the unexpected moments.

MACHERONE: When you transitioned into a cannabis-testing lab, 
what best practices did you roll over from the pharmaceutical side of 
the business and why?
MCDONALD: Our whole business philosophy is about providing quality 
data to our clients. With that in mind, we identified five key areas for our 
success: quality, consistency, building a strong reputation, listening to our 
clients when things are going well and when things are not going as they 
expected, and focusing on science. These same business practices applied 
when we entered the cannabis market and were critical for building a 
reputation in the marketplace. Cannabis is a complex matrix to test. Labs 
entering the cannabis market need to understand that reliable data allows 
their clients to build consistent products and consistent processes. If the 
labs aren’t providing consistent and reliable data, clients don’t stay.

The Canadian market isn’t large, so for a Canadian company to be 
successful, they need to have their eyes set on the global marketplace. 
Entering into other legal markets around the world means you need to 
comply with local legislation and regulations for cannabis production 
and sale. So, having a test lab that provides you with consistent quality 
data focused on science, grounded in good validation and good quality 
practices, allows you to enter and be successful in those new markets.

MACHERONE: Which areas, i.e., sample prep/data analysis/data 
reporting are affected by data quality the most?
MCDONALD: It’s all important, but if you break it down, with a good 
sample and a good method, the potential to produce reliable, consistent 
data increases. Data analysis is part-and-parcel of a good method, 
whereas reporting the data is the final production step. The final report, 
in the form of a label, needs to be presented to your client in a way that is 
meaningful to them and enables the client to use your data as a resource. 
That means the hard work you put in before preparing a good sample—
making sure your method and equipment are robust, ensuring your staff is 
trained and knows how to navigate the ins and outs of cannabis—the final 
report is represented by the key parameters of quality.

MACHERONE: What information should be included in the final 
report that the customer can use and learn from and understand 
what you’re doing?
MCDONALD: In Canada, a lot of this is defined by legislation and has to 
be presented on the certificate of analysis (CofA): Who performed the 
analysis? When was the testing performed? What equipment was used? 
When was the last time the method and equipment were validated? What 
are the limits of detection or limits of quantitation? What is the sample 
identifier? It also requires the analyst’s signature to verify the testing is 
complete. Our quality assurance (QA) team reviews everything from the 
pipettes that was used for dilutions and the last time calibration and 
maintenance were performed on any equipment used during the process. 
All of those items—calculations, sample prep steps, quality control, 

etc.—are reviewed. The final step is our QA team signs off, which means 
everything met the requirements of our quality system.

MACHERONE: Can you share tips and strategies that laboratories can 
follow to ensure data quality in a cannabis testing lab?
MCDONALD: Three key things come to mind: sample collection, sample 
preparation, and sample analysis. 

Sample collection.  A sampling plan is critical. In Canada, labs don’t have 
to do the sampling in the facility. In other jurisdictions around the world, 
it’s the responsibility of the lab to go onsite to a producer and collect the 
sample. It doesn’t matter who’s doing the sampling; there just needs to be 
a well-defined sampling plan. An important part of applying that sampling 
plan is taking a representative sample. Consistency in the sample collected 
means consistency, hopefully, in the data that is produced from it. 

Sample preparation. Different regions have different requirements for 
sample preparation. Labs need to understand what regulatory framework 
they are working under and comply with the requirements of preparation 
and testing. In Canada, for example, in potency, you have to test the 
sample as it’s received in your lab; you can’t do any additional preparation 
steps that might impact the outcome of the potency. Once the sample 
arrives in the lab, the first step is ensuring a sample plan was followed to 
prepare the sample. The second step is in-house representative sampling. 
In our lab, we take out the microbial samples, so microbial tests are not 
contaminated by other tests that have to be taken from the same sample. 
Next, we grind the entire sample and do a botanical quartering to make 
sure we’re not handpicking one juicy bud over a weak-looking bud to do 
the potency testing. The third step is sample preparation. What’s key here 
is the quantity of the sample that is required to process and get consistent, 
reliable data. Any extraction method parameters—the type of solvent, the 
volume of the extraction solvent, the ratio of the solvent to the sample, the 
length of extraction, etc.—are part of the method development and method 
validation that a client will ask to see. Another key factor when it comes to 
potency is the size of the grind of the material. On Fridays we used to get 
low potency results because people were in a rush to get out of the lab, so 
they weren’t grinding the sample thoroughly. That meant there wasn’t a lot 
of surface area for the solvents to interact with, which meant the potency 
was lower. We’ve done a lot of work deconstructing our potency methods 
to see which parameters require specific attention to get consistent, 
reliable data. 

Sample analysis. Optimizing your sample analysis means you need a 
validated method. You need to be using qualified equipment that’s on 
a routine maintenance and calibration schedule. This means having 
a trained staff who knows how troubleshoot the instruments, sample 
prep, and method. Reliable vendors are also important. Without reliable 
partners, everything falls apart, and you can’t do effective sample 
preparation. Your sample analysis is often delayed or suspect, because 
you don’t have the materials you described in your method under your 
validation parameters.
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establishment license under GMP (good manufacturing practice) legislation, which means we have 
a robust quality framework. That is priority one for any test lab, no matter what industry they’re 
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the data you’re providing them is reliable and consistent. 
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because it allows us to be confident in the three key areas of any lab: the equipment, the people 
performing the testing, and the processes used produce data. Knowing all three are well-defined 
and under control means when something unexpected happens, we can deal with it. For example, 
we received a letter from a supplier saying one of our key standards had been mislabeled for almost 
two years. (Many of the labs we work with in Canada also received the same letter.) But for us, 
having a robust quality program meant all of the information we needed to do a risk and impact 
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very little impact to our clients and no recalls came from this unexpected 
event. At the end of the day, that’s what a quality program allows you to 
do: deal with the unexpected moments.

MACHERONE: When you transitioned into a cannabis-testing lab, 
what best practices did you roll over from the pharmaceutical side of 
the business and why?
MCDONALD: Our whole business philosophy is about providing quality 
data to our clients. With that in mind, we identified five key areas for our 
success: quality, consistency, building a strong reputation, listening to our 
clients when things are going well and when things are not going as they 
expected, and focusing on science. These same business practices applied 
when we entered the cannabis market and were critical for building a 
reputation in the marketplace. Cannabis is a complex matrix to test. Labs 
entering the cannabis market need to understand that reliable data allows 
their clients to build consistent products and consistent processes. If the 
labs aren’t providing consistent and reliable data, clients don’t stay.

The Canadian market isn’t large, so for a Canadian company to be 
successful, they need to have their eyes set on the global marketplace. 
Entering into other legal markets around the world means you need to 
comply with local legislation and regulations for cannabis production 
and sale. So, having a test lab that provides you with consistent quality 
data focused on science, grounded in good validation and good quality 
practices, allows you to enter and be successful in those new markets.

MACHERONE: Which areas, i.e., sample prep/data analysis/data 
reporting are affected by data quality the most?
MCDONALD: It’s all important, but if you break it down, with a good 
sample and a good method, the potential to produce reliable, consistent 
data increases. Data analysis is part-and-parcel of a good method, 
whereas reporting the data is the final production step. The final report, 
in the form of a label, needs to be presented to your client in a way that is 
meaningful to them and enables the client to use your data as a resource. 
That means the hard work you put in before preparing a good sample—
making sure your method and equipment are robust, ensuring your staff is 
trained and knows how to navigate the ins and outs of cannabis—the final 
report is represented by the key parameters of quality.

MACHERONE: What information should be included in the final 
report that the customer can use and learn from and understand 
what you’re doing?
MCDONALD: In Canada, a lot of this is defined by legislation and has to 
be presented on the certificate of analysis (CofA): Who performed the 
analysis? When was the testing performed? What equipment was used? 
When was the last time the method and equipment were validated? What 
are the limits of detection or limits of quantitation? What is the sample 
identifier? It also requires the analyst’s signature to verify the testing is 
complete. Our quality assurance (QA) team reviews everything from the 
pipettes that was used for dilutions and the last time calibration and 
maintenance were performed on any equipment used during the process. 
All of those items—calculations, sample prep steps, quality control, 

etc.—are reviewed. The final step is our QA team signs off, which means 
everything met the requirements of our quality system.

MACHERONE: Can you share tips and strategies that laboratories can 
follow to ensure data quality in a cannabis testing lab?
MCDONALD: Three key things come to mind: sample collection, sample 
preparation, and sample analysis. 

Sample collection.  A sampling plan is critical. In Canada, labs don’t have 
to do the sampling in the facility. In other jurisdictions around the world, 
it’s the responsibility of the lab to go onsite to a producer and collect the 
sample. It doesn’t matter who’s doing the sampling; there just needs to be 
a well-defined sampling plan. An important part of applying that sampling 
plan is taking a representative sample. Consistency in the sample collected 
means consistency, hopefully, in the data that is produced from it. 

Sample preparation. Different regions have different requirements for 
sample preparation. Labs need to understand what regulatory framework 
they are working under and comply with the requirements of preparation 
and testing. In Canada, for example, in potency, you have to test the 
sample as it’s received in your lab; you can’t do any additional preparation 
steps that might impact the outcome of the potency. Once the sample 
arrives in the lab, the first step is ensuring a sample plan was followed to 
prepare the sample. The second step is in-house representative sampling. 
In our lab, we take out the microbial samples, so microbial tests are not 
contaminated by other tests that have to be taken from the same sample. 
Next, we grind the entire sample and do a botanical quartering to make 
sure we’re not handpicking one juicy bud over a weak-looking bud to do 
the potency testing. The third step is sample preparation. What’s key here 
is the quantity of the sample that is required to process and get consistent, 
reliable data. Any extraction method parameters—the type of solvent, the 
volume of the extraction solvent, the ratio of the solvent to the sample, the 
length of extraction, etc.—are part of the method development and method 
validation that a client will ask to see. Another key factor when it comes to 
potency is the size of the grind of the material. On Fridays we used to get 
low potency results because people were in a rush to get out of the lab, so 
they weren’t grinding the sample thoroughly. That meant there wasn’t a lot 
of surface area for the solvents to interact with, which meant the potency 
was lower. We’ve done a lot of work deconstructing our potency methods 
to see which parameters require specific attention to get consistent, 
reliable data. 

Sample analysis. Optimizing your sample analysis means you need a 
validated method. You need to be using qualified equipment that’s on 
a routine maintenance and calibration schedule. This means having 
a trained staff who knows how troubleshoot the instruments, sample 
prep, and method. Reliable vendors are also important. Without reliable 
partners, everything falls apart, and you can’t do effective sample 
preparation. Your sample analysis is often delayed or suspect, because 
you don’t have the materials you described in your method under your 
validation parameters.
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Acid-Catalyzed Isomerization of Carbonyls-2,4-
dinitrophenylhydrazone in Mainstream Smoke of 
Heat-Not-Burn Tobacco Product for HPLC Analysis
Carbonyls (such as acrolein, acetaldehyde, and formaldehyde) are the critical type of carcinogens and toxicants contained within 
the heat-not-burn (HNB) tobacco products. Using HNB products can have negative effects on human health; therefore, it is 
important to measure carbonyl contents within the HNB mainstream smoke. Typically, the 2,4-dinitrophenylhydrazine (DNPH) 
approach involves forming the 2,4-dinitrophenylhydrazone derivatives, which is the most extensively adopted approach to 
qualitatively and quantitatively analyze carbonyl compounds. However, the approach can result in analytical error because 
2,4-dinitrophenylhydrazones contains the E-stereoisomer as well as the Z-stereoisomer. Only an E-isomers exists in the purified 
carbonyls-2,4-dinitrophenylhydrazone, but when acid is added, the E-isomer and Z-isomer can be observed. For propionaldehyde-, 
acetaldehyde-, crotonaldehyde-, acrolein-, and 2-butanone-2,4-dinitrophenylhydrazones, their equilibrium Z/E isomer ratios are 
0.143, 0.309, 0.093, 0.028, and 0.154. In the case of adding trace water into hydrazone derivatives dissolved within the acetonitrile 
solution, the derivative contents decrease, whereas the free DNPH content increases. Therefore, catalytic acid should be added in 
the low content. To determine carbonyls-2,4-dinitrophenylhydrazones through HPLC, the optimal approach is adding phosphoric 
acid into the samples and the standard reference solution to form the 0.02–1.0% acid solution.

Hongfei Zhang, Fengpeng Zhu, Chao Chen, Xiangyu Li, Yanbo Luo,  
Xingyi Jiang, Yongqiang Pang, Wenliang Zhang, Hongwei Hou, and Qingyuan Hu

Smoking increases the risk of humans 
contracting various diseases and even 

death. Therefore, numerous smokers have 
begun to search for tobacco products that 
have decreased health risks. According to 
the definition from the Family Smoking Pre-
vention and Tobacco Control Act 2009, the 

“modified risk tobacco product (MRTP) is the 
tobacco product distributed and sold aiming 
to decrease the risks of harm and tobacco-
associated disorders (1).” MRTPs for injury 
reduction is specifically targeted at smokers 
who are unwilling or unable to quit smoking. 
As a MRTP candidate, the Tobacco Heat-
ing System (THS) 2.2 (marketed as IQOS) 
is one of the heat-not-burn (HNB) tobacco 
products that are distinguished from tradi-
tional “burn” tobacco by their additives and 
processing differences. THS 2.2 is an electri-
cally heated cigarette. When smoking a THS 
2.2, the cigarette is kept unburned, and the 
temperature is lower than the ignited end. 
As a result, such products heated by elec-
tricity can decrease pyrolysis, leading to the 
decreased contents of harmful and poten-
tially harmful constituents (HPHCs) within the 
produced smoke (2–7).

Cigarette smoke is a complicated mixture 
constituted by over 5000 identified chemicals, 

which can be classified as particulate matter 
(PM) and gas phase matter; typically, over 50 
of these chemicals are carcinogenic (8–10). In 
the monographs by the International Agency 
for Research on Cancer (IARC) (11), the harm-
ful substance carbonyl compounds, includ-
ing ketones and aldehydes contained within 
the cigarette smoke, aroused wide atten-
tion in the biochemistry and environmental 
chemistry fields. Chronic exposure to the 
formaldehyde content poses an increased 
risk to human beings (12–15). In 2004, form-
aldehyde was reclassified by the IARC as a 
class 1 human carcinogen that may cause 
nasopharyngeal carcinoma, and it was stated 
that occupational formaldehyde exposure is 
evidently related to leukemia (16). Addition-
ally, acetaldehyde can lead to higher risks of 
esophageal, head, and neck cancer (17–19). 
Acrolein is not suspected as a human car-
cinogen because no existing study has 
reported that it can induce carcinogenic-
ity of human cells. Nonetheless, rat studies 
discovered that ingestion, not inhalation, will 
lead to an increased risk of cancerous tumors. 
According to research in recent years, acro-
lein in cigarette smoke is associated with an 
increased risk of lung cancer (20).Therefore, it 
is significant to measure carbonyl concentra-

tion within HNB smoke and to assess how 
HNB tobacco products affect human health. 

Carbonyl compounds are among those 
major toxicants within the HNB smoke. 
According to the Food and Drug Administra-
tion (FDA) in the United States, eight carbonyl 
compounds, including acetaldehyde, formal-
dehyde, acetone, acrolein, crotonaldehyde, 
propionaldehyde, 2-butanone, and butyr-
aldehyde, are listed among the 93 harmful 
and potentially harmful components (HPHCs). 
Currently, the most widely adopted approach 
to determine ketones and aldehydes is to 
form the stable Schiff bases (C=N) accord-
ing to the reaction between the amino (NH2) 
fraction and the carbonyl (C=O) counterpart.  
As far as high performance liquid chromatog-
raphy (HPLC) analysis is concerned, derivatiza-
tion plays an important role. For over 70 years, 
ketones and aldehydes have been known to 
react with 2,4-dinitrophenylhydrazine (DNPH) 
for the formation of relevant hydrazone 
derivatives. Once formed, the derivatives 
are separated by HPLC, and an UV detec-
tion wavelength is selected for the maximum 
absorption of hydrazone (usually 360 nm),  
as first reported by Allen (21) and Brady (22). 
For the DNPH approach, its major merit lies in 
its capacity to simultaneously analyze different 



WWW.CHROMATOGRAPHYONLINE.COM JANUARY 2022  LCGC NORTH AMERICA  VOLUME 40 NUMBER 1  35

ketones and aldehydes within the complicated mixture. The DNPH 
acid solution in the impinging sampler can be used for sampling (23), 
or the acid DNPH-coated Cambridge filter can be used for sampling. 
Because of the importance of this method, some national standardiza-
tion protocols have introduced it as a standard procedure, even though 
isomer analysis is difficult (24,25). Although the formation of the isomer 
2,4-dinitrophenylhydrazone is well-known, hardly anyone has noticed 
that there may be some analytical issues in determining ketones and 
aldehydes within the HNB smoke. In particular, when smoke samples 
are prepared, the occurrence or extent of isomerization is unclear.

Uchiyama and others (26–28) elucidated the isomerization mecha-
nism of 2,4-dinitrophenylhydrazone. E-isomer alone was contained in 
aldehyde-2,4-dinitrophenylhydrazone after purification. However, both 
E- and Z-isomers appeared under UV irradiation and acid addition.  
As suggested by such findings, the addition of phosphoric acid to the 
standard solution and sample for the formation of a 0.003–0.15 mol/L 
acid solution is the optimal approach to determine aldehyde-2,4-dini-
trophenylhydrazine using HPLC.

Therefore, the reaction between aldehydes and DNPH has been 
studied, but almost nothing is known about the simultaneous detec-
tion of acetaldehyde, formaldehyde, acetone, acrolein, crotonaldehyde, 
propionaldehyde, 2-butanone, and butyraldehyde within the smoke. 
The present work aimed to examine the impacts of adding phosphoric 
acid and water on isomerization and decomposition, respectively, of 
the above-mentioned eight carbonyl derivatives. The HPLC approach 
was put forward to determine carbonyl-2,4-dinitrophenylhydrazone 
within the HNB mainstream smoke.

Materials and Methods
Instruments 
The HPLC system consisted of a 1290 Infinity LC system (Agilent Tech-
nologies) with a diode array detector. A 25 × 0.46 cm (i.d.) Acclaim 
Explosives E2 column was provided by Thermo Fisher Scientific Inc. 
An SM450 linear smoking machine from Cerulean was used for col-
lecting carbonyls in the HNB mainstream smoke.

Reference Substances and Reagents
Deionized water was further purified by the Milli-Q water system 
(Millipore) and was utilized in HPLC and in preparing samples.  
Phosphoric acid and acetonitrile (85%, w/v, dissolved within water) 
were provided by Chemicell Scientific. The 2,4-dinitrophenylhydra-
zine was obtained from Chemicell Scientific, which was subjected 
to recrystallization within acetonitrile prior to use in order to remove 
water. The standard 2,4-dinitrophenylhydrazone derivatives of the 
above-mentioned eight carbonyl substances (including acetaldehyde, 
formaldehyde, acetone, acrolein, crotonaldehyde, propionaldehyde, 
2-butanone, and butyraldehyde) were synthesized by Sigma–Aldrich. 
The Cambridge glass fiber filter (44 mm diameter) used was from 
Cerulean. The Tobacco sheet and THS 2.2 systems were obtained 
from Philip Morris International. 

Measurement of E- to Z- Isomerization with Phosphoric Acid
For this study, 1 mL of the 1 mmol/L carbonyls-2,4-dinitrophenylhydra-
zone was made within the 10 mL volumetric flask. For preparing the  

10−7−10−1 mol/L acetonitrile/phosphoric acid solutions; we added 
aliquots of the 0.001, 0.01, 0.1, and 1 mol/L acetonitrile–phosphoric 
acid solutions, followed by immediate dilution with acetonitrile to 10 
mL volume. At 0.16, 22, 40, 52, and 100 h later, the HPLC was adopted 
to analyze the solutions using the autosampler at 25 °C. Thereafter, 
the isomer ratio was determined based on the peak area at the maxi-
mum spectrum. 

Decomposition of Carbonyls-2,4-Dinitrophenylhydrazones
For this study, 1 mL carbonyl-2,4-dinitrophenylhydrazine (1 mmol/L) 
flask was prepared in a 10 mL capacity. To be specific, the 1 mol/L ace-
tonitrile/phosphoric acid solutions were mixed with 0, 100, 200, 500, or 
1000 µL water, followed by immediate dilution with acetonitrile to 10 mL, 

TABLE I: The wavelengths with maximum absorbance of E- and Z-isomers

Derivative
(Z)-Isomer
Max (nm)

(E)-Isomer
Max (nm)

Formaldehyde-2,4- 
dinitrophenylhydrazone

----- 357

Acetaldehyde-2,4- 
dinitrophenylhydrazone

360 365

Acetone-2,4-dinitrophenylhydrazone ----- 365

Acrolein-2,4-dinitrophenylhydrazone 358 365

Propionaldehyde-2,4- 
dinitrophenylhydrazone

358 365

Crotonaldehyde-2,4- 
dinitrophenylhydrazone

359 365

2-Butanone -2,4-dinitrophenylhydrazone 359 365

Butyraldehyde-2,4- 
dinitrophenylhydrazone

359 365

----- Not measured
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VISUAL A: Proposed isomerization of protonated carbonyl-2,4-
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yielding the water content of 0.056, 6.1, 12, 28, or 56 mmol/L, respec-
tively. Later, HPLC was conducted to analyze the solutions under 25 °C.

HNB Mainstream Smoke Carbonyls Isomers Analysis
Before smoking, the consumable cigarette stick is adjusted to 22 

°C and 60% RH for at least 48 h before smoking. The SM450 lin-
ear smoking machine was employed for smoking. The automatic 
machine was utilized in the THS 2.2 system for heating the expend-
able cigarette stick for approximately 6 min by pressing the start 
button after ignition. In the working state, the cigarette is controlled 
in the non combustion state under the heating state, and the length 
of consumables remains unchanged after smoking, which makes 
the wind speed control inaccurate.

The smoke was produced in accordance with the International 
Organization For Standardization (ISO; 35 mL blow, 2 s dura-
tion, 60 s interval) and Canadian Department of Health intensive 
(HCI; 55 mL blow, 2 s duration, 30 s interval, ventilation blockage)  
methods (29,30).

Using a Cambridge filter coated with DNPH solution, the carbonyl 
compounds in the mainstream smoke of five consumable cigarette 
sticks were determined by HPLC. Approximately 1.5 g of recrystal-
lized DNPH was dissolved in 100 mL acetonitrile and 70 μL phos-
phoric acid to prepare the DNPH solution. The two Cambridge filters 
were put together, and 2 mL of the DNPH solution was added and 
then left for 30 min before smoking. After smoking, the Cambridge 
filter was transferred to a scintillation vial, and 50 mL acetonitrile con-
taining 2% pyridine was added to extract carbonyl compounds, and 
stored at 4 °C for HPLC diode array detection (DAD) analysis.

A 25 × 0.46 cm (i.d.) Acclaim Explosives E2 column was used.  
The eluent contained water and acetonitrile. For the mobile phase, 
the injection volume and flow rate were 10 µL and 1.5 mL/min, respec-
tively. The diode array detector was set at 365 nm. An optimized gra-
dient for isomer separation of acetonitrile–water was employed as 
follows: (water [A] and acetonitrile [B]): Start with 50% v/v A, then go 
up to 20 min 50% v/v A, up to 25 min to 40% v/v A, up to 30 min 40% 
v/v A, up to 35 min to 20% v/v A, up to 40 min 10% v/v A, up to 41 min 
to 50% v/v A, and finally, up to 45 min 50% v/v A.

Results and Discussion
Optimization of the Isomer Separation Condition 
The analytical conditions of E- and Z-isomers of carbonyl-2,4-dinitro-
phenylhydrazone were investigated by three different HPLC columns. 
In HPLC, it is difficult to separate the E-isomer from the Z-isomer in 
the carbonyl-2,4-dinitrophenylhydrazone. Figures 1a and 1b show 
that the two isomers were successfully separated using an Explo-
sive E2 column. It is based on high-purity silica and an alkyl amide 
reversed-phase column. Compared to the simple hydrophobic affin-
ity of the C18 alkyl, the presence of alkyl amide group makes the 
column have a different selectivity. Two retention mechanisms may be 
responsible for the presence of alkyl along with alkyl amide groups in 
the E2 column. The first one is related to the affinity for hydrophobic 
alkyl, whereas the second one is related to the interaction of amide 
groups with the polar groups in 2,4-dinitrophenylhydrazine deriva-
tives. Therefore, the E2 column has unique selectivity and applicabil-
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ity, which allows the E- and Z-isomers of 2,4-dinitrophenylhydrazine 
derivatives to have enough separation. The isomers of carbonyl-
2,4-dinitrophenylhydrazone were completely separated in the chro-
matogram generated by the E2 column.

No Z-isomer was detected in the purified carbonyl-2,4-dinitro-
phenylhydrazone. Nonetheless, when little phosphoric acid was 
added, isomerization occurred. The chromatograms for the phos-
phoric acid sample and acid-free standard solutions of eight car-
bonyl-2,4-dinitrophenylhydrazine derivatives are shown in Figure 1.  
The Z- and E-isomer peaks were observed in the acid solution, 
whereas only E-isomer peaks were seen in the acid-free solution.

UV–Vis Spectra of Isomers
Figure 2 shows the UV-vis spectra of the E- and Z-isomers of acet-
aldehyde-2,4-dinitrophenylhydrazine. The E-isomer showed distinct 
spectral profiles and maximal absorption wavelength from those 
of the Z-isomer (at 365 and 360 nm, separately). For the remaining 
carbonyl-2,4-dinitrophenylhydrazone isomers, they showed similar 
spectral distribution to the acetaldehyde-2,4-dinitrophenylhydrazone 
isomer. Compared with the E-isomer, the Z-isomer had the maximal 
absorption wavelength shifted to a shorter wavelength by 5–8 nm 
(Table I) (26,27). 

The E-isomer and Z-isomer contents should be used to obtain the 
precise isomer ratio. Nonetheless, the concentration of Z-isomer can-
not be determined due to the absence of standard reagents. As a 
result, we defined isomer ratio as the ratio of peak area, which was 
determined based on the maximal wavelength of E-isomer (365 nm).

E to Z Isomerization with Phosphoric Acid
It was stated in a previous section that the Z-isomer was not 
observed in the purified carbonyl-2,4-dinitrophenylhydrazone;  
by contrast, isomerization may be detected when trace phos-
phoric acid was added or under UV radiation conditions.  
The alterations in isomer ratios for the carbonyl-2,4-dinitrophenyl-
hydrazone derivatives under varied contents of phosphoric acid 
are presented in Figure 3. In the presence of 0.0001% phosphoric 
acid, a small amount of isomerization was observed, whereas 
0.004% phosphoric acid significantly increased the isomer ratio. 
The equilibrium isomer ratio of acetaldehyde-2,4-dinitrophenyl-
hydrazine was about 0.31. At lower acid concentration, the equi-

librium isomer ratio reached 0.31 with the extension of reaction 
time. After 22 h of reaction, the identical curve associated with 
the equilibrium isomer ratio was seen within the phosphoric acid 
concentration range of 0.001–0.005%.

Acrolein-2,4-dinitrophenyl hydrazone, propionaldehyde-2,4-di-
nitrophenyl hydrazone, crotonaldehyde-2,4-dinitrophenylhydra-
zone and 2-butanone-2,4-dinitrophenylhydrazone derivatives dis-
played similar behaviors. For each reaction system with the addition 
of phosphoric acid, no reduced content because of degradation  
was detected.

The isomerization of protonated carbonyl-2,4-dinitrophenylhy-
drazones within the acidic solution probably took place by the 
reaction shown in Visual A. 
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The phosphate ion served as the catalyst to isomerize carbonyl-
2,4-dinitrophenylhydrazone, which was not involved in the equilibrium 
isomer ratio constant. The effect of alkyl substituents on the isomeri-
zation rate is very small. Other 2,4-dinitrophenylhydrazine derivatives 
exhibit similar behavior to acetaldehyde-2,4-dinitrophenylhydrazine and 
have similar equilibrium isomer ratios (Table II). The isomer ratio of butyr-
aldehyde-2,4-dinitrophenylhydrazine cannot be determined by HPLC.

Decomposition of Carbonyl S-2,4-Dinitrophenylhydrazones 
with Phosphoric Acid and Water
Carbonyl substances, such as ketones, can form hydrazones through 
the reaction with DNPH (31). In this reaction, acid at the catalytic dose 
is needed. Besides, the protonated hydrazone can be formed from 
oxygen protonated intermediate by losing a proton after removing 
water. The hydrazone formation process can be reversible. Hydrazone 
derivatives within acidic water solution can be hydrolyzed back to pro-
duced DNPH and carbonyl substances; later, the reaction equilibrium 

can be reached. Phosphoric acid plays a catalytic role in increasing the 
reaction rate, but does not affect the equilibrium constant.

In the isomerization reaction, the concentration of the deriva-
tives decreased because of the degradation and formation of 
DNPH. Figure 4 shows the decomposition process of eight car-
bonyl 2,4-dinitrophenylhydrazone in phosphoric acid. The results 
show that with the increase of phosphoric acid concentration, only 
acetone-2,4-dinitrophenylhydrazone and 2-butanone-2,4-dinitro-
phenylhydrazone continuously degrade; acetaldehyde-2,4-dinitro-
phenylhydrazone only degrades at very low concentration of phos-
phoric acid, and then remains stable with the increase of phosphoric  
acid concentration.

Figure 5 shows the decomposition reaction of eight carbonyl 
2,4-dinitrophenylhydrazones with water. As suggested by these 
findings, continuous degradation was only observed in acetone 
and 2-butanone 2,4-dinitrophenylhydrazones as the water content 
increased; other aldehydes-2,4-dinitrophenylhydrazone remained 
stable with the increase of water concentration; DNPH concentra-
tion increased significantly with the increase of water concentration. 
The results show that the decrease of derivative concentration is 
because of the presence of H2O in phosphoric acid. For hydrazone 
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TABLE II: Z/E isomer ratios for different carbonyls-2,4-
dinitrophenylhydrazone derivatives  within the sample and 
standard solutions containing 0.1% (v/v) phosphoric acid

Derivative
Sample 
Solution

Standard 
Solution

Formaldehyde-2,4- 
dinitrophenylhydrazone

----- -----

Acetaldehyde-2,4- 
dinitrophenylhydrazone

0.309 0.308

Acetone-2,4-dinitrophenylhydrazone ----- -----

Acrolein-2,4-dinitrophenylhydrazone 0.027 0.026

Propionaldehyde-2,4- 
dinitrophenylhydrazone

0.137 0.138

Crotonaldehyde-2,4- 
dinitrophenylhydrazone

0.091 0.090

2-Butanone -2,4-dinitrophenylhydrazone 0.150 0.151

Butyraldehyde-2,4- 
dinitrophenylhydrazone

----- -----

----- Not measured
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derivatives of aldehydes, at all experimental 
conditions, aldehyde-2,4-dinitrophenylhy-
drazone remained undegraded. 

Figure 6 shows the isomer changes of 
acetaldehyde-2,4-dinitrophenyl hydrazone, 
acrolein-2,4-dinitrobenzene hydrazone, propi-
onaldehyde-2,4-dinitrophenyl hydrazone, cro-
tonaldehyde-2,4-dinitrobenzone hydrazone 
and 2-butanone-2,4-dinitrophenylhydrazone 
derivatives in different aqueous solutions. The 
results showed that the Z/E ratio of 2-butanone-
2,4-dinitrophenylhydrazone decreased with 
the increase of water concentration, whereas 
the Z/E ratio of aldehyde-2,4-dinitrophenylhy-
drazone remained stable with the increase of  
water concentration.

Figure 7 shows the variation of isomer ratios 
of acetaldehyde-2,4-dinitrophenylhydrazone, 
acrolein-2,4-dinitrophenylhydrazone, pro-
pionaldehyde-2,4-dinitrophenylhydrazone, 
butyraldehyde-2,4-dinitrophenylhydrazone 
derivatives and 2-butanone-2,4-dinitro-
phenylhydrazone derivatives over time. The 
results showed that the Z/E ratio of 2-buta-
none-2,4-dinitrophenylhydrazone decreased 
with time, whereas aldehyde-2,4-dinitro-
phenylhydrazone remained stable.

Results of Carbonyls Isomers  
in HNB Mainstream Smoke 
When the mainstream smoke sample is 
extracted through a DNPH coated filter, car-
bonyl groups are derived. The filter-coated 
DNPH contained phosphoric acid, which 
was the essential catalyst used to catalyze 
the reaction between the DNPH and car-
bonyl substances. The sample derivation 
process is an acidic solution. Therefore, 
E- and Z-isomers were observed simulta-
neously when the extract was analyzed by 
HPLC as shown in Figure 1. 

According to reference (32), the equilib-
rium of Z/E-isomerization may be affected 
by solvents, especially trace acids. There-
fore, the single isomer peak area can only 
be used to quantify the results in the case 
of identical conditions for sample prepara-
tion, smoke sampling, along with calibration 
method. We concluded the peak areas for 
Z- and E-isomers briefly. The correct results 
can be obtained only when the molar extinc-
tion coefficients of the two isomers are equal 
at the selected wavelength. According to the 
peak area of the compounds studied, the 

calibration curve shows linearity and repro-
ducibility, which was not affected by the iso-
mer ratio and sampling conditions. It was dis-
covered that each compound had similar or 
equal extinction coefficients of both isomers. 
As a result, for the eight carbonyl 2,4-dinitro-
phenylhydrazine substances, their total peak 
areas might be used to calibrate and quan-
tify the results, which was not affected by the 
diverse sampling conditions.

Table III shows the transfer of carbonyl 
isomers in HNB mainstream smoke under 
ISO and HCI smoking protocols. Our results 
show that the release ratio of carbonyl iso-
mers of HNB is similar under two different 
machine smoking methods (ISO and HCI). 
We found that the release of acetaldehyde 
from HNB was the highest by ISO and HCI, 
followed by acetone and formaldehyde.  
Because acetaldehyde is the most abundant 
carcinogen in cigarette smoke, and the Z/E 
isomer ratio of acetaldehyde under ISO 
method is the largest (0.309), this discovery 
is of great significance. Similar to acetalde-
hyde, the Z/E isomer ratios of propionalde-
hyde and 2-butanone are higher, which are 
0.143 and 0.154 respectively under the ISO 
method. Acrolein is a serious respiratory 
and cardiovascular toxicant. The Z/E isomer 
ratios of acrolein were 0.028 and 0.027, 
respectively. Similar to acrolein, the Z/E iso-

mer ratio of crotonaldehyde is low, which 
is 0.093 and 0.090 respectively by the ISO 
method and HCI method.

These findings suggest that both Z- and 
E-isomers should be regulated if FDA reg-
ulates the carbonyl transfer of HNB. This 
information helps to guide FDA regulation 
of HNB, in particular for formulating suit-
able product standards and warning the 
possible toxic effect on exposing to such 
substances to the public.

Conclusion
The formation of Z and E isomers of 2,4-dini-
trophenylhydrazone may cause analysis 
problems when a 2,4-dinitrophenylhydra-
zine coated filter is used to determine 
carbonyls in HNB mainstream smoke.  
The purified 2,4-dinitrophenylhydrazine 
derivatives contained only E-isomer. None-
theless, part of E-isomer is transformed to 
Z-isomer following the addition of a cata-
lytic acid. As a result, adding phosphoric 
acid at an identical dose into the standard 
solution is necessary for the formation of 
identical isomer ratio to that of sample 
solution. The ketone hydrazone derivatives 
will be hydrolyzed back into DNPH and 
carbonyl substances in the acidic water 
solution. In this regard, catalytic acid at the 
lowest dose should be adopted.

TABLE III: Carbonyl isomers found in HNB Mainstream smoke under ISO and HCI smoking 
protocols

ISO HCl

Derivative
(Z)-Isomer

(µg/cig)
(E)-Isomer

(µg/cig)

Z/E 
Isomer 
Ratio

(Z)-Isomer
(µg/cig)

(E)-Isomer
(µg/cig)

Z/E 
Isomer 
Ratio

Formaldehyde- 
DNPH ----- 15.00 ----- ----- 45.64 -----

Acetaldehyde- 
DNPH 41.85 135.36 0.309 51.42 167.34 0.307

Acetone-DNPH ----- 20.94 ----- ----- 37.93 -----

Acrolein-DNPH 0.11 4.02 0.028 0.23 8.52 0.027

Propionaldhyde-
DNPH 0.97 6.83 0.143 4.04 28.82 0.140

Crotonaldhyde- 
DNPH 0.26 2.84 0.093 0.85 9.43 0.090

2-Butanone- 
DNPH 0.73 4.73 0.154 1.10 7.24 0.152

Butyraldhyde- 
DNPH ----- 15.44 ----- ----- 21.73 -----

----- Not measured
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Only when the proportion of isomers is constant, it is possi-
ble to calculate the peak areas of the two isomers, such as the 
maximum absorption of E- and Z-isomers at different wave-
lengths. When the total peak area is not dependent on iso-
mer ratio, it is regarded as a proof. To conclude, the optimal 
approach to determine carbonyl-2,4-dinitrophenylhydrazone 
through HPLC is adding the phosphoric acid to standard and 
sample solutions for the formation of acid solutions at a dose 
of 0.02–1.0%.
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water concentrations.
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FIGURE 7c: The changes in the isomer ratios with time at different 
water concentration.
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Exploring the Implementation of  
Compact Chromatographic Instrumentation  
in Common Analytical Workflows
In many industries, the concepts of “smaller,” “faster,” “easier to use,” and “cheaper” are key drivers when developing new 
technologies. The world of chemical separations is no different. Today, compact chromatographic instrumentation is being 
implemented in many workflows, as illustrated here through various examples.

Sangeeta Kurre, Samuel Foster, Kyle Morrow, Alexis Zimmer, Mita Ray, Leah Notarfrancesco, Keyur Patel, and James P. Grinias 
Department of Chemistry & Biochemistry, Rowan University

The field of compact (or portable) chroma-
tography has been a frequent topic of dis-

cussion in the pages of LCGC recently, with 
contributions from our group (1) and others 
in the field (2–4) over the past 16 months. The 
broad advantages of miniaturized chromato-
graphic instrumentation include reduced 
benchtop footprint and design simplification 
in both system operation and software control. 
Portability, decreased costs for consumables, 
and a reduction in waste generation can also 
be achieved, depending on the specific sys-
tem. Ideally, the systems will achieve perfor-
mance that matches or exceeds conventional 
benchtop equipment, although this can be 
difficult to accomplish while maintaining a 
small size and low cost. Our approach to 
implementing these compact chromato-

graphic instruments in our research program 
has been through the practical approach of 
identifying areas in which simplified analytical 
tools can fill a particular need currently under-
served by standard measurement strategies.

One of these areas is related to point-of-
care (POC) monitoring in clinical settings. 
We are specifically interested in improving 
the capability of healthcare professionals to 
test for recent drug usage, as this can aid in 
selecting an appropriate course of treatment. 
In POC settings, this testing is most often 
achieved by using lateral flow immunoassays 
to screen urine samples for drugs of abuse (5). 
Although this strategy can typically identify 
the presence of specific drug classes, it often 
suffers from cross-reactivity within a given 
class, making it hard to identify which specific 
compounds may be in a patient’s system. For 
broad drug classes, such as benzodiazepines, 
having this additional information may require 
chromatographic-based testing at an external 
laboratory facility, which can delay results for 
several days. Identifying the presence of these 
compounds has become increasingly rel-
evant in drug screening, as overdose deaths 
attributed to combinations of opioids and 
benzodiazepines increased tenfold from 1999 
to 2017 (6). In Figure 1a, an early result in the 
development of a rapid, liquid chromatogra-
phy (LC)-based assay for measuring various 

benzodiazepines using portable instrumenta-
tion is shown. Analyte concentrations for this 
sample were in the 5–10 ppm range, which is 
approximately 20- to 30-fold higher than the 
cutoff level concentration required for screen-
ing. Here, an on-capillary light-emitting diode-
ultraviolet (LED-UV) detector was used, so the 
absorbance pathlength was limited to 0.150 
mm, which is much shorter than a typical flow 
cell in a benchtop instrument. This value can 
be increased by using slightly larger i.d. col-
umns coupled to the on-column detector, or 
integrating a low-volume, post-column flow 
cell, both of which are being investigated. 
Furthermore, sample preparation techniques 
such as solid-phase extraction can be used 
to preconcentrate samples and improve 
detection limits. More-sensitive detection 
techniques, such as mass spectrometry, can 
also be used, as shown in Figure 1b. Here, 
a compact single quadrupole MS system 
designed for low infusion flow rates can be 
easily coupled to the column outlet of the 
portable capillary LC instrument. Selected ion 
monitoring over targeted retention time win-
dows allows for targeted detection of relevant 
compounds, along with significant improve-
ments in signal-to-noise for the same sample 
concentrations. However, adding this second 
detector increases the size and complexity of 
the overall system, which may be a hurdle to Ic
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implementation in certain POC environments. As we continue to 
develop methods for benzodiazepines and other drug classes using 
compact LC–UV and LC–MS instrumentation (7), we anticipate that 
the best techniques require a delicate balance between high per-
formance, high throughput, decreased operation cost, small size, 
and ease of use for healthcare professionals.

As our department houses a PhD in Pharmaceutical Chemistry 
program, our research group also has an interest in pharmaceu-
tically relevant chromatography applications. Recent work has 
focused on the development of higher throughput approaches to 
monograph-based separations of over-the-counter (OTC) analgesic 
drugs (8,9). These techniques showed reductions in both method 
cycle time and sample waste generation compared to the mono-
graph methods. Although this approach demonstrates the power 
of modern chromatographic technology, the implementation of 
these strategies in manufacturing workflows can be difficult due to 

the use of higher performing ultrahigh-performance liquid chroma-
tography (UHPLC) instrumentation. The production facilities where 
these large-batch OTC compounds are generated typically rely on 
methods with 4.6 mm i.d. columns operated on standard HPLC 
instrumentation, as significant changes to existing methods some-
times requires extensive regulatory paperwork. In these instances, 
updated compact instrumentation can achieve similar performance 
to existing commercial instrumentation, but with reductions in 
overall size and cost. In Figure 2, a miniLC system was used for a 
combined drug product content and impurity assay for ibuprofen, 
using conditions based upon a published monograph method (10).  
As most published monograph methods for OTC compounds were 
designed for use with similar columns on instruments with compa-
rable capabilities, many pharmacopeial separations could be easily 
translated to this lower-cost platform. We have only recently begun 
exploring the use of this platform, and we anticipate it may be use-
ful in a number of other LC applications in our laboratory, including 
those related to cannabinoid potency testing as part of our depart-
ment’s new Cannabinoid Chemistry certificate program.

A similar miniGC system has also been released, which we are 
working toward implementing in our ongoing collaboration with 
the Department of Health & Exercise Science at Rowan University. 
Various research projects in this school focus on tracking plasma 
free fatty acid (FFA) levels in patients over time, as specific com-
pounds can often be used as a marker of nutritional intake of 
specific lipids (11). Typically, samples are collected and sent to 
off-site testing facilities for FFA profiling by GC–MS following fatty 
acid methyl ester (FAME) derivatization of the extracted samples.  
To save time and money for these measurements, which can both be 
limited resources in academic research settings, we are developing 
a GC-flame ionization detector (FID) method with the miniGC sys-
tem. Preliminary results on a set of five FAME standards are shown 
in Figure 3. Although MS has advantages over FID in terms of sen-
sitivity and mass identification, the added detector size can make it 
difficult to implement directly in clinical research spaces, similar to 
the aforementioned POC environments. To achieve the benefits of 
both approaches, collected samples can be tested twice: once with 
the miniGC system directly after the sample is obtained for rapid 
preliminary screening and later with more routine GC–MS methods 
in a testing laboratory for confirmation of results. As with the miniLC 
system, this is one of several areas in which we anticipate using the 
compact GC instrument, and it is likely that both will also be inte-
grated into our undergraduate curriculum as part of our analytical  
laboratory activities.

These projects utilizing various compact chromatographic 
instruments provide just a few examples of ways that such sys-
tems can be implemented. There are many applications related 
to environmental analysis, manufacturing process monitoring, 
health screening, food and beverage analysis, and more that are 
being developed on both the systems described here and other 
small LC, GC, and capillary electrophoresis (CE) instruments 
that are also in development or already commercially available.  
Portable and compact spectroscopic devices have advanced 
tremendously over the past few decades (12), and the potential 
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FIGURE 1: (a) Capillary LC–UV, and (b) capillary LC–MS (selected 
ion chromatograms) showing separations of a benzodiazepine mix-
ture with a 0.150 x 100 mm C18 column (1.7 µm fully porous par-
ticles) using Axcend Focus LC and Microsaic MiD-4500. Elution order  
(as well as concentrations and trace color): flurazepam (10 ppm, black), 
bromazepam (5 ppm, blue), nitrazepam (10 ppm, green), lorazepam  
(10 ppm, orange), flunitrazepam (5 ppm, purple), clobazam (5 ppm, 
gold), and diazepam (5 ppm, pink). 40 nL of sample was injected onto 
column. Mobile phase consisted of water and acetonitrile (with 0.1% for-
mic acid) with a 25–75%B gradient over 7 min at a 1.5 µL/min flow rate.
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FIGURE 2: Separation of ibuprofen, valerophenone (internal stan-
dard), and an ibuprofen-related compound C using a Lucidity miniLC. 
Per published monograph (10), concentrations were 12 mg/mL, 0.35 
mg/mL, and 0.012 mg/mL, respectively. A 4.6 x 100 mm C18 column 
was operated at 1.5 mL/min for the isocratic separation, using 40:60 
water:acetonitrile (+0.4% chloroacetic acid) and a 5 µL injection volume.
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for the separation science community to pursue a similar path in 
coming years is becoming increasingly more viable as miniatur-
ized technology continues to advance.
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FIGURE 3: Separation of five fatty acid methyl esters (labeled with free 
fatty acid designation) using a Lucidity miniGC. Compounds were each 
1 ppm, with 4 µL injection and 5:1 split ratio. A 30 m Restek MXT-5 col-
umn (0.250 mm i.d., 0.25 µm film thickness) was used with a 120–280 ºC 
temperature ramp at 35 ºC/min (helium carrier gas, 2 mL/min, 2 min hold 
at initial and final temperature).
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Sponsored by

Nitrosamines are present in tobacco smoke, water, soil, 
pharmaceuticals, and beyond. There are complex but 
important regulations in place that govern these chemicals 
as well as challenges that labs face when testing for them.

LCGC: How are we exposed to nitrosamines in the environment?
BIGGERSTAFF: Almost all nitrosamines, for example, N-nitrosodimethylamine (NDMA), are 
carcinogenic at the parts-per-trillion concentration levels—so incredibly low. Through the air, we’re 
primarily exposed through tobacco smoke; through drugs, nitrosamines are impurities in a lot of 
drugs and pharmaceutical and cosmetic products; and through processed meats, they are present 
in nitrates and preservatives. Soil is primarily contaminated through industrial processes; and as 
of 2011, about 10% of the drinking water sources tested in the U.S. are contained with NDMA. NDMA 
is miscible in water, which causes it to migrate quickly, so if the soil gets contaminated, then the 
groundwater is contaminated just through rain leaching.

LCGC: How do nitrosamines end up in drinking water, surface water, and wastewater?
BIGGERSTAFF: Nitrosamines usually occur as reactions to intermediates or byproducts. For 
example, they’re formed as intermediates in commercial azo dye production. They’re also 
degradation byproducts of the aqueous amines that are used in the post-combustion capture 
of CO

2
 in fossil-fuel gases. The production of 1,1- dimethylhydrazine for liquid rocket fuel produces 

nitrosamines; and in drinking water, they predominantly occur from surface-water systems that 
use the chloramination disinfection process. What happens is upstream wastewater discharges 
provide an organic nitrogen precursor such as dimethylamine that then reacts with dichloramine in 
a process that leads to parts-per-trillion amounts of nitrosamines, predominantly NDMA.

LCGC: Are there limits on the concentrations of nitrosamines that can be in these types of 
waters? What are the regulations associated with them?
BIGGERSTAFF: The Environmental Protection Agency (EPA) considers nitrosamines emerging 
contaminants. In 2007, six nitrosamines were added to the Unregulated Contaminant Monitoring 
Rule (UCMR) List Two for Drinking Water and used to develop an EPA gas-chromatography-mass 
spectrometry (GC-MS) method for seven different nitrosamines. The method has a 2 - 7 parts-per-
trillion reporting level depending on the compound. 

For wastewaters, limits are determined by the National Pollution Discharge Elimination System 
(NPDES). Regulatory limits are determined by the level of risk to health in the environment, the 
volume of the discharge, and the volume of the receiving water. EPA released method 607, a GC-NPD 
method; method 625, a GC-MS method; and method 1625, an isotope dilution GC-MS method. 

For the solid and hazardous waste program, EPA released the 8070, a GC-NPD method, and 8270, 
a GC-MS method. EPA lists them as priority toxic pollutants, but currently, there are no national 
maximum contaminant levels (MCL) levels assigned to the nitrosamines. Although on screening 
levels, they have assigned a 0 - 42 parts-per-trillion in drinking water screening level at a superfund 

Testing for Nitrosamines in the Environment
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Organics, LGC 

site, Aerojet General Corporation, in California. They set a groundwater 
remediation target of 1.3 parts per trillion. On the state level, California 
has a 10 parts-per-trillion notification level for NDMA, NDEA, and NDPA in 
drinking water. The only state that has an actual MCL is Massachusetts, 
and they set the MCL at 10 parts per trillion.

LCGC: What is the best way to prepare samples before measuring 
nitrosamines?  What challenges do labs run into when preparing 
samples for nitrosamine analysis?
BIGGERSTAFF: The sample preparation depends on the type of matrix 
you’re working with. For example, drinking water, which is a relatively clean 
matrix, can use a straightforward, solid-phase extraction (SPE) sample 
concentration. Wastewater is a complex matrix, so EPA uses a liquid-liquid 
extraction process along with Florisil- and alumina-column cleanup. The 
most complex environmental matrix, i.e., soils and hazardous wastes, also 
use liquid-liquid extraction with Florisil- and alumina-column cleanups to 
take out some of the matrix interferences. 

The biggest challenge with nitrosamines is the very low parts-per-trillion 
detection limits that are needed to determine if they’re there; interferences 
from a variety of primary and secondary amine components can occur 
and get contaminated from glassware, reagents, and/or thermal 
decomposition during sample concentration after you do the extraction 
with liquid-liquid. 

Nitrosamines are also UV light-sensitive, so they can be degraded during 
the sample preparation process. Contamination can also happen from 
lab consumables such as nitrile rubber gloves for personal protection or 
rubber stoppers or seals. 

LCGC: Is there a preferred technique for measuring nitrosamines in 
these samples? Are there specific methods labs should be following 
when they prepare samples and generate data on nitrosamines?
BIGGERSTAFF: Labs in the United States have to use EPA methods to 
report environmental results.

LCGC: If a lab is following a published method, how do they 
guarantee that they’re following the method correctly and reporting 
data exactly the way they’re meant to?
BIGGERSTAFF: EPA methods have a good quality-control requirement, 
and they look for calibration linearity, independent calibration verification 

to make sure the calibration curve is correct for sample preparation quality 
control. Labs also have to participate in performance evaluation studies. 
These steps combined allow the labs to generate legally defensible results. 
(Quality and defensibility of standards are just as important.) 

Our standards are manufactured under ISO 17034 accreditation for 
reference material manufacturers and are gravimetrically traceable 
to NIST. All of our solutions are tested after manufacturing in our 
17025-accredited quality-control laboratory to verify that these solutions 
meet our manufacturing specifications. We also perform both accelerated- 
and classical long-term stability testing to make sure that our products are 
stable during the assigned shelf life. 

We also provide the total combined uncertainty of the certified concentration, 
so the lab will understand what the range of values can be. As an ISO 17025- 
and 17034-accredited CRM (certified-reference material) manufacturer, LGC 
can provide solutions for all aspects of generating valid data. 

For calibration, the Dr. Ehrenstorfer brand has a broad line of CRM 
calibration solutions, as well as the expertise to prepare custom solutions 
to meet any of the laboratory’s needs and help them maximize their testing 
efficiency. Along with these, we can provide both internal standards and 
surrogate CRM isotopically label solutions above and beyond what’s 
required by the method. For the independent calibration verification 
solution, Dr. Ehrenstorfer can prepare independent CRM solutions from 
the primary calibration solution to validate those calibration curves. For 
sample preparation, we can provide laboratory quality-control spiking 
solutions and surrogate CRM solutions. These solutions can be provided 
either as a high-concentration solution that the end-user would then dilute 
down and make their own daily working solutions, or as point-of-view c 
solutions that the laboratory can load directly on their instruments, saving 
them time and documentation effort. 

LGC also has an entire division devoted to manufacturing performance 
evaluation samples, so a laboratory can demonstrate on an ongoing basis 
that their method is producing accurate results.

Since 1975, Dr. Ehrenstorfer™ has led the way in producing pesticide reference standards. Today, our portfolio has expanded to adapt to changing regula-
tions and technology as we support your needs for high-quality reference materials for food, environmental, and cannabis analysis.

http://www.lgcstandards.com
http://www.chromatographyonline.com
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them time and documentation effort. 

LGC also has an entire division devoted to manufacturing performance 
evaluation samples, so a laboratory can demonstrate on an ongoing basis 
that their method is producing accurate results.

Since 1975, Dr. Ehrenstorfer™ has led the way in producing pesticide reference standards. Today, our portfolio has expanded to adapt to changing regula-
tions and technology as we support your needs for high-quality reference materials for food, environmental, and cannabis analysis.

http://www.lgcstandards.com
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The buzz at the 2021 Cannabis Sci-
ence Conference in Baltimore was 

palpable: People of widely disparate 
backgrounds were excited to address 
the ever-growing challenges and oppor-
tunities afforded by this burgeoning 
marketplace. The phenomenon known 
as the “green rush” outpaces all sig-
nificant analytical market areas. Given all 
this excitement, it is worth stepping back 
to examine the overarching trends and 
nuances of the cannabis testing environ-
ment and offer some opinions about the 
key players and disruptive technologies 
gaining traction throughout this bur-
geoning marketplace.

The increased success of cannabis-
based medical products is strongly cor-
related to the relaxation of the previously 
insurmountable bureaucratic hurdles,  
as well as humans’ ancient relationship 
with this pharmacologically active plant. 
For instance, it is entirely possibly, if not 
likely that humans crossing the land bridge 
from Asia into the Western hemisphere, 
brought cannabis along with them. Today, 
scientists from various disciplines are 
exploiting the endocannabinoid system 
in humans. Academic and governmental 
institutions, pharmaceutical companies, 
and the separations community are well 
into the hunt to utilize the plant’s unique 
chemistry and its relationship to our biol-
ogy. To date, roughly one million scientific 
articles have been published on the topic. 
Research continues to flourish, aiming for 
some of the most important target mar-
kets in human health.

A few notable factors slowing the 
progress of cannabis-based medicines 
are the lack of certified profession-
als, the lack of harmonized regulations,  
and the high cost of analytical instrumen-

tation—a frustration we know all too well. 
Fortunately, chromatography vendors 
are increasingly focusing on serving the 
analytical challenges of this burgeoning 
field—Shimadzu, in my opinion, is the 
most committed to winning this mar-
ketplace. They offer a version of simpli-
fied software on their benchtop system, 
application support, and many con-
sumables to help any laboratory get off 
the ground. Gaining ground is Agilent,  
which introduced pesticide, mycotoxin, 
and potency-testing kits, in July 2020. 

PerkinElmer’s most significant advance 
is owed to Avinash Dalmia, a principal 
R&D scientist. Dalmia wrote a propri-
etary dual electrospray and atmospheric 
pressure chemical ionization (APCI) ion 
source based method by which cannabis 
laboratories can analyze the complete 
California pesticide list using only liquid 
chromatography–mass spectrometry (LC–
MS), eliminating the need for gas chroma-
tography–mass spectrometry (GC–MS) to 
complete this task. With more companies 
entering this field, we will undoubtedly 
see advances in chromatography that suit 
the needs of the cannabis testing market.

Two other companies worth highlight-
ing are Lucidity Systems and Icon Scien-
tific. They both feature instruments that 
cost roughly half the “familiar” price. Both 
claim that the reduced complexity and 
easy-to-use interface of their systems do 
not diminish testing expectations. Icon’s 
ANSER liquid chromatography instrument 
is fully portable and small enough to put 
in your carry-on luggage. Lucidity’s Mini 
LC and GC instruments are half the foot-
print of typical benchtop units and can be 
shipped overnight for service.

Others are developing even more 
affordable systems. Emerging is a class of 

systems mainly targeting the fast-growing 
potency testing segment (US $229 million 
in 2019, with a 21.7% market share and 
a 17.3% compound annual growth rate), 
which are on offer for less than five thou-
sand USD. These instruments are sold by 
GemmaCert, Orange Photonics, Purpl Sci-
entific, and Sage Analytics. The efficacy of 
many of these instruments may come into 
question in the increasingly scrutinized 
cannabis marketplace. However, they are 
deemed sufficient for many typical appli-
cations and likely will always be useful for 
field testing performed by cultivators and 
law enforcement groups alike.

Navigating a marketplace as dynamic 
and often controversial as cannabis 
testing can be fraught with challenges.  
I hope this article has helped you under-
stand and perhaps appreciate its value 
to our global community. On a personal 
note, I believe that the more visible and 
controversial areas of recreational can-
nabis unfairly encumber appreciation of 
the plant’s potential as a whole. This gap 
in understanding can only obscure the 
incredible potential of this ancient plant to 
alleviate human suffering, a gap that ana-
lytical chemists can help narrow. Delays in 
progress reduce the pharmaceutical com-
munity’s ability to bring meaningful and 
lasting changes to improve and prolong 
human health—a most worthy mission.

Analyzing Trends of the 
Cannabis Testing Market
Jonathan Edelman

Jonathan Edelman is currently in busi-
ness development at Restek. Direct cor-
respondence to jonathan.edelman@
gmail.com

Read the full 
original version. 
Scan code for link.
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https://www.chromatographyonline.com/view/the-lcgc-blog-analyzing-trends-of-the-cannabis-testing-market


Meet the easiest-to-use, compact GC and  
LC systems for cannabis and hemp analysis.

luciditysystems.com

Simple GC & LC 
Analyzers for 
Cannabis Testing

miniGC & miniLC
• Detect THC below 0.3%

• Analyze THC, CBD, CBN, terpenes, and more

• Use preloaded methods

• Small footprint

• Comparable results to conventional GCs and LCs

• Self-installable in 30 minutes

• Simple yet powerful software

• Use standard GC, HPLC, or UHPLC columns

• Low cost compared to traditional systems

http://www.luciditysystems.com
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