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

In any field, it is essential that we recognize those who push 
the discipline forward. Since 2008, we have been doing just 

that with the LCGC awards, as we honor two outstanding 
chromatographers every year.

Peter Schoenmakers, the 2023 recipient of the LCGC 
Lifetime Achievement in Chromatography Award, is a pro-
fessor and a former Scientific Director of the van ’t Hoff Insti-
tute for Molecular Science at the University of Amsterdam. 
Schoenmakers first made his mark elucidating the theory of 
gradient elution in reversed-phase liquid chromatography 
(RPLC); his 1978 foundational paper on this topic has been 
cited more than 400 times. During both his industrial and 
academic career, he advanced many facets of polymer char-
acterization, using size-exclusion chromatography (SEC), 
RPLC, multidimensional LC, and multiple types of detectors. 
And he has been a pre-eminent leader in multidimensional 
LC, with his research in not just two-dimensional but also 
three-dimensional LC, culminating in his “Separation Tech-
nology for A Million Peaks” (STAMP) project.

Schoenmakers’s influence—through his research, his 
teaching at the university and at short courses (where he 
trained more than 500), and his mentoring of scores of bril-
liant students—will be felt for decades to come. He is also a 
beloved member of the community, known for his kindness, 
his sense of humor, and his ability to entertain audiences 
during his talks. Congratulations, Peter!

Emanuela Gionfriddo, the 2023 LCGC Emerging Leader 
in Chromatography, has already made her presence known 
in the discipline through her work on the fundamentals and 
application of sample preparation techniques. Currently an 
assistant professor at the University of Toledo (Ohio), Gion-
friddo is having a positive impact not just on separation sci-
ence, but also on the environment, through her investiga-
tions of microseparation methodologies for extraction of 
small molecules from complex biological and environmen-
tal mixtures. These “green” techniques, which minimize 
solvent use, are important for monitoring of environmental 
contaminants, exposomics studies in biological samples 
and living organisms, and targeted and untargeted metab-
olomics. Colleagues and students alike sing Gionfriddo’s 
praises, for her leadership as a researcher, teacher, mentor, 
colleague, and role model for her students. The future of 
sample prep is in good hands. Bravo, Emanuela!

We look forward to presenting these awards this March at 
Pittcon. Join us at the symposium, where we will gain insights 
from our awardees and their invited speakers. 
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What are Options to Improve My Separation?  
Part II: Likelihood of Separation,  
Adjusting Selectivity for Simple Mixtures
When high performance liquid chromatography (HPLC) users are confronted with questions about how to improve upon the 
performance of an existing or recently developed method, there are many technological options to consider. This series offers 
guidance for a systematic approach to method improvement that can save time and resources and likely produce more robust 
methods. Part II explains options adjusting selectivity (peak spacing or elution pattern) when dealing with relatively simple 
mixtures—which are not always easy to separate—with a focus on reversed-phase LC (RPLC) separations.

Dwight R. Stoll

As explained in a recent article (1),  
this article series was prompted by a 

question I was asked during a visit to a local 
laboratory here in Minnesota. The question 
was essentially, “What are my options for 
improving an old high performance liquid 
chromatography (HPLC) method that works, 
but probably is not ideal?” There are many 
options, but it can be difficult to know where 
to start. This series of articles is intended to 
make it more manageable to think about 
how to proceed. Not all the options we will 
discuss will be available to all users, but it is 
valuable to understand what the full array 
of options looks like, so that you can feel 
confident and make an informed decision 
about how to proceed.

In last month’s installment of “LC Trouble-
shooting,” I kicked off this series of articles 
by reviewing and discussing some founda-
tional concepts that form the basis of a sys-
tematic approach to thinking about how to 
improve the resolution (and indirectly, speed) 
of a separation. I discussed how different 
separation challenges (for example, simple 
versus complex mixtures) can require differ-
ent approaches to improving resolution, and 
talked through a menu of options to improve 
performance, including both kinetic (that is, 
factors affecting peak width) and thermody-

namic (that is, factors that affect peak speak 
spacing) factors. I also discussed the impor-
tance of resolution as a metric of separa-
tion performance because it is a measure of 
peak separation that quantitatively takes into 
account both the widths of peaks and the 
distance between them (that is, the distance 
between the apices of the peaks). Finally, I 
discussed the influence of different factors on 
resolution, including retention (as measured 
by retention factor, k), efficiency (that is, plate 
number, N), and selectivity (α). The relation-
ship between resolution and these factors is 
often examined using the Purnell equation, 
and one of the key takeaways is that the influ-
ence of the selectivity of resolution is greater 
over a large range than are the influences of 
retention and efficiency. Thus, it is always wise 
to think about how one might change selec-
tivity as a means of improving resolution.

In the second installment of this series, 
I focus on options to improve the perfor-
mance of separations of relatively simple 
mixtures. In this case, because it is usually 
possible to fully resolve the components of 
the mixture, we can also think about how to 
improve the speed (throughput) of the sep-
aration; however, our discussion of speed 
will be addressed in a future installment. 
Many of the details of this discussion are 

applicable to the specific case of reversed-
phase LC (RPLC) separations.

Defining a “Simple Mixture” 
For the purposes of discussion in this series of 
articles, I think of a “simple mixture” as one 
containing a small number of compounds. 
What constitutes a number that is small 
enough for the mixture to be considered 
simple is discussed in the next section. In a 
very rough sense, I always consider a mixture 
with fewer than five components to be simple,  
and a mixture with more than 100 compo-
nents to be complex. What happens between 
five and 100 really depends on the chemistry 
of the analytes and the goals of the separation. 
Readers interested in this aspect are referred 
to the discussion of “regular” and “irregular” 
samples by Snyder and Dolan (2). Although 
this is also a useful framework for thinking 
about how to approach method develop-
ment, we will not discuss this framework 
here. It is very important to note here that just 
because I refer to a mixture as “simple” does 
not mean it will be easy to separate. Indeed, 
a mixture of just two analytes can be very dif-
ficult to separate, as in the case of a pair of 
enantiomers. In most cases, it will be impos-
sible to resolve such a pair of compounds, 
unless a chiral stationary phase is involved.
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What Are My Chances of 
Separating the Mixture I Have?
One way to answer this question about the 
probability of separating a particular mixture 

is to use the statistical overlap theory (SOT), 
which was developed mainly by Davis and 
Giddings starting in 1983, with their seminal 
paper introducing the idea (3). The SOT is 

based on a number of assumptions that may 
not be strictly consistent with the characteris-
tics of a real method development problem; 
however, I think it is still a very useful means 
of thinking through the chances of actu-
ally separating a particular mixture at hand.  
If SOT predicts that the probability of sepa-
rating the mixture is less than 1%, then it 
would probably be a major waste of time 
and resources to try to fully resolve the mix-
ture, and we would be better off thinking 
about alternatives, such as two-dimensional 
(2D) separations or multiple methods (see 
below for more on this). One of the major 
assumptions of SOT is that peaks are ran-
domly distributed throughout the resulting 
chromatogram when a mixture is separated.  
For a diverse mixture of analytes, the distri-
bution of peaks is usually close enough to 
random for SOT to be applicable, but there 
certainly are exceptions to this. For example, 
separations of homologous series of ana-
lytes (for example, alkanes, and alkylben-
zenes) produce chromatograms with highly 
ordered patterns of peaks. SOT cannot rea-
sonably be applied to separations of samples 
that are dominated by compounds like this. 
In our discussion here, we only scratch the 
surface of SOT; readers interested in learn-
ing more are referred to the original paper by 
Davis and Giddings (3), and the subsequent 
literature that refers to this early work (4).

When considering simple mixtures, we 
are usually most interested in fully resolv-
ing all the components of the mixture.  
In SOT, this outcome is given the symbol 
P1

m, where m is the number of components 
in the sample, and nc is the peak capacity of 
the separation:

P m = exp (          )1
–2m2

nc  
[1]

Conceptually, peak capacity quantifies the 
number of peaks that can fit perfectly side-
by-side in a given separation space without 
overlapping. Under isocratic conditions, this 
can be calculated easily from the desired 
resolution between adjacent peaks (RS), the 
plate number (N), and the retention factor of 
the most retained component in the separa-
tion (kn), as shown in equation 2:

nc = 1 +        • ln (kn + 1)N
4Rs

[2]

TABLE I: Peak capacities achievable under isocratic reversed-phase LC conditions

kn N nc
5 5,000 20

5 15,000 34

5 40,000 55

10 5,000 28

10 15,000 48

10 40,000 78

20 5,000 36

20 15,000 62

20 40,000 101
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FIGURE 1: Probability of fully resolving a mixture (RS > 1.5 for all peak pairs) for samples 
of increasing complexity.
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3: toluene, 4: 4-n-hexylaniline, 5: mefenamic acid.
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Most calculations of peak capacity in the 
literature involve a resolution of 1, but if we 
want to baseline resolve them for quantita-
tive purposes, then we need at least 1.5, 
and I have used that number here. Table I 
shows the peak capacities calculated using 
equation 2 for some combinations of kn 
and N that are relevant in everyday prac-
tice of isocratic RPLC. The kn values span a 
range from short (5) to long (20) separations,  
and the plate numbers span a range from 
what can be achieved easily on a short col-
umn with almost any instrument (5000), to 
what can only be achieved with modern 
columns and high-performing instruments 
(40,000). We see that the range of peak 
capacities that results is approximately 20 
to 100. Realizing a peak capacity beyond 
100 requires gradient elution conditions, 2D 
separations, or both; these are topics we will 
address in future installments in this series.

Now that we have a sense for the 
range in peak capacities that can be 
expected under a typical range of con-
ditions, we can turn back to the original 

question: What is the probability of sepa-
rating a given mixture with these peak 
capacities? Figure 1 shows this prob-

ability for mixtures in the range of 2–50 
components, and peak capacities of 20,  
100, 300, or 1000.
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There are a number of important takeaways 
we can glean from this result. First, with a peak 
capacity of 20, the probability of resolving 
even a relatively simple five-component mix-
ture is just 8%. This low probability is a harsh 
reality of statistics applied to chromatography. 
It is absolutely true that we can significantly 
improve these odds by adjusting the mobile 
phase chemistry, stationary phase chemistry, 
or both, to reorganize the peak pattern, but 
in the absence of this effort, the likelihood of 
fully resolving the mixture on the first try using 
a short separation and modest column are 
disappointingly low. In the process of method 
development, we should never be surprised if 
we cannot resolve our mixture on the first go. 
Second, when using a higher peak capacity 
separation of a 100, we see that the probabil-
ity of resolving the five-component mixture 
increases dramatically to 60%. This is still far 
from a “sure thing,” but at least now the odds 
of success on the first try are better than 50%. 
Now, if we follow the blue line to the right,  
we see that the probability drops rapidly, 
reaching 1% for a 16-component mixture. 
Beyond 16 components, the likelihood of 
fully resolving the mixture is vanishingly small,  
and it will take a great deal of effort in 

method development to find conditions that 
provide complete resolution of the mixture.  
Finally, we see that improving peak capacity 
to 300 (achievable with a single reversed-
phase LC column, under gradient conditions) 
improves things significantly, moving the 1% 
mark out to a 27-component sample. Giving 
ourselves a reasonable chance of resolving 
mixtures more complex than this requires 
even higher peak capacities, which can only 
be provided by 2D separations in most cases, 
at least under practically useful conditions.

An alternative to 2D separation that is 
sometimes used for samples of intermediate 
complexity is to use multiple conventional 
LC methods to target and resolve differ-
ent subsets of the components of a mixture.  
For example, a C18 column might be used to 
resolve components 1–12, and a phenyl col-
umn may be used to separate components 
13–20. The information provided by the two 
methods run separately for each sample can 
then be combined to provide the informa-
tion needed for all 20 analytes in the mixture, 
whereas developing a single method to yield 
the same information may be very difficult and 
require a great deal of method development 
time and resources. 

Improving Resolution Through 
Thermodynamic Adjustments: 
Changing the Selectivity
As discussed in the preceding section,  
the likelihood of separating even relatively 
simple mixtures using a single column under 
isocratic conditions is dismally low. Fortunately, 
we have at our disposal a number of levers we 
can use in method development to overcome 
the harsh reality of the statistics of random dis-
tributions and reorganize peaks to make bet-
ter use of the space in our chromatograms.  
In LC, the chemistries of both the mobile 
and stationary phases can have significant 
impacts on selectivity, and thus the distribu-
tion of peaks in a chromatogram. In general,  
changing the mobile phase is easier experi-
mentally, but has less of an impact on selec-
tivity; changing the stationary phase is more 
expensive and harder (but not impossible)  
to automate, but has more potential for pro-
viding large changes in selectivity.

Adjusting the Mobile Phase
When it comes to adjusting the mobile phase, 
in RPLC, both the solvent type and the aque-
ous or organic solvent composition influence 
selectivity. Currently, we do not know how to 
predict which organic solvent will provide the 
most useful selectivity for a given mixture of 
molecules, thus it is most common in prac-
tice to simply do a solvent screen early in 
method development to see which solvent is 
most likely to provide the needed selectivity.  
Figure 2 shows that the impact of the solvent 
type on the peak pattern can be significant. 
The dashed lines connecting the peaks for 
specific compounds are drawn in to indicate 
which compounds are impacted the most, 
and that elution order reversals can occur.

We also do not know how to predict a pri-
ori the amount of organic solvent (that is, the 
organic:aqueous ratio) in the mobile phase 
that will yield the selectivity needed for a suc-
cessful separation. However, the good news 
is that once a solvent is chosen, the retention 
behavior for a given molecule is consistent 
enough that a retention model can be built 
from a few initial retention measurements. 
With this model in hand, optimal conditions 
can be found by simulation and then veri-
fied by experiment. The development of this 
general approach began in the 1980s with 
the work of Snyder and Dolan and cowork-
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ers (5), and the approach has enjoyed great 
success through the years, with development 
of several commercially available software 
packages along the way (such as DryLab and 
LC Simulator). Figure 3 shows an example of 
how a retention model (Panel A) can identify 
mobile phase compositions that yield selec-
tivities that looks promising (see dashed 
lines C and D) to fully resolve the mixture.  
Panels B–D show chromatograms simulated 
using mobile phase compositions highlighted 
by the dashed lines in the plot. In Panel B we 
see coelution of mefenamic acid and 4-n-hex-
ylaniline, which is predicted by the cross-
ing of the green and purple lines in Panel A.  
In Panels C and D, we see that the mixture is 
fully resolved, but the conditions in Panel D 
are more attractive because they yield resolu-
tion of the mixture in a shorter time.

Using this approach to improve isocratic 
separations is straightforward in practice and 
requires a few initial “training experiments” 
where the mobile phase composition is delib-
erately varied so that the dependence of 
retention on mobile phase composition can 

be established. These data can then be fed 
into the software that allows identification of 
candidate conditions that are likely to provide 
resolution of the sample mixture in the short-
est analysis time.

In addition to changing the organic solvent 
type and amount (as shown in Figures 2 and 
3), changing the mobile phase pH can also be 
a powerful way to adjust selectivity, particu-
larly when the sample mixture contains iono-
genic analytes. This is a complex topic that 
requires too much discussion to address here;  
however, it has been covered extensively in 
previous installments of “LC Troubleshoot-
ing”; interested readers are referred to those 
prior installments to learn more (6).

Adjusting the Stationary Phase
Changing the stationary phase can also be 
an effective means of adjusting selectivity. As 
I tell my students often, the good news is that 
we have approximately 1000 different RPLC 
columns to choose from the in marketplace. 
The bad news is that in practical method 
development, we don’t have the time or 

resources to try them all, so we have choose 
a few to try. Figure 4 shows an example of the 
dramatic impact that changing the station-
ary phase can have on the elution pattern 
for a simple mixture. The extent to which the 
changes are more or less different than the 
change observed when changing the organic 
solvent type (as in Figure 2) will depend on 
the chemistry of the analytes and stationary 
phases involved. Our ability to predict which 
stationary phases are the right ones to try is 
pretty limited, but there are some tools to 
help with this. The hydrophobic subtraction 
model (HSM) of reversed-phase selectiv-
ity, developed by Snyder and Dolan and 
coworkers (7), provides a means of identifying 
column pairs that are either similar or differ-
ent. In the context of method development 
where we want to adjust selectivity by chang-
ing the stationary phase chemistry, the HSM 
can be used to suggest candidate columns 
to try. Currently, data for approximately 750 
columns are available and free web-based 
tools can be used to interrogate the results.  
 ● Continued on Page 66
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Using Thermodynamics and Simulations to Understand 
Selectivity and Retention in Gas Chromatography 
Retention and selectivity in gas chromatography (GC) occur because of the thermodynamics of the phase transition from the vapor 
phase following sample injection to the solution phase of being dissolved in the stationary phase. Analytes then move along the 
column because the vapor phase is flowing. In this installment, we quickly review the basic thermodynamics underlying separation 
in GC, and we see how this impacts selectivity and retention. Last month, we saw how seemingly large differences in column polarity 
may still generate little, or even the opposite, effect on retention and generate confusion and difficulty in method development. 
This month, we explore this challenge more in-depth using thermodynamics and a freely available online GC simulator. 

Nicholas H. Snow

Like all separation and extraction tech-
niques, gas chromatography (GC) 

relies on the equilibrium between two 
distinct phases. These two phases are a 
gas phase, which is moving, and a liq-
uid or solid phase, which is stationary.  
The equilibrium process and its relation to 
retention times is discussed in the litera-
ture (1–3). A quick summary, establishing 
the relationship between thermodynamic 
constants and retention times, is provided 
here. The phase equilibrium and equilib-
rium constant expression for an analyte 
partitioning between the mobile and sta-
tionary phases is shown in equation 1:

A(mp)    A(sp) ; K = [A(sp)]
[A(mp)] [1]

Equation 2 shows the relationship 
between the partition coefficient, K, and 
retention time. The gas hold-up time is 
tM and the phase ratio, β, is the volume 
ratio of the mobile phase and stationary 
phase. As seen in equation 2, there is a 
linear relationship between retention time 
and partition coefficient:

tR  =  tM (1+   )K
β [2]

Equation 3 is the classical van ’t Hoff 
equation, which relates the partition 

coefficient to the standard enthalpy and 
entropy of a reaction. In our case, this 
would be ΔHo and ΔSo of the phase 
transition described in equation 1.  
Equation 4 is the classical Gibbs’ equation, 
which relates the partition coefficient and 
the standard free energy change. 

ln K =        +   –ΔH°
RT

ΔS°
R [3]

ΔG° = –RTlnK [4]

As seen from equations 2 and 3, the 
thermodynamic constants, ΔHo and ΔSo, 
and the temperature determine the parti-
tion coefficient, which, along with the gas 
hold-up time, determines the retention 
time. For a given stationary phase and 
analyte combination, these thermody-
namic constants are easily measured by 
plotting ln K versus (1/T), with the slope 
of the resulting line being -ΔHo/R and the 
y-intercept being ΔSo/RT. 

Optimizing selectivity is usually the 
goal of stationary phase selection. Selec-
tivity, shown in equation 5, is seen as 
the ratio of adjusted retention time, 
retention factor, or partition coefficient,  
which is usually determined for adjacent 
peaks in a chromatogram. If equation 5 is 
combined with equation 4, it can be seen 

that selectivity originates from the differ-
ence in the standard free energy change, 
ΔΔGo, for the phase transition seen in 
equation 1. A larger ΔΔGo indicates a 
greater ratio of partition coefficients and 
therefore a greater selectivity. 

α =        =       =  t’R (2)
t’R (1)

k (2)
k (1)

K (2)
K (1)

[5]

In the 1980s, Dose coined the term ther-
modynamic retention indexes to describe 
how thermodynamic constants can be 
used to predict retention times under any 
conditions for a given analyte and station-
ary phase combination. Rijks and others 
also used this concept for the determina-
tion of temperature-programmed reten-
tion indexes and Snow extended it further 
to multi-ramp temperature programs 
(4–7). Thermodynamic retention indexes 
provide the basis for today’s online tools 
for predicting retention times (8). 

We can use the online tool ProEZGC, 
whose web address is provided in refer-
ence (8) and which employs thermody-
namic retention indexes, to explore some 
factors that impact selectivity and reten-
tion and to follow up on our discussion 
of stationary phase polarity and retention 
from last month’s installment (9). 
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Retention Examples Using
Traditional Stationary Phases
Figures 1 and 2 show chromatograms of 
hydrocarbon mixtures on two classical sta-
tionary phases simulated using ProEZGC: 
100% polydimethylsiloxane (PDMS) and 
polyethylene glycol (PEG). The two col-
umns have identical length, inside diameter, 
and film thickness. The inlet pressure and 

the flow rates are also identical. The tem-
perature was also identical for both at 40 oC 
isothermal with a total run time of 30 min 
for PEG and 60 min for PDMS. Identical col-
umn dimensions and separation conditions 
allow for direct comparison of all chromato-
graphic parameters. 

The mixtures consisted of a homolo-
gous series of n-alkanes and three addi-

tional compounds often used in stationary 
phase polarity determinations: benzene,  
which measures pi–pi interactions;  
ethanol, which measures hydrogen bond-
ing; and pyridine, which measures acid–base 
interactions. The two stationary phases are 
expected to exhibit different intermolecu-
lar interactions with PDMS showing almost 
entirely dispersive interactions and PEG 
showing mostly hydrogen bonding. 

Examining retention of the homolo-
gous series of n-alkanes, several obser-
vations related to the fundamental 
thermodynamics and the differences 
in intermolecular interactions are seen.  
First, note that within the 30 min time win-
dow for the separation at 40 oC, on PEG, 
tridecane (C13) is eluted in approximately 
26 min, whereas on PDMS undecane 
(C11) it requires approximately 52.5 min,  
and it is eluted on PEG in approximately 
6.5 min. Alkanes undergo almost entirely 
dispersive interactions. This demonstrates 
that the dispersive interactions are much 
stronger on PDMS than on PEG. 

Next, examine the spacing of the 
n-alkanes on both stationary phases.  
Adding methylene (-CH2-) units to a 
straight chain hydrocarbon has a roughly 
linear effect on the standard free energy of 
vaporization. This leads to an exponential 
effect on the partition coefficient, resulting 
from the classical Gibbs’ equation and a 
resulting exponential effect on the reten-
tion time, as seen in equation 2. We see 
this in the peak spacing for the n-alkanes 
on both columns. 

Finally, examine the three non-alkane 
compounds. Table I shows retention time 
data, partition coefficients and partition 
coefficients, for these three compounds. 
Using the retention factor k, we can exam-
ine how the change in stationary phase 
affects the retention of each analyte based 
on intermolecular interactions. 

Ethanol shows the least retention of 
all compounds in the mixture on PDMS, 
with a retention factor of approximately 
0.1, indicating that approximately 10% of 
the ethanol molecules are dissolved in the 
stationary phase at any moment in during 
the separation. The equilibrium shown in 
equation 1 lies strongly to the left, favor-
ing the mobile phase. On PEG, ethanol 
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FIGURE 1: Simulated chromatogram of alkanes and test probes on PDMS. Peak identifi-
cation: 1) ethanol; 2) pentane; 3) hexane; 4) benzene; 5) heptane; 6) pyridine; 7) octane; 
8) nonane; 9) decane; and 10) undecane. 
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FIGURE 2: Simulated chromatogram of alkanes and test probes on PEG. Peak identifi-
cation: 1) pentane; 2) hexane; 3) heptane; 4) octane; 5) nonane; 6) benzene; 7) ethanol; 
8) decane; 9) undecane; 10) pyridine; 11) dodecane; and 12) tridecane.

TABLE I: Simulated retention data for benzene, ethanol, and pyridine in the PDMS and 
PEG stationary phases. Column dimensions: 30 m x 0.25 mm x 0.25 μm; temperature:  
40 oC; inlet pressure: 19.01 psi; carrier gas: helium; and hold-up time: 1.22 min. 

tR (min) t’R (min) k K

PDMS

Benzene 2.10 0.88 0.72 180

Ethanol 1.34 0.12 0.098 30

Pyridine 2.91 1.69 1.4 350

PEG

Benzene 2.91 1.69 1.4 350

Ethanol 3.07 1.85 1.5 380

Pyridine 11.32 10.10 8.3 2100
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shows a retention factor of approximately 
2, indicating that approximately two-thirds, 
or 67%, of the ethanol molecules are dis-
solved in the stationary phase at any point 
in the separation. This equilibrium lies to 
the right, favoring the stationary phase. 
Because the PEG stationary phase exhib-
its primarily hydrogen bonding, it is no 
surprise that ethanol would be 6–7 times 
more strongly retained on PEG than PDMS. 

Benzene is more strongly retained on 
PEG than ethanol with a retention factor of 
1.2 indicating that slightly more benzene is 
dissolved in the stationary phase; the equi-
librium shown in equation 1 lies slightly 
to the right. On PDMS, benzene shows a 
retention factor of 0.7, indicating that more 
benzene is vaporized in the mobile phase 
and the equilibrium lies to the left. Benzene 
is generally considered non-polar or mod-
erately polar, but is polarizable, leading to 
stronger interactions with the polar PEG sta-
tionary phase and greater retention. 

Pyridine is most strongly retained of 
these three analytes on both stationary 

phases. On PDMS, k for pyridine is 1.4 
and on PEG, k is 8.3. On PDMS, the equi-
librium shown in equation 1 lies slightly 
to the right and on PEG it lies far to the 
right, both favoring the stationary phase,  
but PEG favoring it much more. Being 
basic, pyridine is expected to strongly 
bond with the slightly acidic PEG, which is 
seen in the much higher retention factor. 

Thermodynamics and Selectivity
Figure 3 shows van ’t Hoff plots for ben-
zene and ethanol on PDMS (Figure 3a) 
and PEG (Figure 3b), generated using 
simulations of the separations of each 
in a temperature range from 40–120 oC. 
Thermodynamic values, determined from 
the slope and y-intercept of the lines are 
included on the plots. These values are 
the thermodynamic retention indexes 
described originally by Dose in 1987 and 
used in ProEZGC and other programs to 
predict retention times. 

In Figure 3a, the two lines are spaced 
far apart, indicating high selectivity in the 

temperature range shown on the plot. 
Note that as the temperature increases 
(reading the x-axis on the plot from right 
to left), the two lines converge slightly, 
indicating that selectivity decreases with 
increasing temperature, as expected.  
The high selectivity for ethanol and ben-
zene, indicated in Figure 3a, is also seen 
in Table I, with the retention factor of ben-
zine being 0.72 and ethanol 0.098, for a 
selectivity, as calculated using equation 
5, of approximately seven. Therefore, 
PDMS is highly selective for benzene  
and ethanol.

In Figure 3b, showing lines for benzene 
and ethanol on the PEG stationary phase, 
the lines are much closer together, indi-
cating much lower selectivity. Using the 
data in Table I, we see that the selectiv-
ity for benzene and ethanol on PEG is 
approximately 1.1, much lower than on 
PDMS. From Table I, note that the reten-
tion times for both are higher, indicating 
that PEG is more retentive but less selec-
tive than PDMS for these two compounds. 
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Finally, note that the position of the lines 
also predicts the elution order. Reading 
up from the bottom of the graph, the ear-
lier eluting compound is shown by the line 
closer to the x-axis. 

Figure 4a shows a simulated separation 
of benzene and ethanol on a PEG station-
ary phase at 40 oC and Figure 4b shows 
the same separation at 120 oC. First, note 
the impact of temperature on selectivity 

as seen by the spacing of the peaks cal-
culated from the adjusted retention times 
and Equation 5, 1.1 at 40 oC and 1.05 at 
120 oC, except with the order of the peaks 
reversed. There is almost no selectivity at 
90 oC, as seen in Figure 3, with the data 
points for benzene and ethanol almost 
fully overlapped. Generally, since higher 
temperatures favor the mobile phase, 
pushing the equilibrium seen in equation 
1 back to the left, selectivity decreases as 
the temperature increases. See also the 
change in elution order. At 40 oC, ben-
zene is eluted first and at 120 oC ethanol 
is eluted first. This can be explained by 
the difference in slope of the two lines in 
Figure 4b. 

The difference between the lines gen-
erates selectivity, the larger the spacing 
between the lines, the greater the selec-
tivity. Retentiveness can also be predicted 
from this plot or from simply estimating 
partition coefficients. A larger partition 
coefficient, K, or a more negative ΔGo 
indicates stronger retention and longer 
retention times. For two compounds, a 
larger difference in K or in ΔGo indicates  
greater selectivity. 

Conclusions
Retention and selectivity in GC are based 
on thermodynamic values for the phase 
transition between the mobile and station-
ary phases. By examining the basic ther-
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modynamics and equilibrium constants for this process, we can 
systematically compare retention on the same stationary phase 
with changing conditions or across stationary phases. We see 
that strong retention does not always mean high selectivity and 
that selectivity changes with temperature, sometimes resulting 
in changes in elution order on the same stationary phase. Larger 
differences in partition coefficients or in standard free energy 
changes generate higher selectivity. Larger partition coefficients 
and more negative standard free energy changes generate  
longer retention. 
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Analyzing Organofluorine Compounds  
in the Environment Using Combustion Ion  
Chromatography (CIC) and Other Methods
Organofluorine compounds are potential contaminants in the environment, particularly in natural water sources. Leo W. Y. Yeung, 
PhD, is a Senior Lecturer in the School of Science and Technology of the Man-Technology-Environment Research Centre (MTM) at 
Örebro University in Örebro, Sweden. His research has involved the analysis of organofluorine compounds of concern in the natural 
environment. We recently spoke to him about his work using combustion ion chromatography (CIC) and other methods to analyze 
organofluorine and specific perfluoroalkyl and polyfluoroalkyl substances (PFAS) compounds in environmental samples.

Jerome Workman, Jr.

You have studied unidentified 
organofluorine compounds (UOF) 

and extractable organofluorine (EOF) 
compounds in the environment (1). 
What concerns you the most about 
either the type or quantity of such 
contaminants in the environment, 
particularly natural water sources?
Both the types and quantities of uniden-
tified organofluorine compounds are of 
concern. There are fewer naturally occur-
ring organofluorines compared to the 
vast number of per- and polyfluoroalkyl 
substances (PFAS) in the global mar-
ket. The proliferation of organofluorine 
compounds is believed to be caused by 
humans. The question is whether these 
unidentified organofluorine compounds 
are newly introduced to the market, or if 
they are the unknown intermediate com-
pounds from degradation of precursor 
compounds. Precursor compounds can 
be related to legacy PFAS compounds, 
such as perfluorooctane sulfonic acid 
(PFOS) precursors, or pharmaceuticals or 
pesticides containing fluorine, with the 
CF3-moiety. At the same time, it is not yet 
known what the effects of these unknown 
organofluorine compounds will be to 
the environment or humans. Studies are 

being undertaken to characterize these 
unidentified organofluorine compounds.

What are some of the greatest chal-
lenges you have encountered for 
characterizing and quantifying PFAS 
in environmental samples?
Depending on the definition of PFAS, 
the number of compounds may vary 
from 4700 to 12,000. Regardless of which 
PFAS definition we use, the class includes 
compounds having molecular weight 
ranges from approximately 114 g/mol 
(trifluoroacetic acid) to 1204 g/mol (bis[2-
[ethyl(1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-
heptadecafluorooctylsulfonyl)amino]
ethyl] hydrogen phosphate-diSAmPAP), 
including side-chain fluorinated polymers,  
which exhibit quite different physico-
chemical properties. As a result, no 
single extraction method can capture all 
PFAS and no single instrumental analy-
sis method can analyze all PFAS. In our 
experience, we may need to extract the 
same samples using at least two extrac-
tion methods to capture polymeric and 
non-polymeric PFAS and use at least four 
instrumental methods, such as gas chro-
matography–mass spectrometry (GC–MS), 
liquid chromatography–mass spectrome-

try (LC–MS) (such as tandem mass spec-
trometry [MS/MS] and quadrupole time-
of-flight mass spectrometry [QTOF-MS]), 
and supercritical fluid chromatography–
mass spectrometry (SFC-MS) to discrimi-
nate approximately 100 PFAS compounds. 
It is important to note that analytical stan-
dards are only available for some 100 
named PFAS compounds; thus, we may 
not be able to report the concentrations 
of some identified PFAS quantitatively 
because authentic reference standards 
are not available. In addition, as discussed 
above, not only are limited reference stan-
dards available, but even fewer internal 
standards are available for quantification 
to correct for recovery loss and ionization 
suppression in environmental samples.

What are the major theoretical and 
practical challenges for using com-
bustion ion chromatography (CIC) 
as an analytical apparatus for EOF 
analysis (1–3)?
Fluorine analysis using CIC is a non-selec-
tive method, which means that you know 
that the sample contains fluorine, but you 
do not know which forms of the fluorine 
(organic bound or inorganic fluoride) are 
measured. Therefore, sample pretreat-
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ment is needed to separate inorganic 
fluoride from the organic bound fluo-
rine for EOF analysis. However, differ-
ent sample pretreatment, extraction 
methods, and washing steps may result 
in different amounts of EOF. Data com-
patibility between studies needs to be 
considered carefully; EOF analysis using 
method A may not give the same result 
as EOF analysis using method B. In gen-
eral, the limit of quantification (LOQ) 
or detection (LOD) of PFAS requires 
analysis at the pg to sub-pg levels.  
Our CIC method achieves a limit of quan-
tification/detection at ng levels. (Note: 1 
picogram [pg] = 0.001 nanogram [ng]), 
which is 1000-fold less sensitive than that 
of LC–MS/MS). So samples of higher EOF 
concentrations are needed to achieve 
detectable signals from CIC.

You have published research on orga-
nofluorine analysis of whole blood 
samples in humans and the relation 
of these compounds to gender and 
age (4). Are these materials a con-
cern for humans? Which groups are 
most affected?
The recent study was a pilot study to eval-
uate how much or proportion of unknown 
organofluorine were present in human 
blood. Samples were collected from dif-
ferent cities in Sweden where people 
donated their blood. Organofluorine 
mass balance analysis—the comparison 
between EOF and target PFAS—revealed 
that 63 monitored PFAS compounds 
accounted for 40% of the EOF in female 
samples; in males, target PFAS accounted 
for 59% of the EOF. Significant differences 
in the fraction of UOF were observed for 
both age groups and sex; the highest 
fraction of UOF was observed in young 
females (70% UOF, aged 18–44), which was 
different from observations found in other 
research studies for commonly monitored 
compounds (PFOS and so forth) where 
females were shown to have lower con-
centrations than males. However, the high 
fraction of UOF in human blood is of con-
cern because we do not know the identity 
or sources of these unknown compounds 
so their potential health effects cannot be 
accurately evaluated.

You have investigated the presence 
of C1−C4 perfluoroalkyl acids (PFAAs), 
which are highly persistent chemicals, 
by studying their distribution and sea-
sonal variation in remote Arctic loca-
tions (5). What did you learn from  
this work?
There are several important findings in this 
work. First, trifluoroacetic acid (TFA), per-
fluoropropanoic acid (PFPrA), perfluoro-
butanoic acid (PFBA), and trifluorometh-

ane sulfonic acid (TFMS) were detected in 
most surface samples, including samples 
collected at remote locations without any 
potential for local sources, indicating that 
atmospheric transport of volatile precur-
sors and their subsequent degradation 
play an important part in global distri-
bution. Second, our results further sup-
port previously models that atmospheric 
concentrations of perfluorooctanoic acid 
(PFOA) would be 15–20 times higher in 
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the Arctic in July compared to January, 
because of seasonal variations in atmo-
spheric hydroxyl radical concentrations, 
which lead to degradation of 8:2 fluorotel-
omer alcohol (FTOH). Third, this is the first 
report of TFMS not only in surface snow 
but also at remote locations, suggesting 
this chemical may be globally distributed. 
However, further investigation is needed 
to understand the source and transport of 
TFMS to the Arctic.

What prompted you to work in the field 
of PFAS detection in the environment?
We have learned that there are many 
disturbing effects of chemicals in the 
environment. For example, we know of 
the adverse effects of dichlorodiphe-
nyltrichloroethane (DDT), described in 
the book Silent Spring, or polychlori-
nated biphenyls (PCBs), which caused 
the Yusho incident. These occurrences 
were acute and observable. However, in 
the case of PFAS, their effects are not 
acute when compared to DDT or PCBs; 
more recent epidemiological studies 
have demonstrated a number of adverse 
effects of PFAS, especially on the most 
vulnerable groups such as children.  
But what we know so far is only for the 
known PFAS compounds. What are the 
environmental and health affects of 
unknown PFAS? Even though we may 
not be able to identify what they are, at 
least we can to determine if the levels of 
unknown PFAS are increasing. We are try-
ing our best to develop different analyti-
cal methods for detecting and identify-
ing these compounds in order to protect  
the environment.

What are your greatest analytical 
challenges for accurate and pre-
cise analysis of PFAS materials in  
environmental samples?
The performance of different analyti-
cal laboratories for PFAS analysis has 
improved a lot when compared to what 
we observed in 2006 (6). The improve-
ments are attributed to a number of fac-
tors, such as availability of reference and 
mass labeled internal standards, stan-
dard extraction procedures, and precise 
standard reference materials (SRMs).  

However, current analytical challenges 
remain the same for the newly discov-
ered PFAS. To ensure good data qual-
ity, improvements in instrumentation,  
data analysis, analytical reference stan-
dards, mass-labeled internal standards, 
extraction methods, and standard refer-
ence materials are still needed.

For you, what are the most important ques-
tions to answer or an important problem 
to solve related to PFAS contamination?
At the moment, several questions have to 
be addressed, which include: How much 
of PFAS are being overlooked? What 
are the unknowns? What is the source of 
these compounds? What are their effects 
to the environment including humans? 
Finally, how can we clean up PFAS con-
taminated areas in a cost-effective way?

What is your next area of research 
interest?
When one performs a literature search 
on PFAS, most of the research has been 
focusing on condensed phases (water, soil 
and sediment) or human exposure (inter-
nal concentration or food/water); rela-
tively fewer investigations are available 
in air. It is very difficult to capture vola-
tile PFAS in the air or to measure these 
aerosol compounds; therefore this area 
of research should be focused on more, 
especially when considering the destruc-
tion of PFAS by incineration, which, if not 
properly conducted, might produce other 
forms of PFAS as well as hazardous green-
house gases. Therefore, analytical meth-
ods for measuring these volatile PFAS as 
well as new sampling techniques should 
be further developed.
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Analysis of siRNA with Denaturing and 
Non-Denaturing Ion-Pair Reversed-Phase 
Liquid Chromatography Methods
In this paper, we describe denaturing and non-denaturing ion-pair reversed-phase liquid chromatography (RPLC) methods 
for analyzing small interfering ribonucleic acid (siRNA). Drug formulations consisting of one or two siRNA duplexes were 
analyzed in non-denaturing conditions at a low column temperature to separate intact duplexes from single-stranded 
oligonucleotide contaminants and quantify them. In a denaturing method, we used an elevated column temperature 
to ensure the denaturation of siRNA duplexes into their single-stranded oligonucleotide counterparts. The goal of the 
denaturing LC method was to investigate the impurities in daughter oligonucleotides in siRNA. A column with chemically 
modified C18 column hardware showed improvements in analytical performance for nucleic acids compared to a 
conventional C18 stainless-steel column with the same pore size.

Pratheeba Yogendrarajah, Irene Suarez Marina, Willy Verluyten, Evelien Dejaegere,  
Leslie Napoletano, Jean-Paul Boon, Mario Hellings, and Martin Gilar

Oligonucleotides and small interfering 
ribonucleic acid (siRNA) belong to 

a growing class of nucleic acid-based thera-
peutic compounds (1,2). siRNA molecules are 
short (~20–25 base pairs), chemically modified 
RNA duplexes capable of in vivo regulation 
of protein expression. The promise of these 
new modalities is that they have the poten-
tial to treat a broad range of diseases. There 
have been great advances in oligonucleotide 
manufacturing and drug delivery in the last 
decade. Until 2016, three oligonucleotides 
were approved by pharmaceutical authori-
ties; however, the number of oligonucleotide 
therapeutics studies has since increased con-
siderably (1,2). The proliferation of nucleic acid 
therapies in clinical trials created a demand for 
analytical methods suitable for quantitation 
and characterization of these compounds. 
The methods should be robust, reliable, and 
easy to perform in different environments 
and, in many cases, by non-expert analysts. 
This requirement conflicts with the consider-
able complexity of siRNA analysis. Quantita-
tive measurement and characterization of the 
complex mixture is paramount for the safety 
and efficacy of the drug formulations.

Ion-pairing reversed-phase liquid chro-
matography (IP-RPLC) has been shown to 
be an efficient method for sensitive analysis 
of nucleic acids in both LC–UV and LC–mass 
spectrometry (LC–MS) setups (3–9). In this work, 
we describe drug formulation analysis com-

prising a single or two siRNA duplexes. siRNA 
can be analyzed either under denaturing con-
ditions, when the duplex is transformed into 
two complementary oligonucleotides (10),  
or under non-denaturing conditions, as intact 
duplexes (11). The latter approach is used 
when it is desirable to estimate the excess of 
single-stranded oligonucleotides in the siRNA 
duplex formulation. Non-denaturing IP-RPLC 
assays play a pivotal role in the optimization 
of the annealing procedure following oligo-
nucleotide synthesis (10). The denaturing 
IP-RPLC method uses a column tempera-
ture exceeding the melting temperature of 
the siRNA duplexes (10,12). The goal of this 
analysis is to resolve the complementary 
oligonucleotides from each other and from 
their synthetic impurities to verify the purity 
of the siRNA oligonucleotide constituents 
while identifying the impurities present in the 
drug formulation. The separation of synthetic 
impurities in single-stranded oligonucleotides 
is typically an easier task than the separation 
of complex impurities after their hybridiza-
tion in a duplex siRNA form. The advantage 
of IP-RPLC over separation methods such as 
anion-exchange LC or polyacrylamide gel 
electrophoresis (PAGE) is that it is compat-
ible with MS analysis (3,6,7,9). IP-RPLC MS 
can be used to confirm the molecular weight 
of oligonucleotide impurities or to confirm 
their sequence via tandem MS (MS/MS)  
sequencing (13,14). 

Materials and Methods
Sample Preparation
A duplex solution of 0.40 mg/mL was pre-
pared by dissolving the duplex siRNA C in 
Milli-Q water. This concentration is labeled 
as 100% standard solution “Duplex C.”  
For the construction of a calibration curve, 
a 200% stock solution was prepared (0.80 
mg/mL); the investigated concentrations 
(130%, 100%, 70%, 8%, 4%, 2%, and 0.2%) 
were prepared by diluting this standard. 
Similarly, standards for non-denaturing 
method experiments were prepared using 
the mixture of siRNA Duplexes 1 and 2 at 
a concentration of 2.0 mg/mL in Milli-Q 
water, which represents the 100% standard; 
the final investigated concentrations were 
130%, 100%, 70%, 6%, 4%, 2%, and 0.2%.

Instrument and Columns
An Acquity ultrahigh-pressure LC (UHPLC) 
H-Class Plus Bio system consisting of a qua-
ternary solvent manager (QSM), column 
heater module (CM-A), active column pre-
heater (APH), sample manager flow-through 
needle (SM-FTN) and photodiode array 
(PDA) detector equipped with 5-µL titanium 
cell, was used for the denaturing method.  
The same instrumentation setup—except 
with a PDA detector equipped with an ana-
lytical flow cell—was used for the non-dena-
turing method evaluations. Sample integra-
tion and quantitation was performed with 
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Empower 3.0 software. The columns used 
for analysis were packed with the same 
chromatographic sorbent. The Acquity  
UHPLC Peptide BEH C18 column (300 
Å, 1.7 µm, 2.1 mm × 150 mm) uses con-
ventional stainless-steel column hardware 
(we will refer to this column as column #1), 
whereas the Acquity Premier Oligonucle-
otide BEH C18 column (300 Å, 1.7 µm,  
2.1 mm × 150 mm) uses hardware modi-
fied with high-performance surfaces 
(HPS) for mitigation of the acidic sample 

adsorption on metal surfaces (15–18);  
we will refer to this column as column #2.

Denaturing and Non-Denaturing
IP-RPLC Methods Conditions
For the denaturing process using IP-
RPLC, a column temperature of 75 °C 
was used. Mobile phase A consisted 
of 0.07% (v/v) triethylamine (TEA) and 
0.60% v/v 1,1,1,3,3,3-hexafluoro-2-propanol 
(HFIP) in Milli-Q water (which corresponds to 5 
mM TEA and 60 mM HFIP aqueous solution). 

Mobile phase B was prepared by mixing 85% 
of mobile phase A with 15% of organic sol-
vent consisting of methanol:acetonitrile mix-
ture (70:30 v/v). The flow rate was 0.30 mL/min; 
the gradient went from 0 to 100% B in 20 min. 
More details are included in the literature (19). 
The peaks were detected by UV at 260 nm.

The non-denaturing IP-RPLC was per-
formed at 20 °C. Mobile phase A consisted 
of 0.2% hexylamine (HA) and 0.5% of HFIP 
in Milli-Q water (this corresponds to 15 mM 
HA and 47.5 mM HFIP). Mobile phase B was 
a methanol:acetonitrile (80:20, v/v) mixture.  
The flow rate was 0.15 mL/min; the gradient 
went from 50 to 80% B in 30 min. More details 
are included in the literature (20). Both dena-
turing and non-denaturing IP-RPLC meth-
ods use mobile phases compatible with MS 
detection, which is useful for method devel-
opment and peak identification of complex 
siRNA samples. UV detection at 260 nm was 
used for routine LC–UV siRNA analysis.

Results and Discussion
Denaturing LC Method for  
siRNA Oligonucleotides Analysis
In the first step, we screened multiple separa-
tion modes, columns, column lengths, and 
sorbent pore sizes (130 or 300 Å). Neither 
anion-exchange columns, nor C18 columns 
from several manufacturers used in IP-RPLC 
mode matched the resolution of siRNA sam-
ple achieved with column #1 (see the “Mate-
rials and Methods” section). This column was 
selected for further method development. 
However, when we started a systematic 
study with a new column #1, we observed 
significantly lower signal for siRNA oligonu-
cleotides compared to the original column. 
The sample recovery gradually improved for 
subsequent sample injections. This phenom-
enon has been described in the literature 
(15,17,18,21,22) for acidic molecules, such as 
adenosine triphosphate or oligonucleotides. 
It appears that siRNA oligonucleotides are 
adsorbed via ionic interactions on positively 
charged metal-oxide surfaces in a LC system 
flow path, and in particular, on column frits 
(17). Although the siRNA sample recovery 
improved for later sample injections, the 
non-specific adsorption is a concern for 
method robustness.

Therefore, we evaluated whether a novel 
column (column #2) can provide a better 

TABLE I: Differences in siRNA recovery between column #1 and column #2 packed with the 
same sorbent

Column #1 Column #2

Injection No. Peak Area (AU) Injection No. Peak Area (AU)

Injection No. Peak Area (AU) Injection No. Peak Area (AU)

1 335658 1 724961

2 474897 2 726678

3 528923 3 723674

4 559179 4 724691

5 573862

RSD % (n = 5) 19.52 RSD % (n = 4) 0.17

TABLE II: Recovery of siRNA injected in 0.20–130% nominal concentration range on  
column #2. The observed linearity of the calibration curve was R2 = 0.999. Recovery was 
normalized to 100% siRNA standard labeled with asterisk.

Nominal 
Concentration 
Injected (%)

Observed 
Area (AU)

Measured 
Recovery (%)

Acceptance Range % RSD

0.2 5536 100.25 Recovery 50–150% 2.09 (n = 3)

2.0 53522 96.92 Recovery 70–130%

4.0 107178 97.04 Recovery 80–120%

8.0 215287 97.46 Recovery 80–120%

70.0 1930756 99.89 Recovery 95–105%

100.0 2761188 100.00* Normalization value* 0.13 (n = 5)

130.0 3590345 100.02 Recovery 95–105%
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FIGURE 1: Three consecutive injections of siRNA duplex C on (a) a conventional stainless-
steel column #1 and (b) on column #2. New out of the box columns were used for the siRNA 
analysis in denaturing LC method. In denaturing IP-RPLC conditions the siRNA duplex is 
converted into the oligonucleotides 1 and 2.
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platform for siRNA analysis. According to 
the manufacturer, the column #2 hardware 
and frits are chemically modified with HPS 
surfaces to mitigate the undesirable sample 
adsorption (15,17,18,23). The results in Figure 
1 illustrate the side-by-side comparison of 
the stainless steel column #1 and chemically 
modified hardware column #2. Both columns 
were packed with an identical sorbent. As the 
siRNA sample is analyzed under denaturing 
conditions, two main oligonucleotide groups 
are observed, resolved from each other and 
from their synthetic impurities that are eluted 
prior to each oligonucleotide. The dominant 
oligonucleotide 1 and oligonucleotide 2 
peaks are resolved into their corresponding 
diastereoisomers (Figure 1); the diastereo-
mers are created by phosphorothioate modi-
fications of selected internucleotide linkages. 
Figure 1a illustrates the sample loss observed 
with a new stainless-steel column. The peaks 
in first injection (black chromatogram) were 
low; their height improved for second (green 
chromatogram), and third injection (red chro-
matogram). The results suggest that metal 

column hardware can be gradually condi-
tioned with an excess of sample injected on 
column as reported in recent publications 
(16,17). Column #2 (Figure 1b) shows the 
same sample recovery for all injections 1–3; 
the overlapping chromatograms in Figure 1b 
are practically indistinguishable.

Improved siRNA Recovery with Column #2
Because of the promising results with column 
#2, we performed additional experiments 
summarized in Tables I and II. New out-of-the-
box columns were used in all separate experi-
ments. The peak area was calculated from 
UV 260-nm chromatograms by summing all 
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FIGURE 2: Separation of single-stranded RNA oligonucleotides from siRNA duplexes in a 
nondenaturing IP-RPLC method.
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dominant peak areas (groups at ~15.9 min 
plus 17.5 min) as indicated in Figure 1b, and 
the summed area was reported in the Tables 
I and II. Table I shows a gradual increase in 
peak area for the stainless-steel column for 
each subsequent sample injection. In con-
trast, the peak area for column #2 remained 
constant throughout the experiment and 
overall greater total area was observed. 

It has been reported that the loss of sample 
recovery is most apparent at low concentra-
tions (17). This occurrence has a direct impact 
on the quality of the quantitation results.  
A loss of dynamic range and linearity of 
calibration curves was noted in nucleic acid 
analysis (18,19). Good sample recovery is 
paramount for constructing valid calibration 
curves. Table II shows siRNA recovery in the 
0.20–130% nominal concentration range 
(Duplex C) observed in LC analysis with col-
umn #2. A minor sample loss is still observed 
at the low end of concentration range; how-

ever, the recovery, repeatability, and linearity 
(R2 = 0.999) meet the qualification parameters 
set in our laboratory. Based on our findings, 
we selected column #2 for siRNA analysis.

Non-Denaturing LC Method 
for Duplex siRNA Analysis
Column #2 was further applied for analyzing 
intact siRNA duplexes. Figure 2 illustrates the 
analysis of a drug formulation containing two 
siRNA duplexes under non-denaturing LC 
conditions. The Duplex 1 and 2 siRNA spe-
cies are more strongly retained in IP-RPLC 
compared to oligonucleotides (10). Single-
stranded species are eluted between 12–13 
min, well resolved from the duplexes (Figure 
2). The method enabled the separation of two 
siRNA duplexes that were eluted at 21.19 and 
23.34 min. One may notice that Duplexes 1 
and 2 (black chromatogram in Figure 2) and 
single-stranded species (for example, the 
antisense strand of Duplex 2) are resolved into 

multiple peaks, which is a consequence of 
thioation of selected internucleotide linkages. 
The resulting diastereoisomers can be chro-
matographically resolved (24–26); this results 
in “band broadening” and complicates the 
LC analysis. Despite partial separation of 
siRNA duplexes into isomers, the developed 
non-denaturing LC method enables quantifi-
cation of duplexes and their single-stranded 
impurities. Table III summarizes the method 
qualification. All of the method qualification 
criteria, such as repeatability, accuracy, linearity, 
quantitation, and detection limits, were met.

siRNA Carryover Study
An underappreciated aspect of nucleic acid 
LC analysis is the potential for higher than 
usual analyte carryover (15,17). This carryover 
is primarily caused by sample adsorption on 
column metal frits and to a lesser degree 
because of nonspecific adsorption on 
injector or sorbent surfaces (21,23,27,28).  
We evaluated the siRNA carryover for col-
umn #2 using the non-denaturing siRNA 
method. Figure 3 compares a blank chro-
matogram, devoid of any significant system 
peaks, with 0.20% limit of quantification 
(LOQ) standards of Duplexes 1 and 2, fol-
lowed by an injection of a 100% sample stan-
dard and a subsequent blank injection. Mini-
mal siRNA carryover was observed in post 
100% standard blank injection. In compari-
son, typical carryover on a stainless-steel col-
umn detected in a similar experiment was at 
levels matching or exceeding the 0.2% LOQ 
threshold (data is not shown in Figure 3). The 
elevated carryover is likely caused by siRNA 
adsorption on column hardware followed 
by sample desorption and concentration on 
column during the equilibration prior to next 
injection (17,18). We conclude that column 
#2 with the hardware modified by HPS is our 
preferred choice for siRNA analysis.

Conclusions
Denaturing and non-denaturing IP-RPLC 
methods were developed for analysis 
of single-stranded and duplex siRNA.  
The denaturing method permitted sepa-
ration of siRNA oligonucleotides and 
quantitation of their synthetic impurities.  
The non-denaturing method was used for 
quantification of excess of single-stranded 
species in the siRNA duplex formulations. 

TABLE III: Summary of IP-RPLC nondenaturing method qualification for siRNA analysis. 
Recovery was normalized to separate injections of 100% siRNA standard. Duplexes 1+2 
peaks were integrated as shown in Figure 2 and their summed area was used for qualification.

Test/Conc. Level (%) Acceptance Range Observed Value Result

0.2% Recovery 50–150% 92.8% pass

2% Recovery 70–130% 97.3% pass

4% Recovery 80–120% 99.9% pass

6% Recovery 80–120% 101.1% pass

70% Recovery 95–105% 103.6% pass

100% Recovery 95–105% 102.5% pass

130% Recovery 95–105% 101.8% pass

Precision 100% Repeatability ≤5.0% 0.1–0.2% pass

Linearity 0.2–130% R ≥ 0.99; RSD ≤10.0% 1.00; 3.6% pass

Detection limit 0.1% Detectable S/N ≥ 3 pass
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FIGURE 3: IP-RPLC carryover study for the nondenaturing LC method.
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Both methods utilized MS-compatible 
mobile phases; the peak identities were 
verified by the mass spectra. We demon-
strated that column #2 is suitable for robust 
quantitation of siRNA duplexes without 
significant carryover. The methods afforded 
high confidence of analysis, and fulfilled the 
qualification parameters of recovery, repeat-
ability, and linearity. We could conclude that 
the HPS-modified column hardware is a pre-
ferred option for nucleic acid analysis. 
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Readers interested in learning more about 
the model and use of the tools are referred 
to previous articles in LCGC (8), and the 
websites hosting the tools (https://apps.
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and https://www.hplccolumns.org/).

Summary
Many HPLC users are confronted with ques-
tions about how to improve upon the per-
formance of an existing method. Fortunately, 
modern HPLC technologies (that is, instru-
mentation, columns, and software) provide 
many possible avenues to make improve-
ments. However, the number of possibilities 
can be intimidating, making it difficult to 
decide upon a particular path to improve-
ment. In this installment of “LC Troubleshoot-
ing,” I have discussed options for adjusting 
selectivity (that is, peak spacing, or elution 
pattern) when dealing with relatively simple 
mixtures, with a focus on reversed-phase 
LC separations. In LC, both the chemistry of 
the mobile phase and the stationary phase 
strongly influence selectivity, thus changing 
one or both of them can be viable means of 

bringing about changes in selectivity. In the 
case of the mobile phase, changing the type 
and amount of organic solvent, as well as 
the pH, are all important factors to consider.  
In many cases, changing the stationary 
phase chemistry is the most impactful, albeit 
more expensive, means of changing selectiv-
ity. These are all important options to keep in 
mind when thinking about how to improve  
a separation. 
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The 2023 Lifetime Achievement and  
Emerging Leader in Chromatography Awards
Peter Schoenmakers and Emanuela Gionfriddo are the winners of the 16th annual LCGC Lifetime Achievement and Emerging 
Leader in Chromatography Awards, respectively. The LCGC Awards honor the work of leading separation scientists for lifetime 
achievement and emerging potential. The award winners will be honored in an oral symposium at the Pittcon 2023 conference in 
March 2023 in Philadelphia, Pennsylvania, USA. 

Jerome Workman, Jr.

The 2023 Lifetime Achievement in Chroma-
tography Award honors an outstanding 

seasoned professional for a lifetime of contribu-
tions to the advancement of chromatographic 
techniques and applications (Table I, online).

Peter Schoenmakers, the 2023 winner,  
is a professor of Analytical Chemistry and a 
former Scientific Director of the van ’t Hoff 
Institute for Molecular Science at the Univer-
sity of Amsterdam. He is best known for his 
work in liquid chromatography (LC), starting 
with the theory of gradient elution in reversed-
phase liquid chromatography and its opti-
mization, and continuing through his many 
contributions to the analysis of polymers and 
his pioneering work in developing two- and 
three-dimensional LC methods, particularly 
of polymers. Schoenmakers is also the Edu-
cation Director of Comprehensive Analytical 
Science and Technology (COAST), a Neth-
erlands public-private-partnership organiza-
tion on analytical chemistry. In 2016, he was 
awarded an ERC Advanced grant for the proj-
ect Separation Technology for A Million Peaks 
(STAMP) project.

Schoenmakers obtained his master’s 
degree in chemical engineering from the 
Technical University of Delft, in The Neth-
erlands, and performed his PhD research 
studies with Professor Leo de Galan in Delft 
and with Professor Barry Karger at North-
eastern University in Boston, Massachusetts.  
After completion of his studies, Schoenmak-
ers worked for Philips Research Laboratories 
in Eindhoven (The Netherlands), the Shell 
Research and Technology Centre in Amster-
dam, and the Shell Westhollow Technology 
Center in Houston, Texas. In 1998, while at 
Shell, Schoenmakers became a part-time 
professor in polymer analysis at the Univer-
sity of Amsterdam. In 2002, he became a 

full-time professor of Analytical Chemistry at 
the University of Amsterdam, specializing in 
applications related to forensic science.

Schoenmakers’s Awards
Over his career, Schoenmakers has received 
numerous awards, including the Silver Jubi-
lee medal of the Chromatographic Society 
(1989); the Venema Award for Industrial 
Separation Science (1994); the Eastern 
Analytical Award for Excellence in Sepa-
ration Science (2010); the Martin medal 
of the Chromatographic Society (2011);  
the John H. Knox Medal of the Royal Soci-
ety of Chemistry (2014); the Csaba Horváth 
Memorial Award (2015); the CASS Award 
for Distinguished Contributions to Separa-
tion Science (2015); a European Research 
Council (ERC) Advanced Grant for Excellent 
Research (2016); the Fritz-Pregl Medal (2018), 
the Dal Nogare Award from the Chroma-
tography Forum of the Delaware Valley 
(2019); and the American Chemical Society 
(ACS) Award in Chromatography (2022).  
In June 2022, Schoenmakers received a royal 
commendation as a “Knight of the Order of 
the Netherlands Lion,” one of the oldest and 
highest civil honors in the Netherlands.

Main Research Fields
The broad range of areas where Schoen-
makers has made important contributions 
includes:
• Gas chromatography (GC)
• Pioneering development of multi-dimen-

sional GC (two-dimensions [2D])
• Size exclusion chromatography (SEC)
• Multi-angle laser light scattering (MALLS)
• Liquid chromatography (LC)
• Theory of gradient elution in reversed-

phase LC (RPLC)

• Optimization of RPLC
• Analysis of polymers
• Pioneering development of multidimen-

sional LC (two- and three-dimensions)
• Comprehensive two-dimensional LC  

(2D-LC)
• Molecular-topology fractionation
• Pyrolysis GC–mass spectrometry  

(Py-GC–MS)
• Nanotechnology (chip-based separations)
• Data handling and chemometrics
• Forensic analytical chemistry

Most Important Work 
Schoenmakers is the author of more than 300 
publications, has presented more than 300 
talks, and has given approximately 800 poster 
presentations. Table II (online) lists Schoenmak-
ers’s papers that are highlighted in this article. 
An assessment of the impact of his career high-
lights several main areas for his research career.

Early Work in GC 
Schoenmakers’s work in GC before 1997 
involves comprehensive 2D-GC (1), and 

Peter Schoenmakers
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has been cited approximately 250 times.  
This work described how the compositional 
analysis of hydrocarbon mixtures using 2D-GC 
is far superior to methods using 1D-GC. 

Retention Time Modeling in RPLC
“Peter’s greatest contribution is without any 
doubt his early papers on retention time 
modeling and the influence of the organic 
phase in RPLC,” said Hans-Gerd Janssen,  
a prominent analytical scientist at Unilever 
and Wageningen University who studied 
with Schoenmakers. Indeed, Schoenmak-
ers’s early work in RPLC received consider-
able attention, being cited over 300 times 
(2). This early work focused on generaliz-
ing a theory of gradient elution in LC, and 
provided a strategy for selecting an opti-
mal gradient in RPLC from two viewpoints.  
First, a general expression was derived for 
the numerical calculation of retention when 
the relationship between the capacity factor, 
k, and the mobile-phase composition, φ, is 
known. Secondly, multicomponent solubility 
parameter theory was used to predict the 
relationship between k and φ. This work also 
addressed the essential variables to improve 
the accuracy of the predictions made.

Polymer Characterization
Schoenmakers’s work in polymer character-
ization also stands out, both in terms of the 
fundamentals of separation techniques and 
their applications. His initial work in this area 
described the use of SEC and RPLC for char-
acterizing polydisperse polymers (3,4). These 
papers examined how the existing theories 
of chromatographic behavior with respect to 
retention times and peak width for isocratic 
and gradient-elution LC could be expanded 
to predict the separation behavior of polydis-
perse macromolecules, such as natural and 
synthetic repetitive polymers. 

He expanded this research to include the 
use of multiple detector types and detec-
tor configurations, including SEC with multi-
angle laser light scattering (SEC/MALLS) (5), 
and online Fourier transform infrared spec-
troscopy (FT-IR) detection (6). Schoenmakers 
also expanded his work in complex mixture 
and polymer characterization by applying 
multidimensional chromatography (6–10).  

“I would consider Peter’s most significant tech-
nical contributions to be in the area of mul-

tidimensional macromolecular separations,”  
said André M. Striegel of the U.S. National 
Institute of Standards and Technology (NIST).

Multidimensional LC (2D and 3D)
For many, however, what stands out the most 
about Peter Schoenmakers and his career is 
his pioneering work in multidimensional LC. 

“Peter’s most significant contributions to 
the field of separation sciences relate to his 
pioneering developments of comprehen-
sive two- and spatial three-dimensional 
liquid chromatographic concepts and their 
technical realization,” said Wolfgang Lind-
ner, who is a professor at the University of 
Vienna in Austria and a lifelong friend and 
colleague since the time they studied with 
Barry Karger at Northeastern University.

Karger—who has followed Schoen-
makers’s work since the 1970s when 
Schoenmakers spent time in Karger’s 
laboratory—agrees. “He is a leader in 
two- and three-dimensional chromatog-
raphy,” he said. 

Four of his papers (7–10) in particular 
exemplify his work in 2D-LC. In a 2010 paper 
(7), Schoenmakers and coworkers devel-
oped a method for optimizing total analysis 
time, total peak capacity, and total dilution 
for comprehensive 2D-LC. The approach is 
based on Pareto-optimality for estimating 
optimal parameters for column particle sizes 
and column diameters. This paper formally 
recognized the Pareto optimality approach 
to improving analysis parameters, and it rec-
ognized that dilution is an important variable 
to consider for analysis optimization.

In 2018, Schoenmakers’s group published 
a review of the recent progress to optimize 
analytical parameters for online 2D-LC.  
The goal of this review was to provide chro-
matographers with a clear understanding of 
which analytical parameters, including sam-
pling time, can be optimized using current 
strategies and the rationale for implement-
ing different optimization approaches (8). 

Schoenmakers and his colleagues also 
developed a program for the systematic 
optimization of 2D-LC separations, using 
gradient elution in both dimensions (9).  
This program was successfully applied to a 
separation problem consisting of a mixture 
of 54 aged, synthetic dyestuffs, separated by 
ion-exchange chromatography and ion pair 

chromatography. Schoenmakers has contin-
ued to explore the rationale and principles 
of 2D-LC chromatography experiments, 
expanding the knowledge base of strategies 
to improve the quality of two-dimensional 
liquid chromatography separations (10).

Service to the Scientific Community
In his work at the University of Amsterdam 
since 1998, Schoenmakers has taught many 
different chemistry courses and has advised 
the research of numerous university students— 
whom he generously encourages—in addi-
tion to teaching over 500 students in his short 
courses. “He has done a great job in training a 
large number of PhD students,” affirms Karger. 

“Peter’s career is about good science and edu-
cating the next generations of people to con-
tinue good science,” Janssen said.

Karger also noted the impact of 
Schoenmakers’s role in conferences. “He 
has been a major force on several of the 
key international meetings on chromatog-
raphy,” he said. 

Striegel of NIST agrees. “Peter’s per-
sonal contributions have been in organizing 
meetings and bringing together scientists 
from around the world, and in tirelessly pro-
moting his students,” he said.

Indeed, Schoenmakers has been active in 
conference organization as a member of the 
Permanent Scientific Committee of the sym-
posium series on High-Performance Liquid-
Phase Separations and Related Techniques 
(HPLC), including chairing HPLC 2013 in 
Amsterdam, and as chairman of the organiz-
ing committee of the series of International 
Symposia on the Separation and Characteriza-
tion of Natural and Synthetic Macromolecules 
(SCM; Amsterdam, 2003, 2005, 2007, 2009, 
2011, 2015, and 2017; Dresden, Germany 
2013). He has also chaired or helped to orga-
nize multiple other conferences and symposia.

 Schoenmakers’s impact at conferences is 
also notable at the podium, as he sprinkles 
his discussions with scientific jokes, deliv-
ered in a quiet, deadpan fashion and sup-
ported by funny graphics. “He presents with 
a humorous and engaging speaking style,” 
said Peter W. Carr, a professor at the Uni-
versity of Minnesota. Karger agrees. “Every-
one always looks forward to Peter’s talks at 
international meetings,” he said, “He not 
only presents exciting results, but keeps the 
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audience entertained with humorous ways of 
discussing the results.” 

Schoenmakers’s service to the scientific 
community also include being an editor of 
the Journal of Chromatography A since 2003, 
where he has recruited new authors, increased 
the quality of published papers, and fostered 
relationships with reviewers. “As editor of the 
Journal of Chromatography A, Peter brought 
a fundamental understanding of both separa-
tion and polymer science to that publication’s 
stewardship,” Striegel said. Schoenmakers 
has also been a member of the A page panel 
(1996–2000) and Editorial Advisory Board 
(2001–2003) of the American Chemical Soci-
ety journal Analytical Chemistry, and is on the 
editorial boards of Chromatographia, Journal 
of Separation Science, and LCGC.
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The Emerging Leader in
Chromatography Award
The Emerging Leader in Chromatography 
Award recognizes the achievements and aspi-
rations of a talented young separation scien-
tist who has made strides early in their career 
toward the advancement of chromatographic 
techniques and applications (Table I, online).

Emanuela Gionfriddo, the 2023 winner, 
received her PhD in chemistry in 2013 at the 
University of Calabria, in Italy. Following work 
as a postdoctoral fellow and research associ-
ate at the University of Waterloo, in Canada, 
in 2018 she became an assistant professor of 
chemistry at the University of Toledo, in Ohio, 
where she is the founding member of the  
Dr. Nina McClelland Laboratory for Water 
Chemistry and Environmental Analysis. 

Gionfriddo received her BSc cum laude 
in 2008, her MSc cum laude in 2010, and her 
PhD in 2013—all degrees in chemistry from 
the University of Calabria in Arcavacata di 
Rende, Italy. From 2014 to 2017, she was a 
postdoctoral fellow and laboratory manager 
in the Industrially Focused Analytical Research 
Laboratory (InFAReL) of Professor Janusz 
Pawliszyn’s Research Group in the Depart-
ment of Chemistry at the University of Water-
loo in Ontario, Canada. Later in 2017, she 
became a research associate while maintain-
ing her laboratory manager role at InFAReL. 
In 2018, she became an assistant professor at 
the Department of Chemistry and Biochem-
istry at The University of Toledo in Ohio, USA.

Gionfriddo’s work focuses on research 
and development of green microsepara-
tion methodologies for extraction of small 
molecules from complex mixtures, including 
biological and environmental samples. Her 
research is important for environmental anal-
ysis, for understanding the effects of envi-
ronmental factors on human health (expo-
somics), and for metabolomics. Her research 
group is in active collaboration with several 
leading universities, as well as corporate 
research teams in the field of chromatogra-
phy, including PerkinElmer, Gerstel, Supelco-
Millipore Sigma, and Restek Corporation. 

 With more than 50 publications, Gion-
friddo has given 60 oral and poster presenta-
tions. She has received several other awards, 
including a 2022 National Science Founda-
tion CAREER Award, the 2022 Satinder Ahuja 
Award for Young Investigators in Separation 

Science from the American Chemical Society’s 
Analytical Chemistry Division, the 2022 Univer-
sity of Toledo President’s Award for Excellence 
in Creative and Scholarly Activities, and the 
UTC Excellence in Sample Prep Award at the 
North American Chemical Residue Workshop 
(NACRW) in 2018. She has also received the 
Young Author Prize at the International Sym-
posium on Advances in Extraction Technolo-
gies (ExTech 2018), and best poster awards at 
the ExTech 2018, 2017, and 2016 conferences. 
In addition, Gionfriddo is part of the executive 
committee of the American Chemical Society 
subdivision for Chromatography and Separa-
tion Chemistry, as well as active in advising 
Ohio statewide authorities.

Most Influential and Cited Research Work
Most Cited Research
Gionfriddo’s most cited work underscores 
her keen attention to the development of 
solid-phase microextraction (SPME) tech-
niques (11–15), As a side note, Gionfriddo’s 
father is a fragrance chemist, who has used 
SPME in his own research. “SPME became 
her passion since her father made her aware 
of this technique, and it is still driving her 
research,” Pawliszyn said. Her most highly 
cited SPME papers, with recent numbers of 
citations, appear in Table III (online). 
 
Advancing Environmental Analysis
One important area of research for Gion-
friddo is the application of advanced extrac-
tion methods for environmental analysis. In 
one recent study, her research group inves-
tigated versatile extraction methods for the 
untargeted analysis of produced water (PW), 
which is a contaminated waste byproduct 
of oil and gas extraction (16). Using their 
specialized sample extraction methods 
combined with gas chromatography–mass 
spectrometry (GC–MS) analysis, they mea-
sured over 250 different organic compounds, 
including dioxane, atrazine, pyridine, and 
polycyclic aromatic hydrocarbons (PAHs). 
Elemental analysis was demonstrated for PW 
by applying dispersive solid-phase extrac-
tion along with inductively coupled plasma–
mass spectrometry (ICP–MS), confirming 
the presence of multiple elements including 
rare earths, and hazardous metals such as 
Cr, Cd, Pb, and U. When these data were 
analyzed using partial least squares–discrimi-

nant analysis (PLS-DA), the geochemical 
origin of PW was achieved with a prediction 
accuracy above 90% indicating a potential 
method for PW origin tracing—an important 
ability for holding polluters responsible for  
environmental contamination 

Gionfriddo and colleagues also have 
described the details of a thin-film SPME 
method to assist in the analysis of produced 
water (PW) (17). The thin-film device they 
have developed enabled the reproducible 
analysis of PW without sample pretreat-
ment. This approach was able to character-
ize approximately 200 compounds from PW 
samples where GC–MS and data deconvo-
lution were used for analysis.

In another study, SPME was assessed by 
Gionfriddo as a preconcentration technique 
to aid the quantitation of per- and polyfluo-
roalkyl substances (PFAS) in drinking water at 
ppt levels, below the EPA method 533 estab-
lished advisory limits (18). Four model PFAS 
compounds with varying physicochemical 
properties were evaluated for this feasibility 
study. Ultrahigh-pressure liquid chromatog-
raphy–laminar flow tandem mass spectrom-
etry (UHPLC–MS/MS) was also used for com-
pound analysis. This method achieved LOQs 
of 2.5 ng/L for PFOS and 1 ng/L for GenX, 
PFBS, and PFOA, with acceptable precision 
and accuracy over a 5-day period.

Emmons and Gionfriddo also recently pub-
lished a new method of sample introduction 
using SPME-Arrow-DART-MS (19). For the 
first time, an effective strategy was described 
for hyphenating SPME Arrow to mass spec-
trometry via a thermal desorption unit (TDU) 
and direct analysis in real time (DART) source.  

Emanuela Gionfriddo
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The developed method was optimized for the extraction and analysis 
of pesticides and pharmaceuticals from surface water. The method 
overcomes one of the limitations of ambient MS, especially for onsite 
analysis applications, which is the irreproducibility of the measure-
ments related to the occurrence of transient microenvironments and 
variable background interferences.

New Tools for Metabolomics and Exposomics
In another area of her work, metabolomics, Gionfriddo’s team quantified 
nicotine and its metabolites in rabbit plasma using SPME-LC–MS/MS, 
while applying a dual fiber extraction approach that enabled analyte 
extraction at ppt levels, in a 2020 study (20). This research demonstrated 
the ultratrace determination of nicotine and its four major metabolites 
(cotinine, nornicotine, norcotinine, and anabasine) from rabbit plasma . 

In another metabolomics study, Gionfriddo, Boyaci, and Pawl-
iszyn presented a new generation of SPME coatings based on 
polytetrafluoroethylene amorphous fluoroplastics (PTFE AF 2400) 
(21). This new SPME approach may be used with both gas- and 
liquid chromatography and was demonstrated for determination of 
banned doping substances, achieving limits of quantitation below 
the minimum required performance limits (MRPLs) set by the World 
Anti-Doping Agency (WADA) for most compounds. 

In a 2022 research paper, the Gionfriddo group described a 
method to improve the quantitative analysis of the neurotoxin β-N-
methylamino-L-alanine (BMAA) and its isomers. Chromatographic 
separation was achieved in 8 min on a fluorophenyl stationary phase, 
ensuring high throughput without derivatization, and showing excep-
tional improvement from conventional hydrophilic interaction chroma-
tography (HILIC) methods (22). In another study, Godage and Gion-
friddo proposed a new method for biomonitoring studies focused on 
the screening and quantification of xenobiotics in blood-derived sam-
ples (23). The performance of a polydimethylsiloxane/divinylbenzene/
polydimethylsiloxane (PDMS/DVB/PDMS) biocompatible extraction 
phase was investigated for extraction of pesticides and pharmaceuti-
cals from plasma samples via direct immersion SPME prior to GC–MS. 

An Outstanding Researcher, Teacher, and Leader
Gionfriddo’s activities have had a positive impact on her colleagues 
and students, and her skills, passion for science, and community 
involvement make her stand out. “Emanuela exhibits great soft skills, 
which makes her laboratory a very pleasant and an amazing environ-
ment for research and innovation,” said Leandro Wang Hantao, an 
assistant professor at the University of Campinas in Brazil. “She is 
definitely a potential leader in her field of research.” 

“Dr. Gionfriddo is an exceptional colleague and contributor to 
the department, the University of Toledo, and the profession,” said 
Jon Kirchhoff, a Distinguished University Professor and Chair of the 
Department of Chemistry & Biochemistry at the University of Toledo 
in Ohio. He noted that Gionfriddo “has distinguished herself as an 
outstanding teacher, mentor, colleague, researcher, and role model 
for her students, especially young women in STEM fields.” He also 
remarked on the rapid development of her laboratory. “In just 
over 4.5 years, Dr. Gionfriddo has created at the University of Toledo 
a state-of-the-art separation science laboratory,” he said. This labora-

http://www.ecomsro.com
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tory is a combination of separation science and mass spectrometry 
instrumentation used for her research program and the training of 
her students into the future.

“Emanuela is not only a great researcher, but also a great teacher,” 
said James Grinias, an associate professor at Rowan University and 
the 2022 LCGC Emerging Leader in Chromatography Award recipient.  
He also notes that although Gionfriddo’s training was as a fundamental 
separation scientist, she actively collaborates with researchers in other 
fields, such as mass spectrometry and environmental science. “I think 
her collaboration has helped her immensely, as it allows her to expand 
her sample preparation expertise into a number of application areas,” 
he said. “I also think it should be noted that Emanuela is an outstanding 
mentor who is working extremely hard to develop the next generation of  
separation scientists.”
 Kevin Schug, a professor at The University of Texas at Arlington, 
summarized the combination of Gionfriddo’s scientific skills, work 
ethic, and personality. “Emanuela is an expert in sample prepa-
ration for trace chemical analysis,” he said. “She is also a warm 
and caring individual, and she approaches science as fun and full  
of opportunities.” 
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FUNDAMENTALS

At the heart of most chromatographic 
analyses are the gravimetric and volu-

metric operations used to prepare samples, 
standards, and high-performance liquid 
chromatography (HPLC) mobile phases. 
Most of us believe we are proficient in these 
basic laboratory skills, but from time to time, 
I like to revisit the skills, theory, and regu-
latory recommendations for even for the 
most basic operations. So, let’s take a little 
deeper dive into the requirements for the 
use of so called “automatic” pipettes.

Let’s start with choosing the correct 
pipette for the job and compare and con-
trast the differences. In short, an air displace-
ment pipette has a layer of air between the 
head of the piston and the liquid within the 
pipette tip. Air pressure is used to force 
liquid from the tip. Positive displacement 
pipettes have an integral piston within the 
disposable tip and the piston is in contact 
with the liquid being dispensed.

The manufacturers recommendations align 
well when considering which type of pipette 
to use for which sample type. Use air displace-
ment pipettes for aqueous solutions and bio-
logical samples, and positive displacement 
pipettes for relatively volatile organic solvents, 
viscous solutions, and corrosive acids or bases 
(I wonder if, like me, you had been using an 
air displacement pipette for relatively volatile 
organic solvents or viscous solutions for years).

One pipette tip installation for air dis-
placement pipettes: When installing 
a tip onto a air displacement pipette,  
rather than pressing the pipette shaft firmly 
and directly down onto the tip (apparently 
known as “hammering”), it is recom-
mended that a slight twisting motion is 
used to create a good seal. Tips in racks 
are convenient (if more costly) for good 
practice in pipette tip fitting. For positive 
displacement pipettes, the above guid-
ance should be followed, but once the tip 
is installed onto the shaft, the tip should be 

lifted out of the rack and the piston lowered 
until a “click” is heard as the piston locks 
into the pipette body. The plunger should 
then be pressed to the first stop position.

When using a variable volume pipette, 
some manufacturers recommend the vol-
ume is dialed using a clockwise motion 
as the dispensed volume is controlled by 
a piston spring. For maximum accuracy,  
the spring should always be set under ten-
sion by turning the thumbscrew clockwise. 
Operationally, when reducing the volume, 
slowly move the volume setting dial to the 
required volume, but when increasing the 
volume, overshoot the required setting by 
1/3 of a turn and then reduce the volume to 
the desired setting. In this way, the desired 
volume is always reached using a clockwise 
motion and the piston spring remains under 
tension. Always hold the volume setting at 
eye level to avoid parallax error.

Holding the pipette vertically, smoothly 
depress the plunger to the first stop position, 
immerse the tip of the pipette into the liquid 
to be aspirated, and aspirate the liquid by 
smoothly and steadily raising the plunger to 
the rest position. If the tip is immersed too 
deeply, the increased hydrostatic pressure 
may cause too much liquid to be aspirated 
or liquid droplets to adhere to the outside of 
the pipette tip which may be transferred to 
the receiving vessel. If the tip is not immersed 
deeply enough, then vortexing may occur, or 
the liquid level may fall below the tip before 
reaching the top of the filling stroke, and too 
little liquid will be aspirated.

Wait two seconds for the aspirated liq-
uid to move up into the tip and to equili-
brate the temperature and pressure of the 
headspace air above the liquid. This step 
is particularly important in air displacement 
pipettes because of the changing com-
pressibility of the headspace air above the 
aspirated liquid because of temperature 
and vapor pressure changes.

This first aliquot should then be discarded 
to waste, or if the liquid is to be retained, 
returned to the original container. Note that 
any contaminants present on the inside sur-
face of the pipette tip may also be returned 
to the sample or reagent.

This tip-wetting step can significantly 
reduce the error associated with pipetting, 
and acts to reduce any interfacial effects 
between the liquid being aspirated and the 
inside surface of the pipette tip. With certain 
liquid types, or during pipette calibration or 
testing, some manufacturers and standards 
bodies call for up to five pre-equilibration 
and wetting step repeats prior to the first 
‘real’ aspiration into a new tip or when volume 
changes are made to adjustable pipettes.

 Place the upright pipette tip gently 
against the wall of the receiving vessel, 
held at an angle of between 10 and 45 o.  
Smoothly depress the plunger to the first 
stop and to the second stop after a slight 
pause. Slowly draw the pipette tip 8-10 mm 
up or along the vessel wall prior to removal 
from the vessel and then slowly allow the 
plunger to return to the rest position and dis-
card the pipette tip. Draw the pipette tip 8–10 
mm along the vessel wall prior to removal. 

To quote Henry Ford, “Anyone who stops 
learning is old, whether at twenty or eighty. 
Anyone who keeps learning, stays young.”  
I feel in the flush of my youth after this salu-
tary learning experience!

How Well Do You Pipette?
Tony Taylor
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Director of CHROMacad-
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Introduction
Mecoprop (Figure 1) is a commonly used herbicide for control-
ling the growth of broadleaf weeds such as chickweed, dandeli-
on, plantain, and thistle (1). In 1980, it was determined that the  
R-mecoprop enantiomer has the herbicidal activity, although 
the compound is typically delivered as the racemic mixture (2).  
The chiral separation was previously reported on CHIRALCEL® OZ-
3, which is a coated tris (3-chloro-4-methylphenylcarbamate) cellu-
lose-based chiral stationary phase (CSP). This separation utilized a 
traditional normal phase high performance liquid chromatography 
(NP-HPLC) mobile phase containing hexane (Hex) and ethanol 
(EtOH) (3). Although baseline resolved, there is room to improve 
the resolution and selectivity to improve the limit-of-detection (LOD) 
or limit-of-quantification (LOQ).

Daicel’s newest immobilized CSP, CHIRALPAK IM, is the immobi-
lized equivalent of CHIRALCEL OZ-3, the only difference being the 
particle size (IM is 5 µm and OZ-3 is 3 µm). The added robustness 
coming from the immobilization process increases this selector’s 
utility because of expanded solvent compatibility. For the separation 
of Mecoprop, this resulted in a significant improvement of the en-
antiomeric separation with the addition of dichloromethane (DCM), 
ethyl acetate (EtOAc), and methyl tert-butyl ether (MtBE) to the  
mobile phase.

Experimental
Mecoprop was purchased from Sigma Aldrich and used as is. The 
solvents used were all purchased from Scientific Equipment Com-

pany (SECO), were HPLC-grade, and were used as is. Specifically 
the hexanes (Hex) contained 95% n-hexane, and the EtOH was 
reagent alcohol (90% EtOH with 5% methanol and 5% isopropa-
nol by volume). Screening and optimization were performed on 
an Agilent 1200 configured with high-pressure mixing quaternary 
mobile phase delivery system, vacuum degasser, autosampler,  
temperature controlled column compartment, and photodiode ar-
ray UV detector. The instrument was controlled by an Agilent Chem-
Station Version RevB.04.03.

Discussion

Mecoprop was prepared as a 2.45 mg/ml solution in Hex-EtOH = 90-
10, and the separation from Daicel’s application database (Hex-EtOH-
TFA = 90-10-0.1 [v/v/v]) checked on both CHIRALCEL OZ-H and 
CHIRALPAK IM (Figure 2). This demonstrated less than baseline 
resolution on both columns – note the original separation in Daicel’s 
database is on 3 µm and is just baseline resolved [3]. The loss of 
separation on the larger particle size is not surprising or concern-

The Improved Chiral Resolution of Mecoprop Enantiomers on 
CHIRALPAK® IM
Dr. Weston J. Umstead and John M. Ferraro,  Daicel Chiral Technologies

Cl

O

OH
O

Figure 1: Mecoprop

Table I: Chromatographic Performance of OZ-H and IM Separations

RT1 RT2 K1
a K2

a α Rs

OZ-H Hex- 
EtOH-TFA

2.29
mins

2.46 
mins

0.33 0.42 1.30 1.30b

IM Hex-  
EtOH -TFA

2.33 
mins

2.48 
mins

0.35 0.44 1.25 0.94c

IM Hex- 
EtOAc-TFA

4.82 
mins

5.85 
mins

1.79 2.39 1.32 5.62d

IM Hex-DCM- 
EtOH-TFA

5.73 
mins

8.81 
mins

2.32 4.10 1.77 16.23e

IM Hex-MtBE- 
EtOH-TFA

3.77 
mins

4.81 
mins

1.18 1.79 1.51 8.71f

a Column void time (t0) was determined to be 1.727 mins using 1,3,5-Tri-
tertbutylbenzene (TTBB) as a void marker
b,c,d,e,f Plate counts were determined to be 3446, 2414, 9915, 10998, and 
11333 plates respectively

Chromatographic Conditions for the Separation of Mecoprop

Column

CHIRALCEL
OZ-H (150 
mm x 4.6 
mm i.d.)
Part #: 
42324

CHIRALPAK IM
(150 mm x 4.6 mm i.d.)

Part #: 92324

Mobile 
Phase

Hex-EtOH-
TFA =

90-10-0.1
(v/v/v)

Hex-
EtOH-
TFA =
90-10-

0.1
(v/v/v)

Hex-EtOAc-
TFA =

90-10-0.1
(v/v/v)

Hex-MtBE
EtOH-
TFA =

90-10-1-
0.1

(v/v/v/v)

Hex-DCM-
EtOH-
TFA =

90-10-1-
0.1

(v/v/v/v)

Flow Rate 1.0 ml/min

Detection UV 280 nm ref. 450 nm

Temperature 25°C

Sample 2.45 mg/ml in Mobile Phase

Injection 
Volume

2 μl

http://www.chiraltech.com
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ing, as an increased column broadening for the larger particle size 
is expected. 

The separation on IM was optimized by replacing EtOH as a mo-
bile phase component with EtOAc, DCM, or MtBE. Initially the sepa-
rations with DCM and MtBE resulted in very broad or non-symmet-
rical peak shape. This was improved by the addition of 1% EtOH by 
volume back to the mobile phase. The EtOAc and optimized DCM 
and MtBE conditions all resulted in significant improvements in the 
chiral separation (Table 1). All methods resulted in an increased 
retention, which ultimately improved both the resolution and  
selectivity (Figures 3 and 4). 

In particular, the DCM method yielded a significant separa-
tion that could be further optimized by the addition of more 
DCM to elute the enantiomers from the column faster. The addi-
tional DCM should also improve the compound solubility, which 
would indicate this method could be suitable for adaptation to a  
preparative separation.

Conclusions
Changing solvent is often the quickest and most effective way to 
alter the selectivity of a chiral separation. Immobilization increases 
the range of solvent compatibility, allowing for previously inacces-
sible improvements to existing chiral separations, as demonstrated 
with the resolution of Mecoprop. Under traditional normal phase 
conditions with CHIRALCEL OZ-H, the resolution was not baseline 
when the separation was checked on a 5 µm particle size. The ac-
cess to EtOAc, DCM, and MtBE with CHIRALPAK IM greatly influ-
enced the analyte interactions with the CSP, and afforded significant 
improvements to the resolution and selectivity of Mecoprop enan-
tiomers. The use of DCM in particular had a dramatic effect on the 
separation and afforded conditions that could be further adapted to 
a preparative scale application.
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Figure 3: Separation of Mecoprop on CHIRALPAK IM comparing 
Hex-DCM-EtOH-TFA and Hex-EtOAc-TFA Mobile Phases
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Figure 2: Separation of Mecoprop on CHIRALCEL OZ-H and CHIRAL-
PAK IM with Hex-EtOH-TFA = 90-10-0.1 (v/v/v)
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Molecular Weight Determination of VLPs Using the 
LenS3

TM Multi-Angle Light Scattering Detector

 Tosoh Bioscience LLC 

Viruses and virus-like particles (VLPs) are multimeric protein structures 
that mimic native viruses but are non-infectious. VLPs are subjects 
of interest, as their potential continues to grow as candidates in new 
vaccines and gene therapy products. For example, commercially 
available VLP-based vaccines are available for hepatitis B and human 
papillomavirus. Robust analytical techniques are needed to not only 
ensure quality of final products but provide data for informed decision-
making during the development process.

Size-exclusion chromatography (SEC) is an analytical technique 
that provides results on the size and purity of macromolecules. When 
coupled with multi-angle light scattering (MALS), it offers both molecular 
weight (MW) and radius of gyration (Rg or size). Importantly, AU280 

detection is only concentration dependent, whereas MALS corresponds 
to both concentration and molecular weight. Thus, the large molecular 
weight characteristic of VLPs inherently provides MALS with a strong 
scattered-light response and enables VLP detection even in a dilute 
solution that is well below the AU280 detection limit.

The primary challenge in the analysis of very large macromolecules 
by SEC is the selection of the appropriate analytical column. Here we 
explore the TSKgel® PWXL series of SEC columns, which includes a 
wide range of different pore sizes on a polymethacrylate stationary 
phase, for their utility in the analysis of large macromolecules such as 
VLPs. The protein calibration curves (Figure 1) show the separation 
range of TSKgel PWXL columns. The majority of VLPs have a molecular 
weight of >1 megadaltons (MDa), which make the TSKgel G5000PWXL  
(100 nm pore size), TSKgel G6000PWXL (>100 nm pore size) and TSKgel 
GMPWXL (mixed bed) ideal columns of choice for analysis of VLPs.

Materials and Methods
Columns:  TSKgel GMPWXL, 13 μm, 7.8 mm ID × 30 cm
  TSKgel G5000PWXL, 10 μm, 7.8 mm ID × 30 cm
Instrument: Thermo Scientific UltiMate® 3000
Mobile phase: 0.145 mol/L NaCl, 0.01 mol/L HEPES, 0.05% 
  sodium azide, pH 7.4 (refractive index, 1.333)
Flow rate:  0.3 mL/min or as indicated
UV:   UltiMate 3000 multiple wavelength detector
RI:   Shodex RI-504 semi-micro RI detector
MALS:   LenS3 MALS detector
Sample:   Parvovirus VLP (MVM-MVP) (Cygnus
  Technologies), stock 1 × 1012 particles/mL
  (10–15 μL injection), (dn/dc = 0.19, dA/dc = N/A)
MALS calibrant:  BSA, 5 mg/mL (dn/dc = 0.185, dA/dc 0.66)

In this application, parvovirus VLP was separately analyzed on 
both a TSKgel GMPWXL and TSKgel G5000PWXL SEC column 
coupled with the LenS3 MALS detector. Either RI or UV can 

function as the concentration detector. RI was used with the 
right angle light scattering signal (RALS) to measure MW. 
Extreme low angle (LALS), right angle, and extreme high angle 
(HALS) signals were used to plot angular dissymmetry and to 
determine Rg. The MALS detector was calibrated with BSA prior 
to sample analysis and all data were processed and analyzed 
using SECview® software.

Analysis of parvovirus VLP by SEC-MALS using the TSKgel 
GMPWXL column revealed a MW of ~4 MDa and Rg of 12.8 nm 
(Figure 2). These results closely align with reported values for 
this VLP (Biotech. Prog. 34, 1213–1220, 2018).

As seen in Figure 3, parvovirus VLP was diluted up to  
64-fold and injected at 10 μL onto a TSKgel G5000PWXL column. 
Approximately 3 × 1010 particles per mL can still be detected 
using the RALS signal from the LenS3 MALS detector, which 
allows for analysis of materials with low concentration or when 
working with limited sample.

Conclusion
Mass spectrometry is the most common method previously used 
for VLP size determination, but this technique is costly and 
impractical for frequent analysis. Inclusion of SEC–MALS as an 
analytical technique to determine the MW and Rg is a preferred 
alternative, and allows for both routine analysis and process 
monitoring. The wide range in pore sizes and separation ranges 
of TSKgel PWXL SEC columns overcome challenges in analytical 
SEC where separations of large macromolecules require a larger 
pore-sized stationary phase. When these SEC columns are 
then combined with the greatly enhanced sensitivity of Tosoh 
Bioscience’s LenS3 MALS detector, fast and easy analysis of MW 
and Rg with an improved level of detection (LOD) is provided.
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UltiMate is a registered trademark of the Dionex Corporation.

LenS is a registered trademark of Tosoh Bioscience LLC in the United States, 

India, and Japan.

SECview is a registered trademark of Tosoh Bioscience LLC in the USA, India, 

and EU, and of Tosoh Corporation in Japan. Tosoh Bioscience LLC
3604 Horizon Drive, Suite 100, King of Prussia, PA 19406

Tel. (484) 805-1219, fax (484) 805-1277
Website: www.tosohbioscience.com
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Figure 2: Analysis of parvovirus VLP and BSA on TSKgel GMPWXL mixed bed pore size SEC column
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Introduction
The interest and use of rare sugars in commercial food products have 
been increasing readily due to their health benefits. Rare sugars have 
a similar sweetness to sucrose but are low-energy monosaccharides. 
Rare sugars slow down the blood sugar spikes after a meal and inhibit 
the accumulation of visceral fat. Moreover, as rare sugars are known to 
provide various bioactive effects, their potential applications in medicinal 
products, functional foods, and cosmetics are increasingly being studied.  

In this work, we developed a method using the Shodex HILICpak 
VG-50 4E column to separate six rare sugars and generate good 
linearity for the calibration curves for each respective rare sugar. 
These six rare sugars fulfill the International Institute of Rare Sugar 
Research of Kagawa University definition of rare sugars. The sug-
ars studied in this application were L-ribose, D-psicose, xylitol,  
D-tagatose, D-allose, and L-glucose. 

Experimental conditions
A Shodex HILICpak VG-50 4E column (4.6 mm I.D. x 250 mm, 5 
µm) was used with a RI detector, with the column temperature being 
at 40°C. The elution conditions were isocratic, using water/acetoni-
trile/methanol at 5/75/20 with a flow rate of 1.0 mL/min. Samples 
were prepared in 1:1 of water/acetonitrile at 5mg/mL, and 5 μL was  
injected to the column.

Results
Increase of acetonitrile ratio again lowered the S/N, and we con-
cluded that the use of water/acetonitrile eluent cannot provide 

complete separation of all six rare sugars. Next, we tested the 
eluent containing water, acetonitrile, and methanol (Figure 1).  
The addition of methanol to the eluent effectively separated the six 
rare sugars. Good linearity was obtained for the calibration curves 
of all rare sugars, indicating its feasibility for the quantification of 
those sugars. 

Conclusion
This application demonstrated the effectiveness of Shodex HILICpak 
VG-50 4E with its HILIC mode for the analysis of various rare sugars 
found in foods. The eluent typically used in HILIC mode is a mixture 
of water and acetonitrile. However, the use of a mixture containing 
water, acetonitrile, and methanol improved the separation efficien-
cies of the VG-50 4E for this specific application. 

Analysis of Rare Sugars Using ShodexTM HILICpakTM VG-50 4E
Tanya Napolitano, PhD

Shodex™/Resonac America, Inc.
420 Lexington Avenue Suite 2335A, New York, NY 10170

tel. (212) 370-0033, X109
Website: www.shodexHPLC.com
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Figure 1: Optimization of LC conditions for six rare sugar analysis. 
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