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Note from the CEO
Mike Hennessy, Jr.  
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Polychlorinated biphenyls (PCBs) have been widely used 
in commercial applications, but given their toxicity, 

and their widespread presence in the environment—as a 
result of direct discharge of industrial waste and chemical 
accidents—we need effective methods for their analysis. 
Because of their presence at trace levels, and the complex-
ity of the matrices where they are found, effective sample 
pretreatment techniques are needed. Our October cover 
story presents a method that uses a novel needle trap 
device (NTD) with sol-gel PEG-coated fibers in conjunction 
with gas chromatography (GC) as a simple, inexpensive, 
and accurate tool for the analysis of trace levels of PCBs in 
water samples.

Our latest look at the next generation of analytical scien-
tists offers a forum to Sarah E. Prebihalo of the U.S. Food 
and Drug Administration, who weighs in on the chromato-
graphic questions and considerations that need to be made 
regarding whether to perform one- or two-dimensional GC. 
Although Prebihalo acknowledges that multidimensional 
GC can be daunting, there are instances where it is the logi-
cal technique to answer a particular scientific question. Her 
insights should assist other analysts in choosing the correct 
GC technique in their experiments.

In “LC Troubleshooting,” Dwight Stoll continues his 
ongoing series on troubleshooting essentials—because 
some topics retain their relevancy despite the number of 
times they are discussed. Such is the subject of October’s 
column: reduced detection sensitivity. Stoll addresses the 
various potential physical and chemical causes of this chal-
lenge—from column changes to adduct formation when 
using MS.

This month’s “Column Watch” examines the use of 
porous layer open tubular (PLOT) columns in analyses that 
go beyond light compounds, looking at separations of ana-
lytes with heavier boiling points. “Perspectives in Modern 
HPLC,” in turn, presents an overview of the drug develop-
ment process of small-molecule drugs, highlighting the role 
of the analytical chemist in that process. “Focus on Biophar-
maceutical Analysis” looks at the increasing use of liquid 
chromatography–tandem mass spectrometry (LC–MS/MS) 
in the analysis of host cell proteins (HCPs)—in response to 
regulatory demands for better HCP characterization—and 
considers the future developments that may result. Finally, 

“Viewpoints” offers a perspective on what it was like to be 
back to the in-person HPLC conference.

We hope you enjoy this issue. Happy reading!

http://www.chromatographyonline.com
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Essentials of LC Troubleshooting,  
Part V: What Happened to My Sensitivity?
Some liquid chromatography (LC) troubleshooting topics never get old because there are some problems 
that persist in the practice of LC, even as instrument technology improves over time. There are many ways 
for things to go wrong in an LC system that ultimately manifests as detection sensitivity that is lower than 
expected. Developing a short list of the likely causes of these results can help streamline our troubleshooting 
experience when sensitivity-related problems occur.

Dwight R. Stoll

Writing this “LC Troubleshoot-
ing” column and thinking 

about topics each month is inter-
esting in the sense that there are 
some topics that just never get 
old. Whereas in the chromatogra-
phy research world certain topics 
or ideas become obsolete as they 
are displaced by newer and better 
ideas, in the troubleshooting world 
there are certain topics that have 
remained relevant since the very first 
troubleshooting article appeared 
in this magazine (LC Magazine 
at that time) in 1983 (1). Over the 
last few years, I’ve focused several  

“LC Troubleshooting” installments on 
contemporary trends (for example, 
the relatively recent advances in our 
understanding of the effects of pres-
sure on retention [2]) in liquid chro-
matography (LC) that are affecting 
the way we approach our interpreta-
tion of LC results, and approach trou-
bleshooting with modern LC instru-
ments. With this month’s installment, 
I am continuing a series I started in 
December of 2021 (3) that is focused 
on some of the “bread and but-
ter” topics of LC troubleshooting— 
those elements that are essential for 
any troubleshooter, no matter the 

vintage of the system we are working 
with. The topics at the heart of this 
series are highly related to LCGC’s 
well-known LC Troubleshooting wall 
chart (4) that hangs in many labo-
ratories. For the fifth installment in 
this series, I have chosen to focus 
on problems related to detection 
sensitivity in LC separations. As with 
all of the “essential” troubleshoot-
ing topics, problems with sensitivity 
have been discussed in “LC Trouble-
shooting” articles in the past (5);  
however, both the causes of and solu-
tions to these problems have evolved 
over time. The causes of low sensitiv-
ity can have many origins, some of 
which depend on the type of detec-
tor being used. Discussing some of 
the most commonly observed causes 
will empower users to spot these 
problems when they occur and get a 
start on the troubleshooting effort by 
narrowing the possibilities to investi-
gate and the range of possible solu-
tions. I hope LC users young and old 
find some useful tips and reminders 
related to this important topic.

Everything is Possible
More often than ever, I find myself 
responding to troubleshooting ques-

tions with “everything is possible,” 
which might seem like an easy out 
when considering observations that 
are hard to explain, but I find that 
this response is appropriate more 
often than not. With so many pos-
sible causes of poor detection sen-
sitivity, it is important to keep an 
open mind when considering what 
might be the problem. Even aspects 
of LC systems and methods that are 
normally well controlled (for exam-
ple, surfaces exposed to the mobile 
phase) can change; therefore, it is 
important to consider a wide range 
of potential causes of low or different 
sensitivity, even if most of them are 
normally not a concern.

What Is to Be Expected?
A critical step in any troubleshooting 
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 
what is expected to happen, and our 
expectations are formed from theories, 
empirical knowledge, and experience (6).  
What constitutes “normal” sensitivity 
depends strongly on the type of detec-

http://www.chromatographyonline.com
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tor in use, the molecules we are trying 
to detect, and the conditions of the 
experiment. However, there are some 
trends that we can expect, even if real 
experiments don’t perfectly align with 
these ideals.

First, though, a few words about the 
definition of sensitivity are in order. 
In the context of chromatography, 
the International Union of Pure and 
Applied Chemistry (IUPAC) defines 
detector sensitivity as “the signal 
output per unit concentration or unit 
mass of a substance in the mobile 
phase entering the detector” (7).  
In other words, it is the slope of a plot 
of detector signal as a function of the 
concentration of the injected analyte 
(or mass). In practice, most people talk 
about the signal part without speak-
ing explicitly about the concentration 
part. In the rest of this column, I use 
the term sensitivity in this way, which is 
focused on the detector signal.

 Now, back to our expectations.  
In the best-case scenario, we can expect:
• that the signal observed for a 

particular analyte on a particu-
lar instrument should be consis-
tent from one sample to the next,  
and across days of operation, and

• that the signal observed for a par-
ticular analyte should be similar on 
different instruments, in different 
laboratories, provided the specifi-
cations of the different instruments 
are similar.

Of course, there are many possible 
reasons why these expectations may 
not be met. The following discussion 
is focused on some common reasons, 
most of which are also highlighted 
on the LCGC wall chart.

Physical Effects on Sensitivity
Changes in Column Efficiency
The chromatographic efficiency, or 
plate number (N), of the column 
in use affects detection sensitivity. 
Equation 1 shows the relationship 
between the analyte concentration 
at the detector (Cdet) and the peak 
width as measured by the peak stan-
dard deviation in volume units (σv),  
in the case of a Gaussian peak. Here, 
m is the mass of analyte injected;  
t is the time at any point in the chro-
matogram; tr is the retention time 
of the peak, and σt is the standard 
deviation of the peak in time units.

Cdet =             • exp [            ](t–tr)
2

2σ2
t

–m
2� • σv

[1]

N = (      )tr

σt

2
[2]

Cdet ∞   N [3]

Because the plate number and 
peak width are inversely related,  
as shown in equation 2, analyte con-
centration at the detector is propor-
tional to the square root of the plate 

number (equation 3). Figure 1 shows 
a series of hypothetical chromato-
grams where only the plate number 
is varied; all other major variables, 
including retention time, flow rate, 
injection volume, and column dimen-
sions, are held constant, which is 
relevant to a situation where the 
plate number for a brand-new col-
umn is 10,000, but slowly decreases 
over time because of column aging. 
At the point where the plate num-
ber has decreased by a factor of 
four, the peak height has decreased 
by a factor of two. This effect is rel-
evant for both isocratic and gradi-
ent elution separations. In this case, 
the apparent decrease in sensitivity 
has nothing to do with the detector. 
Rather, it is because of a decrease in  
column performance.

Changes in Column Diameter
Column diameter can also affect 
the observed detection sensitivity 
because—when all other variables 
are held constant—the volume of 
mobile phase that the analyte is 
eluted in increases as the column 
diameter is  increased. This vol-
ume, which is proportional to σv,  
is inversely related to the detected 
analyte concentration, as shown in 
equation 1. A decrease in detection 
sensitivity as a result of an increase 
in column diameter could appear 
as an unintended consequence of 
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FIGURE 1: Illustration of the effect of decreasing column efficiency on apparent sensitivity.
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making a change in the column 
used for other reasons. For example, 
increasing the column diameter from  
2.1 mm to 4.6 mm generally makes 
the method less susceptible to peaks 
broadening because of extracolumn 
effects (8), which is a good example 
of why we need to consider methods 
holistically when making changes: 
Many variables in the chromato-
graphic process are interconnected.

Chemical Causes of 
Decreased Sensitivity
Unfortunately, some analytes adsorb 
strongly (that is, they stick) to materi-
als and surfaces used in LC systems. 
The mechanisms behind this sticki-
ness are analyte dependent and too 
complex to discuss in detail here. 
However, this issue has gained signif-
icant attention in the research com-
munity and from instrument manu-
facturers in recent years because of 

increasing interest in the analysis of 
biomolecules including nucleotides 
and proteins, and we (9–11) and 
others (12) have written about it in  
some detail.

The way I talk about this issue with 
my students is to say that the instru-
ment likes to “eat” certain types of 
molecules under certain conditions, 
which is particularly problematic 
whenever a new instrument compo-
nent is used in the flow path between 
the injector and detector. This is true 
for connecting capillaries, filters, col-
umns, and even detector flow cells.  
A more technical description is that 
the first molecules injected into the 
system after installing a new com-
ponent (or even used components 
that have not seen a particular mol-
ecule type for a while—for example,  
a column that has been used for protein 
separations is suddenly repurposed 
for oligonucleotide separations— 

adsorb to the material and then 
desorb very slowly (over minutes 
or hours), such that they are not 
observed at the detector as an 
eluted peak. Eventually, if enough 
of the sticky analyte is injected, all 
of the available adsorption sites in 
the flow path will be saturated with 
the bound analyte, and subsequent 
injections of the analyte will actually 
make it all of the way to the detec-
tor and be observed as an eluted 
peak. This process of saturating the 
adsorption sites with the analyte by 
sacrificing some initial sample injec-
tions before doing any separations 
that are important is sometimes 
referred to as “priming” the system 
(13). For example, in the protein 
and peptide separation area, it is 
common to prime a new column by 
repeatedly injecting a low-cost pro-
tein sample (such as bovine serum 
albumin [BSA]) until the peak area 
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stabilizes, which is an indicator that 
adsorption sites have been saturated, 
and the fraction of the analyte that 
makes it through the system to the 
detector becomes more consistent. 
Clearly, one of the biggest mistakes 
the analyst could make here would 
be to use data from the first injec-
t ions for quantitat ive purposes. 
Doing so would result in an underes-
timation of the quantity of the ana-
lyte in the sample because some of 
the analyte would have been stuck 
in the system and not accounted 
for at  the detector—sometimes  
seriously so.

As discussed above, the growing 
importance of biomolecule analy-
sis in recent years (that is, peptides, 
proteins, and nucleotides) has led 
to more detailed studies of the 
adsorption issue, and some instru-
ment manufacturers have introduced 
new columns and instrumentation 
with surfaces that are intended 
to mit igate s t rong adsorpt ion 
effects under chromatographically  
relevant conditions.

Low Sensitivity When Using  
Spectroscopic (UV Absorbance  
and Fluorescence) Detectors
No Chromophore
Although ultraviolet–visible (UV-vis) 
absorbance detectors are the most 
commonly used type of detector 
for LC, they do not provide enough 
detection sensitivity to be univer-
sally useful for all types of analytes. 
An analyst who has successfully used 
UV-vis detection for many applica-
t ions involving analytes contain-
ing aromatic functional groups may 
be surprised at the apparent loss 
of sensitivity of the system when 
switching to develop a method 
for a different type of molecule.  
However, if the new group of mol-
ecules does not have a chromophore 
(that is, part of a molecule that 
absorbs light; in the case of UV detec-
tion, these are usually functional 
groups that contain pi electrons) that 
absorbs strongly, then very little UV 

absorption signal will be observed, 
even at high analyte concentrations.  
A classic example of this process is 
the analysis of sugars. Simple sugars 
do not have any pi electrons and are 
weak absorbers of UV light above 
200 nm where most LC work is done. 
The sensitivity is so poor that other 
detector types are almost always 
used for sugar analysis.

Data Acquisition Rate Too Low
Occasionally, an apparent loss of sen-
sitivity is because of the inadvertent 
use of a data acquisition rate that is 
too low and causes severe broaden-
ing (and thus also a severe decrease 
in apparent peak height) of peaks.  
If the spacing between data points 
registered by the data system is on the 
order of the peak width, it is possible 
to nearly entirely miss the peak apex.  
Default methods supplied by instru-
ment  manufacturers  somet imes 
specify a data acquisition rate that 
is rather low by default. Users devel-
oping very fast separations with 
peak widths less than 1 s should be 
especially careful when choosing an 
appropriate data acquisition rate.

Loss of Sensitivity When Using 
Mass Spectrometric Detectors
Suppression of Ionization
Mass spectrometers are powerful, 
yet complex instruments, and there 
are many ways for things to go wrong 
that ultimately manifest as a loss 
of signal relative to expectations.  
Two common problems that actually 
have nothing to do with the inner 
workings of the instrument are ion-
ization suppression and adduct for-
mation. In the case of electrospray 
ionization (ESI), which is the most 
commonly used ionization method 
when coupling LC and mass spec-
trometry (MS), analytes and other 
molecules present in the shrinking 
droplets produced by the ionization 
source compete for a fixed amount 
of available charge in the droplet. 
Molecules with higher affinities for 
cations (for example, amines read-

ily associate with protons; esters and 
similar functional groups can asso-
ciate strongly with ammonium ions) 
present in the droplets will associ-
ate with the cations more readily 
than molecules with lower affinities  
( l ike hydrocarbons), thus produc-
ing the ions that are eventually 
separated by the mass analyzer and 
detected to produce the observed 
signal. If two samples that contain 
identical concentrations of a target 
analyte contain different concentra-
tions of other molecules (that is, the 
sample matrix), very different signals 
may be observed for the target ana-
lyte if some of the matrix molecules 
compete with the analyte for avail-
able charge, and thus “suppress”  
the ionization of the target analyte. 
This ionization suppression is most 
often because of sample matrix 
components. However, in my labora-
tory, we have also observed several 
instances where mobile-phase impu-
rities have caused significant ioniza-
tion suppression and loss of MS sig-
nal. When the problem is because of 
sample matrix components, improv-
ing the LC separation can reduce the 
degree of ionization suppression (14).

Adduct Formation
Although it is most common in the 
use of ESI–MS to detect analytes in 
their protonated forms (for example, 
association of a proton with an amine 
or an alcohol to produce a positively 
charged cation), it is also possible, 
and sometimes even advantageous, 
to detect analytes associated with 
other cat ions,  including ammo-
nium, sodium, and potassium ions.  
When carefully controlled, detec-
tion of these adducts can provide 
sensitivity enhancements (15); how-
ever, in many cases, the non-proton 
adducts are viewed as a nuisance; 
in the worst case, they can lead to a 
significant apparent loss of sensitiv-
ity. For example, consider the detec-
tion of the molecule benzophenone 
(C13H10O). The monoisotopic mass 
of the neutral molecule is 182.07 Da. 
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When the molecule associates with 
a proton to produce a +1 ion dur-
ing the electrospray process, the 
monoisotopic mass-to-charge (m/z) 
ratio of the ion is 183.08. However, if 
the same molecule associates with a 
sodium ion to also produce a +1 ion, 
the observed m/z ratio will be 205.06. 
Obviously, if a method is developed 
such that only the signal for the 
183.08 is recorded (for example, an 
extracted ion chromatogram (EIC) 
for the [M + H+] ion) but the target 
analyte enters the MS as the sodi-
ated adduct with an m/z of 205.06, 
it will not be “detected,” and its 
concentration would inaccurately be 
estimated at a value that is too low. 

You might ask, “Where do these 
sodium ions come from to produce 
these adducts given that I don’t have 
sodium ions in my mobile phase?” 
Unfortunately, many reagents con-
tain impurities including sodium, 
potassium, and ammonium salts, 
and glass bottles in common use 
for mobile-phase containers also 
leach these cations slowly over time.  
These effects can be minimized by 
choosing appropriate reagents and 
switching to plastic containers, along 
with using specific mobile-phase 
additives (16), but analysts should at 
least be aware that adduct formation 
like this is a distinct possibility and 
can suddenly and unexpectedly lead 
to apparently low sensitivity.

Summary
In this fifth installment on essential 
topics in LC troubleshooting, I dis-
cussed some potential causes of 
apparent losses in detection sensitiv-
ity. These problems can have physi-
cal origins, chemical origins, or both,  
and they can manifest differently 
depending on the type of detector 
being used. As with other essential 
troubleshooting topics, effectively 
troubleshooting sensitivity problems 
starts with a clear expectation of what 
the typical detector response looks 
like for a given target analyte with a 
given detector, operating under a par-

ticular set of conditions. Understanding 
the details associated with the poten-
tial causes of sensitivity loss discussed 
here provides a good place to start 
troubleshooting, but it does not cap-
ture all possibilities. Readers interested 
in learning about a deeper list of causes 
and solutions for problems related to 
detector baselines are referred to the 
LCGC Troubleshooting Guide wall chart.
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COLUMN 
WATCH

Application of Porous Layer Open Tubular 
Columns: Beyond Permanent Gases
Porous layer open tubular (PLOT) columns are traditionally built with particles that are adhered to the tubing 
walls. These columns have unique selectivity and provide a great alternative when gaseous samples need to 
be separated, but these columns also have been used to separate higher boiling point analytes. There are 
many different commercially available stationary phases of PLOT columns, including alumina-based columns, 
molecular sieves, and porous polymers. Alumina-based columns have an aluminum oxide stationary phase 
that is then deactivated with different salts. These columns have high capacity, superior loading ability,  
and produce symmetrical peaks. Molecular sieve columns are designed specifically for permanent gas separations 
because the columns have high retention. Porous polymer columns are highly hydrophobic, making them more 
applicable to analyzing a wider range of samples. 
Lina Mikaliunaite, David S. Bell, and Robert E. Synovec

T here are a wide variety of com-
mercial ly avai lable stationary 

phases of porous layer open tubular 
(PLOT) columns (Table I), such as alu-
mina, molecular sieve, carbon, silica, 
and a variety of porous polymers.  
In general, PLOT columns are tradi-
tionally built with particles that are 
adhered to the tubing walls. 

Alumina columns have an alumi-
num oxide stationary phase that is 
then deactivated with various salts.  
These columns have high capacity and 
produce symmetrical peaks. Molecu-
lar sieve columns are designed spe-
cifically for permanent gas separa-
tions. Carbon-layer columns provide 
selectivity for inorganic and organic 
gases, like separating carbon mon-
oxide and carbon dioxide. Silica col-
umns are a great alternative to packed 
columns because they are made to 
be selective for C1–C4 compounds.  
Porous polymer columns are hydro-
phobic, which makes them more 
applicable to analyzing a wider 
range of samples. DVB/vinylpyri-
dine polymers are moderately polar 

and DVB/ethylene glycol/dimeth-
acrylate are the most polar polymer 
columns. These commercially avail-
able PLOT columns (Table I) are 
extensively tested to produce supe-
rior separations and are made to not 
shed particles, which was previously 
a concern with PLOT columns (1).  
Although PLOT columns have been 
primarily applied in gas chromatog-
raphy (GC) with the main focus on 
separating low boiling point analytes 
(2,3), there is evidence of PLOT col-
umn use beyond light samples (4–6).  
The versatility of PLOT columns has 
been exploited even further by their 
use in dynamic vapor microextraction 
(DVME) (7–9), and even in liquid chro-
matography (LC) (10–12). Here, we dis-
cuss the application of PLOT columns 
beyond their original primary use for 
permanent gaseous sample separations.

Gas Chromatography
The first laboratory-made PLOT col-
umns were introduced in 1963 (13,14). 
Since that t ime, these columns 
have been mostly used for separat-

ing light mixtures like permanent 
gases (2,15,16) or light hydrocarbons 
(3,17,18). It has been shown that PLOT 
columns are very retentive for light 
compounds. For example, a 10-m 
molecular sieve column has been used 
to separate permanent gases in the 
presence of hydrocarbons and nitriles 
(2). With the exception of helium 
and neon (which were coeluted),  
all the other permanent gases (argon, 
dinitrogen, krypton, xenon), along 
with methane and carbon monoxide, 
were baseline separated (2). Alumina 
columns have been evaluated by Ji 
and others, where they showed that 
these columns are highly retentive for 
C1–C6 compounds (3). The baseline 
separation of methane, ethane, eth-
ylene, propane, and higher carbon 
content compounds was achieved 
using a 30-m alumina column (3).  
Retentiveness of PLOT columns that was 
obtained with light compounds could 
potentially be applied to higher boil-
ing point analytes and there has been 
some work done throughout the years 
to broaden the use of PLOT columns. Ic
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In 1974, fast, high temperature separations were per-
formed using a molecular sieve column by Soulages and 
associates where the paraffin and naphthalene content 
was investigated in saturated hydrocarbon distillates (19). 
Arpino and colleagues in 1977 presented a new PLOT 
column that was made with a graphitized thermal car-
bon-black polar stationary phase that could be used for 
GC and LC (20). This column was used to investigate two 
oxidation reactions, where citral (boiling point: 225 °C)  
was produced from geraniol (boiling point: 230 °C) (20). 
Reaction products were separated, and more than 30 
by-products were identified (20). Another application, 
reported in 1980 by Uden and others, involved separating 
volatile metal chelates and organometallic compounds 
( l ike chromium tri f luoroacetylacetonate, chromium 
hexatluoroacetylacetonate-trifluoroacetylacetonate che-
lates, copper (II) tetradentate p-ketoamine chelates, and 
cyclopentadienylmanganese tricarbonyl compounds) 
using carborane-silicone Dextil PLOT stationary phases 
in a stainless-steel column (21). Following that, in 1983, 
Nijs and associates implemented alumina-coated PLOT 
columns to separate hydrocarbons up to C10 (4). In the 
same study, the authors demonstrated a beautiful sepa-
ration of naphtha, with p-xylene (boiling point: 138 °C) 
being the heaviest compound present (4). Another report, 
where some higher boiling point analytes were separated 
in conjunction with permanent gases, was published by 
Greally and colleagues in 1998 (5). In this study, a novel 
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TABLE I: Commercially available PLOT columns of different stationary phases (porous layers) compared between Restek, Supelco, 
Agilent, and Quadrex. Table remade and updated from Restek’s PLOT family document from 2020.

Porous Layer Restek Supelco Agilent Quadrex

Bonded silica ------ ------ CP Silica PLOT, GS-GasPro ------

Aluminum oxide Alumina BOND/Na2SO4 Alumina-sulfate GS-Alumina, CP-Al2O3/Na2SO4 ------

Aluminum oxide Alumina BOND/KCl Alumina-chloride GS-Alumina KCl, HP PLOT Al2O3, CP-Al2O3/KCl PLT-Al2O3

Aluminum oxide Alumina BOND/CFC ------ ------ ------

Aluminum oxide Alumina BOND/MAPD ------ Select Al2O3 MAPD ------

Molecular sieve 5A Msieve 5A Molsieve 5A HP PLOT Molesieve, CP-Molesieve 5A PLT-5A

Carbon ------
Carboxen-1010 PLOT, 
Carboxen-1006 PLOT

CarboBOND, CarboPLOT P7, GS-CarbonPLOT ------

100% Divinylbenzene Q-BOND Supel-Q-PLOT HP PLOT Q, CP- PoraPLOT Q, CP-PoraBOND Q PLT-Q

Intermediate polarity  
porous polymer

QS-BOND ------ GS-Q ------

DVB vinylpyridine polymer S-BOND ------ CP-PoraPLOT S ------

DVB ethylene glycol-
dimethylacrylate polymer

U-BOND ------ HP PLOT U, CP-PoraPLOT U, CP-PoraBOND U PLT-U
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PLOT column with a hydrophobic 
silica layer coated on a fused-silica 
capillary was used (5). Various halo-
genated hydrocarbons were sepa-
rated in this study; although most 
analytes had a boiling point <0 °C, 
they also separated heavier haloge-
nated hydrocarbons, like chloroform  
(boiling point: 61 °C) (5). 

Another more recent work involv-
ing hydrocarbon mixture separations 
was reported by Wawrzyniak and oth-
ers while evaluating a novel stationary 
phase of 4,4,4-trifluoro-1-phenyl-1,3-ke-
toiminepropyl silane used as a porous 
layer bonded on to 5-μm nucleosil sil-
ica (22). Halogenated hydrocarbons up 
to C6 were analyzed, which facilitated 
the separation of the heaviest com-
pound in this study of 1,2-dichloroben-
zene (BP: 180 °C) (22). Another unique 
application of PLOT columns includes 
isotopic separations where a commer-
cially available porous polymer PLOT 
column has been used to separate 
acetaldehyde and methanol from their 
deuterated isotopologues, performed 
using headspace sampling (6). 

Implementat ion of  PLOT col -
umns has also emerged in the field 
of comprehensive two-dimensional 
gas  chromatography  (GC×GC) , 
where the complementary separa-
tion mechanisms provided by two 
different PLOT columns can be lev-
eraged to produce intriguing 2D 
separations.  Light hydrocarbons 
and some solvents were separated 
using different commercially avail-
able PLOT columns by Patrushev and 
associates in 2018, with the heaviest 
compound separated being methyl-
cyclohexane (boiling point: 101 °C) 
(23). GC×GC has also been shown to 
provide informative 2D separations 
for gasoline, which we described in 
our recent report, where a distinct 
commercially available PLOT col-
umn was applied for each dimension. 
On the first dimension (1D), a silica 
PLOT column was applied, while on 
the second dimension (2D), a porous 
polymer PLOT column was used (24).

PLOT columns have unique selec-
tivity and provide a great alterna-
tive to wall-coated open tubular 

(WCOT) columns or packed columns 
for separations of l ight samples 
(25–27). Environmental Protection 
Agency (EPA) Appendix IX volatiles 
calibration megamix was separated 
by GC using the same temperature 
program and chromatographic con-
ditions on a WCOT column (Rtx-200) 
in Figure 1a, and on a PLOT-Q col-
umn in Figure 1b. Most of the mix 
eluted at the beginning of the chro-
matogram using a WCOT column; 
while using the PLOT-Q column, the 
entire mixture was well retained and 
separated, everything from carbon 
disulfide (boiling point: 46 °C) to 
naphthalene (boiling point: 218 °C). 
In this example, even a very short 
length PLOT column provides unique 
selectivity for low boiling point ana-
lytes relative to the selectivity that 
is provided using a WCOT column.  
A heavier sample of gasoline was 
used to further show the unique 
separation abilities of PLOT columns.  
Gasoline is one of the heaviest 

“common” samples that can be run 
on PLOT columns. Figure 2 presents 
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FIGURE 1: Comparison between the separation of 200-ppm EPA Appendix IX Volatiles Calibration mix (Sigma-Aldrich) on (a) a wall-
coated open tubular column (Rtx-200) and (b) a porous layer open tubular column (PLOT-Q) ran at the same chromatographic con-
ditions, while only changing the column. Here, 2 μL of the sample were injected both times using a 1:25 split, columns were run at  
1.5 mL/min carrier gas and analyzed using a quadruple mass spectrometer. Temperature program was started at 100 °C and ramped 
at 10 °C/min to 250 °C. The lightest compounds in the mix separated using a PLOT-Q column but did not using Rtx-200 column 
were identified in the insert of part (b). The heaviest compounds separated on both columns were identified: o-dichlorobenzene  
(boiling point: 180 °C), m-dichlorobenzene (boiling point: 173 °C), p-dichlorobenzene (boiling point: 174 °C), hexachloroethane  
(boiling point: 187 °C), 3-chloro-1,2-dibromopropane (boiling point: 196 °C), and naphthalene (boiling point: 218 °C).
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optimized gasoline separations on a porous polymer (PLOT-
S) column (Figure 2a) and an alumina oxide (Rt-Alumina  
BOND/MAPD) column (Figure 2b). The heaviest compound 
that elutes from both columns is 1-methyl naphthalene, 
which has a boiling point of 244 °C. Although both columns 
provide intriguing separations of gasoline with relatively 
short run times, Rt-Alumina BOND/MAPD provides a better 
separation of very similar molecules. As shown in Figures 
2c and 2d, neopentane, 1-pentene, isopentane, and pen-
tane are separated into four peaks on Rt-Alumina BOND/
MAPD (Figure 2d), whereas on PLOT-S column (Figure 2c),  
these compounds overlap into two peaks. Rt-Alumina BOND/
MAPD also provides a mix of sharper and broader peaks. 
These separations show the ability to apply PLOT columns for 
samples containing compounds with a wide variety of boil-
ing points—for example, isobutane (boiling point: -11 °C)  
to 1-methyl naphthalene (boiling point: 244 °C). 

Dynamic Vapor Microextraction (Cryoadsorption)
More recently, PLOT columns have also been used for 
cryoadsorption, which was developed at the National 
Institute of Standards and Technology (NIST) in 2009 by 
Bruno and colleagues (7). This technique is also referred 
to as dynamic vapor microextraction (DVME). More spe-
cifically, it is an ultra-sensitive, low volume purge-and-
trap sampling method where vapor-phase analytes are 
concentrated on a section of the PLOT column (9). DVME 
is a dynamic headspace sampling technique that is espe-
cially useful when low volatility compounds are of interest.

A cryoadsorption apparatus for DVME adapted from 
the pioneering report by Bruno and colleagues is shown 
in Figure 3a (7). In this work, the apparatus was equipped 
with a short alumina PLOT column as a purge trap  
(Figure 3b) operating at a low temperature. The appa-
ratus was evaluated using a pure explosive compound 
2,3,4-trinitrotoluene as well as a practical explosive C-4 (7).  
Later, the same group published a broader study using 
alumina-coated PLOT columns for cryoadsorption where 
industrial and military plastic bonded explosives (PBX) 
tagged C-4, Semtex-1A, Semtex-H, detonating cord (det-
cord), and sheet explosive (Detaflex), were investigated 
(28). DVME was adapted later by Nichols and others.  
In this study, short PLOT columns were used in cryoad-
sorption on arson fire debris samples (29). 

Most recently, cryoadsorption was adapted to develop 
a portable vapor sampling device. The first account of 
such work was published in 2016 by Bruno and colleagues, 
where the instrument was laboratory tested using naph-
thalene, kerosene, and other hydrocarbons, producing 
accurate detection and quantitation after a short collec-
tion time of 3 s with a concentration limit of detection 
(LOD) of less than 1 ppm (8,30). Then, this device was 
in-field tested by Harries and associates in 2019 on an 
old U.S. Army communication bunker as a simulated ship-
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FIGURE 3: (a) Schematic of cryoadsorption apparatus, where sample is kept inside the oven and (b) cryoadsorber trap is put inside the 
cryostat, so it can be chilled to the desired temperature. (b) The cryoadsorber trap is made from a PLOT alumina column, and for trace 
headspace analysis of explosives 3 m of PLOT column were used. (a) and (b) Reprinted with permission from T.M. Lovestead, T.J. Bruno, 
Trace headspace sampling for quantitative analysis of explosives with cryoadsorption on short alumina porous layer open tubular 
columns. Anal. Chem. 82(13), 5621–5627 (2010). Copyright 2010 American Chemical Society. (c) shows major components after natural 
gas was collected using multi-PLOT-cryo method, and (d) shows the analysis of the same sample using direct injection using a gastight 
syringe, showing that multi-PLOT-cryo method is much more sensitive. Reprinted with permission from J.L. Burger, T.M. Lovestead,  
T.J. Bruno, Composition of the C6+ fraction of natural gas by multiple porous layer open tubular capillaries maintained at low temperatures.  
Energy & Fuels 30(3), 2119–2126. (2016). Copyright 2016 American Chemical Society.
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FIGURE 2: Optimized separations of gasoline that was sourced from a local gas station using two different PLOT columns.  
(a) The separation was performed using a PLOT-S column, with 0.1 μL of sample being injected with a 20:1 split, where the column 
was operated at 1.4 mL/min flow rate of helium carrier gas and analyzed by a quadruple mass spectrometer. Temperature program 
was started at 100 °C and ramped up at 15 °C/min to 250 °C. (b) Separation was performed using a Rt-Alumina BOND/MAPD column,  
with 0.5 μL of sample being injected with 100:1 split, where the column was operated at a 1.5 ml/min flow rate of helium carrier gas and 
analyzed by a quadruple mass spectrometer. Temperature program was started at 100 °C and ramped at 20 °C/min to 250 °C. Inserts in  
(a) and (b) show the heaviest compounds that are separated on these columns: naphthalene (boiling point: 218 °C) and 1-methyl naph-
thalene (boiling point: 244 °C). (c) and (d) show the beginning of gasoline separation on PLOT-S and Rt-Alumina BOND/MAPD columns, 
respectively. Isobutane and butane separated well at the beginning of the separation on both columns, but C5 components separated 
into four peaks on the Rt-Alumina BOND/MAPD column, while they are overlapped on PLOT-S columns (c).
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ping container (31). This device was able to detect naph-
thalene, two-explosive-related compounds, four protein 
decomposition markers, and gasoline (31). This work was 
further expanded on by another study that examined how 
long after in-field collection the samples stay preserved 
when collected on the PLOT column. It was determined 
that the integrity of the samples was fully preserved for 
24 h, with losses occurring by the seventh day (9). 

DVME has been shown to be a very sensitive technique. 
Burger and others examined the difference between nat-
ural gas sampling using multi-PLOT-cryo (Figure 3c) and a 
direct injection of the same amount of natural gas using 
a gas-tight syringe (Figure 3d). The study showed how 
much more sensitive and suitable for the analysis of trace 
components the PLOT-cryo technique is over traditional 
sampling methods (32). Because of the superior sensitiv-
ity of DVME, it has been used in recent years to analyze 
a broad range of samples: fuels (33), cannabinoids (34),  
and forensics (28,29,35,36). 

Liquid Chromatography
Traditionally, LC is performed using packed columns with 
bonded phases, but it has been shown that open tubu-
lar columns can provide higher column efficiency (37).  
There have been a few studies into using open tubular 
columns in LC in the 1970s and 1980s (38,39), and it has 
been shown that to reach column efficiencies close to 
what is achieved in GC, the columns must be not more 
than 15 µm in inner diameter (40). Open tubular column 
use was revitalized in LC after coupling to electrospray 
(ES) mass spectrometry (MS) (41). 

PLOT columns have become increasingly popular in LC 
in recent years. Most papers have focused on using PLOT 
columns for LC separations of various biological samples.  
In 2010, Rogeberg and associates separated intact proteins 
in skim milk using polystyrene divinylbenzene PLOT columns 
(10); narrow peaks (0.144–0.33 min) and good within-column 
repeatability in retention times (0.6% RSD) were achieved, 
with less than 1.1% carryover injection-to-injection. In 2011, 
Wang and colleagues analyzed haptoglobin from lung can-
cer patients with a 10 µm i.d. polystyrene-divinylbenzene 
PLOT column by LC coupled to collision-induced dissocia-
tion/electron transfer dissociation–MS (LC−CID/ETD-MS) 
(11). Separation of three glycopeptides (T1, T2, and T3) 
was performed, whereby the intensity of a 10-fmol sample 
separation using the PLOT column was similar to that of a 
200-fmol sample separation when a standard packed column 
was used for LC–MS (11). A new zwitterionic PLOT column 
was introduced by Peng and others in 2016 that was used to 
separate flavonoids from rootstock of licorice (42). Good RSD 
for differences in retention time run-to-run (≤1.1%), day-to-
day (≤0.78%), and column-to-column (≤1.1%), were obtained.

There have also been nano-LC and pico-LC systems that 
have been introduced in the recent years, where a PLOT 

http://www.knowitall.com/lcgc2022
http://www.chromatographyonline.com


482  LCGC NORTH AMERICA  VOLUME 40 NUMBER 10  OCTOBER 2022 WWW.CHROMATOGRAPHYONLINE.COM

column was used for the separations. 
In 2009, a nano-LC system using 
an amine-bonded poly(vinylbenzyl 
chloride-divinylbenzene) hydrophilic 
interaction LC (HILIC) PLOT column 
was used for the separation of a gly-
can mixture, and only 50 fmol of a 
dextran ladder was needed to iden-
tify dextrans up to G22 (43). In 2011, 
Thakur and associates presented a 
workflow where breast cancer cells 
were analyzed using PLOT-LC tan-
dem MS (MS/MS), demonstrating 
good quantitative reproducibil ity 
between the same patient samples 
(44). In 2017, Li and colleagues pre-
sented a new pico-PLOT HPLC sys-
tem that was used to separate amino 
acid enantiomers (45). A very recent 
report from Vargas Medina and oth-
ers in 2022 describes the develop-
ment of nano-LC coupled to elec-
tron ionization (EI)–MS. Polyaromatic 
hydrocarbons and thermolabile pes-
ticides were separated, and the LOD 
of such a system was determined to 
be 25 µg/L (12).

Conclusion and 
Future Prospectus
PLOT columns prov ide unique 
retention and selectivity for low 
boiling point analytes relative to 
WCOT columns (25–27). Although 
most of their use has been shown 
with light mixtures (2,3), there has 
been some work done to broaden 
their use throughout the years (4–6).  
We demonstrated their unique abili-
ties to separate light compounds as 
well as heavier boiling point ana-
lytes (Figures 1 and 2), which shows 
a broad analyte range that can 
be analyzed using PLOT columns.  
As in one-dimensional (1D) chroma-
tography, GC×GC using PLOT col-
umns has mostly been employed 
to separate samples containing 
light boiling point compounds and 
continues to be an underutil ized 
application area for PLOT columns.  
Further applications of PLOT columns 
have been shown by their use in a 
new sampling technique of dynamic 

vapor microextraction (DVME), and 
this technique has been applied to 
analyze various samples, including 
explosives, fuels, and cannabinoids 
(33–35). PLOT columns have also 
gained attention in the LC commu-
nity because of their higher efficiency, 
where they have been adapted to be 
used in nano-LC systems to analyze 
mostly biological samples (10–12). 

It is important to note that because 
there are no commercially available 
PLOT-LC columns, this is a research 
area under development with ample 
opportunities. Broader use of PLOT 
columns is a growing research area, 
especially with their use for heavier 
samples in GC. Applying these col-
umns for sampling using dynamic 
vapor microextraction and utilizing 
their better column efficiency in 
l iquid chromatography also dem-
onstrate expanding util ity of the  
technology. 
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PERSPECTIVES  
IN MODERN HPLC

Drug Development Process:
Nonclinical Development of Small-Molecule Drugs
This article provides a high-level overview of the drug development process of small-molecule drugs for the 
analytical chemist. Emphasis is given to the nonclinical development and roles of the technical development 
organization in driving the new drug development project from toxicology studies to new product registration. 
A case study of the career path of a separation scientist is used to illustrate the diversified roles of an analytical 
chemist in drug development.

Michael W. Dong

New drug development is a multidis-
ciplinary, complex, and expensive 

process that consists of three stages:  
basic research, drug discovery, and drug 
development. This article is the third 
installment in a series of six overview 
papers on new drug development for the 
analytical chemist. The first installment is 
an overview of the trends and business land-
scape of the pharmaceutical industry (1).  
The second installment describes the 
modern molecular approach to the drug 
discovery process (2). The third and current 
article focuses on nonclinical development 
and the technical development organiza-
tion, which includes process chemistry, for-
mulation, and analytical chemistry. A case 
study based on the career of a separation 
scientist illustrates the varied job functions 
and career paths in diversified organiza-
tions supporting drug development.

Three future installments of the series 
are planned on these topics: 1) pharma-
ceutical calculations in a certificate of 
analysis (CoA); 2) contents of a well-writ-
ten analytical procedure for regulated 
testing; and 3) pharmaceutical regula-
tions and guidance. The reader is referred 
to textbooks (3–4) and short courses (5) 
for more details on drug development. 
Valuable informational resources on the 
roles of the separation scientist in phar-

maceutical development are available  
elsewhere (6–10).

Figure 1 depicts the primary stages in 
drug development with references to rel-
evant regulations and guidelines. The first 
two stages (basic research and drug dis-
covery) are described in a previous install-
ment (2). The third stage of drug develop-
ment can be divided into three substages 
of preclinical (before investigational new 
drug (IND) application filing), early-phase  
(from Phase I to Phase IIa clinical trials),  
and late-phase development (Phase IIb to 
new drug application (NDA) registration) (3).  
Clinical trials in humans commence after 
the IND filing, and they are supported by 
nonclinical development, including a tech-
nical development or a “Chemistry, Manu-
facturing and Control” (CMC) organization. 
CMCs help characterize the drug candi-
dates, develop processes for supplying 
clinical trial materials (CTM) for both drug 
substances and drug products, and gener-
ate all the necessary technical content for 
source documents supporting the regula-
tory dossier leading to the drug approval. 
There is increasing regulatory oversight as 
drug development progresses—from mini-
mal oversight in basic research and drug 
discovery (for example, the Occupational 
Safety and Health Association [OSHA])  
to stringent requirements in late-phase 

development (for example, in Current Good 
Manufacturing Practice [cGMP] guidelines). 
This article focuses on the functions and activ-
ities of the technical development organiza-
tion and the CMC team assigned to each  
development project.

Glossary and Abbreviations
Table I lists the common terminology and 
abbreviations associated with small mol-
ecule drug development.

Figure 2 depicts a typical structure of 
the technical development organization 
in a mid- to large-sized pharmaceutical 
company. This includes the pharmaceu-
tical science department responsible for 
CMC activities and the manufacturing 
of CTM. This department collaborates 
closely with other departments, such as 
drug metabolism and pharmacokinet-
ics (DMPK), pharmacology, safety and 
toxicology, clinical supply, manufactur-
ing collaboration and outsourcing, proj-
ect management, and regulatory affairs 
(8). The clinical quality control (QC) unit 
can be part of the pharmaceutical sci-
ence department or a separate unit.  
Clinical QC is responsible for release 
testing, setting specifications, and quality 
assessment functions. Note that organi-
zational design, nomenclature, and func-
tions vary somewhat across the industry.
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The pharmaceutical science department typically consists of 
process chemistry, pharmaceutics (formulations), and analytical 
chemistry, whose roles and functions are described later.

Preclinical Development: IND-Enabling 
Activities and the CMC Project Team
The drug discovery process ends when the medicinal chemists 
and their management decide that the leading compound is 
ready for development (2). The preclinical development phase is 
led by toxicology (but supported by chemists, analysts, and for-
mulators) and performed on animals and cell lines to establish 
the safety, tolerability, and dose range predictions in humans for 
the molecule. The output from the early toxicology studies and 
molecule characterization is discussed and potentially triggers a 
nomination of the molecule for a good laboratory practices (GLP) 
toxicology study (a $1 million-dollar-plus safety evaluation study 
in two animal species typically conducted at a contract research 
organization [CRO]). The GLP toxicology study decision triggers 
the formation of a multi-functional core project team tasked with 
completing a myriad of IND-enabling activities. The core team 
comprises of members from the technical development organi-
zation shown in Figure 2, with a central CMC project sub-team 
leading the efforts to complete all necessary investigations and 
documentation shown in Table II. The timeline for the IND filing 
is generally 9–18 months after the drug candidate is nominated.

Nonclinical Development: Roles and 
Functions of the CMC Project Team
In many pharmaceutical companies, “projects are kings,” because 
the development of innovative drugs leads to new drug approv-
als, which is the lifeblood of an organization for revenue growth.  
Each drug development project is driven by its own multidisciplinary 
core project team and its CMC sub-team. The technical develop-
ment organization typically has three sub-groups with scientists and 
research associates assigned to one or more projects. The functions 
and responsibilities of each group are described in this section.

Introducing the ShodexTM OHpakTM 
SEC LB-800 Series
The Shodex OHpak 
LB-800 series is 
designed as a polymer-
based size exclusion 
column. According to 
the company, the LB 
column series is  
suitable for the 
separations of various water-soluble high molecular 
weight biological macromolecules such as proteins,  
and oligomers, as well as analysis of high molecular 
weight water soluble such as polyacrylamide  
and polyimides.

The base material of the LB series are spherical porous 
particles of polyhydroxymethacrylate, providing 
low column bleeding which allows its use with light 
scattering detectors, such as MALS. The LB series 
eluent can also be replaced with DMF, enabling the 
analysis of polar polymers. The LB series fulfills USP-NF, 
L38, and L39 requirements. The Shodex OHpak LB-800 
series is a SEC column with wide variety of applications.

Showa Denko America
New York, NY
www.shodex.com

1. Process Chemistry: Evaluate and optimize the synthetic 
routes and process conditions of the active pharmaceutical 
ingredients (APIs) or drug substances.

2. Pharmaceutics: Pre-formulation activities and all formulation 
development and process scale-up for the production of drug 
products for the clinic.

Drug Development
3. Nonclinical and Clinical Development

Clinical Development

1. Basic
Research

2. Drug
Recovery

Preclin.
Dev.

Early Phase
Development

Late Phase
Development

Product
Launch

Phase I Phase IIa Phase IIb Phase III Phase IV

IND NDA

No regulatory Oversight

GLP
Tox

Study GLP, GMP, GCP (ICH guidelines)

FIGURE 1: The primary stages of the drug development process and relevant regulations that are associated with each stage.

TM
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3. Analytical Chemistry: Also known as 
“Analytical Development.” Develops 
methodologies to fully characterize and 
assess the identity, quality, and stabil-
ity of drug substance and drug product 
batches, supporting formulation and 
process development. In some cases,  
the analytical chemistry group can collab-
orate with clinical QC or perform all QC 
functions, such as release testing. These 
activities are summarized in Table IV.

Process Chemistry: Synthetic  
Process Scale-up for the Active  
Pharmaceutical Ingredient (API)
Although the medicinal chemist focuses 
on the quick synthesis of many leads 
and optimizes their structure motifs dur-
ing the drug candidate selection process,  
the process chemist (also a synthetic 
organic chemist by training) develops 
scalable synthetic routes for kg-quantities 
of the APIs (11). Table III summarizes the 
roles and responsibilities of the process 
chemist from preclinical to Phase III.

Pre-Formulation and Formulation
For early-phase in vivo studies, drugs are 
formulated to maximize exposure to deter-
mine safety as well as for easy dispensing, 
storage, packaging, and stability. Formu-
lators (pharmaceutics scientists) develop 
simple solutions or suspensions for dosing 
animals in pilot toxicology and early phar-

TABLE II: Lists the typical IND-enabling activities conducted in preclinical development

Start the manufacturing process of the GLP Tox lot and the Phase 1 CTM.

• Sourcing of API, excipients, and packaging materials.
• API process scale-up by process chemists (maybe at a CMO).
• Preformulation and formulation activities are led by pharmaceutics scientists and supported by analytical chemists.

Analytical Chemistry: Characterization of the drug candidate and quality assessments. 

• Analytical development: Characterization of the lead molecule(s) and drug product formulations, development of stability-in-
dicating HPLC method(s), qualification of a reference standard, identification of process impurities and significant degradation 
products, stability studies of DS and DP, salt/crystallinity/polymorph screening, solid-state characterization.

• Quality control: Setting preliminary specifications, release testing of CTM, assembly of stability package for IND.

Safety assessment by a toxicologist.

• EHS categorization, protocol design, overseeing GLP toxicology studies at CRO, analysis of tox results with respect to strength 
and posology of the proposed drug product.

IND Filing.

• Regulatory and scientific writing based on source documents created by chemists, formulators, and engineers with the phar-
maceutical science department.

GLP = Good Laboratory Practice, CTM = clinical trial material, 
Tox= toxicology, DS = drug substance, 
DP= drug product, IND = Investigational New Drug Application, EHS = Environmental Health and Safety, CRO = Contract research organization.

TABLE I: Common terms and acronyms in drug development

Term or Acronyms Explanations

Hit or Lead
A hit is a compound that binds to the target. A lead 

is a hit with a high affinity for the molecular tar-
get and possibly mitigates the disease state.

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

CRO/CMO/CDMO
Contract research organization, contract manufacturing  

organization, contract development manufacturing organization.

API/NCE Active pharmaceutical ingredient, new chemical entity.

DS/DP/CTM Drug substance, drug product, clinical trial material.

PK, DMPK
Pharmacokinetics is the study of the movement of drugs 

through the body or “what does the body do to the 
drug,” drug metabolism and pharmacokinetics.

Bioavailability
Bioavailability is the extent a drug becomes available to its intended bio-
logical destination(s). However, it is often taken as the amount absorbed 

and available in systemic circulation vs. the amount administered.

Toxicology
Toxicology is the study of the adverse effects of 

chemical substances on living organisms.

ADMET Absorption, distribution, metabolism, excretion, and toxicity.

HTS 
High-throughput screening of a compound library 

for bioactivity using automated in vitro assays.

US FDA, EMA  
Two regulatory bodies that approve the drug for  

commercialization are the United States Food and Drug 
Administration and the European Medicines Agency.

IND, NDA (US)
CTA, MAA (EU)

Regulatory filings: investigational new drug, new 
drug application (US), Clinical trial application, mar-

keting authorization application (EU).

GLP, GMP, cGMP, 
GCP, ICH

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

CMC

Chemistry, manufacturing, and control is an organization  
responsible for the technical process development for  

CTM production (both DS and DP) with the appropriate  
oversight to ensure drug quality and regulatory compliance.
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macokinetics (PK) studies. Formulation strategies are required 
for determining the route of administration (for example, peroral 
and parenteral), which also include form selection of the drug 
substance (salt, crystalline/amorphous, or polymorph) to ensure 
suitable bioavailability and other desirable physicochemical  
properties (12).

For Phase I clinical studies, simple enabling formulations 
are selected, such as solutions, suspensions, or intravenous, 
and powder in a capsule, formulation in a capsule, or powder  
in a bottle.

Phase II and III CTM generally uses a more evolved (designed) 
formulation (although not likely to be the final commercial for-

SAME-DAY SHIPPING!

 Tested & Proven  
comparable to OEMs

WHO: Sciencix (Serving Since 1985) 

WHAT:
HPLC & Mass Spec repair parts and       

custom PM Kits with only what you need
WHERE: 

www.sciencix.com / 952.895.8292
WHEN: Today.

We are ready to serve you!
Up to 30% Less Cost Than OEMs - Lifetime Warranty

Pharmaceutical Science (CMC)

Process
Chemistry

Clinical
Supply

Pharmaceutics
Analytical

Development*
Quality
Control
(QC)*

DMPK*
Pharmacology
Biochemistry

Safety
Toxicology

Regulatory
Affairs

Project
Management

Manufacturing
(Collaboration)

FIGURE 2: Structure for a technical development organization in a mid-to-large-sized pharmaceutical company, including the groups 
of the chemistry, manufacturing, and control (CMC) or the pharmaceutical science unit that is responsible for manufacturing the clini-
cal trial material (CTM). * Analytical chemists typically fill these roles. In most companies, drug development is driven by a core project 
team staffed by scientists from the technical development organization. Each scientist is assigned to one or more project teams.
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mulation), which is more complex and 
requires kg levels of drug substances.  
Formulation development activities include: 
• Excipient selection and compat-

ibility studies, and the development 
of commercial, scalable drug product  
formulation

• Multiple packaging configurations and 
stability studies, including for bulk and 
non-bulk options

• Drug product process optimization and 
validation

• Formulators perform drug product 
development and oversee the produc-
tion of feasibility, demo, and CTM drug 
product batches.
For small-molecule drugs, a peroral 

dosage form (for example, capsules or 
tablets) is ideal for production, patient 
convenience, ease of home dispensing, 
and marketability. A shelf life of two years 
under room temperature storage is the 
typical minimum requirement for stability 
for the packaged drug product. This pro-
cess is done to ensure that the drug prod-
uct can be made, packaged, released, 
shipped, stored, and then prescribed and 
dispensed to patients to be used for a  
suitable period.

Detailed Characterization
of Drug Candidates
The detailed characterization of the physi-
cochemical properties of lead molecules 
is required and is typically performed sys-
tematically after candidate nomination. 
The studies are performed by analytical 
chemists, formulators, DMPK scientists, 
and toxicologists. The studies typically 
include several areas.

Chemical 
The structure, identity, molecular weight, 
pKa, solubilities at various pH and sol-
vents, lipophilicity, purity (chemical and 
chiral), and stability of the molecules  
are studied.

Physical
The solid-state properties, such as the salt, 
crystal, and polymorphic forms, hydrate 
and solvate forms, hygroscopicity, melting 
or thermal transition points, and particle 
size distribution are analyzed.

TABLE III: A summary of roles and responsibilities of the process chemist

Preclinical Development
• Develops synthetic routes for small kg quantities of API for characterization and the pivotal 

safety evaluation study (GLP Tox lot) as part of the IND-enabling activities.

Phase I
• Develops scalable synthetic routes for larger kg-quantities of API for Phase I CTM.
• This includes studies of available raw materials, sourcing, developing scalable synthetic 

routes, conducting pilot-scale synthesis, and implementing GMP manufacturing  
control strategies.

• Purification via crystallization is preferred as large-scale purification by preparative LC is less 
efficient, expensive, and unlikely to be a viable option.

Phase II and III 
• Develops larger scale routes leading to a feasible commercial scale process. Typically begins 

to collaborate with external vendors for starting materials, intermediates, and even the API.
• Optimization of processing parameters via Design of Experiments (DoE) studies.
• Process validation at commercial scales.

• Lipitor tablet for oral administration
• API: Atorvastatin Calcium
   • Strength - 10, 20, 40, and 40 mg
• Inactive ingredient (excipient)
   • Calcium carbonate (�ller)
   • Lactose (�ller)
   • Hydroxypropyl cellulose (binder)
   • Croscarmellose sodium (disintegrant)
   • Mg stearate (lubricant)
   • Titanium dioxide (pigment)

O OOH OH

OH

F

NN
H

FIGURE 3: Case study: A commercial formulation of Lipitor tablets and their ingredients.  
Information extracted from an actual package insert of the drug product.

Phase I:
• Safety, tolerability (MTD), Pk
• Dose escalation, 
   short duration
• Generally, 20 to 100 male, 
   healthy subjects
• Simple formulations
• Open label

Phase III:
• Efficacy and safety confirmation of prescribed regimen
• Commercial POC, Confirm therapeutic benefits
• 2,000 to 100,000+ of patients, multi-centered studies
• Double blinded, placebo/comparator controlled
• Support drug labeling and NDA

Phase II:
•  Efficacy (PD) and safety (clinical POC)
• Therapeutic exploration, dose finding, 
   define clinical endpoints
• 100’s patients                                                     
• Commercial-like formulations
• Randomized, placebo controlled,
   blinded treatment arms

Slide adapted from L. Reid, CDER.

FIGURE 4: An overview of clinical trials for Phase I, II, and III clinical testing in humans.
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Others 
The drug absorption properties 
(DMPK, ADME), permeability, toxic-
ity for material safety data sheets 
(MSDS) and environmental, health,  
and safety (EHS) are also examined.

The roles of the analytical chemist 
in analytical development and quality 
control are listed in Table IV. The best 
practice and processes are described 
further in books and journal articles 
(6–10). The typical testing and instru-
ments used are listed in Table V.

Case Study: Ingredients in a Lipitor Tablet
The story of Lipitor is a pharmaceuti-
cal “fairy tale” that started in 1985 
with the synthesis of the molecule 
by Dr. Bruce Roth, a medicinal chem-
ist at Warner-Lambert who graduated 
from Iowa State University with a PhD 
in organic chemistry four years prior. 
According to Roth, he was discouraged 
from working on this project because it 
was a “me-too” drug to lower choles-
terol, and there were already five other 
products on the market. Somehow, he 
and his manager persisted, and Lipitor 
became a blockbuster drug because 
of its superior safety profile. Lipitor 
became a Pfizer product when Pfizer 
acquired Warner-Lambert (Park-Davis) 
in 2000. Lipitor remained the top-
ranking drug for 14 years (1996–2011),  
with a record total sale of $160B until 
its patent expired in 2011 (1). 

Figure 3 shows the commercial for-
mulation of Lipitor, an oral tablet, and 
all its ingredients, including the API 
structure (atorvastatin calcium) and 
excipients (binder, filler, disintegrant, 
lubricant, and pigment) (12).

Clinical Development: What are 
Phase I, II, and III Clinical Trials?
Figure 4 summarizes the goals and typi-
cal characteristics of the three phases 
of clinical trials. The reader is referred 
to textbooks on clinical trials on the 
subject for more details (3,13).

Clinical trials in humans typically com-
mence a month after the filing of the 
IND. Phase I trials aim to assess the 
safety and PK of the NCE using dose 

escalation studies and are performed on  
healthy volunteers. 

In Phase II trials, the goals are dose 
findings and evaluating the efficacy 
of the NCE using blinded studies  
(to establish proof of concept [POC] of 
the NCE). Phase II studies are completed 
by using patients with the disease. 

Phase III clinical trials aim to estab-
lish the commercial proof-of-con-

cept of the dosing regimen using a 
much larger patient population with 
near-commercial formulations and 
scale. Upon the successful comple-
tion of the clinical trials, clinical data 
are analyzed by biostatisticians and 
clinicians. The data is compiled into 
the NDA, an extensive document 
for drug approval submission to the  
regulatory authorities. 
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Case Study of an Analytical 
Chemist in Drug Development
The pharmaceutical industry is the largest 
employer of analytical chemists, with drug 
development as the most common job 
function (1). Although career opportunities 
vary widely for individuals depending on 
educational background, timing, location, 
experience, and leadership and communi-
cation skills, this segment offers an attrac-
tive career path in terms of pay, benefits,  
and growth potential. 

The case study cited herein is my own 
journey in drug development, spanning 
two decades in four different jobs and orga-
nizations. I started in drug development 
late in my career at age 50. Here are some 
highlights and lessons learned in each job.  

A complete chronicle of my career as a sep-
aration scientist is available elsewhere (14).

Senior Principal Scientist with 
a Private Pharmaceutical Company 
in New York (6 years)
My first job in the pharmaceutical industry 
came from a referral from an ex-colleague 
in 1999. It came after my first layoff from 
an analytical instrument company in Con-
necticut after 19 years. The location of 
the new job was in Westchester County 
of New York and did not require reloca-
tion. This privately owned company had 
a successful and approved drug product 
in pain management and specialized in 
sustained release drug product develop-
ment. Because I had extensive experience 

in high performance liquid chroma-
tography (HPLC), I entered as a senior 
principal scientist in the pharmaceuti-
cal analysis department at its research 
center. Eventually, I became a research 
fellow and group leader with six  
direct reports. 

In my first job in the pharmaceuti-
cal industry, I learned how to develop 
stability-indicating HPLC methods 
and sample analysis under GMP and 
became a first-time supervisor of profes-
sional chemists. Because the company 
was known for innovative drug product 
development, formulation scientists 
drove most development programs.  
The company was headquartered in Con-
necticut and has a manufacturing plant 
and drug discovery unit in New Jersey.  
The pharmaceutical analysis department 
supported the myriad of formulation pro-
grams with existing molecules, so there 
were few CMC or regulatory activities 
for NCEs. Nevertheless, the combined 
experience in HPLC and pharmaceuti-
cal analysis allowed me to start teach-
ing short courses at national meetings 
as a subject matter expert and started 
authoring books and journal articles on  
these subjects.

Research Director in a CRO
in Massachusetts (1.5 years)
My six-year stint with the private com-
pany ended abruptly in 2005 when the 
company lost a court battle on the 
patent litigation dispute of its flagship 
product and decided to close down 
the research center. Because the job 
market was weak that year and few 

TABLE V: Analytical testing for chemical characterization and quality assessments

Drug Substance:

Identity, structure, molecular weight: MS, NMR, IR, elemental

pKa: Titration, HPLC, pH

Solubility at various pH and solvents, lipophilicity: HPLC, UV, turbidity

• Potency assay: HPLC
• Impurity (chemical): HPLC, LC–MS, LC–MS/MS, GC
• Impurity (chiral): HPLC, polarimetry, chiral HPLC, SFC, CE
• Moisture: LOD, KF, TGA
• Residual solvents: HSGC
• Crystallinity: XRPD
• Inorganics, Salt counter ions, metals: ROI, IC, ICP-OES, ICP-MS, AA
• Particle size: Microscopy, laser diffraction

Drug Product:

• ID, strength (potency assay): HPLC, UV
• Content uniformity, purity (degradants): HPLC, LC–MS, GC
• Dissolution: UV, HPLC
• Moisture: LOD, KF, TGA
• Preservative assay: HPLC
• Tablet hardness: Friability

SFC = supercritical fluid chromatography, LOD = Loss on drying,  KF = Karl Fischer, TGA = Thermal gravimetric anal-
ysis, HSGC = Headspace GC, XRPD = X-ray powder diffraction, ROI = Residue on ignition, IC = Ion chromatography, 
ICP = Inductively-coupled plasma spectrometry, OES = Optical emission spectroscopy, AA = Atomic absorption

TABLE IV: The roles of the analytical chemist in analytical development and quality control

Analytical Development Quality Control

• Characterization of physicochemical properties of DS and DP.
• Method development for DS and DP.  
• Elucidation of the structure of key impurities and degradation products (partner  

with toxicology).
• Analytical support for chemical process and formulation development (partner with engi-

neers and formulators).
• Performing initial stability studies and packaging assessments for DS and DP (partner with QC). 
• Collaboration with the multidisciplinary technical development team(s) and overseeing CMO 

activities to resolve technical issues (partner with technical operations and supply chain).

• Release testing of RM, SM, DS intermediates, 
DS, and DP, and provide CoA (partner  
with QA). 

• Method validation (and method transfer  
to CMO).

• Establish phase-appropriate specifications  
for QC of CTM (partner with analytical  
development and QA).

• Perform long-term and accelerated stability 
studies to establish shelf life, packaging,  
shipping, and storage conditions.

CMO = contract manufacturing organization, RM= raw materials, SM = starting materials, CoA = Certificate of Analysis.
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pharmaceutical companies were hiring,  
I accepted a job 180 miles from my 
Connecticut home in a start-up con-
tract laboratory in Cape Cod, Mas-
sachusetts, as a research director.  
For 18 months, we stayed in a rental 
apartment on weekdays and commuted 
home every weekend. I served as a 
study director for ~20 clients’ projects 
in method development and validation 
and sample analysis, typically under 
GLP or GMP regulations for pharma-
ceutical and consumer products.

I reported directly to the owner of the 
parent company in Ohio, and we had 
teleconferences every Monday at 7:30 
am to report my weekly job progress.  
In my time sheets, I accounted for every 
½ hour of my work week assigned to a 
billable client’s project or a company’s 
general account. I became very efficient 
in deliverables and could do a project 
proposal in 30 min and a study report in 
a few hours. 

Working in a contract laboratory is a 
challenging experience because hav-
ing multiple projects from different 
clients is always a tricky balancing act.  
We had four Waters Alliance HPLC 
systems, and I would do most of the 
method development and sample anal-
ysis with assistance from two technicians. 
As ultrahigh-pressure liquid chromatog-
raphy (UHPLC) debuted as the first com-
mercial UHPLC system from the Waters 
Corporation in 2004, I managed to place 
a demonstration unit in our laboratories 
in 2006. The weekend commutes and 
the upkeeps of two homes were difficult 
for the family and me, so I was ready for 
a change after a year.

Senior Scientist and CMC Analytical 
Team Lead in California (8 years)
My stint with the contract laboratory 
ended soon after an unexpected head-
hunter’s call for a senior scientist job at a 
prestigious biotech company in the Bay 
Area in California. The company had 
just started a pharmaceutical science 
department in their new small-molecule 
drug discovery program and was looking 
for an experienced separation scientist 
with a strong publication record. I went 

for an interview in December 2006 and 
started working in South San Francisco in  
March 2007.

This job change worked well, with 
challenging projects and tremendous 
learning opportunities on CMC, drug 
development, mass spectrometry (MS), 
quality control, and regulatory filings.  
I stayed there for eight years and 
worked on four drug development proj-
ects (three small molecules projects and 

one antibody–drug conjugate project). 
My primary project was an AKT inhibi-
tor with three chiral centers for oncol-
ogy indications. I stayed on this project 
for five years, taking the molecule from 
Phase 0 to Phase IIb. Serving as the ana-
lytical lead in the CMC team was intense 
because the role involved weekly proj-
ect meetings and many teleconferences 
with numerous contract manufacturing 
organizations (CMOs) while supervis-
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ing internal studies by research associ-
ates. During my fifth year, the analyti-
cal development group merged with 
the clinical QC unit, which meant that 
release testing and GMP stability test-
ing also became my responsibility.

The company encouraged its scien-
tists to publish and present at confer-
ences, so I was able to continue both 
activities and developed a reputation in 
HPLC and pharmaceutical analysis.

Pharmaceutical Consultant
in Connecticut (8 years)
I left California in 2015 and returned to 
Connecticut to be closer to my family. 
I became a pharmaceutical consultant 
focusing on HPLC training, authoring 
books and articles, and CMC consult-
ing (method development and valida-
tion, drug quality, and regulatory fil-
ings). Life as a self-employed consultant 
is simpler, with no commuting, group 
meetings, or management responsi-
bilities. All consulting was virtual, and 
contract development and manufactur-
ing organizations (CDMOs) performed 
the experimental studies I managed.  
Marketing and obtaining new clients 
can be most challenging for new consul-
tants. I was fortunate to get clients from 
a vast professional network on LinkedIn 
and prior contacts from teaching and 
speaking at conferences and publishing 
journal articles and books. I would travel 
8–10 times yearly to conferences and 
clients until the pandemic shut down in 
March 2020. Hopefully, both travel and 
business will return to normal soon. 

The Covid-19 pandemic dragged 
on for over two years and adversely 
impacted the global economy and many 
industries. It also created a shortage of 
experienced analytical chemists in the 
booming pharmaceutical industry. I am 
convinced that the job market outlook 
for analytical chemists will remain strong 
for decades to come. 

Summary
This article provided a brief overview 
of the drug development process and 
the functions of the technical devel-
opment organization and the CMC 
project team. A case study based on 

my career was included to illustrate the 
roles played by the separation scientist in 
supporting drug development as a labo-
ratory scientist, analytical CMC project 
team lead, study director at a CRO, and 
self-employed pharmaceutical consultant. 

Disclaimer
This paper provided a high-level over-
view of the nonclinical drug development 
process and the role of the technical 
development organization. The informa-
tion presented here stems from books, 
journal articles, and internet resources 
collected for my short course on the 
drug development process (5), and it 
often reflects my personal perspective 
and experience as an analytical chemist.  
Presenting a concise primer in a few thou-
sand words on this complex and diverse 
process is challenging. The figures and 
tables in this article are used to anchor 
descriptions in texts and are supported 
by the citations of books and articles as 
key references. Some duplications from 
the previous installment on the drug dis-
covery process are intentional (such as in 
the table of terminology and the discus-
sion about clinical development) to keep 
the article as a single, self-contained 
document for better flow and clarity.
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Analytical Characterization of Host Cell Proteins (HCPs)
Biotechnology products such as biopharmaceuticals, including biosimilars, are produced in living organisms or 
cells. A common phrase that we hear is “the process is the product.” Thus, this process of producing these 
products in living organisms presents several unique challenges to consider. One of those key challenges is the 
characterization of not only the product itself, but other impurities in the form of host cell proteins (HCPs) that may 
be present. To ensure that these HCPs do not have clinical implications, it is important to understand what they 
are. Therefore, in this column, we take a closer look at specific analytical technologies and tools to analyze these 
host cell proteins, with a specific focus on liquid chromatography (LC) and mass spectrometry (MS) approaches. 

Jared R. Auclair and Anurag S. Rathore

Biopharmaceuticals, unlike small 
molecules, are manufactured using 

living cells, such as Chinese hamster 
ovary (CHO) cells. The active pharma-
ceutical ingredient (API) is produced in 
cells such as CHO cells using recom-
binant DNA technology, which allows 
for the production of large amounts 
or quantities of the respective APIs.  
As the desired API is being manufac-
tured by living cells, these cells are 
going through their normal cellular 
life cycle and processes; that is to 
say, they are still producing their own 
macromolecules, such as nucleotides, 
lipids, carbohydrates, and proteins, to 
stay alive. These host cell macromol-
ecules, including host cell proteins 
(HCPs), are considered impurities,  
and should be removed to ensure 
product quality, safety, and efficacy 
from the drug product (1–4).

Nearly two-thirds of biopharmaceutical 
drug shortages are because of quality issues 
during the manufacturing process, includ-
ing the presence of host cell proteins (5). 
HCPs and other impurities can affect prod-
uct quality, safety, and efficacy in numerous 
ways, which is why they need to be reduced 
or removed from drug products. One of 
the most prominent concerns with HCPs is 
immunogenicity. Residual HCPs are foreign 

objects to our immune systems; thus, they 
could cause an immune response (immu-
nogenicity). HCPs also  may be proteases 
or proteins that have proteolytic activity, 
which can cause biologics such as mono-
clonal antibodies (mAbs) to be cleaved into 
fragments, thus reducing product yield 
and activity. HCPs with catalytic activity 
can also cause leaching of protein A from 
protein A columns (for example, cleaving 
protein A and releasing fragments into 
the purified product). Protein A causes a 
detrimental immune response. Also, HCPs 
could cause protein aggregation of the 
biologically active pharmaceutical ingredi-
ent, thus reducing its yield and activity (2). 

Host Cell Proteins As a 
Critical Quality Attribute
An important part of quality by design 
(QbD) is defining critical process 
parameters (CPPs) and critical qual-
ity attributes (CQAs). A critical pro-
cess parameter is a parameter that 
can affect the quality of the product. 
Critical quality attributes are physi-
cal, biological, chemical, or micro-
biological characteristics that should 
be monitored, and they fall within a 
specific limit, range, or distribution 
(6). For drug products, CQAs may 
include degradation products, post-

translational modifications, and host 
cell proteins. 

Often times, CQAs are described 
in the context of the drug substance 
(API), and changes that may occur to it.  
For example, changes to post-trans-
lational modifications such as glyco-
sylation and charge state variants of 
a mAb are monitored as CQAs. How-
ever, impurities such as HCPs are also 
important CQAs to monitor to ensure  
product quality (3). 

Host cell proteins can be moni-
tored in both the upstream process 
and the downstream process. In the 
upstream process, the characteriza-
tion of HCPs can give an indication of 
what host cell proteins may be pres-
ent throughout the process, such as 
an abundance of a specific protease 
or other cellular protein. It can also 
give an indication of host cell pro-
teins that may be hitchhiking with the 
APIs through specific or nonspecific 
binding events. The presence of cer-
tain HCPs may inform the downstream 
purification scheme that is imple-
mented. Monitoring the presence in 
the downstream purification process 
can also ensure if adjustments need to 
be made to the purification process, 
or suggest alternative approaches to 

http://www.chromatographyonline.com
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remove these HCPs. Thus, monitoring 
HCPs is another characterization of 
the drug substance and product that 
ensures product quality (3).

Enzyme-Linked 
Immunosorbent Assay 
(ELISA) for Characterization 
of Host Cell Proteins
The enzyme-linked immunosorbent 
assay (ELISA) has been used as the pri-
mary tool for detecting HCPs, largely 
because of its high throughput, selec-
tivity, and sensitivity. However, there 
are several limitations to the ELISA 
method. The antibodies raised against 
the cell line supernatant or lysate do 
not always recognize all HCPs pres-
ent, especially weak and non-immu-
noreactive HCPs. The development 
of a suitable ELISA can take several 
months, if not years, to develop. Lim-
ited antibodies to a specific HCP or 
excess antigen can cause a dilution-
depended nonlinearity that prevents 
proper identification. Also, ELISAs are 
not able to identify the specific HCP 
present, but instead just the presence 
or absence of HCPs and the reduction 
of their presence through process-
related purification (4). 

LC–MS/MS for Characterization 
of Host Cell Proteins
These limitations and others to the 
use of an ELISA to monitor HCPs are 
partially the reason for the devel-
opment of orthogonal techniques 
to characterize host cell proteins.  
The key to the development of an 
orthogonal technique to the ELISA 
includes, but is not limited to, being 
able to identify the specific HCP, as well 
as the need not to have to create a new 
assay to measure the presence of new 
HCPs. In addition, as an impurity assay, 
the method should be able to detect 
low levels of any given HCP (3).

Over the last several years, regula-
tory authorities such as the U.S. Food 
and Drug Administration (FDA) have 
asked for improved monitoring meth-
ods, such as liquid chromatography–
mass spectrometry (LC–MS), to char-

acterize HCPs. Interestingly, the FDA 
and other regulatory authorities (such 
as the European Medicines Agency), 
as well as international standard-
setting bodies (such as the Interna-
tional Council for Harmonization), do 
not provide specific numerical limits 
of the HCP level, as the risk associ-
ated with HCP levels are dependent 
on several factors, including dose 
and patient population, along with 
several others. These and other fac-
tors are indications that HCP analysis 
by LC–MS will only increase in the  
coming years (3).

The term proteomics  was first 
used by Marc Wilkins in 1996, and, 
for decades, LC has been used for 
protein separation and purification, 
and mass spectrometry used for the 
characterization of proteins within a 
proteome (7). Thus, proteomic tech-
niques can be used to characterize 
and monitor HCPs, as it is a “simple” 
proteomics experiment. Perhaps the 
greatest advantage to LC–tandem 
MS (LC–MS/MS) analysis of HCPs 
is the ability to positively identify 
and quantify specific HCPs, as well 
as characterize the total amount of 
HCPs present, something that an 
ELISA cannot do. Each specific HCP 
can be monitored in a high-resolution 
mass spectrometer without the need 
for anti-HCP antibodies (3), which 
allows for the identification of new 
or previously undetected HCPs to be 
characterized without the need for 
developing a new assay. The same  
LC–MS/MS assay can be used to char-
acterize HCPs across products pro-
duced in various cell lines, allowing for 
faster characterization of the product, 
which becomes particularly important 
when developing new biologics to 
deploy during something like a global 
pandemic (such as Covid-19). In addi-
tion, by knowing the specific identity 
of the HCP, specific approaches can be 
developed and employed to remove it 
from the process, or to remove it as  
an impurity (3).

As for every experiment, reproduc-
ibility is of prime importance, and LC–

MS/MS analysis of HCPs is no different, 
especially as the analysis is comprised 
of a complex workflow. Briefly, sample 
preparation includes denaturation, 
reduction alkylation, and (tryptic) 
digest of the cell lysate or cell super-
natant, creating thousands of peptides 
(8). The peptides created from the 
digest are then analyzed using LC–MS/
MS to identify the HCP and quantify 
it. In addition to these steps, proper 
quality control standards are required 
to ensure reproducibility, and more 
sensitive mass spectrometers are likely 
to give a deeper understanding of the 
HCP profile (3). 

Both data-independent acquisition 
(DIA) and data-dependent acquisi-
tion (DDA) can be used to character-
ize HCPs. In a DIA experiment, all 
the peptides present are fragmented 
by MS/MS analysis, which increases 
the probability of identification of 
low abundant peptides or proteins. 
In a DDA experiment, the instrument 
selects the peptides for MS/MS frag-
mentation based on certain thresh-
olds set by the operator (3), usu-
ally characterizing 4–10 of the most 
abundant peaks. DDA experiments 
may miss peptides or proteins of low 
abundance; however, by selecting the 
most intense peaks, the quality of the 
data, and thus the confidence in the 
protein identification, is increased. 
The data produced is then searched 
in a database to make positive pro-
tein identifications. To ensure repro-
ducibility, it is recommended that at 
least two peptides per protein be 
identified to state the presence of a  
specific HCP (3). 

A Few Thoughts on  
Multi-Attribute Method (MAM)  
for HCP Characterization 
The multi-attribute method (MAM) 
is a method used to monitor criti-
cal quality attributes of biological 
products. It includes the digestion of 
the drug substance and monitoring 
sequence coverage of the product, 
as well as characterization of post-
translational modifications (PTMs) 
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on the product. The other aspect of MAM, which is  
often disregarded, is new peak detection (NPD) (9). 

NPD can be used to detect new peaks that are specific 
to the product, such as new peptides from missed cleav-
ages, or the addition of new PTMs. At its core, however, 
NPD is used to detect impurities in the product. Thus, in 
theory, NPD could be used to detect new HCPs that are 
present in the drug product or substance.

Conclusions
Ensuring that safe, effective, and quality products get 
to patients is of utmost importance. Over the last sev-
eral years, there has been great momentum gained in 
supporting a quality by design approach to drug devel-
opment; that is, ensuring quality is considered from the 
very beginning of the drug development process (6).  
This has led to the process of understanding critical process 
parameters and characterizing critical quality attributes.

Critical quality attributes often are considered attri-
butes that change on the active pharmaceutical ingredi-
ent; however, they can also include monitoring changes 
to the drug product, specifically to impurity profiles.  
One of those impurity profiles that has become increas-
ingly important to monitor are host cell proteins, as they 
can lead to adverse effects to patients (3). 

Historically, multi-analyte ELISAs have been used to 
monitor HCPs because of their speed, sensitivity, and 
high throughput. However, over the last several years, 
regulatory authorities such as the FDA have asked that 
orthogonal techniques, such as LC–MS/MS, be included 
in HCP analysis. LC–MS/MS analysis can allow for the 
specific identification and quantification of a given HCP, 
which can inform downstream purification strategies, thus 
potentially increasing the purity of the drug product (3). 

LC–MS/MS analysis of HCPs has only been used 
since 2005 (3); therefore, there are likely to be signifi-
cant advances over the coming years, especially with the 
increased regulatory requirements for LC–MS/MS analy-
sis of HCPs (3). Improvements will likely follow, from new 
sample preparation methods for proteomic experiments 
to the development of more advanced high through-
put mass spectrometers. In addition, new workflows  
(such as MAM and others) may play a significant role in 
HCP analysis is in the future. 
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T he abundance of media around criminal investigations, such as CSI, has painted a 
picture of what crime scenes look like and how they operate. These portrayals are 
often very different from the actual experience. Dr. Robin MacDonald shares insight 

about her time working in the Broward Sheriff ’s Office crime lab and how it has helped her 
in her role as Senior Product Manager at LabVantage. Her knowledge assists the team in 
developing software to support forensic organizations in their mission to deliver effective 
service to the judicial process. 

LCGC: How did you come to work in the forensic field?
ROBIN MACDONALD: While working on my Ph.D. in inorganic chemistry at Emory 
University in Atlanta, I had the opportunity to attend a presentation about chemistry in the 
crime lab. Larry Peterson from the Georgia Bureau of Investigation was talking about how 
trace evidence proved crucial in solving the Atlanta child murders back in the early 1980s. 
Some people might remember that as the Wayne Williams case. What linked Williams to 
several victims were matching fibers found on the bodies and these same fibers appearing 
on items in his everyday environment. This trial had been the first where trace fibers were 
the primary evidence in a homicide case. The presentation immediately made me realize 
what I wanted to do.  

LCGC: What was the most interesting case you worked on while there?
ROBIN MACDONALD: When I was working at the Broward Sheriff’s Office Crime Lab, the 
most interesting case I worked on happened in July of 2002. A ninety-year-old woman was 
found assaulted and murdered in her home. While processing the suspect’s clothing, I saw 
a significant quantity of this blue particulate coming out of the clothing. The particles had a 
polymeric texture, meaning plastic-like, and under the microscope, they appeared flat and 
had irregular shapes. I didn’t know what they were at the time as I had never seen anything 
like them before. Later, I found that same blue particulate on the comforter from the victim’s 
bed as well as on her skin. 

The particulates from the suspect’s clothing, and those we recovered from the victim and her 
environment, had the same characteristics when measured by polarized light microscopy 
(PLM), micro-spectrophotometry, and micro-Fourier transform infrared (FTIR) spectroscopy. 
Ultimately, they were traced back to a blue plastic tarp that had been degraded by the sun. 
The suspect used the tarp while working as a pool engineer. This case is a great example of 
how microscopic traces can help solve a case as suspects are not even aware of what they 
may leave behind at a scene, especially if they are unable to see said evidence. 

From Forensic Bench Chemist to Senior  
Product Manager

Dr. Robin MacDonald 
Senior Product Manager, Forensics 
LabVantage Solutions, Inc. 

LCGC: How does reality differ from the CSI TV shows that are  
so popular?
ROBIN MACDONALD: The main difference is that television programs 
make it appear as if the same group of people process the crime scene, 
analyze the evidence in the lab, follow-up on leads, and interrogate 
the suspects. In most organizations, crime scene detectives are the 
ones that process the scene and collect the evidence. Scientists in the 
laboratory analyze the evidence. Professionals like homicide and sex 
crime detectives will be the ones who investigate the case and interview 
the suspects. Finally, if the case goes to trial, the prosecuting attorney will 
present all the pieces of the puzzle for the jury. 

LCGC: How did your experience at the Broward Sheriff’s Office 
prepare you for your current role as Senior Product Manager for the 
Forensic Navigator at LabVantage?
ROBIN MACDONALD: It is important for any company designing a 
product that they get input from those who have worked in the industry 
that the product is meant for. My years of experience working on the 
bench, managing analytical units, and training as an ISO 17025 Technical 
Assessor have been invaluable in helping the team create a product that 
will serve the forensic community.

LCGC: How can a laboratory information management system 
(LIMS) help a law enforcement organization?
ROBIN MACDONALD: A modern HTML5 compliant LIMS can digitally 
transform an organization. For forensic organizations, that can mean 
one comprehensive system that tracks evidence from the point of 
collection to the courtroom. This may include crime scene, laboratory, 
property management, medical examiner, and more. Every aspect of 
the case can be traced, including all stakeholders, all evidence received, 
the work assignments, the tests that were performed, quality assurance 
activities, the results of the analytical testing, as well as investigative 
leads. Secure portals can permit law enforcement officers and 
prosecutors to make electronic requests. They can also check the status 
of the case and get copies of the released reports. 

The portal can also be utilized to permit sexual assault survivors to track 
the processing of the evidence in their case. Therefore, the LIMS helps 
create a more efficient and paperless system that is cyber secure and 
compliant with accreditation standards. 

LabVantage Solutions, a leader in advanced laboratory software solutions, introduced LabVantage Forensic Navigator to support the full life cycle of 
forensic investigations. A single, modern, end-to-end platform supports all stakeholders for rapid resolution to the case and confidence in the investigative result.
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Determination of Polychlorinated Biphenyls in 
Water Samples Using a Needle Trap Device 
Combined with Gas Chromatography
In this study, a fiber-packed needle trap device (NTD) was developed by packing heat-resistant fibers with a polyethylene glycol 
sol-gel coating into a 21-gauge, stainless steel needle. The polyethylene glycol sol-gel coating has numerous advantages, 
including uniform roughness and a large specific surface area. The prepared NTD was used for headspace extraction of five 
polychlorinated biphenyls (PCBs) in water samples, determined by gas chromatography with a flame ionization detector (GC-FID). 
The main experimental parameters, including the extraction and desorption conditions, ionic strength, and fiber bundles,  
were investigated to improve the extraction efficiency. After optimization, satisfactory linearity (r > 0.99) in the concentration 
range of 0.02–500 µg/L was obtained, and the enrichment factor of NTD for the five PCBs was between 1150 and 9537 times. 
The limit of detection (S/N = 3) of five PCBs were measured in ranges of 0.0021–0.01 µg/L. Furthermore, the fiber-packed NTD 
has excellent durability, and can be reused for 60 cycles. After being stored at room temperature for three days, the storage 
ability of the NTD had a loss of PCBs less than 10%, and the relative standard deviation (RSD) was less than 10%. When analyzing 
the PCBs in real water samples, good accuracies (spiked recoveries were in the range of 92.19–98.56%) and precision (the RSD 
was lower than 12.8%) was obtained.

Shuang Hou, Xiyue Wang, Lili Lian, Bo Zhu, Boying Yue, and Dawei Lou

Polychlorinated biphenyls (PCBs) are 
compounds of the halogenated aro-

matic group. Owing to excellent chemi-
cal and thermal stability, PCBs are widely 
applied in diverse commercial produc-
tion. However, the direct discharge of 
industrial waste and careless disposal 
accidents and chemical waste dispos-
als results in the accumulation of PCBs 
in the environment. PCBs have become 
the main persistent organic pollutants 
found in diverse environmental matri-
ces (1,2). Long-term exposure to PCBs 
can cause harmful effects on people,  
such as acne, rashes, and liver damage. 
A few studies have indicated that PCBs 
are associated with liver cancer and bile 
duct cancer (3,4). There are 15 PCBs 
that have been thought as probable 
carcinogens to humans by the U.S. Envi-
ronmental Protection Agency (EPA) and 
the International Agency for Research on 
Cancer (IARC) (5). Therefore, it is neces-
sary to monitor PCBs in the environment 
to assess their potential harm to people. 
However, the direct detection of PCBs 
in the environment is hard, owing to the 
complex matrix effect and their trace lev-
els. Thus, effective sample pretreatment 
techniques should be developed.

Solid-phase microextraction (SPME) 
(6,7) as a simple sample preparation 
method has been successfully used for 
analyzing PCBs in aqueous samples (8,9). 
However, commercial SPME fibers have 
some drawbacks, such as fiber fragility, 
limited coating options, poor thermal 
stability, and limited sorption capac-
ity (10,11). Needle trap devices (NTDs) 
and their ability to overcome the limita-
tions of SPME were first mentioned in 
2001 by Pawliszyn and colleagues (12).  
Various NTDs with different sorbents, 
such as metal-organic frameworks 
(MOFs), organic composites, nanoparti-
cles, and carbon nanotubes, were devel-
oped for extracting aromatic amines (13), 
phenols (14), benzene, toluene, ethyl-
benzene, and xylene (BTEX) (15), and 
polycyclic aromatic hydrocarbons (PAHs) 
(16,17) from environmental samples. 
Fiber-packed needles, another type of 
NTD, have been prepared by packing 
polymer-coated fibers as the extraction 
medium into a stainless steel needle (18). 
Some fiber-packed needles with different 
polymer coatings have been prepared 
for the extraction and separation of some 
pollutants (19,20). Preparing an NTD with 
packed fibers not only makes the coating 

uniform, but it also improves the perme-
ability of the device, and the fiber coating 
is protected by stainless steel so that it 
has a good service life, high thermal sta-
bility, and strong mechanical strength (21).  
Currently, however, fiber-packed NTDs are 
rarely used in the analysis of PCBs.

For fiber-packed NTDs, the good 
thermal and chemical stability of fiber 
coatings plays a vital role in target 
enrichment. Sol-gel coating technology 
presented by Malik and coworkers (21,22)  
has been used to prepare sorbents for the 
NTDs (23,24). In this method, the surface 
treatment, coating, and immobilization 
were effectively combined together (25). 
Because of the stable chemical binding 
of the coating to the substrate surface, 
sorbents coated using sol-gel technology 
have greater chemical and thermal stabil-
ity (26–28). In addition, the porosity struc-
ture formed not only increases the surface 
area, but it also allows for adjustment of 
the coating thickness (29,30).

In the study presented here, a novel, 
fiber-packed NTD was prepared by the 
sol-gel method to extract PCBs from 
water samples. A three-dimensional (3D) 
polymer was prepared with polyethylene 
glycol (PEG) and methyltrimethoxysi-
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lane (MTMS) in an acid condition. Then, 
the fiber coating step was achieved by 
coating the polymer on the surface of 
high temperature-resistant Zylon fibers.  
The preparation of the coating was easy 
and inexpensive. The device was then 
applied to the analysis of PCBs combined 
with gas chromatography (GC). The effect 
of certain conditions (such as extraction 
time and temperature, desorption time 
and temperature, and ionic strength) 
on the extraction efficiency was studied. 
Moreover, the storage performance, ser-

vice life, analytical performance (such 
as limit of detection [LOD] and limit of 
quantification [LOQ]), and recoveries 
of the proposed NTD were evaluated.  
Finally, five PCBs in water samples were 
successfully detected by this method.

Experimental
Instrumentation and Materials
Methyltrimethoxysilane, polyethylene 
glycol (PEG), trifluoroacetic acid (TFA), 
acetone (CH3COCH3), and sodium 
chloride were purchased from Alad-

din Reagent Co. Ltd. All solvents used 
here were analytical-reagent grades. 
Standards of polychlorinated biphenyls 
(PCBs), including 2,4,4’-trichlorobiphe-
nyl (PCB28), 2,2’,5,5’-tetrachlorobiphenyl 
(PCB52), 2,3,4,4’,5-pentachlorobiphenyl 
(PCB118), 2,2’,4,4’,5,5’-hexachlorobiphe-
nyl (PCB153), and 2,2’,3,4,4’,5,5’-hepta-
chlorobiphenyl (PCB180), were bought 
from Dr. Ehrenstorfer in Germany.  
The standard solutions (1.0 g/L) of PCBs 
in acetone were stored in the refrig-
erator at a temperature of 4 °C. Ultra-
pure water was processed by a Milli-Q 
system (Millipore). The heat-resistant 
Zylon fibers were supplied from Toyobo.  
The 21-gauge stainless steel needle was 
5 cm in length, and had a high-tempera-
ture resistance above 300 °C.

GC Analysis
An Agilent gas chromatograph (7890B) 
instrument was used for analyzing the 
components, which was equipped with 
a flame ionization detector (FID) system.  
An HP-5 capillary column (30 m × 0.32 
mm i.d.) with a 0.25 μm film thickness 
used for the separation. As a carrier gas, 
ultrapure N2 had a flow rate of 6.5 mL/min.  
The splitless injection was adopted.  
The GC injector temperature was 290 °C,  
and the detector temperature was 300 °C, 
respectively. The initial oven temperature 
was set at 100 °C before being increased 
to 250 °C at a rate of 5 °C/min.

Preparation of Fiber-Packed  
Needle Trap Device
Pretreatment of Zylon Fibers
The Zylon fibers were processed accord-
ing to our previous study (31). Briefly, a 

TABLE I: Analytical performance of the NTD

Compound
Linear 
Range
(μg/L)

r LODs
(μg/L)

LOQs
(μg/L)

EF

Run-to-
Run

RSD% 
(n = 3)

Needle-
to-Needle

RSD%
(n = 3)

PCB28 0.02–500 0.9999 0.0058 0.019 8934 3.95 8.16

PCB52 0.02–500 0.9993 0.0021 0.0069 9537 2.16 4.66

PCB118 0.02–500 0.9949 0.0057 0.019 2440 4.01 7.75

PCB153 0.05–500 0.9937 0.01 0.033 2210 5.37 8.08

PCB180 0.05–500 0.9951 0.0084 0.028 1150 5.16 9.26

TABLE II: The storage performance of the NTD

Storage Time
PCB28 PCB52 PCB118 PCB153 PCB180

%Rec RSD(%) %Rec RSD(%) %Rec RSD(%) %Rec RSD(%) %Rec RSD(%)

3 days

50 μg/L 96.85 2.9 93.12 6.3 95.78 3.9 90.37 7.2 91.10 5.9

100 μg/L 94.73 5.3 95.73 2.9 91.13 5.8 92.26 9.3 96.32 2.2

500 μg/L 92.65 3.1 94.16 4.9 93.34 5.5 95.44 4.1 93.68 4.4

7 days

50 μg/L 84.97 11.1 84.72 3.5 85.76 2.9 85.31 4.2 81.94 8.9

100 μg/L 86.62 1.9 85.92 3.2 85.12 4.6 83.20 11.3 85.67 7.1

500 μg/L 84.51 2.0 84.18 3.8 80.69 11.4 81.45 10.3 80.58 6.8

Injection syringe

Water bath

Extraction needle

Sol-gel coated �ber

FIGURE 1: Schematic of the extraction method using a NTD.
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bundle of Zylon fibers was immersed in an 
acetone solution for 6 h. After washing the 
fibers with distilled water, the fibers were 
dried with nitrogen. Then, the fibers were 
processed in a hydrogen chloride solution 
(0.1 mol/L) for 1 h, and dried for reserve.

Preparation of Coating Solution
Polyethylene glycol (200 mg as coating 
polymer) was weighed and dissolved in 
200 μL of acetone in a centrifuge tube. 
Subsequently, 400 μL of methyltrime-
thoxysilane and 150 μL of TFA (95%), 
which served as an acidic catalyst into 
the centrifuge tube, were added and 
mixed well. After being ultrasonically 
agitated for 5 min, the prepared solution 
was centrifuged for 10 min at 12,000 rpm. 
Then, the supernatant was obtained.

Preparation of Needle Trap Device
The pretreated Zylon fibers were 
immersed in the prepared coating solu-

tion and kept at 30 °C for 30 min in the 
oven, followed by an additional 15 min at 
100 °C. This coating step was repeated 
three times, and the new coating solu-
tion was used every time. Then, the Zylon 
fibers with the polymer coating longitu-
dinally penetrated the hollow stainless 
steel needle. The prepared NTDs were 
put in a desiccator for 24 h, then aged at 
280 °C for 4 h.

Extraction and Desorption
The stock solution was diluted with a 
10 mL ultrapure water to prepare poly-
chlorinated biphenyl (200 µg/L, PCB28, 
PCB52, PCB118, PCB153, PCB180) sam-
ple solution in a vial. The vial was closed 
with a Teflon septum and a headspace 
aluminum cap, and it was placed into 
the water bath at 80 °C. After magnetic 
stirring for 15 min, the gas–liquid equi-
librium between the two phases in the 
vial was achieved. Then, the NTD con-

nected to the syringe was inserted into 
the vial. The sample in the headspace 
was extracted by pushing and pull-
ing the syringe repeatedly for 50 min.  
After extraction, the NTD was connected 
to the other syringe with 1 mL nitrogen, 
and then inserted into the GC injection 
port at 290 °C. Nitrogen was used to 
assist in the thermal desorption, and the 
desorption time was 4 min. The sche-
matic of the device is shown in Figure 1.

Results and Discussion
Characterization of the Fibers Coating
The surface morphological of the blank 
Zylon fibers and Zylon fibers coating 
were characterized by scanning electron 
microscopy (SEM) on a Zeiss Merlin Com-
pact (Zeiss) instrument with the voltage at  
25 kV. Figure 2a shows the surfaces of the 
blank Zylon fibers were smooth, but the 
coated fibers exhibited a rough surface 
which increased the surface area of the 
Zylon fibers (Figure 2b). As shown in Fig-
ure 3, the extraction efficiency between the 
coated fibers and blank fibers was in sharp 
contrast. The coated fibers had a high 
extraction capacity for PCBs. It can also be 
attributed to the chemical stability and the 
good thermal fiber coating obtained by 
the sol-gel technology (32,33).

Optimization of the Conditions
Effect of Extraction Temperature
Extraction temperature is a key condition 
that influences the extraction efficiency 
of the NTD. The higher temperature is 
helpful in the diffusion of analytes in the 
headspace, which accelerated the trans-
fer of the analytes into the fibers coating.  
However, the side effect of the extortion-
ate temperature is that it changes the 
adsorption of the gaseous analytes on the 
NTD fibers, which makes the sensitivity 
lower. Therefore, the influence of extrac-
tion temperature was inspected from  
30 °C to 100 °C. As displayed in Figure 4a, 
the highest peak areas of the five PCBs 
were found at 80 °C. Therefore, 80 °C was 
chosen as the best extraction temperature.

Effect of Extraction Time
The headspace extraction is dependent 
on the equilibrium between the adsor-

(a) (b)

FIGURE 2: SEM micrographs of (a) blank Zylon fiber and (b) Sol-gel PEG coating fiber 
(10,000-fold magnification). 
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FIGURE 3: Comparison of extraction efficiency of blank Zylon fibers and Sol-gel PEG 
coating fibers for PCBs.
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bent coating and the sample. As a result, 
we studied the effect of the extraction 
time on the extraction efficiency of the 
NTD for the PCBs. The extraction was 
established within the range of 10–60 min  
at 80 °C with constant stirring. The results 
in Figure 4b showed that the extraction 
efficiency obviously increased from 10 min  
to 50 min, then decreased a little with 
an increase of extraction time. Therefore, 
the optimal extraction time was set at  
50 min in the subsequent study.

Optimization of Desorption 
Time and Temperature
The influence of desorption time on the 
extraction effect was researched from  
1 min to 5 min. Figure 4c shows a longer 
desorption time can assist analytes deliv-
ery completely to the separation column.  
Therefore, 4 min was taken as the opti-
mal desorption time for further study.  
The thermal desorption process was stud-
ied in a desorption temperature range of 
250–300 °C. Figure 4d shows that with the 

temperature increase, the analyte peak 
area becomes larger. The maximum peak 
area was obtained at 290 °C. Then, the 
response of the peak area decreased sig-
nificantly. So, 290 °C was chosen as the best  
desorption temperature.

Effect of Ionic Strength 
The amount of salt added to the sample 
solution has varying effects on the equi-

librium process. In this study, the effect of 
ionic strength on the extraction efficiency 
of the PCBs was researched in the sodium 
chloride concentration range of 0–30% 
w/v (Figure 4e). With the increase of the 
sodium chloride concentration, the peak 
area of PCB28 and PCB52 first increased 
slightly and then decreased significantly, 
whereas the peak area of the other three 
samples decreased continuously with the 

TABLE III: Analytical results of five PCBs compounds in Songhua River water samples

Analytes
Songhua River

Detected
(µg/L)

aRecovery
%(RSD)

bRecovery
%(RSD)

cRecovery
%(RSD)

PCB28 ND 98.56(1.8) 97.72(4.9) 96.02(7.2)

PCB52 ND 98.34(3.7) 93.85(12.8) 96.48(11.2)

PCB118 ND 93.09(2.9) 97.93(4.9) 92.19(4.0)

PCB153 ND 97.53(4.4) 95.05(7.2) 93.16(11.2)

PCB180 ND 96.05(11.8) 94.82(10.2) 97.09(4.3)
aR = Recovery after spiked with 50.0 µg/L
bR = Recovery after spiked with 10.0 µg/L 
cR = Recovery after spiked with 5.0 µg/L
ND = Not detected
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sodium chloride concentration increase. 
It could be because of salting out and 
competitive effects. Salt inhibits the solu-
bility and distribution coefficient of the 
tested substance in aqueous solutions.  

However, high salt concentration results in 
competitive adsorption with the analytes,  
which may make the adsorption per-
formance of the adsorbent significantly 
reduced (3,11). Therefore, in the follow-

ing study, no sodium chloride was added 
to the sample solution.

Effect of Fibers Bundles
The number of fibers bundles was also 
a factor affecting the extraction effi-
ciency. Therefore, the influence of the 
number of fibers bundles on extraction 
efficiency in a range from 200 to 450 bun-
dles was studied (Figure 4f). The results 
showed that the extraction efficiency 
increased with the amount of fibers 
bundles in the range of 200–350 bundles.  
Although the number of fibers bundles 
exceeded 350, the extraction efficiency 
is reduced because the excessive fibers 
bundles will affect the permeability of 
the device. Therefore, the number of 
fiber bundles was 350.

Method Validation
The applicability of the explored NTD for 
extracting five PCBs from water samples 
was evaluated. The analytical charac-
teristics include the linearity, LOD, and 
repeatability was studied to validate the 
proposed method under optimal condi-
tions. Table I lists the results. The linearity 
range of PCB28, PCB52, and PCB118 was 
0.02–500 µg/L, and PCB153 and PCB180 
was 0.05–500 µg/L with the correla-
tion coefficient (r) between 0.9937 and 
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FIGURE 4: (a) Effect of extraction temperature, (b) extraction time, (c), desorption time, (d) desorption temperature, (e) ionic strength, and (f) fibers 
bundles on the extraction efficiency of PCBs.
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0.9999. The enrichment factors of NTD 
for the five PCBs were 8934, 9537, 2440, 
2210, and 1150, respectively. The LOD  
(S/N = 3) was in the range of 0.0021–0.01 
µg/L and the LOQ (S/N = 10) was in the 
range of 0.0069–0.033 µg/L, respectively. 
The relative standard deviation (RSD)  
(n = 3) of repeatability was less than 
5.37% for the one needle. Meanwhile, the  
needle-to-needle RSD ranged from 
4.66–9.26%. Because the number and 
uniformity of fibers coating were slightly 
different, the RSD of needle-to-needle 
reproducibility was slightly larger than 
run-to-run repeatability, which was satis-
factory in both cases. The same needle 
device was repeated 100 times for PCBs 
analysis (Figure 5). The extraction effi-
ciency remained almost unchanged within  
60 cycles.

Storage Performance
To assess the storage performance of the 
device, the NTDs were used to extract 
the same amount of PCBs. Then, some 

of the needles with both ends sealed 
with PTFE caps were kept in laboratory 
conditions (room temperature 23 °C) for 
3 d and 7 d. Recovery (%) of PCBs was 
obtained from the peak area before and 
after storage. As shown in Table II, the 
loss of PCBs in the device stored for 3 d  
had no obvious change, with recover-
ies between 90.37–96.85%. The corre-
sponding extraction efficiency stored 

for 7 d decreased to some extent.  
However, the result was within the 
acceptable level.

The Actual Water Sample Analysis 
In this work, PCBs in the Songhua River 
water were extracted and analyzed by the 
NTD combined with a GC-FID detector.  
The gas chromatogram of PCBs in Son-
ghua River water is shown in Figure 

TABLE IV: Comparison of the NTD method with others reported for the determination of 
PCBs in real samples

Technique
Analytical 
Method

Adsorbents
LODs 
(µg/L )

RSD(%) Reference

MSPE GC–MS Fe3O4@SiO2@C18 0.2–1 2–14 (34)

HS-SPME GC-ECD PDMS 0.45–2.42 - (35)

m-SPE GC–MS Ol-Fe3O4 NPs 0.0016-0.0054 1.2–6.5 (36)

SPME GC–MS MoS2/RGO 0.051–0.093 2.6–10 (37)

SBSE HPLC–UV PANi/MWCNTs-OH 0.09–0.4 6.5–11.6 (38)

SPE GC–MS/MS MIPs 0.01–9.02 1.3–14.2 (39)

HS-NTD GC-FID PEG Sol-gel 0.0021–0.01 1.8–12.8 In this work
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6. There were no PCBs found in Song-
hua River water. For accuracy measure-
ment, 5, 10, and 50 µg/L of PCBs were 
spiked to Songhua River water. At each 
concentration, three replicated samples 
were performed. The results (Table III) 
showed that the recoveries of five PCBs 
Songhua River water were in the range of  
92.19–98.56%, with RSDs 1.8–12.8%.

Comparison with Other Methods
To demonstrate feasibility, the pro-
posed performance was compared 
with other published research methods, 
and the results are expressed in Table 
IV. The comparable LODs and RSDs of 
the recoveries of the real sample was 
obtained in the present work. The device 
is appropriate for analyzing PCBs in  
water samples.

Conclusion
A novel NTD with sol-gel PEG-coated 
fibers in conjunction with GC was pre-
pared and used to analyze PCBs in 
Songhua River water samples. The pro-
posed method here can achieve a low 
LOD ranging from 0.0021 to 0.01 µg/L 
with good repeatability (RSD <9.5%).  
The thickness of the sol-gel coating 
could be adjusted by varying the coat-
ing time. The NTD provided good 
extraction efficiency and sample storage 
capacity for PCBs analysis. The method 
combined the NTD with GC and showed 
that it is a simple, inexpensive, and accu-
rate tool for the trace PCB analysis in  
water samples.
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THE NEXT 
GENERATION
A special article series highlighting the work of young analytical chemists.

Multidimensional Gas Chromatography: Benefits and 
Considerations for Current and Prospective Users
Two-dimensional gas chromatography (GC×GC) offers improved separation power for complex samples containing 
hundreds to thousands of analytes. However, several considerations must be made to determine whether 
multidimensional gas chromatography (MDGC) is the logical instrument choice to answer a particular scientific 
question, including, but not limited to, whether the analysis is targeted or non-targeted, the number of analytes 
of interest, and the presence of interferences that are coeluted, as well as any potential regulatory or industrial 
constraints. Currently, MDGC remains daunting for many users because of data complexity and the limited tools 
commercially available, which are critical for improving the accessibility of MDGC. Herein, we discuss considerations 
that may assist analysts, laboratory managers, regulatory agents, instrument and software vendors, and those 
interested in understanding the applicability of 2D-GC for the scientific question being investigated. 
Sarah E. Prebihalo, Brooke C. Reaser, and Derrick V. Gough

Since the introduction of modern 
gas chromatography (GC) in the 

1950s, GC has been established as the 
premier technology for the analysis 
of volatile and semi-volatile organic 
compounds because of its ease of 
use, rugged design, and separation 
power (1). GC is employed across 
research, regulatory, and industrial 
applications, requiring the develop-
ment of more powerful instrumental 
and data analysis approaches to keep 
pace with the wealth of complex sam-
ples that require analysis. One such 
instrumental improvement aims to 
increase peak capacity by employing 
a second GC separation dimension, 
referred to as multidimensional gas 
chromatography (MDGC). The most 
popular form of MDGC, and the 
type discussed herein, is comprehen-
sive two-dimensional GC (GC×GC),  
a technique pioneered approximately 
30 years ago by Liu and Phillips (2) 
that offers an order of magnitude 
higher peak capacity when method 
run times are held constant (3–7). 
For samples such as the diesel fuel 

as seen in Figure 1, the alkane band 
dominates the one-dimensional (1D) 
separation in Figure 1a. The addition 
of a second column separates alkanes 
in the 2nd (y) dimension, increasing 
peak capacity, and allowing improved 
separation of more trace level ana-
lytes, such as aromatics, as demon-
strated in Figure 1b. 

With the invention of more powerful 
instrumentation comes the increased 
responsibility of clearly defining the 
problem to be addressed, and then 
carefully selecting the best analytical 
approach, whether it be GC×GC or 
1D-GC with an appropriate detector, 
be it a mass spectrometer or other-
wise. In general, there are several con-
siderations that should be made when 
performing GC separations, includ-
ing sample preparation and introduc-
tion (8–12), hardware and software 
selection (5,13,14), and more (15).  
This article will specifically focus on 
the chromatographic questions and 
considerations that need to be made 
regarding whether to perform one-  
or two-dimensional GC. 

The best technique for any analytical 
problem depends on multiple factors, 
such as: 1) whether the study is tar-
geted or non-targeted; 2) if targeted, 
the number of target analytes to be 
separated; 3) whether there are inter-
ferents in the sample from the extrac-
tion process, stationary phase back-
ground, or matrix that are co-eluted 
with the analytes of interest; 4) the 
advantages or limitations of available 
detectors; and 5) resources, such as 
analyst training and availability, time, 
money, and other regulatory or indus-
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trial constraints. For example, as can 
be observed in Figure 2, quantification 
of preservatives in cosmetic products 
would likely fall in the bottom left cor-
ner of the diagram because of the rela-
tively low sample complexity and tar-
geted quantification (16). In contrast,  
a differential comparison between sim-
ilar matrix samples would likely benefit 
from the increased peak capacity of 
GC×GC (3,17,18). 

Comprehensive 
Multidimensional  
Gas Chromatography:  
Strengths and Benefits
In the case of highly complex sam-
ples (those that contain more than 
150–250 relevant compounds, or have 
complex matrices not removed via 
sample preparation), the separation 
power of traditional 1D-GC decreases 
because of limited peak capacity (7). 
As observed in Figure 1b, the addi-
tion of a second separation dimen-
sion, when shown in a contour plot, 
enables both x- and y-direction time 
separations. Consistently co-eluted 
compounds, especially low-boiling 
point compounds, can now be sep-
arated by the second dimension  
(generally polarity differences) in addi-
tion to the primary separation (gener-
ally mobile-to-stationary phase affin-
ity differences). When complementary 
stationary phases are selected, the 
second dimension enables a large 
increase in available space for analytes 
to occupy. In terms of raw peak capac-
ity, multidimensional chromatogra-
phy can provide a ~10-fold increase  
in peak capacity (17). 

Complementary stationary phase 
selection can not only dramatically 
increase peak capacity of the entire 
separation, but it also allows chroma-
tographers to independently deter-
mine the stationary phase of the pri-
mary or secondary column, which is 
selective for the analytes of interest. 
For example, a 100% dimethylpoly-
siloxane primary column, coupled 
with a secondary column containing 
8% phenyl polycarborane-siloxane,  

will allow for polychlorinated biphe-
nyl (PCB) compounds to be separated 
according to ortho ring substitution 
(19). Additionally, GC×GC chromato-
grams are highly structured according 
to compound type, as evidenced in 
Figure 1b of a diesel sample. Alkanes 
are eluted in a discrete band and are 
separate from the aromatic region,  
for example (20–22). Ultimately, one 
of the advantages of GC×GC is its 

ability to provide valuable informa-
tion about probable compound struc-
ture and isomer identity, even when 
an analytical standard is unavailable 
or library match is poor (19,23–27). 

The heart of a GC×GC instrument is 
the modulator, which, in essence, acts 
as a second injector onto the shorter, 
second dimension. Regardless of the 
type, the modulator traps and com-
presses analytes prior to the detector,  
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which increases signal to noise (S/N)  
and can improve limits of detection (LOD) 
(3–5,28–30). In the case of cryogenic jet-
based modulators, peak compression 
in the modulator can impart a three- to 
nine-fold increase in analyte sensitiv-
ity compared to 1D-GC (17,31). This is of 
particular interest for environmental analy-
ses, where scientists are asked to detect 
ever-decreasing levels of analytes (such 
as perfluoroalkyls and other persistent 
organic pollutants [POPs]), or when the 
target presents a health concern, as in the 
cases of some carcinogens and mutagens 
(19,23,26,32–34). Furthermore, the oven 
ramp programs for many chromatographic 
separations often reach a plateau, causing 
late-eluting analytes to broaden and lose S/N.  
The modulator can assist detection by 
increasing S/N for analytes at the edge of 
detectability for 1D-GC (35,36).

The evidence is clear that GC×GC 
is an effective tool for complex anal-
yses, non-targeted analyses, and 
low detection limits, and could be 
deployed more universally in labo-
ratories. However, cases exist where, 
despite its clear advantages, GC×GC 
is unnecessary for accurate and 
timely achievement of the analytical 
goal at hand.

The Flip Side: When 1D-GC 
is Sufficient or Preferred
The largest subset of analyses that 
are not suitable for GC×GC consist 
of small, well-defined problem sets. 
These include targeted analyses that 
already have well-established meth-
ods, analyses occurring in simple 
sample matrices that are easily sepa-
rated from the compounds of interest, 

or analyses in which a suitably selec-
tive detector already exists. For exam-
ple, quantitative methods confirming 
ingredient-level concentrations of safe 
targets, such as preservatives in cos-
metic products or caffeine in cocoa, 
generally have well-established meth-
ods using GC or LC coupled with either 
an univariate or multivariate detector 
(37,38). Even some cases of increas-
ing complexity can be easily analyzed 
by chromatography coupled with an 
appropriate mass spectrometer when 
a unique m/z or appropriate multiple 
reaction monitoring (MRM) transition 
can increase the selectivity and sen-
sitivity of the target over the matrix, 
such as the analysis of pesticides by 
GC-triple quadrupole mass spectrom-
etry (TQMS) (37). Detectors that are 
selective for certain compound classes, 
such as sulfur chemiluminescence, can 
provide the selectivity needed for a 
method to differentiate between the 
sample and target (39–41). When such 
techniques are available, and addi-
tional information about the sample is 
not needed, they should be employed 
over utilizing GC×GC.

There has been increased interest 
within the GC×GC field regarding 
the development of GC×GC instru-
ments with other mass spectrometer 
types (18,42–44). However, a limiting 
factor that may exclude GC×GC from 
use with MS is the scan rate required 
for effective sampling of modulated 
peaks. These peak widths can be as 
low as 50 ms (29). To effectively sam-
ple such narrow peaks for quantifica-
tion, a scan rate of at least 100 Hz is 
generally required. Older detectors 
and higher resolution instruments do 
not have this fast, broad-range scan 
rate (45–47). For those instruments 
that do have the necessary scan rate, 
higher resolution data can impart 
upon GC×GC data a level of complex-
ity beyond which most analysts can 
manipulate and interpret. Whether it 
is a hardware or software limitation, 
detector selection must be suitable for 
GC×GC analysis—from separation to  
data interpretation. 
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FIGURE 1: (a) 1D-GC separation of diesel fuel, demonstrating the challenges of complex sam-
ples and ability to resolve coeluting analytes. (b) GC×GC separation of the same diesel sample. 
On the second dimension, aromatics elute between 0 and 0.50 s, alkenes and cycloalkanes from 
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FIGURE 2: Summary of types of analyses and when GC or GC×GC should be used. For sam-
ples of simple complexity, GC is often sufficient. However, as sample complexity increases, 
GC×GC can provide enhanced separation power for targeted and untargeted analysis.
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Raw GC×GC data can be complex 
and difficult to interpret, especially 
in non-targeted work. Consequently, 
analysts must choose between the 
following: 1) manual interpretation; 
2) vendor software; and 3) in-house 
data analysis tools. Depending on 
the complexity and volume of data, 
manual interpretation may be tedious 
and impractical for industrial or regu-
latory laboratories. Although there 
has been a large amount of growth 
with vendor data analysis software in 
recent years, there exists a need to 
expand the abilities of each software 
platform and make these tools acces-
sible to a broad audience (48–50).  
Currently, many GC×GC-focused 
analysts have turned to the develop-
ment of in-house chemometric tools 
to bridge the gap between vendor 
software (5,13,14,51–54). However, 
this generally requires the knowledge 
of at least one scripting language 
(such as Python or Matlab) and a 
strong understanding of the statis-
tics-based and chemometric algo-
rithms that aid in the manipulation 
of GC×GC data and the elucidation 
of important features within the data. 
Ultimately, chromatographers now 
need not only a deep understand-
ing of analytical principles, but they 
also need a working knowledge of  
data science. 

Beyond the chiefly analytical rea-
sons not to employ GC×GC, there are 
more practical reasons some avoid the 
technique, namely, time and resources. 
GC×GC requires time and expertise 
to set up, maintain, optimize, and val-
idate GC×GC systems and methods. 
For urgent industrial problems, there 
may not be time to employ GC×GC 
when same-day answers are needed.  
For non-targeted discovery, GC×GC 
can be an invaluable tool, but many 
will move from non-targeted GC×GC 
to targeted heart-cutting MDGC 
or 1D as soon as targets are identi-
fied for simplicity and allocation 
of resources (47,55). For example,  
a GC×GC system can take up valu-
able resources, whether it be bench 

space for a dedicated GC×GC system 
in the laboratory, liquid nitrogen for 
a cryogenic modulator, or an expe-
rienced analyst to maintain the sys-
tem and analyze the data. Although 
R&D teams may be able to simply  

“turn off” the modulator and run a 
GC×GC system as 1D, such modifica-
tions of validated methods may not be 
permitted in regulatory or industrial  
environments (56,57).

Conclusion
Ultimately, the principles and consid-
erations when selecting a GC platform 
can be influenced by a researcher’s 
own implicit bias related to GC×GC. 
Experienced members of the GC×GC 
community have seen firsthand the 
incredible separation power of these 
instrument platforms, especially when 
higher order chemometric analysis is 
desired. The danger in this mentality is 

Streamline your workflow
with a gas generator
Providing your LC-MS or GC/GC-MS with a reliable source of gas at the push of a button, 
a Peak gas generator takes away the hassle and inconvenience of handling cylinders 
in your lab, allowing you to work more e�ciently. With 20 years’ experience in gas 
generation and our unique brand promise to deliver on-site service and support, having 
a Peak in your lab means you can focus on what really matters.

Contact us today to discover more! 

www.peakscientific.com/genius

A gas generation brand

http://www.peakscientific.com/genius
http://www.chromatographyonline.com


512  LCGC NORTH AMERICA  VOLUME 40 NUMBER 10  OCTOBER 2022 WWW.CHROMATOGRAPHYONLINE.COM

the reality that not all scientific ques-
tions require an additional separation 
dimension. However, although the use 
of GC×GC can provide valuable infor-
mation regarding complex samples, it 
has not gained widespread use thus 
far. Perhaps a major obstacle for the 
implementation of GC×GC in many 
laboratories involves the inherent 
complexity of the data produced (14).  
Ultimately, MDGC provides multiple 
dimensions of data—primary and 
second dimension separation times, 
and if a mass spectrometer is used 
as a detector, mass spectral informa-
tion. Data analysis may seem daunt-
ing, especially in the cases of large 
data sets, and when coupled with 
the relative infancy of many chemo-
metric software platforms, may delay 
the desire to fully integrate GC×GC 
into regulatory, industrial, and foren-
sic laboratories (18). Undoubtedly, 
GC×GC would benefit from contin-
ued investment in GC×GC hardware 
and software tools, as well as effective 
communication, to ultimately bridge 
the gap between chemistry and data 
science, and increase accessibility of 
these powerful separations.
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The past two years have completely 
changed our world. One of the biggest 

impacts on the scientific community has been 
the move to virtual conferences, which has 
transformed the way that researchers present 
their work and companies make connections 
with potential new customers. Over the past 
few months, a shift back to in-person meet-
ings has started, with three major analytical 
chemistry gatherings being held in early sum-
mer 2022: the ASMS, HPLC, and Analytica 
conferences. I was able to make my way to San 
Diego for the 50th meeting of the HPLC con-
ference series, and wanted to share some of 
my experiences to add to a recent summary 
of the event by Michael Dong (http://tinyurl.
com/donghplc2022) and a synopsis of the sci-
entific content at the meeting by Dave Bell in 
the LCGC “Column Watch” column (http://
tinyurl.com/bellhplc2022). As a member of 
the organizing committee who collaborated 
closely with conference chair Frantisek (Frank) 
Svec over the past several months, it was great 
seeing all that planning finally come to fruition. 
Specific to this publication, it was also my first 
time to participate in a meeting of the LCGC 
Editorial Board as one of its newest members!

Many of the conference attendees who 
hadn’t already arrived to participate in one 
of many short courses trickled into the con-
ference hotel throughout the Saturday that 
preceded the meeting. Although there had 
been some regional meetings over the past 
several months, this was the first time that liq-
uid chromatographers from around the world 
were seeing each other since March 2020 at 
Pittcon, so there were colleagues catching up 
nearly everywhere you looked. That afternoon 
was my first time at the conference gathering, 
with several people on one of the many patio 
seating areas found around the hotel grounds, 
an activity that was repeated nearly every eve-

ning that followed. Throughout the week, 
these casual social events ended up being a 
great time after the conference events were 
over to catch-up with friends I’ve known for 
years, as well as meet a lot of new people in 
the field. The last conference I attended with 
a similar vibe was the 2013 ISCC meeting in 
Palm Springs—perhaps a common thread 
in chromatography meetings organized by 
Frank Svec held in southern California?

My key responsibility throughout the week 
was assisting with the coordination of the 
student volunteer team. This year, we had 
nearly 40 volunteers who were essential to 
the successful operation of the meeting. I 
was impressed with these students as soon 
as I met them, based on their record-setting 
time in preparing the conference souvenir 
bags! Their contributions to the registration 
desk and management of A/V equipment 
throughout the weekend was invaluable, and 
I heartily thank all those who helped. Many 
of these young scientists also gave outstand-
ing oral and poster presentations. I was a jury 
member for this year’s Csaba Horváth Young 
Scientist Award, and attended 10 exceptional 
talks from the next generation of separation 
scientists. The winner of this year’s award was 
Brady Anderson, from the University of Michi-
gan, who gave an outstanding lecture on the 
development and use of ultrahigh pressure 
capillary columns for hydrophilic interaction 
liquid chromatography (HILIC) separations. 
HPLC 2022 was also personally notable to me 
as the meeting where my first doctoral stu-
dent (Samuel Foster) gave his first major con-
ference presentation—definitely a moment 
that makes me feel a bit older! 

As this brief article is more focused on a 
general overview of the meeting, I won’t go 
into too many specific details on the scientific 
program. However, I would be remiss to not 

mention the large increase in talks on oligo-
nucleotide and mRNA analysis compared to 
previous meetings. This is a hot area based on 
recent advances in the pharmaceutical indus-
try, and may be one of the biggest ways that 
liquid chromatographers have an impact on 
the world over the next few years.

The exposition floor was filled with doz-
ens of vendors, including major corporations 
who have been presenting for years, as well 
as a few companies who were attending the 
meeting for the first time. Based on my per-
sonal research interests, I was most enthusi-
astic about the new compact, capillary-scale 
instruments displayed by multiple companies 
as well as benchtop capillary liquid chroma-
tography (LC) instruments found in the booths 
of larger instrument vendors. I continue to be 
optimistic about the increased adoption of 
low-flow LC systems in analytical laboratories, 
greatly reducing the environmental impact 
of our work while still maintaining the per-
formance needed to conduct high-quality 
chemical analysis.

As the meeting came to a close, the chairs 
of the next two meetings in the HPLC confer-
ence series presented scientific lectures that 
included invitations to attend the sympo-
sia: Michael Lämmerhofer for HPLC 2023 in 
Düsseldorf and Susan Olesik for HPLC 2024 
in Denver. Based on my experience at HPLC 
2022, and that of many other attendees that I 
spoke with, I know that the separation science 
community is already excited for these oppor-
tunities to gather once again.

The Return of the HPLC Conference
James Grinias
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