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Column Information
Packing Material Dimensions Part Number

PRP-1 (5 µm) 150 x 4.6 mm 79641

PRP-C18 (5 µm) 150 x 4.6 mm 79676

Chromatographic Conditions

Gradient
0.00–2 min, 75% B 
2.01–5 min, 75–100% B
5.01–8 min, 100% B

Temperature Ambient

Injection Volume 10 μL

Detection UV at 214 mm

Eluent A Water

Eluent B Acetonitrile

Flow Rate
2.0 mL/min (PRP-1)
2.5 mL/min (PRP-C18)

The Essential Oil Balsam of Peru is commonly found in a multitude 
of products, including, but not limited to: perfumes, cosmetics, 
sunscreens, and flavored beverages. The fragrant liquid is 
harvested from trees grown in Central America and smells richly  
of cinnamon, vanilla, and clove. The oil has been used in three main 
areas: as a medicinal product pertaining to its anti-septic, anti-
fungal and anti-parasitic natures, as a flavor enhancer for food and 
drinks, and as a fragrance in perfumes and toiletries. Despite the 
utility of the mixture, it has been shown that allergies can arise from 
some of the individual components. Common symptoms generally 
present in the form of contact dermatitis and eczema. Use of such 
components in the manufacturing of the above mentioned products 
requires quantification of the individual compounds. Therefore, we 
have developed an HPLC method that separates five components 
known to have allergenic properties. The method can be used  
with either the PRP-C18 (5 µm) or the PRP-1 (5 µm) column. The 
two chromatograms illustrate the versatility and selectivity of the  
PS-DVB backbone found in all of Hamilton Company columns. 

PRP-1 Separation of Esters in Balsam of Peru

PRP-C18 Separation of Esters in Balsam of Peru
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From the Chairman
Mike Hennessy, Sr.  
Chairman & Founder, MJH Life Sciences

W as it natural zoonotic spillover that catapulted SARS-CoV-2 into a pan-
demic pathogen, or something more sinister? Is it at all possible that 

a laboratory leak in Wuhan, China was the spark that lit the fuse?
Debate about the origin of the virus that causes Covid-19 began soon after 

the first cases were reported in December 2019. Early on, whispers of a poten-
tially engineered virus grew and fueled speculation that China was behind the 
pandemic—speculation so pervasive that, in February 2020, a group of 27 pub-
lic health scientists published a letter in The Lancet disputing the laboratory 
leak theory, and announcing their support of their counterparts in China—the 
scientists, public health officials, and medical professionals—combating the 
pandemic. “The rapid, open, and transparent sharing of data on this outbreak 
is now being threatened by rumors and misinformation around its origins,” 
wrote the authors, who all declared no competing interests in their disclosures, 
as recommended by the International Committee of Medical Journal Editors. 

“We stand together to strongly condemn conspiracy theories suggesting that 
Covid-19 does not have a natural origin.” And although it’s true that analyses 
of the genomic sequence of the virus subsequently pointed to natural origins, 
questions regarding China’s role persisted, led by pesky discrepancies and  
conflicting reports. 

Fast forward to June 2021, and new evidence that has breathed new life into 
those origin questions. The Lancet has published an addendum to the Febru-
ary 2020 letter with revised disclosure statements from one of the 27 authors, 
virologist and investigator Peter Daszak; he noted that his remuneration is 
solely in the form of a salary from EcoHealth Alliance, a New York-based non-
profit research foundation of which he is president. The company has report-
edly worked directly with Wuhan laboratories, and funded gain-of-function 
research at China’s Wuhan Institute of Virology. 

Consider, too, recent reports uncovering financial ties between EcoHealth 
Alliance and Google, following accusations that the tech giant was censoring 
laboratory leak “conspiracy theory” stories in search results. Google’s health 
lead, David Feinberg, has insisted that the company is simply taking steps to 
protect users from unverified information. Are these coincidences? It’s unclear. 
But they add to the bank of troublesome questions about Covid-19. 

The questions extend beyond origin theory. With the U.S. Food and Drug 
Administration’s green lighting of vaccines for adolescents and young adults 
comes worries of long-term effects on fertility and heart inflammation. Robert 
Malone, MD, the inventor of the mRNA technology, has expressed strong con-
cern over the risk–benefit analysis of vaccinating young adults, and the Centers 
for Disease Control and Prevention’s Advisory Committee on Immunization 
Practices has met to discuss cases of myocarditis or pericarditis in people aged 
30 and younger who have received an mRNA Covid-19 vaccine.

We may never know where this virus came from, or what triggered the global 
pandemic that has claimed more than 3.8 million lives. And we won’t know the 
long-term effects until enough time has elapsed. What we do know for certain 
is that the incredible strength and collaboration of the scientific community 
have allowed us to regain some semblance of normalcy. The development and 
rollout of multiple effective vaccine options have been the medical miracle of 
our lifetime. 

That, right now, will have to be the only answer that matters. 
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Where Has My Efficiency Gone? Impacts of  
Extracolumn Peak Broadening on Performance, Part IV: 
Gradient Elution, Flow Splitting, and a Holistic View
Dispersion (broadening, or spreading) of analyte zones (peaks) outside of chromatography columns can 
seriously erode the resolution provided by good columns. In this installment, we focus on the impact of elution 
mode (isocratic or gradient) and post-column flow splitting on the total level of extracolumn dispersion (ECD) 
in a liquid chromatography (LC) system, and demonstrate the use of a free, web-based calculator that can be 
used to guide decision making aimed at reducing ECD during method development.

Dwight R. Stoll, Thomas Lauer, and Ken Broeckhoven

In the last three installments of  
“LC Troubleshooting,” we reviewed 

the basic concepts of extracolumn dis-
persion (ECD) (1), and discussed the 
contributions of the injection step (2),  
connecting tubing, and spectroscopic 
detectors (3) to the total observed vari-
ance in some detail. In this month’s 
installment, we conclude our discussion 
of specific contributions to the total vari-
ance by addressing how elution mode 
(that is, isocratic or gradient elution) 
affects the total level of ECD, and how 
post-column flow splitting can affect 
the observed variance. Finally, we dem-
onstrate the use of a free, web-based 
calculator that leverages the theory dis-
cussed in these installments to enable 
quick and easy estimation of the mag-
nitudes of the different contributions to 
the total observed variance.

Extracolumn Dispersion under 
Gradient Elution Conditions
Figure 1 illustrates the different contri-
butions to the total observed peak vari-
ance σ 2

obs. Equation 1 is most relevant 
when isocratic elution is used, and the 
solvent composition of the sample 
matches that of the mobile phase.  

When this is not the case, then variants 
of equation 1 are more relevant, where 
the magnitude of specific contribu-
tions to the total variance are either  
increased or reduced, depending on 
the specific conditions. 

σ 2              =
observed σ 2                      +

tubing,pre–col σ 2                        +
tubing,post–col σ 2

detectionσ 2          +
columnσ 2             +

injection

[1]

For example, in Part II of this series, 
we discussed how the impact of the  
σ 2

injection  term can be reduced by 
employing different “tricks” during 
the injection step, including prepar-
ing the sample with a low concentra-
tion of “strong solvent” compared 
to the mobile phase composition, 
and so-called “sandwich injection.”  
When gradient elution conditions 
are used, there is the potential to 
significantly reduce all of the pre-
column contributions to the total 
variance, including the injection 
and pre-column tubing components.  
This effect is especially pronounced 
in cases where the gradient is started 
at a mobile phase composition that is 

“weak” relative to the mobile phase 
composition that an analyte is eluted 

in (for example, in reversed-phase LC, 
a low concentration of organic solvent 
in the mobile phase), and the injected 
sample also contains a low concen-
tration of “strong” solvent. In these 
cases, the pre-column contributions 
to the total variance are very small 
because any dispersion of the analyte 
that occurs upstream from the column 
inlet is effectively “undone” as the 
analytes all adsorb to the stationary 
phase at the column inlet and form a 
very narrow analyte band in the col-
umn. This is typically referred to as 

“focusing” of the analyte at the col-
umn inlet. Although this is a fortunate 
outcome when the separation condi-
tions allow it, this type of outcome is 
not inevitable, and there certainly are 
cases where a relatively large injected 
volume of a sample containing a high 
concentration of strong solvent can 
lead to serious peak broadening, 
even if gradient elution is used (4).

When conditions are favorable for 
reduction in the pre-column contribu-
tions to ECD, the post-column con-
tributions suddenly become more 
important. This is both because the 
pre-column contributions to ECD are 
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minimized, and because peak volumes in gradient elution 
tend to be smaller and more uniform compared to those 
observed in isocratic separations (see equation 3 of Part 
I of this series [1]; for gradient separations, k is replaced 
with ke, the local retention factor at the column exit, which 
is about 1–3 for most separations). In the case of connect-
ing tubing in particular, reducing the tubing diameter is 
especially tempting because of the strong fourth-power 
dependence of this variance contribution on the diam-
eter, and reducing the tubing length is often limited by the 
physical proximity of instrument components such as the 
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strongly with decreasing tubing diameter. Under condi-
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and Desmet found that the optimal post-column tubing 
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Effect of Post-Column  
Flow Splitting on Dispersion
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piece with different lengths and diameters of tubing at the 
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However, in spite of the importance of these applications, 
the contribution of the flow splitting step to ECD has been 

the focus of only a few systematic studies published in 
the literature. We have recently published one of these 
studies, which was motivated by our frequent observation 
that peaks were wider than we expected when using post-
column flow splitting (6).

During the course of this study, our principal realization 
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( σ         v,post–split ) is determined by the ratio of the flow rate 
through the column (Fcolumn) and the flow rate exit-
ing the split point (Fpostsplit ) ,  as in equation 2. 
Then, the total variance observed at the detector  
( σ    =σ 2       ∙ F 2        v,obs t,obs post–split ) is the sum of the post-split tubing and 
detector variances (see [2] for tubing and detector vari-
ances), where the pre-split variance includes contributions 
from the injector, and pre- and post-column tubing.

σ           = (             ) ∙ σ
F post–split

F column
v,post–split v,pre–split         [2]

σ 2    =[(             ) ∙ σ       ]2

+ σ 2                +σ 2
F post–split

F column
v,obs v,pre–split v,post–split,tub v,det  [3]

Figure 3 shows a selection of experimental results from 
our study. The values plotted are percent increases in the 
observed variance when using different lengths and diam-
eters of post-split tubing and different split ratios, relative 
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FIGURE 1: Illustration of the contributions of several LC system components to the total variance of peaks observed at the detector, 
σ 2

observed  as in equation 1. We note that equation 1 is valid using either time- or volume-based variances.
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Sponsored by

Agilent and LSSU formed a strategic partnership to educate the next 
generation of scientists for work in the cannabis industry. Students at 
LSSU are being trained on Agilent’s pre-eminent scientific equipment 
in their coursework. Cannabis Science & Technology sat down with 
Anthony Macherone, senior scientist and cannabis technical lead 
at Agilent Technologies, to discuss managing a cannabis lab with 
Steven Johnson, dean of the college of science and environment, and 
Benjamin Southwell, assistant professor of bioanalytical chemistry, at 
LSSU, in the first installment of this six-part podcast.

MACHERONE: Do you need a Ph.D. to manage and direct a cannabis 
testing laboratory?
JOHNSON: You need someone with a strong understanding of the 
guidelines and policies within the state. Regarding instrumentation, a 
master’s level with hands-on experience would be adequate. Beyond 
a master’s degree, you want someone with leadership experience, 
good people skills, a high level of communication, and the ability to 
adapt and learn to this ever-changing environment.

SOUTHWELL: I agree with Steve: having a Ph.D. is a normal 
requirement for most analytical labs in other industries, especially the 
environmental science, agronomy, and food industries. But cannabis 
is coming from a different place—there isn’t formal regulation from 
the top down; this is a bottom-up scenario. Also, there is no Ph.D. in 
cannabis or cannabis chemistry yet. Who you want is someone with 
an analytical chemistry background and/or a lot of experience.

MACHERONE: How many staff members is adequate for opening 
day—chemists, administrators, techs, etc.? 
JOHNSON: A lot depends on whether you’re doing a full suite of tests 
to start, which would require more staff members, in addition to 
how many shifts you’re running. There’s a lot of compliance facilities, 
especially in the state of Michigan, that are running at least two, if 
not three, shifts around the clock. We are fortunate LSSU to have a 
professor in Ben Southwell that has a complete skill set. 

In addition, you need to consider the number of clients you’ll be 
working with initially. Also, how many people will be out in the field, 
are you planning to subcontract any testing to another facility?

SOUTHWELL: The ultimate goal is to produce quality data with the 
least cost to your facility but making sure you have enough staff 
members is important. In cannabis, the required testing across the 
regulatory environment is broad. You don’t have just one analyst 

Part 1: Best Practices for Hiring and 
Managing a Cannabis Testing Lab trained in one specific technological workflow—

you’re probably working on at least seven different 
technology platforms that require various trainings 
from chemistry or biology backgrounds, for 
example. It’s not easy to find someone with an 
LC-MS/MS background that is also a good at doing 
qPCR, and GC-MS is a rare skillset. But again, 
making sure you have staff that is appropriately 
trained in those areas is important.

MACHERONE: There are a lot of analytical 
techniques used in the regulatory testing labs—
what types of skillsets should employees have? 
JOHNSON: As an institution of higher learning, if we 
want someone to work with instrumentation inside 
our facility, they need to have a bachelor’s degree. 
But there are several technician roles for individuals 
who have certificates or an associate degree. 
Beyond analytical skills and degrees, many valuable 
soft skills make a laboratory more efficient such as 
communication, ethics in relation to compliance, 
detail-oriented, and the ability to work as a team. 

SOUTHWELL: Most accrediting bodies require 
proof that your technicians have some training or 
certification to support their role—making sure 
they are skilled to run the appropriate technology is 
important. Sometimes you’re able to find someone 
who has experience with both liquid and gas 
chromatography, but often it’s easier to find people 
with those individualized skills. 

One last note: Make sure your technicians pay 
extreme attention to detail. The data these labs are 
generating is being used for compliance, not only in 
medicinal fields but recreational too. The cannabis 
industry, especially, is under a lot of scrutiny from 
the public eye.

MACHERONE: There’s a lot of need for gas-phase 
expertise—as you know, many young chemists 
are electrospray-focused and LC-MS-focused—
but do you need a strong skillset in gas phase 
for cannabis testing. And what is LSSU doing to 
address that?
SOUTHWELL: We deal with gas chromatography 
in several courses. And I encourage people when 
they’re looking for staff to consider this because 
there are definite advantages to gas-phase work. I 
find that staff and students who haven’t done a lot 
of gas-phase work can easily lose analytes, especially 

when dealing with terpenes and how volatile they 
are. Poor recoveries and poor efficiencies on your 
method can show up quite readily, so knowing 
this from a staffing and method development 
standpoint can become very important.

MACHERONE: When looking for a quality 
assurance (QA) officer, what kind of skills should 
you look for, and do they need to be full time?
SOUTHWELL: First, we encourage our students to 
make sure that the lab they’re considering has a QA 
program, and that they follow it. That is indicative of the 
lab’s ethical standards and other compliance metrics—
it shows they are respectable and professional. 

Second, having a third-party independent QA officer 
is mission-critical. If you have a technician and a 
laboratory supervisor who are responsible for both 
data analysis and confirming quality control, there’s 
a potential for bias in the data. Using a third party to 
verify your data promotes rigor in the lab. 

Third, be aware of the differences between 
compliance officers and quality assurance officers—
in the cannabis industry, those terms get thrown 
back and forth even though they mean different 
things. A QA officer deals with internal lab quality 
control and making sure the method, and the 
robustness of the method, is present. Whereas 
a compliance officer in the cannabis industry 
references your state’s reporting system. 

MACHERONE: Who is going into the field, 
getting samples, and bringing them back to your 
laboratory? How do you hire someone to do that? 
What skills should they have? 

SOUTHWELL: That’s a unique element to the 
cannabis industry. Those who grow and produce the 
various extracts are not allowed to collect samples 
for compliance testing—the lab hires someone 
separate to do that. 

When hiring someone to collect samples, I lean 
toward someone who pays attention to detail with 
a strong ethical background, someone who knows 
to collect it in a way that doesn’t taint the client’s 
data, high or low. Look for someone with a botany or 
agronomy background who deals with the growing 
side of things. That’s where those staff members 
come from. 

Steven Johnson
Dean  
College of Science  
and Environment 
Lake Superior State University 

Benjamin Southwell
Assistant Professor
Bioanalytical Chemistry 
Lake Superior State University 
(LSSU)

Anthony Macherone
Senior Scientist
Cannabis Technical Lead
Agilent Technologies

DE44343.6254513889
Agilent products and solutions are intended to be used for cannabis quality control and safety testing in laboratories where such use is permitted under state/country law.

http://www.agilent.com
http://www.chromatographyonline.com


DEDICATED DIALOGUE DEDICATED DIALOGUESPONSORED CONTENT SPONSORED CONTENT

Sponsored by

Agilent and LSSU formed a strategic partnership to educate the next 
generation of scientists for work in the cannabis industry. Students at 
LSSU are being trained on Agilent’s pre-eminent scientific equipment 
in their coursework. Cannabis Science & Technology sat down with 
Anthony Macherone, senior scientist and cannabis technical lead 
at Agilent Technologies, to discuss managing a cannabis lab with 
Steven Johnson, dean of the college of science and environment, and 
Benjamin Southwell, assistant professor of bioanalytical chemistry, at 
LSSU, in the first installment of this six-part podcast.

MACHERONE: Do you need a Ph.D. to manage and direct a cannabis 
testing laboratory?
JOHNSON: You need someone with a strong understanding of the 
guidelines and policies within the state. Regarding instrumentation, a 
master’s level with hands-on experience would be adequate. Beyond 
a master’s degree, you want someone with leadership experience, 
good people skills, a high level of communication, and the ability to 
adapt and learn to this ever-changing environment.

SOUTHWELL: I agree with Steve: having a Ph.D. is a normal 
requirement for most analytical labs in other industries, especially the 
environmental science, agronomy, and food industries. But cannabis 
is coming from a different place—there isn’t formal regulation from 
the top down; this is a bottom-up scenario. Also, there is no Ph.D. in 
cannabis or cannabis chemistry yet. Who you want is someone with 
an analytical chemistry background and/or a lot of experience.

MACHERONE: How many staff members is adequate for opening 
day—chemists, administrators, techs, etc.? 
JOHNSON: A lot depends on whether you’re doing a full suite of tests 
to start, which would require more staff members, in addition to 
how many shifts you’re running. There’s a lot of compliance facilities, 
especially in the state of Michigan, that are running at least two, if 
not three, shifts around the clock. We are fortunate LSSU to have a 
professor in Ben Southwell that has a complete skill set. 

In addition, you need to consider the number of clients you’ll be 
working with initially. Also, how many people will be out in the field, 
are you planning to subcontract any testing to another facility?

SOUTHWELL: The ultimate goal is to produce quality data with the 
least cost to your facility but making sure you have enough staff 
members is important. In cannabis, the required testing across the 
regulatory environment is broad. You don’t have just one analyst 

Part 1: Best Practices for Hiring and 
Managing a Cannabis Testing Lab trained in one specific technological workflow—

you’re probably working on at least seven different 
technology platforms that require various trainings 
from chemistry or biology backgrounds, for 
example. It’s not easy to find someone with an 
LC-MS/MS background that is also a good at doing 
qPCR, and GC-MS is a rare skillset. But again, 
making sure you have staff that is appropriately 
trained in those areas is important.

MACHERONE: There are a lot of analytical 
techniques used in the regulatory testing labs—
what types of skillsets should employees have? 
JOHNSON: As an institution of higher learning, if we 
want someone to work with instrumentation inside 
our facility, they need to have a bachelor’s degree. 
But there are several technician roles for individuals 
who have certificates or an associate degree. 
Beyond analytical skills and degrees, many valuable 
soft skills make a laboratory more efficient such as 
communication, ethics in relation to compliance, 
detail-oriented, and the ability to work as a team. 

SOUTHWELL: Most accrediting bodies require 
proof that your technicians have some training or 
certification to support their role—making sure 
they are skilled to run the appropriate technology is 
important. Sometimes you’re able to find someone 
who has experience with both liquid and gas 
chromatography, but often it’s easier to find people 
with those individualized skills. 

One last note: Make sure your technicians pay 
extreme attention to detail. The data these labs are 
generating is being used for compliance, not only in 
medicinal fields but recreational too. The cannabis 
industry, especially, is under a lot of scrutiny from 
the public eye.

MACHERONE: There’s a lot of need for gas-phase 
expertise—as you know, many young chemists 
are electrospray-focused and LC-MS-focused—
but do you need a strong skillset in gas phase 
for cannabis testing. And what is LSSU doing to 
address that?
SOUTHWELL: We deal with gas chromatography 
in several courses. And I encourage people when 
they’re looking for staff to consider this because 
there are definite advantages to gas-phase work. I 
find that staff and students who haven’t done a lot 
of gas-phase work can easily lose analytes, especially 

when dealing with terpenes and how volatile they 
are. Poor recoveries and poor efficiencies on your 
method can show up quite readily, so knowing 
this from a staffing and method development 
standpoint can become very important.

MACHERONE: When looking for a quality 
assurance (QA) officer, what kind of skills should 
you look for, and do they need to be full time?
SOUTHWELL: First, we encourage our students to 
make sure that the lab they’re considering has a QA 
program, and that they follow it. That is indicative of the 
lab’s ethical standards and other compliance metrics—
it shows they are respectable and professional. 

Second, having a third-party independent QA officer 
is mission-critical. If you have a technician and a 
laboratory supervisor who are responsible for both 
data analysis and confirming quality control, there’s 
a potential for bias in the data. Using a third party to 
verify your data promotes rigor in the lab. 

Third, be aware of the differences between 
compliance officers and quality assurance officers—
in the cannabis industry, those terms get thrown 
back and forth even though they mean different 
things. A QA officer deals with internal lab quality 
control and making sure the method, and the 
robustness of the method, is present. Whereas 
a compliance officer in the cannabis industry 
references your state’s reporting system. 

MACHERONE: Who is going into the field, 
getting samples, and bringing them back to your 
laboratory? How do you hire someone to do that? 
What skills should they have? 

SOUTHWELL: That’s a unique element to the 
cannabis industry. Those who grow and produce the 
various extracts are not allowed to collect samples 
for compliance testing—the lab hires someone 
separate to do that. 

When hiring someone to collect samples, I lean 
toward someone who pays attention to detail with 
a strong ethical background, someone who knows 
to collect it in a way that doesn’t taint the client’s 
data, high or low. Look for someone with a botany or 
agronomy background who deals with the growing 
side of things. That’s where those staff members 
come from. 

Steven Johnson
Dean  
College of Science  
and Environment 
Lake Superior State University 

Benjamin Southwell
Assistant Professor
Bioanalytical Chemistry 
Lake Superior State University 
(LSSU)

Anthony Macherone
Senior Scientist
Cannabis Technical Lead
Agilent Technologies

DE44343.6254513889
Agilent products and solutions are intended to be used for cannabis quality control and safety testing in laboratories where such use is permitted under state/country law.

http://www.agilent.com


312  LCGC NORTH AMERICA  VOLUME 39 NUMBER 7  JULY 2021 WWW.CHROMATOGRAPHYONLINE.COM

to the case where a short (100 mm), 
narrow (50 µm i.d.) post-split tube is 
used (which contributes very little to 

the variance under these conditions). 
When there is no flow split (that is, 
1:0 case), the increases in variance 

because of the different post-split 
tubes are modest, with just 30% in the 
worst case of the 500 mm x 120 µm i.d. 
tube. However, even at a split of 1:1, 
the variance increases are significant 
even when using 75 µm i.d. tubes. In 
the more challenging case of a 1:4 
split, even using a 400 mm length 
of 50 µm i.d. increases the observed 
variance by about 35%, robbing the 
analyst of one-third of the efficiency 
they expect for their separation.  
Subsequent comparison of predicted 
increases in the total observed vari-
ance using equations 2 and 3 above 
with experimental results showed that 
the predictions are accurate enough 
to guide method development,  
with a median error of about 10% of 
the total variance. This work shows 
that, when the analyst has a choice, 
the split point should be located as 
close as possible to the detector,  
so that the length of post-split tubing 
is minimized. Then, once the length 
has been set, the diameter of the 
post-split tubing should be decreased 
as far as possible without significantly 
increasing the pressure drop across 
this tube (see next section for more 
discussion of this point).

Putting It All Together
In this series of installments on ECD, 
we have aimed to discuss individual 
contributions to the total observed 
variance in some detail.  Recent 
research over the last decade has 
deepened our understanding of 
some of these contributions, includ-
ing the injection step, and the con-
tribution of post-column flow split-
ting. What matters most to the 
analyst, though, is how all of these 
contributions taken together impact 
the quality of their separations.  
To facilitate use of the theory dis-
cussed in these installments, we have 
built a web-based calculation tool 
that allows users to visualize the mag-
nitudes of different contributions to 
the total observed variance. Figure 4 
shows a screenshot of the interface 
for this free tool. We note that in their 

Column Detector

Waste or Other
Detector

1:4 Split

× σv,col

× σv,col
4
5

σv,col
1
5

FIGURE 2: Illustration of the idea that analyte mass (indicated in blue) is conserved exit-
ing the split point, which means that the volume of the analyte peak entering the split 
point is split into portions dictated by the split ratio. The convention used here is that a 
split ratio of X:Y means that the fraction X/(X+Y) of the peak goes to the detector, and 
the fraction Y/(X+Y) goes to waste or a second detector. Adapted from reference (6). 

1000
950
900
850
800

250
200
150
100
50
0

1:0
Split ratio

1:1 1:4

100 mm x 75 µm
100 mm x 120 µm
400 mm x 50 µm
500 mm x 75 µm
500 mm x 120 µm

FIGURE 3: Effect of post-split tubing dimensions and split ratio on dispersion in the 
post-split tubing. The values plotted are percent increases in total variance relative to 
the case where the split point is connected to the detector using a 100 mm x 50 µm 
i.d. capillary. The peak volume entering the split point was about 2.5 µL. Adapted from 
reference (6). Please see reference (6) for other details.
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free Microsoft Excel-based LC simu-
lator, Guillarme and coworkers also 
estimate some of these values based 
on similar input parameters (7).

Figure 5 provides examples of how 
our calculator can be used to guide 
decisions about different system 
components (for example, what diam-
eter of post-column tubing should be 
used) during method development. 
In Case A, we start with a relatively 
large column packed with 5 µm par-
ticles, operated in a system equipped 
with “standard” injection, detection, 
and tubing values. In this case, we 
see that the total observed variance 
is dominated by the column contribu-
tion (~97%), and the pressure drop 
across the tubing is modest at 36 bar 
(that is, 10% of the total available 
pressure drop in a 400 bar system, 
or about 3% in a 1200 bar system).  
In the event that one were to think 
that replacing all of the tubing in 
the system with 75 µm i.d. capillar-
ies would help squeeze more per-
formance out of the large column 
used in Case A, Case B is instructive.  
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FIGURE 4: Screenshot of web-based calculator for estimating contributions to ECD 
from different LC system components. http://www.multidlc.org/dispersion_calculator.

(a)
150 mm × 4.6 mm i.d., 5 µm
F = 1 mL/min.
Ncol = 15,000
All tubing: 120 µm i.d.
Vinjection: 2 µL
Vcell: 2 µL
No split
∆Ptubing = 36 bar

(b)
150 mm × 4.6 mm i.d., 5 µm
F = 1 mL/min.
Ncol = 15,000
All tubing: 75 µm i.d.
Vinjection: 0.5 µL
Vcell: 0.5 µL
No split
∆Ptubing = 236 bar

(c)
50 mm × 2.1 mm i.d., 1.8 µm
F = 0.4 mL/min.
Ncol = 14,000
All tubing: 75 µm i.d.
Vinjection: 0.5 µL
Vcell: 0.5 µL
No split
∆Ptubing = 94 bar

(d)
50 mm × 2.1 mm i.d., 1.8 µm
F = 1.0 mL/min.
Ncol = 14,000
All tubing: 75 µm i.d.
Vinjection: 0.5 µL
Vcell: 0.5 µL
Split – 1:1
∆Ptubing = 258 bar

Contributions to Total Variance

Injection

Tubing, Post-
Column/Pre-Split

Tubing, Pre-Column

Tubing, Post-Split

Tubing, Heat Exchanger Column

Detector

% Column ~ 97% % Column ~ 99% % Column ~ 62% % Column ~
47%

FIGURE 5: (a through d) Comparison of contributions of different components of ECD in different chromatographic scenarios.  
All pre-column and post-column tubing lengths are 400 mm except in case (d). All heat exchanger tubing lengths are 250 mm. 
All reduced plate heights are assumed to be 2. Isocratic elution with a retention factor of 2 is assumed in all cases.  
Dynamic viscosity of the mobile phase is assumed to be 1 cP (appropriate for water at room temperature). Case (d): Post-split 
tubing is 200 mm x 75 µm i.d.

http://www.multidlc.org/dispersion_calculator
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Here, we see that reducing the injec-
tion and detection volumes and 
reducing the capil lary diameters 
does indeed reduce the total level of 
ECD, but only by about 2%; also, this 
comes at the cost of a significantly 
higher pressure drop across the tub-
ing (236 bar). Indeed, on a 400 bar 
system, this separation may not even 
be possible, because there would 
not be enough pressure left to drive 
the mobile phase through the col-
umn under these conditions.

Things become a bit more interest-
ing when we get to Case C. Here, even 
though we’ve retained “low disper-
sion” conditions of smaller injection 
and detection volumes, and smaller 
75 µm i.d. capillaries, the contribu-
tions of ECD to the total observed 
variance are about 35%. In other 
words, the analyst is only realizing 
about 65% of the expected efficiency 
of the column, because of dispersion 
in other parts of the system. The pie 
chart makes it clear that this situation 
could be improved by reducing the 
length and/or diameter of the pre- 
and post-column tubing, since these 
are the major contributors to the ECD 
in this case.

Finally, in Case D, we illustrate the 
seriousness of the impact of post-
column flow splitting when using 
small columns. This case is the same 
as Case C, except that: 1) the flow 
rate through the column is increased 
slightly; and 2) a 1:1 split has been 
added with post-split tubing of 200 
mm x 75 µm i.d. With these changes, 
the level of ECD rises to 53% of the 
observed variance. This is because of 
the new contribution from the post-
split tubing (magenta pie slice), but 
also to the increased relative contri-
bution from the detector (because 
the pre-split peak volume is much 
smaller while the detector volume 
is unchanged). In this case, the most 
impactful changes that could be 
made would be to 1) decrease the 
detector cell volume (although, this 
is hard to decrease further without 
sacrificing signal-to-noise ratio [3]);  

and 2) decrease the lengths or diame-
ters of the post-split tubing, although 
this must be done very carefully, given 
that the pressure drop across the tub-
ing is already 258 bar.

Summary
In this installment of “LC Trouble-
shooting” we have wrapped up our 
discussion of details associated with 
the contributions of specific LC sys-
tem components to extracolumn 
dispsersion by discussing the impact 
of elution mode, and post-column 
flow splitting. More importantly, we 
have demonstrated the use of a free 
web-based calculator that can be 
used to estimate the magnitudes 
of contributions to ECD from differ-
ent system components, and shown 
how these estimates can be used 
to guide decisions during method 
development about which system 
components to use and which can 
be modified for maximal perfor-
mance improvement. We hope that 
this series of installments helps to 
deepen readers’ understanding of 
the contributions of specific system 
components to the total level of 
ECD, and ultimately avoid surprising 
apparent efficiency losses because of 
mismatches between column and LC 
system characteristics that have noth-
ing to do with the performance of the 
column per se.

Erratum
In Part III of this series (3), equation 
4 was incorrect. The correct version 
of this equation is given in equation  
4 here. 

σ 2    =  � 2·L 2  ·d 4

48+384∙� ·L    ·      
v,tub

tub tub

tub
D m
F

 [4]

This has been corrected in the online 
version of Part III of this series.
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COLUMN 
WATCH

Recent Developments in Open-Tubular 
Liquid Chromatography Columns
Liquid chromatography (LC) has traditionally been practiced using columns that are fully packed with 
discrete particles, or constructed around monolithic structures. The concept of open-tubular (OP) columns, 
or narrow internal diameter columns with a thin coating of stationary phase, has been known for many years. 
Limitations in sample capacity, column reproducibility, and instrumentation have hindered a broader adoption 
of the technique. However, recent developments in instrumentation, fabrication, nanoparticle technology,  
and other novel stationary phase supports have reignited activity in this area. Interest in open-tubular liquid 
chromatography (OTLC) stems from the potential for high efficiency, low backpressure, and the promise of 
more environmentally sustainable separations. This article explores recent developments in OTLC, with an 
emphasis on advances in column technology.
David S. Bell

L iquid chromatography (LC) is typi-
cally practiced using columns 

packed with discrete particles or using 
monolithic structures. Open-tubular liq-
uid chromatography (OTLC) describes 
the use of an open capillary tube, where 
the stationary phase is coated as a thin 
layer along the wall. 

The concept of open-tubular chro-
matography originated in the realm of 
gas chromatography (GC), where Golay 
predicted in 1958 that a capillary tube 
coated with a thin layer of stationary 
phase could produce highly efficient 
separations (1,2). This discovery would 
transform GC from packed columns that 
formerly dominated the laboratory envi-
ronment to open-tubular formats that 
prevail today. According to Forster and 
associates, Tsuda is credited with initially 
transferring the concept of open-tubu-
lar column chromatography to LC (3).  
OTLC is now known as a viable option 
in liquid chromatography, as well as in 
capillary electrochromatography (CEC).

OTLC was initially of interest because 
the technique could provide highly effi-
cient separations for complex mixtures, 

utilized small sample volumes, con-
sumed comparatively little mobile phase,  
and operated at relatively low back pres-
sures. Unfortunately, the advantages of 
OTLC were negated by poor sample 
capacity, as well as difficulties in col-
umn manufacturing and reproducibility.  
Additionally, instrumentation that could 
provide consistent low-flow control, small-
volume manipulation, and detector sensi-
tivity were lacking on existing platforms.

Several recent reviews on OTLC sug-
gest that there may be an emerging trend 
toward renewed interest in this tech-
nique. The demands on column technol-
ogy continue to grow, fueled by sample 
complexity and limited volumes, particu-
larly in challenging biological applica-
tions in proteomics and metabolomics,  
among other scientific studies. This is 
coupled with enabling technologies in 
microfabrication, advances in instrument 
design, miniaturization, and improved 
detector sensitivity, improving the efficacy 
of OTLC. This paper is intended to col-
lect and distill the current trends on OTLC, 
focusing on new column developments, 
motivations, and supporting technologies.

OTLC Column Types and Preparation
OTLC columns have been classified as 
either wall-coated open-tubular (WCOT) 
or porous-layer open-tubular (PLOT) (4). 
WCOT columns are characterized by a 
thin, non-porous coating of high molecular 
weight polymers (for example, polydimeth-
ylsiloxane [PDMS]). The PDMS polymers 
may be modified with functional groups, 
such as cyano and phenyl, to alter polarity 
and selectivity. Polyethylene glycol (PEG) 
and ionic liquids (ILs) may also be used to 
produce WCOT columns (4). 

PLOT columns, by contrast, contain 
a thin layer of porous material along the 
walls of the capillary. The porous material 
may be in the form of organic polymers 
(such as polystyrene), or inorganic mate-
rials (such as silica, among many others). 
Because of the higher sample capacity of 
PLOT columns, these have generally been 
of greater interest in LC, whereas WCOT 
columns continue to dominate in GC,  
as a result of their high efficiency and rela-
tive ease of manufacture. A representation 
of the open-tubular column formats, as 
well as their packed and monolithic coun-
terparts, is presented in Figure 1. Ic
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WCOT Columns
Although WCOT LC columns suffer from 
low sample capacity and preparation dif-
ficulties (especially columns with small 
internal diameters), there have been some 
recent developments that have sparked 
interest. To address the issue of analyte 
loadability, Liu and Yang proposed that, 
at very small diameters, the issue of low 
sample capacity diminishes because of a 
lack of dilution effects (5). The group dem-
onstrated that a dense, nonporous coat-

ing could be achieved through the use 
of highly concentrated solutions of octa-
decyltrimethoxysilane (OTMS) during the 
coating process, yielding high-efficiency 
columns. The authors did note, however, 
that uncertainty in the absolute capillary 
i.d. may be an issue that impedes broad 
acceptance of the technology.

PLOT Columns
Organic polymer PLOT columns provide 
advantages of increased stability over a 

wide range of pH values as compared 
to their inorganic counterparts, and are 
often considered easier to prepare (1).  
Organic coatings, however, are subject to 
swelling and shrinking in the presence of 
organic solvents, and thus may provide 
less reproducible results or overall lifetimes 
than inorganic-based PLOT columns.

A common technique for the prepara-
tion of organic PLOT columns is in situ 
thermally initiated radical polymeriza-
tion. In general, fused silica capillaries are 
first activated by treatment with a base, 
thereby generating silanols on the sur-
face for anchoring. Following neutraliza-
tion and drying of the capillary, a silanizing 
agent, such as 3-(trimethoxysilyl)propyl 
methacrylate, is introduced to bond with 
the surface and act as a bridge to the 
forthcoming polymer. Next, a mixture of 
monomer, cross-linker, porogen and ther-
mal initiator are pumped into the column, 
and the ends of the column are sealed. 
Heating the column initiates the polymer-
ization, and finally, after a given time, the 
column can be rinsed and utilized. Poly-
mers of styrene, divinylbenzene, and vari-
ous acrylates and methacrylates are com-
mon. Obviously, the reaction conditions at 
each of the step, choices of reagents, and 
manufacturing technique will all impact 
the final column. It is also possible to fur-
ther modify polymeric coatings to alter 
retention and selectivity of the column.

For inorganic PLOT column prepara-
tion, the sol-gel method is generally uti-
lized. Again, the initial step is to treat the 
capillary and generate surface silanols. 
Silicon alkoxides, such as tetraethoxysi-
lane (TEOS), are then hydrolyzed and 
condensed into a gel within the column, 
using acid or base to catalyze the reaction.  
Subsequent aging and drying yields a 
porous silica that can then be further 
reacted with various functional groups in a 
manner similar to the modification of silica 
particles in packed LC. As with the organic 
porous polymer coating preparation, the 
conditions at each step, along with the 
reagents chosen, highly impact the resul-
tant column and its characteristics.

Hara and associates have explored the 
development of silica-based PLOT col-
umns using tetramethoxysilane (TMOS) as 
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a silica precursor (6). In a recent study, the 
group investigated the use of a mixture 
of TMOS and methyltrimethoxysilane 
(MTMS) to produce what they termed 
a hybrid PLOT columns with an internal 
diameter of 5 µm (7). The term hybrid 
is meant to describe the incorporation 
of organic moieties into the silica struc-
ture of the porous material. Addition of 
more methyl groups via MTMS resulted 
in coatings that were more hydropho-
bic, and thus more retentive than using 
TMOS alone. This also has the implica-
tion that a thinner coating of the hybrid 
material could provide the same reten-
tion as a thicker TMOS-based coating 
with improved efficiency. The group 
noted that the layer thickness could be 
controlled in a linear fashion with the 
amount of TMOS/MTMS in the sol-gel 
mixture, and up to column lengths up 
to 1.3 m were successfully prepared.  
One noted limitation of the process was 
that the high viscosity of the sol-gel solu-
tion makes filling the capillaries of longer 
length difficult.

The investigation of new classes of 
separation media such a metal organic 
frameworks (MOFs) in chromatogra-
phy is also of interest to PLOT column 
development. One example of incor-
porating MOFs into OTLC was pub-
lished by Zhu and associates (8). In this 
work, the researchers added isoreticular 

metal organic framework-3 (IRMOF-3) 
particles to poly[2-(methacryloyloxy)
ethyl] dimethyl-(3-sulfopropyl) ammo-
nium hydroxide polymer in an open-
tubular format. In addition, the MOF 
was derivatized with vancomycin.  
Both the modified and unmodified 
version were compared for chromato-
graphic performance against the base 
polymer. The vancomycin-modified MOF 
system was shown to provide retention 
and separation for a set of neutral, acidic, 
and basic analytes, and exhibited a num-
ber of different retention mechanisms.

Current Drivers and 
Enabling Technologies
Complex and Limited Samples
Some of the recent reviews on OTLC 
credit the Karger group for the resur-
gence of interest in the technique (1,4).  
In one interesting paper, the Karger 
group tackled the comprehensive analy-
sis of N-linked glycans released from 
ovalbumin using a 10 µm ID PLOT col-
umn in hydrophilic-interaction chroma-
tography (HILIC) mode coupled to mass 
spectrometry (MS) (9). The PLOT column 
consisted of an ethylenediamine-modi-
fied poly(vinylbenzyl chloride-divinylben-
zene) coating. In another example, the 
Karger group used a polystyrene/divinyl-
benzene 10 µm PLOT column coupled 
to MS for the analysis of protein digests 

initially sampled using laser capture 
microdissection (LCM) (10). According 
to the authors, LCM allows for the isola-
tion of biologically distinct cell subtypes; 
however obtaining large sample sizes 
is laborious. Careful sample workup, in 
addition to a highly sensitive PLOT LC–
MS/MS system, allowed the group to 
identity increased numbers of proteins.  
These examples highlight a couple of 
drivers—the need for highly efficient sep-
arations to deal with complex samples,  
and the ability to analyze precious or 
highly limited sample sizes. The examples 
also note one on the major OTLC enabling 
technologies—mass spectrometry.

Instrumentation
The very small column volumes associ-
ated with OTLC columns leads to heavy 
demands on the instrumentation around 
it. Although it was known early that the 
technique would provide highly efficient 
chromatography, common detectors 
lacked the sensitivity for such small vol-
umes and microsampling; additionally, 
nanoflow techniques and instrumenta-
tion were uncommon. The detection sen-
sitivity issue has been largely solved with 
the development of highly sensitive MS 
systems and electrospray ionization (ESI) 
interfaces. The direct coupling of OTLC 
and ESI–MS minimizes band broaden-
ing, and the flow rates are often opti-

Packed WCOT PLOT

FIGURE 1: Pictorial representation of different types of capillary columns. Figure based on conceptualization in (12).
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mal for both chromatographic efficiency 
and ionization efficiency. Microsampling 
devices, often integrated, and nanoflow 
instrumentation improvements continue 
to further enable techniques like OTLC.

Two recent reviews on trends in minia-
turization of instrumentation make note of 
the column as a vital part of the equation 
to reduce instrumental footprint (11,12). 
The promise of OTLC columns for high 
efficiency, low backpressure, low mobile-
phase volume, and direct MS coupling 
is highlighted in both; however, the lack 
of commercially available columns and 
instrumentation is a commonly stated lim-
iting factor for broad acceptance.

Conclusions and Outlook
There is still significant and renewed 
interest in open-tubular liquid chroma-
tography. This interest has largely been 
stimulated by the need to analyze com-
plex samples, conserve material where 
sample sizes are limited, and basic mate-
rial science and process research, as well 
as ambitions to achieve environmentally 
friendly separations. Technology devel-
opments in instrumentation (such as 
improved low-flow control, innovative 
micro- and nano-sampling devices, and 
especially mass spectrometry) have con-
tinued to enable advances in OTLC. Col-
umn technology, as highlighted in this 
work, also continues to develop in terms 
of preparation processing and device 
design, as well as in the fundamental 
understanding of separation media most 
appropriate for this format. 

What seems to be lacking for a broader 
acceptance and usage of the OTLC tech-
nology is a complete, synergistic system 
incorporating sampling, delivery, sepa-
ration, and detection (as well as data 
analysis). As noted by Røberg-Larsen 
and associates, liquid chromatography is 
a key component in single-cell analysis, a 
complex and limited sample class of high 
interest (13). The authors go on to note 
that there are some commercial tools 
available (for example, packed nano LC 
columns) for such efforts, but alternative 
formats such as OTLC, among others, 
have great potential to further advance 
single-cell ‘omics analysis.
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Hard-Won Lessons in Gas Chromatography
The May 2021 ChromTalks, presented by LCGC and CHROMacademy, brought together 12 world-renowned chromatography 
experts discussing some of the most important lessons and experiences that shaped their careers. This month, we look 
back at ChromTalks as I share the lessons that I learned from these great speakers, with topics including sample preparation,  
gas chromatography (GC), and GC–mass spectrometry (MS). We share both the successes and failures (and how these experts 
overcame them), and enjoy some of the hidden stories behind the work of today’s chromatography leaders. The titles of some of 
these presentations alone—“(MisTAQuES) in QuEChERS,” “SPME Mysteries (Causing Miseries?),” “Everything I Learned Not to 
Do,” “Weird Observations Straight Out of the Twilight Zone,” and “Go With the Flow”—tell us that even the greatest scientists 
observe strange occurrences when working through problems and developing methods. Fortunately, strange observations often 
breed new developments. We see key lessons from the GC speakers as we review ChromTalks 2021.

Nicholas H. Snow

C hromTalks provided a new approach 
to a scientific symposium: Get the 

speakers to talk about mistakes and hard les-
sons learned that ultimately led to some of 
their successes. There were four days of pre-
sentations, each including industrial and aca-
demic speakers and vendor presentations. 
The four days encompassed sample prepa-
ration, liquid chromatography, mass spec-
trometry, and gas chromatography. The full 
presentations are available online at https://
view.ceros.com/mjh-life-sciences/lcgc-ca-
symposium/p/1 or point your browser to 
chromatographyonline.com and click the 
link for ChromTalks or search “ChromTalks.”

The sample preparation sessions focused 
largely on techniques that are commonly 
used with gas chromatography (GC), espe-
cially QuEChERS (Quick, Easy, Cheap, Effec-
tive, Rugged, and Safe), presented by Dr. 
Steven Lehotay, of the United States Depart-
ment of Agriculture, one of the inventors of 
the QuEChERS approach, and solid-phase 
microextraction (SPME), presented by its 
inventor, Professor Janusz Pawliszyn of the 
University of Waterloo (Ontario, Canada). 

Mass spectrometry was discussed by Koen 
Sandra of the Research Institute for Chroma-
tography in Belgium, Kevin Schug of the 
University of Texas-Arlington and Susan Rich-

ardson of the University of South Carolina.  
All three speakers spoke of successes, failures, 
and strange stories as they worked to figure 
out two instrumental techniques at once: 
chromatography and mass spectrometry. 

The gas chromatography session was led 
off by Dr. John Hinshaw, the former editor of 
this column for nearly 25 years. John’s chro-
matography career spans over 40 years with 
stints at Varian, PerkinElmer, and currently 
with Serveron. John spoke of experiences 
and incidents over his career that many sci-
entists can relate to. In a broad sense, John 
shared the following key points for experi-
menting, optimizing, and troubleshooting: 
focus on safety first, not results; be observant 
and ask the right questions (What? When? 
Who?); get to root causes (How? Why? Test!); 
and make appropriate changes (desired, 
possible, and practical). Lesson #1: In prac-
tical troubleshooting or optimizing, the 
result may be cost effective, time bound, 
or high performance—you get two out 
of three, and, perhaps most importantly, 
only change one thing at a time. 

John discussed the early computers and 
electronics that provide the foundations for 
today’s modern instruments and data sys-
tems, discussed in some recent “GC Con-
nections” installments (1). These included 

starting on a plug-board manual computer 
(have you ever heard of one of these?), 
time shared BASIC (Beginners All-Purpose 
Symbolic Instruction Code) programming 
in the late 1960s, and working with punch 
card computing. The original version of the 
famous DryLab chromatography optimi-
zation software was written in BASIC. If a 
punch card had one error (or even a typo), 
the program would fail. Additionally, other 
adventures were discussed, including build-
ing a pirate AM radio station that was subse-
quently shut down. Lesson #2: Understand 
how your electronics and data systems 
work, and beware of federal and govern-
mental regulations. 

John started working for Varian as fused 
silica capillary columns were becoming avail-
able. They used static coating in a fish tank 
(complete with fish!) to apply the stationary 
phase to the inside of the capillary tubing. 
The big challenge with making early columns 
was drawing out the fused silica with tradi-
tional glass coating machines that did not 
work well, so they changed to purchasing 
the fused silica. Early gas chromatographs, 
especially when used with capillary GC,  
had many interesting engineering chal-
lenges. John related a troubleshooting prob-
lem that the baseline on a flame ionization 

https://view.ceros.com/mjh-life-sciences/lcgc-ca-symposium/p/1
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detector (FID) would elevate at seemingly 
random intervals. They eventually solved 
the problem: Opening the laboratory door 
caused pressure changes in the laboratory 
that caused flow changes in the detector, so 
they re-engineered the detector to eliminate 
the flow problem. I encountered a similar 
problem some years later, from accidentally 
using a contaminated air supply. Lesson 
#3: Troubleshooting is a perfect example 
of John’s first admonitions: Ask the right 
questions, get to the root causes, and 
make practical changes, one at a time. 

Most of John’s career was spent at  
PerkinElmer as an applications manager, a 
principal scientist in instrument and applica-
tions development, and later as a GC engi-
neering manager. He described development 
of a quadrupole GC–mass spectrometry (MS) 
system with software development in Cali-
fornia, product management in Connecticut, 
development of the quadrupoles in Scotland, 
and the vacuum system in Germany. Multidis-
ciplinary teams at multiple sites for the devel-
opment of new products were somewhat 
unusual then, but are the norm today. Lesson 
#4: Get as much multidisciplinary training 
and experience as you can. 

Dr. Jaap DeZeeuw of Restek has been 
making and working with capillary columns 
for over 40 years, and he shared perspectives 
and stories from his work as a long-time col-
umn maker. He spoke about practical experi-
ences with capillary columns, how they have 
evolved, and how to extend their application 
and lifetime. He provided true inside stories 
about how the chemistry behind stationary-
phase coating and bonding has evolved sig-
nificantly in the four decades since invention 
of the fused-silica capillary columns com-
monly in use today. 

Jaap discussed how we came to use 
fused silica tubing, how fused silica columns 
are drawn and made, and why they have 
become so popular. Prior to the introduc-
tion of fused silica in 1979, stainless steel and 
glass were used, and, later, aluminum. Glass 
is not user-friendly and is fragile, although it 
is very stable. Aluminum seems promising, 
but coating is difficult, special connectors 
are needed, and aluminum is not robust 
for aggressive temperature programming. 
Deactivated stainless steel can be used, but 
is difficult to work with, and the thermal mass 

is higher. Fused silica solves most of these 
problems and can be run up to about 360 

oC due to the polyimide coating on the out-
side of the column. Fused-silica columns can 
break if scratched by accident. Lesson #5: 
Long-term operation of fused silica col-
umns at high temperatures can cause the 
polyimide coating to degrade and reduce 
column lifetime. Handle columns with care. 

In the past, most stationary phases were 
made from industrial polymers and were 
very “dirty.” Today, major column manufac-
turers have in-house polymer laboratories 
that produce very “clean” materials. This is 
one reason that the temperature stability of 
capillary columns has improved greatly over 
the years. Today, there are at least a dozen 
polysiloxane-based stationary phases in use. 
Over time, however, even the newest station-
ary phases will degrade with temperature, so 
stabilizing groups and cross-linking or cross-
bonding are used to make the polymer 
chains more rigid. Lesson #6: Stabilized 
and cross-linked columns have better tem-
perature stability, but they may not have 
the same selectivity as their non-stabilized 
equivalents. They are different polymers. 

Coating columns is a “special art.” There 
are many techniques that can be used to 
coat a column, but the most important 
idea is that the coating must be homoge-
neous. Any distortions in the coating thick-
ness will cause a loss of separation efficiency.  
Deactivation and phase stability are among 
the most important developments in station-
ary phases over the last 30 years. Columns 
must be inert, with deactivation of the fused 
silica in a manner which prevents formation 
of reactive silanol groups (is this sound-
ing familiar, liquid chromatography folks?)  
with organic reagents, or by covering the sur-
face with a polymer. However, deactivation 
can alter the retention and selectivity of the 
stationary phase. Lesson #7: Deactivation 
chemistry for the column must lead to 
minimal retention. 

Yes, you still need to condition columns 
before use. Columns should be heated to 
the maximum temperature for at least 12 h. 
This is also a test to ensure that the column 
deactivation can withstand the upper tem-
perature limit of the column. Exposing the 
column in the inlet can also cause degrada-
tion. This heated portion of the column will 
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be exposed to a small amount of air every 
time a sample is injected. This air eventually 
results in column degradation. In addition, 
the liner will hold high-boiling contaminants 
that can eventually evaporate into the col-
umn and cause degradation. Derivatization 
reagents are often highly reactive, and they 
can also attack the column. It is possible for 
an initially inert column to lose performance 
quickly. Lesson #8: Keep the system and 
samples clean, condition the column, trim 
the column on a regular basis, and use the 
lowest possible temperature. 

Jaap also shared insights about column 
bleed: Lesson #9: Bleed can be good. 
Bleed products can deactivate transfer lines, 
couplings, and ion sources. He described 
a simple experiment that showed this idea 
dramatically. High-bleed columns can often 
show more inertness than low-bleed col-
umns. He also described “priming” tech-
niques where mixtures are pre-injected 
onto a column prior to analytical runs to 

“protect” the column from the analytes, or 
the analytes from the columns. In my own 
experience, we used to do this for an ana-
bolic steroid method. Lesson #10: “Analyte 
protectants” can be used to prepare the 
column for highly reactive analytes such as  
pesticides (2).

Finally, I closed the session as “tail-end 
Charlie” for the academic and industrial 
speakers, and felt like a kid in this room with 
just over 30 years’ experience as a gas chro-
matographer. About 25 years ago, as a much 
younger chromatographer, I predicted that 
mass spectrometry would become the only 
major detector for GC, because it can be 
both universal and selective, and was becom-
ing easier to use. Also, gas chromatographers 
love to use GC–MS with capillary GC due to 
simple interfacing: The capillary column is 
inserted directly into the ionization source.

Based on my (incorrect) prediction from 
25 years ago, my title in the ChromTalks was 

“Should MS be the only detector for GC”? 
A simple look at the table of contents of a 
recently published comprehensive book on 
GC, or of my own basic text, should tell us 
the answer (3,4). The Poole text has five sepa-
rate chapters on detectors and mine has two. 
New development in detectors, such as vac-
uum ultraviolet (VUV) and catalytic reactors 
for the FID, is strong and ongoing. Lesson # 

11: Classical GC detectors, including mass 
spectrometry, are alive and well. 

Using examples and lessons from my own 
experiences, I discussed how a scientific career 
includes many (often overlapping) career arcs, 
and many people. When starting a project,  
I, too, have often asked the questions that 
John presented at the beginning of the sym-
posium: What? When? Who? I was a very early 
adopter of SPME with GC–MS, but looked to 
work on projects that had not already been 
taken, so my students and I worked on SPME 
of drugs. Figuring out how to derivatize drugs 
extracted into an SPME fiber took over a year 
of failures, and destroyed fibers (with a 1995 
list price of over $100 each) (5). It is a good 
thing that chromatographers are a community, 
and the vendor was willing to provide them 
for free. We were ultimately successful, and 
there have been hundreds of related papers 
by many authors since. Lesson #12: Every 
experiment, even the ones that “don’t 
work,” teaches us a lesson, and brings us 
closer to solving the problem. 

Conclusion
The first ChromTalks online symposium in 
May 2021 was highly successful and informa-
tive. The biggest challenge we face when 
searching the literature and reading refer-
ences is that, most often, the best and final 
results are presented, but not the inside 
stories, missteps, mistakes, and difficulties 
that led to the successful work. My own first 
paper on SPME of drugs was a short com-
munication that was the result of about a year 
of failures and almost giving up. John con-
cluded his presentation by reminding us to 

“never stop learning and innovating.” Jaap 
reminded us that we can only take advan-
tage of the high inertness and excellent 
separation chemistry of today’s capillary col-
umns if we also pay close attention to sample 
preparation and overall system cleanliness. 
My own closing remarks were a reminder to 
remember that chromatographers, whether 
just beginning or with years of experience, 
are a community of scientists solving difficult 
problems together. 

Finally, I offer a “shout out” to the four 
sponsors of the GC session: relative new-
comers Lucidity, the makers of miniature GCs; 
Activated Research, who provide a catalytic 
reactor upgrade for FIDs and a low-cost 

comprehensive two-dimensional gas chro-
matography (GCxGC) solution; long-time 
vendors LECO, the makers of GCxGC and 
GCxGC–MS systems as part of a broader 
product range; and PerkinElmer, one of the 
original players in GC and home to Marcel 
Golay, inventor of the capillary column. All 
four of these vendors also provided excel-
lent presentations with useful and practical 
advice. I hope that we all will be able to come 
together again soon as teachers, users, ven-
dors, and colleagues, in-person, to share our 
successes—and our mistakes and failures. 

ChromTalks Presentations On Demand 
Additional information 
on ChromTalks, including 
access to all presentations 
on-demand, is available by 

scanning this QR code. 
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SAMPLE PREP  
PERSPECTIVES

Heroic Failures in Sample Preparation
We were recently f lat tered to par ticipate in ChromTalks, a vir tual symposium put on by LCGC and 
CHROMacademy. Unlike conventional scientific symposia, this was touted as highly experienced speakers 
from industry and academia imparting key learnings from their long experience with chromatography, from 
heroic failures that have taught them valuable lessons, to moments of inspirational serendipity, and everything 
in between. This month, we present additional perspectives from our presentation. Particularly, we discuss 
health and safety considerations along with the role of training programs, and other often overlooked factors 
that may improve laboratory efficiency in the long run.

Douglas E. Raynie

Ihave to admit I was a little bit flat-
tered when asked, as an experienced 

chromatographer, to share the wisdom 
of our group’s years with a broad audi-
ence at ChromTalks. However, when I 
was asked to focus on our group’s fail-
ures, my emotions were crushed for 
a moment, until I realized they must 
know me too well.

For the balance of this column,  
I capitalize on the numerous mis-
takes made during the course of our 
career (and trust me, there have been 
plenty), so that you can either learn 
from my failures in the sample prepa-
ration realm, or laugh at my expense.  
Let’s discuss seven different case 
studies, some rather simple and 
somewhat humorous, and others 
much more serious.

Case Study #1: Flatlined
The first of these failures happened in 
my first job after I earned my Master’s 
degree, where I primarily used liquid 
chromatography (LC). Because it took 
place in a regulated laboratory, I had 
very little experience in maintaining a 
chromatographic system, and, espe-
cially back in the day, I was not a very 
mechanical person. Later, at my first 
professional meetings, I heard Colin 
Poole claim that in the parking lot of 

any chemistry facility, the old, beat-up 
cars likely belonged to the chromatog-
raphers because they’re the ones that 
know how to fix equipment.

When I began my first job, I was 
replacing a long-time technician, and 
she was more interested in the social 
aspects of saying goodbye to all of her 
friends. As a result, my initial training 
involved reading the instrument manu-
als for a Varian 3700 gas chromatograph 
(GC) and a Hewlett-Packard 5880 GC, 
the two workhorses of the laboratory. 
Those of you that remember a Hewlett-
Packard 5880 are not only getting old, 
like me, but remember that you had 
to be a bit of master plumber to really 
understand its operation.

As you can imagine, those instru-
ment manuals were not the most 
exciting reading in the world to a 
young twenty-something embarking 
on a new career. I had a good half 
day, maybe a full day, of actual train-
ing, during which I was shown some of 
laboratory’s practices and developed 
methods. The following Monday, I was 
on my own. During my undergraduate 
and MS programs, I had heard about 
the safety concerns associated with 
gas cylinders, so I was proud of myself 
that Monday morning when I was able 
to replace the hydrogen cylinder with-

out any problem, until I injected the 
my first sample and saw no peaks. 
There would be several feet of paper 
on the floor (this was in the days of 
the strip-chart recorder) with nothing 
but a flat line. I checked everything;  
there were no leaks, all the valves were 
correctly open or closed, and so forth.

Finally, over lunch, I realized that yes, 
the flame ionization detector requires 
a flame and, as observed in Figure 1, 
the flame requires air and some kind 
of fuel gas. That fuel gas is hydrogen. 
When the hydrogen is disconnected 
to replace the cylinder, the flame goes 
out. Once the flame was reignited, 
everything worked great, and I was 
well on my way toward what has been 
a somewhat successful career.

The lesson from this case study is to 
know your system and its operation. 
When I teach chromatography trou-
bleshooting, one of the first lessons 
taught is that whenever you encoun-
ter a unique situation, you need to ask 
questions—what did you do differently, 
what changes were made, and so forth. 
Perhaps ask the questions repeat-
edly, in different ways, to uncover the 
causes of the problem you are trouble-
shooting. A second lesson is to evalu-
ate your training programs for new 
laboratory employees.
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Case Study #2: The Big Bang
The next case study occurred when I 
was in graduate school in Milton Lee’s 
group at Brigham Young University in 
the late 1980s, as he was developing 
Lee Scientific to bring capillary super-
critical fluid chromatography (SFC) to 
the market. The company was evaluat-
ing different pumps and ovens from 
different vendors. Throughout the 
laboratory, we had a variety of SFC 
systems that Professor Lee and his 
graduate students had developed over 
the years. Each graduate student had a 
dedicated system, with unique detec-
tors, cosolvent pumps, and injectors. 
Students often swapped system com-
ponents depending on the needs of  
a project.

Because of all of the changes, 
including software upgrades, the sys-
tem I was using had a software bug.  
First, you must know that these systems 
had a rotary valve, like an injector in 
an LC system, connecting the carbon 
dioxide supply tank, the CO2 pump,  
the cosolvent pump, and the chromatog-
raphy system. What happened in my par-
ticular system was that after the syringe 
pump was refilled, the valve entered 
a continuous loop, cycling through  
all positions. Since I was aware of this, 

I simply exited the program each time 
I refilled the pump, and things would 
return to normal.

That is, until one evening when I 
went to the other end of the laboratory 
to talk to some of my fellow students. 
Before long, there was a loud explo-
sion, not unlike a shotgun had been set 
off next to my ear. One of the plastic-
coated glass solvent bottles had shat-
tered. What happened was every time 
it connected the CO2 cylinder to that 
bottle, it released a little pressure into 
that solvent bottle, eventually causing 
it to explode. Luckily, no one was hurt.

The Lee Scientific folks came down 
the next morning and did a very thor-
ough investigation. I found out a lot 
about how companies perform failure 
analysis of their equipment. I think the 
likelihood of this happening again is 
much more remote than back in the 
mid-1980s, given that there’s much 
more awareness of safety and train-
ing, as well as the development of the  
safety culture.

Once again our lesson is to know 
your system, but the corollary is that 
if something isn’t working properly, 
don’t just try to work around the sys-
tem as I did. Don’t be afraid to ask 
questions, find the appropriate cause  

(the software, in my case), and actually fix  
the problem.

Case Study #3: Up in Flames
This one occurred after I started at the 
university and I was teaching instru-
mental analysis, around the time of the 
height of popularity of the television 
show “CSI.” I would end the semester 
with a forensics project. We would have 
a mock crime scene, and each student 
would receive one piece of evidence 
for analysis, with half of the students 
working for the prosecution and half 
for the defense. At the closing trial, 
they would provide testimony on their 
evidence with cross-examination by  
their classmates.

I would develop an elaborate crime 
scene; one year, that was based on a 
fire at a meth laboratory. Much of the 
evidence involved the household prod-
ucts (cold and cough pills, common 
solvents, and so forth) used in the illicit 
manufacture of methamphetamine. For 
example, at the time, you would see the 
kind of posters shown in Figure 2 in the 
back of certain retail stores. One of the 
items was matches used for the phos-
phorus. To obtain a piece of evidence 
and somewhat conceal it, I took the 
matches, cut off the head of the match, 
then ground it with a mortar and pestle.

All of a sudden, there was a giant 
flame! It should have been common 
sense, but if you think about what 
happens when you grind a “strike any-
where” match with a mortar and pestle, 
yes, the matches are going to ignite. 

The lesson to be learned from this 
case study is to know your sample.  
The corollary is to not allow our familiarity 
with the sample lull us into a false sense 
of safety as we process our samples.

Case Study #4: Powdered Pringles
Our fourth case study is another sim-
ple, and humorous, example. While I 
worked at Procter & Gamble, we were 
looking at the fat content of Pringles 
brand potato crisps. I believe I was 
comparing different extraction proce-
dures like pressurized liquid extrac-
tion (PLE), supercritical fluid extrac-
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FIGURE 1: Schematic diagram of a flame ionization detector (FID), as is used in capillary 
GC. Diagram courtesy of CHROMacademy.
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tion (SFE), and microwave assisted  
extraction (MAE).

To improve the extraction, I needed 
to grind the sample and mix it with dia-
tomaceous earth. For almost all of our 
sample extraction methods for solids, 
we generally want our sample to be 
in the form of a free-flowing powder.  
In this case, I used an inexpensive 
coffee mill rather than a standard 
analytical mill. Keep in mind that this 
was in the mid-1990s, so coffee mills 
weren’t as sophisticated as the one 
you might have in your kitchen today.  
Nowadays, you can disassemble the 
mill to clean the blades and chamber. 
Our mill was one solid plastic casing, so 
it couldn’t be taken it apart for clean-
ing. I chose to clean it between every 
sample by wiping the chamber with a 
tissue moistened with acetone.

I routinely keep my hand on the lid 
of these inexpensive mills during oper-
ation (a lesson some contestants on 

“Chopped” could learn). After about a 
FIGURE 2: Example of warning posters to retail employees to curb the availability of 
household products used in the illicit manufacture of methamphetamine.
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half dozen or so samples, I could feel 
the pressure starting to build, and then 
the lid popped off the mill in a kind of a 
mini-explosion. Evidently, this was loud 
enough that the personnel in the labo-
ratories on either side of mine came run-
ning into my laboratory. Of course, I was 
wearing my lab coat and safety glasses. 
Apparently, a white powdery mix of Prin-
gles and diatomaceous earth covered 
my hair and face. After ascertaining that I 
was fine, laughter ensued.

While to this day, we’re not entirely 
sure what happened; the likely cause 
was either acetone vapors or very fine 
particulates from the grinding that 
got down into the motor, causing the  
small explosion. 

The lesson from this case study is to 
know your process—specifically in this 
case, the process being not only how 
the mill works, but how you’re going to 

clean it. Similar to the “strike anywhere 
matches” example, don’t overlook 
things that seemingly are simple.

Case Study #5: A Matter of Scale
On another occasion, our laboratory 
needed to wash or extract a piece of 
fabric about the size of the bath towel 
in boiling or, at least, hot ethanol.  
Because I had a meeting at one of the 
other technical centers, I asked our newer 
technician if she could perform this 
task. Being new fairly to the laboratory,  
she looked around for something that 
would be big enough to hold the fabric 
and the appropriate amount of solvent. 
The only sizeable container she could 
find was a developing chamber for thin-
layer chromatography (TLC). She pro-
ceeded to place the TLC chamber on 
a hot plate in the fume hood, put the 
fabric in the chamber, cover it with prob-

ably one to two liters of ethanol, and turn 
on the hot plate. As things were heating, 
she needed to walk down to the stock-
room to get some other materials.

Meanwhile, the second technician 
was in the laboratory working at his 
desk, and noticed flames emanating 
from the fume hood. He dutifully acti-
vated the fire alarm, and then noticed 
that the TLC tank had a crack in it, caus-
ing the liquid ethanol to dribble down 
the tank onto the hot plate, where it 
caught fire. He grabbed the fire extin-
guisher, and put out the fire before the 
building was completely evacuated. 
Again, I was off-site and this was before 
cell phones were prevalent, so I knew 
nothing about this until the next day, 
when I returned to the laboratory and 
was called into a meeting with my boss, 
the associate director.

Most of our common laboratory 
glassware is Kimax, Pyrex, or some 
other type of borosilicate glass. This  
material has a low thermal expansion 
coefficient and is designed for heating, 
because it is resistant to thermal shock. 
Common glass, like TLC chambers,  
is soda lime or other “soft” glass that 
is not meant for heating. When I was 
an undergraduate, I seem to remember 
having lessons in bending glass tubing 
and a little bit of elementary glassblow-
ing and glassware safety training, so I 
learned about the difference between 
types of glass. These days, this is not 
taught, so the appropriate experience 
is necessary to gain this knowledge.

My associate director asked if we 
had completed a job safety assessment 
for this task. My reply was that this was 
not a new procedure; chemists have 
been heating organic solvents on hot 
plates for decades. His claim was that 
the scale was new or, at least, new to 
our laboratory. 

The lesson from this case study is to 
perform a job safety assessment, even 
if it is for a process with which you are 
familiar, if it is performed in a different 
manner. It is also important to consider 
our onboarding and training programs 
we offer new employees and students 
in our laboratories: What knowledge do 

N N+

Cl-

FIGURE 3: Structure of a typical ionic liquid, 1-butyl-3-methylimidazolium chloride 
(BMIM Cl).

FIGURE 4 : Photographs of SFE vessel (rated by manufacturer for use at 10,000 psi) 
explosion caused by use of nitrous oxide during extraction of coffee oils. Reproduced 
with permission from reference (1).
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we assume that they have? When prepar-
ing a job safety assessment, break down 
the process to the component tasks,  
enumerate the risks associated with each 
task, along with the severity and likeli-
hood of each risk. Details on job safety 
assessments are found on the inter-
net if your organization does not offer  
specific training.

Case Study #6: The Only Time
For the past 15 years or so, part of our 
research program has dealt with biopro-
cessing—that is, converting biomass from 
plants to materials and energy. Key to 
this is to separate the major components 
(cellulose, hemicellulose, and lignin) from 
each other. This is not an easy process; 
plants aren’t readily soluble in conven-
tional solvents. This led us to our foray 
with ionic liquids. For those less familiar 
with ionic liquids, one example that was 
most relevant to our research is 1-butyl-
3-methylimidazolium chloride (BMIM Cl), 
shown schematically in Figure 3.

When our first order of BMIM Cl arrived, 
a graduate student and two of her fellow 
students came to my office. To this day, 
in my entire career it’s the only time I’ve 
ever had someone come into my office 
with the Safety Data Sheet (SDS) (for-
merly Material Safety Data Sheet [MSDS]) 
and say, “Are you sure you want us to 
work with this material?” The former 
MSDS sheets were not as harmonized as 
the current SDS forms. The MSDS that 
came with the BMIM Cl looked like is was 
prepared by a team of lawyers working 
with a team of toxicologists. The MSDS 
had copious descriptions of acute and 
chronic toxicity, aquatic toxicity, warnings, 
and danger statements.

We have to keep in mind that with 
toxicity, it really depends on the route 
of exposure, and we only have three pri-
mary routes of exposure—oral, dermal, 
or inhalation. One of the advantages of 
ionic liquids is that they’re nonvolatile, so 
we don’t have to worry about the inhala-
tion hazard, especially if we work in the 

fume hood. We don’t eat in the labora-
tory, so we don’t have to worry about 
oral exposure. We wear lab coats, gloves, 
safety goggles, and other personal 
protective equipment (PPE), so dermal 
exposure is minimized.

Our lessons with this case study are 
to know your reagents, and read the 
SDS when you order new materials. 
Follow the appropriate safety practice.  
We’re the ones as professional chemists 
that must deal with the consequences of 
the compounds we work with, yet most of 
us have never had a course in toxicology. 
Perhaps we should be lobbying our local 
universities to include courses in chemical 
toxicology in their degree programs.

Case Study #7:  
Hello, I’m Doug Raynie
This was also in the mid-1990s.  
For much of my career, I’ve been 
involved with SFE, generally with car-
bon dioxide. CO2 is nonpolar, or polar-
izable. We were interested in extracting 
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triglycerides, or lipids, from foods. Gener-
ally, we work at temperatures of at least 
80 °C and pressures of 680 atm (or 10,000 
psi), or else we add a small amount of an 
organic cosolvent, such as methanol, for 
this application. Researchers have been 
searching for alternative solvents, and 
literature reports showed some use of 
nitrous oxide for SFE. Its critical param-
eters are very convenient to use, similar 
to that for CO2, which means we can we 
work at lower temperatures and pressures.

Again, looking to the chemical litera-
ture, there were a few reports on super-
critical nitric oxide. Each of those reports 
noted to use caution with nitrous oxide, 
because it is a strong oxidizing agent. 
Yet only one of those papers took any 
special safety precautions to deal with 
this concern, and another report used 
nitrous oxide mixed with small quanti-
ties of methanol that resulted in a small 
explosion. I found one paper where a 
group was using nitrous oxide at 60 °C 
and reasonable pressures, milder con-
ditions than I used previously for the 
SFE of lipids from ground coffee beans.  
I used an unmodified commercial SFE 
system with vessels that were rated for 
use at 10,000 psi. Everything worked 
fine. Being a methodical scientist, I next 
performed the extractions of the same 
condition as we did previously with CO2 
(80 °C and 680 atm) and, within minutes 
of starting that extraction, the vessel 
exploded. You can see the results in the 
photos in Figure 4.

If you look at the bulge in the photo, 
the vessel split right along the wrench 
flats and then peeled back along the 
end caps. The only damage, other than 
ruining this vessel, was a dent on the 
inside of the SFE oven. If we think about 
it, for a fire or explosion to occur, you 
need an oxidizing agent (nitrous oxide), 
an organic fuel (the coffee grounds), and 
some kind of activation energy (provided 
by free radicals in the coffee grounds). 
Again, the instrument had minimal dam-
age, and no one was hurt. We did some 
rough calculations, and determined that 
the instantaneous pressure inside that 
vessel was between 80,000 and 100,000 
psi. The original tubing to make this ves-

sel, prior to any machining, was rated 
by the manufacturer to 100,000 psi.  
There has only been two or three reported 
instances of catastrophic failure like this 
on any SFE equipment, at any scale.

Based on this experience, none of 
the safety features in any commer-
cial SFE, as well as the one paper that 
they took extra precautions, would not 
work because the pressure buildup 
is so instantaneous within the vessel.  
How do you report this incident, so that 
no one else would repeat our experience? 
Keep in mind that, again, this was back 
in the time before online journals and 
internet search engines. Typically, labo-
ratory safety incidents were reported in 
letters to the editor of Chemical & Engi-
neering News, which are not abstracted.  
So, again, how would people find out 
about these safety incidences? 

We published our experience in Analyt-
ical Chemistry (1). I’d like to reiterate what 
we said there: nitrous oxide should not be 
used as extracting solvent in SFE, espe-
cially with organic samples, and it should 
not be mixed with organic cosolvents.

This combines all of the previous les-
sons in this column: Know your system, 
know your sample, know your process, 
and know your reagents and solvents. 
Always think of all the safety consider-
ations, don’t blindly trust what some-
body has done in the literature, and 
think about what are the consequences 
if something catastrophic happens.  
I entered this set of experiments with full 
knowledge of the safety concerns, yet a 
potentially serious accident occurred.

Now, for the rest of the story. 
A few years after this event, I attended 

a workshop on supercritical fluid process-
ing taught by the Phasex Corporation. 
Those of you that may be acquainted with 
Val Krukonis, the owner of Phasex, know 
that he’s perhaps a bit eccentric. On the 
first day of the workshop, he arranged a 
limousine to take the participants to his 
laboratory. It’s the first day, so we didn’t 
know each other yet. In the back of the 
car, there are two groups of conversation 
and I’m in between those groups, talking 
to the group in front of me. I then over-
heard the conversation behind me on 

high-pressure safety. The person to my 
immediate right was mentioning work by 
Doug Raynie at Procter and Gamble with 
nitrous oxide and a resulting explosion.  
I simply turned around, offered him a 
handshake, and said “Hello, I’m Doug 
Raynie from Procter and Gamble” and 
then they got the full version of the story.

Conclusions
It was fun to relive the past and tell 
some stories a little bit different from 
our typical scientific presentations. 
I’ve related some of my failures, some 
of them humorous, some of them 
with quite serious potential conse-
quences. Keep in mind, we’re all going 
to make mistakes, regardless of how 
much attention to detail we have; we 
just need to make sure to learn from 
them. As we’re undergoing the plan-
ning stages of any of our experiments, 
we need to make sure to pay atten-
tion to every aspect of the analytical 
process. I hope you have learned from  
my mistakes.

ChromTalks Presentations On Demand
Additional information 
on ChromTalks, including 
access to all presentations 
on-demand, is available by 

scanning this QR code. 
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Liquid Chromatography–Mass Spectrometry  
(LC–MS) Analysis of Hop-Derived Humulone  
and Isohumulone Constituents in Beer:  
The Bitter Truth of Hops Utilization During Brewing
The contribution of hops to the bitter flavors in beer is complicated by a number of factors, including the 
relative concentrations of humulone homologs in hops, the extraction of bittering compounds from hops,  
and the conversion of humulones to isohumulones during the brewing process. In this study, we describe a 
rapid liquid chromatography–mass spectroscopy (LC–MS) method using electrospray ionization (ESI) coupled 
with selective ion monitoring mass spectroscopy (SIM-MS) for analysis of humulone and isohumulone content 
in beer. Individual beer samples are monitored directly following filtration and decarbonization. Using multiple 
injections in a single experimental run (MISER), data were collected in as little as 7 min per beer sample.  
Results were displayed as a single “misergram,” which allowed for the convenient analysis of relative concentrations 
of humulones and isohumulones or hops utilization in sets of in-house brewed beers and commercial samples.

Bruce C. Hamper, Nicholas Viriyasiri, Aaron Boland, Lorna Espinosa, Hunter J. Campbell, Kurt Driesner, and Michael McKeever

Beer is one of the most popu-
lar beverages in the world, and 

consistently ranks at the top of 
the list for consumers of alcoholic 
drinks. Growth of craft breweries 
and consumer interest in beer flavor 
has led to a wealth of readily avail-
able beer styles and flavors. In 1984,  
there were fewer than 100 breweries 
in the United States (1). The most pre-
dominant beer and perhaps the only 
style available at many locations in 
the United States was North Ameri-
can lager. By 2019, there were over 
8000 breweries offering hundreds and 
hundreds of beer styles, as defined 
by the Brewer’s Association “Beer 
Style Guidelines” (2). This surpris-
ing variety of beers can be obtained 
from four basic ingredients: water, 
malted grain, spices (hops, fruits, 
and other consumables), and yeast.  
Control of the ingredients, brewing 

process, fermentation, packaging, and 
storage has a significant impact on the 
consistency of the final product, and 
also presents a challenge for brewing 
scientists monitoring the components 
contributing to the flavors in beer (3).

Beer bitterness derives from using 
hops during brewing, providing 
an important flavor balance to the 
sweet flavors of malts and grains (4).  
The dried hop cones or strobile used 
in brewing contain significant amounts 
of polyketides, particularly the humu-
lones, or α-acids (AA), which can rep-
resent 2–15% of the total mass of the 
hops. The major homologs of the AAs 
are the co-, n-, and ad-humulones, which 
collectively account for greater than 
98% of the α-acid or AA content. (5).  
During the brewing process, the AAs 
are isomerized to the more water- 
soluble isohumulones, or iso-α-acids 
(IAA), via an acyloin rearrangement 

with ring contraction (Figure 1).  
Beer bitterness is often described in 
terms of international bittering units 
(IBU), with a scale ranging from values 
of 5 to 100 (6). With the advent of craft 
brewing and very hoppy beers, some 
extremely high values of IBU have 
been claimed. The IBU numeric value 
has been suggested as approximately 
equivalent to the concentration of iso-
humulones in beer in parts per million 
(ppm). However, actual sensory beer bit-
terness is more complex and depends 
on the concentrations of a number of 
potential bittering agents (7–9).

The combination of extraction 
of humulones AA from hops and 
conversion to IAA during brew-
ing is described as hops utilization.  
Predicted values of IBU can be deter-
mined by calculating the amount of 
hops, percent AA content, volume of 
the wort, sugar concentration, and 
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time of hop addition (10). This is par-
ticularly important for design and 
implementation of new beer recipes.  
The traditional method of analysis of 
beer bitterness relies on the spectro-
photometric ultraviolet (UV) determi-
nation of IAA content of an organic 
extract of beer at 275 nm (11,12).  
A disadvantage of the spectropho-
tometric method is the inability to 
separate absorption of IAA from 
interfering components that absorb 

in the same region of 275 nm, but 
do not exhibit the same contribu-
tion to beer bitterness. The growth 
of the craft beer industry has led to a 
marked increase in strongly hopped 
and flavored beers, resulting in sig-
nificant changes in the absorption 
profile of organic extracts of beer.  
Late-or dry-hopped beers, in which 
hops are added at the end of the 
boiling process or after primary fer-
mentation, result in higher concen-

trations of humulone AA and related 
oxidized products. Their contribution 
to UV absorption can result in unex-
pectedly high values of IBU by the 
spectroscopic method. Complete ana-
lytical separation of all the homologs 
and isomers of IAA has been achieved 
by high performance liquid chroma-
tography (HPLC) with UV detection 
(13–16) and by liquid chromatography–
mass spectroscopy (LC–MS) (17,18).

We recently introduced a rapid 
LC–MS method for determining the 
AA and IAA content in commercial 
beer samples using selective ion 
monitoring (SIM) (19). By employing 
multiple injections in a single experi-
mental run (MISER), we were able to 
analyze 70 different beer samples in 
a total of 74 min. The single miser-
gram allows facile comparison of the 
relative concentrations of AA and 
IAA in the beer samples in a single 
chromatographic display (20,21).  
MISER analysis has been used in our 
introductory course at the University 
of Missouri–St. Louis, “Beer Brewing: 
Chemical and Biochemical Principles” 
(22). In this report, we take advan-
tage of a set of beers prepared in our 
beer brewing course to analyze hops 
utilization determinants of IBU and 
measure beer bitterness components. 
Knowledge of the individual brewing 
recipes allowed direct comparison of 
predicted IBU from hops additions, 
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FIGURE 2: LC–MS “misergram” of isohumulones IAA and humulones AA using SIM at 
361 m/z of student beers listed in Table I. The peaks are color coded with IAA shown 
in red and AA in blue. The last four samples were external standard (5, 10, 25, and 50 
ppm) and were prepared in unhopped beer. Column: C18 Poroshell 120; 30 x 2.1 mm; 
2.7 μm particle size. Mobile phase: 2 mM ammonium formate in acetonitrile:water (1:1); 
0.20 mL/min. Injection: 5 mL sample injection of filtered, decarbonated beer. Injections 
were “stacked” during chromatographic run at 7-min intervals. LC–MS details are found 
in experimental section. 
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isobutyl (n-);  secbutyl (ad-).
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measurement of IBU by spectroscopic analysis, and final deter-
mination of the concentration of AA and IAA by SIM LC–MS in 
the finished beer samples. A sample set of commercial beers 
from a local brewery are also compared for content of AA  
and IAA.

Experimental
Reagents
Methanol and acetonitrile (HPLC grade) were purchased from 
Fisher Scientific. Ammonium formate (NH4HCO2) and formic 
acid (HCOOH) were purchased from Sigma–Aldrich. Ultra-
pure water was obtained from a Milli-Q Integral 10 from Mil-
lipore. Standards ICS-3 (dicyclohexylamine salts of trans-iso-
α-acids) and ICE-3 (hops extract standard) were obtained 
from the American Society of Brewing Chemists (ASBC Check  
Sample Service; asbc@scisoc.org ). 

Unhopped beer, used for preparation of standard solutions, 
was prepared by addition of 225 g of dry malt extract (DME) to 
1 L of boiling water. The mixture held at a boil for 15 min, the 
hot wort cooled in an ice water bath and subsequently trans-
ferred to a 4 L glass fer mentation bottle equipped with an air 
lock. To this mixture, 5 mg of dry yeast (Safale-05) was added. 
After one week, the beer was transferred to a clean, sani-
tized 4 L glass fermentation bottle equipped with an air lock.  
After an additional two weeks, the unhopped beer was trans-
ferred to standard beer bottles, capped, and stored in a refrig-
erator at 4 oC. Humulone and isohumulone standards were 
prepared by dissolving a suitable amount of AA or IAA in a 
minimum amount of ethanol and diluted with unhopped beer 
to provide standard solutions of 5, 10, 25, and 50 ppm.

Sample Preparation
Beer samples were collected immediately upon opening the 
specific bottle of carbonated beer. Several milliliters were trans-

ferred via gravity filtration through Whatman qualitative P8 fil-
ter paper into a 15 mL plastic centrifuge tube. Samples were 
capped, frozen, and stored for several days. Aliquots of the 
thawed samples were transferred into HPLC analytical vials 
for placement in the LC–MS autosampler. Samples were 
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analyzed directly without dilution. 
Standard solutions of known concen-
tration of humulone and isohumulone 
were prepared in unhopped beer. 

Instrument Details
Multiple injections in a single experi-
mental run (MISER) LC–MS experi-
ments were performed on a Shimadzu 
LC–MS-2010A equipped with two 

LC-20AD mobile phase pumps and 
a SIL-10AD autosampler. The mass 
spectrometer was operated in elec-
trospray (ESI) negative mode with 
capillary voltage of 1250 V. SIM was 
conducted to continuously monitor 
ions at 347 and 361 m/z, correspond-
ing to the deprotonated molecular 
ions of the AA and IAA homologs.  
The source and desolvation temper-

atures were 275 and 250 oC, respec-
tively. Nitrogen nebulizing and dry-
ing gas flow rates were optimized at  
1.5 L/min and 0.1 MPa, respectively.

Chromatographic separation of AA 
and IAA was achieved using isocratic 
conditions with an Agilent Poroshell 
120 EC-C18 HPLC column having 
dimensions of 30 mm x 2.1 mm i.d. 
and 2.7 µm particle stationary phase. 
Mobile phase consisted of an isocratic 
mixture of 2 mM ammonium formate 
(HCOONH4) in acetonitrile:water (1:1) 
with a flow rate of 0.20 mL/min. MISER 
experiments were performed using 
sequential 5 uL injection volumes 
for each beer sample at intervals of  
5–7 min. 

Results and Discussion
Students in our introductory science 
course on beer brewing (22) have 
been preparing small batches of 
beer using recipes developed in class 
(Table I). Over two semesters with 
40 students, we brewed 13 different 
recipes. Students worked in pairs and 
some teams chose identical recipes. 
We obtained a wide range of beer 
styles from very light ales (2A, 5A, 7A, 
and 12A) to dark stouts and porters 
(4A, 8A, and 9A). 

The hop addition sequence is very 
dependent on the specific recipe. 
Timing of hops addition during brew-
ing and the amount added has a sig-
nificant impact on the sensory taste 
profile of the final beer. Hops added 
at the beginning of the boil contrib-
ute to beer bitterness and undergo 
comparatively significant conversion 
from AA to IAA. Additions of hops 
near the end of the boil contribute 
to flavor and aroma, but have less 
impact on beer bitterness because 
of low levels of conversion of AA to 
IAA. The sugar concentration of the 
wort (boil gravity) also has an impact 
on extraction of AA with higher sugar 
concentration resulting in less incor-
poration of bittering components. 
Hops utilization can be modeled as 
a function of boil time and wort boil 
gravity and used to calculate IBU for 

TABLE I: Student beer characteristicsa

Beer Recipe Style Calculated IBU IBU (275 nm) IAA (ppm) AA (ppm)

1A English Brown Ale 31 52 22 18

2A Weissbier 10 24 6 <LOD

3A Imperial IPA 56 120 25 63

4A Dry Irish Stout 18 11 20 3

5A Lampo Bianco 15 24 7 <LOD

6A
Blueberry 

Blonde Ale
18 17 17 <LOD

7A Cream Ale 14 15 9 <LOD

8A Coffee Stout 19 23 15 7

9A English Porter 20 46 11 44

10A American Pale Ale 27 29 15 9

11A India Pale Ale 33 28 54 27

12A Cherry Ale 8 10 2 <LOD

13A
English South-

ern Mild
25 18 55 <LOD

aDetails concerning brewing recipes are available (22). The IBU is determined by calculating the amount 
of hops, addition time, % AA content and wort boil specific gravity using the Tinseth method (10,23,24).  
IAA and AA values in ppm were determined by evaluation of combined chromatographic peak areas of 
co-, ad- and n-humulones and isohumulones. LOD indicates the limit of detection.
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specific recipes. The calculated IBU 
value was determined using the Tins-
eth method from published utiliza-
tion tables and free online homebrew  
calculators (10,23,24).

Values of IBU were determined using 
the industry standard spectroscopic 
method (11,12). Absorption of an iso-
octane extract of acidified, decarbon-
ated beer at 275 nm can be related 
directly to IBU. For a number of the 
beer samples, the spectroscopic IBU 
showed significant deviation from the 
calculated value. This is not unex-
pected, because variations can occur 
because of age and storage of the 
hops as well as deviations from the 
brewing process. Aged or improp-
erly stored hops can result in higher 
concentrations of oxidized prod-
ucts, such as humulinones, that can 
contribute both to higher UV absor-
bance of the isooctane extract and 
higher perceived bitterness in the 
beer (25). Four of the beer samples, 

English brown ale, weissbier, imperial 
IPA, and porter (1A, 2A, 3A, and 9A) 
exhibited significantly higher spectro-
scopic IBU measurements compared 
to the calculated values. The imperial 
India pale ale (IPA) showed the great-
est UV absorption, resulting in an IBU 
of 120 compared to the calculated 
value of 48. The solubility of IAA in 
beer is dependent on the concentra-
tions of sugars and pH but limited 
to approximately 100 ppm (26). In 
this case of beer 3A, the unusually 
high absorbance and IBU value indi-
cates the presence of additional UV  
absorbent compounds. 

Analysis of the beer samples by 
LC–MS was achieved using MISER.  
This provides visualization of all of the 
beer samples in one chromatographic 
output or “misergram” (20,21) .  
The beer samples were fi ltered, 
degassed, and added to sample vials 
for direct injection and analysis by 
LC–MS (Figure 2). A single 120 min 

misergram of beer samples 1A–13A 
along with IAA and AA standards 
was obtained using SIM in negative 
ion mode at 361 m/z. It is worth not-
ing that the chromatographic condi-
tions employing a short column and 
strongly eluting mobile phase result 
in the coelution of the homologs 
co-humulone (MW 348), ad-, and 
n-humulones (MW 362). However, the 
isomeric AA and IAA are well resolved 
because of their inherently different 
physical properties. Therefore, we 
observe a single chromatographic 
peak for the homologs of IAA and a 
second more retained peak for the 
homologs of AA. The misergrams 
obtained from either set of negative 
parent ions (SIM at 347 or 361 m/z) 
are very similar in profile and useful 
for qualitative assessment of relative 
amounts of IAA and AA. The miser-
gram is divided into 7-min intervals 
with vertical hash marks differentiat-
ing the results for each beer sample. 
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The IPA (11A) contains the greatest 
amount of IAA, while light ales 5A and 
12A contain the least IAA. These chro-
matograms are also useful for assess-
ing the utilization of hops or conver-
sion of AA to IAA. Imperial IPA (3A) 
and English porter (9A) show low lev-
els of utilization as reflected by greater 
residual amounts of AA. Both of these 
recipes (3A and 9A) included late 
hops additions during the boil, which 
would be expected to result in higher 
concentrations of un-isomerized AA.  
Quantitation of AA and IAA in each 
beer sample was determined by 
combined content of the individual 
homologs of co-, ad- and n-humu-
lones and isohumlones, respectively.  
Comparison of each beer sample was 
made to the standard curves obtained 
from commercial samples of IAA and 
AA in unhopped beer, as shown in Fig-
ure 3. For instance, the total concen-
tration of AA was obtained by the sum 
of the ppm concentrations of cohu-
mulone (MW 348) and n-ad-humulone 
(MW 362) obtained from two separate 
LC–MS chromatograms. The content 
of all homologs of AA and IAA was 
obtained for each beer style using the 
summation the concentrations in ppm 

obtained from two misergram plots 
using SIM of 347 and 361 m/z (Table I). 

A set of beers was also collected 
from a local brewery for evalua-
tion using MISER LC–MS (Figure 4).  
The sample set included a range of 
products from a lemon shandy pre-
pared from a light lager and lemon 
soda (2B) to the more bitter pilsners 
(6B and 7B), double IPA (8B) and 
American IPA (9B). From this small set 
of nine beers, the American IPA (9B) 
shows the greatest amount of AA, as 
evidenced by the second peak (blue). 

A comparison of peak heights of AA 
and IAA at 361 m/z in the MISER chro-
matograms (Figure 2 and 4) can also 
be displayed as a single scatter plot 
(Figure 5). This analysis is qualitative in 
nature because we are comparing peak 
heights rather than integration values 
and only the co- and n-IAA and AA at 
361 m/z are displayed. However, the 
scatter plot provides useful visualiza-
tion of two important aspects: 1) rela-
tive amounts of AA and IAA in differ-
ent samples, and 2) ratios of AA/IAA 
in a single sample. Similar beer styles 
also appear as clusters that can help 
identify features of particular recipes. 
For example, commercial weissbeer 

(1B) and lemon shandy (2B), known 
to have low bitterness and very little 
hops aroma, appear in the lower left 
hand corner of the plot. A number of 
student beers (weissbeer 2A, lampo 
bianco 5A, cream ale 7A, and cherry 
ale 12A) were also characterized by 
its low bitterness and hops aroma, 
appearing in the same general area 
of the scatter plot. Using this scatter 
plot from both the student and com-
mercial samples provides a compari-
son between our classroom recipes 
with standard beer styles.

Conclusions
The results of this investigation illus-
trate the utility of using multiple injec-
tions in a single chromatogram MISER 
coupled with single ion monitoring 
LC–MS to obtain graphical, qualitative 
analysis of humulones/isohumulones 
ratios (AA/IAA) in sample sets of beers. 
By comparison to standard curves 
obtained at both 347 and 361 m/z,  
it is possible to determine concentra-
tions of the combined homologs of 
AA and IAA. The technique is rapid, 
allowing analysis of large sample sets 
with a minimum of sample preparation.  
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The Importance of Complete Overlapping 
of Analyte and Internal Standard Peaks 
in Eliminating Matrix Effects with Liquid 
Chromatography–Mass Spectrometry (LC–MS)
In the process of a liquid chromatography–tandem mass spectrometry (LC–MS/MS) assay development for 
two antimicrobial drugs using their stable isotope-labeled (SIL) analogues as internal standards to correct for 
matrix–ion suppression effects, an unusually large scatter of data was observed. A systematic observation 
revealed that the analytes and their SIL analogues (internal standards) were not completely coeluted; 
therefore, the analytes were not experiencing matrix effects similarly. When a column with lower resolution 
ability was used to achieve complete overlapping of the analyte and internal standard peaks, the scatter of  
LC–MS/MS data was minimized, indicating that the maximum correction of matrix effects by internal standards 
occurs when they are completely coeluted with the analytes. This study highlights the importance of ensuring 
complete overlapping of analyte and internal standard peaks in eliminating matrix effects when using SIL 
analogues as internal standards in LC–MS.

Amitha K. Hewavitharana, P. Nicholas Shaw, H.D.C. Smyth, L.P. Samaranayake, and H.M.H.N. Bandara

In liquid chromatography coupled 
to mass spectrometry (LC–MS),  

the ion suppression–enhancement 
effects because of the sample matrix 
can significantly reduce or enhance 
the analyte response (1–6). Ion sup-
pression is more common than ion 
enhancement. When the analyte 
is coeluted with other compounds 
in the sample, the coeluted com-
pounds compete with the analyte 
for either the total available charge 
or the available surface area of the 
droplet in the interface of the MS 
detector (6), leading to a diminished 
MS detector signal of the analyte 
ion. The ion suppression effect has 
been shown to reduce the accuracy 
of an assay by as much as 26% (5).  
Approaches such as removing impu-
rities by sample cleanup have not 
always been successful in remov-
ing the ion suppression effects (7,8). 
Sample clean-up procedures, such as 
solid-phase extraction, removes com-
pounds that are dissimilar in physico-
chemical properties, such as polarity 
and lipid solubility, from the sample 
to the analyte of interest. The com-
pounds that are similar to the analyte 

of interest and thereby likely to be coe-
luted with the analyte are therefore not 
removed by the sample clean-up meth-
ods (9). As a result, sample cleanup is 
not necessarily a solution for matrix 
effects. In addition, it has been shown 
that even trace levels of compounds in 
mobile phase solvents can cause ion 
suppression (10). Therefore, prevent-
ing matrix effects in LC–MS is often 
unattainable. The only practical option 
to obtain LC–MS data that are not 
affected by matrix effects is to perform 
a correction for those matrix effects.

Correction for matrix effects is com-
monly achieved by using a specialized 
internal standard calibration proce-
dure; the internal standard used must 
have almost exactly the same physi-
cochemical properties as the analyte 
so that it will behave the same as the 
analyte both in the column and in the 
MS detector. This condition is com-
monly achieved in LC–MS by using a 
stable isotope-labelled (SIL) analogue 
of the analyte as the internal stan-
dard. This internal standard is often 
coeluted with the analyte but can 
be resolved from the analyte in LC–
MS because of the slight difference 

in its mass from that of the analyte.  
As the SIL internal standard is expected 
to be eluted exactly at the retention 
time of the analyte, the presumption 
is that it experiences the same matrix/
ion-suppression effects as the analyte 
in its passage through the MS detec-
tor. Therefore, by using the internal 
standard calibration with a coeluting 
SIL internal standard, the analyte peak 
response is usually corrected for the 
ion suppression matrix effects.

Because each analyte (eluted at a 
different retention time) is affected by 
different coeluted impurities, the con-
centration of each analyte needs to be 
corrected by using its own coeluting 
internal standard. Therefore, a coelut-
ing SIL internal standard is required 
for the quantification of each analyte. 

In the process of developing an  
LC–MS/MS method for the determina-
tion of N-(3-oxododecanoyl)-L-homoser-
ine lactone (H) and fluconazole (F), using 
their stable isotope labelled analogues 
as internal standards, we observed an 
unusually large scatter in LC–MS data. 
This article describes the systematic 
investigation of the reason for this scat-
ter and how the problem was resolved.
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Experimental
Instrumentation
Compounds were separated using an 
Agilent 1100 LC binary pump and an 
Agilent 1100 autosampler. The col-

umns used were as follows: A Zorbax 
Extend-C18, 3.5 μm 80 Å (2.1 x 50 mm) 
high performance liquid chromatog-
raphy (HPLC) column from Agilent for 
method 1, and a Synergy 2 μm Fusion 

RP 100 Å (2.0 x 20 mm) HPLC col-
umn from Phenomenex for method 2.  
An API 3000 tandem mass spectrom-
eter with a turbo ion spray interface 
and the software program Analyst 1.5 
from Applied Biosystems were used 
for detection and quantification.

Materials
Fluconazole (F) and N-(3-oxododecanoyl) 

-L-homoserine lactone (H) were 
purchased f rom Sigma-Aldr ich. 
The stable isotope analogue of 
N-(3-oxododecanoyl)-L-homoserine lac-
tone, N-(12,12,12-d3-3-oxododecanoyl)-
L-homoserine lactone (Hd), was syn-
thesized by Dr. S.R. Chhabra at the 
Center for Biomolecular Sciences at 
the University of Nottingham in Not-
tingham, United Kingdom. The sta-
ble isotope analogue of fluconazole,  
fluconazole-d4 (Fd), was purchased 
from BOC Sciences. All solvents used 
were of HPLC grade.

Preparation of Samples 
and Standard Solutions
Stock solutions of analytes and deu-
terated analytes were prepared in 
acetonitrile and stored at -20 ºC. 
Standard solutions for a six-point cali-
bration curve were prepared to match 
analyte concentrations in 1000 times 
dilution of samples (as described 
below), using 100 μL of combined 
internal standard solution (300 μM 
N - (12 ,12,12-d3-3-oxododecanoyl ) -
L-homoserine lactone and 40 μM 
fluconazole-d4 in 10% acetonitrile 
aqueous solution), appropriate vol-
umes of 100 μM fluconazole, appro-
priate volumes of 100 μM and 3.36 
mM N-(3-oxododecanoyl)-L-homo-
serine lactone, and 10% acetoni-
trile to make the final volume up to  
1000 μL. The concentrations of calibra-
tion standards were 10, 20, 30, 40, 50, 
and 60 μM N-(3-oxododecanoyl)-L-
homoserine lactone; 1, 2, 4, 6, 8, and 
10 μM fluconazole; 30 μM N-(12,12,12-
d3-3-oxododecanoyl)-L-homoserine 
lactone (in all six standards) and 4 μM 
fluconazole-d4 (in all six standards) in 
10% acetonitrile.
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FIGURE 1: Chromatograms with scales adjusted to comparable peak sizes, showing the 
extent of coelution of fluconazole with its deuterated analog (early peaks), and homoserine 
lactone with its deuterated analog (late peaks). (a) Chromatogram is with method-1 and  
(b) chromatogram is with method-2. (a) Chromatogram shows that the (deuterated) internal 
standards have slightly longer retention times than the analytes F and H.
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FIGURE 2:  Note: x-axis label is successive chromatogram number and y-axis label is 
percentage deviation from 3rd chromatogram. Figures (a) and (b) show percentage 
deviations of peak areas from the third chromatogram of six successive chromatograms 
run using identical injections of a standard solution containing H (Homoserine Lactone),  
Hd (deuterated Homoserine Lactone –internal standard), F (Fluconazole) and Fd 
(deuterated Fluconazole –internal standard), using method-1. Figures (d) and (e) show the 
same using method-2. Figures (c) and (f) show percentage deviations of peak area ratios of  
analyte/internal standard for method-1 and method-2 respectively. The first bar in each 
pair of bars in all figures are for H or Hd and the second for F or Fd. The percent standard 
deviations for data in ratio plot 1 (c) are: 6.67% (H/Hd), and 26.2% (F/Fd), and those for ratio 
plot 2 (f) are: 1.35% (H/Hd), and 1.37% (F/Fd).
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Preparation of Mobile Phase
Mobile phase A consisted of deionized water containing 
0.1% (v/v) formic acid, and mobile phase B consisted of 
acetonitrile with 0.1% (v/v) formic acid. Both solutions 
were filtered through a 0.45 μm polytetrafluoroethene 
(PTFE) filter (Millipore) before they were used.

Chromatographic Conditions
Separation was carried out at an ambient temperature 
of approximately 25 oC. The flow rate was 200 μL/min 
with an injection volume of 10 μL. Following injection,  
analytes were separated using gradient elution:  
For method 1, mobile phase composition was changed 
from 10% B to 100% B during the first 15 min, then held 
at 100% B for 2 min before returning to 10% B from 17 to 
20 min. The original composition of 10% B was maintained 
for the final 8 min prior to the next injection. For method 
2, mobile phase composition was kept at 12% B for the 
first 6 min before increasing it from 12% B to 55% B dur-
ing the next 3 min. Then, it was held at 55% B for the next 
6 min before changing it to 100% over the next 2 min.  
Then, the mobile phase composition was held at 100% for 
1 min before returning to 12% B over 2 min; the original 
composition of 12% B was maintained for the final 6 min to 
equilibrate the column prior to the next injection.

Mass Spectrometry Conditions
Multiple reaction monitoring (MRM) was used in 
positive ion mode. The transitions of 298 m/z ion to  
102 m/z ion (for H) and 301 m/z ion to 102 m/z ion (for Hd);  
and 307 m/z ion to 238 m/z ion (for F) and 311 m/z ion 
to 242 m/z ion (for Fd) were monitored for each chro-
matographic run. The MS parameters were optimized for 
each analyte to obtain the highest sensitivity. The opti-
mized values for H were: orifice–declustering potentials 
(DP) of 101 V, ring–focusing potentials (FP) of 370 V, colli-
sion energy (CE) of 19 V, and collision exit potential (CXP)  
of 8 V. The optimized values for F were: DP of 56 V, FP of 
330 V, CE of 23 V, and CXP of 16 V.

An ion spray voltage (IS) of 5000 V and entrance poten-
tial (EP) of 10 V were used. Curtain gas (CUR), nebulizer 
gas (NEB), and the collision gas (CAD) flows were main-
tained at 12, 8, and 8 L/min, respectively. The temperature 
of the ion spray was maintained at 400 ºC. A dwell time of 
1000 ms was used for all transitions. Resolution of both Q1 
and Q3 were 1 amu.

Results and Discussion
An unusually large scatter was observed with both H and 
F data obtained from the developed method (method 
1). A systematic study was therefore carried out to iden-
tify the reasons behind this phenomenon. A combination 
standard containing H, Hd, F, and Fd was injected and  
LC–MS/MS was run six consecutive times using method 1, 

which was the method in use at the time. The upper chro-
matogram of Figure 1 shows peaks for H and F along with 
their coeluted internal standards Hd and Fd. The upper-
most row of graphs in Figure 2 shows the individual peak 
areas of H and F, Hd and Fd, and the peak area ratio of the 
analyte and internal standard for H and F (all presented as 
percentage deviation from the third of the six runs). It is 
clear from Figure 2 that the internal standards did not cor-
rect for the differences in elution and detection conditions. 
The chromatograms, shown in the top of Figure 1, further 
reveal that there were slight differences in the retention 
times between analytes and internal standards. Differen-
tial retention times between analytes and their deuter-
ated analogues have been previously observed (11,12) and 
attributed to the small differences in lipophilicity of the 
internal standard and the analyte because of deuteration. 
The difference is more pronounced with the F/Fd pair as 
Fd has four deuterium atoms whereas Hd has only three. 
Because of the differences in the retention times, the elu-
tion and detection conditions experienced by the analyte 
and the internal standard differ, and the resultant ion-sup-
pression effects experienced by the two compounds are 
not similar. This explains the scatter in the data after cor-
rection with the internal standard (the ratio plot on the top 
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right graph in Figure 2). The percent 
standard deviations for data in ratio 
plot 1 are 6.67% (H/Hd), and 26.2% 
(F/Fd), and those for ratio plot 2 are 
1.35% (H/Hd), and 1.37% (F/Fd).

To force the two compounds to be 
coeluted, various gradients were inves-
tigated. However, the differences in 
lipophilicities and the resolution capa-
bilities of the column were too high to 
achieve coelution simply by changing 
the elution conditions. Therefore, a 
column with lower resolution capac-
ity was used to promote the overlap 
but still to achieve similar retention of 
both analytes. By using an appropriate 
gradient with the new column (method 
2), we achieved better overlap of peaks 
(bottom chromatogram in Figure 1). 
The bottom row of graphs in Figure 2 
shows the effect of peak overlapping: 
Although there is observable scatter in 
individual peak areas in the first two 
graphs in the second row, there is insig-
nificant scatter in the third graph (the 
ratio of analyte to internal standard), 
indicating the intended function of the 
internal standard. The extent of overlap 
in Figure 1 (top vs. bottom) is suggested 
as the direct cause of the extent of scat-
ter in the last column of Figure 2 (top 
vs. bottom). Thus, it is clear that despite 
the seemingly very small difference in 
peak overlap, its impact on the accuracy 
and precision of the data is significant. 

Therefore, it is advisable to ensure 
precise coelution by periodic surveil-
lance of chromatograms obtained in 
routine LC–MS methods as well as in 
method development because slight 
changes in the column and in the 
eluents and solvents may affect the 
extent of coelution. It is also recom-
mended to examine and ensure the 
linearity of analyte and the internal 
standard responses, within the con-
centration ranges expected, when 
using the analyte–internal standard 
response ratio for calibrations (13). 

To obtain a significant mass reso-
lution and to prevent cross-talk, the 
masses between the analyte and the 
internal standard must differ at least 
by 3 amu (12). As observed in our 

study, replacing the three H atoms by 
deuterium can change the physico-
chemical properties, likely lipophilic-
ity, of the molecule significantly.

The problem of differential lipophi-
licity, and its effect on the change in 
retention, can be minimized by using 
alternative (to deuterated) stable iso-
tope-labelled analogues such as C-13, 
N-15, or O-17 as internal standards 
(11,12). As analysts who develop LC–
MS methods are well aware, sourcing 
a SIL internal standard is a challenge 
that is often expensive. The most 
common types of SIL internal stan-
dards available are deuterated ana-
logues. The only other effective alter-
native to using SIL internal standards, 
to correct for matrix effects in LC–MS, 
is to use the standard addition with 
internal standardization (14).

Conclusion
The effects of incomplete coelution 
of the analyte and SIL internal stan-
dard on the scatter and the accu-
racy of the LC–MS data was studied.  
Compound deuteration affects the 
retention of analytes on reversed 
phase chromatography, causing the 
analyte and its deuterated analogue 
to separate slightly. This separation 
lead to incomplete coelution of the 
analyte and SIL internal standard, 
and consequently differential matrix 
effects on the analyte and the internal 
standard, giving rise to scattered and 
inaccurate results with internal stan-
dard calibration. Using a column with 
reduced resolution to achieve coelution 
of the analyte and the deuterated inter-
nal standard proved to be an effective 
method in overcoming the problem.
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Solving Challenges in the Agricultural  
Industry Using Separation Science:  
An Interview with Mary Ellen McNally
Mary Ellen McNally has been widely recognized for her contributions to the field of separations,  
particularly supercritical f luid chromatography (SFC), and for applications of chromatography and mass 
spectrometry to industrial problems. We recently spoke to her about her work using mass spectrometry to 
solve problems in the agricultural industry.

Jerome Workman, Jr.

M ary Ellen McNally is a Technical 
Fellow at the Stine Research 

Center for FMC Corporation. Her spe-
cialties include separations, sample 
preparation, and sensors focused on 
the environmental fate of agricultural 
products, ultratrace level analysis, 
and detection. Currently, her focus is 
on the analysis associated with manu-
facturing and process development 
of new agricultural products and their  
worldwide registration.

McNally will be presented the 
2021 Eastern Analyt ical  Sympo-
sium (EAS) Award for Outstanding 
Achievements in Separation Science 
at the EAS Symposium, taking place 
November 15–17, 2021, in Plainsboro,  
New Jersey. The annual EAS Awards 
honor analytical chemists that have 
distinguished career achievements 
and advanced their fields by superior 
work in developing theory, techniques,  
or instrumentation.

Recently, we had the opportunity to 
interview McNally to discuss her work 
using mass spectrometry to address 
threats and concerns within the  
agricultural sector.

You have used mass spectrometry 
for identification of unknowns 
in the impurity profile of new 
development candidates for the 
agricultural industry. Why is this 
work important?
In the development of a new agricul-
tural product, it is necessary to iden-
tify all ingredients above 0.1 weight 

percent (%). Without separations and 
mass spectrometry, this is not feasible.  
First, potential impurities are chromato-
graphically separated, typically by liq-
uid chromatography, then identified as 
unique, by both their ultraviolet (UV) and 
mass spectra. The identity is then used 
to quantify, either by comparison to a 
standard or a viable surrogate, to deter-
mine actual weight %.

What analytical hurdles did you 
encounter during this work?
Identification is not always straight-
forward, because the molecules that 
result from the synthesis of an active 
ingredient are typically very similar. 
The low levels that are present can 
make it difficult to separate and 
to obtain the unique UV and mass 
spectrum needed for identification.  
The rule of thumb is that for every 
order of magnitude lower in con-
centration examined, the number of 
compounds that can be detected 
increases tenfold. The real challenge 
begins here. Preparative-scale sepa-
rations, complex small-scale isola-
tion methods, or column switching 
techniques are used to concentrate 
these low-level compounds found in 
the active ingredient. Other spectro-
scopic techniques, such as nuclear 
magnetic resonance (NMR), can be 
used to help in the exact structure 
elucidation. However, NMR has very 
little resolving power for interfer-
ences, and either additional concen-
tration and sample preparation is 

used, or a highly unique technology 
such as liquid chromatography (LC)-
NMR is employed.

You have also worked to develop 
methods for identif ication of 
unknowns in counter feit and 
illegal technical and formulation 
samples. Would you explain the 
significance and meaning of this 
work for the readers of LCGC?
This is  even more chal lenging.  
In both impurity profile and counter-
feit analysis, the amount of the impu-

Mary Ellen McNally, PhD
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rity present, its inherent ionization 
capability (which is also unknown), 
and the complexity of the matrix 
control the difficulty of the identi-
fication. In determining the impu-
rity profile, the ingredients used 
to synthesize the active ingredient 
are known, making the possibilities 
of analytes present more limited. 
In counterfeit and illegal samples, 
more often a formulated product is 
brought to the laboratory. The chal-
lenge lies in formulated products are 
inherently more complex matrices, 
and a larger part of the whole sam-
ple is unknown. Choices of sample 
preparation methodologies become 
a black box of alternatives. It is dif-
ficult to know where to start or if you 
have done something to eliminate 
the desired compound of interest. 
Without identification, suppression 
and enhancement of signals are  
constantly possible.

Counterfeit material is a crisis in 
many industries, particularly in phar-
maceuticals and agricultural prod-
ucts. Criminals are making quick 
money without the precautions or 
regulations that are forced on legiti-
mate businesses. Consumers suffer 
long term. Losses due to counterfeits 
cost authentic suppliers both in lost 
sales and in expenses to defend their 
products. The biggest risk to con-
sumers is in using or receiving a non-
vetted product that could potentially 
have harmful effects both to the 
environment and humans.

In other work ,  you have 
identified unknowns in process 
and manufac tur ing samples, 
intermediates, precursors, and 
active ingredients. How is this 
work important for the quality of 
manufactured products?
Agricultural products are registered 
materials. As such, they must be 
manufactured to exact specifications.  
Specifically, any new unknown that 
may appear in a final product above 
0.1% by weight must be identified.  
During manufacturing, a new impu-

rity might arise from an intermediate 
or precursor or from a side reaction if 
correct conditions were not maintained 
during the manufacturing process.  
This is unacceptable in material that will 
be sold. These unknowns are identified 
so that they can be removed from the 
material that will enter the supply chain.

What issues and problems would 
you define as previously ignored 
or neglected specifically in your 
field? What major developments 
do you see as important in 
new techn iques for  mass 
spectrometry? What is your vision 
for improvements that could 
be made in instrumentation for 
studying unknowns and impurities 
in raw materials and products?
I don’t believe anything has truly  
been ignored or neglected in the field. 
Science is a process, and it moves in 
incremental changes. Sometimes the 
changes are subtle, and the enhance-
ments to a technique or method-
ology are minimal; other times,  
the changes are dramatic after a sig-
nificant development has been made. 
Developments come from a prob-
lem needing to be solved generally.  
The problems can be extremely unique.

A simple answer to the question 
of new developments in mass spec-
trometry would be better detector 
sensitivity, but in reality, the sensitiv-
ity needed is present. The questions 
are “Can you achieve the touted 
sensitivity in the sample you have?”, 

“Can we develop a mass spectrom-
eter that doesn’t care if we have 
inorganics present in our mobile 
phase?“, “Can we have a feature that 
suggests whether a mass is being 
suppressed or not being ionized at 
all?”, “Can we have an instrument 
that recognizes there is a problem 
with the sample matrix, and suggests 
or changes the sample so that con-
ditions are ideal for each component 
present?,” and “Would that instru-
ment be too cumbersome to use or 
create?” These are not easy problems, 
and would cause incremental changes 

in the equipment we use today.  
However, if achieved, some could 
save months of development work.

What were some of the key 
challenges you have encountered 
during your work?
Some of the molecules we look at 
are extremely complex: We see dras-
tic changes in structure with small 
changes in pH, we look at enantiomeric 
substances such as epimers, and each 
new development molecule brings its 
own challenges. Mass spectrometry 
can only solve some of the problems; 
we are constantly looking for new tech-
nologies to help with structure eluci-
dation. Dealing with these challenges 
have been key throughout the course 
of my work.

What would you consider to be 
the most useful contributions of 
your work?
When my work contributes to a regis-
tered product that is sold on the mar-
ket, then farmers and consumers enjoy 
an enhanced food supply.

What are some key aspects 
that motivate you? Would you 
share some of your work and 
organizational habits that have 
helped you be productive and 
successful professionally?
Simply, the key aspects are people 
and science. I am motivated by being 
on and leading teams that have a 
goal—the more intricate the goal,  
the better.

In terms of organizational and work 
habits, I count the hours worked—
productive hours, not hours present. 
If I fall short or take a longer break 
during the workday, I account for it 
at night or the next day. Some weeks,  
I might work 50 or 60 hours, but never 
less than 40.

What can you share with our 
readers regarding your next area 
of interest for your research?
My ensuing area of interest will 
revolve around the next new mol-
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ecule to be developed and the 
nuances it brings. Researchwise, the 
European Union (EU) has a fairly new 
regulation where not just the active 
ingredient will need to be measured, 
but all of the formulation ingredients,  
such as excipients, safeners, disper-
sants, dyes, and adjuvants. The ana-
lytical community is not prepared to 
do this amount of work for one sam-
ple yet; it is a paradigm shift. I plan to  
be involved. 
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Talanta. She has been a long-stand-
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A simple decarbonation and fi l-
tration is all that is required prior 
to transfer to HPLC sample vials.  
The method is also useful for monitor-
ing the brewing process and hops uti-
lization during the boiling of the wort. 
Components that interfere with the 
traditional UV spectroscopic determi-
nation of IBU are largely eliminated by 
SIM and chromatographic separation.  
The ability to view both AA and IAA 
concentrations allows direct com-
parison of hops utilization and the 
sequence of hops additions in beer 
brewing recipes. 
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For context, I work in Bristol Myers Squibb’s 
Chemical Process Development depart-

ment, where (to grossly oversimplify) our remit 
is to transform discovery medicinal chemis-
try syntheses into scalable, safe, economical, 
and sustainable commercial pharmaceuti-
cal processes. For my analytical colleagues 
and me, our day-to-day work can span the 
gamut of identifying new chemical impurities, 
inventing and optimizing analytical methods,  
troubleshooting synthetic hiccups, shaping 
process control strategies, and researching 
new ways to speed development timelines. 
Our dominant tools are separations-based, 
with liquid chromatography (specifically, 
reversed-phase) being by far the most widely 
utilized. Hence, one would assume we would 
look for the best chromatographers, either in 
the fields of fundamentals or applications.

My personal observation is that, at least 
within North America, candidates lack-
ing industrial experience (which is the vast 
majority of recent graduates) predominantly 
have not pursued in-depth chromatographic 
research. Indeed, there are a shrinking num-
ber of university groups studying the theory 
of separations (but if anyone reading this is 
writing an update to Giddings’ Unified Sepa-
ration Science [1], I know many who would 
pre-order it). Perhaps the field is too mature, 
everything has been studied already, or a 
fancy software package can develop all of 
my separations methods for me. I hope that 
we can agree none of these are true.

Making the Cut
To not limit our potential talent pool, we must 
expand beyond attempting to find plug-
and-play scientists already possessing keen 
chromatographic skills. This is not to say job 
seekers should be totally naïve, because 
separations are a cornerstone of any quality 
chemistry education. Indeed, one component 

to the “What are we looking for?” question is 
a comprehensive analytical chemistry founda-
tion, either learned formally or acquired expe-
rientially. As my American Chemical Society 
Subdivision on Chromatography and Separa-
tions Chemistry (ACS SCSC) colleague James 
Grinias noted (2), the topics that could be cov-
ered under the analytical umbrella far outpace 
the time afforded to it in an undergraduate 
or graduate education. Do we skip burets in 
favor of capillary electrophoresis, drop graph-
ite furnaces for CCD optics, study specific 
types of instrument or statistical moments, 
and on and on?

We hope that students get broad expo-
sure to all facets of chemical measurements, 
as well as opportunities to delve deeper 
into a select few (typically a natural result 
of hands-on research). The most bang for 
the buck will be topics that transcend sub-
fields. Sampling theory, data evaluation, error 
analysis, and basic laboratory skills (mean-
ing the ability to weigh, pipette, and use 
glassware, and do all these things correctly) 
cannot be underemphasized. Electronics,  
programming, or in silico modeling experi-
ence are not only valuable for more advanced 
courses and research, but can help differenti-
ate otherwise similar candidates.

Research, Research, Research
Nothing can replace hands-on research 
experience. Even at an undergraduate level, 
time in an academic laboratory or interning 
in industry will yield enormous dividends. 
This exposure will not only afford an oppor-
tunity to hone one’s investigative and techni-
cal skills, but it will also provide an environ-
ment that will require working within a team 
and being able to communicate effectively. 
Hopefully, it’s more than a resume builder, 
and gives broader insight into the world of 
research, either igniting a passion for scien-

tific exploration or a realization that another 
field may be more fulfilling.

The Answer?
If I had to distill it all down to address the 
question “What am I looking for in a can-
didate?,” my answer would be “A passion-
ate, innovative, analytical chemist.” If you do 
not believe me, some of my more recently 
hired colleagues’ PhD research areas were as  
varied as:
• fundamentals and applications of nanopi-

pette electrospray emitters;
• single-molecule fluorescence microscopy 

studies of speedy DNA robots; and
• development and studies of novel bio-

analytical stationary phases for liquid chro-
matography (LC) and supercritical fluid  
chromatography (SFC).
If our department had limited its hiring 

scope to “trained separations scientists,” we 
would have missed out on two out of three of 
these successful scientists. It is not too difficult 
to learn how to prime a pump or light a flame 
ionization detector (FID). Passion, innovation, 
and problem-solving skills backed by a solid 
chemical education is where the real gold lies.
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