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Spill the Tea, Catechins Identified by
Hamilton’s PRP-C18

In an effort to optimize the HPLC resolution
after extraction of catechins from a commercial
green tea bag, we have chosen a 10 mM (pH
2.5) sodium phosphate buffer for the aqueous
mobile phase while utilizing acetonitrile as the
organic eluent. The temperature of the separation
was found to be optimized at 34°C for the best
resolution and peak shape. All eight compounds
were separated in under 12 minutes. The caffeine
peak, #3, is highly sensitive to temperature
changes under these conditions. Increased
temperatures caused increased retention,
whereas cooling the column to under 20°C was
observed to reduce retention to under 4 minutes
while leaving the remaining peak retentions
relatively unchanged. Reproducibility studies are
shown of the analysis from the first injection to the
500th injection, highlighting the durability found in
all Hamilton Company HPLC columns.
1 ) Jeon J., Kim J. H., Lee C. K. Annals of Dermatology. 2014, 26(5), 564.
2 ) He, Y. H., Shahidi, F. J. Ag. Food Chem. 1997, 45(11), 4262.
3 ) Gupta D. A., Bhaskar D. J., Gupta R. K. Bio. Sci. Pharm. Res. 2014, 2, 8.
4 ) Reygaert, W. C. Bio. Med. Res. Int., 2018 9105261.

Column Information
Packing Material

PRP–C18 (5 µm)

Dimensions

150 x 4.6 mm

P/N

79676

Chromatographic Conditions
Gradient

0.0–15.00 min. 10–25 %B

Temperature

34°C

Injection Volume

5 µL

Detection

UV at 214 nm

Eluent A

10 mM NaH2PO4 (pH= 2.5)

Eluent B

Acetonitrile

Flow Rate

2.0 mL/min

Concentration (mg/L)

Catechins found in tea (green, white, black),
are best known for their antioxidant properties.
Catechins have shown to exhibit antimicrobial
activity against staphylococcus, E. Coli, and
H. pylori1 in addition to preventing oxidative
degradation. Due to these attributes, catechins
have found utility in multiple arenas: commercial
teas, food preservation 2, free radical scavenging 3
and as disinfection agents4. However, some
quantification protocols call for HPLC run times
over 20 minutes.
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For more information on Hamilton HPLC columns
and accessories or to order a product, please visit
www.hamiltoncompany.com or call (800) 648-5950
in the US or +40-356-635-055 in Europe.
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Note from the CEO

Editorial Advisory Board

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

• Jared L. Anderson – Iowa State University, Ames, Iowa
• Daniel W. Armstrong – University of Texas, Arlington, Texas
• David S. Bell – Restek, Bellefonte, Pennsylvania

G

iven the widespread use of organophosphate esters
(OPEs) in flame retardants, electronics, furniture,
textiles, and construction materials, effective methods for
their measurement in environmental waters are essential.
Seeking to address the limitations of common sample pretreatment steps for OPEs, Xiyue Wang and colleagues at the
Jilin Institute of Chemical Technology in China have developed a method for OPE analysis based on gas chromatography–mass spectrometry (GC–MS) coupled with magnetic
solid-phase extraction (SPE) with multi-walled carbonnanotube (MWCNT)-coated iron oxide as the adsorbent.
The method is presented as this month’s cover story.
In our “Next Generation” series, where we highlight the
work of young analytical chemists, Kevin D. Clark of the
University of Illinois at Urbana-Champaign looks at recent
advances in sample preparation that have permitted the
analysis of RNA modifications in single cells by liquid chromatography–mass spectrometry (LC–MS). New sample handling and microextraction methods are paving the way for
new insights into the function of these molecules in the brain
and biological systems.
In another area of applied science, this month’s “Focus on
Biopharmaceutical Analysis” looks at how a combination of
orthogonal analytical methods can be used to assess analytical and functional biosimilarity. The authors illustrate this
work with analyses of four biosimilars.
In “LC Troubleshooting,” Dwight Stoll examines a longstanding problem in liquid chromatography—bad peaks—
and explains how to fix some of the most common causes.
Turning to GC, “Column Watch” guest authors Katarina
Oden and Jaap de Zeeuw examine a problem that has
not been well addressed in the literature: column overload
in porous layer open tubular (PLOT) columns. They look
at the basic types of PLOT column overload, volume and
mass, and define the variables that most affect the sample
loading capacity.
In “Perspectives in Modern HPLC,” Michael Dong
embarks on a series of articles on the role of separation
science in the pharmaceutical industry. Here, he sets the
stage by summarizing the evolution of drug regulation
and drug development, assessing therapeutic and business model trends, and sizing up career opportunities.
Finally, in “Viewpoints,” Emanuela Gionfriddo looks at
how the challenges to mentoring during the pandemic
led to creative thinking and expanded programs.
Happy reading!
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LC TROUBLE SHOOTING

Essentials of LC Troubleshooting, Part III:
Those Peaks Don’t Look Right
Some LC troubleshooting topics never get old, because there are some problems that persist in the practice of LC,
even as instrument technology improves over time. There are many ways for things to go wrong in an LC system that
ultimately manifest as peak shapes that are not good. Developing a short list of the likely causes of these results can
help streamline our troubleshooting experience when peak shape-related problems occur.

W

riting this “LC Troubleshoot- laboratories. For the third installment in
ing” column and thinking about this series, I’ve chosen to focus on probtopics each month is interesting in the lems related to peak shape, or perhaps
sense that there are some topics that peak characteristics. Incredibly, the wall
just never get old. Whereas in the chro- chart lists 44 different potential causes of
matography research world certain top- bad peak shapes! We won’t be able to
ics or ideas become obsolete as they are consider all of these in any detail in a sindisplaced by newer and better ideas, in gle article, so in this first installment on
the troubleshooting world there are cer- this topic, I focus on some of the probtain topics that have remained relevant lems that I see most frequently. I hope
since the very first troubleshooting arti- LC users young and old will find some
cle appeared in this magazine (LC Maga- useful tips and reminders related to this
zine at that time) in 1983 (1). Over the last important topic.
few years, I’ve focused several “LC Troubleshooting” installments on contempo- Everything is Possible
rary trends (for example, the relatively More and more, I find myself respondrecent advances in our understand- ing to troubleshooting questions with
ing of the effects of pressure on reten- “Everything is possible.” This response
tion [2]) in liquid chromatography (LC) might seem like an easy out when conthat are affecting the way we approach sidering observations that are hard to
our interpretation of LC results, and explain, but I find that this response
approach troubleshooting with modern is appropriate more often than not.
LC instruments. With this month’s install- With many possible causes of poor peak
ment, I am continuing a series I started in shape, it is important to keep an open
December of 2021 (3) that is focused on mind when considering what might be
some of the “bread and butter” topics the problem, and it is important to be
of LC troubleshooting—those elements able to prioritize the potential causes to
that are essential for any troubleshooter, start our troubleshooting effort, focusing
no matter the vintage of the system we on those possibilities that are most likely.
are working with. The topics at the heart
of this series are highly related to LCGC’s What Is to Be Expected?
well-known “Guide to LC Troubleshoot- A critical step in any troubleshooting
ing” wall chart (4) that hangs in many exercise—but one that I think is under-

appreciated—is recognizing that there is
a problem to be solved. Recognizing that
there is a problem usually amounts to recognizing that what is happening with the
instrument is different from our expectations, which are formed from theories,
empirical knowledge, and experience (5).
By “peak shape,” we are really referring
here to not only the shape of the peak
(symmetric, asymmetric, smooth, shaggy,
fronting, tailing, and so on), but also to
the width. Our expectation regarding
the actual peak shape is straightforward.
The textbook expectation, which is well
supported by theory (6), is that, under
most conditions, chromatographic peaks
should be symmetric and consistent with
the shape of a Gaussian distribution, as
shown in Figure 1a. Our expectations for
the peak width is a more complicated
matter, and we’ll deal with that topic in a
future installment. The other peak shapes
in Figure 1 show some of the other possibilities that can be observed—in other
words, some of the ways that things can
go wrong. In the rest of this installment,
we take the time to discuss some specific
examples of situations that can lead to
these types of shapes.

No Peak
Sometimes peaks simply are not
observed where they are expected to be

Icon Image: Joe Zugcic / Zugcic Photographers, Inc.

Dwight R. Stoll
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eluted in the chromatogram. The aforementioned wall chart suggests that the
absence of peaks (assuming the sample
actually contains the analyte of interest at a concentration that should give
a detector response sufficient to see
it above the noise) is usually related to
some instrumental problem, or mobile
phase conditions that are incorrect
(typically too “weak,” if peaks are
observed at all). A short list of potential
problems and solutions in this category
can be found in Table I.

Too Broad
As stated above, the question of how
much peak broadening one should tolerate before getting concerned and trying
to troubleshoot the problem is a complex topic that I will address in a future
installment. My experience has been
that significant peak broadening is usually accompanied by a significant change
in the peak shape, and more often
peak tailing than fronting or splitting.
Nevertheless, broadening of the peak
that is nominally symmetrical can also
occur, and could be caused by a handful
of different reasons:
• “Volume overload,” where a large volume of injected sample can cause the
peak to broaden (7);
• Data acquisition rate that is too slow (8);
• Connecting components of the system (for example, column and detector) with tubing that is too long or too
large in diameter (9).
Each of these problems has been
discussed in detail in prior installments
of “LC Troubleshooting,” and readers
interested in those topics are referred to
those prior articles for more detail on the
root causes and potential solutions to
these problems.

Tailing
Peak tailing, fronting, and splitting can
each be caused by chemical or physical phenomena, and the list of potential
solutions for each of these problems differs greatly, depending on whether we
are dealing with a chemical or physical
problem. Often, an important clue about
which one is the culprit can be found by
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comparing different peaks in a chromatogram. If all peaks in a chromatogram
exhibit similar shapes, then the cause is
more likely than not to have a physical
origin. If only one or a couple of peaks
are affected, but the rest look good,
then it is more likely than not that the
cause is chemical in nature.
The chemical causes of peak tailing are
too complex to discuss in a short section
here. Interested readers are referred to a
recent installment of “LC Troubleshooting” for a more thorough discussion
(10). However, one easy thing to try is to
decrease the mass of analyte injected, and
see if the peak shape improves. If it does,
then this is a good clue that the problem is “mass overload.” In this situation,
the method has to be limited to injecting
less analyte mass, or the chromatographic
conditions must be changed so that good
peak shapes can be obtained even when
injecting larger masses.
The potential physical causes of peak
tailing are also numerous; readers inter-

ested in a detailed discussion of the possibilities are referred to another recent
installment of “LC Troubleshooting” (11).
One of the more common physical causes
of peak tailing is a bad connection at
some point between the sample injector
and the detector (12). An extreme example of this is shown in Figure 1d, which
was acquired in my laboratory a couple
of weeks ago. In this case, we set up a
system with a new injection valve we had
not used previously, and installed a small
volume injection loop that had ferrules
already swaged onto the stainless steel
capillary. After a few initial troubleshooting experiments, we realized that the port
depth in the stator of the injection valve
was much deeper than we are accustomed to, resulting in a large dead volume at the bottom of the port. This issue
was easily resolved by replacing the injection loop with a different piece of tubing
where we could adjust the ferrule to the
proper position to eliminate the dead volume at the bottom of the port.
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(a) “Perfect” peak

(e) Fronting peak

(b) No peak

(f) “Split” peak

(c) Broad peak

(g) “Fuzzy” peak

(d) Tailing peak

(g) “Negative” peak

FIGURE 1: Examples of (a) ideal, and (b–h) non-ideal peak shapes encountered in chromatography. The peaks shown in (d), (e), and (g) are from real experiments in my laboratory in the last two months.
TABLE I: Potential problems leading to no peaks observed
Incorrect Mobile Phase
Problem

Solution

Empty “B solvent” bottle
(for example, organic solvent in reversedphase, or high salt in ion-exchange)

Refill solvent bottle and purge pump

Malfunctioning solvent proportioning valve
(that is, low-pressure mixing
in ternary pump designs)

Run diagnostic test using instrument
software to determine if the valve is
failing; if it is, replace the valve

tion for this problem is to replace the
column and move on. Fundamentally, a
fronting peak shape that has a chemical
origin usually results from what we refer
to as “nonlinear” retention conditions.
Under ideal (linear) conditions, the
amount of analyte retained by the stationary phase (and thus, the retention
factor) is linearly related to the concentration of the analyte in the column.
Chromatographically, this means that
when the mass of analyte injected into
the column is increased, the peak gets
taller, but not wider. When retention
behavior is nonlinear, this relationship is
broken, and when more mass is injected,
the peak not only gets taller, but also
wider. Furthermore, the shape of the
nonlinearity determines the shape of the
resulting chromatographic peaks, leading to either fronting or tailing. As with
mass overload that leads to peak tailing
(10), peak fronting caused by nonlinear retention can also be diagnosed by
reducing the mass of analyte injected. If
the peak shape improves, then either the
method has to be modified to not exceed
the injected mass that leads to fronting,
or the chromatographic conditions have
to be changed to minimize this behavior.

Splitting and Shouldering

Sometimes we observe what appears to
be a “split” peak, like that in Figure 1f.
The first step to solving this problem is
Run diagnostic test using instrument software to
Malfunctioning check valve in pump
measure the mobile phase composition
to determine whether this peak shape
(that is, high-pressure mixing in binary
accuracy; if it fails the test, troubleshoot to deteris due to partial coelution (that is, the
pump designs)
mine which pump head is producing the problem
presence of two different but closelyMobile phase prepared incorrectly
Prepare and try a new batch of mobile phase
eluted compounds) or not. If there are
by the operator
actually two different analytes eluting
Other Instrumental Problems
close together, then this is a problem
Problem
Solution
of increasing their resolution (for examPartially blocked autosampler needle,
ple, by increasing selectivity, retention,
Check pressure drop across
such that sample is not withdrawn by
needle; replace needle
or plate number), and the apparently
the syringe from the sample vial
“split” peak has nothing to do with the
Add more sample to vial; if sample is
Liquid level too low in the vial, such
physical performance of the column per
limited, use low volume vial inserts, or vial
that the needle cannot reach it
“bottom-sensing” capabilities of sampler
se. Usually, the most important clue for
making this determination is whether
or not all peaks in the chromatogram
Fronting
the particle bed of a column that is not exhibit the splitting shapes, or just one or
Peak fronting like that shown in Fig- well packed, or where the particles have two. If it is just one or two, then it is probure 1e can also result from physical or reorganized over time. As with peak ably a coelution problem; if all peaks are
chemical problems. A common physi- tailing, which is caused by this kind of split, then it is probably a physical probcal cause of fronting is channeling in physical phenomenon, the best solu- lem, most likely with the column itself.
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Split peaks that are related to the
physical performance of the column
itself are most often because of a partially occluded inlet or outlet frit, or a
reorganization of particles in the column
such that channels form where mobile
phase flows faster in some regions of
the column than in other regions (11).
A partially occluded frit can sometimes
be cleared by reversing the flow through
the column; however, in my experience,
this is usually a short-term rather than
long-term solution. If the particles have
reorganized within the column, this is
usually lethal with modern columns.
At this point, it is best to replace the
column, and move on.

The peak in Figure 1g, again from a
recent instance in my own laboratory,
most often indicates that the signal is so
high that the high end of the response
range has been reached. In the case of
an optical absorbance detector (UV-vis,
in this case), when the analyte concentration is very high, the analyte absorbs
most of the light going through the
detector flow cell, leaving very little light
to be detected. Under these conditions,
the electrical signal from the light detector is heavily influenced by a variety of
noise sources (for example, stray light
and “dark currents”), such that the signal becomes very “fuzzy” in appearance,
and independent of analyte concentration. When this occurs, the problem can
usually be easily fixed by injecting less
analyte—either by reducing the injection
volume, diluting the sample, or both.

observed when using optical absorbance
detectors (for example, UV-vis).
In this context, a negative peak simply
indicates that the molecules eluting from
the column absorb less light than the
mobile phase itself immediately before
and after the peak. For example, this could
happen when using a relatively low detection wavelength (<230 nm) and mobile
phase additives that absorb a significant
fraction of light at these wavelengths.
Such additives could be mobile phase
solvent components (such as methanol),
or buffer constituents (such as acetate
or formate). One can actually prepare
calibration curves and obtain accurate
quantitative information using negative
peaks, so there is no fundamental reason to avoid them per se (this approach
is sometimes referred to as “indirect UV
detection) (13). However, if we really want
to avoid negative peaks altogether, then
the best solutions in the case of absorbance
detection are to either use a different detection wavelength where the analyte absorbs
more than the mobile phase, or change the
constituents of the mobile phase so they
absorb less light than the analyte.
Negative peaks can also occur when
using refractive index (RI) detection
when the components of the sample
other than the analyte (for example, the
solvent matrix) have a refractive index
different from the refractive index of the
mobile phase. This can also occur when
using UV-vis detection, but the effect
tends to be muted relative to RI detection. In both cases, negative peaks can
be minimized by more closely matching
the composition of the sample matrix to
the composition of the mobile phase.

“Negative” Peaks

Summary

In chromatography school, we talk about
the detector signal (that is, the y-axis
in chromatograms) as an indicator of
analyte concentration in the sample.
Thus, it seems really weird to see a chromatogram where the signal goes below
zero, as the simple interpretation would
be that this indicates a negative analyte
concentration—which, of course, is not
physically possible. In my experience,
negative peaks are most commonly

In this third installment on essential topics in LC troubleshooting, I have discussed situations where the observed
peak shape is somehow different from
what is expected or normal. Effective troubleshooting for this type of
problem begins with a sense for what
the expected peak shape is (based
on theory, or prior experience with an
existing method), so that a deviation
from those expectations is noticeable.

“Fuzzy,” “Shaggy,” “Spiky,”
or “Flat-Topped” Peaks

There are many different potential causes
of peak shape problems (too broad, tailing,
fronting, and so forth). In this installment,
I discussed some of the causes I see most
frequently in some detail. Understanding
these details provides a good place to start
troubleshooting, but does not capture all
possibilities. Readers interested in learning about a deeper list of causes and solutions are referred to the LCGC “Guide to
LC Troubleshooting” wallchart.
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COLU MN
WATCH

Column Overload in PLOT Columns
Injecting too much sample onto a chromatographic system will eventually overload the column. Analytical chemists are
concerned about column overloading because it reduces column efficiency, and, as a result, the resolution is sacrificed.
Surprisingly, there is little data in the literature about the overloading of the porous layer open tubular (PLOT) columns.
This month’s article looks at the basic types of column overload, volume and mass, and defines the variables that most affect the
sample loading capacity in PLOT column chromatography.

C

olumn overloading in chromatography occurs when we inject too
much sample onto the column. Injecting
too much sample volume corresponds to
volume overload and will result in peak
broadening. Peaks can either stay symmetrical or exhibit tailing. Volume overload
is hard to demonstrate, and it is fairly rare.
Peak broadening often happens because of
the slow sample transfer onto the column
or dead volume in the system. As an illustration, in the chromatograms presented
in Figure 1, the same sample volume and
concentration were injected on-column.
In the chromatogram labeled Figure 1a,
the lower total flow through the injection
port contributes to slow sample transfer,
a source of peak broadening and tailing.
However, the resolution can be significantly
improved by accelerating the sample transfer using a split injection. A narrower initial
sample band will allow for narrower peaks
with less tailing, increasing the resolution.
A completely different overloading
case results when injecting too high
of a concentration of the analyte onto
the column. That is considered a mass
overload. At that point, all the column
interaction sites have saturated with
the sample component, and the sample band becomes considerably wider.
Because of the varied distribution of
interactions with the stationary phase,
overloaded peaks are much broader,

and their shape is distorted and nonGaussian. As a result, we notice considerable changes in the retention times.
There are two basic types of capillary
columns in gas chromatography (GC):
the standard, wall-coated open tubular (WCOT) column with a thin layer of
a liquid stationary phase coated to the
deactivated wall of the column, and the
porous layer open tubular (PLOT) column,
where the stationary phase is a solid
adsorbent that is coated onto the column wall (1). Separations on a liquid stationary phase are based on partitioning
and principles of solubility as opposed
to PLOT columns, where separation is
based on adsorption, which is a surface
process (2). Because of the fundamental separation disparities between both
types of the columns, the main difference
in how overloading will be observed is
by their opposite peak shapes (Figure 2).
Compared to the liquid stationary
phase, where an overloaded peak has
a typical shark fin shape (slowly increasing in response then sharply falling back
on the baseline), the overloaded peak
on a PLOT column has the opposite
shape (Figure 2) (3). When the adsorbent sites are occupied with the analyte,
a portion of the sample travels with the
mobile phase and is eluted from the column faster. The consequences are that
the retention times move toward lower

values and the peak exhibits tailing,
which is not a classical tailing usually
caused by active sites present in the
column. The peaks are more similar to a
right triangle—the signal rapidly raises
when the component is eluted, followed
by a slow decrease, which results in a
tail observed in the chromatograms in
Figures 2 and 3. Note that the peak-end
remains almost at the same retention
time. At the signs of overloading, we say
we have exceeded the sample loading
capacity of the column.
Broader peaks show a loss in resolution, and changes in retention times
could potentially be a source of misidentification. For these reasons, we like to
avoid overloaded peaks. Nevertheless,
overloaded peaks do not necessarily
impact linearity. Figure 3a shows an overlay of the calibration chromatograms.
The gradual changes in peak shape indicate we are overloading the column with
the sample. However, the calibration curves
show the linearity was not compromised,
and r2 values greater than 0.998 were
achieved for all three analytes (Figure 3b).

Effect of Column ID on
the Loading Capacity
Sample loading capacity for a GC column
is defined as the amount of compound
that can be put on a GC column at some
set of conditions where the peak shape

Icon image: Joe Zugcic, Zugcic Photographers, Inc.
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FIGURE 1: An example of peak broadening because of poor instrument settings
and not because of component mass overload. (a) Chromatogram is a 100 µL direct
injection where R(O2 /N2) = 1.1, and (b) chromatogram is a 500 µL 1:4 split injection
(where four parts of the sample are sent to a split vent and one part on a column) of
5% permanent gases. For (b) chromatogram R(O2 /N2) = 1.5. Analysis conditions: Shincarbon column: 2 m x 0.53 mm, tubing mesh size: 80/100, helium flow: 3 mL/min, oven:
40 °C isothermal, same sample concentration.
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FIGURE 2: Demonstration of effects of overloading on peak shape in (a) WCOT and
(b) PLOT columns.
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FIGURE 3: (a) Overlay of the chromatograms from 10–550 ng on the column and (b) linearity curves for all three analytes: ethyl acetate (orange), butanol (blue), and benzene
(gray). Linearity greater than 0.998 for all the analytes was achieved. Analysis conditions: Column porous polymer Rt-Q bond column: 15 m x 0.53 mm x 20 µm, helium
carrier gas: 5 mL/min, oven temperature: 140 °C isothermal, eight split injections of a
sample containing ethyl acetate, benzene, and butanol from 10–550 ng on the column.

of the chromatogram is symmetrical (4).
However, perfectly symmetric peaks are
rare in PLOT column chromatography,
with most peaks showing some degree
of tailing. To estimate the overloading
point, we used a “capacity cup-full point”

An experimental evaluation of the
effects column internal diameter has
on the loading capacity of PLOT columns was performed using two porous
polymer Q-Bond PLOT columns. The
increase in loading capacity for ethyl
acetate was measured when switching from a 0.25-mm i.d. column to a
0.53-mm i.d. column with the same
phase ratio and translated analysis
conditions. The capacity point was
determined by injecting samples with a
gradual increase of analyte concentration from 3 ng to 140 ng on the column
for a 0.25-mm i.d. column, and between
10–550 ng for a 0.53-mm i.d. column
(Figure 4). At the overload point, where
the peak width increased by 10% of the
initial value, loading capacity decreased
from approximately 350 ng on a
0.53-mm i.d. column to the 50 ng for a
0.25-mm i.d. column. As we move from
a 0.25-mm i.d. column to a 0.53-mm i.d.
column, we increase the sample capacity for our system nearly sixfold.

Dean Rood’s approach, which is the
amount of solute where broadening of
the peak width by 10% at the half-height
occurs (5). At that point, the increase of
peak width is so severe that the loss of
resolution is approximately 10% (2).

A similar approach was used to evaluate
the impact of film thickness on capacity.
Two columns with the same dimensions,
but different thicknesses of the porous
polymer layers, were compared in the analysis of ethyl acetate. Overloaded peaks
show signs of tailing, which is measured as
symmetry. In Figure 5, we plotted the loss
of symmetry for ethyl acetate, an increase
in tailing from the initial value as measured
by the Agilent ChemStation (6), with the
increasing concentration of the analyte
on column. The column loading capacity
somewhat increases as we increase the stationary phase film thickness, as observed
from a less drastic loss of peak symmetry
on a 12 µm film thickness stationary phase.
As we moved to a thicker layer column, the
capacity increased from 50 ng to 75 ng of
ethyl acetate on the column measured at
the point when the peak width exceeded
10% of the initial value. A 33% increase
in the thickness of the stationary phase
resulted in a 0.5 times increase in loading
capacity in our study.
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FIGURE 4: An overlay of eight chromatograms from (a) 3–140 ng of ethyl acetate on
a 0.25-mm i.d. column and (b) 10–500 ng of ethyl acetate on a 0.53-mm i.d. column.
Analysis conditions: (a) porous polymer Q-Bond PLOT column: 15 m x 0.25 mm x 8 µm,
helium flow: 1.5 mL/min, oven: 140 °C isothermal, split injection, and (b) 15 m x 0.53 mm x 20 µm
helium flow 5 mL/min, oven: 140 °C isothermal, split injection.
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FIGURE 5: Comparison of symmetry changes using different concentrations of ethyl
acetate on 8 µm and 12 µm porous polymer Q-Bond PLOT column. Overloaded peaks
show signs of tailing, which is measured as symmetry. Key for the figure: 12 µm film
thickness (blue) and 8 µm film thickness (green). Analysis conditions: porous polymer
Q-Bond PLOT columns: 15 m x 0.25 mm x 8 µm and 15 m x 0.25 mm x 12 µm, helium flow:
2 mL/min, oven: 140 °C isothermal, split injection.

Conclusion
Because of surface interactions on a PLOT
column, the loading capacity is inherently
limited, and signs of overloading are easily observed. Similar to a WCOT column,
higher capacity can be achieved by considering larger column internal diameters
and the thickest possible layer of stationary phase. Overloading with too high a
concentration of analytes results in broader,
distorted peaks, and can be avoided by
injecting less, diluting the sample, increasing the split ratios, or even evaluating different phases. Sometimes overloading cannot
be prevented. For example, overloaded

peaks are common in the analysis of impurities because of the significant difference
in concentrations between the compounds.
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PER SPEC TI V E S
IN MO DERN HPLC

The Pharmaceutical Industry and the
Separation Scientist: Perspectives,
Trends, and Career Opportunities
This article provides an overview of the pharmaceutical industry for the separation scientist, including its
historical, societal, and economic impacts, marketing landscape, therapeutics trends, and career opportunities
in analytical chemistry.
Michael W. Dong

T

his installment is the first of eight
white papers on the pharmaceutical industry written for the separation
scientist to be published between
2022 and 2024. The tentative topics
planned are as follows:
1. The Pharmaceutical Industry and
the Separation Scientist: Perspectives, Trends, and Career Opportunities
2. The Drug Discovery Process
3. The Drug Development Process
4. An Overview of Pharmaceutical
Regulations
5. The Biopharmaceutical Industry
and Characterization Techniques
for Biotherapeutics
6. Analytical Development and Quality Control in Small Molecule Drug
Development
7. Pharmaceutical Calculations and
Equations for the Separation Scientist
8. Element of a Well-written Analytical Procedure for Regulated HPLC
Testing.
This article series offers an insider’s
view of the pharmaceutical industry
and its drug development processes to
those working within the industry and
others who want a better understanding of this pivotal industry segment.

What is a Drug?

A Brief History of Medicine

According to the Federal Food, Drug,
and Cosmetic Act, section 201, a drug
is a substance intended for use in the
diagnosis, cure, mitigation, treatment,
or prevention of disease for use as a
component of a medicine but not a
device. Several additional useful definitions and acronyms are:
• Drug Substance (DS) or Active
Pharmaceutical Ingredient (API)—
a small molecule, large biomolecule, single component, or a mixture with therapeutic properties.
• Drug Product (DP)—an actual dosage form or formulation administered to the patient containing a
drug substance (tablets or capsules
are common orally available drug
products for small molecule drugs,
whereas parenterals for intravenous
or subcutaneous injections are typical for biologics).
• New Chemical Entity (NCE) or New
Molecular Entity (NME)—a new
drug candidate in development
by a sponsor. Regulatory agencies
must approve a new drug candidate
before commercialization. It can be
a small molecule drug or a biotherapeutic, such as a recombinant protein (monoclonal antibody [mAb]).

Table I highlights the significant historical developments, events, and
discoveries that lead to the age of
modern medicine.
Medicines for treating human diseases started approximately 5000
years ago in the ancient civilizations
of China, India, Egypt, and the Middle
East, using traditional medicines from
herbs, animals, and minerals (1,2). This
empirical approach to drug discovery
using natural materials (extracts or
purified) persisted through the Greek
and Roman periods. During the middle
ages from 400–1500 AD, civilizations
were stricken periodically by devastating plagues (For example, the Bubonic
Plague that killed millions in Europe)
and infectious diseases, such as leprosy,
smallpox, cholera, tuberculosis, flu,
measles, and scabies. The Dark Ages
led to the Renaissance in Europe with
a revival of humanism and the emergence of the scientific method. Several
events and theories that stood out in
the 19th century toward a systematic
understanding of diseases were the
cowpox vaccination against smallpox
by Ed Jenner in 1798, the cell theory by
Rudolf Virchow in 1858, and the germ
theory by Louis Pasteur in 1878.
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The period of 1850–1900 marked a
transition from smaller apothecaries
to larger-scale manufacturers of pharmaceuticals founded in Europe and
America. The early 1900s witnessed
the increase of “medicines” (digitalis
for epilepsy, quinine to treat malaria,
aspirin for pain, mercury, and arsenic
compounds). The discovery of sulfa
drugs or sulfanilamides as effective
antimicrobials in the 1930s was particularly noteworthy because it ushered in
an age of synthetic organic chemistry.
Three influential Nobel laureates in
medicines were Paul Ehrlich in 1908,
and Alexander Fleming and Howard
Florey for the discovery and process
development of penicillin. The founding of Genentech by Herb Boyer and Rob
Swanson in 1976 was recognized as the
beginning of biotechnology. Genentech
commercialized several early biopharmaceuticals (human growth hormone,
human insulin, tissue plasminogen
activase (t-Pa)), and later, a hugely successful mAb biotherapeutic (Herceptin)
in 1998 (1,3–5).

TABLE I: Significant milestones of historical development, events, and discoveries
Date
3500 BC
0–1000 BC
400–1500 AD
1400–1700
1798, 1858, 1878,

~1850–1900

The early 1900s
1908, 1945
1976

History, Benchmark Events, and Milestone Discoveries
Traditional herbal medicines from ancient
civilizations of China, Egypt, India, and the Middle East.
Greek and Roman: Continued use of medicines from natural products
The Middle Ages—civilizations were stricken by devastating
periods of infectious diseases of bubonic plagues,
leprosy, smallpox, tuberculosis, cholera, and scabies.
The Renaissance and the revival of humanism, and the
development of the scientific methodology
Ed Jenner (Cow Pox); Rudolf Virchow (Cell theory),
and Louis Pasteur (Germ theory).
The transition of the apothecary trade to an early pharmaceutical
industry and an understanding of the principles of biomedicines
Founding of early pharma companies in Europe and America:
Merck 1827, Pfizer 1849, Squibb, 1858, Hoechst 1862, Bayer 1863,
Parke Davis 1866, Eli Lilly 1876, Burrough Wellcome 1880, Johnson
& Johnson 1886, Abbott Labs 1888, Hoffmann-La Roche 1896.
Early medicines such as digitalis, barbital, quinine,
aspirin, mercury, arsenic compounds, sulfanilamides,
and the start of synthetic organic chemistry.
There are three notable Nobel laureates: Paul Ehrlich (immunology,
chemotherapy), Alexander Fleming, and Howard Florey (Penicillin).
The age of biotechnology debuted with the
founding of Genentech, which commercialized
biopharmaceuticals using recombinant DNA technologies.

TABLE II: Origin of early drugs and development approaches

Evolution of Drug
Development Approaches
Table II lists examples of early drugs
from natural resources by serendipitous discovery through identifying the
active ingredient from plants, animals,
fungi, minerals, and inorganic materials. Next, the era of synthetic medicinal chemistry arrived, which evolved
into a rational target-directed discovery approach with a deeper understanding of the molecular biology of
diseases. The discovery of DNA and
its link to protein synthesis led to
the birth of biotechnology and the
biopharmaceutical industry in the
1970s. Today, there are many innovative approaches to drug development
using tools from genomics and proteomics guided by disease biomarkers, in addition to new drug modalities such as mAbs, antibody–drug
conjugates (ADC), RNA therapeutics,
combination drugs, mRNA vaccines,
immuno-oncology, and gene–cell
therapies (1,6).

Natural Products (Traditional, Phenotypical, Natural Product Chemistry)
•

Plant: digitalis (foxglove), quinine (chichona bark), salicylic acid (willow tree bark),
opium alkaloids, cannabis, senna, ephedrine (ephedra or ma huang), emetine (ipecac
root), paclitaxel (pacific yew bark), castor oil.

•

Animal: vaccines, hormones, enzymes, antibodies, heparins, insulin

•

Fungi: penicillin, chloramphenicol, tetracycline, streptomycin, cephalosporin.

•

Minerals and inorganics: mercury, sulfur, platinum, bismuth, lead, iodine, sodium
bicarbonate, ether, chloroform, nitrous oxide.

Synthetic Medicinal Chemistry and Biopharmaceuticals
(Rational, Molecular, Target directed discovery)
•
•
•

Early synthetic organics: antiepileptics, antihypertensive, barbiturates, diuretics,
anesthetics, sulfonamides (1935).
Target-directed discovery: cimetidine (1970s), beta-blocker, HIV protease AZT, statins.
Recombinant biopharmaceuticals: human insulin and growth hormone, tissue
plasminogen activase, erythropoietin.

Newer Approaches (Using Tools from Proteomics, Genomics, and Biomarkers)
•

Targeted therapy (mAb), personalized medicine (companion diagnostics), RNA
therapeutics, combo drugs, mRNA vaccines, immuno-oncology drugs, and gene
and cell therapies. Applications of artificial intelligence in drug discovery and digital
technologies in health care service deliveries.

Perspectives and Trends
Table III provides an overview of
perspectives of the modern pharmaceutical industry and its impact
on public health and the economy.

Furthermore, the list captures salient
trends of the pharmaceutical industry
and therapeutic approaches ranging
from small molecule organics to biologics (1,6–7).
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Rev. $B

Growth Drivers

J&J

$82.6

Stelara, Darzalex

Roche

$64.6

Tecentriq, Hemlibra

Novartis

$48.4

Merck
Glaxosmithkline

$47.9
$46.4

Cosentyx, Revolade
Keytruda, Gfardsil, Januvia
Nucala, dolutegravir

Abbvie
Sanofi

$45.8
$43.1

Humira, Skyrizi
Dupixent, Aubagio, Lantus

Pfizer

$41.9

Eliquis, Vyndaqel, Ibrance

Bristol Myers Squibb
Abbott

$42.5
$34.6

Revlimid, Eliquis, Opdivo

Astrazeneca

$32.6

Tagrisso, Imfinzi

Amgen
Eli Lilly

$25.4
$24.5

Enbrel, Prolia, Otezla
Trulicity, Humalog

Gilead

$24.4

Truvada, Biktarvy

Novo Nordisk

$20.4

Tresiba, Levemir

Others are: Teva. Takeda, Baxter, Mylan, and Merck group. Table compiled from https://www.ipharmacenter.com/post/top-10-pharmaceutical-companies-by-revenues-in-2020

FIGURE 1: Top 15 pharmaceutical companies by total revenue in 2020 (in US$ billions).
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FIGURE 2: Top 10 pharmaceutical companies by pharmaceutical revenues in 2021 (in US$ billions). Figure from reference 10.
TABLE III: The pharmaceutical industry: perspectives and trends
Perspectives
•

A $US 1.5-trillion Industry dominated by global pharmaceutical
and biopharmaceutical

•

Still many unmet clinical needs—cancer, Alzheimer’s disease,
rheumatoid arthritis, diabetes, neurodegenerative diseases,
viral pandemic, and thousands of rare diseases.

•

The cost of new medicines can be prohibitive! Rise of generics and biosimilars

Pharmaceutical Trends
•

Mergers and acquisitions, licensing, collaborative partners

•

Global outsourcing to CMOs and CROs; many startups and virtue companies

•
•

Pharmaceutical hubs in NJ/NY/PA, San Francisco, Chicago, UK, Switzerland, Japan
Recent shifts to hubs near academic centers in Boston, San Diego,
Seattle, and Raleigh-Durham
Global outsourcing to China (API) and India (generic drug products)

•

Therapeutic Trends
•

Small molecule drugs still dominate total sales and new approvals.
mAb is becoming a mainstay.

•

New drug modalities: ADC, oligonucleotides, cell/gene therapies, bispecific mAbs.

•

Vaccines, antivirals, immuno-oncology, personalized medicines, combos.

Perspectives
Today, the pharmaceutical segment is
a $1.5-trillion industry dominated by a
dozen or more global companies pursuing innovative drugs for serious diseases
such as cancer, Alzheimer’s disease,
rheumatoid arthritis, diabetes, neurodegenerative diseases, viral infections,
and others with unmet clinical needs.
One serious public complaint is the prohibitive prices of medicines, often costing hundreds of thousands of dollars for
each regimen. The industry argues that
high price is justifiable by the expense of
new drug development, in the realm of
$1–2 billion for each new drug, and the
short period for cost recovery before patent expiration. For small molecule drugs,
the Hatch and Waxman Act of 1984 laid
the legal foundation for the generic industry, which offered equivalent products
at a fraction of the cost of the originals.
The Biologics Price Competition and
Innovation Act passed in 2010 allowed a
similar, though less cost-saving pathway for
biosimilars because clinical trials were still
required to demonstrate the safety and
efficacy of these imitating biologics (1,6).
The pharmaceutical industry is a major
employer of analytical chemists, particularly separation scientists. The career
opportunity aspects are discussed in a
later section (8).
Pharmaceutical Business Trends
In addition to new drug development
using internal resources, there have
been major pharmaceutical attempts
to grow sales and product portfolios
through mergers and acquisitions, licensing NCEs, and collaborative partners.
The industry spends inordinate sums of
money on global outsourcing in drug
development using contract manufacturing organizations (CMOs) and contract research organizations (CROs).
This enormous profit potential attracted
many new pharmaceutical startups that
were often funded by venture capitals.
Most startups have limited internal developmental resources. Many were virtue
companies without laboratory facilities
or personnel; these startups relied on
contract development and manufactur-
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ing organizations (CDMOs) to take NCEs from concept to earlyphase clinical trials (6). A promising phase 1 or phase 2 candidate can reap offers worth billions of dollars when the company
is acquired by an established pharmaceutical brand. A case
in point was the acquisition of Pharmasset, a startup in New
Jersey by Gilead Sciences, for $11 billion in 2011 for its phase-2
drug candidates for chronic hepatitis C virus infection, which
led to a highly successful drug product launch of “Solvaldi
(sofosbuvir)” in 2013. Solvaldi set a sales record of $10.4B
in the first year, triggering interest from Wall Street in small
molecule drugs.
Early pharmaceutical companies were primarily based in
Europe (Germany, Switzerland, France, and the United Kingdom) and the United States east coast or midwest (New York,
New Jersey, Pennsylvania, Connecticut, Chicago, and Michigan).
The rise of biotechnology in San Francisco by Genentech and
Cetus quickly established the Bay Area as a major biopharmaceutical hub (7). There has been a locational shift toward
pharmaceutical hubs near academic centers, such as Boston,
San Diego, Seattle, and Raleigh-Durham, in recent years.
China and India have been the top countries for global
outsourcing—China for API and raw material production and India for drug products (generics). China is
also rapidly emerging as a significant player in innovative drug development and out-licensing, particularly
in biopharmaceuticals (6,8).
Therapeutic Trends
Although biotherapeutics are attracting the most public
attention because mAbs is becoming a mainstay for oncology and immunology indications, approximately three-quarters of the global sales and new drug approvals are still dominated by small molecule drugs. An exciting recent trend is
the development of new drug modalities such as antibody–
drug conjugates (ADC), oligonucleotides, messenger ribonucleic acid (mRNA) vaccines, cell and gene therapies, and
newer therapeutic concepts such as immuno-oncology and
personalized medicines using companion diagnostics (1,6).

The Marketing Landscape
Figure 1 shows the top 20 pharmaceutical companies by revenues in 2020 and some of their top product sales drivers.
Note that Figure 1 shows the sales of $83 billion from the
leader Johnson & Johnson (J&J), which includes sales of
medical devices and consumer products. Roche’s (Genentech)
sales of $65 billion include revenues from clinical diagnostics,
followed by others with annual revenues in the range of $20–40B (9).
Figure 2 lists the pharmaceutical-only revenues for 2021
and shows a substantial change in the rankings. Pfizer
became the sales leader in 2021 because of the enormous
success of its mRNA Covid vaccine with BioNTech (10).
Figure 3 shows the top 10 drug products by global sales in
2021, showing the #1 and #3 products going to mRNA Covid
vaccines from Pfizer/BioNTech and Moderna, displacing the
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FIGURE 3: Top 10 drug products by global sales in 2021 (in US$ billions). Figure from Reference 10.
TABLE IV: Mergers and acquisitions megadeals in recent years

•

Pfizer—Warner-Lambert (Park-Davis, Agouron), Pharmacia (Upjohn, Searle,
Monsanto), Sugen, Wueth (Amer. Home Products, Lederle Labs) (68B),
Hospira (17B), Medivation (14B), Array (11B)

•

Roche—Syntex, Chugai, Genentech (46B), Ventana ($3B), Intermune (9B), Spark Tech (4B)

•

Sanofi—Aventis (Merrel-Dow, Rhone-Poulenc), Merial (Merck), Genzyme (20B),
Bioverativ (12B)

•

Amgen—Tularik, Immunex, AbGenix, Onyx (10B), TeneoBio (3B), Five Prime (2B)

•

Merck—Schering-Plough (41 B), (Organon), Serono, Cubist (8B, Pandio (2B)

•

Eli Lilly—Imclone, Novartis Animal Health (5B), Loxo Oncology (8B)

•

BMS—Medares, DuPont Pharma, ZymoGenetics, IFM (2B), Celgene (74B),
MyoKardia (13B)

•

J & J—Alza, Scios, Elan, Cooper, Synthes (20B), Actelion (30B), Momento (7B)

•

GSK—Glaxo, Smithkline, Beechem, Wellcome, Block Drug, Stiefel Labs ($4B), Tesaro (5B)

•

Novartis—Ciba-Geigy (Sandoz), Alcon (51B), Adv. Acc. Appl. (4B), the Medicines Co. (10B)

•

AstraZeneca—MedImmune (15B), Alexion (39B)

•

Abbott—Kos, Solvay (7B), Piramal (Indian Generics), split to Abbvie

•

Abbvie—Dyax (6B), StemCentryx (10B), Allergan (63B)

•

Takeda—Milennium (9B), Nycomed (14B), Ariad (5B) Shire (62B)

•

Daiichi Sankyo—Ranbaxy (Indian Generics) sold back to Indian company

•

Teva—Barr, Ratiopharm ($5B), Cephalon (7B), Actavis generics (41B)

•

Mylan—Merck Generics; Perrigo—Elan 10B

•

Gilead Sciences—Myogen (2B), Pharmasset (11B), Kite Pharma (12B), Forty-Seven (5B),
Immunomedics (21B, ADC)

perennial sales leader Abbvie’s Humira
for rheumatoid arthritis (10). The breakdown of product categories of these
top 10 products were as follows: seven
biologics (two vaccines, four mAbs,
and one peptide) and three small molecule drugs (an immuno-moderator,
a combo for human immunodeficiency
virus [HIV], and one for blood clots).
Table IV lists prominent pharmaceutical mergers and acquisitions in

recent years. Data were collected over
many years, mainly from Chemical &
Engineering News from the American
Chemical Society.
Table IV also shows that Pfizer is the
most prolific acquiring company involving many megadeals by acquiring Warner-Lambert, Park-Davis, Pharmacia,
Upjohn, Searle, Wyeth, and Hospira (6).
Roche acquired 60% of Genentech in
1990 with just $2B and purchased the

entire company in 2009 with a megadeal of $47B. For years, Roche (Genentech) was the leader in oncology drugs
but ceded this title to Bristol Myers
Squibb (BMS), which acquired Celgene
for $74B. Three recent megadeals were
the acquisitions of Alexion by AstraZeneca for $39B, Allergan by AbbVie
for $63B, and Shire by Takeda for $62B.

Pharmaceutical Career
Opportunities for Analytical Chemists
In this section, the career opportunities of analytical chemists, particularly
separation scientists, are explored.
The job functions within the pharmaceutical industry in analytical development and quality control are described
together with job requirements and the
pros and cons of the scientist and laboratory jobs in this industry (8).
Drug development offers the largest
employment opportunities for analytical
chemists, particularly for those skilled in highperformance LC (HPLC) and mass spectrometry (MS). The departments that hire analytical scientists are analytical development,
quality control, bioanalysis, and drug metabolism and pharmacokinetics (DMPK), in addition to management opportunities in quality
assurance, regulatory, and project, laboratory,
contract manufacturing organization (CMO),
or supply chain management.
Other job functions are those in drug
discovery support for purification and
high-throughput screening and characterization, analytical support for process
and formulation laboratories, and specialists in assay automation, nuclear magnetic
resonance (NMR), and solid-state characterization. Some pharmaceutical research
groups may offer limited opportunities
in proteomics, clinical diagnostics, assay
development, and discovery (validation) of
clinical biomarkers.
Figure 3 is a pictorial depiction of the various groups in the Technical Development
Department of a major pharmaceutical organization, often called the Chemistry, Manufacturing, and Control (CMC) or Pharmaceutical Science Organization. The significant
roles of analytical chemists are highlighted in
red, including analytical development, quality control, and bioanalysis and DMPK (11,12).
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FIGURE 4: Different groups in a pharmaceutical technical development organization.

Pros and Cons of
Pharmaceutical
Scientist Positions
The choice to work in a particular
industry is a highly personal matter
and is often driven by intent, idealism, job availability, or even serendipity (8). Some typical pros and cons of
working as an analytical chemist, and
the preferred experience for getting
hired in the pharmaceutical industry,
are listed below.
Pros
There are many advantages for scientists
working the pharmaceutical companies,
such as research opportunities for the
betterment of public health and excellent career advancements. The industry
also offers higher pay and competitive
benefits, including bonuses and stock
options for well-established companies.
Nevertheless, the higher cost of living
in major-city locations offsets many of
these benefits.

Practice (GMP) and CMC processes,
familiarity with overseeing CMOs,
CROs, or both, and a record of
regulatory filings.

Summary
This article provided an overview
of the pharmaceutical industry for
the separation scientist, including a
brief description of its history, business landscape, drug development
approaches, modern therapeutics
trends, and career opportunities.

Disclaimer
This paper provided a brief overview
of the pharmaceutical industry and
its significant business and product
trends. The information presented
here stems from books, journal articles, and internet resources collected
for my short course in drug development and often reflects my opinions
and interpretations.
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FOCUS
ON
BIOPHAR M ACEU TIC AL
ANALYSIS

Establishing Analytical and Functional
Comparability for Biosimilars
A biosimilar is a drug product that has been deemed to be highly similar to its off-patent reference product in terms
of purity, molecular structure, and bioactivity. Approvals to such products are granted on the basis of unambiguous
demonstration of “no clinically meaningful differences” between the reference and the intended biosimilar. For a
successful biosimilar approval, establishing analytical and functional biosimilarity across all relevant critical quality
attributes is an essential prerequisite. This critical activity is performed using a combination of orthogonal, highresolution tools that can accurately quantitate the minor differences that exist. In this article, we review key findings from
some of the recent biosimilarity assessments that we have published on biosimilars of granulocyte-colony-stimulating
factor (G-CSF), insulin glargine, rituximab, and trastuzumab.

B

iosimilars are defined as biotherapeutic drugs that have been
shown to have a highly similar quality, safety, and efficacy profile to the
original product. Fuelled by the patent
cliffs, the focus of the biopharmaceutical industry has rapidly shifted towards
production of biosimilars. For a successful biosimilar approval, establishing analytical and functional biosimilarities across all relevant critical quality
attributes (CQAs) is an essential regulatory prerequisite. Unlike conventional
small molecule drugs, biosimilars
exhibit high complexity at the molecular level. Therefore, slight variations
during the manufacturing of these
complex protein molecules may lead
to significant changes in the safety
and efficacy profile of the therapeutic
product. Biosimilarity exercises conducted toward this end are resourceintensive, requiring the use of multiple
biophysical techniques that are sufficiently able to map the CQAs in comparison to the reference product (1).
Here, we briefly describe the analytical and functional biosimilarity assessment platform and review key findings

from some of the recent published
assessments. The work highlights
comparability across marketed Indian
biosimilars while emphasizing the utility of a well-designed analytical platform sensitive enough to tease apart
the variation present with respect to
the CQAs (Table I). The twofold purpose of these biosimilarity exercises
is to perform a quality evaluation of
the marketed products in the public
forum for uptake by practitioners and
patients alike, and to serve as a feedback mechanism for the regulators
on the rigorousness of the regulatory
approval process.

Non-monoclonal Antibody
(mAb) Products
Case Study 1: G-CSF (2014)
Filgrastim, or recombinant methionylgranulocyte colony stimulating factor
(rG-CSF), is a glycoprotein (18.8 KDa)
that significantly impacts proliferation
and differentiation of cells of hematopoietic lineage. It is licensed for
reducing the incidence and duration
of post-chemotherapy neutropenia in
patients with nonmyeloid malignan-

cies and for mobilizing hematopoietic
progenitor cells in transplantation
patients (2). The innovator product is
sold under the brand name Neupogen and is manufactured by Amgen.
The patents on Neupogen expired in
the United States in December 2013 and
in Europe in 2006 (3). With Neupogen
as the standard, biosimilarity assessment was undertaken for five marketed
biosimilars (Emgrast from Gennova
Biopharmaceuticals Ltd, Lupifil from
Lupin Pharmaceuticals, Colstim from
Zydus Cadila, Neukine from Intas Biopharmaceuticals, and Grafeel from
Dr. Reddy’s Laboratories) manufactured
and approved in India. The analytical
and functional platform used is as tabulated above (Table I). Although an overall similarity was observed amongst
the biosimilar products, the analytical
strategy sensitively identified the presence of an atypical conformational variant present in three of the biosimilars
through reversed-phase liquid chromatography (RPLC) and fluorescence
detection (FLD) (2). Presence of a similar variant has previously been reported
as an oxidized species.

Icon Image: (Columns) Joe Zugcic / Zugcic Photographers, Inc.
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Case Study 2: Insulin Glargine (2021)
Insulin glargine is the first basal longacting insulin analogue (6063 Da) produced in E. coli by recombinant DNA
technology. Its aqueous solubility is low
at the physiological pH level, resulting
in delayed absorption and a slower
release (4). The innovator product is
sold under the brand name Lantus
and is manufactured by Sanofi. Patents
on Lantus expired in 2014 in both the
United States and the European Union
(EU) (5). We evaluated the biosimilarity of four marketed Insulin glargine
products: Glaritus (Wockhardt Ltd),
Basaglar (Eli Lilly), Basugine (Lupin),
and Basalog (Biocon) across relevant
CQAs through molecule specific analytical and functional characterization
(see Table I).
Although an overall structural and
functional similarity was observed
across insulin glargine biosimilars
with respect to the innovator product,
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low amounts of product-related variants were seen in some biosimilars
with a potential to impact product
stability if found in higher amounts.
Biosimilar 4 exhibited higher content of
high molecular weight species (HMWs)
and related substances (RS) in comparison to the other products. Biosimilars 1
and 3 exhibited a higher rate of impurity generation per week. Furthermore,
the percent aggregation in accelerated
stability studies was found to statistically correlate (R 2 = 0.99, root mean
square error (RMSE) = 0.095) with the
percent aggregation at 0 days and
the number of months from expiration,
highlighting the overarching impact
of the latter. In this study, based on
available spectroscopic and chromatographic data and assisted by statistics,
an order of biosimilarities was denoted
to the products in the following order:
Lantus, biosimilar 2, biosimilar 4,
biosimilar 1, and biosimilar 3.

Monoclonal Antibody
(mAb) Products
Case Study 3: Rituximab (2018)
Rituximab was the first monoclonal antibody
(mAb) approved for cancer treatment (B cell
lymphoma) and was subsequently approved
for immune-mediated and inflammatory
diseases (such as rheumatoid arthritis and
Wegener’s granulomatosis). It is an IgG1k chimeric mAb (~145 KDa) produced in Chinese
hamster ovary (CHO) cells and targets the
B-cell surface receptor CD20 (6). The innovator is sold under the brand name Ristova and
is manufactured by Roche. The patent on
rituximab expired in September 2016 in the
United States and in November 2013 in the
EU (3). Since then, several biosimilars for the
blockbuster drug have populated the marketplace. Biosimilarity assessment for rituximab
included a comparison across five available
marketed biosimilars: Reditux (Dr. Reddy’s
Laboratories), RituxiRel (Reliance Life Sciences),
Mabtas (Intas Biopharmaceuticals), Maball
(Hetero drugs), and Cytomab (Alkem Labora-
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TABLE I: Strategy for analytical and functional similarity assessment studies conducted at the Center of Excellence for Biopharmaceutical Technology (COE-CBT).*
Substance

GCSF

Innovator

Neupogen (Amgen)

Patent Cliff

December 2013
(US), 2006 (Europe)

Biosimilars
Studied

Emgrast (Gennova
Biopharmaceuticals
Ltd), Lupifil (Lupin
Pharmaceuticals),
Colstim (Zydus
Cadila), Neukine (Intas
Biopharmaceuticals)
Grafeel (Dr. Reddy’s
Laboratories)

Characterization Tools
Primary structure
(intact mass,
peptide mapping)

LC-ESI-TOF-MS

Secondary structure

CD spectroscopy

Mass/size

SDS-PAGE

Product related variants and impurities

Aggregation: SE-HPLC,
oxidized/reduced
variants: RP-LC,
oxidation: peptide mapping

Potency

In-vitro cell proliferation

Primary structure

LC-ESI-TOF-MS
CD

Higher order
structure

FT-IR
Fluorescence
SE-HPLC

Insulin
Glargine

Lantus (Sanofi)

2014

Glaritus
(Wockhardt Ltd),
Basaglar
(Eli Lilly),
Basugine (Lupin),
and Basalog (Biocon)

Product-related
variants

RP-HPLC
ThT fluorescence
SE-HPLC

Stability
RP-HPLC
Drug content
Excipient estimation

RP-HPLC
AAS
RP-HPLC

Rituximab

Ristova (Roche)

September 2016 (US),
November 2013 (EU)

Reditux (Dr. Reddy’s
Laboratories),
RituxiRel (Reliance Life
Sciences),
Mabtas (Intas
Biopharmaceuticals),
Maball (Hetero drugs),
Cytomab (Alkem
Laboratories)

Functional
characterization

Glucose uptake assay (EC50)

Primary structure
(Intact mass,
peptide mapping,
N-glycan profiling)

LC-ESI-TOF-MS, Q-TOF-MS
after procainamide lavelling

Higher order
structure

CD, FT-IR, fluorescence

Size heterogeneity

SDS-PAGE, SE-HPLC, DLS

Charge
heterogeneity

CEX-HPLC

Functional
characterization

FACS, ADCC, CDC, SPR

*Abbreviations: CD - circular dichroism, FT-IR - Fourier transform infrared spectroscopy, HPLC - high performance liquid chromatography, MS - mass spectrometry,
CEX - ion exchange chromatography, CE - capillary electrophoresis, RP - reversed-phase (liquid chromatography), SEC - size-exclusion chromatography,
SDS-PAGE - sodium dodecyl sulfate poly acrylamide gel electrophoresis, SPR – surface plasmon resonance, ADCC - antibody-dependent cellular cytotoxicity,
CDC - complement-dependent cytotoxicity, LDH - lactate dehydrogenase, FACS - fluorescence-activated single cell sorting.
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TABLE I (CONTINUED): Strategy for analytical and functional similarity assessment studies conducted at the Center of Excellence
for Biopharmaceutical Technology (COE-CBT).*
Substance

Trastuzumab

Innovator

Herclon (Roche)

Patent Cliff

June 2019 (US),
July 2014 (EU)

Biosimilars
Studied

Trasturel (Reliance
Life Sciences),
Canmab (Biocon),
Vivitra
(Zydus Ingenia),
Hertraz (Mylan)

Characterization Tools
Primary structure
(intact mass, reduced
mass,peptide
mapping, PTMs,
glycosylation profile)

LC-ESI-TOF-MS

Higher order
structure

FT-IR, CD, fluorescence
spectroscopy

Size heterogeneity

SE-HPLC, DLS

Charge
heterogeneity

CEX-HPLC

Functional
characterization

SPR, cytotoxicity assay,
LDH assay, FACS

*Abbreviations: CD - circular dichroism, FT-IR - Fourier transform infrared spectroscopy, HPLC - high performance liquid chromatography, MS - mass spectrometry,
CEX - ion exchange chromatography, CE - capillary electrophoresis, RP - reversed-phase (liquid chromatography), SEC - size-exclusion chromatography,
SDS-PAGE - sodium dodecyl sulfate poly acrylamide gel electrophoresis, SPR – surface plasmon resonance, ADCC - antibody-dependent cellular cytotoxicity,
CDC - complement-dependent cytotoxicity, LDH - lactate dehydrogenase, FACS - fluorescence-activated single cell sorting.

tories). One of the highlights of this study was
utilizing procainamide labelling for quantifying
the released glycans of the biosimilar products. As opposed to glycan profiling for the
intact or reduced molecule, the information
gained through labelling post-glycan detachment from the peptide backbone allowed for
the quantitation of monosaccharides, such as
sialic acid and other low abundance glycans.
Biosimilar 2 was found to be the most similar
with Ristova. Although G0F (55.8% vs. 26.1%)
was the most abundant glycoform present
in Ristova and most biosimilars, G2F (26.4%
vs. 6.9%) was the most abundant glycoform
in biosimilar 3. Biosimilar 3 also possessed a
high percentage of galactosylated glycans
(26.4% vs. 6.9%) and a low percentage of
sialylated glycans (3.1% vs. 0%). Biosimilar
1 contained a higher amount of mannose
group (3.1% vs. 0%) and afucosylation (2.4%
vs. 0.6%) compared to the innovator Ristova.
The analytical characterization platform also
explored inter-product variability with respect
to size (biosimilar 3) and charge variants
(all except biosimilar 2) (6).
Case Study 4: Trastuzumab (2020)
Trastuzumab is a humanized IgG1k mAb
(145.53 KDa) directed against an epitope on
the extracellular juxta membrane domain
of the antihuman epidermal growth factor
receptor (HER2). It is licensed as a therapy primarily for treating metastatic and early HER2positive breast cancer. It was later indicated for

HER2-overexpressing metastatic gastric cancer (7). The innovator product for trastuzumab
is sold under the brand name of Herceptin
(Herclon in India) and manufactured by Roche.
The patent for the trastuzumab innovator
expired in June 2019 in the United States and
in July 2014 in the EU (3). Biosimilarity assessment consisted of four marketed biosimilars:
Trasturel from Reliance Life Sciences, Canmab
from Biocon, Vivitra from Zydus Ingenia, and
Hertraz from Mylan (8). Through the correlation of structural deviations observed with
product efficacy and potency (functional characterization), this study highlighted the structure-to-function relationship in biotherapeutics. Compared to the innovator, deviations
observed in glycosylation, size, and charge
variants consistently translated into reduced
potency as measured through antibodymediated cytotoxicity (ADCC) and complement dependent cytotoxicity (CDC) assays as
observed in the case of biosimilar 2 (8).

Conclusion
A well-designed analytical and functional
similarity assessment plays a foundational
role in the biosimilar approval process.
As such, these studies need to be designed
in accordance with the regulatory requirements of the jurisdiction for which the
product is intended. Such unbiased academic studies also serve as a checkpoint
for ensuring the efficacy of the regulatory
approval process and also as a confidence

building exercise in the manufacturing
capability of organizations falling within a
specific jurisdiction in developing efficacious
biosimilar products.
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Determination of Organophosphate Esters in
Water Samples Using Gas Chromatography–
Mass Spectrometry (GC–MS) and Magnetic
Solid-Phase Extraction (SPE) Based on
Multi-Walled Carbon Nanotubes (MWCNTs)
A method based on gas chromatography–mass spectrometry (GC–MS), coupled with magnetic solid-phase extraction
(SPE) with multi-walled carbon-nanotube (MWCNT)-coated iron oxide (Fe3O 4) as the adsorbent, was developed
for analyzing four organophosphate esters in ambient water samples. The magnetic, MWCNT composites were
prepared by hydrothermal synthesis and characterized with scanning electron microscopy (SEM), transmission electron
microscopy (TEM), Fourier transform infrared (FT-IR) spectroscopy, and superconducting quantum interference device
magnetometry (SQUID). The extraction and desorption conditions, such as adsorbent dosage, adsorption time,
eluent type, and eluent volume, were studied. The adsorbent was used to extract analytes within 50 min. The limit
of detection (LOD) was between 0.038–1 μg/L, and the limit of quantitation (LOQ) was between 0.10–3.59 μg/L.
The method was applied to analyze organophosphate esters in environmental water samples. A 72.5–89.1% recovery
was obtained by analyzing spiked samples with low-, medium-, and high-concentration analytes. The relative standard
deviations (RSDs) were less than 10%. This method displayed better sensitivity and accuracy; therefore, it could be
successfully used to detect organophosphate esters in environmental water samples.
Xiyue Wang, Yuanyuan Tian, Lili Lian, Hao Zhang, Bo Zhu, Wenxiu Gao, and Dawei Lou

O

rganophosphate esters (OPEs)
are often used as common flame
retardants and plasticizers in plastic
foam, electronics, furniture, textiles, and
construction materials (1,2). It has been
reported that the widespread application of OPEs has resulted in their becoming an emerging pollutant. Most OPEs
are primarily combined with the product
through physical action. Therefore, they
are easily released into the surrounding environmental media using volatilization, abrasion, and even dissolution.
They have been detected in surface water
(3,4), groundwater (5), wastewater (6,7),
atmospheric particulate matter (8,9), and
dust (10). The previous studies found that
some commonly used OPEs have carcinogenicity, neurotoxicity, and hepatoxicity,
all of which could threaten human health
and ecosystems (11,12). Exposure to triphenyl phosphate (TPhP) disturbed hormone levels and sperm quality in fish (13).
Tributyl phosphate (TnBP) and tris (2-ethylhexyl) phosphate (TEHP) showed strong
irritation to the skin (1). In recent years,

the United States, the European Union,
and other countries have established laws
and regulations to limit the use of OPEs
in domestic products. On a global scale,
organizations and institutions have also
begun to pay closer attention to the issue
of environmental pollution from OPEs,
researching this subject more often.
Currently, there are many kinds of
pretreatment methods for OPEs extraction in water samples, mainly including
liquid–liquid extraction (LLE) (14), membrane-assisted solvent extraction (MASE)
(6), solid-phase extraction (SPE) (3,15),
and solid-phase microextraction (SPME)
(16,17). LLE and SPE are the two most
commonly used pretreatment methods.
However, these methods are cumbersome
and require a large amount of organic
solvent for pretreatment of the extraction
column. Moreover, LLE and SPE methods
have poor recoveries for polar and volatile
compounds, such as trimethyl phosphate
(TMP) and tris (2-chloroethyl) phosphate
(TCEP); or hydrophobic compounds,
such as TEHP (15,18–19). Magnetic solid-

phase extraction (MSPE) has been developed rapidly as a new type of sample
preparation technique and has received
considerable attention. MSPE uses magnetic or magnetizable material as the
sorbent for the extraction or preconcentration of the target analytes (20). The
method overcomes the column plugging
problem often occurring in SPE, simplifies
the SPE process greatly, and enhances
the extraction efficiency. Currently, MSPE
is widely used for qualitative and quantitative analysis of various organic pollutants and inorganic metal ion contaminants in the environmental sample when
combined with high performance liquid
chromatography (HPLC) or gas chromatography (GC) (21–23), which makes the
method ideal for applications in biological separations and environmental analysis. However, MSPE is rarely used for OPE
analysis in the present.
Instrumental analysis of OPEs is mainly
conducted using the GC and nitrogen–
phosphorous detector method (GC-NPD)
(4), GC–mass spectrometry (GC–MS)
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(17,23), and LC–tandem MS (LC–MS/MS)
(14,24). Among them, GC-NPD offers
poor stability, requiring regular replacement parts. The sample matrix can affect
the electrospray ionization source (ESI)
of LC–MS/MS. In this study, we developed a method based on MSPE-GC–MS
for analyzing OPEs in river water samples.
The MSPE and GC–MS detection conditions were investigated. The method
offers a wide linear range, good sensitivity, and recovery for both polar and
nonpolar OPEs. It can be successfully
used to detect OPEs in environmental
water samples.

Materials and Methods
Materials
Organophosphate esters (TnBP, TCEP,
TPhP, and TEHP) were purchased from
AccuStandard. Their full names, abbreviations, chemical structures, and octanolwater partition coefficient (Kow) are shown
in Table I. Ethyl acetate and multi-walled
carbon nanotubes were obtained from
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the Aladdin Reagent Company (Shanghai).
Tetraethyl orthosilicate (TEOS), polyethylene glycol, FeCl3•6H2O, aqueous ammonia (25 wt% aqueous NH3), and ethylene
glycol were obtained from Tianjin Damao
Chemical Reagent Factory (Tianjin).
The OPEs stock solution with a concentration of 10 mg/mL was prepared with
ethyl acetate and was stored in a refrigerator at 4 °C. According to experimental
needs, other solutions were diluted by
using the stock solution. Unless specified
otherwise, ultrapure water was used in
all experiments.
Instruments
The analysis was done using an Agilent
7890 gas chromatograph coupled to an
M7-300EI single quadrupole mass spectrometer (GC–MS) instrument. The morphology of the prepared material was
observed by using a Tecnai-G20 transmission electron microscope (TEM) from
FEI and a JSM-7500F scanning electron
microscope (SEM) from Japan Elec-

tronics. Magnetic measurements were
performed by using a superconducting
quantum interference device (SQUID)
and a magnetometer (VSM, Quantum
Design). The functional groups of the synthesized adsorbent were measured using
a Fourier-transform infrared spectroscopy (FT-IR) spectrometer (920, Tuopu).
Water was purified through a Milli-Q
system (Millipore).
Preparation of MSPE Sorbent
Synthesis of Iron Oxide (Fe3O4)
Fe3O4 magnetic nanoparticles were synthesized by using a solvothermal method
(25). First, 1.35 g of FeCl3•6H2O was
added to a beaker containing 40 mL of
ethylene glycol. Next, the solution was
stirred for 15 min. Then, 3.6 g of anhydrous sodium acetate and 1.0 g of polyethylene glycol were added to the mixed
solution. Stirring was continued even after
the formation of a uniform yellow thick liquid. The sample was then transferred to a
50 mL polytetrafluoroethylene autoclave,

264  LCGC NORTH AMERICA  VOLUME 40 NUMBER 6  JUNE 2022WWW.CHROMATOGRAPHYONLINE.COM
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Fe3O4@SiO2

Fe3O4@SiO2MWCNTs
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FIGURE 1: The schematic procedure of Fe3O4@SiO2 multi-walled carbon nanotubes
(MWCNTs).

sis (26). First, 0.1 g Fe3O4 nanoparticles
were added to 50 mL of hydrogen chloride (HCl) (0.1 mol/L), and the solution
underwent ultrasound treatment for
10 min. After washing with distilled
water, the Fe3O4 was added to a threenecked round bottom flask containing 80
mL of absolute ethanol, 20 mL of water,
and 1 mL of aqueous ammonia. The solution was mixed well through mechanical agitation. Next, 0.03 g of tetraethyl
orthosilicate (TEOS) was added dropwise
and stirred at room temperature for 6 h.
Finally, the product was separated with a
magnet, washed three times with distilled
water and absolute ethanol, respectively, and
vacuum dried at 60 °C for 2 h. The Fe3O4@
SiO2 microspheres were then obtained.
Synthesis of Fe3O4@SiO2 Multi-Walled
Carbon Nanotubes (MWCNTs)
Fe3O4@SiO2 (0.004 g) and multi-walled
carbon nanotubes (MWCNTs) (0.016 g)
were added to deionized water. The mixture was sonicated for 15 min to ensure
complete self-assembly of MWCNTs
onto Fe3O4@SiO2 nanoparticles. A black
homogeneous liquid was formed.

FIGURE 2: (a) SEM image of MWCNTs. (b) SEM image of Fe3O4@SiO2 MWCNTs. (c) and
(d) TEM images of Fe3O4@SiO2 MWCNTs.
TABLE I: The full names, abbreviations, chemical structures, and Kow of four OPEs.
O
O
R1

P
O

O

R3

R2

Compound

Abbreviation

LogKow

Tri-n-butyl
phosphate

TnBP

4.00

Tri(2-chloroethyl)
phosphate

TCEP

1.44

Triphenyl phosphate

TPhP

4.70

Tri(2-ethylhexyl)
phosphate

TEHP

9.49

which was sealed and placed in an oven at
190 °C for 8 h. The new-solid sample was
then cooled to room temperature, and the
Fe3O4 nanoparticles were separated with
the magnet. After washing three times with
ultrapure water and anhydrous ethanol,

Substituents
R1=R2=R3=
R1=R2=R3=

Cl

R1=R2=R3=

R1=R2=R3=

the sample was vacuum dried at 60 °C for
2 h. The Fe3O4 black powder was obtained.
Synthesis of Fe3O4@SiO2 Microspheres
SiO2-coated Fe3O4 microspheres were
prepared via a modified Stöber synthe-

Sample Preparation by MSPE
Several factors of extraction such as adsorbent dosage, adsorption time, elution solvent, and elution time were studied. During
MSPE, 20 mg Fe3O4@SiO2 MWCNTs were
dispersed to 20 mL pure water solution
spiked with four OPEs (10 μg/L), which was
subjected to a constant-temperature 25 °C
water bath with vibration mixing for 50 min.
After the oscillation extraction, Fe3O4@
SiO2 MWCNTs adsorbing four OPEs were
separated by a magnet. The supernatant
was then discarded. Then 1400 μL of the
ethyl acetate was used to desorb the OPEs
by ultrasonic treatment for 20 min. The
obtained elution solution containing OPEs
was aspirated off with nitrogen. The residual sample was dissolved with 200 μL ethyl
acetate before undergoing GC–MS analysis.
GC–MS Analysis
The GC conditions were as follows: an HP-5
column (30 m × 0.32 mm × 0.25 µm) was
used for separating the target analytes.
The carrier gas was helium (purity ≥ 99.999%),
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Results and Discussion
Characterization of
Fe3O4@SiO2 MWCNTs
The preparation procedure of Fe 3O4@
SiO 2 MWCNTs is shown in Figure 1.
Its structure and composition were

(b)
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75

Fe3O4
Fe3O4@SiO2
Fe3O4@SiO2 MWCNTs

70
65

631
60
4000 3500 3000 2500 2000 1500 1000 500
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(a) 90

% Transmission

and flow rate was 1.2 mL/min. For the heating program, the initial temperature was
70 °C before being heated at 15 °C/min to
200 °C. Then, heating was increased at 10
°C/min to 280 °C (where the temperature
was held for 5 min). The inlet temperature
was 280 °C, and the interface temperature
was 280 °C. The splitless mode was then
adopted and the injection volume was 1 μL.
The mass spectrometry conditions were
as follows: EI ion source, energy = 70 eV,
temperature = 230 °C, quadrupole temperature = 150 °C, and the data acquisition mode was a selected ion monitoring
(SIM) scan. The SIM ions (m/z) of TnBP
were 99 and 155. The TCEP ions were 63
and 249, the TPhP ions were 326 and 77,
and the TEHP ions were 99 and 113.
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FIGURE 3: (a) FT-IR spectra of Fe3O4@SiO2 MWCNTs. (b) Magnetization curve (hysteresis
loop) of Fe3O4@SiO2 MWCNTs.

characterized by SEM, TEM, and FT-IR.
Figure 2a displays the SEM image of
the pristine MWCNTs. It can be seen
that the MWCNTs are long with a rather
smooth surface and are curly shaped.
With the help of the literature (27,28)
and the SEM and TEM images of
Fe3O4@SiO2 MWCNT nanocomposites
shown in Figures 2b–d, it can be seen
that the material is nearly in a coreshell structure, with black-solid spheres

showing Fe3O4 and a surface coating of
a thin layer of SiO2 (Figures 2c and 2d).
The SiO2 shell modified by the Stöber
method not only protects the Fe 3O 4
magnetic shell from O 2 oxidation in
the air, but it also prevents Fe 3 O 4
agglomeration. Almost all the Fe3O4@
SiO2 nanoparticles were preferentially
adhered to the surfaces of MWCNTs,
indicating that the MWCNTs had been
successfully modified (Figure 2b).
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FIGURE 4: (a) Effect of the amount of Fe3O4@SiO2 MWCNTs on the adsorption of OPEs.
(b) Effect of extraction time on the extraction performance.
TABLE II: Calibration results of MSPE-GC–MS method.
Retention
Time
(min)

Linear
Dynamic
Range
(μg/mL )

R2

LODa
(μg/L)

LOQ b
(μg/L)

RSDc(%)
n=5

8.45

0.1~10

0.9974

0.45

1.51

9.8

TCEP

9.34

0.1~10

0.9990

0.56

1.35

8.2

TPhP

14.28

0.1~10

0.9914

1.00

3.59

11.2

TEHP

14.73

0.1~10

0.9973

0.038

0.10

10.4

Compound
TnBP

a

LOD: Detection limit (signal-to-noise = 3).
b LOQ: Limit of quantitation (signal-to-noise = 10).
c RSD: Relative standard deviation.

The FT-IR spectra of the Fe 3O 4@
SiO2 MWCNT composite are shown in
Figure 3a. The characteristic absorption peak of Fe–O in Fe3O4 is approximately 631 cm-1 (29). In the vicinity of
1045 cm-1, the stretching vibration characteristic absorption peak of Si–O–Si
can be observed, indicating that SiO2
was successfully modified on the surface
of Fe3O4 (30). The bands around 1630
cm-1 can be assigned to the stretching
vibration peak of C=C in MWCNTs (31).
These results confirmed that the Fe3O4@
SiO 2 MWCNT magnetic composites
have been successfully prepared.
A magnetometer was used to study
the magnetic properties of the adsorbent. Figure 3b shows the magnetization curve (hysteresis loop) of Fe3O4@
SiO2 MWCNT nanoparticles. The saturation magnetization was 7.68 emu/g.
The curve was smooth and symmetrical
at the origin, and no remanence (residual
magnetism) was found, indicating superior magnetic character.

Effect of the Amount of
Magnetic Adsorbent
A different mass of magnetic adsorbent
(5–30 mg) was added to a 20 mL spiked
solution to study the extraction efficiency
of OPEs. The results are shown in Figure 4a.
The peaks of OPEs significantly increased
with the increase of adsorbent amount
within the range of 5–20 mg. When the
adsorbent added was greater than 20 mg,
the OPEs extraction efficiency decreased,
which might be because the excessive
adsorbent enhances the adsorption
capacity between the adsorbent and
the analytes, so that the eluent could
not completely dissolve the analytes.
Therefore, the amount of magnetic adsorbent added was 20 mg.
Effect of Extraction Time
Extraction time is one of the most important parameters in MSPE. The effect of
extraction time on the adsorption of
OPEs was determined by testing using
extraction times of 20–80 min. The results

are shown in Figure 4b. With the extension of time, the extraction efficiency
gradually increased, but then decreased
after 50 min. We speculated that volatilization of eluent causes sample loss
and decrease the extraction efficiency.
Based on the above experimental results,
the best extraction time was 50 min.
Effect of Eluent
The eluent is also an important factor affecting extraction efficiency.
Therefore, the effects of methanol, acetonitrile, methanol/acetonitrile (1:1, v/v),
and ethyl acetate on the OPEs extraction efficiency were investigated, respectively. The results are shown in Figure 5a.
The ethyl acetate solution is the most efficient eluent. This result is consistent with
previous literature (32–34), so the ethyl
acetate was chosen as the eluent.
Elution Volume and Elution Time
We also investigated the influence of the
eluent volume on the extraction efficiency
of OPEs. An eluent volume of 1400 μL was
sufficient to obtain better extraction efficiency. More elution had nearly no effect
on the extraction results, but it extended
the concentration time. Therefore, a volume of 1400 μL ethyl acetate was used to
elute the sample.
We also investigated the influence of
the elution time on the extraction efficiency of OPEs. With ultrasonic assistance, OPEs were eluted quickly and efficiently from the MSPE adsorbent surface.
As shown in Figure 5b, when elution time
was extended over 20 min, the extraction
efficiency decreased; therefore, 20 min
was chosen as the elution time.
Method Evaluation
Under optimal conditions, the detection limit (LOD), the limit of quantitation
(LOQ), recovery, and precision were used
to evaluate the developed MSPE-GC–
MS method. The instrumental linearity
was performed by detecting OPEs standard solutions with 0.1, 0.5, 1, 2, 5, and
10 μg/mL. Good linearity with the coefficient R2 = 0.9914–0.9990 was obtained in
this range (Table II). The LOD and LOQ,
defined as three times and ten times
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tions (RSDs) ranging from 3.4% to 9.7%
(Table III). There were inorganic salts,
organic matter, microorganisms, and
some impurities in the Songhua River
water. As a result, the extraction efficiency
of the adsorbent had a certain impact.
However, recoveries of the four OPEs in
environmental water were acceptable.
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FIGURE 5: (a) Effect of different eluents on the extraction performance of OPEs. (b) Effect
of elution time on elution efficiency of OPEs.
TABLE III: Recoveries and relative standard deviation of OPEs after spiked in actual
water samples.
Analyte

TnBP

TCEP

TPhP

TEHP

Added
(μg/L )

Recovery
(%)

RSD (%)
n=5

2.5

79.1

8.7

10

80.9

6.8

25

82.2

7.1

2.5

85.3

7.9

10

87.6

5.8

25

89.1

3.4

2.5

-

-

10

78.8

7.5

25

80.9

8.6

2.5

72.5

9.7

10

75.1

6.5

25

77.3

5.9

-: Not quantified

signal-to-noise (S/N), respectively, was
achieved by analyzing four spiked OPEs
in a pure water sample. The LOD of TnBP,
TCEP, TPhP, and TEHP were 0.45, 0.56, 1,
and 0.038 μg/L, respectively. The LOQ of
TnBP, TCEP, TPhP, and TEHP were 1.51,
1.35, 3.59, and 0.1 μg/L, respectively. In pure
spiked water solutions, the average recoveries of TnBP, TCEP, TPhP, and TEHP were
84.3%, 90.7%, 83.8%, and 79.4%, respectively. According to a previously reported
result (35), the high extraction efficiency
can be attributed to the fact that the OPEs
can interact with the Fe3O4@SiO2 MWCNT
adsorbents via Brønsted acid-base interactions, van der Waals forces, and π-π electron donor-acceptor (EDA) interactions
between the OPEs and the functionalized
groups of the adsorbents.

Actual Water Sample Detection
To determine the applicability of this
method, Songhua River water was
selected (Jilin Province) for testing.
First of all, water samples were centrifuged at 10,000 rpm for 10 min to remove
sediment, and the supernatant was
passed through a 0.45 μm filter. Then, the
water sample was processed as described
in the “Sample Preparation by MSPE”
section, and the extracted OPEs were
analyzed using the GC–MS technique.
No OPEs were detected. Then, the OPEs
were added to Songhua River water samples to make the concentrations of 2.5, 10,
and 25 μg/L. The recoveries of OPEs
spiked at the low, middle, and high concentrations were between 72.5–89.1%,
with the mean relative standard devia-

Compared with Other Methods
The MSPE-GC–MS method established
in this paper was compared with other
methods (Table IV). It was shown that the
MSPE-GC–MS method had preferable
recoveries for both polar and hydrophobic OPEs (TCEP and TEHP) and required
less organic solvent compared with LLE
and SPE methods (18,36). However, the
LOD and LOQ of this method were higher
than in the previous study (see references
in Table IV [4,6,15,18,36]). We think it
might be attributed to the smaller sample volume used in this study. The SPME
method is a solvent-free sample preparation method, which also had a lower
LOD (4). The recovery of polar TCEP in
MASE was only 5%. Moreover, the MASE
method was time-consuming, and the
cost of the membrane is higher (6).

Conclusions
In this study, Fe3O4@SiO2 MWCNT magnetic composite was prepared and used
to analyze organophosphate esters
in water samples in combination with
GC–MS for the first time. This method
required only 20 mg of magnetic adsorbent, isothermal oscillation for 50 min,
1400 μL of eluting solvent, and 20 min
of elution time. The method allowed for
good recoveries, a wide linear range,
low consumption of organic solvents,
and low preparation cost of magnetic
composite materials. This method
could be successfully used to extract
and analyze organophosphates (TnBP,
TCEP, TPhP, and TEHP) in environmental
water samples.

Acknowledgments
This work was supported by the
Project of Science and Technology
Development of Jilin Province (No.
20190303116SF and 202002008JC), the

JUNE 2022  LCGC NORTH AMERICA  VOLUME 40 NUMBER 6  269

WWW.CHROMATOGRAPHYONLINE.COM

TABLE IV: Comparison of analytical methods for OPEs detection
Extraction
Technique

Matrix

Extraction
Conditions

Detection

LOD (ng/L)
Injection Volume

Recovery
(%)

Ref.

River water

Sample volume: 0.02 L,
Solvent: 1.4 mL

GC–MS

38–1000
(1 μL)

72.5–89.1

This study

LLE

Wastewater,
surface water

Sample Volume: 1 L,
Solvent: 10 mL

PTV-GC–MS

0.1–3
(40 μL)
(LOQ)

28–128
(TCEP28)

(36)

SPE

Drinking water

Sample volume: 1 L,
Solvent: 10 + 12 mL

LC–MS/MS

0.5–1
(10 μL)

70–99
(TEHP: 38.4)

(18)

SPE

River water

Sample volume: 0.2 L,
Solvent: 9 + 9 mL

LC–MS/MS

2–6
(10 μL)

70–110
(TEHP: 40–76)

(15)

SPME

River water,
Tap water

Sample volume: 0.01 L

GC-NPD

1.4–135.6

76.4–112.4

(4)

MASE

Wastewater

Sample volume: 0.1 L
Solvent: 1 mL

LC–MS/MS

1–25
(LOQ)

63–98
(TCEP 5)

(6)

MSPE
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THE NE X T
GENER ATION
A special article series highlighting the work of young analytical chemists.

Sample Preparation Strategies for Characterizing RNA
Modifications in Small-Volume Samples and Single Cells
This article describes challenges and opportunities in separation science in the rapidly emerging field of
RNA modifications. Recent advances in sample preparation have permitted the analysis of RNA modifications in single cells
by liquid chromatography–mass spectrometry (LC–MS). The sample handling and microextraction methods described
here pave the way for new insights into the function of these unusual molecules in the brain and biological systems.
Kevin D. Clark

part from the four canonical
nucleotides of ribonucleic acid
(RNA), which are adenine (A), cytosine (C), guanine (G), and uracil (U),
an extensive collection of nucleobase and ribose modifications exists
that substantially diversifies the RNA
code. Nearly 30 classes of modifications (~150 unique ribonucleosides)
are enzymatically deposited on RNA
biopolymers ranging in complexity
from methylations to multistep transformations that append low molecular weight metabolites to genetically
encoded RNAs (1–3). Post-transcriptional modifications influence numerous biophysical properties of cellular
RNAs, including folding (4), stability
(5), and translation efficiency (6,7).
However, a prerequisite to understanding the functional roles of RNA
modifications is the development of
robust analytical methods that are
capable of capturing the covariation and spatiotemporal dynamics
of modified nucleosides in complex
biological samples.
Liquid chromatography–tandem
mass spectrometry (LC–MS/MS) techniques have played a central role in
quantitatively measuring dozens of
RNA modifications simultaneously
(8–11), and these techniques have

been leveraged to monitor changes in
global modification profiles and their
functional consequences (12,13). In LC–
MS/MS-based strategies, total RNA
is isolated from the cellular material,
digested to nucleosides, and subsequently injected for instrumental
analysis. During RNA isolation and
pretreatment steps, sample matrix
constituents, such as RNA-modifying
enzymes, reactive molecules, or components that strongly bind RNA, may
result in experimental artifacts that
alter the observed profiles of RNAs
from those of the original sample.
For example, conventional RNA digestion methods may result in enzymatic
or spontaneous deamination (14–16),
degradation of pH-sensitive modifications (17,18), or non-natural chemical
amination of RNA (19). These studies
highlight the importance of selecting
an appropriate sample preparation
strategy and suggest careful consideration of tissue- and sample-specific
matrix interferences prior to downstream analysis of RNA modifications.
Sample-to-sample differences in
matrix compositions are particularly
relevant because of the evidence
that RNA modification statuses vary
across tissue types and are unequally
distributed across tissue subregions,

Kevin D. Clark of the University of Illinois
at Urbana-Champaign
such as within the central nervous
system (CNS) (20). These findings
raise intriguing questions regarding whether multiple unique RNA
modifications are differentially patterned in progressively smaller samples, down to the individual cell. It is
well known that single cells exhibit
distinct chemical profiles that are
otherwise obscured by populationaveraging measurements (21,22).
However, although single-cell transcriptomics workflows are now routine,
analogous methods are not available
for RNA modifications. Described here
are recent advances in sample preparation approaches that facilitate the
simultaneous characterization of mul-
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FIGURE 1: (a) Depiction of the biphasic liquid microjunction (LMJ) RNA extraction
approach. (b) Sampling footprint. (c) Representative extracted ion chromatograms
for modified nucleosides obtained from biphasic LMJ extraction using different
extraction solvents. Adapted with permission from reference (25).
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FIGURE 2: (a) Analytical workflow for SNRMA–MS and representative extracted ion
chromatograms for modified nucleosides obtained from a single neuron from the
CNS of A. californica. (b) Quantitative measurement of intracellular concentrations
for five RNA modifications in single neurons using SNRMA–MS. Note that *p < 0.05,
**p < 0.005, paired t-test with Bonferroni−Holm correction for multiple comparisons,
n = 2 animals for MCCs (four cells total), and n = 3 animals for R2/LPl1 (6 cells total).
Adapted with permission from reference (27).

tiple RNA modifications in small-volume samples, down to single cells.

Biphasic Liquid Microjunction
(LMJ) Extraction: Semi-Automated,
Spatially Resolved
Characterization of Modified
Nucleosides in Tissues
Liquid microjunction (LMJ) extraction
methods leverage a microextraction
probe consisting of two coaxial capillaries that facilitate the delivery and
aspiration of an extraction solvent
within a controlled sampling radius

defined by the capillary diameter.
LMJ extraction has been coupled with
LC- and capillary electrophoresis (CE)–
MS instrumentation, either directly or
indirectly, to profile soluble sample
constituents from surfaces and tissues
(23,24). The optimization of solvent
flow rates and precise manipulation
of the extraction probe position provides a platform suitable for spatiallyresolved chemical analysis.
To overcome the challenge of
isolating RNA from complex sample matrices such as CNS tissues,

the LMJ system was recently refined
to include two immiscible solvents
that impinge on cells or tissues
with a spatial resolution of ~350 µm
(Figure 1) (25). The biphasic LMJ
system provided an aqueous layer
where polar nucleic acids partitioned as well as an organic layer
that extracted interfering compounds.
Following digestion and LC–MS/MS
analysis of an extract from ~500 cells,
nearly a dozen RNA modifications were
detected, compared to just two modifications when the same analysis was
conducted with conventional liquid–
liquid extraction (LLE). By integrating
a rotating carousel for sample deposition, the biphasic LMJ technique represents a semi-automated approach to
spatially resolved profiling of modified
RNAs in complex samples.

Profiling RNA
Modifications in Single Cells
The ideal sample preparation method
for the analysis of RNA modifications
provides a platform capable of isolating sufficient RNA material from single
cells that can be digested and injected
into LC–MS/MS instrumentation with
minimal sample loss. One approach
described by Huang and coworkers integrates sample preparation
steps such as cell capture, lysis, RNA
digestion, and nucleosides extraction,
into a single sample tube (26).
The method was successful in detecting m6A and 5-methylcytidine (m5C) in
a single circulating tumor cell, representing an important step toward the
characterization of multiple RNA modifications in small volumes.
Recently, an approach called single-neuron RNA modification analysis
by mass spectrometry (SNRMA–MS)
was developed that simultaneously
detects and quantifies more than a
dozen RNA modifications in individual cells (Figure 2a) (27). The method
involved isolating single cells from
the CNS of Aplysia californica,
which were then subjected to an optimized protocol involving mechanical
cell lysis, RNA denaturation, hydro-
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lysis in an MS-compatible buffer, and
LC–MS/MS. SNRMA–MS facilitated the
multiplexed detection of up to 16 modified nucleosides in a single neuron,
which represented approximately 60%
coverage of the known RNA modification landscape in the A. californica CNS
(28). In contrast, conventional phenolchloroform RNA extraction yielded no
detectable RNA modifications. These
results highlighted the importance of
an optimized approach for analyzing
modified nucleosides in single cells.
The detection of multiple RNA
modifications by SNRMA–MS further
permitted the comparison of RNA
modification profiles and dynamics in
identified cells from the A. californica
CNS. SNRMA–MS revealed unique
modification patterns for neurons
with distinct physiological functions,
whereas homologous cells displayed
similar modifications. These differences were further investigated by
implementing quantitative SNRMA–
MS, which showed that 2’-O-methylation of guanosine (Gm) and cytidine (Cm) are present at significantly
higher concentrations in cholinergic
R2 and LPl1 motoneurons compared
to serotonergic, modulatory metacerebral cells (Figure 2b). In addition to
uncovering unique RNA modification
profiles in single cells, SNRMA–MS
has generated new questions about
the functional significance of heterogeneous distribution of RNA modifications across individual cells.

Conclusions
Given the recent surge in studies
correlating RNA modification dynamics in multiple tissues to biological function, it is critical to identify
the appropriate sample preparation
conditions that increase reliability, coverage, and detection limits
for analyzing RNA modifications.
Moreover, because it is increasingly
evident that tissues are comprised
of heterogeneous cells with unique
chemical profiles, the analytical
strategies used for characterization
of modified RNAs must be suffi-

ciently sensitive to detect modified
nucleosides in small-volume samples.
The approaches described herein are
expected to advance the field of RNA
modifications by contributing new
knowledge of cell-specific post-transcriptional regulation. Methods capable of mapping RNA modifications to
their native sequence while retaining
single-cell resolution are anticipated
to provide unprecedented information about the function of modified
RNAs. Improvements to the efficiency
and selectivity of RNA isolation from
single cells via new materials for
RNA separations, small-volume liquid handling approaches, and microfluidic devices will undoubtedly
support these efforts and help to
unravel the functional consequences of
RNA modification.
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Mentorship in the Time of Covid-19:
Finding the Silver Lining
Emanuela Gionfriddo

n undeniable effect of the Covid-19
pandemic is that we have learned
how to adapt (quickly) to sudden changes.
The educational services sector, in particular, had to develop new learning strategies that could replace in-person learning.
Instructors also faced the challenge of having to suddenly teach and assess students’
learning in ways that were not the norm.
Mentorship has also drastically changed.
Because of social distancing, the in-person mentoring experience was abruptly
interrupted, and many mentees suddenly
had to adapt to interacting with mentors through a screen and a microphone.
The informal drop-in time and occasional
chats in the laboratory have also been sorely
missed by both mentors and students, and
often online meetings bring a detrimental
sense of formality to the mentoring relationships because all meetings need to be on
a “schedule.” Even when in-person meetings are possible, mask wearing has made
it much harder to read people’s emotions
and to anticipate if there is stress, anxiety,
nervousness, confusion, frustration, and so
on, or later assess the level of each mentee’s
enthusiasm and motivation.
However, learning how to communicate
through online meetings has also allowed
us to explore new mentorship opportunities we hadn’t thought of before, and it has
made networking with people in different
places and across time zones even easier.
One example is ACS Project SEED (1).
This fantastic program provides mentorship for economically disadvantaged
high-school students by enhancing their
research experience and facilitating their
entry to higher education in science, technology, engineering, and math (STEM)
fields. Before Covid-19, the program was

exclusively in-person. Now, virtual projects
are also available for students that are not
situated in proximity to a Project SEED site!
In addition, other existing programs
that enabled remote learning and support
for an enhanced mentorship experience
have expanded their reach. This expansion
has allowed so many mentors to engage
their mentees during the difficult times of
remote learning. One such program, at The
University of Toledo (my academic home),
is called “Scientists Changing Our PreCollege Education” (S.C.O.P.E) (2). This program provides high-school teachers with
resources that enhance the quality of the
STEM educational curricula and exposes
students to various scientific methods with
a hands-on approach. The program has
enabled students not only to gain a unique
remote learning experience but also to
gain access to advanced instrumentation
such as scanning electron microscopes,
confocal fluorescent light microscopes, and
gas chromatography–mass spectrometry
instruments. Initially, the program was local,
but it has since expanded to 15 U.S. states.
Best of all, the program is absolutely free to
any high school wishing to participate.
In addition to the educational mentoring
strategies described above, the scientific
community has also found interesting ways
to get together despite conference cancellations. New enthusiastic groups were formed
that have provided online events to mitigate
the feeling of isolation that many inevitably
have had to embrace. For example, Females
in Mass Spectrometry (FeMS) has done a
spectacular job in forming a community
that brings scientists together with engaging online events and mentorship programs.
FeMS has really made a difference for so
many scientists not all around the world.

Furthermore, our ACS Analytical Subdivision for Chromatography and Separation
Chemistry (ACS SCSC) is developing other
opportunities for junior chromatographers
and separation chemists, including:
• Career transition talks, where separation
chemistry students can have an opportunity to get noticed by potential employers in industry and academia.
• Virtual poster presentations by students..
• Virtual discussions with journal editors for tips on successful manuscript
submissions.
• Virtual discussions on the role of
separations chemists in industry and
engagement with industrial leaders to explore job opportunities for
separation chemists.
More information about these events
will be announced on the ACS SCSC
website, our LinkedIn page and on
Twitter (@AcsScsc).
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Separation of Mirtazapine on CHIRALPAK® IK-3
Weston J. Umstead,Daicel Chiral Technologies

Mirtazapine is an approved antidepressant, with other
studies exploring its use to treat sleep apnea, substance
abuse withdrawal symptoms, and as an antihistamine.
The (S) enantiomer, esmirtazapine, was under investigation as
a treatment for insomnia and vasomotor symptoms associated
with menopause. For these reasons, it would be helpful to
establish an effective chiral analysis allowing for rapid and
accurate quantification.
Although there are already several methods published
in the literature for the separation of mirtazapine, they all
present some less-than-ideal characteristics, whether it
be a large particle size, unnecessarily long analysis time,
or poor resolution.
Daicel’s newest immobilized chiral stationary phase
(CSP), CHIRALPAK IK-3, has been found to provide a better
alternative to these published methods. CHIRALPAK IK-3 is
an immobilized cellulose-based CSP functionalized with tris
(3-chloro-5-methylphenyl) carbamate selectors, and offers
unique separations characteristics not available in any other
commercially available chiral phase. The added robustness
coming from the immobilization process increases its utility as
a result of expanded solvent compatibility.

Experimental
Table I: Chromatographic Conditions for the Separation of
Mirtazapine
Column
Mobile
Phase

CHIRALPAK IK-3 (150 mm × 4.6 mm i.d.) Part #: 91524
Hex-IPA-DEA =
90-10-0.1 (v/v/v)

Hex-EtOH-DEA =
90-10-0.1 (v/v/v)

Flow Rate

1.0 mL/min

Detection

UV 230 nm ref. 450 nm

Temperature

25 °C

Sample

2.0 mg/mL in EtOH

Injection
Volume

2 µl

Mirtazapine and diethylamine (DEA) were purchased from
Sigma Aldrich, and used as is. The solvents used were all
purchased from Pharmco, were HPLC-grade or higher,
and were used as is. Specifically, the hexanes (Hex) contained
95% n-hexane. The ethanol (EtOH) was reagent alcohol, which
contains 90% ethanol, 5% methanol, and 5% isopropanol
(v/v/v). Initial screening and optimization were performed on
an Agilent 1200 equipped with a quaternary mixing pump and
utilized a DAD.

Discussion

N

H

N
N

Figure 1: mirtazapine
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Mirtazapine was prepared as a 2.0 mg/mL solution in ethanol,
and screened on Daicel’s library of 3 µm immobilized CSPs
with Hex-EtOH-DEA = 80-20-0.1 (v/v/v) and Hex-IPA-DEA
= 70-30-0.1 (v/v/v). This produced several partial or nearbaseline separations. Of those separations, CHIRALPAK IK-3
exhibited more favorable characteristics of a chiral separation,
that being good peak shape and selectivity with a reasonable
retention time. Other columns showed longer retention
and/or a greater degree of tailing. The separations on IK-3
were optimized by increasing the retention by decreasing
the percentage of alcohol. For Hex-IPA, it was found that
10% isopropyl alcohol yielded a baseline separation of the
enantiomers, with an analysis time of less than 6 min.
For Hex-EtOH, 10% alcohol also produced a baseline
separation in under 4.5 min, with good peak shape and
selectivity. Typically, a smaller percentage of ethanol is
THE APPLICATION NOTEBOOK – JUNE 2022
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Figure 2: Separation of mirtazapine on CHIRALPAK IK-3 with Hex-IPA
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Figure 3: Separation of mirtazapine on CHIRALPAK IK-3 with Hex-EtOH

required to produce a similar separation to IPA, as it is a
stronger eluting solvent. However, in this case, ethanol helps
improve the peak shape (less tailing), and thus 10% can be
used to further reduce the analysis time.

With mobile phase combinations well established, the greatest
potential for finding new separations is with the release of new
chiral selectors.

Conclusions
The unique separation characteristics of CHIRALPAK
IK-3 yielded new baseline separations for mirtazapine not
previously reported in the literature. These should serve
as important methods for the analysis of mirtazapine and
esmirtazapine going forward. It also shows that continued
development of new chiral stationary phases is important.
The best way to affect selectivity and separation performance
is by changing the phase system (solvents or CSP).
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Extraction of Pesticides from Cucumber,
Tomato, and Green Pepper
Maria Swasy, Candice Cashman, and Alicia Stell, C
 EM Corporation

Pesticide testing is crucial to assessing the safety of fruits
and vegetables for consumption. The traditional extraction
method for pesticides from produce is the QuEChERS method.
This method is tedious, manual, time consuming, and wasteful.
Thus, there is a need for improved methods of extraction. In this
application note, the EDGE®, in combination with Q-Matrix™
Hydra, a water-removing sorbent, was used to extract a panel
of pesticides from 10 g of homogenized cucumber, tomato, and
green pepper in less than 9 min. The recoveries of the pesticide
panel were greater than 70% for each matrix tested, and these
results were highly reproducible. The EDGE provides a fully
automated extraction that combines both the sample and
sorbent into one sample vessel, alleviating the human burden
of extraction and the need for multiple sample transfers.

Introduction
When shopping for produce, consumers want to know that their
vegetables and fruits are free of toxic levels of harmful compounds,
such as pesticides. Pesticide testing is important because they are
known to be harmful to humans and wildlife at certain concentrations.
Currently, the industry standard method used to extract the pesticides
from fruits and vegetables is the QuEChERS method. This method of
extraction requires the tedious weighing of salts, imprecise manual
shaking, and multiple sample transfers, which are all time consuming.
Ultimately, one extraction takes between 20 and 60 min to complete.
Also, the multi-step transfers generate substantial waste. Because of these
pain points, food manufacturers have desired an improved method that
is faster and automated with the same high recoveries and reproducibility.
In this application note, the EDGE extracted a panel of pesticides
from 10 g of homogenized cucumber, tomato, and green pepper using
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a new bubbling feature and Q-Matrix Hydra, a water-removing sorbent,
in less than 9 min. The EDGE simplifies the extraction process by using
Q-Cup® technology, which contains both the sample and Q-Matrix
Hydra in one sample cell, thus alleviating the need for multiple transfers
and the generation of waste. Also, the EDGE utilizes its automated
bubbling feature to obtain thorough sample mixing, while relieving the
human burden of manual shaking. The recoveries of each pesticide
were greater than 70% with RSD values less than 15%, indicating a
thorough extraction with great reproducibility.

Materials and Methods
Reagents
Cucumbers, tomatoes, and green peppers were purchased from a
local grocery store. Q-Matrix Hydra is a product of CEM Corporation.
ACS Grade acetonitrile and acetic acid were purchased from SigmaAldrich. A custom mix containing 1000 µg/ ml of methomyl, aldicarb
sulfoxide, monocrotophos, dimethoate, pirimicarb, paclobutrazol,
triticonazole, etoxazole, prochloraz, and spirodiclofen in acetonitrile was
purchased from SPEX CertiPrep.
Sample Preparation
The fruits and vegetables were homogenized using a Magic Bullet
blender. A Q-Cup was assembled to contain the S1 Q-Disc® stack
(C9 + G1+ C9 sandwich). A portion of 2.5 g of Q-Matrix Hydra was
weighed in a Q-Cup, and 10 g of homogenized fruit/vegetable was
layered on top of the sorbent. The sample was spiked with 500 ng
of the custom pesticide mix. The Q-Cups were placed in a rack,
along with 50 mL polypropylene conical tubes, and extracted on the
EDGE using acetonitrile w/ 1.0% acetic acid (v/v). Each vegetable
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Table I: Recovery Data from 10 g of Homogenized Cucumber, Tomato, and Green Pepper (extracted via the EDGE)
Pesticide

Cucumber

RSD

Tomato

RSD

Green Pepper

RSD

Methomyl

80.64%

10.52%

86.79%

5.34%

84.56%

1.83%

Aldicarb Sulfoxide

88.41%

9.11%

92.89%

4.05%

87.50%

9.16%

Monocrotophos

94.65%

13.17%

91.89%

3.61%

93.92%

13.88%

Dimethoate

80.31%

3.80%

89.54%

3.54%

92.60%

10.26%

Pirimicarb

74.80%

11.75%

87.87%

6.82%

76.23%

9.61%

Paclobutrazol

84.34%

4.20%

83.51%

6.81%

72.90%

5.08%

Triticonazole

83.23%

5.56%

84.68%

5.43%

78.45%

5.79%

Etoxazole

81.53%

7.14%

83.23%

3.66%

73.30%

11.86%

Prochloraz

89.44%

6.10%

92.95%

4.65%

77.57%

8.82%

Spirodiclofen

87.52%

4.87%

89.65%

9.31%

77.74%

7.74%

and fruit homogenate was extracted in triplicate. Each extract was
evaporated down to 5 mL.

EDGE Method for Pesticides in Wet Foods
Q-Disc: S1 Q-Disc stack (C9 + G1+ C9 sandwich)
Cycle 1
Extraction Solvent: acetonitrile w/ 1.0% acetic acid (v/v)
Agitation: 02:00 (mm:ss)
Top Add: 15 mL
Bottom Add: 10 mL
Rinse: 5 mL
Temperature: 40 °C
Hold Time: 01:00 (mm:ss)
Cycle 2 (Rinse Only)
Extraction Solvent: acetonitrile w/ 1.0% acetic acid (v/v)
Top Add: 0 mL
Bottom Add: 0 mL
Rinse: 10 mL
Temperature: - - Hold Time: - -:- Wash 1
Wash Solvent: acetonitrile w/ 1.0% acetic acid (v/v)
Wash Volume: 15 mL
Temperature: 40 °C
Hold: 0:15 (mm:ss)

Analysis
A volume of 2 µL of each evaporated extract was injected onto a
Restek ARC-18 column (2.7 μm, 100 x 2.1 mm) and separated using
a Waters Acquity UPLC. The UPLC program utilized a gradient of A:
water containing 10 mM ammonium acetate with 0.2% formic acid
and B: methanol containing 10 mM ammonium acetate with 0.2%
formic acid. The gradient was over 7 min and started at 95% A and
THE APPLICATION NOTEBOOK – JUNE 2022

ended at 100% B. The MRM transitions for each pesticide were
monitored using an attached Xevo TQD mass spectrometer.

Results
Table I shows the recoveries for the pesticide mix from cucumber,
tomato, and green pepper. The EDGE efficiently extracted the
pesticides in less than 9 min, including cooling, filtering, and system
washing. The pesticide recoveries obtained were greater than 70%
for all matrices, and the relative standard deviations were below 15%,
indicating excellent recoveries and reproducibility, in only one simple
step. Thus, the EDGE is an efficient, rapid, and automated alternative to
the QuEChERS method.

Conclusion
The EDGE rapidly extracted the pesticides from 10 g samples of
homogenized cucumber, tomato, and green pepper using a new
bubbling feature and Q-Matrix Hydra. Recoveries greater than 70%
with excellent reproducibility (RSDs less than 15%) were achieved.
The EDGE improves upon several pitfalls of the QuEChERS method,
such as waste generation and multiple sample transfers, by utilizing
Q-Cup Technology and automation. Based on the variety of matrices
tested here, the method described here is likely applicable to other
fruits and vegetables. The EDGE is the ideal choice for food testing
laboratories that want to automate their pesticide extraction method.

CEM Corporation
3100 Smith Farm Road, Matthews, NC 28104
Tel. (800) 726-3331
Website: www.cem.com
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LPGC–MS Speeds Up Analyses Using the MS Vacuum
Jaap de Zeeuw and Jana Hepner, Restek Corporation

This format generates about 120,000 theoretical plates, has optimum
carrier gas flow rates within the MS vacuum pump capabilities, and can
maintain positive inlet pressure, despite the vacuum at the end of the
column. Here is a comparison of several common fast GC strategies to the
LPGC–MS approach used in Figure 1:
1. A Shorter, Narrower Column
A 10 m × 0.10 mm column has similar efficiency (plate number)
and resolving power to a 30 m × 0.25 mm column. But this format has
very low column capacity, so low concentrations or injection volumes must
be used to avoid peak distortion.
2. A 30 m × 0.25 mm Column Run at a Higher Flow
Increasing the flow rate is the easiest way to reduce analysis time.
But, to get the 3× faster analysis shown in Figure 1, a flow of approximately
12 mL/min is needed. This requires an inlet pressure of approximately
63 psi, which is problematic for injection, MS data acquisition rate, and
MS pump capacity.
3. A 10 m × 0.25 mm Column Run at Optimal Carrier Gas Flow Rate
A 3× shorter column has about 40,000 theoretical plates and should
speed up analysis by 3–4×, but the inlet pressure required for this
scenario is about 0.35 psi, which is very difficult to control. At such

• Three times faster analysis of multiresidue pesticides in foods.
• Simple setup using a factory-coupled, leak-free kit.
• Ideal for fast GC–MS and GC–MS/MS methods.
Using a mass spectrometer as a gas chromatography (GC) detector
has many advantages for compound identification and quantification,
but there is another less-known benefit: speeding up analyses by
using the mass spectrometry (MS) vacuum to lower pressure within
the column. This technique, also known as “vacuum‑outlet GC” or
“low-pressure GC–MS” (LPGC–MS), can provide significant gains for
fast GC–MS (1). For example, Figure 1 demonstrates that LPGC–MS
using an LPGC column kit is three times faster than a conventional
GC–MS analysis of multiresidue pesticides in food. Historically, the difficulty
of making a manual leak-free connection has been a barrier to LPGC
adoption but using a factory-connected kit makes leak-free installation
simple and allows the speed gains of LPGC to be reliably achieved.

Why Use LPGC–MS for Fast GC–MS?
There are several options for fast GC–MS, so what makes LPGC–MS
advantageous? For MS work, a 30 m × 0.25 mm column is usually used.

TIC: LPGC Column Kit and Method
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TIC: Conventional GC-MS Column and Method:
(30 m, 0.25 mm ID, 0.25 µm Rxi-5ms)
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Figure 1: Compared to a conventional setup, this LPGC–MS analysis of pesticides in food is 3× faster, even though a lower efficiency column
is used. Sensitivity may be higher because the increased linear velocity creates taller, narrower peaks. Note that even closely eluted peaks can still
usually be resolved by MS.
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Restrictor Column
The 5 m long, 0.18 mm ID deactivated restrictor
column allows head pressure to be maintained
in the GC inlet while pressure in the anayltical
column is reduced by the MS vacuum.

GC
Inlet

Gas Chromatograph (GC) with
Fast Oven Ramping Capability
Pre-Connected, Leak-Free
Column Connector
This insert, zero-dead-volume
connector is installed at Restek using
specialized tools and then tested to
ensure leak-free performance.

Mass Spectrometer
(and its vacuum pumps)

MS Transfer Line

GC Oven

Integrated Transfer Line Column
1 m length of deactivated, uncoated 0.53 mm
ID capillary tubing extending past the 15 m
coated analytical column section. Housed
in the same, unbroken length of tubing,
no connector is needed between the transfer
line and analytical column.

Analytical Column
15 m long, 0.53 mm ID capillary column
coated with 1 µm Rtx-5ms stationary phase.
These specifically chosen column dimensions
allow the MS vacuum to lower the pressure
throughout the entire length of the
analytical column.

Figure 2: How low-pressure GC–MS with an LPGC column kit works.

pressures, split injection is a challenge, column trimming is barely possible
because it affects pressure, and extremely narrow peak widths make MS
data acquisition challenging.
4. An LPGC Column Kit
An LPGC column kit consists of a 15 m × 0.53 mm analytical column that
is factory coupled to a 5 m × 0.18 mm restrictor column. This configuration
produces about 30,000 theoretical plates and can be operated at standard
flow rates of about 2 mL/min. Optimal carrier gas linear velocities are very
high because of the vacuum inside the 0.53 mm i.d. analytical column.
This results in very short analysis times (typically 3× faster compared to
a 30 m × 0.25 mm column). Peak widths are 1.5–2 s, which is broad
enough for MS data acquisition. In addition, the 0.53 mm column has
high capacity due to the 1 µm Rtx-5ms film.

Implementation Considerations
Although the LPGC column kit makes the technique’s physical setup
much simpler and more reliable than manual connections, some method
development time is still required when translating a conventional
method. This includes setting the column dimensions (restrictor column
only) in the GC software and adjusting the oven ramp and flow rate
as necessary. Online method translation calculators should not be
used because they do not allow you to directly calculate new method
conditions for low-pressure GC. Although some method development
work is necessary when implementing LPGC, the significant increase in
sample throughput makes it a worthwhile investment.

Reference
(1)

How It Works
LPGC–MS speeds up analysis by using the MS vacuum, along with a specially designed column setup, to lower pressure inside the entire column.
As Figure 2 illustrates, a 0.53 mm analytical column is inserted directly into
the MS system. A flow restrictor is used on the GC inlet side; this allows
low pressure to be maintained throughout the 0.53 mm analytical column.
The reason an LPGC column kit makes this technique easier is because
it provides a robust, zero-dead-volume, factory coupling of the necessary
restrictor column and the recommended analytical column (which also
includes an integrated transfer line). The LPGC column kit has been specifically designed to install easily, and each one is tested to ensure leak-free
performance, meaning the setup for LPGC–MS is now essentially as easy as
changing a column.
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Restek Corporation
110 Benner Circle, Bellefonte, Pennsylvania 16823, USA
Tel. 1 (814) 353 1300
Website: www.restek.com
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PHARMACEUTICAL/DRUG DISCOVERY

SEC-MALS of Antibody Therapeutics—A Robust
Method for In-Depth Sample Characterization
Tosoh Bioscience

Monoclonal antibodies (mAbs) are effective therapeutics for
cancers, auto-immune diseases, viral infections, and other diseases.
Recent developments in antibody therapeutics aim to add more
specific binding regions (bi- and multi-specificity) to increase their
effectiveness and/or to downsize the molecule to the specific binding
regions (for example, scFv or Fab fragment) to achieve better penetration
of the tissue. As the molecule gets more complex, the possible high
and low molecular weight (H/LMW) impurities become more complex,
too. In order to accurately analyze the various species, more advanced
detection than ultraviolet (UV) is required to characterize a mAb sample.
Multi-angle light scattering (MALS) is suited to determine the
molecular weight of sample components to better understand
molecule aggregation as well as fragmentation. MALS detects the light
a molecule scatters if hit by a laser beam. The intensity of scattered
light depends on its concentration and on its molecular weight. In this
application note, we coupled the TSKgel® UP-SW3000-LS column
and the LenS3® MALS detector for the analysis of a mAb standard.
We demonstrate which data can be derived from adding MALS
detection, how robust the method is, and which equipment is suited to
easily integrate MALS detection into the mAb analysis workflow.

Experimental HPLC Conditions
To demonstrate the benefits of MALS detection combined with
size-exclusion analysis of a monoclonal antibody, we employed

a reference mAb and a universal method for separation as
described below. Adaptations were required to optimize MALS
data quality because light scattering is more sensitive for
particles such as salt crystals, microbes, or column shedding
than UV detection. The mobile phase was filtered twice, and
a light-scattering dedicated UHPLC column (TSKgel UPSW3000-LS) was employed. The TSKgel UP-SW3000-LS
column had previously proven the lowest noise levels in
comparison to two other columns. The LenS3 MALS detector
was selected for its high sensitivity to achieve characterization of
low-abundance impurities.
Column: 		
		
Mobile phase:
		
		
Flow rate: 		
Detection:
		
Injection vol.:
Sample: 		
		
Instrument:

TSKgel UP-SW3000-LS, 2 μm,
4.6 mm ID × 30 cm
100 mmol/L phosphate buffer, pH 6.7,
100 mmol/L, Na2SO4 (filtered twice using a
0.1 μm pore size PES vacuum filter)
0.35 mL/min
UV-absorbance @ 280 nm, multi-angle light
scattering with LenS3 (RALS for MW)
10 μL
SILu™ Lite SigmaMAb (1 mg/mL), IgG1
mAb standard (Sigma #MSQC4)
Thermo Scientific™ Vanquish™ UHPLC

10,000,000

1600
1400

1,000,000
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UV (mV)

100,000

800
10,000
600

Molecular weight (Da)

148.8 kDa
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7
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Figure 1: Molecular weight determination of high- and low-molecular weight impurities of mAbs.
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Table I: Robustness and sensitivity of triplicate mAb MW determinations with SEC–MALS
Total protein concentration (μg/mL)

Protein injected
(ng)

Average MW by
RALS (Da)

Standard deviation
(Da)

% CV

8590

150,360

64

0.04

1718

149,711

39

0.03

344

149,681

280

0.2

69

153,420

1,124

0.7

1.6

14

142,839

4,562

3.2

1000

288

295,265

3,067

1.0

58

302,324

2,399

0.8

40

12

316,672

20,025

6.3

1000

166

47,158

243

0.5

33

48,348

175

4.5

60,079

11,311

18.8

Weight fraction

1000
200
Monomer (149 kDa)

40

85.9%

8

Dimer (298 kDa)

Fragment (48 kDa)

200

200

2.9%

1.7%

40

Results
Molecular Weight Determination of High- and
Low-Molecular Weight Impurities of mAbs
To analyze the molecular weight (MW) profile of the antibody sample,
the system was first calibrated with BSA. A solution of 1 mg/mL was
analyzed according to the method described above and the monomer
peak was selected to calibrate the system. Calibration corrects for signal
offset and band broadening due to dead volume between the detectors,
and it determines the UV and MALS response factors, as well as the
normalization factors of the MALS detector.
The mAb sample was analyzed with UV absorbance at 280 nm and
MALS. The UV trace (Figure 1, yellow) shows a monomer peak eluted
at 7.6 min, high MW impurities eluted around 6.6 min, and two low MW
impurities, one eluted at 7.9 min, another at 9.2 min.
Employing the concentration calculated from the UV signal (extinction
coefficient = 1.5 mL/mg) and the right angle light scattering signal (RALS),
the MW (green) for the identified species was calculated in the SECview®
software. The MW of the monomer was determined to be 148.8 kDa,
which is in line with the weight of the antibody without modifications
(146 kDa) plus glycosylation modifications. The HMW species eluted at
6.6 min was calculated to have 290.3 kDa, indicative of a mAb dimer.
One of the LMW impurities was 122.4 kDa which may be assigned to a
mAb missing a light chain, and the smallest peak is 48.7 kDa, the weight
of the Fab fragment or two aggregated light chains.

amounts of the analyte. A similar trend is seen for the MW determination of
the dimer. The lowest amount injected was 12 ng which led to a calculated
MW of 317 kDa (+6 %) and a high variation of 6.3%. In contrast, at
higher concentrations, the determination for the dimer MW was accurate
(< 2% deviation from expected value) with a low coefficient of variation
(% CV < 1.1 %). Similarly, the small Fab fragment (48 kDa) shows reliable
MW determination down to 33 ng, whereas the lowest injected amount
of 7 ng results in poor MW determination and high variations in triplicate
measurements. This is explained not only by the low analyte amount but
also by the lower amount of scattered light of smaller molecules.

Conclusion
Analyzing monoclonal antibody samples with SEC-MALS directly
determines the MW of sample components. This facilitates the
assignment of peaks to the structures of impurities. Employing the
sensitive LenS3 MALS detector, the method is sensitive down to less
than 50 ng of dimerized antibody. MW determination of monomer and
impurities are possible at concentrations down to 15 ng but with less
accuracy and higher variation.
TSKgel and Tosoh Bioscience are registered trademarks of Tosoh Corporation.
LenS is a registered trademark of Tosoh Bioscience LLC in the USA, India, and Japan.
SECview is a registered trademark of Tosoh Bioscience LLC in the USA, EU, and India; and
of Tosoh Corporation in Japan.
SILu is a trademark of Sigma-Aldrich.

Sensitivity and Robustness of SEC-MALS Analysis of mAbs
Next, the stability and sensitivity of SEC–MALS analysis of mAbs were
determined by injecting triplicates of a 1:5 serial dilution of the mAb
sample. Table I shows the MW determination of monomer, dimer, and
fragment at the different concentrations that were injected. As these
molecules are present in the sample at different weight ratios, the
injected amounts of each of them at the given total protein concentration
were calculated and are outlined as well.
For the monomer, we find a MW determination within +/-5% of the
expected MW (149 kDa) for a sample as small as 14 ng. However, the
accuracy decreases, and the standard deviation increases with decreasing
THE APPLICATION NOTEBOOK – JUNE 2022

Thermo Fisher and Vanquish are trademarks of Thermo Fisher Scientific.

Tosoh Bioscience LLC
3604 Horizon Drive, Suite 100, King of Prussia, PA 19406
Tel. (484) 805-1219, fax (484) 805-1277
Website: www.tosohbioscience.com
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