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Analytical chemists are routinely tasked with a wide range of challenges, ranging 
from statistically meaningful sampling all the way to the final step of reporting the 
analytical data. To execute a successful analytical workflow, all relevant factors 
must be thoughtfully considered so that reliable analytical data are produced as the 
final outcome of the process. As an integral component of the workflow, sensitive, 
precise, accurate, and robust analytical/bioanalytical methods are required to 
deal with a wide variety of complex sample matrices where target analytes may 
possess broadly dispersed physicochemical properties and be present at trace 
levels. In addition, many types of interfering compounds may also be present in the 
sample matrices, making the isolation of analytes of interest a challenging task.

Apparently, the most critical step in the analytical/bioanalytical workflow is sample 
preparation. No analytical/bioanalytical chemist can argue that this is also the  
most tedious, time-consuming, and error-prone step in the entire workflow,  
and may lead to erroneous results and wrong conclusions. At the same time,  
this is also the most challenging and uncertain step for separation scientists (1,2). 

Fortunately, a plethora of classical and modern sample preparation techniques have 
been developed during the last couple of decades to achieve the following objectives:
1. To reduce the sample size, simplify the sample matrix and quantitative 
release of the target analytes from the sample matrix;
2. To make the sample compatible with the analytical instrument used;
3. To remove interferences and cleaning up the sample;
4. To preconcentrate the target analytes;
5. To obtain the highest amount of analytical information from the sample,  
thus maximizing the advantages of sensitive and sophisticated instrumentation;
6. To meet the demands of modern high-throughput analytical/bioanalytical 

Novel Sorptive Sample Preparation 
Techniques for Separation Science
Victoria Samanidou1 and Abuzar Kabir2, 1Laboratory of Analytical Chemistry, Department of Chemistry, Aristotle 
University of Thessaloniki, Thessaloniki, Greece, 2International Forensic Research Institute, Department 
of Chemistry and Biochemistry, Florida International University, Miami, Florida, USA

The primary analytical challenge is to selectively extract the target analytes using a suitable sample  
preparation technique and introduce them into the downstream analytical instrument.  The critical step in  
the chemical analysis is sample preparation. Sorptive sample preparation techniques are among the new  
generation of microextraction approaches, and are compliant with green analytical chemistry principles.   
A recent intercontinental collaboration between two academic research laboratories—the Aristotle University 
of Thessaloniki, Greece, and the Florida International University, USA—has yielded a significant number of 
analytical/bioanalytical methods using fabric phase sorptive extraction (FPSE), magnet integrated fabric 
phase sorptive extraction (MI-FPSE), and capsule phase microextraction (CPME) for the isolation of various 
analytes from different complex sample matrices. A brief description of these techniques with regards to 
principle, synthesis, applications, and advantages and disadvantages along with paradigms is presented.

KEY POINTS
• Novel sorptive microextraction 

media and devices are described.
• Green sample preparation 

principles dictate the advances 
in material technology.

• Sol-gel-derived sorbents offer 
unique benefits due to their 
morphology and advanced 
material properties.

79www.chromatographyonline.com

SAMANIDOU AND KABIR

PEER REVIEW



laboratories by optimizing relevant 
parameters including the analysis 
time, cost, sensitivity, and compliance 
with strict regulatory guidelines;
7. To comply with the principles of 
sustainable development and green 
analytical chemistry demands with 
regards to samples, reagents, method, 
waste, operator, and instrument (3,4). 

As such, the primary challenge in 
sample preparation is to selectively  
and efficiently extract the target  
analytes from the sample matrix and  
elute in a suitable solvent compatible  
with the chromatographic system.  
As of now, different solvents, sorbent 
materials, extraction mechanisms,  
and design configurations are available.

Sorbent-based sorptive extraction 
techniques have enjoyed tremendous 
growth during the past decade and 
continue to be more popular compared 
to solvent-based microextraction 
techniques. It should be mentioned that 
sorbent-based extraction techniques 
are considered to be able to cover most 
of the analytical/bioanalytical sample 
preparation needs, if not all (4). 

To this end, a recent bilateral academic 
research collaboration between two 
laboratories, one at the Aristotle University 
of Thessaloniki in Greece, and the other at 
Florida International University in the USA, 
have teamed up to advance the benefit 
of novel sol-gel-based material systems 
and unique delivery devices, which have 
yielded a significant number of novel 
analytical methods. The research  
collaboration was primarily focused on 
novel sorbent-based sample preparation 
techniques including fabric phase 
sorptive extraction (FPSE), magnet 
integrated fabric phase sorptive 
extraction (MI-FPSE), and capsule phase 
microextraction (CPME) for the isolation 
of various analytes from complex sample 
matrices such as environmental water, 
food, and biological fluids. Under a 

memorandum of understanding, Florida 
International University was responsible 
for developing new, environmentally 
friendly sample preparation technologies, 
while Aristotle University of Thessaloniki 
assumed the responsibility of developing 
new applications for these innovative 
sample preparation technologies. 
A brief description of these techniques 
with regards to principle, synthesis of 
sorbents, fabrication of the devices, and 
advantages and disadvantages along with 
paradigms are illustrated in this article.

Sorbent-Based Sorptive 
Extraction Techniques
The seminal invention of solid-phase 
microextraction (SPME) by Janusz 
Pawliszyn and Catherine L. Arthur in 
1990 (5) and subsequent invention 
of stir-bar sorptive extraction (SBSE) 
by Erik Baltussen, Pat Sandra, Frank 
David, and Carel Cramers in 1999 (6) 
have initiated a new era of sorbent-
based sample preparation technologies. 
These techniques gained attention as 
alternatives to solid-phase extraction 
(SPE) and liquid–liquid extraction (LLE) 
due to their solventless/solvent minimized 
operation and many other positive 
attributes. Although SPME, SBSE, and their 
different modifications including thin-film 
microextraction (TFME) (7) undoubtedly 
deserve credit for beginning a new 
direction in analytical/bioanalytical sample 
preparation known as “sorbent-based 
microextraction”, and for highlighting the 
importance of sample preparation in the 
overall analytical/bioanalytical workflow, 
they also suffer from several shortcomings. 
These include a limited number of 
commercially available sorbents,  
a narrow range of pH stability (pH 2–10),  
instability and swelling of the coating 
in organic solvents, poor extraction 
performance for highly polar analytes,  
and fragility of the coated fibres; in the case 
of SPME, limited commercially available 

sorbent chemistries and recommended 
only for nonpolar analytes (Log Kow >4), 
and for SBSE, the necessity of special 
instruments for thermal desorption. 

Most of these shortcomings originate 
from the viscous nature of the pristine 
polymers (polydimethylsiloxane, 
polyethylene glycol) and the polymer 
immobilization technology on the substrate 
surface that is primarily based on a free-
radical cross-linking process. The high  
viscosity of the polymers used as the 
sorbents in SPME and SBSE slows down 
the mass transfer of the analytes from the 
sample matrix to the extracting sorbent, 
resulting in prolonged sample preparation 
time. In addition, SPME and SBSE do not 
provide sample preparation solutions for 
acidic, basic, or zwitterionic compounds. 
Both techniques primarily serve for 
gas chromatographic (GC) separation, 
although there are a few SPME  
fibres for liquid chromatographic (LC) 
analysis via solvent desorption, with a 
potential risk of sorbent coating loss.  
It is fair to say that SPME and SBSE do not 
provide the complete sample preparation 
solution that separation scientists need to 
serve their analytical challenges (5–8). 

As such, many academic research 
groups have continued to address the 
shortcomings of SPME and SBSE by 
developing new sorbent chemistries  
that possess higher extraction efficiency, 
faster extraction kinetics, selectivity,  
pH stability, porosity, and thermal stability. 
Unfortunately, these new sorbents 
are not commercially available. 

A critical review on the desired 
attributes of a robust sample preparation 
technique reveals that such a technique 
should deliver the following qualities: 
(a) Capable of handling all sorts of original 
samples (biological, environmental, 
pharmaceutical, food, forensic) without any 
matrix clean-up to minimize irreversible loss 
of analytes during the sample preparation;
(b) Capable of simultaneously 
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preconcentrating neutral, acidic,  
and basic, as well as trace metals;
(c) Able to prepare the sample in a 
way that can be analyzed by GC, LC, 
or capillary electrophoresis (CE) to 
maximize the analytical information;
(d) Easily field-deployable to reduce 
the cost of transportation, minimize the 
change in the sample matrix during 
transportation and storage, and minimize 
the potential loss of analytes due to the 
adsorption by the collection container;
(e) Able to eliminate or minimize 
the usage of organic solvent;
(f) Should be able to support the extensive 
demands of high-throughput laboratories;
(g) Compatible with green analytical 
chemistry principles, and meeting 
as many of these as possible with 
regards to solvent consumption, energy 
consumption, waste produced, human 
health, and environmental impact;
(h) Able to retain the extracted analytes 
for a prolonged period so that instrument 
breakdown/natural calamity/power 
failure or other unintended incidents 
do not incur any economic/scientific 
loss to the concerned laboratory;
(i) Economical and able to favour 
multiple use to reduce the overall cost;
(j) Able to select the best sorbent 
material for a specific application using 
a mathematical model-based approach 
without requiring a subjective decision;
(k) Able to simplify the overall 
sample preparation workflow;
(l) Able to offer a holistic solution 
so that an analyst doesn’t need to 
use different techniques for different 
type of samples or analytes;
(m) Able to maximize the number of 
available sorbents so that the analyst has 
enough freedom in sorbent selection (9).

The players in the “game” of sample 
preparation include: analytical performance, 
time and safety issues, sample matrix, 
sample type, interferences and undesired 
components, analytes of interest with 

regards to their physicochemical 
characteristics and concentration 
levels, and the analytical instrumentation 
with regards to the operating costs 
and availability in the marketplace.

Conventional sample preparation 
techniques such as SPE and LLE may 
exhibit better extraction efficiency or 
clean-up performance, but modern 
microextraction techniques comply better 

with the demands for green analytical 
chemistry principles. A new principle, 
known as white analytical chemistry, 
has also been proposed recently that 
aims to reconcile the principles of green 
analytical chemistry and functionality (10).

Sorptive extraction techniques are widely 
used prior to chromatographic analyses 
in a range of applications. FPSE, MI-FPSE, 
and CPME are notable among the novel 
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approaches, with minimum steps needed to achieve satisfactory 
clean-up and analyte preconcentration, without any prior (filtration/
centrifugation/protein precipitation) or post (solvent evaporation  
and sample reconstitution) sample modification needed.  

These novel sample preparation techniques were introduced 
recently by the research group in Florida International University, 
as described in the patents cited in the references herein (11–14). 

Fabric Phase Sorptive Extraction (FPSE)
Fabric phase sorptive extraction is a new generation sample 
preparation technique that was invented to address most 
of the sample preparation challenges that other sorptive 
microextraction techniques do not. Unlike other microextraction 
techniques, FPSE combines the extraction principles of SPME 
(equilibrium extraction) and SPE (exhaustive extraction) by its 
unique design. The simultaneous exploitation of the two major 
extraction principles into a single device results in faster mass 
transfer, short sample preparation time, and exhaustive or near 
exhaustive extraction of the target analytes even when the 
extraction is performed in direct immersion extraction mode  
(as practised in SPME). FPSE also exploits the surface 
chemistry of the fabric substrate (hydrophilic/hydrophobic), 
linker chemistry (polarity enhancer or reducer), and organic/
organic-inorganic polymer chemistry that collectively determine 
the overall selectivity and extraction efficiency of the FPSE 
membrane. By changing any of the three building blocks 
of the FPSE membrane, one may fine-tune the selectivity 
and extraction efficiency of the membrane. Unlike classical 
microextraction techniques, FPSE has adopted sol-gel coating 
technology for the sorbent coating. A sol-gel coating chemically 
binds the organic/organic-inorganic polymer to the fabric 
substrate via a sol-gel linker that results in thermal, chemical, 
and solvent stability to the sorbent coating, with pH stability ~ 
1–13. Sol-gel-derived sorbents are inherently porous and 
possess sponge-like porous morphology. As a result, the 
sample matrix can easily permeate through the sorbent as well 
as the pores of the membrane and the analytes are extracted 
onto the sol-gel sorbent coated on the FPSE membrane via 
numerous analyte-sorbent intermolecular/ionic interactions. 
Due to the strong intermolecular/ionic interactions between 
the analytes and the sorbent, analytes remain retained on 
the FPSE membrane for a prolonged time (more than a year), 
even when the FPSE membranes are stored in a regular 
laboratory environment. The sponge-like porous morphology 
of the sol-gel sorbent requires a very small volume of organic 
solvent for quantitative analyte back-extraction. As a result, 
no solvent evaporation and sample preconcentration is 
needed in a FPSE workflow, minimizing the risk of analyte 
loss and improving the quality of the analytical data (15).

Fabric phase sorptive extraction has also expanded the 
available sorbent chemistries by developing phases that 
are either exclusively used as SPME and SBSE coating or 
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FIGURE 1: Schematic representation of sol-gel poly(ethyl glycol) 
300 coated cellulose FPSE membrane (left) and the associated 
absolute recovery vs. logKow correlation model (right). 

Building Blocks and Overall Selectivity Determinants
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Fabric Substrate Linker Organic Polymer

FIGURE 2: Building blocks and overall selectivity determinants 
of an FPSE membrane.

FPSE membrane Extraction Elution Analysis

FIGURE 3: Typical steps involved in fabric phase sorptive 
extraction (FPSE).
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as an SPE sorbent. As of now, FPSE 
offers ~30 unique sorbent phases 
including polydimethyl siloxane (PDMS), 
polyethylene glycol (PEG), polyacrylate 
(PA), C18, C8, C4, cation exchanger, anion 
exchanger, mixed-mode, zwitterionic, 
and multimode zwitterionic sorbents.
The selection of an SPME fibre and 
SBSE phase primarily depends on the 
experience of the analyst. To eliminate the 
error involved in the subjective judgement 
of the analyst during sorbent selection 
for a given application, FPSE has 
developed a mathematical model-based 
approach using the logKow (octanol-water 
coefficient) values of the analytes. Every 
FPSE sorbent chemistry has its own 
absolute recovery calculation equation. 
The analyst can easily calculate the 
predicted percentage absolute recovery 
value of a specific analyte on a particular 
FPSE sorbent using this model, and 

can decide which sorbent to try for the 
analysis (9,16). For example, absolute 
recovery in sol-gel poly(ethyl glycol) 300 
coated cellulose FPSE membrane can be 
calculated using the equation: Recovery 
% = 14.758805 + 16.309632*Log 
Kow - 5.5584622*(Log Kow-2.737)2. 
Figure 1 demonstrates the quadratic 
mathematical model developed for a 
sol-gel poly(ethylene glycol)-coated 
cellulose FPSE membrane. The model 
was created using 10 compounds  
at a concentration of 10 µg/mL.  
Extraction conditions are stated in 
Figure 1. The 10 test compounds with 
varied physicochemical properties and 
functional compositions included: furfural 
alcohol (FA), piperonal (PIP), phenol 
(PHE), 4-nitrotoluene (4NT), 9-anthracene 
methanol (9AM), naphthalene (NAP), 
tetramethyl benzene (TMB), tricosan 
(TCL), and diethylstilbestrol (DESB).  

As can be seen, the absolute recovery 
of a test compound depends on 
the logKow as well as the functional 
composition of the analyte. As such, 
absolute recovery of phenol was lower 
than piperonal in sol-gel poly(ethyl 
glycol) 300 sorbent, despite the fact that 
piperonal is more polar than phenol. 

Unlike other sorbent-based extraction 
and microextraction techniques, FPSE 
simultaneously exploits the surface 
chemistry of at least three building blocks: 
(a) the fabric substrate; (b) the sol-gel linker; 
and (c) the organic/inorganic-organic 
polymer. The overall polarity/selectivity/
extraction efficiency of an FPSE membrane 
depends on all three building blocks, 
although the individual impact may not 
be equal. The FPSE membranes behave 
differently when the substrate is changed 
from 100% cotton cellulose to 100% 
polyester, keeping the other two building 
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blocks unchanged. A schematic representation of an FPSE 
membrane and its different building blocks is presented in Figure 2. 

Figure 3 displays the typical steps involved in an FPSE process.

Magnet Integrated Fabric Phase 
Sorptive Extraction (MI-FPSE)
Magnet integrated fabric phase sorptive extraction is a new  
type of FPSE that was created (a) to improve the extraction 
reproducibility; (b) to expedite the analyte mass transfer;  
(c) to eliminate the necessity of an external magnet; and (d) to use 
multiple sorbent chemistry in-tandem to maximize the extractive 
power when a wide range of analytes (neutral, acidic, basic, polar, 
nonpolar) are simultaneously present in the sample matrix  
and are all analytes of interest. MI-FPSE offers all the advantages  
of classical FPSE in addition to several others. Due to the precise 
control of the spinning rate (rpm), MI-FPSE demonstrates  
higher run-to-run extraction reproducibility. In addition,  

the sample matrix permeates through the FPSE membrane in  
MI-FPSE at a faster rate compared to classical FPSE,  
with the extraction equilibrium a significantly shorter time.  
Figure 4 presents MI-FPSE devices and the extraction process (17). 

MI-FPSE improves extraction reproducibility by providing 
controllable spinning on a magnetic stirrer. During the spinning,  
it collides with the aqueous sample matrix and forces the sample 
to permeate through the membrane, resulting in faster mass 
transfer and shorter extraction equilibrium times. Although 
FPSE allows sandwiching of several FPSE membranes together, 
MI-FPSE by design requires a minimum of two membranes in the 
device. As a result, MI-FPSE allows easy adaptation of different 
sorbent chemistries to maximize the extraction efficiency.

Capsule Phase Microextraction (CPME)
Although FPSE and MI-FPSE have provided a holistic solution to 
the analytical challenges often encountered in modern analytical 
and bioanalytical laboratories, when the sample contains high 
percentages of interfering components such as plant debris, soil 
particles, proteins, fat molecules, and other cellular debris, the 
sample generally requires sample pretreatment processes such 
as filtration or centrifugation. Sample pretreatment is not only 
laborious and time-consuming but it may also inflict loss of analytes 
during the process. Direct contact of the interfering elements with 
the sorbent may shorten its active service life. The interferents 
may irreversibly adsorb onto the surface of the extraction sorbent 
coating and severely impede analyte-sorbent interaction, resulting 
in poor extraction recovery. To eliminate the need for sample 
pretreatment from the sample preparation workflow, the CPME 
device was developed as a stand-alone sample preparation 
device. The apparatus works as a filtration and extraction device, 
with built-in stirring capability. Figure 5 presents the CPME device, 
the scanning electron microscope (SEM) image of the membrane, 
and the image of a magnet used in the device fabrication (18).

CPME devices utilize two porous polypropylene tubes with 
internal diameter (i.d.) 1.8 mm, outside diameter (o.d.) 2.7 mm, 
and wall thickness 0.45 mm conjoined together with a magnet 
encapsulated in one tube and the sorbent microparticles in the 
other. The sol-gel-derived sorbents are distributed within the pores 
of the tube as well as in the lumen of the tube. The sorbent is 
created by an in situ sol-gel synthesis while keeping the porous 
polypropylene tubes submerged into the sol solution. The sol 
solution enters the porous tubular membrane and fills up the 
lumen. The sol solution subsequently turns into a solid gel, forming 
scattered particles inside the porous walls and a monolithic bed 
inside the lumen of the empty tube. To expand the contact surface 
area of the sol-gel sorbent, the CPME device is subjected to 
ultra-sonication, during which the monolithic bed inside the lumen 

Extraction ElutionCPME device Analysis

FIGURE 6: Typical capsule phase microextraction procedure.

The Device Porous Polypropylene
Membrane

Cylindrical Magnet

FIGURE 5: Photographic images of CPME devices (left), an 
SEM image of the porous polypropylene tube (middle, at 1000× 
magnification), and an image of a cylindrical magnet (1/2” × 1/16”). 

FIGURE 4: Pictorial illustration of the main components 
of magnet integrated fabric phase sorptive extraction 
(MI-FPSE) device (left) and the immersion of the device in 
the sample (right). 
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disintegrates into microparticles and 
expands the available contact surface 
area greatly. As such, CPME devices 
possess equivalent sorbent loading and 
comparable contact surface area when 
compared to FPSE membranes. When a 
CPME device is exposed to the sample 
for analyte extraction, the aqueous sample 
easily permeates through the porous 
walls (0.2 μm pore size) and the analytes 
interact with the sorbent particles trapped 
inside the porous walls, as well as with 
the particles inside the lumen, and are 
extracted rapidly. The porous walls of 
the device act like a filter. As such, the 
device can be inserted directly in a sample 
containing high percentages of matrix 
interferents. The magnet encapsulated 
within the device spins the device on 
a magnetic stirrer. After the extraction, 
the CPME device is transferred into a 
back-extraction tube and back-extraction 
is performed using 200–500 μL organic 
solvent. Similar to FPSE and MI-FPSE,  
an CPME device can be used many times 
without sacrificing its extracting power (18).

The workflow for CPME is 
presented in Figure 6.

One can compare a CPME device with 
hollow fibre membrane-protected SPME; 
however, they are built on very different 
concepts. Hollow fibre membrane-
protected SPME utilizes a porous 
polypropylene capillary to protect the 
SPME coating from fouling. It does  
not have a built-in stirring mechanism.  
A CPME device is a stand-alone sample 
preparation device with built-in filtration 
and mechanical stirring capability.  
The sol-gel monolith sorbent technology 
allows the sol-gel sorbent to be created  
as a monolithic bed within the lumen,  
as well as inside the porous walls of  
the polypropylene capillary tube.  
The monolithic bed of the sol-gel sorbent 
is disintegrated into microparticles.  
In this regard, a CPME device mimics 
a protected micro-SPE device. 

FPSE, MI-FPSE, and CPME 
Method Development
Similar to classical sorbent-based 
microextraction techniques, FPSE, 
MI-FPSE, and CPME need to optimize 
several process parameters to maximize 
the extraction efficiency of the target 
analytes from a given sample matrix.  
These process parameters include: (a) 
selection of the sorbent chemistry; (b) 

optimization of the sample volume;  
(c) optimization of the extraction time;  
(d) optimization of the desorption solvent;  
(e) optimization of the desorption time;  
and (f) optimization of the stirring speed. 
The volume of the desorption solvent can 
be optimized, but instead of optimizing the 
solvent volume, the solvent volume can be 
set at the level that is needed to submerge 
the membrane or the device. If the analytes 
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are polar, evaluating the impact of adding 
salt to the sample is also recommended. 
The addition of salt decreases the solubility 
of polar compounds in water and forces 
the analytes to be extracted into the 
microextraction membrane or device. 

Instead of this one factor at a time (OFAT) 
approach, statistical design of experiments 
(DOE) can also be used to screen the 
relevant process parameters and optimize 
the most applicable parameters using 
response surface methodology (RSM) (9).

Applications of FPSE, 
MI-FPSE, and CPME
The successful and highly productive 
research collaboration was 
begun in 2014, and 22 analytical/
bioanalytical methods have now 

TABLE 1: Published methods based on novel sorptive microextraction approaches

Sorptive 
Technique

Compounds Matrix
Year of 

Publication
Reference

FPSE Amphenicols: thiamphenicol, florfenicol, and chloramphenicol Milk 2015 (19)

FPSE
Benzodiazepines:
bromazepam, lorazepam, diazepam, and alprazolam Blood serum 2016 (20)

FPSE
Sulfonamides:
sulfamethazine, sulfisoxazole, and sulfadimethoxine Milk 2016 (21)

Online FPSE Metals: lead and cadmium Water samples 2016 (22)

FPSE
Penicillins:
benzylpenicillin, cloxacillin, dicloxacillin, and oxacillin Milk 2017 (23)

FPSE
Dental restorative materials leachates: bisphenol A 
glycerolatedimethacrylate, urethane
dimethacrylate, and triethylene glycol dimethacrylate

Milk and human  
breast milk 2017 (24)

FPSE
Endocrine disruptors:
α-estradiol, hexestrol, estrone, 17α-ethinyl estradiol, diethylstilboestrol,  
and bisphenol A

Milk 2019 (25)

CPME
Sulfonamides: sulfanilamide, sulfadiazine, sulfamethizole,
and sulfathiazole Milk 2019 (26)

FPSE
Antidepressants: venlafaxine, paroxetine, fluoxetine, amitriptyline,  
and clomipramine Human urine 2019 (27)

FPSE Penicillins: benzylpenicillin, cloxacillin, dicloxacillin, and oxacillin Human blood serum 2019 (28)

FPSE
Antidepressants:
venlafaxine, paroxetine, fluoxetine, amitriptyline, and clomipramine Human blood serum 2019 (29)

FPSE Tetracyclines: tetracycline, oxytetracycline, chlortetracycline, and doxycycline Milk 2020 (30)

FPSE
Parabens:
methyl paraben, ethyl paraben, propyl paraben, butyl paraben,  
isopropyl paraben, isobutyl paraben, and benzyl paraben

Human breast 
tissues 2020 (31)

FPSE
Parabens:
methyl paraben, ethyl paraben, propyl paraben, butyl paraben,  
isopropyl paraben, isobutyl paraben, and benzyl paraben

Human urine 2021 (32)

FPSE
B blockers:
atenolol, nadolol, metoprolol, oxprenolol, labetalol, and propranolol

Human serum  
and urine 2021 (33)

FPSE
Bisphenols and diethylstilbestrol: including bisphenol A, bisphenol S, 
bisphenol F, bisphenol E, bisphenol B, bisphenol C, and diethylstilbestrol Human urine 2021 (34)

CPME
Triazine herbicides:
simazine, cyanazine, atrazine, prometryn, terbuthylazine, and propazine

Tap water, mineral 
water, rainwater, and 
lake water samples

2021 (35)

MI-FPSE
Endocrine-disrupting chemicals:
methyl paraben (MPB), ethyl paraben (EPB), propyl paraben (PPB), butyl 
paraben (BPB), and BPA

Human urine 2021 (17)

CPME Ibuprofen Human urine 2021 (36)

FPSE
Triazine herbicides:
atrazine, simazine, propazine, prometryn, and terbuthylazine Fruit juices 2022 (37)

FPSE
Bisphenol A and leaching monomers from dental materials:
bisphenol A, triethylene glycol dimethacrylate, urethane dimethacrylate, 
and bisphenol A-glycidyl methacrylate

Human saliva 2021 (38)

FPSE Tocopherols (α-, sum of [β+γ], and δ-) Edible oils 2022 (39)
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been published, covering a wide range of applications. A 
list of these methods are presented in Table 1 (19–39). 

All sample preparation materials were prepared at the 
International Forensic Research Institute, Department of 
Chemistry and Biochemistry of Florida International University, 
and the protocols in each application were developed and 
evaluated in the Laboratory of Analytical Chemistry at the 
School of Chemistry of Aristotle University of Thessaloniki.

It should be mentioned that FPSE, MI-FPSE, and CPME  
offer many biocompatible sorbents. As a result,  
no protein precipitation step was needed when dealing 
with any biological samples presented in the list.

Conclusions
The new generation sorbent-based sorptive extraction 
techniques based on FPSE, MI-FPSE, and CPME seem to 
be very promising for the extraction and preconcentration of 
various target analytes from a wide range of sample matrices.
The unique geometrical shape and characteristics of the 
FPSE membrane result in the rapid extraction of analytes due 
to the fast extraction equilibrium. Usage of a small volume of 
solvent, as well as elimination of sample pretreatment, solvent 
evaporation, and sample reconstitution steps from the sample 
preparation workflow have made these sample preparation 
techniques environmentally friendly and cost-effective.
With regards to bioanalysis, the FPSE membrane can be directly 
introduced into the whole blood, intact urine, or unfiltered saliva 
samples without deproteinization or other sample pretreatment 
processes. A minimum number of sample preparation steps 
reduces potential sources of errors. The direct introduction to the 
high performance liquid chromatography (HPLC) instrument after 
extraction makes this method suitable for routine analysis either 
for clinical studies or forensic purposes. The FPSE membrane 
can be reused several times depending on the application.

MI-FPSE efficiently integrates the stirring and extraction 
mechanism into a single sample preparation device.  
This configuration permits the development of simple, direct, 
reproducible, and accurate processes. Fast extraction  
equilibrium can be achieved, resulting in shorter extraction times.  
The extraction device can be reused several times with no 
carryover effect and no discernible loss in the extraction efficiency.

CPME offers simplicity in sample handling and rapid extraction 
kinetics, and it can be considered as an environmentally friendly 
extraction technique compared to conventional sample preparation 
approaches. Moreover, the extraction step can be parallelized (for 
example, on a multi-position stirring plate) for the simultaneous 
preparation of many samples. The microextraction capsules 
are reusable at least 10 times. High enrichment factors result in 
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satisfactory limits of detection  
(LOD) and limits of quantification  
(LOQ) values that may also be improved 
using more sensitive instrumentation  
(LC–tandem mass spectrometry  
[MS/MS] or GC–MS/MS instruments). 

Finally, an important benefit of CPME 
is that the method does not require 
sample filtration prior to the sample 
preparation. As such, CPME can be 
employed for the direct sample preparation 
of environmental samples or biological 
samples that contain solid particles. 
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How Chemistry Determines 
Separations: Influence of 
Selectivity on Resolution
Nicholas H. Snow, Department of Chemistry and Biochemistry, Seton Hall University, New Jersey, USA

Resolution in chromatography is influenced by retention, engineering, and selectivity. Retention relates to how long 
analytes are in the column; generally, longer retention leads to increased resolution. Engineering relates to the design 
and operation of the chromatographic system, as expressed by the number of theoretical plates. Generally, more 
theoretical plates lead to greater resolution. Finally, selectivity is generated by the chemistry of the intermolecular 
interactions between the stationary phase and the analytes. Larger differences in the strength of these interactions 
lead to greater selectivity. In this instalment, we will examine the relationship between selectivity and resolution. 

Optimum resolution is one goal of any 
chromatographic separation. Figure 1 
shows a simulated chromatogram,  
using the ProEZGC chromatogram modeler, 
of two peaks being eluted in a typical 
gas chromatographic (GC) separation 
(1). Resolution may be considered a 
measure of the amount of separation 
between the two peaks, and it is classically 
calculated from the chromatogram using 
equation 1. In short, equation 1 defines 
resolution as the difference in retention 
times divided by the average of the 
peak widths. A resolution calculated 
as 1.5 or greater indicates baseline 
separation. The resolution of the two 
peaks seen in Figure 1 is 1.7, indicating 
slightly better than baseline resolution, 
which is seen on the chromatogram.

Rs = tR (2) – tR (1)
            w1+w2

[1]

Resolution can also be thought of 
resulting from fundamental parameters 
of the chromatographic system and 
the separation. These parameters are 
retention, engineering, and selectivity. 

For retention, it is intuitive that the longer 
an analyte pair are on the column, the 
more time they have to separate, and 
the better the resolution. For engineering, 
it makes sense that the dimensions 
and construction of the instrument and 
column impact transport efficiency for 
the analytes and therefore resolution. For 
selectivity, the difference in intermolecular 
interaction chemistry between the two 
analytes and the stationary phase impacts 
the separation power of the stationary 
phase and therefore the resolution. 

These three ideas are captured 
in the master resolution equation, 
seen in equation 2 (2). 

k
1+k(       ) (       )Rs = α–1

α
N
4(       ) [2]

The three ideas—retention, engineering, 
and selectivity—are seen in this equation. 
Before diving more deeply into the impact 
of selectivity, we should briefly discuss the 
other two terms, retention and engineering. 
Retention is seen in the first term, k/(1+k).  
This term will vary between 0 and 1, 
depending on the size of the retention 

factor. Looking at the extremes, at very 
large retention factor, k > 10–20, the term 
approaches 1 and diminishing return is 
seen from longer retention time. Likewise at 
low k, k < 1 or 2, a small variation in k  
may have a large impact on resolution.  
This is why many authors suggest as a first 
step in method development, to adjust the 
temperature to give k between about 1 and 
20. This also provides a limit for run times: if 
the gas hold-up time is 1 min, this suggests 
that the total run time should be less than 
about 20 min; additional run time simply 
adds time with little impact on resolution. 

Engineering is seen in the square root 
of theoretical plates (N) divided by 4. From 
our recent discussion of the Golay equation, 
we see that the number of theoretical plates 
derives from numerous factors related to 
the construction of the chromatographic 
system and the conditions of the 
separation (3). In contrast with the retention 
term, longer retention times usually 
lead to increased N through a complex 
relationship with the retention factor. N is 
more dramatically impacted by column 
dimensions, carrier gas flow rate, and 
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carrier gas choice, with smaller inside diameter, thinner stationary 
phase film, and lower molecular weight carrier gas generally 
favoured. In typical capillary gas chromatographic systems,  
N may vary from about 10,000–100,000, with the term in equation 
2 therefore varying from 25–80. Interestingly, while the number of 
theoretical plates is roughly proportional to column length, here too, 
there is a diminishing return with longer columns; resolution will only 
increase by a factor of 1.4 if the column length is doubled, as N is 
doubled. However, the retention time will also be about doubled. 

Influence of Selectivity on Resolution
The remaining term in equation 2 relates selectivity and 
resolution. Not surprisingly, the higher the value for selectivity, 
the higher the resolution. Since selectivity is calculated as the 
ratio of adjusted retention times for two adjacent peaks, with 
the numerator having the larger time, the minimum value is 1. 
In capillary gas chromatography, selectivity for adjacent, fully 
resolved peaks can often be as low as 1.02. Before diving 
into the effect of selectivity on resolution, it is worth taking 
a quick look at the selectivity term in equation 2. Table 1 
shows calculations of the selectivity term, (α-1/α), versus α. 
Table 1 shows a roughly linear increase in the selectivity term 
as the selectivity increases at low selectivity, but curvature 
and a diminishing return as selectivity increases beyond 
1.1. In most situations in capillary gas chromatography, 
selectivity of adjacent and nearly overlapping peaks will 
be less than 1.1, which indicates a roughly 10% difference 
in the two adjusted retention times, or a 1 min difference in 
adjusted retention time in an overall 10 min separation. 

We can now use equation 2 and Table 1 to gain some 
insight into how selectivity relates to retention (k) and 
engineering or number of theoretical plates (N) to generate 
resolution. Table 2 shows calculations of the selectivity 
required to achieve a resolution of 1.5 with constant k = 5 
and varying N. This shows the effects of column dimensions 
and instrument conditions on resolution. Equation 2 was 
simply rearranged to calculate the selectivity term and 
then the approximate selectivity was read from Table 1. 
This is a good point to caution against using equation 2 
for rigorous calculations; it is best used for conceptual 
discussion and thinking about resolution. There are too 
many underlying variables in the terms used in equation 
2 to make it easily useful for rigorous calculations. 

As seen in Table 2, as N increases, often by using a longer 
column or one with a smaller inside diameter or stationary 
phase film thickness, the required selectivity to achieve a 
resolution of 1.5 decreases, as expected. Remember that 
an increase or decrease in N, if achieved using column 
length, will result in a similar change in retention time. The two 
extremes in Table 2 are most interesting. At very low N, as 
in classical packed columns or very short capillary columns, 
much higher selectivity is required to achieve separation.  
This is one reason why there were hundreds of available 
stationary phases for packed columns when they were in wide 
use. This is also one reason why we have seen much attention 
in the literature over the past two decades paid to stationary 
phase choice in second dimension columns for comprehensive 
two-dimensional gas chromatography, as these columns are 
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FIGURE 1: Simulated chromatogram showing separation of 1) 
benzene and 2) ethanol on a 60 m × 0.32 mm, 1.0-µm polyethylene 
glycol column at 70 °C with inlet pressure of 21.6 psig.  

TABLE 1: Calculation of selectivity term in the master resolution equation

α α – 1
α

1.00 0

1.01 0.01

1.02 0.02

1.03 0.03

1.04 0.04

1.05 0.05

1.06 0.06

1.07 0.07

1.08 0.08

1.09 0.09

1.1 0.09

1.2 0.17

1.5 0.33

TABLE 2: Influence of theoretical plates (N) on selectivity needed to 
achieve a resolution of 1.5 at constant retention factor (k) = 5 

N α – 1
α Approximate α

1000 0.23 1.3

10,000 0.07 1.07

30,000 0.04 1.04

60,000 0.03 1.03

120,000 0.02 1.02

180,000 0.02 1.02
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very short, so high selectivity is needed 
to achieve any separation at all (4). 

At the high end, the necessary 
selectivity continues to decrease 
with increasing N, but the return for 
using a longer or more difficult to use 
column decreases, with selectivity of 
approximately 1.02 being about the 
practical limit for most capillary column 
configurations. This implies, with an 
approximate 10 min adjusted retention 
time, a minimum separation of the peak 
maxima of about 0.2 min (about 10 s). 

Looking now at selectivity and retention, 
Table 3 shows determinations of the 
needed selectivity to achieve a resolution 
of 1.5 with constant N = 60,000 (a typical 
capillary column) and k, the retention 
factor, varying from 1–20. As in Table 2, 
the selectivity term on equation 2 was 
determined by rearranging equation 2 and 
the approximate selectivity needed was 
then read from Table 1. As k increases, the 
necessary selectivity to achieve baseline 
resolution decreases, but not dramatically. 
In most cases with this typical column of 
60,000 theoretical plates, the necessary 
selectivity remains in a tight range of about 
1.03–1.05. At k < 1, which is not advisable 
as a small variation on k can lead to a large 
shift in resolution, much higher selectivity is 
needed. At k > 20, which is not advisable 
as the retention times become excessively 
long and band broadening may make 
the peaks too short and more difficult 
to detect, there is not much influence 
from longer retention on selectivity. 

In most of the situations seen 
in Tables 2 and 3, the necessary 
selectivity to achieve baseline 
resolution varies from about 1.02–1.05. 
We can think of this as a “sweet 
spot” for selectivity in capillary gas 
chromatography. Estimating a 10 min 
separation and k = 5, this means 
a minimum spacing between peak 
maxima of about 10–20 s, which is 
commonly seen in many separations. 

Influence of Temperature on 
Selectivity and Resolution
Figure 2 shows a series of simulated 
chromatograms of a separation of 
benzene and ethanol on a polyethylene 
glycol (PEG) stationary phase using 
Pro-EZGC. Temperature ranges from 
70–110 °C with isothermal conditions, 
and the chromatograms are annotated 

with the resolution. As discussed in last 
month’s column (5), selectivity derives from 
differences in the standard free energy 
of the mobile phase-stationary phase 
transition, which is in turn determined by 
the intermolecular forces that exist between 
the analyte and the stationary phase.  
As the temperature increases, the forces 
of attraction between the analyte and 

(a) 70 ˚C
1

2

6.6 6.8 7.0 7.2 7.4 7.6 7.8 8.0

RS=1.7 (b) 80 ˚C RS=0.5
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(c) 90 ˚C RS=0.4
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(d) 100 ˚C RS=1.0
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e) 110 ˚C RS=1.4
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FIGURE 2: Simulated separations of benzene and ethanol using the conditions described 
in Figure 1 at temperatures from (a to e) 70 °C to 110 °C.  For (a) 70 °C and (b) 80 °C, 1 = 
benzene, 2 = ethanol; for (c–e) 90 °C to 110 °C, 1 = ethanol and 2 = benzene.  
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FIGURE 3: Simulated separations of benzene and ethanol on (a) PEG and (b) PDMS 
stationary phases. Conditions are the same as in Figure 1.  
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stationary phase decrease as the vapour 
pressure increases and more of the analyte 
molecules enter the vapour phase.  
This is seen in the reduced retention times. 
Since selectivity is based on differences 
in these forces, it follows that the strength 
of each analyte’s forces would decrease 
at a different rate as the temperature 
is increased. This effect is clearly seen 
in Figure 2, as benzene elutes first at 
the lower temperature, then they are 
coeluted, and then ethanol is eluted first 
at the higher temperature. All of these 
separations were simulated with constant 
column dimensions and stationary phase.

In equation 2, temperature has effects 
on all three terms. In Figure 2, in addition 
to the effects on selectivity, we see 
the clear effect on retention, lowering 
retention time and retention factor, and 
lowering the retention term in equation 
2. The effect of temperature on the 
engineering term and N, the number of 
theoretical plates, is complex, but, in 
short, higher temperature generally leads 
to smaller N, through reduced retention 
factor, which is an important term in 
the classical van Deemter equation. 

Influence of Stationary 
Phase Choice on Selectivity 
and Resolution
Stationary phase choice is the major 
driver of selectivity and a change 
in stationary phase can often have 
dramatic and confusing effects on 
analyte retention and peak spacing. 

Figure 3 shows the dramatic difference 
in the separation of benzene and 
ethanol on two stationary phases: 
polydimethyl siloxane (PDMS), which is  
generally considered nonpolar, and 
polyethylene glycol (PEG), which is 
considered polar. The separations were 
simulated at 70 °C, and all of the other 
conditions and column dimensions were 
kept identical so the chromatograms 
are directly comparable. More detailed 
discussion about the differences in 
retention for these two compounds on 
these two stationary phases can be 
found in last month’s column (5).  
On the PEG stationary phase,  
both compounds are more strongly 
retained than on PDMS, yet the 
selectivity and, consequently, the 
resolution is much lower. The longer 
retention on PEG also leads to broader 
peak width, showing the effect of 
engineering. The somewhat higher value 
of k has little influence on the selectivity. 

Conclusions
Selectivity, a measure of the ability of 
a stationary phase to perform a given 
separation, mainly derives from the 
intermolecular interactions that occur 
between the stationary phase and the 
two analytes that make up a closely 
eluting peak pair and the separation 
temperature. Resolution, the goal of 
any separation method, is a function of 
retention, selectivity, and engineering 
of the system. Selectivity influences 

resolution, as seen in the master 
resolution equation, which can be used 
conceptually to analyze the impact of 
retention, engineering, and selectivity  
on resolution. Finally, we should note  
that this is conceptual thinking  
based only on isothermal separations.  
The situation with temperature 
programming is far more complex and 
will be the subject of a future column. 
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TABLE 3: Influence of retention factor (k) on selectivity needed to achieve resolution of 1.5 at 
constant number of theoretical plates (N) = 60,000.  

k α – 1
α Approximate α

1 0.05 1.05

2 0.04 1.04

3 0.03 1.03

5 0.03 1.03

10 0.03 1.03

20 0.025 1.02–1.03
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A Rapid, Automated Extraction 
Platform to Assess Drug 
Product Potency by Online 
Liquid Chromatography
Stephen R. Groskreutz and Gordon R. Lambertus, Eli Lilly and Company, Indianapolis, Indiana, USA

We present a new automated active pharmaceutical ingredient (API) extraction approach with integrated analysis by 
online liquid chromatography (LC) to assess drug product potency. The platform consists of an extraction module 
for repeated dynamic pressurized solvent extractions of tablets. Extractions rely on temperature and pressurized 
solvents (50:50 0.1%TFA–acetonitrile, 100 bar, 3.0 mL/min) to dissolve the tablet coating (if present), disintegrate the 
tablet, and disperse and solubilize material. Upon exiting the extraction vessel, solvent carrying extracted material 
is sampled every 15 s using a dual loop LC injection valve. The valve allows direct injection of drug product extract 
onto a short LC column for online monitoring of the extraction process and generation of an “extract-o-gram”. 
Autoprocessing of API peaks in the extract-o-gram facilitated direct calculation of tablet potency by integrating  
the area under the resulting API concentration-time curve. To assess the performance of the platform,  
a series of experiments was conducted with four pharmaceutical products spanning a wide API dosage range:  
200 mg ibuprofen, 81 mg aspirin, and 12 mg and 1 mg tablets of Lilly development materials (Lilly A and Lilly B). 
Results were encouraging; using a generic set of extraction conditions, reproducible quantitative recoveries were  
obtained for ibuprofen (99.3% label claim, 0.5% relative standard deviation [RSD]), aspirin (103.2%, 1.1% RSD),  
Lilly A (98.5%, 1.1% RSD), and coated and core Lilly B tablets (100.8%, 1.3% RSD and 100.9%, 2.4% RSD, respectively). 

Prior to release of pharmaceutical 
products to the market, materials must 
meet a set of acceptance criteria that 
ensure product quality and consistency. 
Common drug product release tests rely 
on extraction of the active pharmaceutical 
ingredient (API) from the dosage unit and 
subsequent liquid chromatography (LC) 
analysis, including identity, assay, purity, 
and uniformity of dosage units. Sample 
preparation and extraction of an API from 
a solid oral dosage form is a tedious and 
labour-intensive activity for many projects in 
pharmaceutical development. In a typical 
tablet analysis, the sample preparation 
step serves to isolate the API from the 

pharmacologically inactive excipients that 
comprise the bulk of the sample matrix, 
while also preparing a solution phase 
sample for analysis. Traditional sample 
preparation methods involve transferring 
the tablet into a volumetric flask, adding 
large volumes of organic solvent, and 
either mechanical shaking or sonication 
of the sample to disintegrate the tablet 
and extract the API (1,2). Following 
extraction, sample clarification removes 
insoluble material in preparation for 
analysis. Although modern LC methods 
are relatively fast, sample preparation is 
often the most time-consuming element of 
the analysis, comprising up to 80% of the 

total time (3). Therefore, with the continued 
trend towards shorter pharmaceutical 
development timelines using fewer 
resources, there is always a driver for more 
efficient sample preparation procedures (4).

To facilitate rapid sample preparation 
for solid oral dosage forms, several 
nontraditional sample preparation 
techniques have been developed.  
Two common techniques involve the use of 
elevated temperature, elevated pressure, 
or particle-size-reduction approaches to 
increase the efficiency of API solubilization 
(5). The techniques developed to leverage 
elevated temperature conditions include 
accelerated solvent extraction (ASE, also 
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known as a pressurized liquid extraction 
[PLE]), and microwave assisted  
extraction (MAE). Elevated temperature 
and pressure conditions have also  
been shown to dramatically improve  
the recovery of extractions while  
also reducing extraction time (6).  
Since its development, ASE techniques 
have been applied effectively to extract 
several APIs from crushed and whole 
tablets for both immediate and sustained 
release solid oral dosage forms (5,7–12). 

Supercritical fluid extractions (SFE) are 
another ASE-based approach where a 
supercritical CO2-based fluid, modified with 
a small amount (<20%) of organic solvent, 
extracts API from tablet formulations using 
equipment similar to ASE. SFE has been 
used extensively in the research setting 
with tablet dosage forms to improve 
the environmental impact of the sample 
preparation process (13–19). The primary 
limitation to SFE-based extractions is 
the poor recoveries obtained with polar 
pharmaceuticals. For example, in the 
extraction of pseudoephedrine-HCl 
from tablets up to 20% (v/v) methanol 
and an ion-pairing reagent (1% v/v, 
1-hepatensulfonic acid), modifiers were 

required to achieve quantitative recoveries 
(20–22). Subcritical water extractions 
(SWE) are a subset of PLEs where only 
aqueous extraction solvents are used. 
Richter and associates advanced this 
approach to extract nifedipine from tablet 
formulations (23), and the Thurbide 
group more thoroughly characterized the 
approach using acetaminophen, vitamin C, 
and fluoxetine-HCl from tablet and capsule 
formulations at extraction temperatures 
up to 225 °C (24,25). Most notably, 
quantitative recoveries were observed 
without thermal decomposition of the API 
at such temperatures. Microwave-assisted 
extractions (MAE) have also garnered 
interest as an alternative extraction 
technique because of the relative simplicity 
of the instrument and the highly parallel 
extraction potential of the systems. 

The two most used 
particle-size-reduction approaches 
to extraction are ball milling and 
homogenization. Both techniques act to 
reduce sample particle size, increasing 
sample surface area and leading to 
increased extraction efficiency (5). 
Ball milling pulverizes samples in the 
presence of the extraction solvent 

using stainless steel balls. Following 
extraction, centrifugation is used to 
separate insoluble material prior to 
analysis. Kok and Debets (26) showed 
that milling and extraction times on the 
order of minutes could be performed for 
a variety of high- and low-dose tablets. 
While relatively fast, ball milling requires 
several manual manipulations, and is 
limited in the amount of extraction solvent 
that can be used. Homogenization uses 
a set of rotating blades combined with 
wet grinding, shredding, or shearing 
to reduce sample particle size and 
increase surface area for rapid sample 
disintegration (27). The primary advantage 
to the homogenization approach for tablet 
formulations is its current integration 
into an automated robotic sample 
preparation system known as the Tablet 
Processing Workstation II (Sotax) (5,28–30). 
Shamrock and associates (31) used the 
automated sample preparation workflow 
to transfer a manual sample workflow for 
roxifiban tablets to an automated whole 
tablet workflow, where samples were 
automatically weighed, disintegrated by 
homogenization, extracted, automatically 
diluted, and transferred to LC autosampler 
vials. When paired with effective automation 
systems, homogenization facilitates rapid 
sample preparation for solid oral dosage 
formulations, but the cost and complexity 
of this instrumentation is a limitation. 

In this work, we describe a new 
automated API extraction platform with 
integrated analysis by online LC to assess 
drug product potency for solid oral dosage 
forms. The platform includes an extraction 
module for repeated dynamic pressurized 
liquid extractions of drug product 
tablets. Extractions rely on a generic set 
of extraction conditions to dissolve the 
tablet coating (if present), disintegrate the 
tablet, and then disperse and solubilize 
the API. Upon exiting the vessel, extraction 
solvent travels to a dual loop LC injection 
valve for online, quantitative monitoring 

Extraction Oven

Eluent
Preheating

Coil

Extraction
Vessels

S1

S2

Pump I

Detector I

ABPR Waste

Pump II

L1

L2

Detector II

Column

FIGURE 1: Instrument configuration schematic for automated drug product extractions.  
The instrument consisted of two independent LC pumps; Pump I performed the dynamic PLE; 
Pump II was connected to the LC column. Two 10-port column selection valves (S1 and S2) 
placed inside the extraction oven directed flow to up to nine individual extraction vessels.  
Port 10 in both valves provided an extraction vessel bypass (purple). An eight-port two-position 
valve was equipped with dual 1.2 μL sample loops (L1 and L2) to interface the extraction with 
the online LC. Detectors I and II were both ultraviolet (UV) absorbance detectors. 
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of the extraction process. To assess the performance of the 
assay, we conducted a series of proof-of-concept experiments 
with four drug product samples—two over-the-counter products 
and two Eli Lilly and Company development materials.

Experimental
Instrumentation: Figure 1 shows a diagram of the instrument 
used to automate tablet potency analysis. A 30 × 10 mm internal 
diameter (i.d.), 2-μm frit porosity, modular high-performance LC 
(HPLC) column hardware (Idex H&S) served as the extraction 
vessel, allowing tablet disintegration and extraction while 
preventing insoluble material from travelling to downstream 
fluidic components. Total volume for the extraction vessels 
was 2.35 mL. Extraction vessels were inside a Waters MV-10 
analytical supercritical fluid extraction system oven (Waters 
Corporation). An Agilent 1260 analytical scale binary pump 
(G1312B, Agilent Technologies) delivered extraction solvent to 
each vessel. Extraction fluid temperature was equilibrated at the 
extraction temperature while passing through a 5 mL sample 
loop (Rheodyne). Residence time in the preheating coil was 100 
s. Detector I was an inline UV absorbance detector (Agilent 1260, 
G1314B); the detector was connected directly to the outlet of the 
extraction oven. To prevent bursting the inline flow cell at extraction 
pressures above 100 bar, the detector was fitted with a high-
pressure flow cell (G1314-60082; 10 mm pathlength; V = 14 μL; 
Pmax = 400 bar). The outlet of the flow cell was connected to an 
Agilent eight-port two-position duo valve (P/N 5067-4244)  
using a 5-foot coil of 0.040” i.d. stainless steel tubing (Idex).  
The valve had two 1.2-μL injection loops (L1 and L2)  
for direct injection of the material exiting the extraction vessels  
onto the chromatographic column. The column was in an  
Agilent 1290 thermostated column compartment (G1316).  
The waste port of the valve was connected to the MV-10 active 
back pressure regulator (ABPR) using a second 5-foot coil of 
0.040” i.d. stainless steel tubing (Idex). Pump II, an Agilent 1290 
quaternary pump (G4204A), delivered mobile phase to the 
separation column. The outlet of the column was connected to 
Detector II, an Agilent 1290 DAD (G4212B) equipped with a 0.4 μL 
flow cell (G4212-60032; 3.7 mm pathlength). The instrument was 
controlled using software from both vendors Agilent ChemStation 
(OpenLab C.01.07) and Waters ChromScope (Version 1.2). 
Chemicals and Reagents: Aspirin and ibuprofen were  
from Sigma Aldrich; Lilly’s Corporate Reference Standards  
Organization provided standard samples for the two Lilly 
development materials studied—development material A (Lilly A)  
and development material B (Lilly B). Acetonitrile (LC–MS 
Optima-grade) and premade 0.1% trifluoroacetic acid (TFA) in 
water were from Fisher Scientific and EMD Millipore, respectively. 

Method development and calibration standards for each 
solute were made in 50:50 acetonitrile–0.1% TFA in water. 
Extraction Conditions: Drug product extractions utilized a 
dynamic extraction mode with a genericized set of conditions for 
all proof-of-concept work. Extraction fluid was pumped through 
the extraction vessels for 25 min at 3.0 mL/min. Extraction solvent 
consisted of 50:50 acetonitrile–0.1% TFA in water; extraction oven 
temperature was 30 °C. The ABPR pressure setting was 100 bar.
Chromatographic Conditions: All separations used an Agilent 
Zorbax SB-C18 (50 mm × 3.0 mm i.d., 1.8-μm) column and 
an acetonitrile–0.1% TFA in water mobile phase. Acetonitrile 
composition for each solute was set to achieve a retention time 
of about 12 s. Acetonitrile compositions for ibuprofen, aspirin, 
Lilly A, and Lilly B were 0.65, 0.25, 0.275, and 0.30, respectively. 
Injection-to-injection cycle time (valve switching time or 
chromatographic time) was 15 s. The extract-o-gram run time 
was 25 min. In total, 100 LC injections were performed for each 
extraction experiment. Injection volume, column temperature,  
and mobile phase flow rate for all experiments were 1.2 μL, 85 °C, 
and 2.5 mL/min, respectively; interstitial linear velocity was about 
1.0 cm/s. Detection at 80 Hz used absorbance at 220, 254, and 
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280 nm. Quantitation used the wavelength 
with the best signal for the specific 
sample. Peaks were auto-integrated in the 
chromatographic software, and quantified 
by response factor from a single point 
calibration. Standard concentration was 
selected to fall within the linear range of 
the detector and be relevant to the tablet 
dosage for each product evaluated.

Results and Discussion
Automation of Drug Product 

Potency Workflow by Fast, Online 

LC:  Figure 1 shows a block diagram 
for the instrument designed to automate 
the tablet potency assay for up to nine 
replicate drug product samples. Briefly, 
the platform consisted of an extraction 

module for repeated PLE of tablets in 
2.35 mL extraction vessels. Extractions 
utilized temperature and pressurized 
acetonitrile–water mixtures to dissolve the 
tablet coating (if present), disintegrate 
the tablet, and disperse and solubilize 
material during the 25 min extraction 
time. Extraction solvent composition was 
selected to have good solubility for the 
APIs tested. Online LC monitored the 
dynamic extraction process using the dual 
loop injection valve with high temporal 
resolution sampling, 15 s sampling 
cycle, and chromatographic analysis. 
High frequency sampling and analysis 
were key to quantitative performance. 

Figure 2 shows representative data 
from an extraction experiment, highlighting 

platform performance and utilization of 
online LC for quantitation. Drug product 
content determination began by manually 
loading the extraction vessels with the 
desired sample and placing extraction 
vessels in the extraction oven. Each PLE 
was initiated when, as shown in Figure 1, 
S1 and S2 valves rotated to place the 
extraction vessel into the flow path of the 
extraction solvent. Online LC analysis start 
time was aligned with this extraction start 
time beginning the repeated actuation of 
the dual loop injection valve every 15 s. 
Figure 2(a) shows the pressure profile 
obtained at the extraction pump (Pump 1). 
Each PLE can be broken down into three 
distinct phases based on this profile. First, 
a filling phase, shown in red, where the 
empty extraction vessel filled with solvent 
and was pressurized by the ABPR to the 
desired extraction pressure (100 bar); 
note that the instrument contributed 
approximately 50 bar to the extraction 
pump, accounting for the offset in pressure 
readings between the extraction pump and 
ABPR setpoint. Following pressurization, 
the extraction entered a disintegration 
phase, shown in blue, where the tablet 
coating was penetrated by the solvent 
breaking up the tablet, and the solvent 
solubilized the API. Completion of the 
disintegration phase was determined 
by detection of the first API peak in the 
online LC chromatogram of Figure 2(b), 
3.75 min into the extract-o-gram. The first 
several minutes of the extract-o-gram 
correspond to the filling and disintegration 
phases. During these phases, the 
two-position valve switched every 15 s 
injecting extraction solvent onto the online 
LC column. Each 15 s cycle represents 
a single chromatographic analysis; 
conditions were optimized so API peaks 
were eluted with a retention time of ~12 s 
to enable the subsequent injection. 
Following the disintegration phase, the 
extraction entered the steady-state phase, 
shown in green in Figure 2(a). During the 
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steady-state phase, API concentration 
in the extraction solvent increased, and 
a commensurate increase in API peak 
size (red arrows in Figure 2[b] and profile 
in 2[c]) in the chromatograms of the 
extract-o-gram was observed. Figure 2(c) 
shows the maximum concentration of API 
in the extraction solvent was observed at 
8 min, and then fell off as the extraction 
completed its quantitative removal of 
API from the drug product matrix. 

Auto-integration and comparison 
to the external standard of the 100 
individual online LC injections collected 
during the extraction resulted in an API 
concentration value, Ci, for each sample in 
the extract-o-gram. Equation 1 was used to 
determine the mass of API, mi, recovered 
from each drug product extraction:

mi = ∫oCi Fedtt
[1]

where Ci is the sample concentration in 
each online LC chromatogram, Fe is the 
extraction flow rate, t is extraction time 
(25 min), and dt is the online LC sampling 
time (15 s). Multiplication of the sample 
concentration Ci (mg/mL) by Fe (3.0 mL/
min) resulted in a value for API in mass per 
time for each LC injection. Multiplication 
of the mass per time in each online LC 
chromatogram by the 15 s sampling time 

resulted in the mass of API, mi, in each 
extract-o-gram chromatogram. Integration 
of the mass values during the entirety 
of the extraction yielded a total mass of 
API recovered during the extraction.
Over-the-Counter Extraction Examples: 

Performance of the extraction platform 
was assessed using proof-of-concept 
extractions with two over-the-counter 
(OTC) materials. Figure 2(c) shows a 
representative extraction profile for one 
of the two OTC materials tested: 200 mg 
ibuprofen immediate release tablets and 81 
mg delayed release aspirin tablets. Results 
for both OTC materials were encouraging. 
Table 1 shows the total mass recovered, 
and percent label claim for eight ibuprofen 
and six aspirin extractions. For ibuprofen, 
an average of 198.6 mg or 99.3% of label 
claim was recovered with a 0.5% relative 
standard deviation (RSD), and 83.6 mg 
or 103.2% of label claim for aspirin was 
recovered with a 1.1% RSD. Recovery 
and reproducibility were quite good for 
both materials, conforming to the USP 
requirements for drug product potency 
(90–110% of labelled claim on content, 
USP <905> Uniformity of Dosage Units). 
Application to Lilly Development 

Materials: Figure 3 shows representative 
extract-o-grams for two Lilly development 
materials, Lilly A and Lilly B (coated and 

TABLE 1: Results for replicate 200 mg ibuprofen and 81 mg aspirin tablet extractions

Ibuprofen Aspirin

Extraction #
Total Mass 

Recovered (mg)
% Label Claim

Total Mass 
Recovered (mg)

% Label Claim

1 197.0 98.5 82.6 102.0

2 199.0 99.5 84.1 103.9

3 198.8 99.4 83.8 103.4

4 199.2 99.6 83.3 102.9

5 197.1 98.5 85.0 105.0

6 199.2 99.6 82.5 101.9

7 199.2 99.6 - -

8 199.1 99.5 - -

Average 198.6 99.3 83.6 103.2

%RSD 0.5 0.5 1.1 1.1
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uncoated tablets), and the quantitative 
results from the three series of six replicate 
extractions reported as percent label 
claim. Figure 3(a) shows an example 
extract-o-gram for 12 mg coated 
immediate release tablets of Lilly A. 
The inset chromatogram was pulled 
from 9.75–10.00 min into the extraction, 
a time corresponding to that required to 
extract greater than 95% of Lilly A from 
the tablet. An average of 98.5% of label 
claim material was recovered from Lilly A 
tablets with an RSD of 1.2%. Figures 3(b) 
and 3(c) show example extract-o-grams 
for low dose 1 mg uncoated tablet 
cores and 1 mg coated tablets of Lilly 
B. Extraction results for the two low dose 
materials were the same, with the average 
API mass recovered from both materials 
being 1.01 mg, with RSD of 1.3% and 
2.4% for the core and coated tablets, 
respectively. A qualitative comparison 
of the core and coated extract-o-grams 
showed similar extraction profiles for 
the two samples. Close inspection 
highlights that the concentration of 
Lilly B for the tablet core extraction is 

marginally higher than the coated tablets 
early in the extraction, as the tablet 
coating present must be penetrated 
by the solvent prior to observation 
of Lilly B in the extraction solvent. 

Conclusions
A new automated API extraction  
platform with integrated analysis by 
online liquid chromatography was 
developed to determine drug product 
potency. Using a generic set of  
extraction conditions, proof-of-concept 
experiments were performed on 
four different drug products: 200 mg 
ibuprofen, 83 mg aspirin tablets, 
and two Lilly development materials. 
Quantitative recoveries of 98.5% 
to 103.2% were obtained for 
tablets containing 1 to 200 mg API. 
Reproducibility was also quite good, 
with extraction RSD for all materials 
evaluated being less than 2.5%. 
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Q. Your work on the innovative 

potential of ultra-short columns has 

been praised highly by key opinion 

leaders in the chromatography 

community. Briefly, what was 

innovative about the development of 

ultra-short columns and how did this 

challenge conventional wisdom?

A: It was already known, and has been 
studied in the past that, as a result of the on/
off elution mechanism observed with large 
solutes, such as proteins and nucleic acids, 
in liquid chromatography (LC), the column 
length has less impact on controlling their 
retention compared to small solutes (1,2). 
More precisely, under commonly used 
linear gradient conditions, only a short 
inlet segment of a column (0.1–1 cm) 
effectively retains the large molecules 
(3). One might refer to this “useful” inlet 
column section as the “effective column 
length”. For example, when running a fast 
linear gradient for an intact monoclonal 
antibody (mAb) in reversed‑phase LC, 
an effective length of shorter than 0.5 cm 
is expected. After the solute passes this 
inlet section, its local retention factor will 
be very low, allowing for an even shorter 
column length with faster gradients. 

Therefore, we challenged the current 
practice of leveraging 10–25‑cm long 
columns for reversed‑phase LC with a 
novel 0.2–2‑cm long column format. As 
we predicted, equivalent separations 
could be performed on these ultra‑short 
columns, allowing for a 0.5–1 min analysis 
time instead of the routine 10–30 min. The 
main challenge was to redesign the column 
hardware to minimize the “extra‑bed” 
volume within the column and to estimate 
the effect of system band dispersion when 
using these very small volume columns 
on commercial ultrahigh‑pressure liquid 
chromatography (UHPLC) systems. We 
found that 15 × 2.1 mm and 20 × 2.1 mm 
dimensions provided the best compromise 
between analysis time and efficiency loss 

caused by extra‑bed and extracolumn 
dispersion (4). The redesign has allowed 
for very efficient gradient separations 
of mAbs and antibody‑drug conjugate 
(ADC) samples in the 0.5–1 min interval. 

The ultra‑short columns can be used with 
other retentive chromatographic modes, 
including ion‑exchange chromatography 
(IEC), hydrophilic interaction liquid 
chromatography (HILIC), and hydrophobic 
interaction chromatography (HIC) (5,6).

Q. You recently used these columns 

to speed up the analysis of COVID-19 

antibody therapeutics (6). What was 

the rationale behind this research?

A: The rationale behind this research 
was the COVID‑19 pandemic, which 
necessitated the emergency use 
authorization (EUA) of several new 
therapeutics and vaccines. With an EUA 
submission, characterization data on a new 
drug candidate and drug development are 
often performed simultaneously. Hence, 
there is little time for misguided method 
development or traditional turnaround 
times. We have taken this situation 
as a chance to propose new means 
of speeding up the chromatographic 
characterization of protein therapeutics. To 
achieve high‑throughput reversed‑phase 
LC, IEC, HILIC, and size‑exclusion 
chromatography (SEC) separations for 
two COVID‑19‑related mAbs (casirivimab 
and imdevimab), automated systematic 
retention modelling was combined with 
the ultra‑short columns (6). The optimized 
chromatographic methods allowed for 
the comprehensive characterization of a 

Chromatography and COVID-19
Szabolcs Fekete, winner of the HTC 2022 Innovation Award, reveals the benefits of ultra-short columns to investigate COVID-19. 
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COVID‑19 mAb cocktail with a sub‑1‑h 
turnaround time. Retention models 
were also developed, facilitating the 
virtual transfer of methods without the 
need for wet experiments, reducing 
the time needed for development and 
optimization. This approach presents 
laboratories with an easily deployable 
method supported on ultra‑short 
and conventional column formats. 

Q. Can you describe the individual 

applications you investigated and 

their benefits for the analyst?

A: We have developed a variety of 
applications on ultra‑short columns, with 
one of the most interesting being the 
demonstration of a short bed column 
(15 × 2.1 mm) packed with an optimized 
stationary phase for LC–high‑resolution 
mass spectrometry (HRMS) quantitation 
of intact proteins (7). This new column 
allowed rapid separations, facilitated 
attomole levels of detection, and could 

be successfully applied to detect and 
characterize mAbs in biofluids when 
paired with a new aptamer‑based 
immunocapture approach. Another study 
reported the use of an ultra‑short column 
for very high temperature, mAb‑complex 
separations (8). In reversed‑phase LC, mAb 
complexes may require extremely harsh, 
superheated conditions to dissociate and 
elute as interpretable profiles. On‑column 
degradation is a consequence of 
superheated conditions, and the application 
of ultra‑short columns and fast gradients 
serve as a potential solution to reduce 
degradation by‑products and analysis time.

We also recently applied a very unusual 
approach to decrease the intrinsic gradient 
steepness of a reversed‑phase LC method 
to separate a complex therapeutic protein 
sample in 6–8 min. Based on scouting 
experiments, we found that a small gradient 
slope (flat gradient) favoured separation. 
Normally flat gradients are performed by 
either increasing the gradient time and/or 

flow rate, or by decreasing the absolute 
change of mobile phase composition 
(narrower ΔB% range), leading to a longer 
analysis time. Instead, we had the idea to 
decrease the intrinsic gradient steepness 
using an ultra‑short column, which has a 
low column volume (please note that the 
intrinsic gradient steepness is proportional 
with the column volume; however, this fact 
is not often considered). Figure 1 illustrates 
the impact of gradient steepness on the 
separation of this complex protein sample. 
The chromatograms in Figure 1(a) and 
1(b) used a 10‑cm long column, while 
Figure 1(c) corresponds to a 2‑cm long 
column. Using ultra‑short columns, the 
analysis time was kept at 7 min—countering 
the commonly accepted notion that longer 
columns are required for better resolution. 

Q. What were the main analytical 

challenges you had to overcome?

A: We were extremely confident about the 
analytical workflow developed for protein 
separations using ultra‑short columns, 
multi‑isocratic elution mode, and on‑column 
fractioning, and were convinced that any 
sample could be separated. However, we 
indeed faced an issue with one project 
that resulted in a set of closely eluting 
intact proteins. We attempted a number of 
conditions, which included one of our PhD 
students evaluating various multi‑isocratic 
programmes. One day she programmed 
a negative step gradient that finally solved 
the issue and a baseline separation could 
be attained, leading to subsequent work for 
us to understand how large molecules elute 
under these conditions (9). To be honest,
I have never seen the use of multiple 
isocratic steps together with the addition 
of a steep negative gradient segment. 
When inserting a negative segment by 
decreasing the eluent strength, a slightly 
more retained peak can be parked 
somewhere along the column while 
a slightly less retained compound
is eluting. This negative segmented 
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FIGURE 1: Reversed-phase LC separation of a complex therapeutic protein sample. 
(a–c) correspond to different column length (L), gradient time (tG), and flow rate (F). 
(Unpublished data from interviewee’s laboratory. Figure provided by Szabolcs Fekete.)
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multi‑isocratic elution mode can 
potentially be applied to improve the 
separation of notoriously heterogeneous 
biopharmaceutical samples to separate 
critical peak pairs (for example, intact 
mAb variants, Fc‑fusion proteins, 
bispecific‑mAb, antibody mixtures, or ADC 
species). Moreover, an equidistant peak 
distribution can be achieved if desired. 

Another developing challenge is the 
nonspecific adsorption and undesired 
secondary interactions between column 
hardware and biomolecules that continue 
to plague laboratories, presenting 
numerous analytical challenges. Novel 
hydrophilically modified hybrid surfaces 
continue to expand and facilitate 
the deployment of more robust and 
sensitive analyses (10). This approach 
advances separations with aqueous 
mobile phases in both SEC and ion 
exchange for proteins and nucleic acids. 

Q. What else are you working on?

A: Recently, we illustrated the potential 
of so‑called “dual stationary phase 
gradients” (11), corroborating previous 
reports that a stationary phase gradient 
can produce selectivity in a separation 
as effectively as a mobile phase gradient 
programme—especially under mobile 
phase gradient elution conditions. In 
reality, no column is based on one type 
of interaction mechanism, with many 
designed to elicit multiple solute to 
stationary phase interactions. These 
mixed‑mode columns inspired us to give 
more careful consideration to the idea 
of dual stationary phase gradients. With 
the theory applied in our recent work, 
modulation of two unique interaction 
mechanisms across a chromatographic 
column has the potential to provide 
previously unseen selectivity. With the 
increasing prevalence of mixed‑mode 
columns, we believe there will be 
ample opportunity to explore these 
new concepts in experimental work. 

We have also presented at HPLC 
2022 and ISC 2022 on so‑called 

“pressure‑enhanced liquid chromatography” 
(PE‑LC), which leverages pressure 
changes to alter selectivity (12). An 
apparatus for the facile manipulation of 
column pressure was assembled through 
a two‑pump system and postcolumn flow 
restriction, allowing us to program various 
constant pressure changes and even 
pressure gradients. With our proposed 
setup, it was possible to combine eluent 
and pressure gradients in the same 
analytical run, improving the separation of 
insulin from one of its forced‑degradation 
impurities. We believe that this novel PE‑LC 
approach opens up new possibilities in 
liquid chromatography, especially for 
samples containing solutes of moderate 
to large sizes. I continue to work on 
understanding peak formation under 
these pressure gradients and how PE‑LC 
may benefit from large peak compression 
effects under negative pressure gradients.

We also have numerous ideas and 
research projects primarily on the 
chromatographic separation of new 
modalities such as cell and gene 
therapies, focusing on new size‑ and 
charged‑based separations and trying to 
understand their underlying phenomena. 

I feel extremely lucky for the continued 
support of my colleagues during this 
work and want to thank Davy Guillarme, 
Jean‑Luc Veuthey, and Amarande 
Murisier (University of Geneva), and 
Matthew Lauber, Jennifer Nguyen, and 
Mike Fogwill (Waters Corporation) for 
all of their help and contributions.
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GC Detector
VICI’s Model D-3-1-8890 is a “plug-and-play” pulsed 
discharge detector for easy installation and configuration 
on the Agilent 8890 GC. This detector is optimized for 
trace-level work in helium photoionization mode, and is a 
non-radioactive, low maintenance universal detector with 
a wide linear range. The system also utilizes the electronics and power supply  
of the host GC.

www.vici.com
VICI AG International, Schenkon, Switzerland.

EAF4 System
Postnova’s simultaneous electrical and asymmetrical flow field-flow fractionation 
(EAF4) system is designed to enhance separation and characterization of 
biopharmaceutical, environmental, and nanomaterials. In an EAF2000 system, 
electrical and cross-flow fields are applied simultaneously, enabling separations 
by particle size and particle charge based on electrophoretic mobility to 
characterize complex proteins, antibodies, and viruses, as well as environmental 
and charged nanoparticles or polymers.

www.postnova.com
Postnova Analytics GmbH, Landberg, Germany.

HIC Columns
YMC’s BioPro HIC HT columns are designed for 
biopharmaceuticals such as antibody-drug conjugates. 
Higher flow rates allowing very short run times and  
high throughput are applicable thanks to extremely 
high-pressure stability. According to the company,  
the columns are the ideal choice for DAR determination 
due to a novel and optimized surface chemistry. 

https://ymc.eu/d/brDmM 
YMC Europe GmbH, Dinslaken, Germany.

Preparative Chromatography System
The Ecom ECS23 system is designed for a wide array of preparative or flash 
applications. The system offers absorbance measuring at four wavelengths 
and up to 800 nm, making the system universal. The system also allows for  
a peak purity check and other advanced techniques.

www.ecomsro.com/ecs23pc-quaternary-preparative-
gradient-system-with-fraction-collector
Ecom spol. s r.o. , Chrastany, Czech Republic.

GPC/SEC System
The Knauer Azura SEC is a GPC/
SEC system line that provides 
analytical and preparative 
solutions for macromolecule 
studies. The systems analyze, 
separate, and fractionate sample 
components depending on size 
and molecular weight, making 
them useful for polymer, food, 
biochemistry, and pharmaceutical 
analysis, as well as research.  
They are available in different 
configurations.

www.knauer.net/GPC
Knauer Wissenschaftliche Geräte 
GmbH, Berlin, Germany.

Polymeric HILIC Columns
iHILIC-Fusion(P) and iHILIC-(P) 
Classic are two lines of polymeric 
HILIC columns with different 
surface chemistries. They provide 
complementary selectivity,  
ultra-low column bleeding,  
and excellent durability at basic 
conditions. According to  
the company, the columns are 
particularly suitable for LC–
MS-based analysis of polar and 
hydrophilic compounds.

www.hilicon.com
Hilicon AB, 
Umeå, Sweden.
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Düsseldorf, Germany
E: michael.laemmerhofer@uni-
tuebingen.de / oliver.schmitz@uni-due.de
W: www.hplc2023.com

17–22 SEPTEMBER 2023
6th International Mass  
Spectrometry School
Cagliaria, Sardinia (Italy)
E: gianluca.giorgi@unisi.it 
W: www.spettrometriadimassa.it/
imss2023/#hero

Please send any upcoming event 
information to Kate Jones at  
kjones@mjhlifesciences.com

ExTech 2023

The International Symposium on Advances in  

Extraction Technologies (ExTech) is  an important  
event series in the growing fields of sample preparation, 
extraction technologies, and sample clean-up techniques.  
The conference was started in 1999 by Professor  

Janusz Pawliszyn (University of Waterloo, Canada), and since then it has been  
held annually in different cities around the world.

This year is the 25th edition and ExTech 2023 will be held in Tenerife 

(Canary Islands, Spain) from 18–21 July 2023 at Pirámide de Arona 
Conference Centre, located at Playa de Las Américas (Tenerife South).

The organizer of the conference this year is the University of La 
Laguna (ULL, Spain), with Professors Verónica Pino and Javier 
Hernández-Borges as chairwoman and co-chairman, respectively.

The ExTech2023 programme will cover analytical separation, analytical 
(micro)extraction, sample preparation techniques, and their hyphenation 
with chromatography, mass spectrometry, and related techniques.

The symposium starts with a full-day course on microextraction, and is followed  
by three days of plenary and keynote lectures, oral communications, and vendor 
seminars. Professor Pawliszyn, Professor Pedersen-Bjergaard (University of Oslo, 
Norway), Professor Anderson (Iowa State University, USA), and Professor  
Cárdenas (University of Córdoba, Spain) will present plenary lectures.  
Poster and vendor exhibitions will be hosted during the whole conference.

Key dates include: deadline for oral presentations: 1 March 2023; 
deadline for poster presentations: 1 June 2023; early registration 
until: 15 April 2023; late registration until: 30 June 2023.
E: extech2023@ull.edu.es 
W: http://extech2023.ull.es

Emerging Separations Technologies 2023

The Chromatographic Society and the Separations  
Science Group of the Analytical Division of the  
Royal Society of Chemistry are pleased to announce 
Emerging Separations Technologies 2023  

is to be held 24–25 May 2023, at RSC Burlington House, London, UK.
The meeting will provide an insight into the latest innovations in column 

and instrument technologies through novel application and utilization in life 
sciences. The agenda will cover a range of highly pertinent topics: Advances 
in column technologies, vacuum-jacketed column UHPLC technology, novel 
detectors and device/column formats, multidimensional chromatography, and 
a range of complex targeted and untargeted analysis (including nitrosamines, 
biomarkers, environmental/toxicological, and new modalities)...and more!

The meeting will facilitate delegate and exhibitor access to a wide range of scientists, 
including the presenters: Fabrice Gritti (Waters, USA), David Bell (LCGC Column 
Watch/Restek, USA), Valentina D’Atri (University of Geneva, Switzerland), Martin Jones 
(University of Birmingham, UK), Tony Bristow (AstraZeneca, UK), Lewis Couchman 
(ASI Ltd, UK), and many more! Instrumentation and consumables will be displayed in a 
supporting exhibition. For more information visit the events page at www.chromsoc.com
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Targeted Analysis of Phosphorylated Metabolites 
in Biological Samples by HILIC–LC–MS
Ondrej Hodek1, Wen Jiang2, and Thomas Moritz2,3, 1Department of Forest Genetics and Plant Physiology, 
Swedish University of Agricultural Sciences, Umeå, Sweden, 2HILICON AB,3Novo Nordisk Foundation Center for 
Basic Metabolic Research, Faculty of Health and Medical Sciences, University of Copenhagen, Denmark

Nucleotides, deoxynucleotides, and coenzymes comprise a wide 
range of phosphorylated metabolites with zwitterionic nature and high 
polarity. They constitute a family of compounds that participate in key 
metabolic pathways, such as glycolysis, pentose phosphate pathway, 
tricarboxylic acid cycle, and synthesis of nucleic acids. Due to their 
physicochemical properties, separation and sensitive quantification 
by LC–MS/MS without using ion-pairing reagents is challenging.

Historically, hydrophilic interaction liquid chromatography (HILIC) 
has demanded high concentrations of buffers in mobile phase to 
achieve better retention and separation efficiency for the analysis 
of phosphorylated metabolites, especially for di- or triphosphates 
(1). However, a high concentration of salts in the mobile phase 
suppresses transfer of metabolites to the gaseous phase in 
electrospray ionization-mass spectrometry (ESI-MS), which results in 
poor sensitivity and contamination in the ion source. Previous studies 
have shown that medronic acid binds to the active sites of trace metal 
in stainless steel tubing of LC, which prevents undesired interactions 
of phosphorylated compounds with the active sites (2). As a result, the 
addition of medronic acid in the mobile phase significantly improves 
peak shapes (less tailing), thus boosting the separation efficiency.

In this application, we describe the methodology  applied to 
targeted analysis of various biological samples such as human in 
vitro differentiated adipocytes (3), plant tissue (Arabidopsis thaliana 
leaves) (4), or mouse skeletal muscle using polymer-based iHILIC-(P) 
Classic HILIC columns.

Experimental
Sample Preparation: 
1) Human in vitro differentiated adipocytes were lysed at day  
14 post-induction of differentiation in 1 mL of 90:10 (v/v) 
methanol–H2O solution containing 0.5 μmol/L creatine-D3 as an 
internal standard, shaken with metal beads at 30 kHz for 3 min,  
and centrifuged at 14,000g for 10 min. The supernatant was 
evaporated and reconstituted in 50 µL of 50:50 (v/v) methanol–H2O. 
Targeted metabolites: phosphocreatine, creatine.
2) Rosette leaves (10 mg) of Arabidopsis thaliana were extracted 
with 250 µL of ice-cold extraction medium (chloroform–methanol, 
3:7) and incubated at -20 °C for 2 h. Thereafter, 10 µL 50 µM 
UDP-Glc-13C6 was added to each sample as an internal standard. 
Samples were then extracted twice with 200 µL of ice-cold water 
and the aqueous layers combined and dried in a freeze-dryer.  
The dried samples were dissolved in 50 µL of 50:50 (v/v) methanol–
H2O and diluted 10-fold with the same solvent before the analysis 
by LC–MS/MS. Targeted metabolites: UDP-Glc.
3) Mouse skeletal muscle (20 mg) was extracted with 500 µL of 
90:10 (v/v) methanol–H2O solution containing 1 µM labelled 

standards (creatine-D3, ADP-15N5, ATP-D4) as in Method 1. 
Targeted metabolites: 3-dp-CoA, AMP, ADP, ATP, Ac-CoA, CoA, 
Suc-CoA, Mal-CoA, cyclocreatine, creatine, β-GPA, phosphocreatine.
LC–MS/MS System: An Agilent 1290 UHPLC system with an Agilent 
6490 triple quadrupole. Analytes were ionized in an electrospray 
source operated in both positive and negative mode. The source 
and gas parameters were set as follows: ion spray voltage at -3.5 kV 
(+4.0 kV in positive), gas temperature at 150°C, drying gas flow at 
11 L/min, nebulizer pressure at 20 psi, sheath gas temperature at 
350 °C, sheath gas flow at 12 L/min, and fragmentor at 380 V. 
HILIC Separation: 
Columns: 
1) 150 × 2.1 mm, 5-µm, iHILIC®-(P) Classic (P/N 160.152.0520, 
HILICON); Flow rate: 0.2 mL/min
2) 50 × 2.1 mm, 5-µm, iHILIC-(P) Classic (P/N 160.052.0520, 
HILICON); Flow rate: 0.35 mL/min
Eluents: 
A) 10 mM ammonium acetate in water (pH 6.8) with 5 µM medronic 
acid
B) 10 mM ammonium acetate (pH 6.8) in 90:10 (v/v) acetonitrile–water
Column Temperature:
40 °C
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Figure 1: MRM chromatograms from 1 µM mixture of standards 
in 50% methanol. Column: 50 × 2.1 mm iHILIC-(P) Classic. Elution: 
Gradient 2.
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Results and Discussion
The developed gradient elution methods with iHILIC-(P) Classic 
columns were optimized to fit the needs of the specific sample 
matrix and metabolites of interests. Initially, we have been 
using a 150-mm column and Gradient 1 program (Table 1) for 
quantification of creatine and phosphocreatine (3) and UDP-Glc (4).  
However, we discovered that a 50-mm iHILIC-(P) Classic column 
allows the separation of many phosphorylated metabolites within a 
15-min run (Figure 1) whilst retaining a similar separation efficiency 
as the 15-cm columns. These findings significantly helped us to 
increase the analysis throughput.

Moreover, by fine-tuning the gradient profile, we managed to 
separate creatine analogues and their isomeric compounds-β-
guanidinopropionic acid (β-GPA) and creatine that share the 
MRM transition of 132>90. Thus, baseline separation is needed,  
as shown in Figures 2 and 3.

Conclusion
The HILIC–MS methods described in this application are generic 
for the analysis of polar metabolites in targeted and nontargeted 
metabolomics. It is straightforward and fast in both sample 
preparation and separation, which empowers high-throughput 
analysis.
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Figure 2: MRM chromatograms from 1 µM mixture of standards 
dissolved in 50% methanol. Column: 50 × 2.1 mm iHILIC-(P) Classic. 
Gradient program 3. Phosphocreatine detected in negative ESI.

Table 1: Gradient programs for separation of phosphorylated 
metabolites with iHILIC-(P) Classic

15-cm Column 5-cm Column

Gradient 1 Gradient 2 Gradient 3

Time 
(min)

% B
Time 
(min)

% B
Time 
(min)

% B

0 90 0 85 0 95

15 30 5 60 3 90

18 30 7 30 8 30

19 90 8 30 9 30

27 90 9 85 10 95

15 85 15 95
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ADP

3 4 5 6 7 8 9 10

phosphocreatine

beta-GPA

creatine

cyclocreatine

Figure 3: MRM chromatograms from a skeletal muscle extract (10× 
diluted with 50% methanol). Column: 50 × 2.1 mm iHILIC-(P) Classic. 
Elution: Gradient 3.
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Today, oligonucleotides have become more and more important 
in genetic testing, research, and forensics. To date, a variety 
of oligonucleotide-based approaches have been developed for 
different pharmaceutical applications. Therefore, clean and reliable 
oligonucleotide standards are necessary for various analytical 
methods. One of these standards is RNA markers, which are RNA 
fragments of a certain size used in gel electrophoresis to estimate 
the size of other RNA fragments.

The electron-rich backbone of oligonucleotides can cause 
irreversible adsorption on metal parts. This is a major issue for 
reversed-phase liquid chromatography (RP-LC) analyses, as standard 
equipment and hardware such as tubing, frits, or the standard 
column-body is made from stainless steel. The oligonucleotides bind 
through ionic interactions with the positively charged metal oxide 
layer of the metallic surfaces. This effect is enhanced when working 
at low to neutral pH, as metals become more electropositive. 

To overcome these challenges, bioinert systems and columns 
such as the recently introduced YMC-Accura Triart columns are 
beneficial. YMC-Accura Triart columns have a bioinert coating 
on all surfaces, including the frits, to prevent any unwanted  
ionic interactions.

The separation of seven RNA markers from 100–1000 bases is 
achieved using a YMC-Accura Triart Bio C4 column at pH 7 and 
80 °C (Figure 1). The chromatographic conditions are displayed in 
Table 1. All seven peaks are very well resolved and show excellent 
recoveries from the first injection. Figure 2 shows 10 consecutive 
injections using the YMC-Accura Triart Bio C4 as well as the 
corresponding standard YMC-Triart Bio C4 stainless steel column. 
The bioinert YMC-Accura Triart Bio C4 column provides reproducible 
results. In contrast, the same separation using a standard stainless 
steel column requires preconditioning and provides much lower 
sensitivities even after 10 injections.

Reversed-Phase Analysis of RNA Markers Using a 
Bioinert YMC-Accura Triart Bio C4 Column
Ann Marie Rojahn and Daniel Eßer, YMC Europe GmbH
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Figure 1: Analysis of seven RNA markers using the bioinert YMC-Accura Triart Bio C4 column.
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Figure 2: Comparison of the same analysis using a bioinert YMC-Accura Triart Bio C4 and a standard YMC-Triart Bio C4 column.

Table 1: Chromatographic conditions

Columns: 
YMC-Accura Triart Bio C4 (3 μm, 30 nm)  
100 × 2.1 mm i.d.
YMC-Triart Bio C4 (3 μm, 30 nm) 100 × 2.1 mm i.d.

Part Nos.: 
TB30S03-10Q1PTC
TB30S03-10Q1PTH

Eluent: 
A) 50 mM triethylammonium acetate (pH 7.0)–acetonitrile (95:5)
B) 50 mM triethylammonium acetate (pH 7.0)–acetonitrile (50:50)

Gradient: 9–14%B (0–10 min)

Flow Rate: 0.2 mL/min

Temperature: 80 °C

Detection: UV at 254 nm

Injection: 1 μL (0.25 mg/mL)

Sample: Century™-Plus RNA Markers (Thermo Fisher Scientific)
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Polylactic acid (PLA) is one of the most promising sustainable plastics. 
It can be produced on an industrial scale using simple, bacteria-driven, 
bio-based synthesis whilst also being biodegradable. The macroscopic 
properties of a polymer, such as melting point, hardness, and elasticity, are 
mainly determined by the number average molar mass (Mn), the weight 
average molar mass (Mw), and the polydispersity. The method of choice 
to determine these parameters is gel permeation chromatography (GPC). 
In this application, methods are presented to determine the molecular 
weight of PLA standards. In addition, two real samples were analyzed:  
PLA filaments for 3D-printing and a PLA disposable drinking bottle. 

Results
Calibrations in three different solvents, THF, CHCl3, and EtOAc, using 
17-points polystyrene-kits (580–6570 kDa) and 12-points polymethyl 

methacrylate (PMMA)-kits (800–2200 kDa) were performed. The number 
of calibration points for each solvent was adjusted to cover the optimal 
separation range of the column. In addition, butylated hydroxytoluene 
(BHT) was added in all cases as a flow marker. Figure 1 shows the 
calibration with PS in chloroform while Figure 2 displays the calibration 
with PMMA. The calibration points were fit with a 5th degree function and 
showed deviations of less than 5%.

Mark-Houwink constants from the literature were used for the evaluation 
by means of universal calibration for PLA in CHCl3 (1), EtOAc (2), and THF 
(3), and the respective Mn values were determined. Table 1 shows the 
results in CHCl3 compared to the Mn value of the certificate determined 
by 1H-NMR. There were significant deviations of over 20% for the lower 
molecular weight polymers. It is striking that both PMMA and PS calibration 
show deviations in the same range. The calibrations have been checked 
against each other and provide good results. Table 2 shows the results of 
the PLA standard in EtOAc. It can be seen that the PS calibration has a 

Comparison of Different Solvents on the Performance 
in Size-Exclusion Chromatography of Polylactic Acid

Juliane Kramer, Christian Schmidt, Nils Lüttgert, Lisa Loxterkamp, and Kate Monks,  KNAUER Wissenschaftliche Geräte GmbH

Time (min)

L
o

g
M

R
ef

ra
ct

iv
e 

In
d

ex
 (

µ
R

IU
)

0 5 10 15
-1

5

15

20

10

0
1

5
4
3
2

7
8

6

Figure 1: 16-point PS calibration in chloroform by Agilent (EasiCal)  
in the molar mass range of 1230–2703 kDa. Blue = PS-l(A);  
red = PS-l(B); light blue = PS-2(A); gold = PS-2(B). Fit function 
of the 5th degree with deviations less than 5%. R2 = 1. 
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Figure 4: Overlay of PLA 10 kDa standard with a PLA drinking 
bottle. Black and light blue = RID, dark blue and green = 245 nm, 
red and gold = 280 nm. 3 mg/mL in CHCl3, 20 µL injection volume. 

Time (min)

L
o

g
M

R
ef

ra
ct

iv
e 

In
d

ex
 (

µ
R

IU
)

0 5 10 15
-1

4

8

10

6

0
1

5
4
3
2

7
8

6

2

Figure 2: 12-point PMMA calibration in chloroform by PSS 
(ReadyCal) in the molar mass range of 800–2200 kDa. Blue = 
green cup; red = red cup; light blue = white cup. Fit function 
of the 5th degree with deviations less than 5%. R2 = 1.
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Figure 3: Overlay of PLA 10 kDa standard with a PLA Filament A for 
3D-printing. Black and light blue = RID, dark blue and green = 245 nm, 
red and gold = 280 nm. 3 mg/mL in THF, 20 µL injection volume.
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strong negative deviation of up to -150%. The PMMA calibration, on the 
other hand, delivers good results. Table 3 displays the results of the PLA 
standard in THF, and shows for both—the PS and PMMA calibration—
good results.  

To test the performance of the method in CHCI3 and THF, two PLA 
filaments for use in 3D-printing as well as one PLA-drinking bottle were 
analyzed. The chromatograms of the filaments differ greatly. Figure 3 
shows the overlay of filament A with a 10 kDa PLA standard. In addition to 

the RID signal, two UV signals with a wavelength of 245 and 280 nm are 
shown. The size ratios of the signals to one another match with the PLA 
standard, so that it can be assumed that it is pure PLA. The same pattern 
is observable in the chromatogram of the PLA-drinking bottle, as depicted 
in Figure 4. In contrast, Figure 5 shows the chromatogram of filament B 
in THF.

While the PLA standard shows no absorption at 280 nm in THF, a strong 
absorption signal at 280 nm of filament B can be seen. Furthermore, the 
ratio between the RID and 245 nm signal is too large in relation to the 
signal of the corresponding standard. In addition, the UV signal is strongly 
shifted in its retention time in comparison to the RID signal. As a result,  
it can be inferred that filament B has been exposed to another, possibly 
polymer-specific, additional substance like another polymer (blend) 
or macromolecule that absorbs UV in this region. Table 4 shows the 
determined molar masses of a PLA-drinking bottle as well as the filaments 
A and B. All of them have relatively similar molar masses and PD’s.

Conclusion
Considering the relatively high uncertainty of the universal calibration, it has 
been shown that a low-molecular-weight PLA standard can be analyzed in 
three different solvents using two different calibrations. Due to interactions 
with the stationary phase, polystyrene in EtOAc is not suitable when 
using a polystyrene GPC column. This could be shown due to systematic 
deviations of several PS standards. The analysis of two PLA filaments with 
a KNAUER AZURA® SEC Lab system has shown that real samples can 
be analyzed quickly and easily using this suggested method. When using 
a diode array detector (DAD), additional information about the sample 
composition can be obtained. Particularly noteworthy is the possibility of 
analyzing PLA in EtOAc, as EtOAc is significantly more environmentally 
friendly when compared to CHCl3 and THF (4).
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Table 1: By means of PS- and PMMA calibration, determined 
Mn values of three PLA standards in CHCl3
PLA Standard (Mn) With PS Calibration With PMMA Calibration

5883 (by 1HNMR) 4757 (-19.1%) 4396 (-25.3%)

11,883 (by 1HNMR) 8843 (-25.6%) 8472 (-28.7%)

17,286 (by 1HNMR) 15,991 (-7.5%) 15,266 (-11.7%)

Table 2: By means of PS- and PMMA calibration, determined 
Mn values of three PLA standards in EtOAc

PLA Standard (Mn) With PS Calibration With PMMA Calibration

5883 (by 1HNMR) 14,688 (+150%) 6532 (+11.0%)

11,883 (by 1HNMR) 21,577 (+81.6%) 11,3000 (-5.2%)

17,286 (by 1HNMR) 31,820 (+84.1%) 18,958 (+9.7%)

Table 4: Determined molar masses of PLA samples in THF 
using PS calibration

PLA Sample Mn Mw Mp PD

Filament A 79,405 131,994 131,134 1.7

Filament B 70,918 125,582 124,363 1.8

Bottle 64,848 108,015 101,498 1.7

Table 3: By means of PS- and PMMA calibration, determined 
Mn values of three PLA standards in THF

PLA Standard (Mn) With PS Calibration With PMMA Calibration

5883 (by 1HNMR) 5600 (-4.8%) 6410 (+9.0%)

11,883 (by 1HNMR) 10,131 (-14.7%) 11,779 (-0.9%)

17,286 (by 1HNMR) 17,504 (+1.3%) 20,358 (+17.7%)
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Figure 5: PLA filament B for 3D-printing. Black = RID, dark blue = 
245 nm, red = 280 nm. 3 mg/mL in THF, 20 µL injection volume.
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GENERAL

Simultaneous Analysis of Free Steroids and Sulfate 
Conjugates by Solid-Phase Extraction and LC–MS/MS
UCT

This application note outlines a highly efficient method for 
the simultaneous analysis of free and sulfated steroids from 
urine, plasma, and blood utilizing solid-phase extraction 
(SPE) and liquid chromatography–tandem mass spectrometry 
(LC–MS/MS).

Apart from two variables, extraction recoveries of all compounds 
were >75% for both quality control samples prepared at low and 
high concentrations. Relative standard deviations and matrix effects 
ranged from 1% to 10% and -17% to 24%, respectively. DHEA 
sulfate is present in the background matrices in large amounts 
and, therefore, LLOQ higher than 5 ng/mL is required for results to  
be reproducible.
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Figure 1: A chromatogram of standards mix prepared 
at 25 ng/mL in 80:20 water:acetonitrile.

UCT, LLC
Email: methods@unitedchem.com

Website: www.unitedchem.com

Table 2: SPE procedure

Urine, Plasma, and 
Blood Extraction

(Styre Screen® HLB, 6 mL  
60 mg PN: SSHLB066)

Sample 
pre-treatment

Urine:  500 µL sample + ISTDs + 200 µL MeOH + 
1.3 mL DI water. Vortex.
Blood & Plasma: 250 µL sample + ISTDs + 750 µL 
acetonitrile. Vortex and centrifuge. Decant supernatant 
in 5 mL of DI water. Vortex.

Condition
- 3 mL MeOH
- 3 mL DI water

Load - Load the samples at 1 to 2 mL/min

Wash
- 3 mL 60 mM HCI in DI water
- 3 mL 30% MeOH in DI water

Dry - Dry column for 10 min at full vacuum or pressure

Elute - 3 mL 50:50 MeOH:acetonitrile

Post elution
- Evaporate to full dryness at 10 psi, 40 °C 
- Reconstitute in 1 mL 80:20 MeOH:acetontrile or other 
appropriate volume and solvent

Notes

Steroids are endogenous substances; this was 
accounted for in the following ways: 
• Synthetic urine was used as a surrogate matrix for urine 
• Surrogate matrices were not used for blood 

and plasma, results were obtained by using a 
background subtraction method

Table 1: Instrument parameters

LC–MS/MS Shimadzu Nexera LC-30AD w/MS-8050

UHPLC Column
SelectraCore® DA Column 100 × 2.1 mm, 

2.7-μm
PN: SCS27-DA1021

Guard Column SelectraCore® DA 5 × 2.1 mm, 2.7-μm
PN: SCS27-DAGDC21

Column Temp. 40 °C

Flow Rate 0.4 mL/min

Injection Volume 5 µL

Mobile Phase A
Mobile Phase B

0.1% formic acid in water
Acetonitrile

Gradient
(Bottle B Conc.)

20% (0 min) – 30% (5 min) – 45% (8.5 min) – 
100% (10.5 to 11.5 min) – 20% (11.6 to 15.6 min)

RECOVERY
n=5, 5 ng/mL & 50 ng/mL

120%
100%
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60%
40%
20%

0%
5 ng/mL 50 ng/mL 5 ng/mL 50 ng/mL 5 ng/mL 50 ng/mL
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Figure 2: Percent recoveries of target analytes in urine, plasma,  
and blood QC samples.
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