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But Why Doesn’t It Get Better? Kinetic Plots for Liquid Chromatography, 
Part II: Making and Interpreting the Plots
Ken Broeckhoven and Dwight R. Stoll

A kinetic plot is a powerful tool, but how do you construct one—from either 
experimental data or data from other sources? We explain.
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The Current Status of Metal-Organic Frameworks (MOFs)  
for Use in Liquid Chromatography
David S. Bell

New developments in metal-organic frameworks (MOFs) for LC seek to  
control MOF distribution on the silica surface, improve understanding of the  
role of the substrate, and enhance robustness and reproducibility. 
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Is Golay’s Famous Equation for HETP Still Relevant in Capillary  
Gas Chromatography? Part 2: Assumptions and Consequences
Nicholas H. Snow

When applying Golay’s equation for height equivalent of a theoretical plate (HETP) 
to capillary GC, you should ask three key questions.
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The Beauty of the Quadrupole Mass Analyzer
Tony Taylor

Understanding the design and operation of a quadrupole mass analyzer can help 
you plan, optimize, and troubleshoot analytical methods.
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Martina Catani, Simona Felletti, Alessandro Buratti, Chiara De Luca, and Alberto Cavazzini

HPLC is emerging as the preferred analytical method for potency testing of 
cannabinoids, but fundamental work is needed to solve critical issues and contribute 
to advancing knowledge.

82 The 2022 Winners of the Lifetime Achievement and Emerging Leader  
in Chromatography Awards
Jerome Workman, Jr.

Barry L. Karger and James P. Grinias are the winners of the 15th annual LCGC 
Lifetime Achievement and Emerging Leader in Chromatography Awards, 
respectively, for 2022. Here, we review their achievements.
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Method to Determine the Amount of Trimethylamine in Fish Oil Softgels  
and Multivitamin Softgels Containing Fish Oil
Mina Fakhary, Fang Xia, Mohamed Koroma, and Martin Dennison

A HPLC method was developed to measure trimethylamine in fish oil supplements, 
to determine if the level of this compound affects product quality attributes such  
as rancidity.
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We are so pleased, in this issue, to celebrate the 
2022 winners of the LCGC awards. With the Life-

time Achievement award, we honor an icon in the field, 
and with the Emerging Leader award, we look to where 
separation science is heading next. This year, we recognize 
Barry Karger of Northeastern University for a career of major 
advances in analytical techniques, particularly liquid chro-
matography–mass spectrometry (LC–MS), as well as their 
application, with a focus on proteins and biopharmaceutical 
compounds. Jim Grinias of Rowan University, the Emerging 
Leader, is a bright light for the future, researching areas like 
instrument design, miniaturization, and fast LC. With the 
cancellation of this year’s Pittcon, unfortunately, we will not 
be able to engage in a full, in-person award symposium, 
but we are pleased that we will be able to celebrate their 
achievements in a special Pittcon webinar (details to come). 

As we continue to look to what is coming in the field, we 
also bring you the second installment of our new series 
highlighting “The Next Generation” of separation scientists. 
Martina Catani of the University of Ferrara, in Italy, discusses 
developments in cannabis analysis, including the need to 
address challenges in HPLC potency testing, such as resolu-
tion of critical pairs (like Δ9-THC and Δ8-THC), as well as the 
growing use of chiral separations in cannabinoid analysis.

The analysis of other type of consumer health product, fish 
oil supplements, is the subject of this month’s cover story. 
The authors developed a practical reversed-phase HPLC–UV 
method to determine the levels of trimethylamine (TMA)—
which contributes to fishy smell—in fish oil softgels, to study 
a potential a correlation between TMA levels and rancidity. 

Our February columns, in turn, address fundamental 
questions in analytical separations. In “LC Troubleshooting,” 
Dwight Stoll and Ken Broeckhoven present the second of 
a three-part series on kinetic plots for liquid chromatogra-
phy, this month explaining how kinetic plots can be con-
structed—either from experimental data or from data from 
the literature. In “GC Connections,” Nick Snow continues 
his examination of Golay’s famous equation, this time focus-
ing on its consequences and alternatives, including three 
key questions you should ask. The “Fundamentals” column 
explains how the quadrupole mass analyzer works, to help 
you plan, optimize, and troubleshoot your methods. In “Col-
umn Watch,” Dave Bell explores recent developments in 
metal organic frameworks (MOFs) aimed at improving their 
usefulness in liquid chromatography.

We hope you enjoy the issue.
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But Why Doesn’t It Get Better? 
Kinetic Plots for Liquid Chromatography, Part II:  
Making and Interpreting the Plots
Choosing a liquid chromatography (LC) column for a particular application can be a surprisingly challenging task. On the one hand, 
column manufacturers provide us many options to choose from, including particle types, pore sizes, particle sizes, and different 
lengths and diameters. On the other hand, we usually do not have time to experimentally evaluate many combinations of these 
parameters, and sometimes we end up picking something similar to the columns that are already available. The “kinetic plot”  
is a powerful graphical tool that can help leverage the best available theory to help us understand how different combinations 
of parameters (that is, particle size, length, among others) will perform in regard to the time needed to get to a particular column 
efficiency (and thus resolution), and therefore make well-informed decisions when choosing columns.

Ken Broeckhoven and Dwight R. Stoll

In last month’s installment of “LC Trou-
bleshooting,” we discussed the basic 

idea of a “kinetic plot” and how we 
can ultimately use this graphical tool to 
make informed decisions when choos-
ing columns, and understand why a col-
umn might not be delivering expected 
performance improvements. The fixed-
length kinetic curve is a transforma-
tion of the same information in a con-
ventional van Deemter curve with the 
added benefit that the kinetic plot can 
also easily take into account pressure 
limits of a liquid chromatography (LC) 
system (1). This month, we continue this 
discussion by first considering different 
ways of constructing fixed-length kinetic 
curves, either from experimental data or 
from data obtained from other sources, 
and then going on to show how kinetic 
performance limit (KPL) curves can be 
obtained by extrapolation starting from 
a single set of H vs. u data (that is, a van 
Deemter curve). Finally, we discuss the 
effect of particle size on the KPL curves, 
and show how different particle sizes are 
optimal for different ranges of analysis 
time and plate numbers. 

Construction of  
Fixed-Length Kinetic Curves
Figure 1 shows the relationship between 
the conventional van Deemter curve rep-
resentation and the dependence of the 
plate height on the mobile phase velocity. 
This relationship was discussed in detail in 
Part I of this series, but it is repeated here 
because it plays a central role in the con-
tinuing discussion. Here, N is the column 
efficiency (plate number), L is the column 
length, H is the plate height, t0 is the col-
umn dead time, and u0 is the mobile phase 
velocity. It is critically important to under-
stand that all the data in the figure cor-
responds to a column with a fixed length, 
and that moving along each of the curves 
corresponds to a change in the flow rate, 
and thus, a change in the pressure drop 
across the column.

There are multiple methods to obtain the 
fixed-length kinetic curve in Figure 1b:
1. N and t0 can be obtained directly from 

experiments with a single column where 
the flow rate is varied.

2. If one has the H and u0 values from a 
van Deemter curve, they can be used to 
calculate N and t0 (N = L/H; t0 = L/u0).

3. N and t0 or H and u0 can be calculated 
using parameters reported in the lit-
erature that have been extracted from 
experimental data measured elsewhere.
The first two methods are conceptually 

straightforward and don’t require further 
explanation here. Making the experimen-
tal measurements in a way that yields 
high quality data does require attention 
to some details. Readers interested in this 
topic are referred to the tutorial by Andrés 
and others (2).

The third method can be approached 
by starting from a reduced van Deemter 
curve, which is the dimensionless form of 
the relationship between plate height (H) 
and velocity mobile phase (u0). In this case, 
the plate height, H, is normalized by the 
particle size dp to give the dimensionless  

“reduced plate height”:

h = H
dp

[1]

Similarly, the velocity is converted to a 
“reduced velocity” (ν0) using equation 2, 
where Dmol is the diffusion coefficient of the 
analyte in the mobile phase:
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v0 =
u0  • dp

Dmol

                    [2]

The reduced velocity is also called the “Peclet number” in chemi-
cal engineering. The advantage of relating the plate height to the 
mobile phase velocity in this reduced format is that it enables the 
prediction of the effect of particle size and diffusion coefficient on 
plate height, and thus plate number. The reduced form of the van 
Deemter equation is then written as:

h = A +    + C • v0 
B
v0

                     [3]

The typical values for the A, B, and C parameters are 1, 3, and 0.1 for 
fully porous particles and 0.8, 3, and 0.06 for superficially porous par-
ticles (SPPs). Typical values for the diffusion coefficient of small mol-
ecules under LC conditions are approximately 5×10-10 m²/s, and the 
relevant range of ν0 is between 1 and 50. If we first calculate ν0 using 
the A, B, C, and Dmol parameters, and then calculate h using equation 
3 and H using equation 1, the fixed length kinetic curves can obtained 
in the same way as method 2 after a column length is chosen.

Extrapolation from a Fixed-Length Kinetic Curve to the KPL
As we discussed in Part I of this series, one of the practical limita-
tions of the conventional van Deemter curve is that it does not explic-
itly account for pressure limitations of a given column or LC system.  
In principle, one could address this limitation by making plate num-
ber measurements with columns of different lengths at different 
flow rates, and then plot a series of van Deemter curves or fixed-
length kinetic curves, as shown in Figure 3 of the previous installment.  
However, this process is tedious and expensive (in both time and 
money). Instead, similar results can be obtained by extrapolation of 
the N and t0 data obtained for a single column length. The principle 
that underlies this extrapolation is that the plate height, which is a 
length independent measure of the column performance, will remain 
constant if one operates at the same flow rate (or velocity) but uses 
a column with a different length. For example, if an experiment at a 
flow rate of 1 mL/min on a column yields 10,000 plates in a t0 time 
of 1 min, then operating a column twice as long at the same flow 
rate will yield 20,000 plates, but at the cost of an increase in analy-
sis time by a factor of two (that is, t0 = 2 min). The extent to which 
one can increase the column length at a fixed flow rate depends on 
the pressure drop—that is, one can only increase the length until 
the maximum pressure limit of the system, column, or the user’s pre-
ferred maximum operating pressure is reached. Of course, there will 
be some errors made in making these extrapolations (for example, 
secondary effects on the observed plate number from extra-column 
dispersion, viscous heating, pressure effects on mobile phase density, 
viscosity and retention cannot be accounted for this way); however, 
the extrapolation results are generally accurate enough to support 
method development and troubleshooting (3). Readers interested in 
more detail on this topic are referred to the supplementary material 
of (4) and the experimental work described in (5). 

Figure 2 illustrates the concept of extrapolation from a single 
fixed-length curve to establish the KPL curve for a given particle size.  
Each dashed black line connects a point on the fixed-length curve (blue) 
to a point on the KPL curve (red), where the two points correspond to 
the same mobile phase velocity (and flow rate). Starting from the blue 
curve, the column length is increased until the pressure drop across the 
column reaches a prescribed limit (400 bar in this case). Repeating this 
process for each point on the blue curve results in the complete red 
curve, where each point corresponds to a different column length, but 
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the same pressure maximum (ΔPmax) of 400 bar. This process is where 
the idea of “Kinetic Performance Limit” comes from—it is the limit 
in the sense that more efficiency cannot be obtained by making the 
column longer because doing so would exceed the pressure limit (4).

Calculation of the KPL
To calculate the KPL curve starting from the fixed-length curve, an equa-
tion is needed that relates the column pressure drop to the mobile 
phase velocity, its viscosity, ƞ, and the column length. This is given by:

ΔPcol =
u0  • L • η

Kv0

                       [4]

This equation is straightforward as it easy to understand that the 
column pressure drop increases with column length, velocity (or flow 

rate) and the mobile phase viscosity. The parameter, Kv0, is called 
the column permeability (the subscript 0 indicates it is based on the 
u0 velocity) and is a measure for how “easily” the mobile phase can 
flow through the column. Its value is proportional to the square of 
the particle size (Kv0 = dp 2 Φ0

); smaller particles yield lower column 
permeability and thus higher pressure drops. The factor Φ0 is the 
column flow resistance parameter; typical values are around 800 for 
fully porous particles, and 650 for superficially porous ones. When the 
column pressure drop is plotted as a function of u0, typically a straight 
line is found with a slope equal to L·ƞ/Kv0.

Two different approaches can then be used to calculate the KPL. 
The first one is based on the plate height data, and it involves direct 
conversion of the u0 and H values (either measured or calculated;  
see methods 2 and 3 in the first section) to t0 and N values that lie on 
the KPL curve (that is, t0,KPL and NKPL) (6). Equations 5 and 6 are used 
for these calculations:

t0,KPL =
ΔPmax    Kv0

    η      u2
0

•                      [5]

NKPL =
ΔPmax    Kv0

        η     u0 •  H 
•                     [6]

The second approach starts from the experimentally determined 
t0,exp and Nexp that were obtained using a column with length L,  
and the experimentally determined column pressure drop ΔPcol.  
In this case, a column length extrapolation factor, λ, is calculated for 
each flow rate using equation 7:

λ = ΔPmax

ΔPexp
                       [7]

This λ factor is the physical representation of the extrapolation 
shown in Figure 2 because it is a measure of how much longer the 
column can be made relative to the experimental column length Lexp 
used to make the fixed-length curve. Therefore, it also represents how 
much the plate number and analysis time will increase on the KPL, 
yielding the following simple expressions to determine the KPL curve:

t0,KPL = λ • t0,exp                      [8]

NKPL = λ • Nexp                       [9]

LKPL = λ • Lexp                     [10]

Practical Significance of the KPL
Once the red KPL curve has been constructed by extrapolation from 
the dark blue curve shown in Figure 3, it is useful to think about the 
significance of the points on the KPL line. Starting from the right-most 
point on the dark blue fixed-length curve (which corresponds to the 
van Deemter optimum velocity), if we fix the flow rate and extrapolate 
this, it takes us along the light blue line, ending in the light blue circle 
on the KPL curve. Here, we see that the column length is now 40 
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cm and a remarkable plate number of 56,700 
can be obtained, which is 8-fold higher than 
the plate number of 7180 achievable at the 
same flow rate but with the much shorter col-
umn length of 5 cm. The pressure drop when 
operating the 5 cm column this way is just  
51 bar, significantly under-utilizing the avail-
able pressure of the instrument. In other 
words, moving from the dark blue to the 
light blue circle represents capitalizing on the 
available instrument capability.

On the other hand, if the plate number 
of 7200 at the optimum in the fixed-length 
curve (dark blue circle) is already sufficient for 
the resolution needed, then this result can be 
obtained much faster by following the green 
arrow down to the green circle on the KPL 
curve. Here, we see that the same plate num-
ber is obtained, but with an analysis time sav-
ings of about 57% (t0 of 0.12 compared to 0.28 
min). In this case, both the flow rate and col-
umn length are increased on the way to reach-
ing the KPL curve. The flow rate is increased 
to reduce the analysis time, but the column 
length must also be increased to compensate 

for the increase in plate height on the high-
velocity side of the van Deemter optimum so 
that the plate number stays constant.

Finally, if the analysis time is tolerable 
at the optimum in the fixed-length curve  
(dark blue circle; t0 = 0.28 min.), then a much 
higher plate number can be obtained in the 
same time by following the black arrow to 
the right until the KPL curve is reached at 
the black circle. In this case, both the flow 
rate and column length are increased again.  
The flow rate must be increased so that 
the same analysis time can be maintained 
even when the column length is increased. 
Ultimately, by fully using the available pres-
sure capability of the instrument, the plate 
number can be doubled from 7200 to 14,400 
without any increase in analysis time.

Effect of Particle Size on KPL Curves
Besides finding the optimal kinetic perfor-
mance conditions at which one can oper-
ate a particular stationary phase support (for 
example, a given particle size), as shown in 
Figure 3, the kinetic plot methodology also 

enables comparison of different stationary 
phase supports. Figure 4 shows a compari-
son of KPL curves for three different par-
ticle sizes (same analyte and mobile phase 
composition in each case) calculated using 
method 3 discussed above for a pressure 
limit of 400 bar. We see that the smallest 
particles (1.7 µm) show the best kinetic per-
formance for short analysis times (lower part 
of the plot) and low efficiencies (left part of 
the plot), whereas the larger particles (5 µm) 
are the better choice for high efficiencies at 
long analysis times, and the 3.5 µm particles 
mostly fill up the gap in between. The reason 
for this behavior is that columns with small 
particles can be operated at high velocities 
(flow rates) without much loss in performance 
(that is, the shallow C-term slope in the van 
Deemter curve means that plate height does 
not increase much as the velocity is increased). 
However, it comes at the cost of higher pres-
sure drops (since ΔP ∞ u0, and ΔP ∞ dp 21 ).

As a result, only relatively short columns 
can be operated within the pressure limit, 
resulting in low efficiencies but only requiring 

Top 10 Reasons to Visit Our 
Newly Refreshed Website

1. Online promotions
2. Complete technical library
3. Trending applications
4. Chromatography forums
5. Newsletter signup
6. Direct chat
7. Online purchasing (CC or PO)
8. User friendly navigation
9. Multiple languages 
10. Did we mention promotions?

Visit us today and experience a 
highly technical yet user friendly 
environment. Use coupon code 
SHODEX22 and get a limited 
time10% discount.

 https://www.shodexHPLC.com

https://www.shodexhplc.com


62  LCGC NORTH AMERICA  VOLUME 40 NUMBER 2  FEBRUARY 2022 WWW.CHROMATOGRAPHYONLINE.COM

short analysis times. This process results 
in the 1.7 µm particle curve occupying 
the bottom left region of the kinetic 
plot. On the other hand, when using 
large particles, long columns (that is,  
longer than 15 cm, so coupled columns 
are required) can be operated at reason-
able velocities, which enables very high 
plate numbers (>100,000 plates) at the 
cost of much longer analysis times. It is 
interesting to note that each of the KPL 
curves approach a vertical asymptote. 
The practical significance of this occur-
rence is that the asymptote represents 
a plate number limit that cannot be 
exceeded for that particle size, even if 
the column length is increased.

Summary
In this installment of “LC Troubleshoot-
ing,” we have continued the discussion 
of kinetic plots, including how to con-
struct them from either experimental 
data or data from other sources, the 
conceptual meaning of the KPL, and the 
effect of particle size on KPL curves. In 
the next installment in this series, we will 

draw all of these concepts together and 
discuss how kinetic plots can be used for 
practical column selection and trouble-
shooting situations where column perfor-
mance is not consistent with our expecta-
tions and will include our introduction of 
a web-based calculator application that 
leverages the theory summarized here.
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COLUMN 
WATCH

The Current Status of Metal-Organic Frameworks 
(MOFs) for Use in Liquid Chromatography
Metal-organic frameworks (MOFs) are self-assembled combinations of metals and inorganic ligands that result in a 
relatively young class of highly ordered, porous materials. Because of the number of structural and chemical possibilities, 
high surface area, controlled pore volume, and favorable thermal properties, MOFs are being investigated in several 
fields, including chromatography. Because of the enormous interest in a 2018 “Column Watch” article on the subject 
and the high level of research in the field, this article explores recent (2019–present) activity specifically toward the 
application of MOFs for liquid chromatography (LC).

David S. Bell

Early investigations utilizing metal-organic 
frameworks (MOFs) for liquid chroma-

tography (LC) were discussed in a 2018 issue 
of this column series (1). As one of my most 
widely read contributions and given the 
large amount of research that continues to 
be observed in the field, it seems prudent 
to provide a current review and comment on 
advancements in the field since 2018. 

Research on the utilization of MOFs for 
chromatography include applications in 
sample preparation, gas chromatography 
(GC), and LC, among others. In monitoring 
activity over the past several years, the major-
ity of publications within the chromatogra-
phy realm continue to focus on materials for 
sample preparation, with fewer focusing on 
dynamic chromatography. With that being 
said, interest in MOF-enabled LC and GC are 
clearly on the rise. This paper focuses on the 
newest developments in LC.

One of the major issues noted regarding 
the use of MOFs for LC in the 2018 Column 
Watch paper was that the generated parti-
cles are often irregularly shaped and possess 
large particle size distributions. These quali-
ties result in poor chromatographic efficiency 
when packed in LC columns. At that time 
efforts to build MOFs on silica particles in an 
attempt to utilize the former’s controlled par-
ticle size, shape, and uniformity were just start-

ing. Much of the research conducted since 
then has built upon such initial efforts, includ-
ing the control and distribution of the MOF 
material. These efforts include improved syn-
thesis and control of the MOF distribution on 
the silica surface, improved understanding of 
the role of the silica substrate, as well as the 
addition of other materials, such as polymers, 
to enhance the utility, robustness, and repro-
ducibility of resulting composites.

This column describes some of the more 
pertinent research conducted over the past 
few years. The contents are by no means 
meant to be exhaustive, but represent just a 
few of the interesting trends toward the devel-
opment of MOFs for LC.

Discussion
Recent Efforts to Improve
MOF@Silica Composites
Several early attempts at developing MOF@
silica composites (note that in this work the 
convention of “shell material” @ “core mate-
rial” is used to describe composite construc-
tion) resulted in improved efficiency over the 
native MOF particles but still fell short of 
modern standards. It is expected that this is 
largely because of uncontrolled growth of the 
MOF layer on the silica substrate. An attempt 
to improve the efficiency of MOF@silica com-
posites was reported by Si and coworkers (2). 

By controlling the distribution of MOF growth 
on the surface of silica through first modify-
ing the surface with 2-methylimidazole to 
seed the reaction prior to the addition of the 
metal ions, the authors reported moderate,  
but significant improvements in performance 
as compared to previous synthetic methods.

Another attempt at improving MOF@
silica composites was published by Qu and 
others (3). In this method, the formation of 
zeolite imidazolate framework-8 (ZIF-8) on the 
surface of the silica was kinetically controlled 
through modifying the dimethylformamide 
(DMF) to methanol solvent ratio employed 
in the synthesis. The authors used an efficient 
separation of xylene isomers to demonstrate 
the applicability of their synthetic approach. 
Another “kinetically controlled” MOF@silica 
composite was separately reported by the Qu 
team where HKUST-1 nanocrystals (1,3,5-ben-
zenetricarboxylate and copper(II)) were con-
fined in the pores of the silica. This reaction 
was also controlled by manipulating the sol-
vent system utilized in the reaction (4).

UiO-66 is a popular MOF that has been 
shown to be effective in various separa-
tion device formats. UiO-66 is based on a 
ZrO6(OH)2 octahedron and 1,4-benzene-
dicarboxylate (BDC) linkers. Its cubic three-
dimensional (3D)-pore structure consists of an 
array of octahedral cavities that have a diam-
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eter of 1.1 nm, and tetrahedral cavities with 
a diameter of 0.8 nm (5). In another example 
of “seeding”, to better control the growth 
of the MOF, Gao and coworkers carried out 
the synthesis of UiO-66@silica composites 
by combining a carboxylate-terminated silica, 
ZrCl4, and terephthalic acid. The authors com-
pared a heated stirring procedure to the more 
common solvothermal process. Here, the use 
of the composite MOF materials under more 
controlled synthetic conditions were found to 
provide superior chromatographic efficacy 
compared to columns packed with UiO-66 
crystals alone (5).

A layer-by-layer synthetic approach was 
reported by Ehrling and others (6). In their 
work, both a relatively hydrophilic MOF [MIL-
101(Fe)-NH2 (FeCl3/2-aminoterephthalic acid)] 
and a relatively hydrophobic MOF [UiO-67 
(Zr6O4(OH)4/4,4’-biphenyldicarboxylate)] were 
employed to produce core-shell silica com-
posite particles for application as stationary 
phases for LC. The layer-by-layer method 
consisted of immobilizing the metal ions onto 
the surface of the silica particles followed by 
exposure to the acid linkers with washings 
taking place after each step. The cycles can 
be repeated until the desired materials are 
obtained. The authors reported excellent 
separations of various classes of compounds 
under normal phase conditions employing 
columns using MOF@silica composites pre-
pared in this manner. In another layer-by-layer 
approach, Liu and coworkers synthesized 
MOF-74@silica composites and subsequently 
packed efficient LC columns with these 
materials (7). In this case, MOF-74 consisted 
of 2,5-dihydroxyterephthalic acid as the 
organic ligand and nickel as the metal center.  
The authors provide several chromatographic 
applications demonstrating hydrophilic and 
hydrophobic character as well as alternative 
selectivity from other MOF composites (7).

Building 3D MOFs on the surface of silica 
may result in a certain amount of disorder. For 
example, the MOF crystals may be randomly 
placed and various sized crystal structures may 
result. The net impact is the potential for poor 
efficiency in dynamic chromatography. One 
report intended to solve this issue proposed 
using two-dimensional (2D) or nanosheets of 
MOFs when building the MOF@silica com-
posite materials (8). According to the authors, 
a 3D MOF (MOF-FDM-23) was first prepared 

then treated via ultrasound to produce 2D 
structures that were then assembled onto a 
silica surface. Subsequent analysis of the 2D 
MOF-FDM-23@silica column demonstrated 
superior efficiency in comparison to the 3D 
MOF-based stationary phases tested.

The synthetic control of the MOF forma-
tion, as noted above, impacts the overall 
efficiency of the composite material. How-
ever, the silica substrate can also have bear-
ing on the final results. Wei found that the 
pore size of the silica substrate can have a 
significant impact on the uniformity of ZIF-8 
MOFs that are grown on them. The authors 
reported that wide-pore silicas provided 
improved uniformity of the ZIF-8 and that 
the uniformity could also be enhanced fur-
ther by modifying reaction solvent systems 
(here, DMF:methanol ratios). The improved 
efficiencies were demonstrated through sev-
eral chromatographic applications (9).

Studies Incorporating  
Additional Polymer Materials
The incorporation of additional components 
to MOF@silica composites, such as poly-
mers, has also been a subject of study. Si and 
coworkers reported on an efficient synthesis 
of core-shell composite material built upon 
silica microspheres that were modified with 
both the metal organic framework (MOF-235) 
and polyethylene glycol polymer (PEG) (10). 
MOF-235 is constructed from iron (III) chloride 
and terephthalic acid. The MOF-235@PEG@
silica stationary phase was shown to provide 
both hydrophilic and hydrophobic character 
with separation properties superior to the 
MOF-235@silica composite also studied in 
this paper. The authors investigated several 
parameters, such as pH, buffer concentration, 
and the ratio of organic modifier in the mobile 
phase, to support the retention mechanisms 
claims. Another publication supporting the 
addition of polymers to MOF@silica compos-
ites was also provided by Si and others. In that 
study, polyvinylpyrrolidone was synergistically 
immobilized with a nickel organic framework 
onto a silica surface. The resulting Ni-MOF-
PVP@silica composite was shown to exhibit 
both hydrophilic and hydrophobic charac-
ter as well as some enhanced performance 
owing to the PVP modification (11). In a similar 
publication, the same group discussed the 
modification of a MOF-235@silica composite 

with PVP via a modified process documented 
in the literature (10), stating that the PVP helps 
to suppress silanol activity, enhances com-
posite material robustness, and improves 
the water compatibility of the original MOF-
based stationary phases (12).

Other Interesting Finds
An article focused on the use of MOFs for 
preparative work was interesting. The authors 
utilized MIL-53 (aluminum terephthalate) as a 
substrate to understand the adsorption iso-
therms of m-cresol and p-cresol. The studies 
on the adsorption process for the analytes 
indicated a complex, multistage process. 
Although the process was complicated to 
model, purification was effective (13). It is 
highly possible that MOF-based materials 
will find their way into preparative processes 
in the future.

MIL-53(Al) is typically prepared from tri-
valent aluminum (aluminum nitrate) and 
terephthalic acid via a solvothermal pro-
cess. In an interesting report from Aqel 
and coworkers, the authors used polyeth-
ylene terephthalate (PET) bottles as their 

“green” terephthalic acid source for the 
MOF-53(Al) synthesis and demonstrated 
equivalent separation performance to 
the traditional approach using standard 
chemical sources of terephthalic acid (14).  
Perhaps this will inspire other innovative 

“green” approaches for MOF synthesis.
Because of the sheer number of develop-

ments of the field of MOFs, experimental 
exploration to find the right MOF for an 
application, or design the right material for 
a given purpose, is becoming more difficult. 
As with other “big data” issues, computa-
tional methods are likely to assist greatly. 
Yan and others recently published an inter-
esting review intended to highlight current 
research in this field as related to MOFs. 
High throughput screening and machine-
learning assisted high throughput screen-
ing methods are discussed (15).

Chiral
As mentioned in the 2018 “Column Watch” 
article, the use of MOFs for chiral separations 
is of great interest. There have been a con-
siderable amount of articles published over 
the past few years, focusing on chiral MOFs 
and their MOF@silica composites for use in 
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LC. There has been enough activity in this 
realm that the subject likely warrants its own 
independent treatment, which is planned 
for a future installment. For those interested 
in delving into this subject sooner, a recent 
review by Taima-Mancera and Pino provides 
a good start (16). 

Conclusions
Interest in MOFs for application in LC con-
tinues to rise. Early issues packing efficient 
LC columns arising from the irregular shape 
and large particle size distribution of native 
MOFs were initially improved through the 
development of MOF@silica composites. 
These composites take advantage of the 
controlled particle size distribution of silica 
and the improvement in efficiency this char-
acteristic brings. However, simply building 
the crystalline MOF structure on the surface 
of the silica still limits the efficiency of the 
resultant materials. Over the past several 
years, most of the effort has been focused on 
improving the synthetic approaches used to 
prepare MOF@silica composites. The care-
ful seeding of the silica surface with either 
the organic ligand or the metal center has 
been used to better distribute the growth 
of the MOF evenly across the surface of the 
substrate. Several researchers have demon-
strated improvements in efficiency through 
a “layer-by-layer” approach toward build-
ing the MOF structures. In almost all cases, 
careful control of reaction solvent conditions 
were reported to impact the efficiency of the 
final materials. Studies intended to better 
understand the impact the properties of the 
silica substrate have on the eventual MOF@
silica composite are also expected to result 
in improved materials.

Although MOF-based materials for 
dynamic LC separations are not commer-
cially available at this point, the rapid devel-
opment and the large number of research 
efforts observed in this field indicate that this 
may not be far off from being realized.
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Is Golay’s Famous Equation for HETP Still Relevant  
in Capillary Gas Chromatography?  
Part 2: Assumptions and Consequences
This installment is the second part of a discussion on the origins and uses for determining the height equivalent of a theoretical 
plate (HETP) calculations in gas chromatography (GC). This month, I discuss the good and challenging consequences of the 
Golay theory, its relevance, and some alternatives. Many of the variables that chromatographers view as independent have some 
interdependence, and we see several limitations of the theory. The complex relationships between HETP and temperature present 
a particular challenge when thinking about temperature-programmed GC compared to isothermal GC. This article concludes with 
comments regarding the continued relevance of this classical theory. 

Nicholas H. Snow

In the January 2022 installment of this column, 
I examined Golay’s famous equation describ-

ing the height equivalent to a theoretical 
plate (H or HETP), one of the most common 
measures of capillary column performance (1).  
The equation originally derived by Golay is 
shown below in equation 1. A commonly 
used simplified form, which was developed 
sometime later, is likely a misinterpretation of 
Golay (2). As in last month’s column, equation 
31a from Golay’s paper is used here. 

du = (       +                            +                     ) dx1

2D
v0

k3v0r0

6(1+k)2c2D1

(1+6k+11k2)v0r0

24(1+k)2D
2 2

[1]

HETP =        + Cmv0 + Csv0
B
v0

[2]

Definitions of the variables are discussed 
in detail in last month’s installment. As we 
concluded last month, the many variables in 
equation 1 are themselves interdependent 
in ways that are not always obvious and 
can cause confusion for chromatographers 
in understanding and using the equation 
to assist in column and method optimi-
zation. Next, we ask three key questions 
about equations 1 and 2 that lead to com-

ments about the use and relevance of the  
two equations.
1. Is the average carrier gas velocity inde-

pendent of the other variables?
2. What is the effect of the polynomial 

expressions of the retention factor k on 
the mass transfer terms?

3. What about temperature and the rele-
vance to temperature programming?
Figure 1 shows a simplified “Golay plot” 

of the form seen in countless textbooks on 
analytical chemistry, chromatography, and 
in nearly every course on GC that discusses 
theories. In experimental work, such plots 
are often used to evaluate new columns 
and methods, to compare experimental 
conditions, or to make a claim that a column 
is performing adequately. In this column,  
we use the three abovementioned questions 
to critique this plot to better understand why 
the literature includes many experiments 
that do not appear to follow this behavior, 
and to answer our larger question of the rele-
vance of Golay’s equation and these plots in 
today’s capillary GC. Interestingly, the version 
of equation 2 presented in Figure 1, which 
seems to be the most common presentation, 
has the two mass transfer terms reversed in 
order from Golay’s original equation. 

Is the Average Carrier Gas 
Velocity Really Independent 
of the Other Variables?
In making plots as seen in Figure 1, H is 
plotted against the average carrier gas 
velocity (u or v0) as seen in equation 2, and 
the expected shape of the plot as the car-
rier gas velocity increases is seen in Figure 1. 
Although this behavior is seen in many cases, 
it is not universal. The first example of this is 
seen in the same initial symposium where 
Golay presented and discussed equation 1, 
following a paper by Dujkstra and de Goey. 
Sjenitzer commented on this paper and 
showed a plot of N, the number of theoreti-
cal plates versus inlet pressure, determined 
at several stationary phase film thicknesses 
(3). Although some of the plots showed 
the behavior illustrated in Figure 1, many of 
them did not, with a variety of curve shapes. 

An example challenge with using the sim-
plified form shown in equation 2 is that the 
average carrier gas velocity influences the 
other variables, most notably the retention 
factor, k, which appears in both mass transfer 
terms. We are reminded of the definitions of 
k and its relationship to the gas hold-up time, 
tM, and the average linear gas velocity (v0) in 
equation 3. 
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k =           =        and v0 =
tR – tM

tM

K
β

L
tM

                   [3]

Both the average carrier gas velocity and k are calculated in practice 
from tM, which itself is a complex function of carrier gas properties, 
column dimensions and the inlet and outlet pressures (4,5). We see 
that k and tM are closely related; therefore, k and v0 are also closely 
related. As a result, the use of v0 in equation 2, as a variable indepen-
dent of the other terms in the more detailed equation 1, is clearly an 
oversimplification that may cause confusion. 

Since the average carrier gas velocity itself is a derived quantity, a 
complex function of column dimensions, identity of the carrier gas 
and the inlet and outlet pressures and those same factors also influ-
ence the retention factor and the gas phase diffusion coefficient (D), 
we see that the relationship between H and v0 is much more complex 
than implied by equation 2. 

What is the Effect of the Polynomial Expressions of 
the Retention Factor k on the Mass Transfer Terms?
The interesting polynomial functions of k, seen on the two mass trans-
fer terms, are often overlooked as impacting the determination of 
H and the resulting determination of N, the number of theoretical 
plates. We know that k is analyte, temperature, and stationary phase 
dependent, yet plates and plates per meter are often reported with 
little specifics. As an example, Figure 2 shows the dependence of the 
polynomial function of k, with k ranging from 1 to 20, as seen in the 
mobile phase mass transfer term in equation 1.

Note in Figure 2 that the result varies considerably with retention 
factor with a low of approximately 3 for k = 0.5 to approximately 10 
for k = 10–20. A larger k, which means longer retention times, results 
in the function roughly approaching a constant, indicating little influ-
ence of the retention factor on H and by extension N. As k gets 
smaller, the polynomial term also gets smaller with greater influence 
seen at smaller k. 

There are several practical consequences of this result. First, 
because k is analyte dependent, each analyte sees a different result 
for the polynomial and therefore, a different H and N. Often, N is 
quoted for a particular column, but this must be stated with the 
caveat that it was determined for a specific analyte under a specific 
set of instrumental conditions. In Figure 1, we see that mobile phase 
mass transfer is often the dominant term in determining H and N.  
In Figure 2, we see that k, on which the mobile phase mass transfer 
term depends, may vary by as much as a factor of three, depending 
on experimental conditions. Therefore, the actual number of theoreti-
cal plates experienced by an analyte in practice may vary significantly 
from the number reported for the column, and N can be expected 
to vary significantly from analyte to analyte and condition to condition. 

A similar impact is seen in the k-related terms in the stationary 
phase mass transfer term. This term also has a polynomial function of 
k and, largely because of the presence of the partition coefficient in 
the denominator, generally has a smaller impact on H and N, which 
is seen in Figure 1. When the retention factor term and the partition 
coefficient are combined using equation 3, the result is a polynomial 
term that ranges from 0.2 at k = 0.5 to approximately 0.04 at k = 20. 

What About Temperature and the Relevance 
to Temperature Programming?
When van Deemter and Golay developed the theory of band broad-
ening in the 1950s, nearly all practical GC was done using packed 
columns and isothermal analysis. Both equations 1 and 2 assume 
constant temperature, so this is another variable that must be con-
trolled if experiments are to be comparable. Prior to the develop-
ment of fused-silica capillary columns in the late 1970s, capillary GC 
was seen as more of a novelty than a technique for routine analysis. 
Today, almost all laboratory gas chromatographs are capable of tem-
perature programming and most capillary column-based methods 
are temperature programmed. As discussed in an earlier GC Con-
nections installment, the peaks in a temperature-programmed sepa-
ration do not broaden as rapidly as they do in an isothermal separa-
tion. In that article, I raised the question, “why are all those peaks so 
sharp?” (6). Equation 1, as it assumes constant temperature, does not 
fully explain this, but the concepts seen in the three terms and the 
variables can provide a qualitative discussion.

Equation 1 provides some qualitative insight about why the peaks in 
temperature programming appear sharper than in an isothermal analy-
sis with similar retention times. The sharp peaks indicate that the rate of 
band broadening in temperature programming must be much smaller 
(slower) than in isothermal analysis. As seen in Figure 1, the mobile 
phase diffusion term is relatively low and nearly constant at most prac-
tical carrier gas velocities and temperatures, so the main impact on 
H would be seen in the two mass transfer terms. We also have seen 
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FIGURE 1: Simplified form of Golay’s equation with the expected 
form of a plot of H versus carrier gas velocity. Reprinted with per-
mission from ChromAcademy, LCGC ’s online learning platform 
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that the mobile phase mass transfer term has 
the greater impact on H. Higher tempera-
tures reduce k, which diminishes the value 
of the polynomial and increases D, reducing 
the overall value of the mobile phase term. 
Therefore, the mobile phase mass transfer 
term lowers H and leads to a reduction in the 
rate of band broadening and sharper peaks. 

Is Golay’s Equation Still Relevant?
Golay’s equation, shown in equation 1, which 
was developed in the 1950s, is still relevant 
today, although the context in which we use 
and think about it has changed. With most 
methods employing temperature program-
ming, the practical utility of Golay plots and 
plate height calculations today is limited. 
The need for the exact matching of condi-
tions, such as temperature, carrier gas, flow 
rate, and analyte, make column-to-column 
comparisons difficult, and the requirement 
for constant temperature makes conclusions 
about column performance based on these 
plots not readily translatable to temperature-
programmed methods. The simplification of 
H plotted as a function of v0, as seen in equa-
tion 2, is an oversimplification that does not 
do proper justice to the many interrelation-
ships between the many variables in the origi-
nal equation and should be used with caution. 
Equation 2 would be better expressed as:

HETP = B + Cm + Cs or       = HETP = B + Cm + Cs
du
dx

[4]

with the carrier gas velocity included in each 
term, not expressed as in independent vari-
able, which now expresses HETP as a rate 
and then requires discussion of each term 
tailored to the experiment being performed. 

Golay’s original intent is why his equation 
is still relevant today. It describes the sepa-
ration process in measurable terms based 
on physical properties of the column, carrier 
gas, and analyte. Unless experimental con-
ditions are carefully controlled to ensure an 

“apples to apples” comparison, we should 
be cautious when using Golay’s equation 
to attempt direct comparisons of column 
performance from one column or one 
set of instrumental conditions to another.  
We should avoid extending conclusions 
about column performance derived from 
Golay’s equation under isothermal condi-
tions to temperature-programmed condi-
tions. Finally, as an extension, determina-
tions of the number of theoretical plates 
in a column, or the number of plates per 
meter, are only valid for the exact analyte 
and isothermal experimental conditions 
under which the determination was made.  
We should be careful using such data to 
compare performance of one column to 
another, especially if we intend to conduct 
temperature-programmed analysis. In spite 
of these limitations, Golay’s equation remains 
relevant in helping us understand the many 
complex processes that relate to the rate of 
band broadening in chromatography.
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A Quick and Accurate High Performance Liquid 
Chromatography (HPLC) Method to Determine 
the Amount of Trimethylamine in Fish Oil Softgels 
and Multivitamin Softgels Containing Fish Oil
Ocean fish cells contain trimethylamine oxide for osmoregulation. The odorless trimethylamine oxide reduces to 
trimethylamine by bacterial activity, resulting in a strong fishy odor. Therefore, it is important to find out whether 
trimethylamine levels in fish oil and multivitamin softgels containing fish oil will affect the quality of the finished products. 
A derivatization-based, reversed-phase high performance liquid chromatography (HPLC) method was developed 
using a Lichosphere 100 RP18 column, utilizing acetonitrile and water as the mobile phases. Experimental products 
were dissolved in ether, followed by a pH jump and buffer exchange, and finally derivatized with 9-fluorenylmethyl 
chloroformate. Our research has indicated that the level of trimethylamine in the products containing fish oil does not 
have a correlation with age and rancidity level of the products.

Mina Fakhary, Fang Xia, Mohamed Koroma, and Martin Dennison

Fish oil contains polyunsaturated fatty 
acids, such as eicosapentaenoic acid 

(EPA) and docosahexaenoic acid (DHA). 
These unsaturated fatty acids are susceptible 
to oxidation; as a result, fish oil rancidity is 
associated with the oxidation of the lipids (1). 
The fish oil industry uses anisidine values and 
peroxide testing for measuring the level of 
fish oil rancidity. 

On the other hand, the trimethylamine 
(TMA) level is a measure of spoilage in fish 
and is believed to be the main contributor to 
fishy odor in fish (2) and humans (3,4).

To maintain fluid balance, marine animals 
need to fill their cells with amino acids and 
amines to compensate for the saltiness of 
seawater. Ocean fish use trimethylamine 
oxide (TMAO) for osmoregulation. Bacteria 
and enzymes reduce odorless TMAO into 
trimethylamine, which causes a strong fishy 
odor (Figure 1).

In the human body, TMA is produced 
from several metabolic pathways by human 
microbiota (Figure 2). A healthy human 
body can discharge the TMA; however,  
in some cases of TMA disorder disease, the 
TMA accumulates and results in unpleasant 
human body and urine odor (5). 

There are other studies relating fish oil ran-
cidity with levels of aldehydes and secondary 
oxidants, which are not covered in this paper. 
However, there is no experimental evidence 

that correlates the level of TMA with fish oil 
rancidity. One of the objectives of this study 
was to develop an accurate method to quan-
titatively determine the level of TMA in fish 
oil softgels and multivitamin softgels contain-
ing fish oil. The other objective was to find 
the correlation between the level of TMA 
and rancidity of the fish oil-related products. 
In addition, products containing choline 
were investigated for the level of TMA and 
the product rancidity.

Different analytical methodologies have 
been used for analyzing TMA. In 1945, Dryer 
extracted TMA using toluene and analyzed 
it by colorimetric technic (6). In 1987, Malle 
and his colleagues utilized steam distilla-
tion by a deproteinization step with trichlo-
roacetic acid and blocking of primary and 
secondary amines using formaldehyde at 
alkaline pH (7). In 1991, Fiddler and Oetjen 
used headspace gas chromatography (GC)  
and acid extraction for TMA measurement 
(8,9). Chafer used high performance liquid 
chromatography (HPLC) and a derivatization 
process to analyze trimethylamine in 2004 (10). 
In 2008 and 2017, respectively, Johnson and 
Yu used an electrospray ionization–tandem 
mass spectrometry (ESI–MS/MS) method for 
measuring TMA in urine using ethyl bromo-
acetate derivatization (11,12). Among all the 
analytical methodologies, LC–MS/MS had 
the lowest level of detection (LOD) (0.025 

ppm), and the steam distillation method had 
the highest LOD at 17 ppm (Table I). 

The HPLC-based derivatization method 
offers a low LOD and ease of instru-
ment availability, which is one of the most 
widely accepted and used methods for 
TMA detection and quantitative analysis.  
There are two derivatization methods that 
have been reported in the literature, which 
are fluorenylmethyloxycarbonyl chloride 
(FMOC) (10) (Figure 3) and ethyl bromoac-
etate (13) (Figure 4). The FMOC was cho-
sen in this research because there are two 
benzyl rings in FMOC, which have good 
UV absorption and strong response using a  
UV detector. 

The sample preparation is the next chal-
lenge to overcome. In this paper, TMA 
was successfully extracted from fish oil and 
multivitamin softgel products. TMA was 
then derivatized with FMOC to form TMA-
FMOC, which has good UV detection.  
The derivatization kinetics were studied 
to give researchers options of performing 
online or offline derivatization to maximize 
method accuracy without sacrificing the ease 
of performing the tests.

Experimental
Materials
Trimethylamine hydrochloride salt, dimethyl 
ether, acetonitrile, disodium tetraborate, and 
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9-fluorenylmethyl chloroformate (FMOC) 
were purchased from Sigma Aldrich. A Milli-
Q water system was used for water and  
buffer preparations.

The trimethylamine standard solution 
was prepared by adding 500 µL of stan-
dard solution to 1000 µL of FMOC solution  
(1 mg/mL) to make a 4 ppm trimethylamine- 
FMOC solution. 

Fresh experimental fish oil softgels and 
fish oil-containing choline softgels were 
prepared at Pharmavite LLC. The samples 
were tested at the time of production before 
being packaged with the finished product 
packaging configuration and placed in an 
accelerated stability chamber at 40 ºC/75 
RH. The samples were tested after produc-
tion (T0), 1 m, 2 m, and 3 m from the stabil-
ity chamber, as well as samples stored at 
room temperature for more than 24 months  
(aged sample).

Multivitamin softgels containing fish oil 
(fresh and aged) products were prepared 
internally at Pharmavite LLC and fish oil raw 
material was purchased from C.I. Naturmega 
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S.A. Other fish oil softgels were purchased 
from the market, manufactured by various 
commercial vendors.

Instruments
The analysis was carried out with an Alliance 
HPLC system from Waters Corporation with 
a 2996 photodiode array (PDA) detector.  
The detection signal was recorded, and the 
peak areas were quantified and processed 
with Empower software. The chromato-
graphic column was Lichrospher 100 RP18 
(125 mm x 4 mm, 5 µm particle size) from 
Supelco, and a linear gradient was used 
from 60:40 acetonitrile:water isocratic for 
3.5 min and then to 70:30 acetonitrile:water 
in 10 min. The system flow rate was set at  
1.0 mL/min. The injection volume was 10 µL.  
The detection wavelength for the PDA was 
set at 262 nm, and the analytical column was 
kept at 25 ºC. Samples were kept at room 
temperature in the HPLC system. 

Method of Extraction
To extract trimethylamine from products,  
3 g of the chosen product were weighed in 
a centrifuge tube and dissolved in 10 mL of 
dimethyl ether. Then, TMA was extracted 
from dimethyl ether using 10 mL of  
0.5 mM sodium tetraborate buffer at a pH 
of 9. The solution was centrifuged at 3000 
rpm for 10 min, and then the aqueous layer 
was separated. The sodium tetraborate buf-
fer extraction was repeated one more time 
and the aqueous layers were combined 
from the two extractions. Our study on 
multiple extractions proved that a two-time 
buffer extraction was enough. The samples 
were kept cool during the extraction pro-
cess to minimize oxidation and evaporation. 

Finally, 500 µL of combined aqueous 
solution was mixed with 1000 µL of FMOC 
solution (1 mg/mL) at room temperature for 
2 h before being injected into the HPLC sys-
tem. No agitation or vortexing is needed for 
full derivatization. The schematic extraction 
and derivatization processes are shown in 
Figure 5.

Results and Discussion
Standard Derivatization and
Derivatization Kinetics
The FMOC-TMA derivatization kinetic 
study was performed by injecting the solu-
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FIGURE 4: A trimethylamine derivatization reaction using ethyl bromoacetate. 

Weigh three grams of the sample into a 50 mL
centrifuge tube

Add 10 mL Dimethyl Ether and mix well

Add 10 mL of 0.5 mM sodium tetraborate
buffer pH 9 and mix well

Centrifuge the solution at 3000 rpm for 10 min.

Separate ether layer into a centrifuge tube

Add 10 mL of 0.5 mM sodium tetraborate
buffer pH 9 and mix well

Keep the sample at room temperature for 2
hours then inject it to an HPLC

Add 500 μL of the aqueous solution into 1000 μL
FMOC Solution (1mg/mL) and mix well

Combine aqueous layers and mix well

Separate ether layer into a centrifuge tube

Centrifuge the solution at 3000 rpm for 10 min.

FIGURE 5: A schematic showing the TMA extraction process.
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WWW.CHROMATOGRAPHYONLINE.COM FEBRUARY 2022  LCGC NORTH AMERICA  VOLUME 40 NUMBER 2  75

tion into the HPLC system in 20-min time intervals up to 400 min.  
The study shows the derivatization reaction reaches equilibrium after 
approximately 100 min and remains stable for 400 min (Figure 6). 
Therefore, all solutions were kept at room temperature for 2 h before 
being injected into the HPLC system.

Method Linearity and Accuracy
Good linearity was achieved in the range of 1–17 ppm (Figure 7) with a 
coefficient of determination (R2) of 0.998. Higher concentrations were 
performed (from 20 ppm to 50 ppm), and our study showed that the 
method was no longer in the linear range. 

The method sensitivity was evaluated through analyzing the 
LOD and the lowest level of quantitation (LOQ). The method 
LOD and LOQs are 0.5 and 1 ppm, respectively.

In the production of fish oil softgels, soybean oil has been used to 
dilute fish oil to achieve the desired EPA and DHA level in the finished 
product. Therefore, soybean oil was used as a fish oil product pla-
cebo. To assess the extraction efficiency of the proposed method and 
matrix effects, soybean oil was spiked with trimethylamine at 4.3 and 
6 ppm concentrations. Satisfactory recoveries of ±7% were obtained 
for TMA (Table II). 

Comparison of TMA Level in
Fresh Fish Oil and Aged Fish Oil
Aged samples and products stored at 40 ºC/75 RH showed mini-
mal change in their TMA levels. TMA levels in the finished prod-
ucts correlated with the amount of TMA in the fish oil raw material,  
which indicated that fish oil softgel production processes do not con-
tribute to the TMA level. Choline in the product does not have an 
impact on TMA levels. TMA levels do not correlate with neither the 
age of fish oil and softgels nor the intense and rancid odor of the 
product (Table III and Table IV).

Fresh experimental multivitamin softgels containing fish oil and 
aged (24-month at room temperature) multivitamin softgels test 
results indicated that TMA levels in multivitamin softgels are lower 
than in fish oil products with a wide range of 108–277 ppm. The TMA 
level does not correlate with the product age and rancidity (Table V). 

Further investigations were performed on various fish oil prod-
ucts that are available in the market. Table VI lists the TMA levels of 
four commercially available fish oil softgels ranging from 341 ppm 
to 425 ppm. 

Conclusions
A reversed-phase HPLC method conjugated with derivatization 
was successfully developed to determine the TMA levels in fish oil 
softgels and multivitamin softgels containing fish oil. The method 
linearity range is 1–17 ppm with LOD and LOQ of 0.5 ppm and  
1.0 ppm, respectively. 

The levels of TMA in finished products do not change under accel-
erated and room temperature conditions. No difference between 
levels of TMA in the fish oil and fish oil with choline softgels were 
observed. Therefore, choline does not contribute to the level of 
TMA in the fish oil product containing choline. Fish oil raw material 
TMA level correlated with the TMA levels in fish oil finished products, 

which indicated the TMA levels do not increase during the fish oil  
softgel production.

Fish oil rancidity can be related to several factors such as 
aldehyde, secondary oxidant, and TMA. However, our research 

TABLE II: Comparison of extraction method accuracy 

Spiked TMA 
to Soybean Oil 
Concentration 
(ppm)

Recovered 
(ppm)

% Recovery

4.3 4.6 107

6.0 5.6 93

TABLE I: Published methods for analyzing TMA and their respective 
LODs 

Method (References) LOD

LC–MS/MS (11,12) 0.025 ppm

HPLC (Derivatization) (10) 0.25 ppm

GC (8,9) 0.3 ppm

Colorimetry (6) 14 ppm

Steam Distillation (7) 17 ppm
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indicated that TMA levels do not cor-
relate with the age or the level of ran-
cid smell of the fish oil and multivitamin  
finished products.
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TABLE IV: Aged fish oil softgel and fish oil raw material TMA levels

Sample TMA (ppm)

Fish oil (aged) A 341

Fish oil (aged) B 322

Fish oil raw material 384

TABLE V: Aged and fresh multivitamin softgels TMA levels

Product TMA (ppm)

Multivitamin softgel-1 A (fresh) 142

Multivitamin softgel-1 B (fresh) 202

Multivitamin softgel-1 C (fresh) 157

Multivitamin softgel-2 A (aged) 146

Multivitamin softgel-2 B (fresh) 132

Multivitamin softgel-2 C (aged) 108

Multivitamin softgel-2 D (fresh) 122

Multivitamin softgel-3 (aged) 277

TABLE VI: Commercially available fish oil softgels TMA levels

Sample TMA (ppm)

Fish oil A 1000 mg 341

Fish oil B 1200 mg 417

Fish oil C 1000 mg 425

Fish oil D 1000 mg 401

TABLE III: Fish oil softgel and fish oil softgel containing choline TMA level

Sample
T0 

TMA (ppm)

1 M/40 ºC/
75 RH TMA 

(ppm)

2 M/40 ºC/
75 RH 

TMA (ppm)

3 M/40 ºC/
75 RH TMA 

(ppm)

Fish oil (fresh) 323 352 298 328

Fish oil + choline (fresh) 319 328 307 408
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GENERATION
A special article series highlighting the work of young analytical chemists.

Perspectives and Pitfalls in Potency 
Testing of Cannabinoids by High 
Performance Liquid Chromatography (HPLC)
Cannabis products have been recently legalized in many countries for recreational or medicinal use. Therefore, rigorous 
analytical methods to test the potency of samples is required prior to commercialization. In addition, growing interest 
in the properties of minor cannabinoids has increased the demand for high-throughput methods that can separate 
the largest number of compounds in the shortest amount of time. High performance liquid chromatography (HPLC) 
is emerging as the preferred analytical method for potency testing of cannabinoids, but more fundamental work is 
needed to solve critical issues and contribute to advancing knowledge. 

Martina Catani, Simona Felletti, Alessandro Buratti, Chiara De Luca, and Alberto Cavazzini 
Dept. Of Chemical, Pharmaceutical and Agricultural Sciences, University of Ferrara, Ferrara, Italy

Cannabis sativa L. is one of the most 
discussed plants in the world. On the 

one hand, it is popular from a toxicological 
perspective because marijuana (a greenish-
gray mixture obtained from dried flowers 
of the plant) represents the most common 
illicit drug of abuse in the world. On the 
other hand, therapeutic properties of C. 
sativa L. have been recognized for millennia, 
especially for pain and appetite modulation 
or regulation of other biological functions, 
such as sleep, memory, and nausea. 

Among the many classes of bioac-
tive compounds contained in C. sativa L.,  
the family of phytocannabinoids is the 
most investigated because it is respon-
sible for both the therapeutic and psycho-
tropic effects of C. sativa L. Cannabinoids 
are C21 (or C22 for the carboxylated form) 
terpenophenolic compounds that are 
able to interact with the endocannabi-
noid system that is present in the human 
body (1). Phytocannabinoids are produced 
naturally in the acid form by the plant, and 
can be transformed easily into their cor-
respondent decarboxylated metabolites 
after exposure to heat or light, or both. 
To date, more than 100 cannabinoids are 

known, but their number is expected to 
grow. Among these, the most popular are 
Δ9-trans-tetrahydrocannabinol (Δ9-THC), 
which is mainly responsible for psychotro-
pic effects, and cannabidiol (CBD), which 
is less prone to interact with the endocan-
nabinoid system and therefore not mind-
altering (2). CBD is attracting great interest 
for its potential pharmacological proper-
ties. Clinical research is being conducted 
to study its beneficial effects in the treat-
ment of epilepsy or other neurological dis-
orders (including Parkinson’s disease and 
Tourette’s syndrome) and in appetite stimu-
lation in oncology and HIV patients (3).

In the last several years, several coun-
tries, and many states in the United States, 
have legalized cannabis for medical pur-
poses or marijuana for recreational use 
(or even both). These new regulations 
and laws have led to a revolution in the 
cannabis industry. As a result, production 
has tremendously increased, and that 
has translated into an increased need to 
develop reliable quality control (QC) meth-
ods to identify cannabinoids and test the 
potency of cannabis products and deriva-
tives. Potency testing refers to the quantifi-

cation of the main cannabinoids contained 
in a sample in terms of weight percentage. 
This information is fundamental for the 
accurate labeling of cannabis products for 
both medical and recreational use. To date, 
potency testing has required the quantifi-
cation of only five cannabinoids, namely a) 
Δ9-THC; b) CBD; c) tetrahydrocannabinolic 
acid (THCA); d) cannabidiolic acid (CBDA); 
and e) cannabinol (CBN). However, other 
cannabinoids have been recently added to 
the list of those that should be quantified, 
including Δ8-THC, cannabigerol (CBG), 
cannabichromene (CBC), and cannabidi- Ic
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varin (CBDV). Because new cannabinoids 
are continuously discovered, it is expected 
that the list of compounds for potency test-
ing will need to be expanded again.

Because cannabinoids were separated 
initially and identified exclusively through 
gas chromatography with flame ioniza-
tion detection (GC-FID), GC-FID is still the 
method indicated by European Union (EU) 
regulatory agencies for the quantitative 
determination of Δ9-THC (4). However, GC 
has some limitations. First, the high tem-
peratures employed at the injection port 
lead to the decarboxylation of the acid can-
nabinoids to their correspondent neutral 
forms, which can occur to different extents 
depending on experimental conditions.  
To prevent this process from occurring, 
proper derivation is needed, but the method 
must be validated (5). In addition, high tem-
peratures may also favor isomerization or 
oxidation reactions. For these reasons, in the 
last few years, there has been an increased 
interest in alternative separation techniques, 
among which high performance liquid chro-
matography (HPLC) has become the pre-
ferred option. This paper discusses the latest 
achievements and pitfalls in potency testing 
of cannabinoids, mainly by HPLC. Perspec-
tives and research opportunities in this field 
are also considered.

Potency Testing of  
Cannabinoids by HPLC
The great versatility of HPLC, coupled 
with the absence of derivatization steps 
or sample pretreatment before injection, 

explains why this technique has become 
the gold standard for potency testing (6,7) 
and for characterizing cannabinoids. The 
results of a simple Scopus search based on 
the keywords “cannabinoids” and “liquid 
chromatography” show that the number of 
papers published on this topic (Figure 1) 
has dramatically increased in the last years.

Cannabinoids are mainly separated 
under reversed-phase LC (RPLC) condi-
tions with C18 stationary phases. Resolu-
tion of species with very similar chemical 
structures (such as the Δ9-THC/Δ8-THC 
pair) can be particularly challenging. High-
efficiency stationary phases based on 
superficially porous particles (SPPs) and 
sub-2-µm fully porous particles (FPPs) have 
been employed in these cases (6). There is 
increasing interest in high-throughput sep-
aration of cannabinoids by HPLC that goes 
hand-in-hand with the need for fundamen-
tal studies on the retention of cannabinoids, 
especially to increase the resolution of criti-
cal pairs and shorten analysis times. To this 
end, novel sorbents need to be explored, 
including mixed-mode stationary phases. 
On the other hand, supercritical fluid chro-
matography (SFC) seems to be suitable for 
the separation of cannabinoids, especially 
chiral ones. Therefore, it can be expected 
that application of SFC in the field will 
increase greatly in the near future (6–8).

Because new cannabinoids are continu-
ously discovered, even potency testing 
needs to be updated. The first important 
issue is the lack of reference methods. In 
addition, not all discovered cannabinoids 

are available as certified reference mate-
rial. Therefore, in case of need, they must 
be either synthesized or isolated from  
complex samples.

Enantioseparation of Cannabinoids
Recently, scientists have started giving 
attention to another important aspect of 
cannabinoids: their chirality. Indeed, it is 
known that many of these molecules are 
chiral, but little (or even nothing) is known 
about the biological activity of the two 
enantiomers (9,10). The first important 
difficulty is that the production of natu-
ral chiral cannabinoids could be hidden 
by racemization occurring after sample 
preparation (exposure of samples to heat 
and light). On the other hand, especially 
if the two enantiomers have different bio-
logical activity, information on enantio-
meric purity and stereostability should be 
important for regulatory purposes.

A quick look at the literature reveals 
that just a few papers have been pub-
lished on the chirality of cannabinoids.  
When the search is restricted to the sepa-
ration of chiral cannabinoids via HPLC,  
no more than a dozen of works are found, 
mostly regarding the separation of syn-
thetic cannabinoids. Those few papers on 
the separation of chiral phytocannabinoids 
date back to more than 20 years ago (11–
13). In these studies, single pairs of Δ8-THC 
and CBD were separated on a cellulose-
based chiral stationary phase (CSP) under 
normal-phase LC (NPLC) conditions. It is 
only recently that various companies have 
published technical notes or examples 
showing the separation of Δ8-THC and 
Δ9-THC enantiomers or their degrada-
tion products, again by using polysaccha-
ride CSPs under NPLC conditions (14,15).  
In our department, we are currently work-
ing on the investigation of retention 
behavior of cannabinoids on polysaccha-
ride CSPs in collaboration with Chiral Tech-
nologies (manuscripts in preparation). 

Recent advances in both the chemistry 
of CSPs and the geometrical characteristics 
of particles used as base material in chiral 
LC (either sub-2-µm FPPs or SPPs) have 
expanded possibilities in this field (16,17). 
As an example, a recent work co-authored 
by some of us has shown the great poten-
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tial of the so-called inverted chirality columns approach (ICCA) 
for the enantioseparation of chiral cannabinoids (9). This method 
requires the use of CSPs with chiral selectors of opposed configu-
rations (Whelk-O1 CSPs). Such an approach allows the inversion 
of the elution order of enantiomers depending on the “chirality” 
of the column employed, which is particularly advantageous in 
the absence of reference standards. In the specific case reported 
in reference (9), the authors operated (S,S)- and (R,R)-Whelk-
O1 columns in SFC conditions for the separation of an extract 
of medicinal cannabis. They found that the enantiomeric excess 
of (-)-Δ9-THC is not 100% as expected, but 99.73%. Apart from 
(-)-Δ9-THC (that has been classically considered to be naturally 
produced by the plant), a small but not negligible percentage of 
the corresponding (+)-enantiomer (0.13%) was found. 

Conclusions
There is an apparent contradiction between the popularity of C. 
sativa L. and the relatively scarce research on fundamental aspects 
of analytical methods for the regulation and quality control of its 
products. Chemical characterization and classification of cannabis 
is particularly challenging because novel phytocannabinoids are 
continuously being discovered. HPLC with UV detection is emerg-
ing as the gold standard for routine potency testing analysis, replac-
ing GC-FID methods. The use of state-of-the-art columns packed 
with either SPPs or sub-2-µm FPPs makes it possible to separate a 
large number of cannabinoids, even if more fundamental work is 
needed to improve the baseline resolution of critical pairs of spe-
cies almost co-eluted under the experimental conditions tested to 
date. Mixed-mode sorbents could help to solve this issue. 

Another aspect that is catching on is fundamental research on 
the chirality of cannabinoids. Recent advances in column technol-
ogy and particle manufacturing will bring novel opportunities for 
detecting minor chiral impurities, and these developments will 
also help us understand their potential benefits or harmfulness for 
human health. 

References
(1) C.E. Turner, M.A. Elsohly, and E.G. Boeren, J. Nat. Prod. 43, 169–234 

(1980). 

(2) G. Appendino, G. Chianese, and O. Tagliatela-Scafati, Curr. Med. 
Chem. 18, 1085–1099 (2011). 

(3) E.M. Williamson and F.J. Evans, Drugs 60, 1303–1314 (2000). 

(4) Reg. (EU) 639/2014 Annex III as amended by Reg. (EU) 2017/1155, 
Union method for the quantitative determination of Delta-9-tetrahy-
drocannabinol content in hemp varieties (2017).

(5) F.E. Dussy, C. Hamberg, M. Luginbühl, T. Schwerzmann, and T.A. 
Briellmann, Forensic Sci. Int. 149, 3–10 (2005). 

(6) S. Felletti, C. De Luca, A. Buratti, D. Bozza, A. Cerrato, A.L. Capri-
otti, A. Laganà, A. Cavazzini, and M. Catani, J. Chromatogr. A. 1651, 
462304 (2021). 

(7) C. Denicola and J.M. Barendt, “Cannabinoid isolation models utiliz-
ing immobilized chiral stationary phases and SFC,” paper presented 
at 2018 Emerald Conference, San Diego, California, 2018. 

(8) C. Denicola and J.M. Barendt, “Streamlined cannabinoid and 
potency assays utilizing HPLC and SFC,” paper presented at Can-
nabis 2018 Conference, Oakland, California, 2018. 

www.pci-hplc.com | 609.860.1803

Over 25 Years of
Quality HPLC and 

SFC Columns

Offering a wide range 
of phases and dimensions for 

both analytical and prep

(9) G. Mazzoccanti, O.H. Ismail, I. D’Acquarica, C. Villani, C. Manzo, M. 
Wilcox, and A. Cavazzini, Chem. Commun. 53, 12262–12265 (2017). 

(10) C.N. Filer, Cannabis Cannabinoid Res. 12, 1–4 (2021). 

(11) S. Levin and S. Abu-Lafi, J. Chromatogr. A. 654, 53–64 (1993). 

(12) S. Levin, M. Sterin, and S. Abu-Lafi, Chirality 7, 140–146 (1995). 

(13) S. Abu-Lafi, M. Sterin, and S. Levin, J. Chromatogr. A. 679, 47–58 
(1994). 

(14) Chiral Technologies, “Separation of enantiomers of (+/-) Δ8-THC 
and (+/-) Δ9-THC,” Application Note, 2018. 

(15) J. Williams, K. Calati, K. Hering, R.E. Franckowski, W.J. Umstead, and 
D.M. Iula, “HPLC Method to Differentiate Four THC Stereoisomers 
Formed from Δ9-THC Degradation: (6aR,9R)-Δ10-THC, (6aR,9S)-Δ10-
THC, 9(R)-Δ6a,10a-THC, and 9(S)-Δ6a,10a-THC,” Application Note, 
Cayman Chemical, 2021.

(16) O.H. Ismail, S. Felletti, C. De Luca, L. Pasti, N. Marchetti, V. Costa, et 
al., Molecules 23, 2709 (2018). 

(17) O.H. Ismail, M. Antonelli, A. Ciogli, C. Villani, A. Cavazzini, M. Catani, 
et al., J. Chromatogr. A. 1520, 91–102 (2017). 

Martina Catani, Simona Fellet ti, Alessandro 
Buratti, Chiara De Luca, and Alberto Cavazzini are 
with the Department Of Chemical, Pharmaceutical, and 
Agricultural Sciences at the University of Ferrara, in Fer-
rara, Italy. Direct correspondence to: martina.catani@
unife.it.

ABOUT THE AUTHORS

mailto:martina.catani@unife.it
http://www.pci-hplc.com


82  LCGC NORTH AMERICA  VOLUME 40 NUMBER 2  FEBRUARY 2022 WWW.CHROMATOGRAPHYONLINE.COM

The 2022 Winners of the Lifetime Achievement  
and Emerging Leader in Chromatography Awards
Barry L. Karger and James P. Grinias are the winners of the 15th annual LCGC Lifetime Achievement and Emerging 
Leader in Chromatography Awards, respectively. Here, we review their achievements. 

Jerome Workman, Jr.

Barry L. Karger and James P. Grinias are 
the winners of the 15th annual LCGC 

Lifetime Achievement and Emerging Leader 
in Chromatography Awards, respectively. 
The LCGC Awards honor the work of lead-
ing separation scientists for lifetime achieve-
ment and emerging potential (Table I).  
This year, given the cancellation of the live 
Pittcon conference, Karger and Grinias 
will be recognized during a special online 
Pittcon session. 
 
The Lifetime Achievement in
Chromatography Award
The 2022 Lifetime Achievement in Chro-
matography Award honors an outstanding 
and seasoned professional for a lifetime of 
contributions to the advancement of chro-
matographic techniques and applications.

Barry L. Karger, the 2022 winner, is the 
Director Emeritus of the Barnett Institute for 
Chemical and Biological Analysis, and the 
James L. Waters Emeritus Chair and Distin-
guished Professor Emeritus at Northeastern 
University in Boston. Over the 60-year span 
of his career, Karger made major advances 
in the understanding of fundamentals of 
chromatography and capillary electropho-
resis (CE) techniques and to their applica-
tion, particularly in the fields of protein 
and DNA analysis. With an h-index of 98, 
Karger has left a major impact in the field of  
separation science.

Karger founded the Barnett Institute of 
Chemical and Biological Analysis in 1973. 
Over the years, the institute has been a 
major contributor in developing analytical 
methods for the biological sciences and the 
instrumentation and biotechnology indus-
tries. Barnett has produced over 500 PhDs, 
postdocs, and staff, many of whom have 
gone on to have distinguished careers in 
academia and in the industry.

Main Research Fields
The broad range of the fundamentals and 
technologies associated with separation 
and biological sciences for Karger include:
• Gas chromatography (GC)
• Selectivity and efficiency of high perfor-

mance liquid chromatography (HPLC) 
and CE fields

• LC separation and analysis of peptides 
and proteins

• Hydrophobic interaction chromatogra-
phy (HIC) 

• Separation of protein species on small 
particle columns 

• Separation of oligonucleotides by CE
• Automated long read DNA sequencing, 

the Human Genome Project 
• Narrow bore LC columns for sensitive 

LC–MS proteomics 
• Characterization of protein biopharma-

ceuticals by LC– and CE–MS.

Major Contributions
Given the breadth and depth of Karger’s 
work, his impact has been significant, both 
in terms of the fundamentals of separation 
techniques and their applications.

Developing Fundamental
Principles of Separations
From the beginning of modern-day chro-
matography in the 1960s, Karger and col-
leagues were involved in developing the 
fundamental principles of separations (1,2). 
He began his research career in GC, where 
he introduced time normalization for col-
umn comparison. He was also active in dia-
stereoisomer separation with GC, which has 
become a basis for chiral separation. 

With the introduction of HPLC in 
the late 1960s, Karger became an early 
leader in this then-new technique. Along 
with Csaba Horváth, Karger was one of 
the first to develop reversed-phase LC 
(RPLC), now the predominant LC mode. 
His development of sensitive methods to 
evaluate bonded phases led to improved 
RPLC method reproducibility and overall 
performance. In collaboration with Lloyd 
Snyder, he introduced a means of clas-
sifying mobile phases in RPLC, which led 
to a better understanding of selectivity.  
By using chiral chelate additives, he was 
the first to show direct enantiomeric sepa-
rations using LC.

Barry L. Karger James P. Grinias
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“His contributions to the understanding 
and optimization of the principles of HPLC 
laid a foundation on which the practice 
has been built,” said Charles L. Cooney,  
the Robert T. Haslam Professor Chemical 
Engineering Emeritus at the Massachusetts 
Institute of Technology (MIT). Cooney is a 
major figure in biotechnology, especially 
bioprocess engineering.

Karger’s influence on the fundamentals of 
separations extends well beyond RPLC. 

“One of his greatest contributions was 
shedding light on the basic principles of 
hydrophobic interaction chromatography 
(HIC),” said former postdoc, Andras Gutt-
man, the MTA-Lendület Professor of Trans-
lational Glycomics at the University of Pan-
nonia and Debrecen, in Hungary.

Karger is also well-known for his work on 
CE. “His most important contribution to the 
field of capillary electrophoresis was pio-
neering the method in the early days, even 
initiating a conference series dedicated to 
it,” said Guttman. In 1989, Karger started 
the first conference series on the technique, 
called High Performance Capillary Elec-
trophoresis (HPCE); the event is still orga-
nized yearly under the name of Microscale 
Bioseparations (the 37th meeting was held 
online last July). “Without his contribution, 
the CE field would not be at this level today,” 
said Guttman.

“Barry helped put high performance cap-
illary electrophoresis (HPCE) on the map,” 
noted Peter Schoenmakers, a professor 
of analytical chemistry at the University of 
Amsterdam. “HPCE was invented by Jim 
Jorgenson, but it needed a bigger follow-
ing for it to grow. Karger’s influence and sci-
entific contributions, as well as his talents as 
an organizer and driving force, were of great 
importance for HPLC and HPCE. Karger 
was also a member of the Permanent Sci-
entific Committee of the HPLC series for 
over 25 years.
 
A Fundamental Textbook
In 1973, with Snyder and Horvath, Karger 
co-authored and edited the textbook,  
An Introduction to Separation Science (3). 
This important book, which has 804 citations 
according to Google Scholar, was used to 
train over two generations of analytical 
chemists in chromatographic fundamentals. 

“Although out-of-print, An Introduction 
to Separation Science was the leading 
textbook on chromatographic methods,” 
says Howard Barth, a consultant who is 
retired from the DuPont Company, and 
who was a student of Karger’s for both  
his undergraduate and PhD studies. 

“For many years, it remained my ‘go-to 
book’ to check an equation or clarify  
a concept.”

Applying Separations to
Real-World Problems
The fundamental developments that Karger 
advanced were also significant in the adopt-
ing techniques for practical applications. 

“Prof. Karger was instrumental in establish-
ing HPLC as the method of choice for the 
separation and detection of compounds,” 
Barth said. “Barry was involved in apply-
ing separation science to emerging fields, 
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such as forensic science, clinical chemistry,  
and bioanalysis.”

Jonathan Bones, a principal investigator 
at the National Institute for Bioprocessing 
Research and Training (NIBRT) in Dublin,  
Ireland, agrees. “What’s so impressive when 
you look back at Barry’s career is his ability 
to transition from one application area to 
another, realizing the potential to translate 

his skills and excellence in separation sci-
ence to deliver real impact in an emerging 
application area,” he said. 

The Human Genome Project
The greatest societal impact of Karger’s 
work came from his development of CE 
in the 1990s for DNA sequencing for the 
Human Genome Project (4). Karger and 

coworkers showed that it was possible to 
obtain high performance sequencing from 
run-to-run simply by blowing the linear 
polymer separation matrix out of the cap-
illary and reloading it with a fresh matrix.  
This discovery opened the door for auto-
mated sequencing analysis. Karger’s group 
was first to achieve a read length of 1000 
bases and was able to obtain 1300 bases 
with a column efficiency greater than 
10,000,000 theoretical plates (5). Karger’s lin-
ear polymer matrix was used to sequence 
40–50% of the first human genome.

Protein Separations and
Biopharmaceutical Analysis
Of all the application areas where Karger 
worked, a major one is protein analy-
sis. Early on, as biology developed into a 
molecular science, and when biotechnol-
ogy cell culture and fermentation studies 
began, Karger started to explore protein 
separation using RPLC (6). By the mid-
1980s, Karger’s work had shifted from 
small molecules to focus on the analysis 
of peptides and proteins, especially the 
native-denatured behavior of proteins  
in RPLC.

“We explained multiple peaks observed 
for seemingly pure proteins as due 
to partial denaturation when associ-
ated with the reversed-phase surface,” 
Karger said. “We also explored peak 
broadening due to reversible confor-
mational changes of proteins in the  
mobile phase.” 

“Barry’s most significant contributions to 
chromatography, although I should rather 
say to separation science, is his sighted-
ness in seeing the huge opportunities 
that integration of advanced separation 
methodologies and analytical sciences can 
offer biosciences,” said Wolfgang Lindner, 
an emeritus professor at the University of 
Vienna and former Karger post-doc. “A key 
message Barry spread is to understand the 
background of the analytical question and 
thus to apply the most appropriate appli-
cation of analytical methodology to gener-
ate valuable information buried in complex  
biological samples.” 

“Barry was driving the analytical (and espe-
cially the HPLC) community to embrace 
the life science fields (genomics and pro-

TABLE I: The fifteen-year history of the recipients of the LCGC Awards

Year Lifetime Achievement Emerging Leader

2008 Walt Jennings Gert Desmet

2009 Harold McNair Kevin Schug

2010 Georges Guiochon Jared Anderson

2011 James W. Jorgenson Dwight Stoll

2012 Lloyd Snyder Emily Hilder

2013 Peter W. Carr Davy Guillarme

2014 Fred E. Regnier Andre’ De Villiers

2015 Joseph Jack Kirkland Caroline West

2016 Milton L. Lee Debby Mangelings

2017 Pat Sandra Deirdre Cabooter

2018 Ronald E. Majors Zachary S. Breitbach

2019 Milos V. Novotny Ken Broeckhoven

2020 Daniel W. Armstrong Szabolcs Fekete

2021 Paul Haddad Erik L. Regalado

2022 Barry L Karger James P. Grinias

A photo from the 4th International HPLC meeting in Boston in 1979. Karger was the 
chairman of the meeting. The people in the photo are (left to right): Faith Waters, Sefa 
Huber, Jack Kirkland, Karger, Trudy Karger, and Josef Huber. Behind Trudy Karger is Jim 
Waters and behind Mrs. Waters is Peter Schoenmakers. Kirkland, Huber, and Waters are first 
generation giants in the LC field. 

Source: Image courtesy of Barry L. Karger
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teomics) that were experiencing dramatic 
advances,” Schoenmakers says. “It greatly 
enhanced the relevance of HPLC.”

Karger and his team introduced HIC for 
protein separations using a small-particle col-
umn format to separate proteins while main-
taining the proteins in a bioactive state (7).

LC–MS and CE–MS in Protein Analysis
In the early 2000s, Karger’s focus shifted to 
the coupling of mass spectrometry (MS) 
with LC and CE for protein analysis and pro-
teomics (8). He emphasized the importance 
of low flow rates for achieving high sensi-
tivity in electrospray ionization (ESI)–MS.  
He devoted significant effort into devel-
oping narrow-bore LC columns for online 
MS coupling, first with 15-μm i.d. mono-
liths, achieving attomole level detection (9),  
and then introducing 10-μm i.d. porous-
layer open tubular (PLOT) columns for even 
higher sensitivity (zeptomole) with high effi-
ciency (10). This work facilitated the analysis 
of low-volume clinical samples and led to 
the identification of important cancer and  
blood biomarkers (11). 

His LC–MS and CE–MS research also 
expanded to include detailed characteriza-
tion of protein biopharmaceuticals. Using 
LC–MS, his group was able to elucidate the 
disulfide linkages in a protein with a com-
plicated cysteine knot where a total of 15 
possibilities existed. In another example, his 
group characterized beta-interferon using 
CE–MS. Achieving over 400,000 theoreti-
cal plates, a total of 138 different modifica-
tions were found in the analysis of the intact 
protein. These analytical techniques are 
extremely powerful and in routine analyti-
cal use today in the biopharmaceutical field. 

Influence on Biopharmaceutical 
Industry—From its Infancy to Today
All the biopharmaceutical analysis work 
by Karger and his group did not just 
have academic interest; it was applied to 
solve the real-world problems of the bio-
pharmaceutical industry, right from the  
industry’s beginnings.
 When Robert Garnick, a Barnett Insti-
tute alumnus, joined the then fledgling 
start-up company Genentech in 1984, he 
was responsible for developing and char-
acterizing many of the earliest biotechnol-

ogy products. Karger, who was a consultant 
to Genentech, worked closely with Gar-
nick and the analytical chemists there in 
applying HPLC, CE, and bioassays to the 
characterization and structural elucidation 
of these complex proteins. “Dr. Karger’s 
influence was fundamental in developing 
the scientific regulatory strategies used to 
obtain global approval for these products,”  
says Garnick, who is now the president and 
CEO of Lone Mountain Biotechnology.

 That type of collaboration with bio-
pharmaceutical scientists continues today. 
Jonathan Bones first met Karger in 2008, 
when Bones was a postdoctoral researcher 
under Professor Pauline Rudd at NIBRT. 
After Rudd met Karger at the HPLC 2008 
conference, Karger visited NIBRT in Dublin. 
Among the topics, he discussed his recent 
work developing hydrophilic-interaction 
chromatography (HILIC) functionalized col-
umns for glycan analysis. Bones was initially 
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sent to Karger’s laboratory at Northeastern 
to learn the system. Later, he spent two 
years with Karger as a John Hatsopolous 
Fellow focusing on LC–MS applied to bio-
technology problems.
 “The time I spent with Prof. Karger 
at the Barnett Institute was excellent,”  
he said. “The quality of research performed 
within the group combined with the cali-
ber of collaborators from the clinical and 
biotech communities that creates the buzz 
about Boston was exciting and motivating,” 
he said. “His passion and enthusiasm for 
research, his depth of knowledge and his 

energy are incredibly admirable, to the point 
of envy.” Karger and Bones still collaborate 
through NIBRT applying analytical methods 
on current biotechnology problems using  
state-of-the-art instrumentation.

Teacher, Mentor, and Leader
Karger’s long, productive, and distinguished 
career has produced excellent and impact-
ful output not only in the form of publica-
tions but also in the form of hundreds of 
highly skilled scientists, who themselves 
have gone on to have their own outstand-
ing careers. Indeed, many of Karger’s stu-

dents and post-doctoral researchers have 
had distinguished careers in both academia 
and industry. 

“He is an outstanding educator, and 
his students and postdocs populate 
the who’s who of separation science,”  
said Cooney.

Schoenmakers echoed that point. “Barry 
has contributed to the scientific develop-
ment of many of the people who became 
leaders in the separations and analyti-
cal fields, including the likes of Wolfgang 
Lindner, Nobuo Tanaka, Heinz Engel-
hardt, Frantisek Foret, Howard Barth, and 
many, many more, including myself,”  
he said. “He has very impressive intellectual 
offspring.” Moreover, Professor Karger has 
trained many outstanding scientists who 
have had a significant impact in the instru-
mentation and biotechnology industries.  

“I am most proud of the many PhD students, 
post docs and staff who worked in my lab,”  
Karger said. 

That pride showed in his dedication to 
his students. “Even with a large group of 
graduate students and postdocs, he would 
devote weekends with us getting manu-
scripts into shape for publication, ponder-
ing over data, and helping us plan future 
research,” said Barth. “He never microman-
aged; instead, he encouraged us to explore 
new leads and ideas.”

Karger’s mentorship went beyond his 
students, to the many whom he guided 
and supported in the biopharmaceuti-
cal industry in particular—both through 
personal support as well as scientific and  
technological development.

  “Barry has been very helpful to me 
and assisting with my own career devel-
opment,” said Bones. “I know I’m one of 
many over the years that Barry has picked 
up the phone to call and given his time to— 
and for that Barry, a very sincere thank you.”
 “Dr. Karger is unique in his dedication 
to his students and friends,” said Gar-
nick. “He has always been there for us 
and his enthusiasm for analytical chemistry  
is contagious.” 
 “In Karger’s laboratory, there was a 
lot of creativity and a lot of teamwork, 
and many close friendships and col-
laborations were forged,” said Schoen-
makers. “Barry was creating the kind of 

Karger in 1985 receiving the James L. Waters Chair of Analytical Chemistry by the late NU 
president Kenneth Ryder (center) and the late James L. Waters, founder of Waters Associates. 

Source: Photo courtesy of Howard Barth

This photo was taken at the 39th International HPLC in Amsterdam in 2013. From left to 
right: Peter Schoenmakers, Karger, Wolfgang Lindner, and Nobuo Tanaka. These three 
distinguished chromatographers worked in Karger’s laboratory. 

Source: Image courtesy of Barry L. Karger
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atmosphere that hip companies from 
the United States West Coast are now  
known for.” 
 “He stands as a shining image of the 
best in science as well as his dedication to 
all those he has touched throughout his 
career,” echoed Garnick.

Numerous Awards
Given his accomplishments, it is not sur-
prising that Karger has received numer-
ous awards and honors over his career. 
Highlights include the Steven dal Nog-
are Memorial Award for Chromatography 
(1975), the American Chemical Society 
(ACS) Award in Chromatography (1982), 
the M.S. Tswett Medal in Chromatogra-
phy (1986), the ACS Award in Analytical 
Chemistry (1990), the A.J.P. Martin Medal 
(1991), the EAS Symposium Award for 
Outstanding Achievements in the Field 
of Separations Science (1997), the ACS 
Award in Separations Science and Tech-
nology (1998), and the Halász Medal 
of the Hungarian Chemical Society for 
Chromatography and Separation Science 
(2002). He has also received the CaSSS 
Award (2003), the Michael Widmer Award 
(2004, Switzerland), the Torbern Berg-
man Medal (2008, Sweden), the Csaba 
Horváth Medal (2008), the Golay Medal, 
(2009), the Csaba Horváth Lectureship 
(2010, Hungary), the J. Heyrovsky Hon-
orary Medal (2010, Czech Republic),  
and the Arnold O. Beckman Medal (2014). 

An Important Legacy
Clearly, Barry Karger’s legacy on the field of 
separation science is significant.

“Barry is part of the first generation of ana-
lytical chemists who introduced the world 
to a revolutionary separation technique, 
HPLC, that continues to grow,” Howard 
Barth said. “Through his research, teaching, 
and publications, he has continued on this 
path of scholarship well past becoming an  
emeritus professor.”

And even once Barry Karger does fully 
step away from his work, his legacy will 
live on through his patents, his publica-
tions, and the impact he made on his 
students and colleagues, and the Barnett 
Institute that he founded at Northeast-
ern University will continue to advance 

the field. “He created an organization 
that has become the preeminent cen-
ter for high resolution characterization of  
biologics,” said Cooney. 

 “Barry really is one of the fathers of mod-
ern chromatography,” said Bones. 

Guttman agrees. “It is clear that 
his impact over the 50-plus years of 
his career has been profound,” he 
said. “He is one of the most well-known 
and respected chromatographers of  
his generation.”

Most Recent Publications
The most recent key papers involving Karger, 
published since 2018 and later, explore 
multi-omics analysis to investigate high-
resolution bioseparations for therapeutic 
protein analysis. This basic research has 
focused on answering questions related to 
the effect of bioprocess conditions on prod-
uct titer and expressed drug substances for 
different production cell lines. These papers 
reflect the remarkable fact that Karger is 
staying current and is one of the last remain-

A cartoon depicting the contrasting humor and gravitas of Karger’s laboratory environs 
drawn by former Karger post doc Kalman “Berci” Benedek in the early 1980s.

Source: Image provided by Barry L. Karger).

A portrait of Professor Karger made by Kalman “Berci” Benedek in the early 1980s. “Barry 
liked the portrait so much that it was framed and kept in his office.” 

Source: Image courtesy of Andras Guttman
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ing active scientists in chromatography from 
the early 1960s and 1970s.
 Most recently in collaboration with 
Andras Guttman, Karger has studied the fun-
damentals of sodium dodecyl sulfate capil-
lary gel electrophoresis (SDS-CGE) coupled 
to MS. In this work, multiple gel formulations 
of borate cross-linker and dextran monomer 
were evaluated to optimize therapeutic pro-
tein analysis (12). The gel structure changes 
with composition was elucidated by exam-
ining solute sieving behavior. Further, glycan 
interaction with the dextran monomer was 
shown to influence migration time.
 Karger has researched the impact of 
various process parameters on the pro-
ductivity and product quality of monoclo-
nal antibodies (mAbs) produced by Chi-
nese hamster ovary (CHO) cell lines (13).  
This basic research focuses on how certain 
process parameters might affect cellular 
mechanisms in different production cell 
lines in terms of product titer and the spe-
cifics of expressed drug substances. 
 A study by Karger and colleagues per-
formed multi-omics analysis to investigate 
the concentration of the amino acid cyste-
ine (Cys) to cellular response of a Chinese 
hamster ovary (CHO) cell line for production 
of a mAb product (14). This work led to the 
discovery that when Cys feed levels are not 
high enough there is a significant decrease 
in protein titer. 
 Biopharmaceutical production processes, 
involving therapeutic protein production may 
be improved by careful control of cellular nutri-
tion and growth conditions. Karger and cowork-
ers have also performed a lipidomics analysis 
for the first time, in 5-L bioreactors, over the 
time course of CHO cells producing an IgG1 
mAb (15). This research explored the use of  
LC–MS identification and quantitation of 377 
unique lipids in the CHO lipidome. 
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The Emerging Leader Award
The Emerging Leader in Chromatography 
Award recognizes the achievements and 
aspirations of a talented young separation 
scientist who has made strides early in his or 
her career toward the advancement of chro-
matographic techniques and applications.

James P. Grinias, the 2022 winner, is an 
associate professor in the Department of 
Chemistry and Biochemistry at Rowan Uni-
versity. His research focuses on advancing 
ultrahigh-pressure liquid chromatography 
(UHPLC), supercritical fluid chromatog-
raphy (SFC), reversed-phase LC (RPLC),  
high-throughput LC, portable chromatog-
raphy instruments, and multidimensional 
liquid chromatography (MDLC) instrumen-
tation and workflows. 

Grinias received a PhD in analytical chem-
istry from the University of North Carolina 

(UNC)-Chapel Hill in 2014 with a disserta-
tion titled, “Characterization and Control of 
Band Broadening in UHPLC Columns,” with 
advisor Jim Jorgenson. He received his BS 
in chemistry from Eastern Michigan Univer-
sity in 2009.

Capillary LC for Clinical and 
Pharmaceutical Analysis
Since receiving his PhD, Grinias has worked 
for the past eight years to improve chemi-
cal separation techniques for the analysis of 
biological and pharmaceutical molecules. 
He has applied his research efforts toward 
solving multidisciplinary problems using 
microfluidics and chromatography, with a 
focus on capillary LC for food and beverage 
applications, clinical samples, and pharma-
ceutical products. 

Grinias is currently working on projects 
that are providing analytical solutions to 
the biological, clinical, and forensic mar-
kets. His work on portable LC involves the 
easy and effective screening of illicit drugs 
from urine in clinical settings and online 
reaction monitoring in the pharmaceutical 
industry. For metabolic studies, the cou-
pling of ion exchange chromatography 
(IEC) and SFC is being investigated for the 
separation and detection of derivatized 
organic acids. He is further expanding 
this work into the area of two-dimension 
(2D)-LC with studies focused on paral-
lel arrays of capillary LC columns in the  
second dimension.

As an associate professor at Rowan Uni-
versity, Grinias has conducted research with 
both undergraduate and graduate stu-
dents. With his research group at Rowan, 
Grinias has published 22 papers on the 
subjects of instrument design and min-
iaturization, superficially porous particles 
(SPPs), and fast LC. Grinias has published 
32 papers with 607 citations on Google 
Scholar, and an h-index of 12 and an i10 
index of 14. He has also presented more 
than 80 oral and poster presentations at  
scientific conferences.

He serves on the organizing committees 
for the HPLC and ISCC symposia series 
when the meetings are held in the United 
States. He has served as the program chair 
and president of the Chromatography 
Forum of Delaware Valley (CFDV), and as 
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secretary and chair-elect of the American Chemical Society (ACS) 
Subdivision of Chromatography and Separations Chemistry. He is 
also a reviewer for and a member of the editorial advisory boards of 
several analytical chemistry journals.

His scholarships and awards include the American Chemical 
Society (ACS) Satinder Ahuja Young Investigator in Separation Sci-
ence Award (2021), the National Science Foundation (NSF) Career 
Award (2021), the Chinese American Chromatography Association 
Young Investigator Award (2020), Eastern Michigan University Out-
standing Young Alumnus Award (2017), an NIH NRSA Postdoc-
toral Fellowship (2015), Shimadzu ISCC Best Poster Award (2014),  
HPLC Csaba Horváth Top Young Scientist Award (2013), an NSF 
Graduate Research Fellowship (2010), and other awards.

Key Recent Publications
The most recent key papers by Grinias, published since 2015 and 
later, present recent research in UHPLC, MDLC, segmented flow 
droplet microfluidics, SFC, and portable capillary LC.

Recent advances in UHPLC and MDLC are described in a 2021 
published review by Grinias and coworkers (16). Topics covered 
include column technology and system design, a novel injector 
concept, newer detector technology, and instrument diagnostic 
approaches. Online MDLC workflows and advances in modulation 
technology are also reviewed, along with notable applications pub-
lished during 2020.

In a paper on a low-cost flow approach for segmented flow 
droplet microfluidics, Grinias and colleagues compared an open-
source peristaltic pump primarily composed of three-dimensional 
(3D)-printed parts with a low-cost commercial Venturi pump 
(17). This study compared an open-source peristaltic pump pri-
marily comprised of 3D printed parts with a low-cost commer-
cial Venturi pump. These are explored as alternatives to syringe 
pumps for droplet microfluidics. Both devices provided stable 
flow, with <2% relative standard deviation (RSD), over a range of  
1–7 μL/min and high reproducibility in signal intensity at a droplet 
generation rate at approximately 0.25 Hz (<3% RSD)—which is 
comparable in performance to similar measurements on standard 
syringe pumps. A miniaturized Venturi pump was also applied 
to droplet signal monitoring to measure changes in concentra-
tion over time, demonstrating an average signal reproducibility 
of <4% RSD for single-stream fluorometric and reagent addition  
colorimetric applications. 

Grinias and Franklin have explored the various sample injec-
tion aspects of ultrafast LC, useful for high-throughput LC (18).  
The authors investigated the current status of injector systems and 
auto sampling technology to include strategies for reducing injec-
tion cycle times, and suggestions for future development concepts.

A review published by Grinias and colleagues focused on the 
advantages of two-dimensional separation techniques using SFC 
(19). They noted that SFC is useful in multidimensional separations 
given its characteristic high solvent compatibility, rapid duty cycles, 
and orthogonality to other separation modes. The review described 
valving schemes and modulation strategies used for interfacing SFC 
to LC and GC techniques. The analysis of oils and chiral separations 
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of pharmaceutical compounds are empha-
sized using multidimensional separations 
with SFC.

Augmented reality technology can be 
used for instruction and teaching of analyti-
cal instrumentation design as an addition 
to an undergraduate-level chemistry cur-
riculum (20). Grinias and coauthors used an 
augmented reality platform to build digital 
overlays activated by viewing an analytical 
instrument through a smartphone camera. 
These overlays show further information on 
the instrument components and operation. 
Current created overlays are for a double-
beam UV-vis spectrophotometer, flame 
atomic absorption spectrometer, liquid 
chromatograph, and gas chromatograph–
mass spectrometer.

Grinias and coworkers studied the unex-
pectedly large contributions of the injec-
tor and connecting tubing to extracolumn 
band broadening in a capillary LC system 
(21). The Taylor-Aris theory was applied 
along with the Foley-Dorsey exponentially 
modified Gaussian peak fitting model to 
characterize chromatographic peaks for 
this study. It was determined that exces-
sive peak broadening was caused by 
the tau-type contributions resulting from 
poorly-swept volumes at the injector and 
tubing connections. This paper gives a 
strategy for reducing peak tailing and  
tau-type contributions.

A new portable capillary liquid chromato-
graph designed for potential use by law 
enforcement to measure pharmaceutical 

and illicit drug compounds was investigated 
by Grinias and collaborators at Axcend (22). 
The chromatograph was evaluated using 
several over-the-counter analgesic drug 
substances and was also tested to perform 
online tablet dissolution measurements.  
The chromatograph, consisting of two high-
pressure syringe pumps capable of flow 
rates at pressures of 10,000 psi, was able 
to successfully separate 20 illicit drug com-
pounds across six targeted drug panels.  
The system uses capillary LC columns packed 
with sub-2-μm particles housed in cartridges 
that are inserted into the system and easily 
connected. The on-site analysis system is 
easy to operate and greatly reduces solvent 
usage and waste generation.

Most Important Work
and Collaborative Research
Robert Kennedy is a professor at the Univer-
sity of Michigan and first met Grinias in 2007 
when Grinias was doing undergraduate 
research with Professor Hakansson at Michi-
gan. “We tried hard to recruit Jim to grad 
school at UM, but he ended up at UNC,” 
he said. Kennedy stayed in touch, however, 
and eventually Grinias came to Kennedy’s 
laboratory in 2014 and did post-doctoral 
research there for two years before moving 
to Rowan University. In considering Grinias’s 
work, Kennedy noted that Grinias pub-
lished important papers from his time with 
Jim Jorgenson at UNC on conditions for 
packing long columns with small particles 
that operate at pressures over 35 kpsi. Ken-
nedy also remarked on the work Grinias has 
already done in his early career at Rowan, 
including demonstrating how to speed up 
separations, with an application to phar-
macopoeial separations, and collaboration 
with Milton Lee on portable LC instruments. 

“It is great to see LC moving into the realm 
of portable, on-site analysis,” Kennedy said. 

“His independent work has not had much 
time to influence the field, but I believe he 
will have high impact.”

Kaitlin Grinias is a Team Leader and GSK 
Fellow at GlaxoSmithKline (GSK). As Jim’s 
spouse, she noted how busy Jim is: Grinias 
is establishing his research group at Rowan 
University, is the program chair and presi-
dent of the CFDV, and the chair-elect for 
the ACS Subdivision on Chromatography 

Five former Jorgenson group members Justin Godinho, Edward Franklin, James Grinias, 
Kaitlin Grinias, and Laura Blue (left to right) are about to enjoy a French dinner in June 
2016 at the HPLC Conference in San Francisco, United States. James Grinias was the head 
volunteer at this conference chaired by his post-doctoral advisor, Robert Kennedy. Thank 
you to Lois Beaver for hosting the dinner for all conferee volunteers. 

Three UNC graduates James Grinias, William Black, and Edward Franklin (left to right) 
reunite in June 2015 at the HPLC Conference in Geneva, Switzerland.

Source: All images provided by Kaitlin Grinias



WWW.CHROMATOGRAPHYONLINE.COM FEBRUARY 2022  LCGC NORTH AMERICA  VOLUME 40 NUMBER 2  91

and Separations Chemistry. “Through his 
service, he has introduced his students and 
the next generation to the exuberant chro-
matography community,” she said. She also 
remarked on specific scientific advances he is 
making. “The Grinias Lab has demonstrated 
the benefits of capillary-scale flow rates at 
pressures up to 10,000 psi, such as reduced 
solvent consumption and waste, with a sim-
plified operating system,” she said. 

Jim Edwards is a professor of chemistry at 
Saint Louis University and started collaborat-
ing with Grinias on an SFC project about four 
years ago. This project involves advance-
ment of chromatography for the masses. 
For this project, Grinias has published an 
open source, 3D-printing model to provide 
a clear path for researchers to enter new  
application areas. 

Milton Lee is an Emeritus Professor at 
Brigham Young University and the Chief Sci-
ence Officer of Axcend, LLC, in Provo, Utah. 
Lee had met Grinias several times at confer-
ences when he was a graduate student at 
UNC; in 2016, Lee and Grinias began talk-
ing about working together. After Grinias 
became a faculty member at Rowan Uni-
versity, he and Lee began to put together 
a series of collaborative small business–uni-
versity research proposals jointly between 
Axcend and Rowan University for submis-
sion to the National Institute of Health (NIH), 
which were awarded funding starting in 
2019. “This was the beginning of a produc-
tive and enjoyable research collaboration, 
which continues today,” Lee said. “Grinias’s 
research focus and major contributions have 
been in understanding and improving the 
performance and robustness of capillary LC, 
and facilitating the adoption and practice of 
open science principles in chromatographic 
research and practice,” he said. Lee noted 
that Grinias continues to make significant 
contributions to simplifying instrumentation, 
methods, and software, and in improving 
robustness without sacrificing chromato-
graphic performance. “I expect that Jim will 
also make an extraordinary impact in the 
training of students in the field of chroma-
tography as time passes,” Lee said. 

Ron Majors is an LCGC emeritus colum-
nist and now retired from industrial research. 
He remembers Grinias’s lecture at the HPLC 
2013 conference, where Grinias won the 

Csaba Horvath Award for the best presenta-
tion by a student. “I knew then that he was 
destined for a great future in separation sci-
ence,” Majors said. “In his short career, Jim 
has accomplished a lot.” Majors pointed out 
that Grinias and his students have miniatur-
ized analytical separation instruments to pro-
vide a better understanding of band broad-
ening in extremely low-volume systems, and 
have explored parameters related to sample 
injection and connection hardware. He also 
pointed out that Grinias has provided sev-
eral methods of optimization that have been 
incorporated into commercial instrumenta-
tion and has studied packed beds in capil-
lary and glass-chip microfluidic devices with 
regard to frictional heating. 

Heather Holmes is a professor of chem-
istry at Eastern Michigan University and 

has known Grinias since he applied for the 
Presidential Scholarship at Eastern Michi-
gan University in 2005. Approximately 80 
candidates were invited to an in-person 
interview based on their scores on the 
scholarship test; the selection committee all 
agreed that Grinias was at the top of their 
list of candidates, and would definitely be 
offered the scholarship. “Jim’s research has 
definitely made him a prominent figure in 
chromatography,” she said. “I think that one 
of the most impactful areas of his work will 
ultimately be in education.” Holmes notes 
that as an undergraduate, Grinias was inter-
ested in teaching. “Jim is excited to work 
with students, and really cares about their 
success,” she said. “It seems inevitable that 
other stellar chromatographers will have 
their beginnings in his classes and labs.” 

Stephen Weber, Steve Groskreutz, Gert Desmet, Fabrice Gritti, and James Grinias celebrated 
Desmet receiving the prestigious American Chemical Society Award for Chromatography in 
April 2019 at the ACS National Meeting in Orlando, United States.

Then, recently engaged Kaitlin Grinias and James Grinias (left to right) volunteered in May 
2014 at the HPLC Conference in New Orleans, United States, to promote the upcoming 
HPLC 2016 Conference. 
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She pointed out that in addition to his con-
tributions to theory and instrumentation, 
Grinias has developed low-cost and open-
source systems that can be implemented in  
the classroom. 

Teacher and Learner
“While Jim was in my lab, he was a master 
teacher and highly influential on my stu-
dents,” Kennedy said. Grinias was so help-
ful to students that he ended up being a 
co-author on two papers that were not in 
his original research project. Besides his 
research contributions, Grinias continues to 
advance technology and development for 
education, including low-cost instruments, 
open-source textbooks and software, and 
augmented reality programs. With all of Gri-
nias’s activities, “he is becoming an impor-
tant community citizen,” Kennedy said. 

“As Jim’s colleague and wife, I have the 
unique delight of living with a walking search 
engine for chromatography references, a 
troubleshooting guru, a publication editor, 
and a coruscating exemplar of pushing the 
boundaries of chromatography,” Kaitlin Gri-
nias said. She also remembers his determi-
nation from the beginning when they both 
studied at UNC. “Packing a capillary column 
was a rite of passage for joining the Jorgen-
son group,” she said. “Jim’s perseverance to 
learn the art of column packing directly led to 
his first publication in a high-impact journal.” 

James Jorgenson, who was Grinias’s 
PhD advisor, is now a Professor Emeritus at 
the University of North Carolina at Chapel 

Hill. “Jim’s PhD research in my group was 
very broadly based,” he said. “This was the 
result of his insatiable curiosity concerning 
the research of all the other students in the 
group.” Jorgenson said Grinias was con-
stantly discussing other students’ research 
problems and helping them with their work. 

“It was clear early on that Jim was a natural-
born professor,” he said. “The other thing I 
find very special about Jim is his generosity—
he is always ready and eager to volunteer to 
help those less fortunate than him.”

An Influencer into the Future
“Jim’s been nicknamed the ‘Mayor of Pittcon’ 
because he seems to know everyone,” 
Edwards said. “I mean everyone. I’ve never 
been in public with Jim where someone 
hasn’t come up to say ‘hi,’ ask a question, or 
shake hands with him.” Edwards noted that 
Grinias’s combination of wide knowledge of 
separations and friendly nature makes him 
a great collaborator and friend. “If you ever 
get a chance to spend time with Jim,” he 
said, “you’ll end up learning a lot and laugh-
ing ‘til your stomach hurts.”

“Jim has a very engaging personality; he 
is always happy and enthusiastic about his 
research,” Lee said, adding that Grinias is 
also enthusiastic about his teaching assign-
ments, students, colleagues (local and 
around the world), and, especially, his grow-
ing family. “His enthusiasm is exceptionally 
contagious,” he said.

Majors says that Grinias has been espe-
cially good at getting overseas contribu-

tors, who ordinarily would never have been 
able to visit, to present live presentations for 
CFDV, even during the Covid-19 restrictions. 

“Jim is also a great communicator, has a con-
genial personality, and makes everyone feel 
that they are needed,” he said. 

Heather Holmes tells a story about trans-
ferring wisdom to Grinias. Many years ago 
she shared something with Grinias that her 
doctoral advisor, Richard Sacks, had told her: 

“When you get your office (at your first aca-
demic job), close the door, put your feet on 
the desk, and look around. Enjoy it because 
you’ll be too busy with teaching and research 
to relax like that again.” Soon after Grinias 
began at Rowan, Holmes got a text from 
Jim with a picture of his feet on his desk in 
his new office. “I still laugh that he remem-
bered that conversation from so long ago,”  
she said. “But even better, it’s pretty clear 
that he has the energy to have multiple 
projects going in addition to teaching, and 
I’m quite sure that he still finds time to relax 
(maybe even with his feet up on his desk).”
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The Chromatography Forum of the Delaware Valley and distinguished guests Richard Henry, 
Joe Foley, Mary Ellen McNally, Ronald Majors, Carol Majors, David Kohler, William Barber, 
Matthew Klee, Peter Schoenmakers, Mary Wirth, James Grinias, and Kaitlin Grinias (left to right) 
celebrated Majors’ receiving the Dal Nogare award, for his contributions to the fundamental 
understanding of the chromatographic process, in March 2020 for Pittcon in Chicago, United 
States. Pittcon 2020 was the last major in-person international gathering of chromatographers. 
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ENVIRONMENTAL

ChloroFiltr®: A Novel Sorbent for Chlorophyll Removal
Using QuEChERS
 UCT, LLC

Spinach and other highly pigmented vegetables contain 
chlorophylls, carotenoids, xanthophylls, and anthocyanins. 
Chlorophylls have the greatest adverse effect on gas 
chromatography systems due to their non-volatile 
characteristics. This QuEChERS procedure uses ChloroFiltr 
to significantly reduce chlorophylls without sacrificing the 
recoveries of planar pesticides.

Procedure

1. QuEChERS Extraction
 a) Homogenize 500 g of spinach in a food processor  
 for 1–2 min
 b) Weigh 10 grams of homogenized spinach sample into  
 50 mL centrifuge tube
 c) Spike with 100 μL of 50 ppm triphenyl phosphate* as  
 internal standard (IS)
 d) Add 10 mL of acetonitrile then shake for 1 min
 e) Add contents of Mylar pouch ECQUUS2-MP then  
 shake vigorously for 1 min
 f) Centrifuge at 5,000 rpm for 5 min
 g) Supernatant is ready for clean-up

*50 ppm TPP solution: Mix 50 μL of 5000 ppm TPP solution with 
4.95 mL of MeCN

2. dSPE Clean-up
 a) Transfer 1 mL of the extract to the 2 mL   
 CUMPSGGC182CT (ChloroFiltr)dSPE micro centrifuge tube
 b) Shake for 30 s
 c) Centrifuge at 3,000 rpm for 5 min
 d) Transfer 0.4 mL of the supernatant to a 2 mL 
 autosampler vial 
 e) Sample isready for LC–MS/MS analysis

UCT, LLC
2731 Bartram Rd., Bristol, PA 19007

Tel. (800) 385-3153
www.unitedchem.com

Table I: Comparison of Pesticide Recoveries and RSDs Obtained by dSPE Clean-up of Spinach Sample using ChloroFiltr and  
GCB (n=4)

Pesticide

ChloroFiltr GCB (7.5 mg)

Recovery % RSD % Recovery % RSD %

Carbendazim 87.1 1.0 71.2 4.0

Thiabendazole 93.2 1.9 55.9 2.6

Pyrimethanil 97.3 1.2 85.0 1.2

Cyprodinil 91.2 0.5 79.3 3.1

Diazinon 104.5 2.3 100.0 0.6

Pyrazophos 92.0 0.9 92.7 1.6

Chlorpyrifos 95.6 2.5 96.3 2.1

http://www.unitedchem.com


96 THE APPLICATION NOTEBOOK – FEBRUARY 2022

FOOD/BEVERAGE

In order to evaluate and test the robustness of cannabinoid 
analysis using the miniLC, a method was chosen from the literature 
and compared to data from the miniLC system. Comparison of 
retention time of standards to published values indicates the 
miniLC provides an excellent alternative with comparable results 
to a more expensive, complicated liquid chromatography system.

With growth in the food, health, and personal care market, understanding 
the presence and relative amounts of cannabinoids in a variety of 
samples is becoming increasingly important. Making this analysis 
accessible to a wide variety of testing laboratories and manufacturers 
will serve to enhance reliability, access, and the relative amount of 
information available. Herein is described a simple first step toward 
making cannabinoid analysis available for everyone.

Materials and Methods
A Lucidity miniLC LC-UV with Restek Ultra C18 column (150 mm ×  
4.6 mm × 5 µm) was used for characterization of the cannabinoid mix-
ture with the following method parameters:
• Column Temp: 40 °C
• Flow Rate: 2.0 mL/min
• Injection Volume: 10 µL
• Wavelength: 230 nm

• Mobile Phase A: Water + 0.1% Formic Acid + 5 mM Ammonium 
Formate

• Mobile Phase B: Acetonitrile
• Isocratic Conditions 70% B

A mixture of 14 cannabinoids was made, using 14 individual Cerilliant 
cannabinoid standards, obtained from Millipore Sigma. Each of 
the standards was 1.0 mg/mL of compound in either methanol or 
acetonitrile, as outlined below. These standards were:
1. CBDV-A: C-152-1ML, in MeCN
2. CBDV: C-140-1ML, in MeOH
3. CBD-A: C-144-1ML, in MeCN
4. CBG-A: C-142, in MeCN
5. CBG: C-141-1ML, in MeOH
6. THCV: T-094, in MeOH
7. THCV-A: T-111, in MeCN
8. CBN: C-046-1ML, in MeOH
9. Δ9-THC: T-005, in MeOH
10. Δ8-THC: T-032, in MeOH
11. CBL: C-154-1ML, in MeCN
12. THC-A: T-093-1ML, in MeCN
13. CBC: C-143, in MeOH
14. CBC-A: C-150-1ML, in MeCN

Analysis of 14 Cannabinoids
Alicia Stell, Candice Cashman, Benedict Liu, and Daniel Iversen,  CEM Corporation

Figure 1: Three injections of 39.3 µg/mL overlaid

http://www.cem.com
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They were combined into a single mixture with a concentration of 71.4 
µg/mL (roughly 91 ppm) of each compound. An additional 2 dilutions 
were created based on this mixture of 39.3 µg/mL (approximately 50 
ppm) and 7.85 µg/mL (approximately 10 ppm) of each compound.

With a 10 µL injection volume this correlates to the following three 
concentrations on column:
1. Concentration 1 714 ng on column
2. Concentration 2 393 ng on column
3. Concentration 3 78.5 ng on column

Results
First, we injected each concentration of standard 3 times in a row to 
test repeatability and linearity of calibration curves over this range of 
concentrations. Figure 1 shows an overlay of the 3 injections from 
the middle concentration (39.3 µg/mL or 393 ng on column). Figure 
2 shows one of the 39.3 µg/mL injections with peaks identified and 
the peak list on right.

We also observed good RSDs for the 3 injections at each 
concentration and good R2 values for 3 of the compounds that were 
chosen at random and used to create calibration curves.

The RSDs for the 3 injections of the middle concentration  
(39.3 µg/mL, 393 ng on column) were as follows:
Peak Compound Ret Time (%RSD) Area (%RSD)
1. CBDV-A  0.25  1.02
2. CBDV  0.23  2.01
3. CBD-A  0.35  1.48
4. CBG-A  0.42  1.48
5. CBG  0.45  0.41
6. THCV  0.45  1.06

7. THCV-A  0.55  1.41
8. CBN  0.44  1.64
9. Δ9-THC  0.37  4.00
10. Δ8-THC  0.42  4.88
11. CBL  0.45  3.54
12. THC-A  0.29  4.96
13. CBC  0.24  2.39
14. CBC-A  0.28  3.14

All RSDs for retention time were less than 1% and all RSDs for 
peak areas were less than 5% with many being under 2%.

Conclusions
This was a quick study on cannabinoids in the miniLC that compared 
the overall quality of chromatograms achieved, the repeatability over 
multiple injections, and the linearity of the system across multiple 
concentrations. Overall, the results were positive, demonstrating the 
effectiveness of the miniLC for analyzing and quantifying cannabinoids.

CEM Corporation
3100 Smith Farm Road, Matthews,NC 28104

Tel. (800) 726-3331
www.cem.com

Figure 2: One injection of 39.3 µg/mL (393 ng on column) with peak list

http://www.cem.com
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Cells beyond their sell-by date exhibit a higher probability to 
propagate damaged cellular components like DNA, which leads to 
disease. It is therefore necessary for the body to remove these old, 
malfunctioning cells (1). One method the body uses to remove 
these cells is programmed cell death, or apoptosis. In multiple 
studies, garlic has shown a remarkable ability to induce apoptosis 
of damaged or malfunctioning cells (2). Induction of senescent 
cell death is not the only role garlic plays in the human body.  
It has also been documented as providing proliferative benefits 
in the digestive, cardiac, and neural areas of the body. These 
wonder chemicals have shown positive effects in the fight against 
the number one killer of people in the United States: cardiac 
complications. The compounds in garlic inhibit the aggregation 
of platelets in the bloodstream and reduce the likelihood of 
thrombotic events (3).

With a multitude of health applications, garlic separations 
appear to be a necessary quest. All of the active components of 
garlic are easily isolated using the 5 µm PRP-C18 HPLC column 
from Hamilton Company. Good peak shape is observed on both 
the hydrophilic and hydrophobic regions of the chromatogram. 
The beauty of garlic is the multitude of active components 
containing both lipophilic and lipophobic properties all combined 
into one clove. Isolation of any of the active components is easily 
achieved due to the high analyte loading capacity associated 
with this column, making it a great choice when scaling up from 
analytical separation to preparatory isolation is desired. An added  

benefit when using the PRP-C18 column is the ability to easily 
regenerate the column if previous separations had fouled the 
surface chemistry. The regeneration can restore the media back 
to the original peak shape and reproducibility, thereby enhancing 
the longevity and value of the column.

References
(1) G. Gebreyohannes, M. Gebreyohannes, Int. J. Med. Med. Sci., 5(9), 401–

408 (2013).

(2) X. Wu, F. Kassie, V. Mersch-Sundermann, Mutat Res., 589(2):81–102 

(2005).

(3) J. Bradley, C.Organ, D.J. Lefer, J Nutr., 146(2):403S–409S (2016).

PRP C-18, Unlock the Spice: Isolation of  
Garlic Components by Reversed-Phase HPLC
Adam L. Moore, Hamilton Company
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4970 Energy Way, Reno, NV 89502

Tel: (775) 858-3000, Email: hplc@hamiltoncompany.com
www.hamiltoncompany.com

Table I: Column Information

Column Information

Packing Material PRP-C18, 5 µm

Dimensions 150 × 4.6 mm

P/N 79676

Chromatographic Conditions

Gradient

0.00–12.5 min 2–30% B
12.51–17.0 min 30% B

17.01–19.0 min 30–99% B
19.01–22.0 min 99% B
22.01–25.0 min 2% B

Temperature 35 °C

Injection Volume 5 µL

Detection UV at 215 nm

Eluent A Water

Eluent B Acetonitrile

Flow Rate 1.0 mL/min

http://www.hamiltoncompany.com
mailto:hplc@hamiltoncompany.com
http://www.hamiltoncompany.com
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Oligonucleotide therapeutics, such as antisense nucleic acid drugs, are 
promising candidates for genetic, metabolic, and cancer treatments. 
Generally, oligonucleic acids (oligo-DNAs and oligo-RNAs) around  
20 mer are used in approved nucleic acid drugs. However, longer chains 
are reported by BioNtech and Moderna (1). 

The development and quality control of oligonucleotide therapeutics 
often require highly selective and sensitive analytical methods such as 
liquid chromatography–mass spectrometry (LC–MS). The most often 
used method of analysis is reversed-phase chromatography with the use 
of an ion-pair reagent. However, ion-pair reagents tend to remain in the 
LC system causing problems. Ion exchange chromatography is another 
common method. However, this generally requires addition of highly 
concentrated salt in the eluent, unusable on mass spectrometry detectors.

This technical article outlines the analysis of long-chain oligonucleotides 
utilizing a simple eluent containing acetonitrile with a relatively low level of 
salt and no ion-pair reagent.

Experimental
The LC–MS system used was the Shimadzu Nexera/LCMS-8030 Plus. 
The column used was the Shodex HILICpak™ VN-50 2D. Dimensions 
were 2.0 mm I.D. × 150 mm in PEEK housing. The gel material was a 

multi-porous polyvinyl alcohol support with surface diol functional groups. 
The packing material particle size was 5 μm and pore size was 100 Å.

A high-pressure linear gradient elution was used. The elution method 
was optimized during method development. The gradient mixtures of 
Eluent A (ammonium formate aqueous solution) and Eluent B (acetonitrile) 
are shown in Figure 1. The column temperature was 40 °C. The mass 
spectrometer was coupled with UV (260 nm) for detection.

Analysis of 10- to 50-mer oligo-DNAs
Separations of up to 50-mer oligo-DNAs were optimized. The 
types and sizes of synthetic oligo-DNA in samples 1–5 are 
listed in Table I. They were dissolved in ultra-pure water and  
0.02-mg/mL samples were injected for analysis.

Results
Figure 1 shows the LC–UV/MS chromatograms of 10-, 20-, 30-, 
40-, and 50-mer oligo-DNAs. The optimized elution condition 
was a linear gradient from 65 to 45% acetonitrile over 10 min,  
and then 45% acetonitrile was held for 10 min. This gradient 
condition (higher ammonium formate aqueous solution ratio) 
provided improved separations of longer chain oligo-DNAs. 

Conclusions 
This application note demonstrates the feasibility of Shodex HILICpak 
VN-50 coupled with an LC/UV/ESI–MS for the analysis of 10-mer to  
50-mer oligo-DNA without chemical modifications. 

This mild eluent does not require the ion-pair reagents required for 
reversed phase chromatography nor the highly concentrated salts required 
for ion-exchange chromatography, thus reducing the LC–MS system 
maintenance burden. Also, the desalting process during purification is 
simplified since the ammonium formate/acetonitrile eluent mixture is volatile.

Importantly, the polymer-based packing material allows the use of 
alkaline washing solutions, which helps prevent the non-specific adsorption 
and carry-over related problems that are often problematic in laboratory- or 
preparative-scale analyses that demand high precision and accuracy. 

The results underscore the importance of the VN-50 2D in the 
development, quality control, and purification of nucleic acid drugs.

Reference
(1) Y. Yamada, Cancers, 13(19), 5002 (2021).

Analysis of Long-Chain Oligo-DNA with the 
Shodex™ VN-50 2D HILIC Column
Eiji Kagawa, Hisako Sakuma, Junji Sasuga, and Ronald Benson,  Shodex/Showa Denko America, Inc.

Shodex/Showa Denko America, Inc.
420 Lexington Ave., Suite #2335A, New York, NY 10170

Tel. (212) 370-0033, fax (212) 370-4566
www.shodexhplc.com

UV Chromatograms (260 nm)
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30mer
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50mer

(a)

(b)

10mer 20mer
30mer

40mer
50mer

0 10 20 30min

Sample
Column
Eluent

Flow rate
Detector
Column temp

0.02 mg/mL each (in H2O), 1 µL
Shodex HILICpak VN-50 2D (2.0 mm I.D. x 150 mm)
(A) 50 mM HCOONH4 aq. (pH 9.8)/ (B) CH3CN High pressure Linear gradient
(a) 60 % B (0 min) → 50 % B (10 - 20 min)

→ 60 % B (20.01 - 25 min)
(b) 65% B (0 min) → 45 % B (10 - 20 min)
→ 65 % B (20.01 - 25 min)
0.2 mL/min
Shimadzu Nexera / LCMS-8030 Plus : UV (260 nm)
40 ˚C

Figure 1: UV chromatograms of 10- to 50-mer oligo-DNAs

TM

Table I: Oligonucleic acids analyzed in this application

Sample 
No.

Oligo-
DNA

Sequence

1 10 mer TTCTTCGGAA

2 20 mer CTTCTCATGGTTCTTCGGAA

3 30 mer TGTTGTCATACTTCTCATGGTTCTTCGGAA

4 40 mer CCACACCGGCTGTTGTCATACTTCTCATGGTTCTTCGGAA

5 50 mer
GACAACAGCCCCACACCGGCTGTTGTCATACTTCTCATG-

GTTCTTCGGAA

http://www.shodexhplc.com
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Binding between monoclonal antibodies (mAbs) and effector cells directly 
impacts the accompanying immune response or antibody-dependent cell 
cytotoxicity (ADCC). N-glycans at Asn297 of the Fc region influence this 
binding, as they affect the specificity of IgG to the FcγRIIIA receptor of 
effector cells. To monitor FcR receptor binding, a recombinant FcγRIIIa-
ligand has been commercialized into TSKgel FcR-IIIA high-performance 
affinity chromatography (AFC) columns that separate antibodies based on 
affinity differences to FcγRIIIa.

TSKgel FcR-IIIA-NPR has a linear loading range of 5–50 μg mAb, which 
is useful for analytical applications, but is highly limiting if collection of elution 
products is necessary for further purification or analyses. This is overcome 
by the semi-preparative TSKgel FcR-IIIA-5PW column, allowing collection of 
sufficient material for improved analytical workflows in a short time.

Recombinant FcγRIIIa-ligand, with enhanced physiochemical stability, 
is immobilized onto a non-porous particle for analytical applications, 
and onto a larger porous particle for semi-preparative applications.  
Both columns share a comparable resolution while increased loading 
capacity and elution volumes are achieved on the TSKgel FcR-IIIA-5PW.

Here, intact mAb and papain-digested mAb were used to compare 
the scalability of semi-preparative TSKgel FcR-IIIA-5PW and to provide a 
methodology to broaden from analytical to semi-preparative mode while 
maintaining similar resolution between the two different capacity columns.

Table I indicates the specifications and operating conditions of analytical 
and semi-preparative TSKgel FcR-IIIA columns.

Materials and Methods

TSKgel FcR-IIIA Conditions
Columns:  TSKgel FcR-IIIA-5PW, 10 μm, 7.8 mm ID × 7.5 cm
  TSKgel FcR-IIIA-NPR, 5 μm, 4.6 mm ID × 7.5 cm
Mobile phase:  A: 50 mmol/L citrate/NaOH, pH 6.0
  B: 50 mmol/L citrate/NaOH, pH 4.0

Method:   Equilibrate: 5 CV mobile phase A
  Wash: 4 CV 25% mobile phase B
  Elution for TSKgel FcR-IIIA-5PW:
  Linear gradient 25–90% B over 14 CV;
  Hold 4 CV at 90% B and 100% B
  Elution for TSKgel FcR-IIIA-NPR:
  Linear gradient 0–100% B over 15 min
Flow rate:  TSKgel FcR-IIIA-5PW:
  Equilibration, load, and wash steps: 0.5 mL/min
  Elution and hold steps: 0.25 mL/min
  TSKgel FcR-IIIA-NPR:
  0.5 mL/min
Instrument:  ÄKTA™ avant 25 FPLC
Detection:   UV @ 280 nm
Temperature:  Ambient
Sample:   Protein A-purified trastuzumab 
  (Herceptin® biosimilar)
Load:   2.7 mg (TSKgel FcR-IIIA-5PW)
  54 μg (TSKgel FcR-IIIA-NPR)
Separation of trastuzumab on the analytical and semi-preparative 
columns is seen in Figure 1, illustrating comparable peak profiles and 
ease of scaling using the same mobile phase and flow rate.

Figure 2 (panel A) illustrates fraction collection from the semi-
preparative TSKgel FcR-IIIA-5PW column run and purity analysis for 
each peak. For semi-preparative peaks from 5 mg load (left panel), the 
fractions in the boxed area were pooled, buffer-exchanged, concentrated 
in spin concentrators, and subjected to the analytical TSKgel FcR-IIIA-
NPR column for purity assessment. The analytical FcR runs (panels B-D) 
show that each pooled fraction contained predominantly homogeneous 
peak material and only minor amounts of other peaks were present.

Figure 3 shows the linearity of peaks 1, 2, and 3 for different loads 
on the semi-preparative TSKgel FcR-IIIA-5PW (left figure) and TSKgel 

Characterization of mAb Glycoforms on FcγRIIIA-Ligand by 
Analytical and Semi-Preparative Chromatography 
 Tosoh Bioscience
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Figure 1: Separation of trastuzumab based on its glycoform pattern 
on analytical (A) and semi-preparative (B) TSKgel FcR-IIIA columns

Table I: Specifications and operating conditions

Parameter FcR-IIIA-NPR FcR-IIIA-5PW

Ligand Recombinant Fcγlla receptor ligand

Porous No Yes

Particle size (μm) 5 10

Dimensions 4.6 mm ID × 7.5 cm 7.8 mm ID × 7.5 cm

Volume (mL) 1.25 3.58

Max flow rate (mL/min) 1.0 1.2

Operational flow rate 
(mL/min)

1.0 0.25–1.0

Pressure limit (MPa) 9.0 1.0

http://www.tosohbioscience.com
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FcR-IIIA-NPR (right figure) columns. A wide range of loading capacity 
was confirmed: 2–50 μg on the NPR and 1–5 mg on the 5PW column. 
In larger loads up to 10 mg, peaks started to blend together (not shown). 
Thus, for the semi-preparative column, the recommended load range 
was determined as 0.5 mg to 5 mg of mAb.

To demonstrate binding specificity of the TSKgel FcR-IIIA columns to 
the Fc region of antibodies, papain (Figure 4; papain cleavage site after 
His-228 in trastuzumab) was used to digest intact IgG to its Fab and Fc 
fractions and the reaction mix was loaded onto the semi-preparative and 
analytical TSKgel FcR-IIIA columns (Figure 5). Intact mAb and the Fc 
fragment both bound onto the FcR-IIIA columns and eluted as typical 
three peaks.

Intact mAb and the Fc fragment have comparable peak profiles 
between the analytical and semi-preparative formats, as demonstrated 
in Figure 5. Tighter binding of the Fc fragment relative to the intact mAb 
was observed on both columns, potentially due to the removal of steric 
hindrance of the Fab portions. Approximately 50× more material was 
loaded (2.7 mg vs 54 μg) on the semi-preparative TSKgel FcR-IIIA-

5PW, allowing greater elution volumes and fraction collection. The purity 
of the three peaks eluted from the TSKgel FcR-IIIA-5PW column are 
confirmed by the peak profile and different retention times when applied 
to the analytical TSKgel FcR-IIIA-NPR column. Each pooled fraction 
analyzed on the analytical column are predominantly homogeneous.  
As reported, the fractions are linked to different glycan patterns, which 
can be confirmed by subjecting them to more detailed glycan analysis.

Conclusion
In summary, selectivity and resolution of intact mAb and papain-digested 
mAb can be maintained, even at high load, with use of the semi-preparative 
TSKgel FcR-IIIA-5PW column. The ability to collect more material per 
injection allows for more detailed ADCC activity estimation of specific mAb 
glycoforms or mAb modalities related to its Fc domain. These modalities 
can be separately studied through other orthogonal methods.

TSKgel and Tosoh Bioscience are registered trademarks of Tosoh 
Corporation.
ÄKTA is a trademark of Cytiva. 
Herceptin is a registered trademark of Genentech, Inc.

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

Tel. (484) 805-1219, fax (484) 805-1277
www.tosohbioscience.com
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The quadrupole mass analyzer is now 
available to many analytical chemists 

as a detector for high performance liquid 
chromatography (HPLC) and gas chroma-
tography (GC), thanks to its increasingly 
accessible price point. Although it’s not 
vital to understand the working details of 
these detectors, insight into their design 
and operation can help enormously when 
planning, optimizing, or troubleshooting 
analytical methods.

Quadrupole mass analyzers are com-
posed of four parallel poles or rods, situ-
ated between the ion source on one end 
and the detector at the other. As ions 
travel through the central axis of the device, 
strong electric fields separate them accord-
ing to their mass-to-charge (m/z) ratio. 

Opposing rods are connected in 
pairs, and two combined voltages are 
applied to each pair: a fixed direct current  
(DC, or U) voltage, and an alternating current  
(AC, or V). The latter is often called the 
radio frequency (RF) voltage. DC and RF 
voltages are adjusted so that only ions of 
a specific m/z ratio follow a stable path to 
the detector. All other ions are deflected 
onto unstable trajectories, forcing them 
to collide with the rods or be ejected from 
the analyzer.

A common misconception is that the 
quadrupole consists of a pair of positive 
and negative rods. This misconception 
arises because one pair has a positive (+U), 
and the other a negative (-U), DC voltage. 
Rod polarity alternates with RF voltage; 
however, as they are offset by +U or -U, 
the time-averaged voltage of one pair of 
rods is positive, while the other is negative.

Thus, ions traversing the central space 
of the quadrupole are forced into com-
plex trajectories as they are alternately 
attracted and repelled by the rods.  
The combined voltages create a hyper-
bolic field that has been described as a 

“saddle”: Imagine a tennis ball at rest on a 
horse saddle. Nudging the ball will cause 
it to fall down the side, but quickly rotat-
ing the saddle pushes the ball back to the 
original position, becoming unstable, fall-
ing, and returning repeatedly.

Light ions respond readily to alternat-
ing electrical fields, describing erratic tra-
jectories that quickly eject them from the 
quadrupole. Heavy ions, having greater 
linear momentum, are less affected and 
eventually reach the detector. By increas-
ing RF voltages, eventually heavier ions 
also become destabilized. RF voltage 
therefore functions as a high-mass filter.

Heavy ions are weakly deflected by 
RF fields, but their movement is influ-
enced by the overall positive–or nega-
tive–DC offset, which deflects them 
into increasingly divergent trajectories.  
Eventually, they either collide with a rod, or 
are ejected from the analyzer. Higher DC 
voltages deflect heavier ions while having 
a minor effect on light ions trapped in the 
RF field. The DC voltage thus provides a 
tunable low-mass filter. 

The motion of all those ions is ulti-
mately dictated by the geometry of the 
quadrupole, the DC, and RF voltages 
being applied. A specific combination of 
voltages allows only ions within a narrow 
mass range to be detected, whereas all 
other ions are filtered out. The remaining 
question is, how do we set the voltages to 
detect specific masses? 

Simply put, the voltages are optimized 
by “tuning” the device with a mixture 
of accurately known ions. Here’s the 
theory: U and V voltages, and m/z ratios,  
are related by Mathieu’s differential equa-
tion, the solutions of which can be visual-
ized in Mathieu stability diagrams. Com-
binations of U and V that lie within the 
stability region of a given m/z ratio will 
result in stable trajectories for those ions. 

Combinations of U and V outside the 
region will filter those ions out. We can 
also describe this in reverse: only those 
ions whose stability region contains the 
current U and V voltages will be detected, 
all other ions will be filtered out. 

Which finally takes us into known ter-
ritory: This is the working principle of a 
single ion monitoring (SIM) mode experi-
ment, where U and V are fixed to just 
detect ions of a specific m/z ratio. It is 
also possible to vary U and V voltages 
over time, which allows the quadrupole to 
sweep a range of masses, each sequen-
tially becoming stable and reaching the 
detector. We do this in scan experiments, 
where a range of m/z values are detected 
by varying U and V along the so-called 

“scan line.”
The scan line of a quadrupole is deter-

mined by two parameters, offset and 
slope, or gain. These can be adjusted 
to optimize sensitivity and mass resolu-
tion of the analyzer. Decreasing either 
offset or gain increases sensitivity, at the 
expense of poorer resolution. Increasing 
these parameters improves resolution, 
but decreases sensitivity.

It is not necessary to understand the 
complex physics behind the quadrupole 
to produce data, but a brief peek into the 
underlying principles can truly reveal the 
sheer beauty of these devices!

The Beauty of the Quadrupole Mass Analyzer
Tony Taylor
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