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Dyes have been used over the centuries to give food 
more of an appeal to those eating it. Old foods were 
sometimes dyed to provide a more palatable appearance. 
Currently regulations have allowed the following dyes: 
Brilliant Blue FCF (FD&C Blue 1), Indigotine (FD&C Blue 
2), Sunset Yellow FCF (FD&C Yellow 6), Tartrazine (FD&C 
Yellow 5), Allura Red AC (FD&C Red 40), Fast Green FCF 
(FD&C Green 3), and Erythrosine (FD&C Red 3). Though 
there are dyes from natural products used in the food and 
beverage industry, they have not garnered the ubiquity of 
the petroleum-based dyes. As such current studies have 
shown synthetic dyes to cause allergies, attention defi cits, 
and in some cases lymphoma and other cancers.1–3

The common approved and some unapproved dyes 
are identifi ed with the help of reversed-phase HPLC. 
Synthetic dyes derived from petroleum products are 
analyzed in either their neutral state or anionic state. 
However, the anionic forms are generally not used due 
to the abundance of free silanols generated from alkaline 
mobile phases, which leads to poor analyte retention, 
peak tailing, and low effi ciency. Though dyes in their 
anionic form tend to exhibit poor retention with silica-
based columns, the opposite is valid with the Hamilton 
PRP-C18 column (5 µm). 

With no silanol groups to convolute analyte retention, 
column longevity, and peak effi ciency remain. The 
separation is completed in under 9 minutes and shows all 
11 components fully resolved, including all colors of the 
rainbow; red, blue, yellow, green, and indigo. 

The polymeric PS-DVB backbone adds needed stability 
under the alkaline pH of 9.2, which is required to 
resolve two integral components, brilliant blue, and fast 
green. Additionally, the use of ammonium acetate as a 
mobile phase buffer allows the method to utilize a Mass 
Spectroscopy detector for increased analyte sensitivity.

Column Information
Packing Material PRP-C18, 5 µm

P/N 79676

Chromatographic Conditions

Gradient

0.00 – 1.00 min, 9% B
1.00 – 3.50 min, 9 – 25% B
3.50 – 6.00 min, 25 – 33% B
6.00 – 8.50 min, 33 – 70% B

Temperature 35 °C

Injection Volume 5 µL

Detection UV at 260 nm

Dimensions 150 x 4.6 mm

Eluent A 32 mM CH3 COONH4

Eluent B CH3 CN : CH3 OH 4:1

Flow Rate 2.0 mL/min

References:

1 ) A. Vojdani, C. Vojdani Altern Ther Health Med. 2015, 21, 1:52.

2 ) M. Boris, F. S. Mandel Ann. Allergy. 1994, 72(5), 462.

3 ) A. Axon, F.E.B. May, L.E. Gaughan, F.M. Williams, P.G. Blain, M.C. Wright 
Toxicology, 2012, 298(1-3), 40.

Author: Adam L. Moore, PhD

Compounds: 1. Tartrazine 2. Amaranth 
3. Indigo Coccine 4. New Coccine 5. Sunset Yellow 
6. Eosin Y  7. Fast Green 8. Brilliant Blue 
9. Erythrosine    10. Phyloxine B  11. Bengal Rose B
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Adeno-associated viruses (AAVs) are increasingly used for gene therapy due 
to their versatility and safety. One of the biggest concerns for manufacturing 
a uniform AAV suspension is the presence of viral aggregates, which 
can create problems with transduction efficiency, biodistribution, and  
immunogenicity. These large AAV aggregates are challenging to separate 
and characterize by traditional column-based chromatography techniques 
such as size exclusion chromatography (SEC).

Asymmetrical Flow Field-Flow Fractionation 
with Multi Angle Light Scattering (AF4-
MALS) can separate and size large AAV 
aggregates, and discern a difference in  
aggregate concentration due to the  
stressing protocol. Some or all of the large  
aggregates would be filtered out by SEC,  
resulting in incorrect determination of the  
aggregate content or the false conclusion 
that no aggregates are present.

NovaFFF SoftwareNovaFFF Software

ICP-MSICP-MSRIRIUVUVDLSDLSMALSMALS

Contact us for more information: www.postnova.com

Quantification of Adeno- 
Associated Virus Aggregation
The Field-Flow Fractionation Platform

For more details visit www.postnova.com and search for ‘virus’.

http://www.postnova.com
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431 LC TROUBLESHOOTING
Troubleshooting LC Separations of Biomolecules,  
Part II: Passivation and Mobile-Phase Additives
Jordy J. Hsiao, Te-Wei Chu, Oscar G. Potter, Gregory O. Staples, and Dwight R. Stoll
If you are analyzing metal-sensitive biomolecules, and a bioinert instrument 
is unavailable, or insufficient, passivation or mobile-phase additives may help. 
Here’s how to use those solutions, with tips for avoiding potential pitfalls.

435 SAMPLE PREP PERSPECTIVES
Electromembrane Extraction with Vials of Conducting Polymer
Milena Drobnjak, Frederik Hansen, Elisabeth Leere Øiestad, Trond Løvli, 
Roger Trones, Ørjan G. Martinsen, and Stig Pedersen-Bjergaard
In electromembrane extraction (EME), the target analyte is extracted from 
an aqueous sample across a supported liquid membrane (SLM) and analyzed 
using LC. Through the study presented here, we demonstrate the principles  
of the technique and test its performance. 

440 PERSPECTIVES IN MODERN HPLC
Development of Stability-Indicating Analytical Procedures by HPLC:  
An Overview and Best Practices
Michael W. Dong, Kim Huynh-Ba, and Joshua T. Ayers
Here we provide an overview of the fundamentals and best practices on the 
development of stability-indicating HPLC methods for drug substances and  
products. We explain both traditional and easier modern approaches to 
developing stability-indicating HPLC methods—including using a universal 
generic method for new chemical entities—and address regulatory 
considerations and life cycle management strategies. 

470 VIEWPOINTS
Critical Needs in Separation Science
Jared L. Anderson
A U.S. government-sponsored report released last year puts a spotlight on 
critical concerns affecting the future of separation science.

FEATURED ARTICLE 

456 Free Simulators for Virtual Chromatography Laboratory Experiments 
Charles A. Lucy
When forced to teach separation science with little or no access to a laboratory, 
chromatography simulators can help. Here, we describe several that are both  
useful and free. 

PEER-REVIEWED ARTICLE  

457 There is No Time to Waste: Low-Pressure Gas Chromatography– 
Mass Spectrometry is a Proven Solution for Fast, Sensitive, and  
Robust GC–MS Analysis 
Steven J. Lehotay, Jaap de Zeeuw, Yelena Sapozhnikova, Nicolás 
Michlig, Jana Rousova Hepner,and Joseph D. Konschnik
Low-pressure gas chromatography (LPGC)–MS should be the first option in  
many GC–MS applications to provide fast, sensitive, and robust analyses; and  
the installation, instrumentation, and implementation of LPGC is possible in  
any GC–MS system.
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Troubleshooting LC Separations of Biomolecules, 
Part II: Passivation and Mobile-Phase Additives
Bioinert and biocompatible liquid chromatography (LC) systems are becoming more commonplace in laboratories, but 
the majority of biomolecule separations still use LC systems composed primarily of stainless steel parts. Can passivation 
or mobile phase additives improve separations on these systems for metal-sensitive biomolecules?

Jordy J. Hsiao, Te-Wei Chu, Oscar G. Potter, Gregory O. Staples, and Dwight R. Stoll

In the March, 2020 installment of “LC 
Troubleshooting,” we started a series 

of articles on the topic of biomolecule 
separations, and discussed the use of 
biocompatible components, including 
column hardware and parts of the liquid 
chromatography (LC) flow path (1). Bioin-
ert high performance liquid chromatog-
raphy (HPLC) systems and column hard-
ware are great potential solutions for the 
analysis of biomolecules that are sensi-
tive to metal interaction. However, as a 
user, you may not have access to these 
systems, and, even if you do, it is prudent 
to anticipate separation problems that 
might arise due to different materials in 
the system. For example, a recent study 
of an iron-free HPLC system that utilized 
titanium pump heads documented the 
negative effect of leached titanium ions 
on peak shape and retention of metal-
sensitive analytes (2). Therefore, it is 
best to utilize a system suitability test 
(for example, a mixture of standards that 
contains metal-sensitive compounds) 
that not only reflects the health of the 
chromatography system, but is also rel-
evant to the molecules you are analyzing. 
Importantly, even among nominally iden-
tical HPLC systems, the overall level of 
metal interaction that a sensitive analyte 
might experience is variable, depend-
ing on the condition of the system 
components themselves. In this article, 

we discuss mitigation strategies for tra-
ditional stainless steel HPLC systems 
when bioinert versions are either unavail-
able or insufficient for the analysis of  
metal-sensitive biomolecules. 

What Can Be Done About  
Issues Related to Bioinertness? 
Stainless steel (SS) and other chromium-
based alloys are widely used materials in 
many industries, including the construc-
tion, automotive, energy, food, aerospace, 
and biomedical fields. Although SS is a 
rust-resistant alloy, passivation remains a 
critical step in maximizing the corrosion 
resistance of components and parts fab-
ricated from SS (3–5). Passivation is typi-
cally the first procedure implemented for 
improving the chromatography of metal-
sensitive biomolecules using SS-contain-
ing HPLC components. In general, the 
term passivation describes any treatment 
of a metal surface that removes prior cor-
rosion and prevents future corrosion for 
some period of time. There are different 
grades of SS, and the quality of the SS 
directly affects its resistance to corro-
sion. The two most utilized grades of 
SS are 304 and 316, with various types 
of 316 SS material utilized for different 
purposes. Grade 304 contains 18% chro-
mium and 8% nickel, while grade 316 
contains 16% chromium, 10% nickel, and 
2% molybdenum. Importantly, the inclu-

sion of the molybdenum alloy in grade 
316 SS improves its corrosion resistance 
compared to grade 304 SS, particularly 
against saline- or chloride-containing 
solutions. However, even for high qual-
ity SS, corrosion can still occur at levels 
sufficient to cause trouble for bio-separa-
tions (6–9). Passivation procedures for SS 
usually involve chemical treatment that 
removes surface rust while maintaining 
alloyed chromium. Nitric, phosphoric, or 
citric acid are the typical chemicals of 
choice for passivation procedures. Dur-
ing the passivation procedure, a pro-
tective chromium oxide (Cr2O3) layer is 
formed on the SS surface, and the iron 
at the surface is dissolved selectively 
(10). The concentration of Cr2O3 and the 
depth of the protective layer depend on 
the acid concentration, temperature, and 
duration of the passivation step (11). In 
a study that compared nitric acid, citric 
acid, and Citrisurf (a commercially avail-
able citrate-based passivation agent) 
the authors found that the content of 
iron oxide (Fe2O3) rapidly decreases in 
the protective layer within the first 2 h of 
passivation, while chromium oxide con-
tent increases (12). The American Society 
for Testing and Materials (ASTM) Inter-
national A967 standard, Standardization 
Specification for Chemical Passivation 
Treatments for Stainless Steel Parts, is an 
important industry document that speci-
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fies various passivation procedures 
for SS. Readers interested in learning 
more about SS passivation procedures 
will find this standard document to be 
a rich resource (13). 

In an initial pilot study of our own, we 
passivated an HPLC system using 0.5 
wt% phosphoric acid in acetonitrile:water 
(90:10), comparing chromatographic 
results before and after the acid wash. 
Here, peak shapes for the small mol-
ecule adenosine monophosphate (AMP) 
were symmetrical prior to passivation. 
However, for metabolites with more 
phosphate groups such as adenosine 

diphosphate (ADP) and adenosine tri-
phosphate (ATP), severely tailed peaks 
were observed prior to the acid wash. 
These peaks are all shown in the first row 
of Figure 1. After overnight flushing using 
the passivation solution, much sharper 
peaks were observed for both ADP and 
ATP. The mass spectrometry (MS) signal 
for ATP was also slightly higher follow-
ing the phosphoric acid wash. In con-
trast, the signal for AMP was reduced 
after the wash, which could be due to 
residual phosphoric acid still in the sys-
tem suppressing the ionization of AMP. 
Furthermore, the peak shapes for some 

organic acids (malate and citrate) also 
improved following the phosphoric acid 
wash (Figure 1b). However, the peak 
shapes for malate and citrate, even after 
the passivation procedure, still showed 
a lot of tailing, leaving room for further 
improvement. In this case, additional 
steps were required to mitigate interac-
tions between the analytes and metals 
in the HPLC system (14–16).

In a different study, we set out to 
examine whether SS columns could be 
passivated using the same phosphoric 
acid washing procedure. It is important 
to note that not all columns can be safely 
treated with these conditions, because 
the stationary phase may not be chemi-
cally stable at low pH (17). Please be sure 
to check the recommendations of the 
manufacturer regarding the appropriate 
mobile phase pH range for a given col-
umn. In this example, we studied the peak 
shapes of an intact monoclonal antibody 
(mAb) and cytochrome c analyzed using 
a size-exclusion column coupled to a UV 
detector. After the passivation solution 
was flowed through the bioinert HPLC 
system and SS analytical column over-
night, a sharper chromatographic mAb 
peak with reduced tailing factor (Tf) was 
observed (Figure 2a and 2b). Interest-
ingly, the use of PEEK-lined column hard-
ware loaded with the same SEC particles 
still yielded the best chromatographic 
results with the lowest Tf (Figure 2c). This 
trend becomes more apparent with cyto-
chrome c, (Figure 2d, 2e, and 2f). These 
results suggest that passivation alone 
may be insufficient and equipping the 
experimental setup with bioinert mate-
rials (for example, connecting capillaries 
and column hardware) would yield better 
results for biomolecules prone to interact 
with metal surfaces. 

When Passivation is Not Enough: 
Use Mobile-Phase Additives 
As described in the previous section, the 
principle aim of passivation procedures 
is to remove prior corrosion and prevent 
future corrosion for some period of time. 
However, passivation alone may not be 
enough to facilitate high quality biomol-
ecule separations in situations where 
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parts of an HPLC pump leach trace 
levels of metals (for example, titanium 
or iron) into the mobile phase (2,18), 
or when the sample matrix is con-
taminated with metals. Different types 
of metal chelators (compounds that 
sequester metal atoms) have been 
used as mobile-phase additives to 
improve separation performance for 
analytes that are sensitive to the pres-
ence of metals in the analytical system. 
These metal chelators have been used 
in a variety of ways including spiking 
them directly into samples, injecting 
them into the LC system between 
sample analyses, and using them as 
mobile phase additives. When they 
are used as mobile-phase additives, 
one must consider the target ana-
lytes for each specific application and 
how the mobile-phase additive could 
potentially interfere with the analysis. 
For example, citric acid has been used 
as a mobile-phase additive to improve 
the analysis of phosphopeptides in 
reversed-phase separations (7). Eth-
ylenediaminetetraacetic acid (EDTA) 
is another well known metal chelator 
that is effective for improving the peak 
shape of metal-sensitive metabolites 
separated using normal-phase chroma-
tography (15,16) and for the separation 
of monoclonal antibodies using cation-
exchange chromatography (CEX) (19). 
More recently, medronic acid was used 
as a mobile-phase additive to improve 
the peak shape and signal for polar 
metabolites and phosphopeptides (20). 
In Figure 3, medronic acid is also shown 
to improve the peak shape of fluores-
cently labeled N-glycans separated on 
an amide HILIC column.  The later elut-
ing structures each contain two sialic 
acid groups, giving them a strong ten-
dency to interact with trace amounts of 
metal in the system.  Rather than taking 
the system offline for passivation, the 
addition of a very low concentration of 
medronic acid to the aqueous mobile 
phase resolves the problem immedi-
ately.  Furthermore, this benefit per-
sists for at least one week after return-
ing to the use of mobile phase without 
medronic acid.

Potential Pitfalls of Using  
Mobile-Phase Additives to  
Improve Biomolecule Peak Shape
Although mobile-phase additives are 
an attractive option to yield better 
bioanalytical results, a few caveats  
associated with this approach need to 
be considered. 

Ion Suppression
It has been well documented that the 
use of EDTA as a mobile phase addi-
tive is associated with ion suppression 
effects that reduce the signal of tar-
get analytes when hyphenated with 
MS detection (17,20). When using 
mobile-phase additives, the benefit 

is that the passivation of an HPLC 
system can be continuously main-
tained, but it is important to keep in 
mind that the right dose of additive 
concentration is required for opti-
mal analysis, and this must be deter-
mined empirically on a case-by-case 
basis. For example, use of medronic 
acid at high concentrations (such as, 
for instance, 10 µM) can still cause 
ion suppression, and use of medronic 
acid at low concentrations (for exam-
ple, 0.5 and 1 µM) may not yield the 
optimal chromatographic results (20).

Persistence in the HPLC System
Another important consideration is 
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whether the additive poses a risk to 
future work by slowly leaching from 
the LC system, even after switching 
to mobile phases that do not con-
tain the additive. For example, EDTA 
has been reported to be retained on 
reversed-phase columns when used 
as a mobile-phase additive for phos-
phopeptide analysis (7). Moreover, 
due to EDTA’s low solubility under 
acidic pH conditions (0.1% formic 
acid), precipitation of EDTA has been 
observed at the Ionization (ESI) nebu-
lizer needle, and can result in block-
age of analytical columns; obviously 
these are both undesirable outcomes 
for any LC method. In contrast, citric 
acid was found to be more amenable 
to prolonged use as a mobile- phase 
additive (7). 

Summary
In this installment of “LC Trouble-
shoot ing,” we have discussed 
approaches that can improve the 
analysis of biomolecules prone to 
strong interaction with metal compo-
nents in LC systems or trace metals 
present in the sample flow path. The 
two methods that we described here 
include chemical passivation and use 
of metal chelators as mobile-phase 
additives. If corrosion or rusting of an 
LC system is suspected, the system 
should be passivated. Next, if appli-
cable, mobile-phase additives could 
be used to chelate any trace metals 
leached from pump heads or other 
metal components, or metals present 
in the sample matrix. Lastly, bioinert 
instrument components and column 
hardware still represent the best 
option for preventing adsorption of 
proteins on instrument components 
and column hardware. In particular, 
the use of bioinert materials where 
the biomolecules may directly interact 
with these surfaces is recommended. 
For example, use of PEEK-lined capil-
laries between the injector and detec-
tor is recommended, as is the use of 
PEEK-lined column hardware to limit 
potential metal-interaction sites. 
Understanding the pros and cons of 

passivation approaches and mobile-
phase additives should support the 
development of effective and robust 
methods for accurate and reproduc-
ible analysis of biomolecules. 
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Electromembrane Extraction with 
Vials of Conducting Polymer
The principles and experimental conditions for a new prototype electromembrane extraction (EME) device coupled 
with liquid chromatography (LC) are outlined and reviewed in this article. EME is a relatively recent microextraction 
technique based on electrokinetic migration across an oil membrane. In EME, a target analyte is extracted from an 
aqueous sample across a supported liquid membrane (SLM) and further analysis is accomplished by LC.

Milena Drobnjak, Frederik Hansen, Elisabeth Leere Øiestad, Trond Løvli, Roger Trones, Ørjan G. Martinsen, and Stig Pedersen-Bjergaard

Electromembrane extraction (EME) 
emerged as a very new microextrac-

tion technique in 2006 (1). The principle is 
based on electrokinetic migration across an 
oil membrane (supported liquid membrane), 
as illustrated in Figure 1. The target analyte is 
extracted from aqueous sample, across the 
supported liquid membrane (SLM), and into 
an acceptor (aqueous solution). An electrical 
field (dc) is sustained across the SLM, and 
is the driving force for mass transfer. The 
target analyte is thus moving in the system 
based on electrokinetic migration, and EME 
is therefore used for extraction of cationic 
(basic) and anionic (acidic) analytes. The SLM 
is an organic solvent immiscible with water, 
immobilized and held by capillary forces in 
the pores of a polymeric membrane.

For extraction of a basic analyte, the 
sample is acidified and the acceptor is 
either acidic or neutral. In this way, the ana-
lyte is protonated; the cathode (negative 
electrode) is located in the acceptor, and 
the anode is located in the sample. For 
extraction of acidic analyte, the direction of 
the electrical field is reversed: the sample 
is made alkaline, and the acceptor is either 
alkaline or neutral. Samples can, for instance, 
be biological fluids, such as plasma, serum, 
whole blood, urine, or saliva; or different 
types of water samples relevant to environ-
mental analysis.

Sample volumes in EME are typically 
from 0.1 to 5 mL, while acceptors are 

between 0.01 and 0.1 mL (10–100 µL). 
Because of this volume difference, EME 
can preconcentrate analytes. Furthermore, 
EME provides high selectivity. First, the 
organic and hydrophobic nature of the 
SLM prevents polar sample matrix com-
ponents from entering the acceptor. Sec-
ond, the electrical field prevents sample 
matrix components of opposite charge 
from entering the acceptor. Actually, selec-
tivity in EME can be controlled based on 
(a) the direction of the electrical field, (b) 
the magnitude of the electrical field, and 
(c) the chemical composition of the SLM. 
The operational parameters controlling 
the selectivity are very different from those 
of existing extraction techniques, such as 
solid-phase extraction, solid-phase micro-
extraction, and liquid–liquid extraction. 
In the future, analytical scientists will take 
advantage of these unique features. 

In addition to preconcentration and 
efficient sample clean-up, EME is fast, the 
consumption of organic solvent is a few 
microliters per sample, and extracts are 
aqueous. The latter is a great advantage in 
combination with liquid chromatography 
(LC), because the acceptors can be injected 
directly without any solvent evaporation or 
reconstitution procedures. Extraction times 
are typically 5–10 min, and high throughput 
is feasible using 96-well technology (2). EME, 
therefore, has high-throughput potential. 
The extremely low consumption of organic 

solvent is a step in the direction of green 
chemistry, which will be of major concern for 
the next generation of analytical scientists.

Several reviews published recently give 
an overview of research on EME (3–6). 
Important EME application areas (to date) 
include bioanalysis of pharmaceuticals (7), 
analysis of food and beverages (8), environ-
mental analysis (9), trace analysis of metals 
(10), and peptide analysis (11). Many sub-
stances have been extracted successfully, 
from small inorganic ions (12) up to peptides 
of about 15 amino acids (13), both positively 
and negatively charged substances (14), and 
substances in the polarity range of -5 < log 
P < 5 (3). High flexibility has also been dem-
onstrated in terms of adaptability to differ-
ent technical configurations. Thus, EME has 
been performed in conventional 1–10 mL 
glass vials (1), 96-well plates (2), narrow tub-
ing and channels (15), different flow systems 
(16), and a variety of microchip systems (17). 
Very interestingly, small EME-chip devices 
have been developed and combined with 
smartphone detection (18). Although this 
research is in its infancy, such technologies 
may have very high future potential.

Coupling the Electrical Field  
Through Vials of Conducting Polymer
To date EME uses metallic electrodes to 
couple the electrical field, one serving as 
cathode and another as anode. Platinum 
wires have been preferred given their 
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electrochemical stability and inertness. 
However, there are several disadvantages 
of using platinum wires, including:
• The expense.
• The small surface area.
• Platinum wires have to be reused.
• Platinum wires have to be cleaned 

between each sample, to avoid carry-over.
• Platinum can be mechanically damaged 

during operation.
• Platinum may complicate development 

of automated systems. 
Currently, a Norwegian company is 

developing a prototype EME device 
aimed for commercialization. Figure 2 
illustrates this device, based on standard 
2-mL vials made from a conducting poly-
mer. The electrical field couples using the 
vials as electrodes; this replaces the plati-
num wires. One vial is used for housing the 
sample, and another vial holds the accep-
tor. The two vials are connected by a leak-
tight interface, holding a porous polypro-
pylene filter membrane. The latter serves 
as a support for the SLM. Loading the 
SLM is performed by pipetting the exact 
amount of organic solvent onto the filter 
membrane. In 5–10 s, the organic solvent 
enters the entire pore volume of the filter 
membrane, and is immobilized there by 
capillary forces. An external power supply 
delivers the electrical field, contacting the 
surface of the two vials as illustrated in Fig-
ure 2. With a 10-position holder, up to 10 
cartridges operate simultaneously.

In this work, we tested the prototype 
device for the first time using the five basic 
drug substances pethidine, nortriptyline, 
methadone, haloperidol, and loperamide 
as model analytes. We studied the impact 
of the main operational parameters, and 
optimized extraction conditions based 
on factorial design. In addition, we tested 
extraction performance under optimal 
conditions. The data are the first ones 
reported with commercial equipment for 
EME, and the first using conducting vials 
for coupling the electrical field.

Experimental Conditions
The experimental conditions for EME and 
LC are summarized in Table I. We used 
a model EC-5 cartridge with 2-mL vials 

TABLE II: Performance data

Experimental Data* 

Recovery (%)
Precision 
(% RSD)

Predicted Data† 

Maximum recovery (%)

Pethidine 75 15 95±13

Haloperidol 78 5 88±7

Nortriptyline 83 6 92±8

Methadone 89 10 103±24

Loperamide 79 9 93±13

* Data obtained with experimental conditions reported in Table I.
† Data predicted from factorial design optimization

Sample solution SLM Acceptor solution

BH+

A-

N

Power supply

+ -

FIGURE 1: Principle of electromembrane extraction.

TABLE I: Experimental conditions for electromembrane extraction and liquid chroma-
tography

Electromembrane extraction

EME cartridge
EC-5, G&T Septech (Ski, Norway) 
Will be available from Extraction  

Technologies Norway (www.etn-eme.com)

Filter membrane Polypropylene, 100-µm thickness, Membrana, Germany

Sample
 700 µL 10 mM HCl containing 5 µg/mL of  

pethidine, haloperidol, nortriptyline, methadone, loperamide

SLM 11 µL of 2-nitrophenyl octyl ether (NPOE)

Acceptor 700 µL 10 mM HCl

Agitation 1050 rpm

Voltage 100 V

Time 15 min

Liquid chromatography

Instrument Agilent 1200 Series HPLC

Column Phenomenex, Gemini C18, 150 x 2 mm, 5 µm

Mobile phase Gradient; 5→95% acetonitrile in 20 mM HCOOH

Flow rate 0.4 mL/min

Injection 100 µL

Detection UV, 235 nm
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for our experiments. The experimental 
procedure comprised the following steps:
1. First, 700-µL sample and 700-µL accep-

tor were pipetted into separate vials.
2. Next, 11 µL of 2-nitrophenyl octyl  

ether (NPOE) was pipetted onto the 
filter membrane.

3. The EME cartridge was assembled by 
connecting the sample and acceptor 
vials to the interface. 

4. The cartridge was placed on the agita-
tor, and power cables were connected 
to the vials.

5. Agitation and voltage were applied simul-
taneously to facilitate extraction.

6. After extraction, the cartridge was unas-
sembled, and 100-µL acceptor was col-
lected for LC.

Distribution to the Electrical Field
To understand the electrical properties 
of the prototype device, we performed 
a computer simulation of the electrical 
field distribution, and compared this 
with a similar exercise on a traditional 

EME system with platinum electrodes. 
We used the finite element method in 
Comsol Multiphysics 5.4 (COMSOL Inc., 
USA), and simulations are illustrated in 
Figure 3. The prototype device is shown 
in Figure 3b; the blue embodiment 
is the sample vial (grounded, zero V 
symbolized with blue) and the red one is 
the acceptor vial (+100 V, symbolized with 

red). Figure 3d shows a magnification of 
the SLM region. From this simulation, 
we found that more than 99.9 % of the 
voltage drop was across the 100-µm SLM. 
Figure 3a is a simulation of the original 
EME setup, where the electrical field 
was coupled with platinum electrodes, 
SLM was immobilized in the pores in 
the wall of a hollow fiber, and acceptor 

(a)

(b)

FIGURE 2: Photo of (a) prototype cartridge and (b) 10-position holder. 

http://www.unitedchem.com
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was located in the lumen of said hollow 
fiber (1). Also in this system, about 99.9 
% of the voltage drop was across the 
SLM (Figure 3c). The organic SLM has a 
resistivity that is approximately five orders 

of magnitude larger than that of the 
aqueous sample and acceptor, and hence 
it totally dominates the resistance of both 
these systems. From the simulations, we 
concluded that the prototype device was 

very similar to the traditional EME in terms 
of electrical field distribution. 

Optimization and Effect of 
Operational Parameters
In a large set of extraction experiments, we 
conducted a comprehensive optimization 
of operational parameters based on 
factorial design. We identified (a) extraction 
time, (b) voltage, (c) agitation rate, (d) 
sample and acceptor volume, and (e) SLM 
volume as the key operational parameters. 
The average extraction recovery for the five 
model analytes was affected by extraction 
time as shown in Figure 4. Extraction 
time was tested between 0 and 30 min. 
Recovery increased rapidly with extraction 
time during the first 10 min, and then more 
gradually up to 23.7 min (Figure 4) where 
the system entered steady-state conditions.  
Voltage affected recovery as illustrated in 
Figure 4. At zero volt the model analytes 
were not extracted at all. This was consistent 
with theory; with pH 2.0 in the sample, the 
model analytes were 100% protonated 
(positively charged) and they were unable 
to partition into the SLM. However, as 
the voltage was turned on and gradually 
increased, the protonated substances 
penetrated the sample–SLM interface, and 
extraction recovery increased rapidly with 
increasing voltage up to approximately 80 
V. Above 80 V, recovery increased slightly 
up to 157.6 V. Clearly, the electrical field 
served as driving force for extraction in the 
prototype device.

Figure 5 illustrates the optimization of 
agitation rate and sample and acceptor 
volume. Agitation rate was tested in the 
range from 0 to 1800 rpm. With no agita-
tion (0 rpm), the model analytes were not 
extracted at all. Under these conditions, 
the physical contact between the three liq-
uid phases was insufficient. On the other 
hand, when agitation was applied, this 
induced convection in the sample and 
extraction was promoted. As seen in Fig-
ure 5, recoveries increased with increas-
ing agitation rate up to 1503 rpm. Above 
this level, recoveries decreased slightly 
because of issues of mechanical stability. 

We tested sample and acceptor vol-
umes between 250 and 1500 µL, with a 1:1 
ratio in all experiments. As seen from Fig-
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ure 5, recovery increased with increas-
ing volume up to 905 µL, followed by a 
small decrease. With small volumes, the 
physical contact between the three liq-
uid phases was limited, and this affected 
extraction efficiency negatively. On the 
other hand, when volumes exceed 
approximately 900 µL, convection in 
the sample solution was somewhat sup-
pressed because of the high filling level.

Finally, we optimized the SLM volume. 
The optimal value was 12.8 µL, and we 
observed only minor variations of recov-
eries as a function of SLM volume in the 
range 7–22 µL. We preferred not to use 
more than 11–13 µL NPOE, because 
this volume corresponded to the  
maximum of solvent immobilized by the 
filter membrane.

The optimization data reported in 
Figure 4 and 5 all follow the theoretical 
models developed for EME (19,20), and 
are similar to previous experimental data 
reported with existing EME configurations 
(3). Thus, although the coupling of the 
electrical field is fundamentally different 
from that in all previous EME setups, the 
prototype system behaved similar to sys-
tems reported in the literature. Therefore, 
the scientific anchor of traditional EME 
apparently also applies to the prototype 
device, and applications and experiences 
from previous EME publications probably 
can be transferred more or less directly to 
the commercial device.

Extraction Recovery and RSD  
Under Optimal Conditions
In a final set of experiments, we tested 
extraction recovery and precision using 
the experimental conditions in Table 
I. These are standard conditions, and 
deviated slightly from those found by 
factorial design optimization. Standard 
conditions were used to compare 
performance with literature. As seen in 
Table II, recoveries ranged between 75 
and 89%, and precision was within 15% 
RSD. These data are very similar to data 
obtained for the same analytes, extracted 
under comparable conditions in other 
technical formats of EME (3). Thus, also 
in terms of extraction performance, our 
initial testing indicates that the prototype 

device should perform at levels similar 
to that of laboratory-built systems. 
From the factorial design optimization, 
we estimated expected recoveries for 
the system operated under optimal 
conditions (Table II). In such a case, 
the EME system should provide 
exhaustive extraction of the selected  
model analytes.

Conclusions
We have tested the first prototype 
commercial device for EME. In this device, 
coupling the electrical potential is through 
sample and acceptor vials of conducting 
polymer. This is a totally new idea, and 
replaces the use of metallic electrodes 
in EME. We found the prototype device 
to perform similarly efficient systems 
reported in the literature, and for the 
model analytes we tested, we reached 
exhaustive or near-exhaustive conditions. 
We also observed that the prototype 
device responded similar to existing 
systems upon optimization of operational 
parameters. Therefore, we expect previous 
applications and experiences can be 
transferred to the prototype device. With 
this device, we expect more activity, and 
scientists can generate new EME data in a 
standard format. This may be a major step 
forward in the work to establish the future 
“killer applications” of EME.
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PERSPECTIVES  
IN MODERN HPLC

Development of Stability-Indicating  
Analytical Procedures by HPLC:  
An Overview and Best Practices
This installment is the second in a series of three white papers on stability studies and testing of pharmaceuticals. It focuses 
on the development of stability-indicating high performance liquid chromatography (HPLC) methods for drug substances 
and products. This paper provides an overview of the fundamentals and best practices in method development, including 
the traditional and other easier approaches, as well as modern trends and software tools for expediting the process. The 
regulatory guidance on the necessary contents of a well-written method, strategies for efficient method execution, and life 
cycle management of analytical procedures, are described. 

Michael W. Dong, Kim Huynh-Ba, and Joshua T. Ayers

High performance liquid chromatog-
raphy (HPLC) method development 

can be a time-consuming process, particu-
larly for stability-indicating analytical pro-
cedures of new chemical entities (NCEs). 
Most of the procedures for small-molecule 
drugs employ gradient reversed-phase 
liquid chromatography (RPLC) with ultra-
violet (UV) detection. These methods are 
designed to separate and quantitate the 
active pharmaceutical ingredients (APIs) 
and all process impurities and degrada-
tion products in drug substance (DS) and 
drug product (DP) samples. This important 
HPLC method category provides qual-
ity assessment data required in product 
release and stability studies in regulatory 
filings and procedures (Table I). Informa-
tion on the HPLC method development 
process and requirements are available 
in many textbooks (1–6), journal articles 
(7–13), regulatory guidance documents 
(14–16), and other resources (17). In this 
installment, we strive to provide a concise 
but comprehensive overview of the essen-
tial steps of the method development pro-
cess, supported with case studies, com-
mon practices, regulatory guidance, and 
citations of critical references. 

Why Gradient RPLC with UV 
Detection for Stability-Indicating 
Methods?
Let us start with the fundamentals and the 
rationale for the use of RPLC and UV meth-
ods in stability-indicating analytical proce-
dures, which must separate the API from 
all impurities, and meet stringent regula-
tory requirements in method performance 
(6,14–16).

First, the primary retention mechanism in 
RPLC is hydrophobic interaction, particularly 
useful for compounds with intermediate 
polarities, and an excellent match of most 
small-molecule drugs with oral bioavailability 
(2). The weak dispersive forces in RPLC ensure 
that all components in the sample can be 
eluted from the column using strong purging 
solvents at the end of the gradient, thus yield-
ing 100% recovery of the injected sample. 

Second, the elution order in RPLC is highly 
predictable. It follows the “Linear Solvent 
Strength Model (4).” In most cases, the log 
k (retention factor) of the analyte is inversely 
proportional to %MPB (mobile phase B or % 
of the strong organic modifier). In addition, 
most drugs are basic, but have sufficient 
hydrophobicity to be retained in RPLC in the 
ionized forms in acidic mobile phases. The 

retention of the “solvated” analytes can be 
manipulated to provide increased resolution 
by changing the composition of the mobile 
phase (for example, water, organic solvents, 
and pH), that interacts with the analytes in 
the “solvated” state, and moderates their 
retention on the stationary phase (1,2). Gra-
dient elution is commonly used in stability-
indicating assays to yield higher peak capac-
ity and sensitivity for both hydrophilic and 
hydrophobic components in the sample (2). 

Third, most NCEs are chromophoric, hav-
ing one or more conjugated double bonds 
or aromatic moieties in their structures, thus 
providing high detection sensitivity with UV 
detectors. A peak area precision of 0.1–0.5% 
relative standard deviation (RSD) is routinely 
achievable in HPLC-UV assays, because the 
entire injected sample passes through the 
UV flow cell. This high precision performance 
is necessary for quality control applications 
for DS release testing (with typical speci-
fications of 98.0–102.0%). In contrast, the 
precision performance of <1% is difficult to 
achieve with mass spectrometry (MS) detec-
tion, because only a small fraction of the neb-
ulized eluent stream is ionized and detected 
(2). Furthermore, a UV detector offers a wide 
linear response range exceeding five orders 
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of magnitude (1 x 10-5 to ~2 absorbance units 
[AU]), allowing the use of a single-point cali-
bration curve for early-phase assays, and nor-
malized area % analysis for the determination  
of impurities (2).

There are some notable exceptions to the 
adoption of RPLC-UV methods. For NCEs 
with no or low chromophoric properties, a 
gradient-compatible near-universal detector, 
such as a charged aerosol detector (CAD) 
or an evaporative light-scattering detec-
tor (ELSD), is typically employed (2). For the 
determination of enantiomers, a normal-
phase separation using chiral LC or supercrit-
ical fluid chromatography (SFC) separation, is 
generally preferred, because the analytes are 
present in an unassociated and non-ionized 
state, which often leads to higher selectivity 
differences between the enantiomers (2). 

Another exception is the determination of 

potentially genotoxic impurities at parts-per-mil-

lion levels (not discussed here), which may require 

a high-sensitivity analytical procedure, such as  

LC with mass spectrometry detection  

(LC–MS) (2).

Objectives of This Article
The objectives of this installment are as fol-
lows.
• Describe the traditional five-step strategy 

in HPLC method development, accord-
ing to Snyder and associates (1), and illus-
trate the use of the selectivity-tuning for 
method optimization with case studies. 

• Describe modern HPLC method develop-
ment trends using ultrahigh-pressure liq-
uid chromatography (UHPLC), MS, auto-
mated column or mobile-phase screening 
systems, and software platform tools.

• Introduce easier or more straight-for-
ward method development approaches, 
including a three-pronged template for 
early-phase development and universal 
generic gradient methods.

• Describe the essential elements of a well-
written analytical method, strategies for 
effective method execution,  and the con-
cept of life cycle management of analytical 
procedures.

The Traditional Five-Step  
Method Development Approach
A traditional five-step approach for HPLC 
method development was proposed by 
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Snyder and associates, based on the con-
cept of selectivity-tuning to increase the res-
olution of critical pairs (close-eluting peaks) 
for accurate quantitation (1,2). The five-step 
approach is outlined here. 

Step 1: Defining Method Types 
The first step is to define the method type. 
Is it a preparative, qualitative, or quantita-
tive method? The most common method 
type is a stability-indicating analytical pro-
cedure (also known as an assay and impu-
rities determination) for the quantitation of 
the API and impurities in pharmaceuticals. It 
is a challenging method development task 
to develop this type of method, because 
all key components in the sample must be 
physically separated in one chromatogram 
with method performance compliant to ICH 
guidelines (14). In comparison, other phar-
maceutical methods for identification, limit 
tests, or performance assays, are simpler to 
develop, validate, and execute. Typically, the 
DS method is developed first for the NCE, 
and the DP method is then optimized based 
on the DS method.

Step 2: Gathering Sample
and Analyte Information
The next step is to gather information on the 
sample and analytes. For NCEs, the struc-
tures and molecular formulae are well estab-
lished, allowing the inference or calculation 
of physicochemical properties, such as pKa, 
logP, logD, polarity, numbers of acidic, basic, 
or aromatic functional groups, and chiral cen-
ters. These characteristics can be useful in 
the selection of columns, mobile phases, and 
sample diluents. The pKa values can be used 
to select a mobile- phase pH that ensures 
the compound is in a singly charged state. 
Knowledge of the acidic, basic, and aromatic 
functional groups can be helpful in column 
and mobile-phase selection, and provides 
forewarnings of potential stability or reactiv-
ity issues. Finally, knowing the presence and 
number of chiral centers is vital for planning 
an analytical procedure that includes diaste-
reomeric separations. Though not entirely in 
the scope of this article, possible diastereo-
meric combinations may be separated with 
an achiral RPLC column (shown in the case 
study in Figure 5). Enantiomeric separation 
offers a different challenge that will require 
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TABLE I: A listing of common terms or abbreviations (acronyms) in pharmaceutical de-
velopment is shown here as a quick reference.

Regulatory Terms

FDA, EMA U.S. Food and Drug Administration, European Medicines Agency

IND, NDA Investigational New Drug, New Drug Application

ICH International Council on Harmonization 

USP, EP United States Pharmacopeia, European Pharmacopoeia  

GLP, GMP Good Laboratory Practice, Good Manufacturing Practice

CMC Chemistry, Manufacturing, and Controls

QA, QC Quality Assurance, Quality Control (Quality Unit)

QbD, DoE Quality by Design, Design of Experiments

Laboratory Terms

DS, DP Drug substance, Drug product

NCE, API New Chemical Entity, Active pharmaceutical ingredient

PDA, MS Photodiode array, Mass spectrometry

CAD, ELSD Charged aerosol detector, Evaporative light scattering detector

AU, λ, λmax Absorbance unit, Wavelength, Wavelength of max absorbance

Assay
Determination of API in DS and DP, known as a potency  

assay of DS in %wt/wt, or strength assay of DP in % label claim

Purity Sample purity expressed as nominalized HPLC area%  

Impurity assay Determination of the impurities and degradation products in %wt/wt

F, tG, T Flow rate, gradient time, column temperature

SST, CoA System suitability testing, Certificate of Analysis

MPA, MPB Mobile phase A (aqueous), Mobile phase B (organic solvent)

RT
Reporting threshold according to ICH (can also mean re-

tention time, which is also abbreviated as tR)

RRT, RRF Relative retention time, Relative response factor
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selecting the appropriate chiral-selective col-
umn for the determination of enantiomers of 
the API using a different analytical procedure. 
To gather analyte information, resources such 
as Certificate of Analysis (CoA) from suppli-
ers or technical packages from the API man-
ufacturers are invaluable in obtaining initial 
information regarding sample purity, meth-
odologies, spectral and safety data, and 
other attributes of the API. 

Step 3: Initial Method Development
This is the first laboratory-based step in 
the development process, and it involves 
performing “scouting” runs to obtain the 
first chromatograms. Details in column and 
mobile-phase selection are covered in many 
books (1–3). To illustrate the initial method 
development step, we will start here with the 
most common choice of a C18 column used 
with an acidified aqueous mobile phase and 
organic solvent. Step #3, outlined here, is 
extracted from a case study published in this 
reference (2). 

Here, a sample of the API is dissolved 
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in a default diluent (in this case, 1 mg/mL 
in 50% acetonitrile in water) and injected into 
an HPLC-UV system (with a photodiode array 
(PDA) detector and an MS instrument. A com-
mon broad-gradient RPLC method can be 
used (such as mobile phase A [MPA] = 0.1% 
formic acid in water; mobile phase B [MPB] 

= acetonitrile; C18 column: 3-µm, 100 mm x 
3.0 mm i.d., 5–100% acetonitrile in 10 min at 1 
mL/min and a column temperature at 30 oC). 
Full spectral data in UV (220–400 nm) and MS 
(100–1200 amu with positive ionization) are 
collected to allow reconstruction of chromato-
grams at any monitoring wavelengths. 

It is important to choose an MS-friendly 
mobile phase in this step if possible, to 
reduce the need for any method changes 
when using MS later. Results from the first 
scouting run can generate pertinent data, 
such as a “rough” sample impurity profile, 
estimation of purity and hydrophobicity of 
the API, maximum absorbance wavelength 
(λmax), (M+H)1+ data of the NCE, and any 
observed impurities. These initial data are 
used for determining the next logical steps 
in method fine-tuning. 

The process is often modified for polar or 
water-soluble NCEs, which may be better 
retained on an AQ-type-C18 or polar-embed-
ded column (2). For drug candidates with low 
or no UV chromophoric activities, detectors 
such as CAD, ELSD, or MS may be employed. 
One crucial issue in the initial method devel-
opment of NCEs is the rare availability of an 

“ideal test mix” sample containing the API 
and all key impurities or degradation products, 
deterring a systematic application of automa-
tion systems. This dilemma of sample avail-
ability will be discussed later. 

Step 4: Method Fine-Tuning
and Optimization
This is the most time-consuming step for 
the development of stability-indicating pro-
cedures. The process is typically reliant on 

“selectivity tuning” by changing selectivity 
(α) in a rational fashion by adjusting mobile 
phases (organic modifier, pH, buffer strength) 
and operating parameters (flow [F], gradient 
time [tG], column temperature [T]) (1–3). Often, 
changing to a column packed with differ-
ent bonded phases other than C18 may be 
needed (such as, for example, phenyl, polar-
embedded, or cyano) to achieve the separa-
tion of a critical pair of coeluting peaks.

The next step is often to employ a “shal-
low middle gradient segment” indexed to 
the hydrophobicity of the API to increase 
the resolution around the main component 
(2). This use of a “multi-segment gradient 
approach” is preferred for complex NCEs 
and is discussed later. 

The method fine-tuning or optimization 
process typically takes a few days or 1 to 2 
weeks, depending on the complexity of the 
NCE and the availability of key impurities as 
reference materials (such as isomers) that are 
used as retention time markers. This process 

TABLE II: Summary of factors optimized during reversed-phase chromatography 
gradient method development

Stage/
Approaches

Factor Suggestions and Comments

Initial Development Step #3

Scouting 
Gradients

Column 
Modern columns packed with 3- or sub-3-µm C18  
bonded phases from high-purity SPP or TPP silica support. 

Detection 
wavelength

Use PDA to obtain λ max of all analytes. Select λ max of the main 
component or far-UV wavelength (200–230 nm).  

Mobile phase
MPA: Water acidified at pH 2–4 for acidic or basic analytes
MPB: methanol or acetonitrile

Operating 
conditions

Use broad gradients (5–100% B) for initial evaluation.
Evaluate the first chromatogram to define a 
narrower gradient range for the next evaluation.
Set T = 30–35 oC, Flow ~ 1 mL/min for 3.0 mm i.d. columns.

Method Optimization Step #4

Fine-tuning and 
Finalization

Mobile 
phase and 
operating 
conditions

Evaluate method with impurity “test mix” 
containing API, precursors, process impurities, 
and degradants. Modify pH, solvent type, T, and 
tG to improve the resolution of critical pairs.

Column 

Evaluate the method with different bonded 
phases to maximize resolution. Further 
evaluation with longer columns to increase the 
resolution for the selected bonded phase.

Detector 
setting and 

sample 
conc./inj. vol.

Finalize detection wavelength, and sample 
concentration Injection volume and diluent can be 
optimized for peak shape and method sensitivity.

Data are extracted from reference (2).  SPP = superficially porous particles, TPP = totally porous particles
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MPA:     A: pH 6.2 buffer
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Prog:     a 5-segment gradient program
Flow Rate:  0.34 mL/min @ 30 ºC
Detection:  240 nm
Sample:      4 APIs spiked with
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FIGURE 6: Chromatogram showing a stability-indicating UHPLC method for a drug 
product Stribild oral tablet with four APIs (elvitegravir, cobicistat, emtricitabine, and 
tenofovir disoproxil fumarate).  UHPLC method conditions are shown in the inset. Chro-
matogram reprinted from reference (13).
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is often iterative, and is performed before or after the initial forced deg-
radation studies where degradation products are generated to chal-
lenge the separation power of the initial method. Peak purity should 
be evaluated with PDA and MS. Quite often, the initial column used 
(for example, C18) is found to be inadequate in the separation of a 
critical pair (for example, API and the immediate synthetic precursor) 
(2). This would invariably trigger a column screening experiment to find 
a better column with a different selectivity (for example, phenyl, polar-
embedded, or cyano) (2,3). The use of MS can be a valuable tool in 
column screening, as it can help to track known impurities from column 
to column as well as degradation products formed during forced deg-
radation studies. Knowledge of the molecular weights helps to deter-
mine the molecular structures of the degradation products.

For laboratories specializing in method development, the use of 
automated column and mobile-phase screening systems and other 
software platforms can expedite this time-consuming step. The last 
steps in the method development phase are the final minor method 
adjustments needed to improve sensitivity and peak shape (injection 
volume, sample concentration, diluent, monitoring wavelength), and 
analysis time.

It should also be noted that the drug product will also require 
assays and impurity analysis throughout the life cycle of the NCE. The 
best and shortest approach to DP method development is to use 
the chromatographic conditions for the DS with a modified sample 
preparation procedure.

Step 5: Method Prequalification 
Step 5 for methods used to test regulated products is a method 
prequalification or prevalidation step. This step will ensure the 
method can be successfully validated by determining the potential 
to pass typical method validation criteria (2,16), including specificity, 
precision, linearity, sensitivity, and often accuracy also. This prequali-
fication step can take from a few hours to 1 or 2 d for most methods.

Examples of the Selectivity Tuning Approach by 
Changing Mobile Phase, Column, or Both
Figures 1 to 3 show studies of the use of selectivity tuning by changing 
the mobile phase, column, or both. Figure 1 shows the separation of 
a 12-component test mixture of basic, acidic, and neutral drugs and 
the changes in peak spacings with the gradient separation on a C18 
column by switching the organic mobile phase (MPB) from methanol 
to acetonitrile. Note that acetonitrile is a stronger organic modifier in 
RPLC; thus, the elution time is considerably shorter. The peak shapes 
are also sharper due to its lower viscosity (1,2). While the elution order 
remains the same without any peak crossovers, the band spacings 
are changed due to selectivity differences. Note that acetonitrile is 
an aprotic solvent, while methanol is capable of hydrogen bonding 
and polar interaction with the analytes. In cases of analytes that can 
hydrogen-bond or have polar interaction, the elution order may be 
different when changing from methanol to acetonitrile.

Figure 2 shows eight comparative chromatograms of a 7-com-
ponent mixture of basic drugs using columns packed with different 
types of C18, phenyl, cyano, and pentafluorophenyl phases from a 
single manufacturer. All columns have the same dimension and are 

packed with similar particle sizes of ~1.7 µm. Chromatograms show 
similar elution order but with many differences in band spacings for 
C18 phases, whose predominant retention mechanism is hydropho-
bic interaction. However, the elution order can be substantially differ-
ent in columns packed with different bonded phases that have addi-
tional retention mechanisms from π-π, polar, and hydrogen bonding 
interactions. To find the best column for a specific separation, the 
most efficient approach is to use an automated column and mobile 
phase screening system (2,3,12).

Figure 3 shows two comparative chromatograms in a case study 
on proactive phase-appropriate method development advocated 
by Rasmussen and associates (3,17). The top chromatogram shows 
the separation of a retention marker solution of an API spiked with 
available impurities that is analyzed by a primary stability-indicating 
method for a DS method using a C18 column and an MPA at pH 2.5. 
The bottom chromatogram shows the separation of the same test 
mix using the secondary orthogonal method on a polar-embedded 
phase at a neutral MPA pH. More discussion on the development of 
a secondary orthogonal method is found in a later section.

A Summary of Suggested  
Parameter Selections for Steps 3 and 4
A summary of suggested parameter selections for steps 3 and 4 is 
listed in Table II as a reference guide for default conditions in HPLC 
method development for NCEs. 
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During the life cycle of any DS or DP, the 
analytical methods may need to be rede-
veloped. A new synthetic route or process 
chemistry changes during scale-up may 
cause new impurities to be present in the 
final DS. Also, degradation products found 
in samples from stability studies may require 
an improved resolution for quantitation. 

Method Development  
Approaches and Automation Tools
In this section, we describe modern 
approaches in method development and 
common automated tools for expediting 
the process. The reader is referred to text-
books, articles, and manufacturers’ websites 
for updates and more complete descrip-

tions (18–29). Prior to discussing the modern 
development approaches, let us discuss 
briefly sample diluent selection for the NCE 
and sample preparation for DS and DP.

Selection of Sample Diluent  
and Sample Preparation Procedure
Knowledge about the solubility properties 
of the API is necessary to choose the most 
appropriate sample diluent. The most natu-
ral choice is to use the initial gradient con-
centration of the mobile phase. Although 
this approach may work for hydrophilic or 
water-soluble compounds, many hydropho-
bic compounds may not be fully dissolved 
in these mostly aqueous diluents. Increasing 
the organic phase concentration may result in 
full dissolution. However, a higher concentra-
tion of organic solvent in the sample diluents 
may cause chromatographic peak anomaly 
issues, such as peak splitting upon the injec-
tion of large sample volumes (2). Another 
approach may be the use of a stronger solu-
bilizing agent (such as DMSO), in small con-
centrations to solubilize the compound and 
then dilute with the starting concentration of 
the mobile phase. Often, vigorous shaking 
manually or with a shaker, or sonication, may 
be required to expedite the solubilization pro-
cess. Filtration of a drug substance sample is 
not recommended since the material must be 
completely dissolved in a solution for accurate 
quantitation.

Drug products, such as tablets, also have 
the added complications of the need to break 
down the formulation matrix to permit effi-
cient and complete extraction and solubiliza-
tion of the active ingredients. The separation 
can be especially problematic upon stability 
storage due to the aging of the dosage form. 
Multi-step dilution schemes using shakers 
or sonication in an appropriate extraction 
medium followed by filtration (such as 13–25 
mm, i.d., 0.2–0.45-µm disposable membrane 
syringe filters) or centrifugation is generally 
required to obtain the final sample DP extract 
for analysis. For sustained-release drug prod-
uct formulations, a 2-step extraction process 
is often needed, using an organic solvent to 
dissolve the polymer-based matrix in the first 
step. Grinding or rough-crushing the formu-
lation may also be needed to expedite the 
extraction process. More detailed procedures 
are available in these references (2,3).

(a)

(b) Column:    Cortecs C18+ (2.7 µm, 50 x 2.1 mm)
Mobile Ph.:     A1: 0.05% Formic acid, B1: ACN
Solvent Prog. 5-40%B in 5min, 40-95% in 0.5 min
Flow Rate:     1.0 mL/min @ 35 ºC, 5300 psi
Detection:   PDA at 254 nm 40pt/s
Sample:    2 µL of NCE TM, 50-100 ng/uL

Column:    Cortecs C18+ (2.7 µm, 50 x 3.0 mm)
Mobile Ph.:     A1: 0.05% Formic acid, B1: ACN
Solvent Prog. 5-60%B in 2min, 60-95% in 0.5 min
Flow Rate:     1.0 mL/min @ 35 ºC, 3300 psi
Detection:   PDA at 220 nm 40pt/s
Sample:    6 µL of NCE mixture
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FIGURE 8: (a) The separation of a 12-NCE mixture using the proposed 2-min universal gradi-
ent reversed-phase chromatography method using a sub-3-μm superficially pourous particle 
column. (b) A chromatogram depicting the achievement of near-baseline resolution of all 12 
NCEs in the test mixture by adjustments of gradient conditions using the same bonded phase 
in a 2.1 mm column format.  Each peak is designated by its code name, retention time in min-
utes, and (M+H) +1 parent ion. Reprinted from reference 11.
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FIGURE 7: A case study of the UHPLC method development of a DS method of an NCE 
with several light degradants. (a) The original 35-min HPLC method using a phosphate 
buffer at pH 3.1; (b) A 5-min broad-gradient column screening study using a short C18 
column; (c) The final 13-min UHPLC method (Acquity Shield RP18, 100 x 2.1 mm, 1.7-μm) 
yields three impurities peaks in the critical region; (d) The final 20-min “back-translat-
ed” HPLC method using an HPLC column (XBridge Shield RP18, 150 x 3.0 mm, 3.5-μm) 
showing the resolution of three light degradants. 
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Modern Method Development Approaches and Trends
UHPLC
UHPLC is a modern low-dispersion system platform with higher-pres-
sure ratings (15,000–22,500 psi), and is the most significant innova-
tion in HPLC in recent years (18–23). The benefits of UHPLC, when 
coupled with small-particle columns (sub-2 and sub-3-μm), are faster 
analysis, enhanced sensitivity, and higher peak capacities for sample 
analysis (13, 22). The lower system dwell volumes and faster column 
equilibration times for the smaller UHPLC columns provide another 
significant benefit for the method development process (12,22). In 
method optimization, the mobile phase and operating conditions are 
varied in numerous trial experiments and iterations to optimize the 
chromatographic behavior of all key analytes to arrive at the optimal 
separation. The judicious application of UHPLC can reduce method 
development times by a factor of 3 to 5 in comparison with those 
obtained with conventional HPLC systems and columns. In addition, 
UHPLC significantly reduces the amount of solvents used and solvent 
waste (22). 

A potential issue for using UHPLC in method development is the 
necessity to “back-translate” (also often called “back-transfer” in the 
literature) or convert the UHPLC methods back to HPLC conditions 
because many QC laboratories may not be equipped with UHPLC 
(2,18,23). Today, 16 years after the commercialization of the UHPLC 
system in 2004 (18), the need for changing the method from UHPLC 
back to HPLC is lessened by the wider availability of these UHPLC 

systems (>15,000 psi), and others with intermediary pressures (for 
example, 9,000–2,000 psi) (19,20).

MS
While most stability-indicating analytical procedures developed for 
NCEs are HPLC-UV methods, many are also beneficially designed 
to be MS-compatible using volatile reagents in the mobile phases 
to allow peak verification, tracking, and identification (2,3). The inclu-
sion of an information-rich MS in the HPLC-UV method development 
system, in our view, is mandatory for a science-based and efficient 
method development process, and particularly useful for developing 
methods of complex NCEs. The MS detector is immensely helpful in 
the case that the impurities must be identified or qualified.

The advent of low-cost, easy-to-use single-quadrupole MS (SQMS) 
makes this adoption much easier for any analytical chemist without 
specialized MS training (2,19). The only downside is the loss in sensi-
tivity and linear performance for detection wavelength <230 nm due 
to  the end absorbance of the volatile mobile phase additives (such 
as formic acid). 

Phase-Appropriate Method  
Development and Validation
The concept of “phase-appropriate method development and valida-
tion,”’ advocated by H. Rasmussen and associates and others in the 
early 2000s, recognizes that it is unrealistic to expect the original sta-
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bility-indicating method for an NCE to remain 
unchanged during the life cycle of a new 
drug candidate to commercialization (3,17). 
It is, therefore, more realistic to have a phase-
appropriate or tiered approach, in which the 
initial method is continuously improved as 
the formulation is being developed. Com-
plete validation studies are conducted as the 
project is advancing to late-phase develop-
ment when the synthetic chemistry process 
and drug product formulation are finalized. 

The approach recommends the develop-
ment of a secondary orthogonal method 
early for several advantages (17). While 
the word orthogonal separation  generally 
means using different retention mechanisms 
(for example, RPLC based on hydropho-
bic interaction vs. capillary electrophoresis 

based on the ionic mobility of the analytes), 
in reality, most orthogonal methods employ 
two columns with different selectivity (C18 
vs. polar-embedded) or the same column 
using different organic modifiers (acetoni-
trile vs. methanol). The secondary orthogo-
nal method ensures that there is no hidden 
impurities underneath the API peak. It can be 
used to analyze pivotal clinical lots for sup-
porting data. A minimum method validation 
can be done to expedite the testing. In addi-
tion, the orthogonal method can be used 
when the primary method is found to be 
inadequate (such as the inability to resolve a 
new impurity). This approach can reduce the 
risk of a potential method deficiency situa-
tion, which can have a severe impact on the 
drug development timeline. Case studies to 

illustrate this approach are shown in Figures 
3 and 5.

Applications of Quality by Design 
(QbD) and Design of Experiments 
(DoE) in Method Development
Regulatory authorities have endorsed a sci-
ence- and risk-based strategy in new drug 
development, using a systematic Quality by 
Design (QbD) approach in process devel-
opment and control of critical raw materials 
(24). The QbD concept can also be used in 
method development to establish the capa-
bilities of the method. While a traditional 

“one-factor-at-a-time”approach is widely prac-
ticed in method development, many labora-
tories have started to use a Design of Experi-
ments (DoE) approach for method robustness 
validation (3,5). Others have explored the use 
of automated scouting or screening systems 
and software platforms for the method devel-
opment process (2,3,25–27).

Automation and Software Platform 
Systems for Method Development
Although most HPLC systems can be post-
fitted with selection valves to automate the 
column/mobile phase screening studies 
(2,3,12), many manufacturers now offer pre-
configured method scouting and screening 
systems, often with some simple optimiza-
tion algorithms. They can also work with 
more elaborate software platforms to facili-
tate the method development process (2). 

Table III lists automated method scouting or 
screening systems and software platforms for 
HPLC method development. Many software 
platforms are available for off-line predictive 
modeling with inputs from limited experi-
ments (such as DryLab) (2,4,25). Other plat-
forms support direct instrument control and 
on-line optimization (such as ChromSword 
Auto and ACD Labs/AutoChrom) and statis-
tical analysis of experimental results (such as 
Fusion QbD) (2,26–27). The reader is referred 
to published journal articles and the manufac-
turers’ websites for further details (25–27). 

A Dilemma in  
Early-Phase Method Development
The use of automated and software systems 
can expedite the method development 
process, particularly in laboratories special-
izing in late-phase product development 

TABLE III: Automated systems and software platforms for HPLC method development

Vendor, System Description

Method Scouting Systems

Agilent 
1290 Infinity II Method 
Development Solution

An automated system based on the Agilent 1260/1290 
UHPLC system with column and mobile phase 

selection valves operated under OpenLAB CDS for 
column and mobile-phase screening, method 

scouting, and gradient and temperature optimization.

Shimadzu Nexera Method 
Scouting System

A method-scouting system based on the Nexera X2 UHPLC 
system with column and mobile-phase selection valves 

for automated screening and gradient optimization.

Hitachi Chromaster Ultra 
with ChromSwordAuto

A UHPLC instrument with six columns controlled and 
interfaced with ChromSwordAuto software for 

unattended and automated method development, 
robustness assessment, and column screening

Software Platform and Automated Method Development Systems

Molnar Institute DryLab

A popular computer modeling software (off-line) based 
on the linear solvent strength model in gradient 

elution. Relatively easy-to-use and straightforward 
predictive program for optimizing isocratic and 

gradient methods based on results from 2 to 12 actual runs. 

ChromSwordAuto
(Dr. Galushko Software)

A software platform provides direct control of 
Agilent, Thermo, Waters, and Hitachi HPLC systems for 

automated method scouting and optimization of solvent, 
buffer, gradient, column, flow rate, and temperature.

ACD AutoChrom

Combines instrument control for LC–MS and 
LC-UV system with software for logical method 
development, which includes predictive (from 
chemical structures) and modeling algorithms.

S-Matrix 
Fusion QbD

An automated method development software that controls 
most major HPLC or UHPLC (Waters, Agilent, Thermo) systems 

using their respective CDS to provide column and mobile 
phase screening. In addition, this software offers multivariate 

optimization based on fractional factorial DoE with 
statistical analysis of results imported back from CDS.  A new peak 
tracking function has been added in 2020 for Waters QDa SQMS.

Note: CDS = chromatography data system. Table extracted from reference (2) with new updated 
information.
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situations where critical process impurities 
and degradation products are identified and 
available as reference materials. This ideal 
test mix containing all the critical impurities is 
rarely available during initial method devel-
opment for an NCE, making it impossible to 
have a systematic application of automated 
workflows in early development.

Nevertheless, the analytical chemist 
still needs to have a reasonable first HPLC 
method to initiate sample evaluation from 
forced degradation studies. The most realis-
tic scenario is to have proactive communica-
tion with the process chemist and to obtain 
the mother liquors of the final crystallization 
of the API. As a minimum, a mixture of pre-
cursors, starting materials, intermediates 
from previous synthetic steps, plus any addi-
tional reference materials available such as 
stereoisomers, can be assembled for use as 
method development samples (3,17). 

Easier Approaches to Method  
Development for Pharmaceutical Analysis
The traditional five-step approach with judi-

cious choice of column, detector, and mobile-
phase conditions works well for systematic 
method development for pharmaceutical 
analysis when implemented by experienced 
scientists. However, it would be desirable to 
have easier approaches to develop effective 
methods by analysts with diverse experi-
ence levels. Here we will describe two such 
approaches.

A Three-Pronged Template Approach
A three-pronged template approach was 
proposed in 2013 to facilitate the rapid 
development of early-phase RPLC meth-
ods by recognizing the attributes of the 
three types of HPLC methods commonly 
used in the pharmaceutical analysis 
(10). These method templates, with their 
unique sets of characteristics and capa-
bilities, allow a quicker method develop-
ment process for scientists by recogniz-
ing the attributes and the expected final 
method conditions (column, operating 
conditions). These method templates are 
described below.

Template 1. Fast (sub-2-min) LC isocratic 
methods for rough assays (potency of DS or 
strength of DP) used in content uniformity 
and dissolution (performance) testing of 
drug products (2). These are non-stability-
indicating procedures for the determination 
of the main component (assay) only. They 
can be developed and qualified quickly. 
Note that this method type is not adequate 
to be used for actual potency assay of a DS 
or purity factor of a DS on a certificate of 
analysis (CoA), which must be derived from 
a validated stability-indicating method or 
method template #3. 

Template 2. Generic broad-gradient RPLC 
methods can be used for high-throughput 
screening (1–2 min) (5,28) or in-process 
control testing (4–10 min) (2,5). Still, the 
broad gradient RPLC methods can also 
be re-purposed for purity assays of simpler 
samples such as raw materials, starting mate-
rials, reagents, and cleaning verification (30) 
samples. The generic methods can be eas-
ily modified for stability-indicating assays of 

Learn more: www.acdlabs.com/MSWorkbookSuite

Easily Deconvolute GC/MS & LC/MS Data
3 simple steps from data to answers

Separate Identify Store & Share

Automatically extract and 
separate components

Search libraries to 
identify structures

Store interpreted 
results with live data

http://www.acdlabs.com/msworkbooksuite
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simpler drug molecules by extending the 
gradient times (tG) or using a more com-
plex gradient profile. An organization can 
adopt a few generic broad-gradient meth-
ods for applications across different early 
development projects to reduce to burden 
for method development. This practice 
can save considerable analytical resources, 
reduce the method development, validation, 
and transfer time, and the stockpile of dif-
ferent HPLC columns by individual scientists 
within an organization (29). 

Template 3. Multi-segment gradient meth-
ods. A brief survey of literature conducted 
in 2013 indicated a predominance of multi-
segment gradient methods for ICH-compli-
ant stability-indicating analytical procedures 
for complex NCEs (2,10). The rationales for 
this unique gradient pattern (see Figure 4) 
are likely to be as follows: 

• Isomers, impurities, and degradants of 
the API usually have similar structures and 
hydrophobicity to those of the parent mol-
ecule and thus may be eluted close to the 
API under RPLC.

• A shallow gradient with the API eluted 
toward the end of the gradient segment 
would maximize the resolution around the 
API peak. The hydrophobicity of the API 
defines the final %MPB of this segment.

• A steep gradient segment, followed by 
a purging step, is used to elute highly-
retained components (dimers). An initial 
low-strength gradient segment (starting at 
2–5% MPB) may be required to retain polar 
impurities (such as hydrolytic degradants).

Traditionally, a single, broad, linear gradi-
ent is used during initial method develop-
ment and column screening. This fast gradi-
ent approach is acceptable for initial phase 
screening but is unlikely to provide sufficient 
resolution around the API to resolve closely 
eluted impurities. The understanding of the 
rationales for the multi-segment gradient 
program offers helpful insights into the fine-
tuning method development steps used in 
method optimization (step 4). Note that lin-
ear gradient segments are invariably used, 
and isocratic steps should be avoided to 
reduce method transfer issues between dif-
ferent HPLC or UHPLC systems.

Case Studies to Illustrate the Use of 
Multi-Segment Gradient Approach 
for Complex DS and DP Methods
Two case studies are included here to illustrate 
the application of this multi-segment gradient 
approach in the method development of 
complex pharmaceuticals (13). The third case 
study is an early UHPLC method develop-
ment example of an NCE DS method and the 

“back-transfer” to HPLC conditions (9).

A Complex NCE with Three Chiral Centers 
Figure 5a shows a chromatogram in a 
method development case study for a 
complex molecule with three chiral centers. 
Here, the resolution of the four pairs of dia-
stereomers becomes the crucial criterion for 
quality assessment (13). The middle gradient 
segment employed is a shallow gradient 
(15–40%B in 25 min) used to separate the 
API (with an absolute configuration of SRR) 
from its diastereomers (SRS, RRR, and RRS) 
and other impurities (M416, M456, and M399, 
designated as their parent (M+H)1+ ions). A 
low-strength initial gradient allows for the 
retention of a hydrolytic degradant (M235), 
while the final segment depicts a steep gra-
dient that elutes any dimers or other late-
eluting species. Note that this 42-min HPLC 
method has been converted into a 17-min 
UHPLC method using a 100-mm column 
packed with 2-µm particles with equal reso-
lution performance (13).

Figure 5b shows a chromatogram of the 
secondary orthogonal method developed at 
the same time, which yields a better resolu-
tion of the diastereomers using a phenyl col-
umn and methanol. Nevertheless, the HPLC 
conditions used in Figure 5a with an analysis 
time of 42 min was employed as the primary 
regulatory method due to its higher overall 
resolution and peak capacity. The case study 
also illustrates the implementation of a pro-
active method development approach using 
a secondary orthogonal method to ensure 
there are no impurities hidden underneath the  
API peak (2,3).

A Method for a Complex DP  
with Multiple APIs 
Figure 6 shows a UHPLC-UV chromatogram 
of a retention marker solution consisting 
of 60+ components used in a stability-indi-
cating method for a complex DP with four 

APIs (Strilbild tablet for HIV indication). The 
method uses a 5-segment linear gradient 
profile customized to maximize the resolu-
tion of the four APIs. The method develop-
ment process utilized a software-assisted 
approach using the QbD principle (13,27). 
This procedure has been successfully vali-
dated, and a validation summary data is 
available from the reference paper (13).

An Early UHPLC Method Development 
Case Study of an NCE DS Procedure 
Figures 7a–d shows a sequence of four 
chromatograms obtained during an early 
UHPLC method development case study of 
an NCE DS method, which has several light 
degradants published in 2007 (9). Figure 7a 
shows the original 35-min HPLC chromato-
gram from a client using a phosphate buf-
fer. This mostly isocratic method was not 
acceptable because a shoulder “hump” was 
observed on the downslope of the API peak, 
indicating the presence of a hidden impu-
rity. Figure 7b shows a 5-min broad-gradient 
column screening study using a 50-mm C18 
column showing an equivalent separation of 
the original HPLC chromatogram. The entire 
4-column screens study took 1 h, indicating 
a polar-embedded phase (Acquity Shield 
RP18, 50 x 2.1 mm, 1.7-µm) yielded the best 
separation around the critical region. MPA 
was changed to an MS-compatible buf-
fer of 20-mM ammonium format at pH 3.7. 
Figure 7c shows the final 13-min UHPLC 
method using an Acquity Shield RP18, 100 x  
2.1 mm, 1.7-µm, which yielded an improved 
resolution of three impurities peaks in the 
critical region. Figure 7d shows the final 
20-min “back-translated” HPLC method 
using an HPLC column (XBridge Shield RP18, 
150 x 3.0 mm, 3.5-µm). This process took 2 d, 
using principles of “geometric-scaling” (23), 
assisted by a modeling software (DryLab) to 
ensure that all three light degradants labeled 
with an asterisk could be resolved. The entire 
method development project took about 1 
week, including the “back-translation” of the 
UHPLC method into HPLC conditions.

A Modernized Universal Generic 
Method for Multiple NCEs 
Wouldn’t it be nice if we could have a single 
universal generic gradient method that works 
for multiple NCEs and most pharmaceutical 
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analyses? The concept appeared to work well 
for cleaning verification when a 10-min HPLC-
UV generic method was found suitable for 
multiple NCEs in a small-molecule portfolio of 
an organization in 2012 (30). In 2014, the idea 
was further extended by applying the latest 
column technologies (short columns packed 
with sub-3-µm superficially porous particles 
(SPP) with improved bonded chemistry) to 
allow the development of a modernized 
version of a 2-min generic gradient method 
operating at optimum conditions with simple 
mobile phases (11).

Figure 8a shows the performance of this 
modernized generic gradient HPLC-UV–MS 
method in the separation of a 12-component 
test mix (11). The method has a peak capac-
ity (Pc) of 100, and resolves ten peaks out a 
mixture of 12 NCEs with good peak shapes 
and sensitivity with simple mobile phases on 
both HPLC and UHPLC systems (3700 psi). 
Best of all, the “standard” 2-min method can 
be easily adjusted to resolve all twelve NCEs 
with a run time of 5 min by simple adjust-
ments of gradient conditions (Figure 8b). 

The rationales in the selection of columns, 
mobile phases, and operating conditions 
are explained in the 2016 reference (11). 
This reference also provides several case 
studies that this generic method can be 
applied to stability-indicating applications 
by quick adjustments of gradient conditions 
(using longer tG and multi-segment gradi-
ent) to obtain reasonable initial method 
conditions. The next steps can be a column 
or mobile-phase screening and the use of a 
longer column to arrive at the final regula-
tory method conditions. 

In summary, a generic gradient method 
using a short column operating at optimum 
conditions shown in Figure 8a (for example, 
C18, 50 mm  x 3.0 mm i.d., 2.7-µm SPP, 5 
- 60% acetonitrile in 2 min at 1 mL/min) is 
capable of delivering peak capacities (Pc) 
of 100-300 in 2 to 10 minutes (2,31–32). 
The generic method approach works well 
for cleaning verification of multiple NCEs 
and provides a useful starting point in the 
development of stability-indicating analyti-
cal procedures.

Method Content, Execution, 
and Life Cycle Management
We devote the final section to discussing 
the essential elements in a well-written HPLC 
method (33), guidance in method execution 
to generate more reliable stability data, and 
the concept of life cycle management of 
analytical procedures (34).

Method Content and Essential 
Elements in an Analytical Procedure
A well-written analytical procedure with all 
essential elements is critical for its success-
ful execution of the laboratory. Table IV lists 
these essential elements for late-stage meth-
ods, excerpted from a recent U.S. FDA guid-
ance document (33).

In addition, it is also essential to include as 
many helpful details in the written method as 
the analyst will need to successfully execute 
the method. The method should include 
example chromatograms (both full- and 
expanded-scale of a blank, retention marker 
solution or SSTsolution, standard solution, 
and a typical sample solution), safety precau-

http://www.pci-hplc.com
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tions, a table of RRT and RRF if available (2), 
and method history with reasons for revisions.

Strategies for Method Execution  
to Generate Reliable Stability Data
A well-developed and written analytical 
procedure with full validation and vigorous 
transfer process is the cornerstone for effec-
tive method execution. Understanding the 
chemistry of the NCE, the physicochemical 
characteristics of the molecule (such as pho-
tosensitivity, hygroscopicity, forms, reactivity, 
and chirality) and their effects on the stability 
profile of the DS and DP is crucial. The judi-
cious use of forced degradation and acceler-
ated stability studies, and predictive software 
models (7) can often reduce the need for 
conducting more stability studies. 

Ideally, the CMC analytical team lead, hav-
ing intimate knowledge of the drug candidate, 
should be responsible for the method devel-
opment and conducting the initial release 
testing and stability study of the first clinical 

batches. This work allows a better under-
standing of the stability profile of the NCE and 
the nuances in method execution before out-
sourcing stability studies to external contract 
organizations. In general, the contract manu-
facturing organizations (CMOs) selected 
for the large-scale production of clinical trial 
materials (CTMs), tend to be preferred part-
ners for conducting stability studies, because 
they have a higher stake in the success of 
the development project. It is customary to 
include shipment of the SST retention marker 
solutions to the transferred laboratories to 
lessen the occurrence of peak misidentifica-
tion caused by retention time peak shifts and 
potential stability data issues down the line.

Life Cycle Management of 
Analytical Procedures
The life cycle management approach can 
benefit a laboratory and the drug developer 
by improving the performance of methods, 
reducing analytical uncertainties such as 

out-of-specification (OOS) and out-of-trend 
(OOT) results, and improving the success of 
the method transfers. 

Life cycle management of analytical pro-
cedures is an integrated method design, 
development, and performance character-
ization strategy based on a structured and 
systematic approach using concepts of QbD 
similar to those applied to new drug devel-
opment (24,34). This approach should be 
phase appropriate during the early drug sub-
stance method development to the final fully 
validated late-stage drug product methodol-
ogies. The strategy starts with the definition 
of an analytical target profile (ATP)–where 
the requirements of the analytical procedure 
(what to measure, method and sample type, 
separation criteria and performance require-
ments) for assessing the critical quality attri-
butes (CQAs) of the drug substance and 
the drug products are described. The three 
stages of the life cycle are:

Stage 1: Method Design and Development
This stage includes an understanding of the 
variability of the method, risk assessments, 
and proposed control strategy for critical 
method parameters (CMPs) that may pose 
a risk to consistently achieving method 
requirements.

Stage 2: Method Performance Qualification
The method, with the proposed control strat-
egy, is qualified to ensure it meets its require-
ments consistently. This stage includes 
the method validation process and can be 
phase appropriate depending on the stage 
of development.

Stage 3: Continued Method
Performance Optimization or Verification
This stage includes monitoring the perfor-
mance after the method is placed into rou-
tine QC use by using control samples and 
charts as well as evaluation and continuous 
improvements of the method. The results of 
method transfer can be part of the perfor-
mance verification process. 

Summary and Conclusions
This paper provides an overview of the fun-
damentals and best practices in the devel-
opment of stability-indicating methods for 
pharmaceuticals. It describes the traditional 

TABLE IV: Essential elements of an analytical procedure

No Section Title Descriptions and Interpretations (Examples)

A Principle or scope
Separation mode, detection, target 

analytes, and sample type (DS or DP).

B Apparatus or equipment
Instrument, detector, column (size, 

particle, part number), filter

C Operating parameters
Flow rate, column temperature, run time, 

detector setting, fall gradient 
parameters, normal operating pressure range

D Reagents or standards
Grade, source, purity, 

potencies, storage, expiration date

E Sample preparation
Detailed procedure on extraction, 

concentration, sonication time, solution 
stability (including storage conditions)

F
Standards control 

solution preparation

Detailed procedure including mobile-phase 
preparation, diluent, concentrations, solution 

stability (including storage conditions), calibration 
standards, system suitability testing (SST) solutions

G Procedure
Equilibration time, injection volume, suggested 

injection sequence including SST, allowable adjustments 

H System suitability
Acceptance criteria such as tailing factor, 

precision, resolution of critical pair, sensitivity 

I Calculations
Representative calculations, formulas, list of 

specified impurities and their relative retention 
time (RRT) and relative response factors (RRF)

J Data reporting
What to report and report format, units, 

number of significant figures

H References
Notebook references, method validation 

protocol or report, internal SOP or relevant 
document reference related to the test method
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five-step method development approach, as 
well as modern trends, easier approaches, 
and software tools for expediting the pro-
cess. The regulatory guidance on a well-writ-
ten method, strategy for efficient method 
execution, and life cycle management of 
analytical procedures are also discussed. 
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Free Simulators for Virtual Chromatography 
Laboratory Experiments
This article provides an introduction to chromatography and electrophoresis simulators, with an emphasis on those 
available at no cost.

Charles A. Lucy

When forced to teach separation sci-
ence with little or no access to a 

laboratory, using chromatography simula-
tors can help. Here, we describe several that 
are free. Regular readers of LCGC will be 
familiar with the powerful chromatography 
method development software advertised 
in this publication. Such software facilitates 
development and optimization of liquid 
chromatography (LC) and gas chromatogra-
phy (GC) methods for novel compounds and 
separations. Virtual laboratory experiments 
using such software have been described 
(1,2). The simulators discussed below are lim-
ited to analytes and compounds within their 
embedded data, but are nonetheless useful 
in educational settings. 

“ProEZGC” from Restek Corporation is a 
gas chromatography simulator to aid col-
umn selection and method development 
(3,4). Simulations are based on a database 
of thermodynamic data for nearly 8000 
compounds collected on more than 30 GC 
stationary phases. Only compounds in the 

database can be modeled. When provided 
a list of compounds, ProEZGC suggests 
columns and simulates the chromatogram 
under optimum conditions. The effects of 
column length (L), internal diameter (dcol), 
film thickness (df), carrier gas, flow rate (F), or 
linear velocity, temperature program (up to 
five ramps) and detector pressure (vacuum 
or non-vacuum) can be modeled. Ideal injec-
tion and Gaussian peaks are assumed. Mass 
spectra are available for many compounds. 
Instructors and students must register for 
free access to the program. A video intro-
duction to ProEZGC is available (5). 

“HPLC Teaching Assistant” (6,7) is an 
Excel-based reversed-phase LC simulator 
with sheets focused on efficiency (L, dcol, and 
particle size [dp]), resolution (k, α, N), isocratic 
(% methanol) and gradient elution (initial and 
final % methanol, gradient time [tG] F, L, dcol, 
and dp), extracolumn broadening, and ana-
lyte characteristics (log P, pKa, and molecular 
weight). A widely-used textbook provides 
exercises using this simulator to illustrate 

fundamental chromatographic behavior and 
reversed-phase behavior (8).

“HPLC Simulator” is a high fidelity simula-
tion of reversed-phase high-performance 
liquid chromatography (HPLC) (9,10). Reten-
tion behavior for more than 40 compounds 
on an Agilent SB-C18 column is simulated 
using experimentally determined linear sol-
vent strength parameters for methanol and 
acetonitrile. As shown in Figure 1, user-con-
trolled parameters include organic modifier, 
%B, column temperature [T], dp, L, F, injec-
tion volume, and baseline offset and noise. 
Outputs for isocratic separations include the 
chromatogram (exportable to csv file), flow 
velocity, plate height (H), back pressure, a 
table of k, tR, peak width (σ), and the linear 
solvent strength parameters kw and S. Gradi-
ent inputs include gradient delay volume and 
outputs include retention factor at elution (ke). 
Virtual exercises and laboratory procedures 
are available through the Instructor Resources 
button for course levels ranging from sopho-
more to graduate. The site also has an excel-
lent compilation of HPLC resources (11).

“AppletChrom” animates the separation 
of five components within a column based 
on a Craig counter-current model (12). Plate 
number, distribution ratios, and detector 
response factors can be varied. This, and 23 
other applets relevant to analytical chemistry, 
were recently rewritten in JavaScript and can 
run on most common browsers.

“Virtual Column Online” from Thermo 
Fisher Scientific is an ion chromatography 
(IC) simulator to aid column selection and 
method development (13,14). Experimen-
tally determined parameters are used to 
simulate separations for: 89 inorganic and 
organic anions on 15 anion exchange col-
umns for isocratic carbonate or bicarbon-
ate, isocratic hydroxide, and linear-gradient 
hydroxide; 111 inorganic and organic cations 

• Continued on Page 468
FIGURE 1: HPLC Simulator for reversed-phase LC separations.

Source: courtesy of Dwight Stoll, Gustavus Adolphus College
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There is No Time to Waste:  
Low-Pressure Gas Chromatography–Mass 
Spectrometry is a Proven Solution for Fast, 
Sensitive, and Robust GC–MS Analysis 
Low-pressure gas chromatography (LPGC) has been known to be advantageous compared to standard GC since 
Giddings first described the concept in 1962, but a practical solution for its use eluded analytical chemists until the 
year 2000, when de Zeeuw fashioned a simple guard column restrictor concept to maintain positive inlet pressure for a 
wide-bore analytical column under vacuum. Initially introduced as rapid mass spectrometry (MS), de Zeeuw’s invention 
made LPGC practical in nearly any GC application using MS for detection. Lehotay and associates have demonstrated 
the advantageous features, excellent performance, and practical utility of LPGC–MS in dozens of publications since 
2001. In our experience, LPGC–MS is the most practical and beneficial fast-GC technique available to achieve <10 min 
analyses in applications that typically take 20–40 min. Sample capacity and column robustness are increased greatly 
using LPGC to permit large-volume injection with standard inlets without column maintenance, and, because vacuum 
conditions generate taller and narrower peaks that are still suitable for standard MS data acquisition rates, sensitivity 
is also increased. Furthermore, enhanced selectivity of detection using modern MS tools and software compensate 
for reduced chromatographic peak capacity. In our view, LPGC–MS should be the first option for evaluation in many 
GC–MS applications to provide fast, sensitive, and robust analyses. 

Steven J. Lehotay, Jaap de Zeeuw, Yelena Sapozhnikova, Nicolás Michlig, Jana Rousova Hepner, and Joseph D. Konschnik

Because nearly all forms of mass 
spectrometry (MS) require vacuum 

systems for operation as a detector in 
gas chromatography (GC), GC–MS has 
inherently entailed vacuum outlet column 
conditions since its inception. All exist-
ing commercial GC–MS instruments and 
software include a setting in the GC–MS 
column configuration to compensate for 
the detector vacuum, so that carrier gas 
flow rates can be controlled accurately. 
Thus, there is nothing special about the 
installation, instrumentation, or imple-
mentation of low pressure (LP) GC in any  
GC–MS system. 

Rather than the subambient pressure 
only partially extending up the column, in 
LPGC the partial vacuum extends up the 
entire analytical column length. That differ-
ence is the essence of LPGC that provides 
excellent advantages over traditional GC, 
as a result of the reduced viscosity of the 
carrier gas and lower vapor pressure of the 
analytes under vacuum conditions. 

In 1962, J. Calvin Giddings first described 
the advantages of vacuum conditions (1). In 
2015, Sapozhnikova and Lehotay reviewed 

the history, features, and applications of 
LPGC–MS at the time (2). 

The aim of this article is to update that 
review, dispel misconceptions, and report 
new developments for the benefit of those 
currently using traditional GC–MS that takes 
>15 min per analysis. In comparison with 
ultrahigh-performance liquid chromatog-
raphy (UHPLC) which dominates the field 
of chromatography (3), many analysts think 
standard GC–MS takes too long, and they 
are usually right! Many if not most current 
GC–MS or GC–tandem mass spectrometry 
(GC–MS/MS) applications could be done 
2-4 times faster by using LPGC without any 
changes in instrumentation, while improv-
ing the quality of results and greatly enhanc-
ing robustness. 

In our view, LPGC should be the default 
column configuration for GC–MS instru-
ments, particularly for MS/MS, to save time 
in most applications. If LPGC flow rate and 
oven programming conditions, among 
other means, cannot be developed to meet 
specific application demands, then a differ-
ent column phase or dimensions should be 
installed, just as has been normally done 

since the dawn of column chromatography. 
For Lehotay and associates, use of LPGC–
MS has been the default tool for GC-amena-
ble analytes since 2001 (2,4), and we encour-
age others to also stop wasting time in their 
GC–MS analyses. LPGC–MS is inexpensive 
and very easy to try, and some manufacturers 
have traditionally provided free columns for 
testing purposes in marketable applications.

The Story of LPGC
Even though chromatographers knew 
vacuum conditions would speed GC sepa-
rations since 1962 (1), practical limitations 
in instrumental design made research on 
the topic difficult. Starting in the 1980s, 
extensive work was published by Cramers 
and Leclercq, who presented the unique 
benefits and detailed theory behind 
LPGC (5–10). Noting these benefits, Yost 
and associates devised hardware and 
described initial LPGC–MS applications in 
a series of publications involving injection 
conditions under subambient pressure (11–
15). However, these approaches required 
specialized inlets that were impractical for 
widespread implementation.
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TABLE I: Calculated length and average linear velocity (ū) for capillaries of the given internal 
diameter (i.d.) and film thickness (d.f.) to yield 2 psig inlet pressure for guard/restrictors 
(calculated at 0 psig for analytical columns) at 1 mL/min He carrier gas flow rate with vacuum 
outlet at 40 °C and 320 °C oven temperatures. 

i.d.
(mm)

d.f.
(μm)

40 °C 320 °C
Usage Ref.Length

(m)
ū 

(cm/s)
Length

(m)
ū 

(cm/s)

0.025 0 <0.01 >2000 <0.01 >2000 0.01 m as 
restrictor

(31)

0.10 0 0.45 296 0.12 632
≥0.5 m as 
restrictor

(16,32)

0.15 0 2.31 131 0.65 271
≥2.5 m as 

guard/
restrictor

(4,33)

0.18 0 4.78 91 1.33 190
≥5 m as guard/

restrictor
(24-

30,34)

0.25
0.25–
0.5

13.68 53.7 4.95 98.3
≤4 m as 

analytical
(35,36)

0.32
0.25–
0.5

36.72 32.8 13.29 60.0
≤12 m as 
analytical

(37,38)

0.53 0.5–1 >200 <14 100.1 21.9
≤100 m as 
analytical

(16,
24–34)

Inlet

Union

MS

LPGC-MS
IS INSTALLED

JUST LIKE GC-MS
WITH A GUARD

COLUMN

5 m, 0.18 mm i.d.
Guard/Restrictor

1 m, 0.53 mm i.d. uncoated
integrated transfer line (ITL)

15 m, 0.53 mm i.d.,
1 µm xx-5 ms

Analytical
Column

FIGURE 1: A common column configuration for vacuum LPGC–MS applications. The re-
striction/guard capillary fits within the analytical column for a zero-dead volume union, 
and the integrated transfer line (ITL) section has no stationary phase to degrade in the 
continuously hot transfer line.  Note:  “xx” refers to any vendor brand column.

The key breakthrough in the ease-of-use 
and practicality of LPGC–MS occurred in 
2000, when de Zeeuw and associates intro-
duced (16) and patented (17) a new con-
cept to employ a narrow capillary guard 
column as a restrictor at the inlet. This 
simple and effective design maintained 
normal pressures using standard inlets for 
GC, connected to an analytical GC column 
with dimensions such that the vacuum 
outlet conditions would extend all the way 
up the column. Figure 1 displays a current 

example of LPGC column dimensions that 
can be installed on any GC–MS instru-
ment, just as any other pair of columns 
connected by a union are installed. Some 
vendors offer the preconnected LPGC 
column set as a stock product or custom 
order; thus users do not need to make the 
column connection themselves. 

We emphasize this point because certain 
others without experience in the technique 
have mischaracterized LPGC as lacking 
robustness (18) or requiring special instru-

mentation (19). LPGC–MS/MS was men-
tioned in a recent review, (20) but that is 
not always the case (21-22). The truth is that 
LPGC trades excess separation power for 
many advantages, as mentioned below, and 
it is no different in practice from standard 
GC–MS using a guard column, as should 
already be used in any case. 

In 2003, Maštovská and Lehotay reviewed 
and compared different approaches to fast 
GC–MS (23), and although the technology 
of MS-based detection has greatly improved 
since then, GC is a long-established analyti-
cal tool that has not undergone fundamen-
tal developments in the past 20 years (22). 
The review of fast GC–MS in 2003 remains 
fundamentally relevant today in describing 
the benefits and costs among the different 
means to speed GC–MS, and LPGC still 
serves as the best overall practical option for 
rapid analysis of semivolatile and nonvolatile 
GC-amenable analytes. 

LPGC Configuration Options
Figure 1 illustrates the “standard” configura-
tion option for LPGC–MS used by Lehotay 
and associates for the past several years 
(24–30), but it is also an option of conve-
nience that has been shown to work. Not all 
possible column pairs, dimensions, station-
ary phases, and film thicknesses have been 
studied, and this topic still remains ripe for 
investigation nearly 60 years from its first 
mention (1). Table I presents a range of pos-
sible combinations that can be implemented 
in LPGC with any type of guard column capil-
lary and stationary phase already available for 
any GC application. Several references listed 
in Table I describe the use of these different 
combinations in LPGC applications (24–38). 

Although the LPGC–MS concept was 
initially introduced commercially as rapid-
MS using a 0.6 m, 0.1 mm i.d. restrictor/
guard capillary fitted to a 10 m, 0.53 mm 
i.d., 1 µm film thickness analytical column 
(16), restriction capillaries <0.15 mm i.d. 
tend to become contaminated too quickly 
with co-injected matrix components. This is 
why in 2001, Maštovská and associates (4) 
employed a 3 m, 0.15 mm i.d. guard/restric-
tor capillary for the 10 m, 0.53 mm i.d., 1 µm 
film thickness analytical column. In time, this 
was extended to a 5 m, 0.18 mm i.d. guard/
restrictor and 15 m analytical column to pro-
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FIGURE 2: Calculated head pressures vs. length of analytical columns of different di-
mensions in LPGC–MS with 1 mL/min He carrier gas at vacuum outlet conditions.

TABLE II: LPGC–MS/MS results for selected pesticides spiked into hemp powder and 
oil (day 1 sequence of 62 injections) and in hemp pellets (Day 5 sequence totalling 298 
injections) using QuEChERSER sample preparation. The inlet liner was changed after 140 
injections.

Analyte
Initial <50 injections After >250 injections

Avg ± SD
 tR (min)

Analytical
RSD

Avg ± SD
tR (min)

Analytical
RSD

Dichlorvos 2.818 ± 0.004 6.6% 2.824 ± 0.002 5.2%

Ethoprophos 4.110 ± 0.002 6.0% 4.106 ± 0.002 3.4%

Endosulfan I 5.405 ± 0.002 9.3% 5.398 ± 0.003 9.2%

Azoxystrobin 7.249 ± 0.004 9.4% 7.255 ± 0.010 7.5%

vide even more robustness and an increased 
number of theoretical plates relative to the 
10 m column (24–30). General use of a 30 m, 
0.53 mm i.d. column with 0.5-1 µm film thick-
ness may be even better, but this has yet to 
be reported in the literature. 

In an extension of Table I, Figure 2 dis-
plays analytical column head pressures with 
He carrier gas flow rate of 1 mL/min at the 
vacuum outlet (-14.7 psig = 0 Torr, and 0 psig 

= 1 atm = 101 kPa). The plots were calculated 
using FlowCalc software (as in Table I) at the 
practical GC oven temperature extremes of 
40 °C and 320 °C for different lengths of 0.25, 
0.32, and 0.53 mm i.d. analytical columns 
with 0.25, 0.5, and 1 µm film thicknesses, 
respectively (39,40). Most applications start 
with a higher GC oven temperature, which 
extends the vacuum up a longer column, but 
the main point shown is that LPGC occurs 
at a wide range of GC–MS working condi-
tions for ≤4 m of 0.25 mm i.d. columns, ≤12 
m of 0.32 mm i.d columns, and ≤100 m for 

0.53 mm i.d. columns (Table I). In any case, 
the pressure and properties of the carrier 
gas within the columns are a continuum, and 
there is no rule that dictates for any method 
to maintain LPGC conditions from start to fin-
ish during chromatography. 

Integrated Transfer Line
The current “default” LPGC column configu-
ration is shown in Figure 1, which includes a 
1 m integrated transfer line (ITL) section of 
uncoated capillary that extends into the con-
tinuously hot transfer line of the MS detector. 
There is no additional column connection to 
be made, and the concept is the same as 
an integrated guard column in GC, except 
the uncoated capillary is inserted into the 
transfer line rather than the inlet. Among its 
advantages, an ITL reduces column bleed 
because the stationary phase is not exposed 
to the hot transfer line to the MS ion source 
even when the GC oven is cool. Also, the ITL 
avoids band broadening when the transfer 

http://www.hilicon.com
mailto:info@hilicon.com
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FIGURE 4: Comparison of the time or sample throughput gained by using LPGC–MS 
with a 13 min analytical cycle time vs. 23–33 min.

line is cooler than the GC oven, which would 
also slightly slow the separation. In a related 
benefit, the ITL allows setting of a lower 
transfer line temperature to reduce possible 
thermal degradation of analytes. The ITL is 
continuously deactivated by stationary phase 
bleed components, thus minimizing analyte 
tailing. Additionally, analyte protectants (APs) 
that fill active sites throughout the GC–MS 

system are frequently utilized to reduce ana-
lyte interactions with the active sites on glass 
and metal surfaces (41,42). 

Most importantly, the ITL eliminates the 
chance that stationary phase is degraded 
at the transfer line hot spot when exposed 
to oxygen or water. Carrier gas and injected 
samples contain traces of air or water that 
can damage the column when it is >120 °C 

(43). Thus, even if the GC oven is cool at the 
start of the analysis, the transfer line is typi-
cally >250 °C where the co-injected O2 and 
H2O will oxidize the stationary phase, unless 
the ITL is used. Once the stationary phase 
polymer is degraded anywhere on the col-
umn, a chain reaction will occur throughout 
the column, eventually leading to very high 
column bleed, worse analytical performance, 
and replacement of the column. The ITL 
provides long-term robustness and cost sav-
ings when employed in GC–MS, not only 
by reducing costs associated with more 
replacement columns, but also by reducing 
the down time needed to make the more 
frequent replacements that are needed 
when the ITL is not used. 

Features of LPGC–MS
Speed of Analysis
Figure 3 compares a typical GC–MS full-scan 
total ion chromatogram of pesticides using 
a 30 m, 0.25 mm i.d., 0.25 µm film thickness 
column to LPGC with the column set shown 
in Figure 1. The analysis time was decreased 
from 34 min to 10 min in this example, but 
the separation remained similar because the 
peak widths were cut in half from ≈5 s to ≈2.5 
s by using LPGC. As described by Klee and 
Blumberg (44), the elution order of the ana-
lytes may change due to flow rate and col-
umn dimension differences, which occurred 
twice in this comparison. The use of slightly 
different 5% phenyl phases in this compari-
son might also have contributed to elution 
order changes. Moreover, both standard GC 
and LPGC conditions led to one co-elution 
of a different pair of analytes. Although the 
comparison shown is not ideal because 
speed, separation efficiency, and MS detec-
tion sensitivity and selectivity were not opti-
mized, the figure demonstrates that LPGC 
can match standard GC separations in less 
than a third of the time. 

Because column chromatography entails 
sequential analyses, speed of separation 
comprises the primary means to achieve 
high sample throughput. Figure 4 shows a 
simple, yet realistic, demonstration of the 
benefit of speed on sample throughput 
and sample batch sizes. Most laboratories 
use 20–50 min GC methods that limit their 
batch sizes in GC sequences to <50 samples. 
Using LPGC–MS  (and UHPLC–MS  in paral-

14.0 15.0 16.0 17.0 18.0 19.0 20.0 21.0 22.0 23.0

12-13
7

5 8

8

1

1

6

6

2
10

3 15
14

16
9

9

4
11

5.0 5.4 5.8 6.2

4

4.8 5.2 5.6 6.0 6.4

Standard GC–MS
30 m, 0.25 mm i.d., 0.25 µm - 5ms
Oven: 90 °C for 1 min,
 8.5 °C/min to 330 °C
 held for 5 min
1.4 mL/min He flow rate

Fast LPGC–MS
5 m, 0.18 mm i.d. guard +
15 m, 0.53 mm i.d., 1 µm - 5ms
Oven: 80 °C for 1 min,
           45 °C/min to 320 °C,
           held for 4 min
2 mL/min He flow rate

Time (min)

Time (min)

(a)

(b)

Si
gn

al
Si

gn
al

2

3

5
7

10-11

12

13

14

16
15

FIGURE 3: Comparison of full scan total ion chromatograms (m/z is 50–550) for (a) standard 
GC–MS with (b) LPGC–MS (1 µL splitless injection of a 2 ng/µL pesticide solution):  1) 
diazinon, 2) isazophos, 3) chlorpyrifos-methyl, 4) fenitrothion, 5) pirimiphos-methyl, 6) 
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lel), the USDA laboratories routinely obtain 
results within 24 h when conducting method 
validations of multiple matrices involving up 
to 100 samples in the same sequence with 
n = 10 at multiple spiking levels (26–29). The 
same could be done for routine samples, if 
sample preparation allows, and Lehotay and 
associates have devised the next generation 
of semi-automated high-throughput sample 
preparation that they call the QuEChERSER 
(“more than QuEChERS”) mega-method to 
meet this need (30,45,46). To speed targeted 
analyte peak integrations and data handling, 
Lehotay and colleagues employ the summa-
tion peak integration function by default (a 
common option in instrument software) to 
minimize data review and eliminate manual 
re-integrations (24–30,45–47). 

In addition to high sample-throughput, 
other benefits of using LPGC with a 13 min 
analytical cycle time (10 min chromatogram, 
plus 3 min oven cool down) include faster 
analytical turnaround time for individual 
samples, reduced He gas usage per sample, 
reduced degradation of analytes as final 
extracts wait for injection on the autosampler 
tray, less wasted client and staff time (thus 
money!) waiting for results, and improved 
analytical performance and robustness. 

Flow Rate 
In traditional GC–MS using a 30 m, 0.25-mm 
i.d. analytical column, the optimum aver-
age helium carrier gas linear velocity (ūopt) is 
≈40 cm/s (≈1.2 mL/min flow rate). As shown 
in Figure 5, for a 0.53-mm i.d. capillary, ūopt 
increases from ≈18 cm/s under pressurized 
conditions to ≈100 cm/s in vacuum GC (16). 
Independent of the detector and analyte, 
this constant flow rate generally leads to the 
tallest and narrowest peaks (≈2 s), with maxi-
mal peak capacity in vacuum GC using 0.53-
mm i.d. analytical columns.

LPGC using helium carrier gas is akin to 
standard GC using hydrogen as the car-
rier gas to provide a similar improvement 
in speed and separations (44,48). In fact, 
helium under vacuum conditions has prop-
erties similar to those of hydrogen carrier 
gas operated normally, which is how LPGC 
also works, but H2 is reactive and perme-
ates metal surfaces, posing safety and 
performance risks in GC–MS. Nitrogen as 
a carrier gas in LPGC also works as well or 

better than helium in terms of fast chroma-
tography, but N2 completely desensitizes 
MS performance using electron ionization, 
thus it is a poor choice in LPGC–MS. Use of 
hydrogen in LPGC–MS has yet to be evalu-
ated to our knowledge.

Although the theory of GC is well-estab-
lished after 70 years of usage, the nuances 
of optimal conditions and trade-offs 
involved in analyst choices remains com-
plex (44,49–50). Frankly, the “gurus” of GC 
have focused much attention on GC×GC 
and microbore-GC rather than LPGC, and 
its equally rich theory involving two capillar-
ies of different dimensions have not been 
thoroughly reported. This article is partially 
intended to stimulate further study by oth-

ers, including of theory, for the benefit of 
the analytical GC–MS community. 

Increased Sensitivity
Chromatographic peaks are taller in LPGC, 
because shorter analysis time leads to 
less band broadening and tailing, espe-
cially for analytes that normally are eluted 
at the end of the chromatogram. A 2.5-
fold enhancement in signal is common in 
LPGC–MS compared to conventional GC–
MS (2). Greater sample capacity in LPGC 
also allows more equivalent sample to be 
injected (as we discuss later), which leads 
to lower detection limits if matrix interfer-
ants are not the limiting source of noise. 
APs also serve to reduce analyte tailing 
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and losses at active sites throughout the 
GC–MS system (41,42). 

Peak Width and MS Data 
Acquisition Rate
Higher flow rate is one aspect in LPGC 
that leads to shorter analysis time, and 
peaks are taller and narrower due to less 
time for the analyte to diffuse. However, 
unlike fast GC–MS with micro-bore col-
umns (20,23), the peaks are not so narrow 
that typical MS detectors cannot acquire 
them. The ≈2 s peaks in LPGC allow a 
data acquisition rate as slow as 2.5 Hz to 
still attain at least five points for defining 
chromatographic peaks. This is one major 
reason why LPGC–MS is feasible with 
common MS detectors, whereas micro-
bore GC–MS tends to fail (23).

Increased Sample Capacity 
and Robustness
Another major reason that fast GC–MS can 
fail, even when using 0.25 mm i.d. columns, 
is that sample capacity (maximum amount of 
equivalent sample that does not saturate the 
column) is proportional to the third power of 
capillary i.d. (23,44). Thus, with all else being 
equal, a 0.53 mm i.d. capillary can accept 
44-fold more injected sample equivalent 
than 0.15 mm i.d., 25.5 times more than 0.18 
mm i.d., 9.5 times more than 0.25 mm i.d., 
and 4.5 times more than 0.32 mm i.d. This is a 
major benefit of mega-bore columns (43,44), 

which is why 0.53 mm i.d. was the standard 
column dimension at the dawn of capillary 
GC, to handle the high equivalent sample 
amounts needed to yield reasonable detec-
tion limits using less sensitive detectors. 

The 30 m, 0.25 mm i.d, 0.25 µm film sta-
tionary phase became the standard column 
in GC–MS as a result of the flow rate, sen-
sitivity, and selectivity limitations of the MS 
detectors at the time. Selectivity and sensi-
tivity have improved tremendously since that 
time through use of MS/MS, high resolution 
(HR) MS, and better deconvolution software 
(22). Thus, the factors that led to the standard 
30 m, 0.25 mm i.d. column configuration in 
GC–MS do not necessarily apply anymore. 
Now that MS detectors and software can 
better isolate analytes from other co-eluted 
chemicals, the separation power of chroma-
tography has become less important, and 
greater speed and robustness in analyses 
can be achieved using LPGC.

Table II provides a demonstration of 
robustness in LPGC–MS/MS for a very dif-
ficult analysis of pesticide residues in hemp 
products after QuEChERSER sample prepa-
ration (30,45,46). Nearly 300 injections were 
made altogether of extracts of hemp pow-
ders, oils, fresh and dried plants, and dried 
flowers over the course of 5 d. The ≈50 
injections each of dried plants and flowers 
overwhelmed the system, leading to poor 
quantitative results for those matrices, but 
as the table shows, the consistency of the tR 

and analytical precision for the selected pes-
ticides in the pellets on Day 5 (n = 30) was 
as good as it was for powders and oil (n = 
30) on Day 1 without column or MS mainte-
nance. Only the inlet liner was changed after 
140 injections of powders, oils, and fresh and 
dried plants. 

Even if the full sample capacity of a mega-
bore column is not needed for each injection, 
the added sample capacity leads to greater 
robustness, less down time for maintenance, 
and fewer column purchases. For example, 
Maštovská and colleagues showed the 
greater long-term robustness of LPGC–MS 
using a 0.53 mm i.d. analytical column (4) 
compared with a 0.25 mm i.d. column (35). 
A 10 m, 0.32 mm i.d. analytical column with 
0.5-1 µm film thickness may serve as a rea-
sonable balance of separation efficiency vs. 
sample capacity in LPGC, but this option has 
not been thoroughly evaluated (37,38).

While still maintaining 10 ng/g limits of 
quantification since 2001, the USDA labora-
tory has reduced its equivalent injected sam-
ple in LPGC–MS from 10 mg (4) to 2.5 mg (33) 
to 1 mg (34), and to as little as 0.2 mg today 
(24–30) after a series of instrument upgrades. 
A previous drawback of LPGC–MS requiring 
periodic trimming of the guard/restrictor or 
analytical column has been obviated. Again, 
the ITL, APs, and QuEChERSER help greatly 
in this outcome. 

Increased Standard  
Splitless Injection Volume
The beauty of the advances in MS technol-
ogy when combined with the high sample 
capacity of LPGC (with 0.53 mm i.d. col-
umns) is that extracts can be more dilute 
to improve sample preparation (extrac-
tion and cleanup efficiencies) while inject-
ing large volumes to meet detection limit 
needs. Moreover, a standard hot split or 
splitless injector can be used for this pur-
pose rather than a programmable tem-
perature vaporizer. Maštovská and associ-
ates showed this for 5 µL injections of final 
extracts in toluene (4), and Figure 6 gives an 
updated example showing 1-5 µL injections 
of acetonitrile extracts in LPGC–MS/MS. 
Although 100% injection efficiency was not 
achieved due to the high vapor expansion 
volume of acetonitrile in the limited liner 
volume, the signal increased with excel-
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lent consistency up to 5 µL. Ultimately, 4 µL 
injection was chosen with a 40 psig pressure 
pulse and 280 °C inlet temperature using 
a low-pressure drop splitless liner contain-
ing glass wool (30). Even though the initial 
GC oven temperature was 75 °C, the ace-
tonitrile did not condense on the station-
ary phase to deform early eluted analyte 
peaks (for example, dichlorvos) because 
the solvent remains gaseous under vacuum 
conditions in the analytical column. This 
is another major benefit in LPGC that few 
chromatographers recognize, yet it can be 
a game changer in practice.

Reduced Column Temperature 
Although most who use LPGC–MS thus far 
have employed shorter columns with fast 
temperature programming to maximize 
speed (36), LPGC provides the ability to 
achieve equivalently fast or faster separa-
tions at lower oven temperatures. Because 
compounds are eluted at lower tempera-
tures in LPGC than in standard GC, condi-
tions can be devised to minimize loss of 

thermally labile compounds that otherwise 
pose difficulties in GC analysis. Depending 
on stationary phase, film thickness, and col-
umn condition, low elution temperatures 
can provide a higher signal/noise ratio due 
to lower column bleed. 

Additionally, the initial GC oven tempera-
ture can often be increased in LPGC as a 
result of the thicker stationary phase film, 
which shortens the chromatographic run 
and oven cool down time, even if the final 
oven temperature is decreased. The injected 
solvent does not condense into a liquid after 
injection, nor does it linger in the column 
under vacuum conditions. Therefore, MS 
data collection delays are shorter to allow 
earlier elution of the most volatile analytes 
than in standard GC–MS. This also permits a 
more gradual oven programming ramp rate 
to achieve greater peak capacity between 
the first and last analytes to be eluted. Sol-
vent delay times of >3 min are usual in stan-
dard GC–MS, especially when using large-
volume injection, but ≤2 min is the norm in 
LPGC–MS. 

Ghost Peaks
Just as analyses tend to be faster in LPGC–
MS than in standard GC–MS, ghost peaks 
will also be less problematic in LPGC–MS. 
Although the analytical column under 
vacuum cannot be backflushed in the 
same way as in standard GC options (51), 
the guard (or restrictor) and the inlet can 
undergo backflushing soon after injection 
in the same way as in standard GC–MS. 
The vacuum conditions tend to sweep 
the analytical column clean anyway, and 
although ghost peaks can still occur 
depending on samples injected and con-
ditions used, keeping the oven at 150–250 

°C between sequences with column carrier 
gas flow of 1 mL/min in gas saver mode 
maintains a clean system. Lingering matrix 
components and APs will be eluted and be 
pumped away in short order. An ion source 
temperature of 320 °C also helps. As long 
as system suitability, air and water checks, 
and autotunes continue to pass, the APs 
continue to coat active sites in the system 
upon each injection to obtain good results, 
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even if the ion source is considered dirty 
for standard GC–MS. 

Operation of LPGC–MS
Column Connection
The most critical factor to implement LPGC 
is to ensure a steadfast sealing connection 
between the guard and the restrictor and 
analytical columns (see Figure 1). Figure 2 
shows how the vacuum at that union for the 
0.53 mm i.d. column is not much higher than 
it is at the MS transfer line nut, so coupling of 
the columns using a press-fit connector does 
not work in that case. Besides, capillaries with 
≤0.32 mm i.d. have <0.5 mm o.d. to fit within 
0.53 mm i.d. analytical columns. Depending 
on GC conditions (see Table I and Figure 2), 
a ≥10 m, 0.25 mm i.d. column could be used 
as the guard or restrictor. Press-fit connectors 
do not allow for one column to be inserted 
into the other for a zero-dead volume con-
nection; therefore, unions using nuts should 
be used in this situation. Vespel or polyimide 
ferrules could be used, but these must be 
retightened after heating and cooling, which 
is a very difficult task that risks column break-
age after it has been installed. Thus, unions 
with metal ferrules are needed in this appli-
cation, but if the connector is too bulky or 
heavy, great care must be taken during han-
dling to avoid breaking the capillaries. 

A “micro-union” (52,53) provides an excel-
lent solution, using a small, light-weight 
design and clever hand-tightening installa-
tion procedure with miniature metal ferrules 
to make a strong and permanent seal. The 
micro-union not only minimizes column 
breakage during shipping and handling, but 
its low thermal mass also reduces formation 
of cold spots during GC oven programming. 

Before heating the column, just as in any 
GC–MS system, a leak detector should be 
used to check all fittings for leaks at high car-
rier gas flow. Similarly, accuracy of instrument 
flow control should be determined by mea-
suring flow rates at the split vent and sep-
tum purge lines at different setpoints. Once 
severe leaks have been eliminated, the MS 
detector can be used to check air or water, 
serving as a more sensitive leak detector. 
When troubleshooting, the chemical propel-
lant of a dust cleaner spray can be monitored 
by the MS system to isolate the source of a 
possible leak.

Optimal Flow Rate
Although ūopt in LPGC may be ≈100 cm/s 
(>2.5 mL/min) with a 0.53 mm i.d. column, 
sensitivity of the MS detector cannot be 
disassociated from the chromatography 
in GC–MS analysis. Thus, it is a good idea 
when using LPGC–MS for the first time with 
an untested instrument model to directly 
measure peak intensities of analytes vs. 
constant flow rate from 0.75–3 mL/min, as 
shown in Figure 7 for different instruments. 
Some instruments are tailored to be most 
sensitive at <1.5 mL/min, for example, but 
they can still yield precise results at higher 
flow rates. As shown in Figure 5, LPGC gives 
a broadly applicable flow rate range, thus 
the chromatography is not compromised 
much if the exact  ūopt is not employed in 
the final method. 

For accurate electronic flow control in 
LPGC with a 0.53 mm i.d. analytical column, 
simply enter the guard or restrictor column 
dimensions with vacuum outlet conditions 
as the column configuration in the instru-
ment software. The same approach can 
be used for narrower analytical columns in 
LPGC provided that the capillary dimen-
sions in Table I and Figure 2 are followed. 
Otherwise, newer instruments often allow 
connected columns of different dimen-
sions to be entered into the configuration 
for even more accurate flow control, or a 
virtual column dimension can be calculated 
and entered (33). In the worst case, as long 
as settings are consistent, the analysis will 
be consistent even if the actual flows do not 
exactly match the set flows.

The LPGC system must be leak-free just 
as in any GC–MS setup for optimal perfor-
mance. When initially installing LPGC–MS, 
the MS air/water check and tuning should 
be done at 1 mL/min and ≈200 oC oven 
temperature, but once flow rate and other 
parameters have been optimized, the MS 
tuning should be done at the final method 
conditions, including transfer line and ion 
source temperatures, Again, the same 
parameters should be evaluated in LPGC–
MS as in GC–MS to optimize any method. 
LPGC–MS is rugged as well as robust, and 
as long as the data quality objectives for 
the application are met, then those method 
parameters may be used even if they are 
not optimal for “best” performance. 

Fast Oven Programming
As already mentioned, faster GC–MS also 
usually entails faster oven temperature 
ramps. For the most consistent retention 
times, the “real” (measured) temperature of 
the oven must closely follow the “set” tem-
perature of the oven controls. Watch the set-
point temperature warning light during initial 
analyses to ensure the oven keeps pace with 
the program used. Use of 220 V oven units 
typically allow up to 50 °C/min ramp rates, 
and somewhat lower rates will be needed 
for 110 V units. Chromatography may be bet-
ter at 25 °C/min in any case if lower elution 
temperature is sought (36). Physically reduc-
ing the oven size with fitted padding (54,55) 
also helps maintain oven control and reduce 
oven cool-down time (and analytical cycle 
time) to increase sample throughput.

Other Details
The reader should be cautioned that col-
umns with 1 µm stationary phase films take a 
longer time to be conditioned than 0.25 µm 
film columns. This can be observed initially 
as retention times become slightly shorter 
in each subsequent analysis using a newly 
installed LPGC column set, but the stationary 
phase will stabilize, leading to exceptional 
retention time consistency after the column 
has been thoroughly conditioned (47).

Another note of caution is that users who 
may initially have concerns with LPGC in a 
new application should not switch back to 
standard GC until they have evaluated differ-
ent oven programming, flow rate, and injec-
tion conditions than those commonly used 
in standard GC. Different phases and dimen-
sions in LPGC may also be considered from 
Table I if the “standard” setup in Figure 1 is 
not acceptable. Unlike conventional capillary 
GC, which has a head start of >40 years of 
marketing and application notes from doz-
ens of vendors, LPGC may require good, old-
fashioned method development. 

Overcoming Co-elutions
Essentially, the main drawback of LPGC–
MS is slightly reduced chromatographic 
peak capacity (see Figure 3). Use of 15 m, 
0.53 mm i.d. columns deliver ≈20,000 theo-
retical plates (20), but co-elutions still occur 
when analyzing complex mixtures. In such 
cases, co-elutions also occur for standard 
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GC–MS (see Figure 3), and Sapozhnikova 
and Lehotay (2) showed in side by side 
comparisons that LPGC separations are 
only slightly worse. LPGC–MS is not well-
suited for analysis of volatiles, but volatiles 
can already be analyzed rapidly using stan-
dard GC–MS. If necessary, film thicknesses 
of up to 5 μm can be used to increase the 
number of theoretical plates, and column 
bleed would be reasonable at lower tem-
perature. As already mentioned, use of a 
longer 0.53 mm i.d. or narrower analytical 
columns may also help.

Given the selectivity of MS, the more 
common situation in practice is that stan-
dard GC–MS columns waste time by 
providing more separation power than 
needed. MS/MS, high-resolution MS, 
and deconvolution software are becom-
ing more common in practice (3). In 2002, 
Korytár and associates (56) found clear 
benefits to speed GC–MS analyses, which 
remains even more true today using more 
advanced technology (20,22). 

Interestingly, chemical matrix interfer-
ences are not typically the limiting factor in 
(LP)GC–MS, but other analytes that share 
the same fragment or MS/MS ion transi-
tions tend to limit speed of separations. 
All existing methods have costs and make 
trade-offs for some analytes over others. 
In a fair comparison, overall benefits and 
costs of both standard GC–MS and LPGC–
MS must be considered, and loss of one 
analyte may be worth the gain of another, 
or an assessment of time and money saved 
may lead to an analyte being dropped. 

In the case of environmental and pes-
ticide applications, for example, separa-
tion conditions are devised based on a 
test mix, which is also used for method 
validation, but real samples rarely if ever 
contain as many analytes as are in the 
test mix. In some cases, such as legacy 
organochlorines, the isobaric analytes are 
no longer found in some sample types at 
all, and they are only included in the test 
mix because they have been a priority 
decades ago. Provided that each analyte 
can be distinguished from each other, indi-
vidually or together, then the need of the 
application can still be met. Even if such 
analyte pairs are fully co-eluted in very 
fast methods, they may be integrated and 

reported together without ramifications, or 
reanalysis of the few positives for just those 
analytes still saves time and cost overall. In 
regulatory analyses, confirmation of viola-
tive results using orthogonally selective 
methods are needed anyway, so this is no 
different than current practice. 

The authors assert that baseline resolution 
of isobaric analytes may not be truly needed 
in applications as often as required by cli-
ents or claimed by analysts. When underly-
ing reasons are questioned with respect to 
fitness-for-purpose considerations in a fresh 
cost/benefit analysis, the extra time and 
effort may not be worth the full separation 
of the analytes. The purpose of any analy-
sis is to meet needs, not to achieve base-
line resolution of certain analytes. A direct 
comparison in data quality and outcomes 
between current and alternative practices 
need to be made, not just following intui-
tive beliefs, or arbitrary decisions. Analytical 
chemists should be wary of perfectionism 
rather than focusing on the needs for an 
analysis. For example, p,p’-DDD and o,p’-
DDT may be partially co-eluted in both 
standard GC–MS or LPGC–MS (2), but the 
o,p’-DDD and p,p’-DDT congeners can still 
be used to meet analytical needs. Use of 
fast screening methods and re-analysis of 
the few co-eluted positives by a more time-
consuming method may also be more effi-
cient overall. 

Independent of chromatography, sum-
mation integration can yield acceptable 
accuracy for each analyte even if they are 
partially co-eluted (47). The concentration 
ratios between such analytes also tend to 
remain fixed depending on their source. 
Furthermore, Hellinghausen and col-
leagues (57,58) have demonstrated that a 
power law approach, among other math-
ematical tools, can individually integrate 
partially co-eluted peaks. There is more 
than one way to bake a cake, and some-
times it is possible to have your cake and 
eat it, too.

Conclusion
Unfortunately, many laboratories simply use 
the same column and configuration for their 
applications that was installed with the instru-
ment. Some GC–MS operators follow a pro-
tocol (or worse, they don’t follow it) without 

knowing the purpose of each step or bet-
ter alternatives. In particular, laboratories in 
the United States involved in environmental 
applications tend to use methods devel-
oped in the 1980s, as if they are set in stone 
and new methods cannot be validated to 
justifiably replace them. 

As we begin another decade, it’s time to 
reconsider workflows, techniques, and tech-
nologies to improve analytical quality and 
efficiency. Often, reassessments in light of 
new developments lead to major advance-
ments. However, technology is not always 
the limitation; in some cases, more vision, 
knowledge, care, and effort are needed to 
better implement an old idea. 

LPGC has been known to be advanta-
geous for nearly 60 years, and for the past 
20 years it has been demonstrated that 
LPGC can be installed in any commercial 
GC–MS instrument without modification. 
Except for the analysis of volatiles that 
are already separated quickly, LPGC–MS 
is a faster and often better alternative to 
standard GC–MS. As shown in Figures 
3 and 4, LPGC–MS saves time with little 
loss of separation efficiency vs. standard 
GC–MS, plus it provides greater sen-
sitivity, and more robustness (Table II), 
accommodates larger hot splitless injec-
tion volumes (Figure 6), and extends 
scope to cover more nonvolatiles even 
at lower oven temperature. 

LPGC–MS has a long history with 
some notable successes, but few in the 
field have taken it seriously. Emphasis on 
first chromatography, and then analytical 
chemistry, has led, in part, to a prolifera-
tion of publications for niche applications 
using GCxGC or micro-GC, for example, 
while most GC–MS applications still use 
the type of columns introduced in the 
1980s. And yet, all analytical chemists pre-
fer faster results of high quality! Now is 
always a good time for analytical chem-
ists to re-evaluate their priorities, needs, 
and choices. If commercial vendors made 
and marketed LPGC products in the same 
way that they have done for conventional 
GC products, then GC–MS analysts would 
have more ease and options to imple-
ment faster methods. Even expert chro-
matographers prefer to buy a precon-
nected column set for a fair price rather 
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than make the connections themselves. 
There is no time to waste! LPGC–MS is 
a proven solution for fast, sensitive, and 
robust GC–MS analysis.
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PRODUCTS & RESOURCES

ß-Glucuronidase enzyme
Abalonase Ultra ß-glucuronidase enzyme from UCT is designed 
for real-time and room 
temperature hydrolysis for 
high-throughput screening. 
According to the company, 
the enzyme has activity 
levels at upwards of 150,000 
Fishman units/mL. 
UCT, LLC,
Bristol, PA.
www.sampleprep.unit-
edchem.com/products/
reagents/abalonase-ultra

MS software
Cerno Bioscience’s MassWorks Version 6.0 software is designed for 
mass spectrometry (MS) calibration and analysis. According to the 
company, new features include support for Agilent OpenLab data 
(version 2.4 or higher), support 
for the quantitative analysis of 
dimers, trimers, and X-mers up 
to 9, automatic mass calibration 
for gas chromatography–mass 
selective detector (GC/MSD) 
(AutoCal), and more.  
Cerno Bioscience,  
Las Vegas, NV.  
www.cernobioscience.com

GC–MS software
MassWorks Rx GC/ID software from Cerno Bioscience is designed to 
enable improvements for gas chromatography–mass spectrometry 
(GC–MS) qualitative analysis. 
According to the company, 
the software provides a 
library search, mass formula 
confirmation, and automatic 
performance of quantitative 
Retention Index matches for 
compound identification.  
Cerno Bioscience,  
Las Vegas, NV.  
www.cernobioscience.com

LC chromatography software
AutoChrom software from ACD/Labs is designed to help chromatogra-
phers develop better methods, 
faster. According to the company, 
the software directly controls 
liquid chromatography (LC) 
instruments to run screening 
and optimization experiments, 
allowing users to find parameters 
(solvent, ratio, pH, gradient, and 
temperature) with minimal work. 
ACD/Labs,  
Toronto, Ontario, Canada.  
www.acdlabs.com

Polymeric HILIC columns
HILICON AB’s iHILIC-Fusion(P) and iHILIC-(P) Classic, two lines 
of polymeric HILIC columns with different surface chemistries, 
are designed to provide 
complementary selectivity and 
ultra-low column bleeding. 
According to the company, 
the columns are suitable for 
liquid chromatography–mass 
spectrometry (LC–MS)-based 
analysis of hydrophilic and polar 
compounds at pH 1–10.  
HILICON AB, Umeå, Sweden.  
www.hilicon.com

Fluorine analyzer
Metrohm’s ProfilerF Wasterwater and ProfilerF Solids analyzers 
are designed for environmental analyses and compliance. 
According to the company, 
the Wastewater analyzer is 
capable of measuring the 
total organic fluorine profile in 
liquid samples, and the Solids 
analyzer measures the fluorine 
content of solid samples, with 
accuracy and reproducibility.  
Metrohm USA,   
Riverview, FL.  
Profilerf.metrohmusa.com

LC–MS columns
PharmaFluidics’ µPAC columns are designed for nano- and micro-flow 
separations. According to the company, the ordered and uniform array 
of superficially porous pillars is 
created within a silicon channel, 
obtaining reproducibility of 
the separation path, and the 
pillar separation bed eliminates 
virtually any column-to-column 
variability, minimizes dispersion, 
and is frit-free.  
PharmaFluidics,  
Ghent, Belgium.  
www.pharmafluidics.com

Field-flow fractionation system
The Postnova EAF2000 simultaneous electrical and asymmetrical 
flow fieldflow fractionation system is designed to enhance separation 
and characterization of biopharmaceuticals, environmental com-
pounds, and nanomaterials. According to the company, electrical and 
crossflow fields are applied simultaneously, enabling separations by 
particle size and particle charge based on electrophoretic mobility for 
characterizing complex proteins, 
antibodies, and viruses, as well 
as environmental and charged 
nanoparticles or polymers.  
Postnova Analytics GmbH,  
Landberg, Germany.  
www.postnova.com

http://www.cernobioscience.com
http://www.acdlabs.com
http://www.hilicon.com
https://profilerf.metrohmusa.com/
http://www.pharmafluidics.com
http://www.postnova.com
http://www.sampleprep.unitedchem.com/products/reagents/abalonase-ultra
http://www.cernobioscience.com
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(9) P.G. Boswell, D.R. Stoll, P.W. Carr, M.L. Nagel, 
M.F. Vitha, and G.A. Mabbott, J. Chem. Ed. 
90, 198–202 (2013).

(10) www.multidlc.org/hplcsim/hplcsim.html

(11) http://www.multidlc.org/hplc_resources

(12) C.E. Efstathiou, University of Athens, 
http://195.134.76.37/applets/AppletChrom/
Appl_Chrom2.html

(13) https://appslab.thermofisher.com/ Click on 
“Virtual Column Online” in the top right hori-
zontal menu.

(14)  P.R. Haddad, M.J. Shaw, J.E. Madden, and 
G.W. Dicinoski, J. Chem. Ed. 81, 1293–1298 
(2004).

(15) B. Gaš, M. Jaroš, V. Hruška, I. Zuskova, and 
M. Štědrý, LCGC Europe 18(5), 282–288 
(2005).

(16) https://web.natur.cuni.cz/gas/peakmaster.
html

(17) M. Jaroš, V. Hruška, M. Štědrý, I. Zusková, and 
B. Gaš, Electrophoresis 25, 3080–3085 (2004).

on 5 cation exchange columns using iso-
cratic and linear gradient methanesulfonic 
acid; and 32 carbohydrates on a CarboPac 
PA20 column using isocratic and linear-gra-
dient hydroxide. Up to three column tem-
peratures can be modeled. Predicted peak 
efficiencies and asymmetry reflect typical 
column performance, but do not exhibit van 
Deemter behavior. Users must sign up for 
the AppsLab Library for free access to the 
simulator. A 25-page getting-started guide 
is available in English, Japanese, and Chi-
nese. A procedure for a virtual IC laboratory 
is being prepared by the author.

“PeakMaster” simulates capillary elec-
trophoresis including electromigration 
dispersion, indirect detection, and system 
peaks (15–17). Users input capillary length, 
voltage, and electro-osmotic mobility 
or neutral marker time, and select back-
ground electrolyte components and 
analytes from comprehensive pull-down 
menus. Clicking “calculate” yields a simu-
lated electropherogram showing analyte 
peaks and system peaks.

Many instructors will be facing this fall 
with trepidation given the loss or restrictions 
on tried-and-true laboratory instruction. 

Fortunately, there are many tools available 
to simulate separation techniques. These 
simulators allow students to explore the 
instrument behavior with much more free-
dom than possible in traditional laborato-
ries. Furthermore, all students can work on 
a laboratory at the same time, allowing the 
instructor to integrate the lecture and simu-
lation experiments. So, look at this fall as an 
opportunity to explore what these simula-
tors have to offer. All the best to you and 
your students.
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In 1987, the National Academies of Sci-
ences published a report titled “Separa-

tion and Purification: Critical Needs and 
Opportunities.” The report was instrumental 
in highlighting important fundamental chal-
lenges in the field of separation science in 
order for the field to progress. Over that 
30-year period, there have been dramatic 
changes in the field, but there are still a num-
ber of important challenges that remain. In 
2018, the National Academies of Sciences, 
Engineering, and Medicine convened a 
consensus study committee chaired by Joan 
Brennecke of the University of Texas at Austin 
and made up of 13 members, including me.  
The final report, titled “A Research Agenda 
for Transforming Separation Science,” was 
released in June 2019, and was sponsored 
by the Department of Energy, the National 
Science Foundation, and the National Insti-
tute of Standards and Technology. 

The report, which develops a research 
agenda for fundamental research in sepa-
ration science, assesses research efforts to 
advance separation science while identifying 
advances in other fields that might be rel-
evant to separation science. The report high-
lights advances in intersecting disciplines 
of materials science, systems-engineering 
approaches, and the use of external stimuli, 
instrumentation, and characterization, as 
well as data analytics and science that pres-
ent opportunities in the field of separation 
science. It also identifies needs and oppor-
tunities for novel instrumentation as well 
as educational and human-resource needs. 
Potential impacts that fundamental research 
in separations can have in industry practices 
and technology are also assessed. 

Two primary themes are identified in 
the report, which point to the need for 
research. The first is designing separa-
tion systems with high selectivity, capac-
ity, and throughput, and the second is 
understanding temporal changes that 

occur within separation systems. Within 
those two themes, the report identifies 
eight research directions. Four of these 
fall under the first theme of designing 
separation systems with high selectivity, 
capacity, and throughput. These are: 
1. Advancing the understanding of com-

plex systems: Designing separation sys-
tems to address multicomponent mix-
tures as well as species that are highly 
concentrated or dilute; 

2. Exploring the entire array of ther-
modynamic and kinetic mechanisms: 
Using multiple forces or cooperative bind-
ing mechanisms, for example, to improve 
separation selectivity and capacity; 

3. Characterizing the interface and 
understanding of interfacial forces: 
Developing methodologies that pro-
vide insight into interface structure and 
exploit this understanding to better 
enhance separation performance;   

4. Understanding physical changes that 
result from external forces: Elucidating 
the mechanism for how external stimuli 
(either controlled or uncontrolled) cause 
changes to separation media. 

The other four directions fall under 
the theme of understanding temporal 
changes that occur within separation sys-
tems. These are: 
5. Determining changes from nonequilib-

rium states that affect the chemical and 
physical properties of separation mate-
rials, given that separation media are 
often used in nonequilibrium states and 
may slowly undergo structural changes, 
which can alter its chemical and physical 
properties; 

6. Identifying and determining the rates of 
fundamental chemical reactions that can 
change separation materials and how 
the reactions are influenced by operat-
ing conditions, because understanding 
how chemical reactions can cause the 

degradation of separation media and 
loss of performance is important to 
design more robust separation systems; 

7. Understanding the fate of unwanted 
products, because understanding the 
mechanisms of degradation of separa-
tion media and relevant phase equilibria 
will aid in designing separation materials;  

8. Exploring alternative strategies to 
address the temporal changes in sepa-
ration systems, to develop practical solu-
tions that help minimize effects that any 
unavoidable degradation of separation 
media may have on the entire separa-
tion system.

The report also examines opportunities 
that theory and data science can play in 
separations, particularly in the development 
of a fundamental understanding of separa-
tion materials in complex environments. 
Also discussed in the report are challenges 
that are currently faced within the field of 
separation science, particularly the decreas-
ing number of separation science faculty in 
the United States, which threatens the lead-
ership role of the country. 

I strongly recommend that you read the 
report, which is free to download from the 
National Academies Press webpage (1). Being 
a part of this committee was a tremendous 
opportunity and it provided me with a much 
broader view of the field of separation science. 
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