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Cannabis (Cannabis sativa L.) belonging to the Cannabaceae family, is an 
annual plant finding a number of uses as food (seeds, oil, or flour) and also 
in pharmaceutical and cosmetics production. Hundreds of unique secondary 
metabolites have also been identified in Cannabis plants, including a wide range 
of phytocannabinoids (1). In addition to these, a number of other biologically-active 
substances occur in the Cannabis plant, including terpenes and terpenoids (2). 
Given the variety of Cannabis components with a wide range of health effects, there 
is an increasing interest in Cannabis and Cannabis-derived products. Reliable 
methods for the analysis of the widest possible spectrum of Cannabis components 
are therefore needed to thoroughly characterize their concentration pattern (3).

Gas chromatography coupled to mass spectrometry (GC−MS) is one of the 
“official” analytical methods recommended in the older documents issued by the 
United Nations Office on Drugs and Crime (UNODC) (4) for cannabis-derived 
product control. However, because high temperatures are commonly employed in 
GC analysis, phytocannabinoid acids partly decarboxylate to yield their respective 
neutral molecules. Therefore, to avoid biased results, time-consuming derivatization 
has to be performed before the analysis (5). Currently, liquid chromatography 
(LC), which enables the simultaneous determination of both acids and neutral 
phytocannabinoids, represents the “gold standard” in analysis. Nevertheless, to 
achieve sufficient separation of individual phytocannabinoids, specifically when only 
a less-selective conventional ultraviolet–diode array detector (UV–DAD) is available, 
ultrahigh-performance separation columns with sub-2-µm stationary phase particles 

Determination of Seventeen 
Phytocannabinoids in Various 
Matrices by UHPLC–HRMS/MS
Frantisek Benes, Marie Fenclova, Petra Peukertova, Zuzana Binova, Zbynek Dzuman, and Jana Hajslova, University of Chemistry and 

Technology, Department of Food Analysis and Nutrition, Prague, Czech Republic

A simple ultrahigh-performance liquid chromatography high resolution tandem mass spectrometry (UHPLC−
HRMS/MS) method to determine seventeen phytocannabinoids was developed and validated for Cannabis plants, 
resins and their extracts, and oils. The analysis was challenging because of the complexity of matrices, the large 
differences in the concentration of phytocannabinoids and their pattern in various cultivars, and the structural 
similarity of these analytes. Method performance characteristics were obtained using internal reference materials. 
The analytes were isolated from dry hemp by repeated extraction using ethanol with recoveries in the range of 
95–100%. For the resinous matrices and oils, samples were directly dissolved in ethanol. Repeatability was 2–12% 
for all analyte–matrix combinations. Limits of quantification (LOQs) were within the range of 0.5–1.0 mg/kg for dry 
hemp, 2.5–5.0 mg/kg for resins, and 0.25–0.50 mg/kg for oils. As a result of high matrix dilution, calibration standards 
in net solvent could be used for phytocannabinoids quantification because matrix effects were almost eliminated. 
Nevertheless, to ensure the trueness of generated data regardless of the matrix tested, internal standards of 
delta-9-tetrahydrocannabinol-D3 (∆9-THC-D3), cannabidiol-D3 (CBD-D3) and cannabinol-D3 (CBN-D3) were also used.

KEY POINTS
• Quantitative determination of 

17 phytocannabinoids was 
achieved by UHPLC–HRMS/MS.

• The method was validated 
for Cannabis plant materials, 
oils, and resinous matrices.

• A strategy for trace 
phytocannabinoids determination 
was developed for materials with 
high CBD content (CBD oils).
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should be used (6,7). However, when target phytocannabinoids 
need to be determined in more complex matrices, that is, when 
more selectivity and lower detection limits are required, then 
mass spectrometric detection is clearly a preferred option (8). 
So far, LC–MS methods to determine a maximum of twelve (9) 
and thirteen (10) phytocannabinoids have been published.

In this article, we introduce a new simple analytical method 
employing ultrahigh-performance liquid chromatography 
coupled to high resolution tandem mass spectrometry (UHPLC−
HRMS/MS) for simultaneous determination of seventeen 
phytocannabinoids in three common types of Cannabis-related 
materials: plant, resinous matrices, and oils. Because of the 
matrix similarity, the application scope includes both raw 
materials for preparation of various Cannabis-derived products 
(plants, resin, hemp seed oil) and also materials intended 
for direct consumption as dietary supplements (for example, 
crude resin extracts, oils enriched with phytocannabinoids).

Materials and Methods
Chemicals: LC–MS-grade chemicals (methanol, 
isopropanol, ethanol, ammonium formate, and formic 
acid) and analytical standards of 17 phytocannabinoids 
(Table 1) with purity in the range of 98.5–99.8% were 
purchased from Merck. Deionized water (18 mΩ) was 
obtained from an internal Milli-Q system (Millipore). 
Sample Preparation: 

A) Cannabis Plants: A representative sample (0.5 g) was 
weighed into a centrifuge tube (50 mL), mixed with 20 mL 
of ethanol, and extracted on a horizontal laboratory shaker 
(IKA) for 30 min at 240 revolutions per minute (RPM). After 
centrifugation (10,000 RPM, 5 min, Hettich), the extract was 

removed and the sample repeatedly extracted using the same 
procedure described above. Both extracts were pooled in a 
volumetric flask (50 mL) and filled up to the line with ethanol. 
B) Resinous Matrices: The sample (50 mg) was 
weighed into a volumetric flask (25 mL) and completely 
dissolved in ethanol using an ultrasonic bath (5 min). 
The flask was then filled up to the line with ethanol.
C) Matrices with High Oil Content: The sample (0.50 g) was 
weighed into a volumetric flask (25 mL) and completely 
dissolved in ethanol using an ultrasonic bath (5 min). 
The flask was then filled up to the line with ethanol.
Instrumental Analysis: Chromatographic separation was 
performed on an ultrahigh-performance liquid chromatography 
(UHPLC) UltiMate 3000 system (Thermo Scientific) equipped 
with a reverse-phased analytical column: Acquity UPLC BEH 
C18 (100 × 2,1 mm; 1,7 µm) (Waters). Mobile phases were 
as follows: (A) 95:5 water–methanol (v/v) and (B) 65:30:5 
isopropanol–methanol–water (v/v/v), both A and B with 5 mM 
ammonium formate and 0.1% formic acid (v/v). The total run 
time of the method was 19 min and the injection volume was 
3 µL. The gradient started at 5% of mobile phase B (0.3 mL/
min) with steep linear change to 60% of B within the first minute, 
followed by a gradual change to 70% of B (in 10 min) and 
another steep change to 100% B (in 0.5 min) simultaneously 
with a flow rate increase to 0.4 mL/min. The column was then 
washed with 100% of B for 5 min and reconditioned to initial 
conditions for 2.5 min. For detection of target analytes, high 
resolution tandem mass spectrometry (HRMS/MS) using a 
Q-Exactive Plus orbital trap mass spectrometer (Thermo 
Scientific) was operated under full scan MS acquisition mode 
followed by parallel reaction monitoring (PRM). The positive/
negative electrospray ionization (ESI±) parameters were as 
follows: (i) aux gas temperature 300 °C, (ii) sheath/aux gas 
(N2) flow 45/10 arb. u., (iii) spray voltage,3.5 kV, (iv) S-lens RF 
level 55. Detection conditions were for full scan MS acquisition 
mode: (i) resolution 70,000 full width at half maximum (FWHM), 
(ii) scan range 200–1000 m/z, (iii) automatic gain control (AGC) 
target 2e5, (iv) maximum inject time (maxIT) 50 ms and for 
PRM: (i) resolution 17,500 FWHM, (ii) scan range m/z 50 – m/z 
of fragmented analyte (+ 25 m/z), (iii) AGC target 2e5, (iv) 
maxIT 50 ms, (v) isolation window width 1 m/z, (vi) normalized 
collision energy (NCE) 28, 35, and 42%. Exact masses of 
target analytes and their fragment ions are summarized in 
Table 1. For their calculation, instrumental analysis and data 
processing, Xcalibur 4.0 (Thermo Scientific) was used.
QA/QC Samples: The quantification of analytes was 
performed using external calibration with solvent standards. 
Individual calibration standards (1, 5, 10, 25, 50, 100, 250, 
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FIGURE 1: Extracted ion chromatograms in HRMS/
MS (PRM acquisition mode) of 17 phytocannabinoids 
(solvent standard, 100 ng/mL). 
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500 ng/mL) were prepared by transfer of a calculated 
volume of a working standard mixture (100 ng/mL) of all 
analytes to amber glass vials, the addition of 100 µL of 
deuterated standard (a mixture of cannabidiol [CBD]-D3, 
∆9-THC-D3, and CBN-D3, all 300 ng/mL), and calculated 
volume of ethanol to 1 mL. Limits of quantification (LOQ), 
estimated for analytes as the lowest calibration levels 
within the linear range, are summarized in Table 2. 

Recovery and repeatability was determined as follows: A) 
For Cannabis plant material, the recovery was determined 
by repeated extractions. Resinous matrices with very high 
content of phytocannabinoids can be directly injected into 
MS system after significant dilution in ethanol. Under these 
conditions, the matrix effects are almost negligible. To 

determine trueness of measurement in case of oils, analyses 
of spiked cold press flaxseed oil were performed. As the 
apparent recoveries were in the range of 89–111%, the 
matrix effects were not significant; B) for resinous matrices, 
only repeatability was determined because Cannabis resin 
consists mainly of phytocannabinoids, and resin matrix 
is easily dissolved in ethanol; C) for oils, recovery and 
repeatability were determined by spiking of flaxseed oil, a 
matrix similar in composition with hemp oil, at 1 mg/kg. Method 
performance characteristics are summarized in Table 2.

Results and Discussion
HRMS/MS Detection: In the first phase, protonated and 
deprotonated ions of 17 targeted phytocannabinoids 

TABLE 1: Overview of target analytes, exact masses m/z of their precursor and fragment ions. Exact masses of the most abundant precursor 
ions are highlighted in bold.

No. Analyte Abbreviation Formula
RT 

(min)
Exact Masses

[M+H]+ [M-H]- Fragment 1 Fragment 2

1 Cannabidiolic acid CBDA

C22H30O4

4.59

359.2217 357.2071

339.1966 245.1547

2
Delta-9-tetrahydrocannabinolic 
acid A

∆9-THCA-A 9.80 313.2173 245.1547

3 Cannabichromenic acid CBCA 10.74 339.1970 313.2176

4 Cannabicyclolic acid CBLA 11.23 339.1972 313.2177

5 Cannabidiol CBD

C21H30O2

4.84

315.2319 313.2173

193.1223 259.1693

6 Delta-9-tetrahydrocannabinol ∆9-THC 6.97 193.1223 259.1693

7 Delta-8-tetrahydrocannnabinol ∆8-THC 7.50 259.1693 241.1216

8 Cannabicyclol CBL 7.77 235.1687 193.1220

9 Cannabichromene CBC 8.95 259.1693 233.1531

10 Cannabidivarinic acid CBDVA
C20H26O4

3.48
331.1904 329.1758

311.1657 217.1236

11 Tetrahydrocannabivarinic acid THCVA 6.23 283.1704 217.1234

12 Cannabidivarine CBDV
C19H26O2

3.49
287.2006 285.1860

231.1374 165.0907

13 Tetrahydrocannabivarine THCV 4.54 231.1374 165.0907

14 Cannabigerolic acid CBGA C22H32O4 4.87 361.2373 359.2228 341.2122 315.2330

15 Cannabigerol CBG C21H32O2 4.65 317.2475 315.2330 193.1223 137.1325

16 Cannabinolic acid CBNA C22H26O4 8.35 355.1904 353.1758 309.1864 279.1362

17 Cannabinol CBN C21H26O2 6.08 311.2006 309.1860 293.1885 241.1216
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were identified using direct infusion of pure standards of 
individual compounds (1000 ng/mL) into the ion source 
with a polarity switching. Utilization of stepped NCE at 
three selected levels allowed the identification of at 
least two fragment ions; their overview is summarized 
in Table 1. Utilization of PRM acquisition mode allowed 
reliable quantification of the targeted phytocannabinoids in 
MS/MS. Under set conditions, the cycle time (cycle of full 
scan MS acquisition mode and series of MS/MS spectra 
acquisition in both polarity modes) was approximately one 
second, then the peak of with at the baseline of 10 s was 
constructed of at least 10 points. Acquisition of high-resolution 
MS spectra without fragmentation is highly advantageous 

for potential retrospective data mining, for example, for the 
purpose of other (“new”) phytocannabinoids screening (11).
UHPLC Separation: To enable a short enough analysis of 
samples containing even higher amounts of lipids, which are 
strongly retained at the reversed phase, a “stronger” mobile 
phase had to be selected. On this account, isopropanol was 
added as a component to mobile phase B, which in the first 
experiments was composed only from methanol and water 
and is common in many reversed-phase separations (12,13). 

Regarding the use of ammonium formate and formic 
acid, these were added to buffer the mobile phases and 
keep a low pH—essential for obtaining narrow peaks 
for phytocannabinoid acid. This effect could not be 

TABLE 2: Method performance characteristics for phytocannabinoids in matrices A) Cannabis plant, B) resinous matrix, and C) oil

No. Analyte
Cannabis Plant Resinous Matrix Oil

Recovery 
(%)

Repeatability 
(%)

LOQ
(mg/kg)

Repeatability 
(%)

LOQ
(mg/kg)

Recovery 
(%)

Repeatability 
(%)

LOQ
(mg/kg)

1 CBDA 98 6 0.5 2 2.5 103 6 0.25

2 ∆9-THCA-A 98 6 0.5 4 2.5 98 8 0.25

3 CBCA 99 5 0.5 4 2.5 105 4 0.25

4 CBLA 95 7 0.5 5 2.5 102 5 0.25

5 CBD 99 6 0.5 4 2.5 99 4 0.25

6 ∆9-THC 99 3 0.5 3 2.5 95 6 0.25

7 ∆8-THC 100 10 0.5 4 2.5 96 6 0.25

8 CBL 100 10 1.0 6 5.0 104 8 0.50

9 CBC 99 4 1.0 5 5.0 97 7 0.50

10 CBDVA 98 7 0.5 3 2.5 89 4 0.25

11 THCVA 99 6 0.5 4 2.5 98 5 0.25

12 CBDV 99 6 0.5 2 2.5 108 3 0.25

13 THCV 100 4 0.5 6 2.5 94 4 0.25

14 CBGA 98 8 0.5 2 2.5 111 7 0.25

15 CBG 99 6 1.0 6 5.0 106 5 0.50

16 CBNA 100 5 0.5 3 2.5 103 6 0.25

17 CBN 100 6 1.0 5 5.0 92 3 0.50
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FIGURE 2: Base peak chromatogram (BPC) of real CBD oil sample with elution zones of phytocannabinoids, phospholipids, and 
mono-, di-, and triacylglycerols (ESI+). 
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FIGURE 3: Demonstration of detection of phytocannabinoids Δ9-THC, CBC, and CBL in CBD-rich dietary supplements 
after effluent diversion to waste within RT 0–6 min (XIC for m/z = 315.2319).
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achieved by the use of ammonium formate because 
broadening of the acid elution zones (> 1 min) occurred.

As soon as the composition of the most suitable mobile 
phase was chosen, we focused on the optimization 
of target analytes separation. A special attention was 
paid to separation of isomeric species as their spectral 
resolution is not possible because of practically identical 
MS/MS spectra.Tens of elution gradients were tested; the 
optimized separation is shown in Figure 1 and the record 
of a real CBD oil sample demonstrating elution zones of 
phytocannabinoids, phospholipids, and mono-, di-, and 
triacylglycerols in Figure 2. The average peak width was 
12 s, in contrast to the > 20 s observed when comparable 
reversed-phase high performance liquid chromatography 
(HPLC) columns equipped with a 5-µm particle size were 
tested too. Thanks to increased peak capacity, sufficient 
baseline separation of isomeric phytocannabinoids ∆8-THC 
and CBL that could not be easily resolved by HRMS was 
achieved with a retention time (RT) difference of 16 s in 
the apex (14). Another potential separation issue was the 
need to separate deuterated CBD-D3 and CBG because 
deuterated CBD-D3 has the same precursor ion mass 
(m/z 318.2507) as the second isotope of CBG. However, 
they were easily resolved in MS/MS because their product 
ions contained unique fragment ions for each precursor.
Sample Preparation: Optimization of Cannabis plant 
samples was demonstrated for the analysis of three 
internal “reference” samples (dried flowers) covering the 
entire spectrum of targeted phytocannabinoids at the levels 
ranging within 2–20,000 mg/kg. As no certified matrix 
reference material is available, recoveries of the target 
analytes had to be investigated by repeated extraction 
with ethanol—shown earlier as the most suitable solvent. 
Six repeated extractions were performed on all three 

“reference” samples and the extracts were individually 
analyzed. Depending on the analyte’s concentration in 
the tested plants, the recoveries in the first extract were 
in the range of 85–95%. To further increase this value, 
akin to some other studies (15,16), a second extraction 
was performed. Regarding resinous matrices and oils 
enriched by Cannabis extracts (including CBD oils), 
simple sample dissolution in ethanol, a solvent compatible 
with reversed-phase chromatography, was used.
Method Validation: Six replicate analyses of each of 
the tested matrices were performed within the validation 
experiments. The use of the optimized UHPLC separation 
together with the HRMS/MS detection system used resulted 
in a high selectivity of measurements. Moreover, the 

employed conditions also enabled low LOQs for all matrices, 
which are specifically needed in case of hemp oils where 
the phytocannabinoid levels are low. On the other hand, 
resinous matrices and oils enriched by Cannabis extracts 
had to be considerably diluted by ethanol (1:10, 1:100, 
1:1000, 1:10,000, v/v) prior to analysis to fit into the detector 
linearity range. Under these conditions, matrix effects were 
eliminated and the solvent calibration standard could be 
used for the analytes quantification. Deuterated standards 
of Δ9 -THC, CBD, and CBN, added directly to all samples 
after dilution and also to the calibration standards at the 
same level (30 ng/mL), would also compensate for potential 
matrix effects for these analytes. In most of the analyses, 
very good compliance of data for THC, CBD, and CBN 
generated by both calibration strategies was achieved.
Analysis of Materials with High CBD Content: 
Instrumental determination of phytocannabinoids in various 
Cannabis‑derived samples with high CBD content (for 
example, CBD oils) was associated with considerable 
issues related to accurate quantification of other analytes 
isomeric with CBD, such as Δ9-THC, Δ8-THC, CBL, and CBC. 
Following the quantification of CBD content, a second run 
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of the same sample should be performed in which the major 
part of eluting CBD (RT in the range of 0-6 min) is diverted 
into waste. In this way, on optics saturation (presumably 
ion transfer capillary) and high background chemical 
noise could be eliminated and reliable quantification of all 
the above-mentioned analytes eluted after CBD can be 
reliably quantified. This is particularly important in the case 
of psychoactive Δ9-THC, the presence of which has to be 
carefully controlled to avoid harmful effects for the consumers 
of CBD products (17). An illustration of Δ9-THC, CBC, and CBL 
analysis in a commercially available CBD-rich oil is shown in 
Figure 3. Out of 20 such commercially-available oils with a 
high CBD content, Δ9-THC was detected at ‘‘not negligible’’ 
levels (up to 60% of Δ9-THC acute reference dose, ARfD, 
set by European Food Safety Authority, when following the 
recommended daily dose for the tested products) after an 
additional run with effluent diversion (data not shown) (18).

Conclusion
The developed UHPLC−HRMS/MS method was validated 
for simultaneous determination of 17 phytocannabinoids in a 
number of Cannabis-based matrices. Neither derivatization 
nor other time-consuming sample preparation steps 
are required. Thanks to low LOQs, significant dilution of 
samples prior to instrumental analysis can be performed 
and thus analytical standards in net solvents can be used 
for calibration. The method is applicable for both materials 
with a high content of phytocannabinoids (for example, 
Cannabis resin and concentrated extracts thereof, CBD-rich 
oils) and other matrices in which key phytocannabinoids 
as well as minor representatives of this group are of 
interest. This is the case, for example, when different 
Cannabis plant chemovars are to be fully characterized.
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Effects of Buffer Capacity 
in Reversed-Phase Liquid 
Chromatography, Part 1: 
Relationship Between the Sample 
and Mobile-Phase Buffers
Dwight R. Stoll1 and Thomas J. Lauer2, 1LC Troubleshooting Editor, 2Gustavus Adolphus College, St. Peter, Minnesota, USA

What concentration of aqueous buffer should I use in the mobile phase when developing a 
reversed‑phase liquid chromatography (LC) method for the analysis of ionogenic compounds?

Mobile-phase pH is an important 
variable in reversed-phase liquid 
chromatography (LC) methods that 
influences the retention of ionogenic 
compounds. For acidic analytes 
containing carboxylic acid functional 
groups, buffering the mobile phase 
well below the acid pKa leads to much 
higher retention compared to conditions 
where the mobile phase is buffered 
well above the pKa, and the acid is 
deprotonated and more water-soluble 
(and therefore more soluble in a 
water-rich reversed-phase mobile 
phase). For amine-containing analytes, 
we observe the opposite behaviour. In 
mobile phases buffered well above the 
pKa of cationic forms of the functional 
group (for example, trimethylammonium 
ion), the amine is deprotonated and 
neutral. In this case, the analyte is less 
water-soluble and more retained under 
reversed-phase conditions compared 
to a situation where the mobile phase 
is buffered at a pH well below the pKa 
where the amine is protonated, positively 
charged, and more water soluble. 
These varied responses of different 

functional groups to mobile-phase 
pH can be used to great effect during 
method development. Indeed, most 
modern systematic approaches to 
method development for samples 
containing ionogenic compounds begin 
with a set of prescribed methods that 
is intended to screen for the impact 
of mobile-phase pH on retention by 
using buffers at low- (about 2), mid- 
(about 7), and high- (about 10) pH.

Given the importance of mobile-
phase buffers, much has been written 
about them in this “LC Troubleshooting” 
column over the years. A survey of 
John Dolan’s prior troubleshooting 
articles shows that buffer-related 
topics have been some of the most 
frequently discussed over the years. 
For example, Bill Tindall authored a 
three-part series in 2002 focused on 
fundamental concepts important to 
understanding pH in non-aqueous 
buffers (1), buffer selection and capacity 
(2), and buffer preparation methods 
(3). Last year, we discussed different 
approaches to buffer preparation in 
the laboratory, and the fact that some 

approaches lend themselves better 
to acquisition of highly repeatable 
retention data than others (4). In this 
instalment of “LC Troubleshooting”, we 
return to the important topic of buffers, 
this time focusing on what happens 
when there is a mismatch between 
the mobile-phase buffer pH and the 
pH that the sample is buffered at.

When Does a Mismatch 
Between Sample- and 
Mobile-Phase pH Matter?
One might argue that, in a perfect world, 
an LC method would be developed 
with intimate knowledge of the sample 
preparation method being used to 
prepare samples that will ultimately be 
analyzed using the LC method. In other 
words, the sample preparation step 
and the LC separation step would be 
developed in a dependent way such 
that they would definitely be compatible 
with one another. Here, we can speak 
about compatibility from a variety of 
perspectives, such as the organic 
content of the sample, the presence of 
surfactants, buffer type, and buffer pH. 
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From the point of view of the LC method, 
the most straightforward situation is 
to complete the sample preparation 
step with a sample matrix that closely 
resembles the mobile phase used at the 
start of the LC method. However, this 
is not always practical. For example, 
particular analytes may not be stable 
in the sample for long periods of 
time in a matrix that is desirable for 
the LC method. In these cases, it is 
preferable to choose conditions that 
favour stability of the sample prior to 
the analysis. Moreover, it is common 
to see LC methods used for purposes 
quite different from the original intent 
of the method. In these cases, the 
sample matrices may be altogether 
different from those used when the LC 
method was originally developed. And 
so these types of situations can easily 
result in conditions where the sample 

is buffered at a pH that is several units 
different from the LC mobile phase pH, 
and it is helpful to understand if and 
when this might lead to problems. 

Let’s Think This Through
It is instructive to think through the 
details of a scenario involving the 
injection of a sample buffered at a 
pH significantly different from that 
of the mobile phase. For the sake 
of simplifying the discussion, let us 
consider the injection of a sample 
buffered with 10 mM NaOH into a 
mobile phase buffered with 10 mM HCl 
(and also not worry about activity effects, 
to keep the math simple; in this case, we 
would estimate the pH of the 10 mM HCl 
as 2.0). Suppose we inject 1 µL of the 
NaOH sample into a 50 mm × 4.6-mm 
internal diameter (i.d.) column, and the 
conditions are such that the contents 

of the 1 µL sample plug mix with a total 
volume of 20 µL of mobile phase as it 
proceeds from the column inlet to the 
column outlet. Under these conditions, the 
mobile phase will effectively neutralize 
the injected sample. The sample contains 
about 1 × 10-8 moles of OH-, or about 
10 nanomoles. If we assume that this 
ultimately mixes with 20 µL of mobile 
phase, then that portion of mobile phase 
carries about 200 nanomoles of H+. Of 
these 200 nanomoles of H+, 10 nanomoles 
will be consumed by neutralization of 
the 10 nanomoles of OH- to produce 
water, leaving 190 nanomoles of H+ and 
a slightly higher pH of 2.02. This slight 
change in pH would not be enough to 
significantly change the selectivity of most 
reversed-phase separations. However, 
one does not have to think about these 
details long before realizing that we can 
easily arrive at conditions where the pH 
change inside the column would be 
significant. For example, increasing the 
concentration of the buffer in the sample, 
or increasing the volume of sample that is 
injected, could easily lead to significant 
pH changes. Moreover, in these thought 
experiments we also quickly encounter 
questions that don’t have simple answers 
to; for example, what volume of mobile 
phase does the sample actually mix 
with? And, what happens in cases where 
the sample or the mobile phase are 
buffered with polyprotic buffering agents 
(for example, phosphates)? We will have 
more to say about these questions in 
future instalments of “LC Troubleshooting”. 
For now, we think it is most instructive 
to look at some experimental data to 
get a sense of the kinds of problems 
we can run into in situations like this.

On to the Data
In previous work, we have used 
benzoic acid as a representative 
carboxylic acid to study the effects of 
pH mismatch between the two mobile 
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FIGURE 1: (a through i) Comparison of peak shapes for benzoic acid obtained with different 
injection volumes (colours), and across different levels of buffer concentration in the sample 
(left to right) and in the mobile phase (top to bottom). Chromatographic conditions: column, 
50 mm × 4.6-mm i.d. SB C18; flow rate, 2 mL/min; temperature, 40 °C; mobile phase, 23:77 
acetonitrile–buffer. Samples contained 13% acetonitrile, 87% buffer, and benzoic acid at a 
concentration of 20.7 µg/mL in each sample. The pH 3 buffers were prepared using mixtures 
of phosphoric acid and monobasic potassium phosphate such that the formal phosphate 
concentration was 1, 15, or 100 mM (actual pH = 3.2). The pH 7 buffers were prepared using 
mixtures of monobasic potassium phosphate and dibasic potassium phosphate such that 
the formal phosphate concentration was 1, 15, or 100 mM.

SOURCE: All buffer calculations were made using the PeakMaster suite (https://web.natur.cuni.cz/gas/peakmaster.html), 
verified by glass pH electrode, and used without further pH adjustment.
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phases used in the first and second 
dimensions of two-dimensional liquid 
chromatography (2D-LC) separations 
(5). In the experiments discussed below, 
we have explored similar conditions, but 
in a way that addresses questions one 
might face in developing a conventional 
one-dimensional (1D)-LC reversed-phase 
method. Figure 1 shows a series of 
chromatogram overlays for the analyte 
benzoic acid that help us understand 
the interplay between three variables: 1) 
injection volume (1 to 100 µL); 2) sample 
buffer concentration (pH 7); and 3) 
mobile-phase buffer concentration (pH 
3). The corresponding chromatograms 
for the neutral analyte benzyl alcohol 
are shown in Figure 2; these serve as a 
set of control experiments, as we would 
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FIGURE 2: (a through i) Comparison of peak shapes for the neutral molecule benzyl alcohol 
across the same range of conditions shown in Figure 1. Given that benzyl alcohol is a 
neutral molecule unaffected by pH, these results serve as a control that show that the 
effects observed in Figure 1 are due entirely to pH mismatch between the sample and 
mobile phase.
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not expect this analyte to be affected 
by the buffer pH mismatch at all. In 
each of the nine sets of chromatogram 
overlays, the sample and mobile-phase 
buffer concentrations are fixed, and only 
the injection volume is varied. Moving 
from left to right within a row of panels, 
the mobile-phase buffer concentration 
is fixed, but the sample phase buffer 
concentration increases. Finally, moving 
from bottom to top within each column, 
the sample buffer concentration is 
fixed, but the mobile phase buffer 
concentration increases. Looking at 
this array of results, we make three 
observations immediately. First, when a 
small volume of sample is injected (see 
inset plots in Figure 1 for 1 µL injections), 
good peak shapes are observed for 
benzoic acid for all combinations 
of sample and mobile-phase buffer 
concentration. Second, when the sample 
buffer concentration is very low relative 
to the mobile-phase buffer concentration 
(panel [a] in Figures 1 and 2), even 
rather large injections (100 µL is about 
20% of the dead volume of the column 
used here) produce nice peaks for 
both the neutral benzyl alcohol and the 
benzoic acid. Finally, when the mobile 
phase is weakly buffered, poor peak 
shape can result for the acidic analyte 
if the injection volume is high, even if 
the sample is also weakly buffered (for 
example, see Figure 1[g]). In the cases 
of intermediate buffer concentration in 
one or both of the sample and mobile 
phase, decreasing retention and peak 
broadening is observed for the benzoic 
acid (Figures 1[b, c, d, e, g, and h]). 
When the sample is heavily buffered at 
the 100 mM buffer concentration, most of 
the benzoic acid elutes near the column 
dead time in the deprotonated (anionic) 
form (Figures 1[f, i]). Under all of these 
conditions the benzyl alcohol peak 
is unaffected, with good peak shape 
and consistent retention (Figure 2).

One potentially confounding factor 
in trying to rationalize these results is 
that the data in Figures 1 and 2 were 
collected using samples where the 
analyte concentration was held constant. 
Under these conditions, the peak area 
increases with increasing injection 
volume. Because the benzoic acid itself 
can affect the pH and buffer capacity of 
the sample, one could imagine that this 
could play a role in the results shown 
in Figure 1. An alternative way to do 
the experiment is to adjust the analyte 
concentration in the samples such that 
the same mass of analyte is injected at 
each injection volume. In this case, we 
would expect the peak area to be the 

same for a given analyte at each injection 
volume. The results of this type of 
experiment for one sample–mobile-phase 
buffer combination (100 mM in both 
sample and mobile phase) are shown in 
Figure 3. Here we see that the peak area 
is constant over the injection volumes 
from 1 to 100 µL for both benzoic 
acid and benzyl alcohol. However, for 
benzoic acid we see a decrease in peak 
height as injection volume is increased, 
because the peak becomes wider and 
wider. This result rules out the possibility 
that the benzoic acid itself affects the 
interplay between the sample and 
mobile-phase buffers that lead to the 
poor peak shapes observed in Figure 1.
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Closing Thoughts
In this instalment of “LC 
Troubleshooting”, we have examined 
the effects of buffer concentration and 
injection volume on peak shape for the 
ionogenic analyte benzoic acid under 
reversed-phase conditions. We observe 
that, even over modest ranges of the 
variables studied, the resulting peak 
shapes for benzoic acid range from 
excellent to disastrous and completely 
useless. Considering the interplay 
between injection volume and the buffer 
concentrations in the sample and mobile 
phase is very important when buffer pHs 
of the sample and mobile phase are 
different enough to cause a change in 
the ionization state of the analyte. At this 
point, determining what combinations 
of variables lead to acceptable results 
is an empirical exercise and will 

depend on many other factors including 
the retentivity of the column and the 
hydrophobicity of the analyte. However, 
the good news is that these experiments 
are not hard, and a small investment of 
experimental effort can produce enough 
data to help analysts understand which 
conditions are more likely to lead to 
favourable results and robust methods.
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Thirty-Two Years Connecting 
with Gas Chromatography
John V. Hinshaw, GC Connections Editor

I have edited the “GC Connections” column in LCGC for over 32 years. In that time, gas chromatography (GC) 
has changed from a specialized separations technique to being more routine for standardized methods, while 
expanding outward to complex multidimensional separations and scaling downward towards miniaturization 
and portability. In my last “GC Connections” article before stepping away from the role of Editor, I give some 
perspective on how GC has changed and grown over the years, and where it might go in the future.

I had been working for a few years at 
PerkinElmer in Norwalk, Connecticut, 
USA, as a Gas Chromatography 
(GC) Applications Manager when I 
started to receive a new technical 
publication called LCGC Magazine. 
Its predecessor, LC Magazine, had 
started in 1983. After several years 
the publication added “GC” to its 
name, and in 1987 about sixteen 
GC-related articles appeared. About 
halfway through that year, in an 
effort to increase GC contributions, 
the editors had inquired around 
the chromatographic community 
for someone who could author a 
new regular GC-centric column 
in parallel to John Dolan’s “LC 
Troubleshooting” (1). Leslie Ettre, 
who worked at PerkinElmer from 
1956 until his retirement in the 
late 1990s, was among those who 
were asked about it, and, with his 
recommendation, I embarked on 
this new venture in the September 
1987 edition, with the first instalment 
entitled “A Systematic Approach”.

It was a great privilege to work 
directly with Ettre on various 
projects at PerkinElmer from 
that time and onward past his 
retirement. As a chromatography 

pioneer, he possessed insights 
and knowledge that guided all 
of us there. We published in 
chromatography journals about 
headspace, capillary (open-tubular) 
columns, and multidimensional 
separations, primarily. I was also 
able to work with Marcel Golay on 
his final capillary column project, 
which was an important lesson 
on how to think outside the box, 
or beyond the oven, perhaps. 

At the time, PerkinElmer took 
customer application questions 
over the phone; e-mail was still in its 
adolescence, and not well adopted 
by large corporations, while postal 
mail was too slow. We also had 
a fax machine, which was useful 
for receiving chromatograms, and 
a Telex (remember that?), a type 
of end-to-end telegram system. 
Incoming queries were passed on to 
one of the GC department personnel, 
myself included, in rotation. I felt 
confident that this incoming stream 
of troubleshooting opportunities 
would serve well, appropriately 
anonymized, as source material. I 
was also able to travel extensively to 
research laboratories, conferences, 
and seminars, which broadened my 

knowledge and experience, and 
supplied much material for the column.

The first few years of instalments 
took a tour through the GC system 
from inlets to detectors, and 
then delved into more details of 
specific techniques, columns, and 
optimizations. One early challenge 
involved the mechanics of writing, 
editing, and transmitting articles 
to the publisher. PerkinElmer 
was in transition from traditional 
secretarial writing assistance and 
had recently installed a newfangled 

“word processor”, which involved a 
computer the size of a two-drawer 
filing cabinet, and a trained operator 
who, in reality, was the effective 
word processor because all original 
material and edits still had to go 
through her. Around the same time, 
the GC Applications Lab had acquired 
two IBM PC-XT computers with a 
printer that had an interchangeable 
typeface ball. These included a 
more flexible word processing 
program that was chosen specifically 
because it could print the super- and 
subscripts that were needed to 
render chromatographic equations 
properly. The most significant 
feature of this system was that it 
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displaced the human word processor 
and handed over full control to us 
authors. It was full speed ahead 
from there. I’m writing this article 
on much the same equipment. The 
main difference now is the printer 
doesn’t get used much anymore.

In 1993, the title of the “GC 
Troubleshooting” column was changed 
to “GC Connections”, to reflect a 
broadened scope that addressed 
ongoing developments in the field, 
including annual coverage of new 
GC-related products at the Pittsburgh 
Conference (Pittcon). Along the way I 
became one of those Pittcon fixtures, 
having attended every one (save two 
or three) from around 1986 through the 
present year, and I have the badges 
to prove it! That’s about thirty of them, 
each unique and, for me, always split 
between gathering material for “GC 
Connections” and playing whatever 
role my employer had in mind for that 
year. In 2019, as in most years before, 
the quantity and innovative nature of 
the new GC offerings found there was 
impressive. GC technologies continue 
to grow and adapt as much as ever.

This instalment is a personal 
retrospective about GC columns 
and hardware. It is impossible 
to mention all of the researchers, 
engineers, and others who made 
possible the tremendous advances 
that have propelled this branch of 
separation science forwards, and I 
hope the reader will be forgiving of 
my many omissions. I’d like to thank 
everyone with whom I have worked 
over the years, and especially all 
the editors and staff of LCGC for 
their patience and good advice.

Fused-Silica Columns
I started practising GC in graduate 
school. I worked in Charlie 
Lochmüller’s group at Duke 

University, where I synthesized chiral 
liquid-crystalline and polysiloxane 
stationary phases, and then coated 
glass capillary columns with them as 
best I could. Before going to Duke, 
I graduated from college in 1973 
with a B.S. in organic chemistry, and 
then worked at Aldrich Chemical in 
Milwaukee, Wisconsin, USA, for a 
short while. I left Aldrich to return 
to academia after discovering 
that, although I was very good 
at organic synthesis, producing 
commercial fine chemicals wasn’t 
really what I wanted to do. 

At Duke, I applied the 
gonzo-synthesis techniques I had 
learned to smaller challenges, and 
soon I had new columns ready for 
testing. My first experiences were 
with soda-glass columns pulled from 
a larger tube with the aid of a clunky 
Huppe–Busch drawing machine. 
After coating, the column ends had 
to be straightened by hand with a 
blowtorch before fitting to the inlet and 
detector. Some of the chiral phases 
worked well, and for a short while 
I could claim the largest published 
separation factor for a derivatized 
amino acid enantiomeric pair.

I knew I was a little too early 
starting to work with capillary columns 
when in 1979, towards the end of 
my graduate studies, fused-silica 
columns came onto the scene. We 
received two uncoated columns from 
a supplier, and, of course, I had the 
task of coating and testing them. I 
remember the first chromatogram 
looked very good, but after that, 
no peaks at all were eluted! Upon 
opening the GC oven, we discovered 
that the precious fused-silica column 
was now about fifty pieces of broken 
column, due to, at that time, the not 
well understood effects of thermal 
stress. So, in the end, I was grateful 
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that I had published several papers 
using old-school glass columns.

In 1979, with my freshly minted 
Ph.D., I signed on to work in Varian’s 
GC engineering department, where 
my first assignment was to devise 
ways to make fused-silica columns 
at a commercial scale. One of the 
first pieces of equipment I obtained 
was an aquarium from the local pet 
store, to serve as a low-gradient 
temperature bath for column coating. 
This was the butt of many jokes, and 
I even dropped a few tropical fish 
in for fun. But it soon became clear 
that the fused-silica column business 
was better done by a dedicated 
independent operation, and not 
adjunct to another production facility. 
This is still the case today, although 
now all of the column suppliers that 
I’m aware of are part of a larger 
instrument company or other business. 
Essentially all raw fused-silica 
column tubing is produced in 
just a few facilities worldwide.

For a while, glass columns 
were the only way to perform 
high-temperature GC, in excess of 
300 °C. Early in fused-silica column 
development, an aluminium outer 
coating became available, which 
made higher temperatures attainable. 
Polyimide outer coatings, at first not 
useful at higher temperatures, were 
improved eventually and made high 
temperature operation up to 400 °C 
possible. The stationary phase 
became the temperature-limiting 
factor, as it still is today. The work 
of many academic and commercial 
researchers advanced stationary 
phase polymer chemistry for 
cross-linking and bonding to the 
inner wall. The temperature limits, 
column bleed, and consistency 
improved to a point that much of the 
available high performance is now 

considered routine. Metal wall-coated 
open-tubular capillary columns endure, 
only now they are made by coating 
steel tubing with a thin layer of silica, 
an inversion of the older techniques.

One of the shortcomings of 
wall-coated open-tubular columns 
is the thin film and low volume of 
the stationary phase. It bestows 
high separation efficiency, but limits 
solute mass before overloading and 
peak distortion occur. A compromise 
solution is to increase the surface 
area on the inner column wall by 
etching or by depositing support 
material, such as in a porous-layer 
open-tubular (PLOT) column. A lot of 
research was performed with glass 
columns to improve their inertness 
while increasing sample capacity. 
We had experimented with some 
salt deposits at Duke, but never 
got it right—the resulting columns 
were not at all inert, and had terrible 
peak shapes. As stationary phase 
polymer chemistry advanced, PLOT 
columns with polymeric phases, such 
as polysiloxanes and polyethylenes, 
were largely supplanted by thick-film 
columns. Particulate stationary 
phases, such as molecular sieves, 
alumina, and porous polymers, now 
predominate in PLOT column offerings.

Programmed 
Temperature Inlets
After concluding the fused-silica 
column work at Varian, I switched over 
to GC instrument development. On a 
trip to Europe, on the way to my first 
International Symposium on Capillary 
Chromatography (ISCC), I had visited 
a number of research laboratories and 
chromatography businesses. I recall 
that this was also the occasion of the 
first ISCC to be held in Riva del Garda. 
At the time, there was a lot of interest 
in GC inlet systems, specifically 

around ways to improve the accuracy 
of split and splitless injections as 
related to certain samples that 
were unstable under conventional 
injection conditions. Unlike in liquid 
chromatography (LC), GC solutes 
must enter a gaseous phase for 
elution to occur. Flash vaporization 
in a GC inlet prior to entering the 
column is the norm, and it works quite 
well in most cases. However, some 
sample compositions can be strongly 
affected by flash injection, namely 
high boiling or wide boiling-range 
components, as well as solutes 
that are thermally labile or subject 
to catalytic decomposition. These 
effects were exhaustively documented 
in myriad publications, along with 
various methods to suppress them, 
such as specially configured inlet 
liners, syringe-loading techniques, 
injection timing, and so on.

The alternative direct on-column 
injection technique eliminated such 
problems, but other difficulties 
arose from depositing the entire 
sample directly onto the column. 
Nonvolatile material would build 
up and eventually contaminate the 
column head, and the sample volume 
was limited to a relatively narrow 
range. High concentrations had to 
be diluted, while not enough trace 
sample could be injected without 
flooding the column. An innovative 
solution, a programmed-temperature 
inlet, had been developed by 
several groups and was into early 
stages of commercialization at 
the time of the ISCC conference. 
This type of inlet system transfers 
sample into the inlet near room 
temperature, which suppresses 
many of the undesirable effects of 
hot injection. The inlet subsequently 
heats the sample to vaporize it into 
the column. Split, splitless, direct, 
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and large-volume injections were all 
possible. While not suitable for all 
samples, programmed-temperature 
inlets are found in a wide 
variety of applications today.

Electronic Gas Control
In the mid 1980s, microprocessors 
were supplanting discrete designs 
in analytical instruments across all 
disciplines. For GC, opportunities 
beyond improvements to thermal, 
valve, and detection control included 
firmware-enabled electronic control of 
gas flows to columns and detectors 
using electro-mechanical metering 
valves. This made it simpler to include 
flows and pressures along with 
temperature and detection in the GC 
method parameters that could be 
accessed via a front panel display 
and keyboard or attached computer. 

Beyond these basics, programming 
the column pressure was made more 
practical and accessible. Increasing 
the column pressure drop during a 
programmed-temperature run had 
been achieved much earlier with 
components such as a clock-motor 
driven pressure regulator. This helped 
overcome losses in column efficiency 
with constant pressure operation at 
higher temperatures: Column flow 
and linear velocity would drop below 
the optimum, due to increasing 
carrier gas viscosity. However, the 
early implementations were largely 
abandoned, due to their impracticality.

The mathematical relationships that 
describe the interaction of column 
pressure drop, flow, velocity, and 
viscosity are well known, and, with 
microprocessor control, it became 
much easier to achieve fine control 

of carrier gas parameters across 
the time domain of a separation. In 
the space of a few years in the early 
1990s, all the major GC instrument 
companies released their versions 
of computer-electronic carrier 
gas control under a few different 
names with associated three-letter 
acronyms. Looking back at the 
state of microprocessor capabilities 
30 years ago, I’m amazed that at 
the time we could achieve such a 
high level of carrier gas control.

GC instruments of the past 
decade or so lack most of the knobs 
and pressure dials so familiar to 
me and others of my generation; 
they display on-screen readouts 
instead. But the accuracy of 
the readouts relies on the good 
practice of regular gas calibration. 
Instrument validation and suitability 
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still require externally calibrated 
flow and pressure measurements.

Miniature, Portable, 
and Micro GC
Everything about GC has been 
shrinking for years now. Full-size 
multipurpose laboratory GC instruments 
with large column ovens and dual inlets 
and detectors are still available, but 
newer GC instruments trend towards 
smaller ovens and single-channel 
hardware. They occupy less bench 
space, and can be dedicated to one 
or a few related applications. They 
are the result of a stabilization of 
GC methodology for many routine 
sample types. The development of 
new or modified methods remains 
in the R&D laboratories, while 
everyday analyses are performed on 
systems designed more for increased 
throughput of repetitive samples.

The shrinking GC system also 
makes possible better integration of 
high-speed GC components. Smaller 
components have less thermal mass, 
which makes faster temperature 
programming rates easier to achieve, 
and also reduces thermal recovery 
times between analyses. Smaller 
GC instruments that consume less 
power are easier to move around, and 
portability becomes more practical. 
But, for GC, its not as easy as bringing 
the analyzer to the sample. There 
are few mixtures that can simply be 
injected directly into a GC system. 
Extensive preparation is required for 
most real-world samples in the form 
of isolation, concentration, filtration, 
extraction, derivitization, and so on. 

The sampling aspect has held 
back a broader adoption of portability 
in GC, and also has impacted the 
wider deployment of microcolumn GC 
systems. I would define a microcolumn 
as one with inner diameter less than 

100 µm, possibly etched or otherwise 
configured onto a chip-like substrate. 
A practical application was seen at 
the Pittcon a couple of years back for 
air monitoring with a mesh-network 
configured array of micro GC 
instruments deployed on telephone 
poles and other urban structures. 
Microcolumns are lightweight and very 
portable, but their small diameters 
require corresponding reductions in 
inlet and detector dimensions, as well 
as enhanced detector sensitivity, to 
match their reduced sample capacities. 
Perhaps these challenges will be 
resolved in the future—who knows? 
The laboratory GC of the future might 
be the size of today’s smartphone. 
Such a system would also fit well into 
process analysis and control situations.

After leaving PerkinElmer in 1999, I 
ran a training and consulting business 
for a few years. I very much enjoyed 
these activities, but I missed working 
with a team on new instrumental 
challenges. An opportunity to 
participate in a start-up business 
based on online GC came my way, and 
in 2002 I signed on with Serveron, in 
Hillsboro, Oregon, USA, to engineer 
a new miniature GC system as the 
measurement component of an online 
analyzer to be deployed in remote 
locations. This is a non-laboratory 
system that had to perform as well 
as its in-laboratory counterparts. At 
least three-quarters of the space 
inside the instrument is dedicated 
to sample preparation and gas 
extraction. The work was challenging, 
but the project was successful 
and yielded a remotely deployed 
instrument with better-than-laboratory 
sensitivity, along with column and 
gas tank service intervals averaging 
about four years. Many of them are 
installed hundreds of miles from 
anywhere in particular, and left alone 

until servicing is needed. The entire 
GC instrument—columns, detector, 
and electronics—is replaceable as a 
single component by removing two 
screws and two cables. I think this 
is a good example of the melding 
of sample preparation and analysis 
into a practical application-specific 
system that can be deployed remotely.

Today, my work has shifted into 
the spectroscopic realm: The team 
is engineering a new analyzer to 
supplement GC-based ones in areas 
where managing large quantities of 
carrier gas tanks is impractical. Who 
knows, I may publish something 
in Spectroscopy before too long.

Conclusion
After 40 years in GC, 32 of them writing 
this column, I’m signing off and moving 
on to keep innovating and creating 
anew. “GC Connections” will keep 
going under the capable watch of 
Nick Snow, who will bring new insights 
and his own experiences to bear. I 
want to thank Nick for taking on this 
new endeavour, and I wish him the 
best of everything that comes with 
a long career in separation science. 
When I’m not beaming light around 
the laboratory, look for me outside as 
I head to my next marathon, bike ride, 
or road trip on the electrified highway.
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Making the Most of Size‑Exclusion 
Bioseparations Using Sub‑2‑µm 
Column Technology
Te-Wei Chu1, Veronica Qin2, Andrew Coffey3, Eric Lyster1, Wu Chen2, and Gregory Staples1, 1Agilent Technologies, Santa Clara, California, 

USA, 2Agilent Technologies, Wilmington, Delaware, USA, 3Agilent Technologies, Church Stretton, UK 

Size-exclusion chromatography (SEC) is a mainstay in the biopharmaceutical industry, serving as a gold 
standard analytical tool for the characterization of therapeutic proteins in development and manufacturing 
settings. Contemporary SEC separations can be performed using columns packed with sub-2-μm particles, 
and these platforms offer the highest efficiencies available for the separation of monoclonal antibody 
monomer species from low- and high-molecular-weight product-related impurities. Compared to other 
chromatographic modes used to characterize proteins, SEC is unique in that analytes are not retained 
by the stationary phase. As a result, special care is required to achieve in practice the chromatographic 
efficiency that is expected in theory. In this article, we describe the fundamental aspects of achieving 
high performance using sub-2-μm SEC columns. In addition, we discuss trends in the biopharmaceutical 
industry, including challenges that can be addressed using modern size-exclusion technologies.

Size-exclusion chromatography (SEC) 
is a widely employed technique to 
assess molecular size variants of protein 
therapeutics, particularly in the case of 
monoclonal antibodies (mAbs). Indeed, 
SEC supports many stages of drug 
development, and is an essential tool 
for quality assurance-quality control 
(QA-QC) lot release for the quantification 
of dimers and higher order aggregates. 
The origins of SEC separations can be 
traced back to the 1950s (1), and since 
that time the technology has undergone 
several evolutions in performance. 
Among these has been the invention 
of smaller particle size SEC platforms, 
the benefit of which was recognized 
very early on in the technique’s 
establishment (2). This article aims to 
explore various aspects of the design, 
evaluation, and implementation of 
sub-2-μm SEC separations, so that 
users can achieve the maximum 
benefit possible from the technology. 

Among all chromatographic separation 
approaches, SEC is unique in that analytes 
are not retained by the column (for all 
analytes, the retention factor, k, is zero). In 
other words, and by design, molecules 
of interest should have no interaction 
with, or adsorption by, the stationary 
phase. Because of this, the elution volume 
(used in the place of retention time for 
SEC) is, in theory, purely a function of the 
proportion of intraparticle pore volume that 
is accessible to a given molecule. There 
is an upper and lower limit of accessibility 
because analytes can access as much as 
100% (analyte considered fully included) 
or as little as 0% (analyte considered 
fully excluded) of the pore volume.

Whether or not a protein analyte can 
access available pore volume in an SEC 
column depends on a couple of factors, 
again assuming there are no secondary 
interactions in play. One variable is the 
protein size, more accurately reflected by 
hydrodynamic radius, because proteins 

can adopt a variety of shapes in solution, 
depending on their tertiary structure. The 
second variable is the pore size of the 
stationary phase. For protein applications, 
SEC pore sizes tend to range from around 
100 to 4000 Å (pore sizes for mAb analysis 
are often in the range of 200–300 Å). 
Proteins that are larger in hydrodynamic 
radius than the pore size of the column 
are excluded from the separation and are 
eluted first, whereas smaller proteins are 
eluted later in accordance with their ability 
to access the pore volume of the column. 
Compared to other chromatographic 
separation modes for protein analysis, 
SEC operation is, at first glance, quite 
simple, because the mobile phases 
are typically aqueous buffers, and the 
columns are run in isocratic mode.

Materials and Methods
Materials: The gel filtration standard was 
purchased from Bio-Rad Laboratories. 
AdvanceBio SEC Protein Standards 
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(300 Å and 130 Å) were supplied by 
Agilent Technologies. Individual proteins, 
peptides, and small-molecule probes were 
purchased from Sigma-Aldrich. Bovine 
serum IgG (I9640), SILuLite SigmaMAb 
(MSQC4), and SigmaMAb Antibody 
Drug Conjugate (ADC) Mimic (MSQC8) 
were purchased from Sigma-Aldrich. 
NIST Monoclonal Antibody Reference 
Material (RM) 8670 and 8671 were from 
the U.S. National Institute of Standards 
and Technology. A human IgG1 mAb 
expressed from Chinese hamster ovary 
(CHO) cells was produced in-house. 
Buffers, salts, and HPLC-grade solvents 
were purchased from Sigma-Aldrich.
HPLC: SEC high performance liquid 
chromatography (HPLC) was performed 

on an Agilent 1290 Infinity II LC System 
or an Agilent 1260 Bioinert LC System, 
equipped with a bioinert pump, an 
autosampler, a temperature-controlled 
column compartment, and an ultraviolet 
(UV) detector monitoring 214 nm, 
220 nm, or 280 nm. Agilent OpenLab 
chromatography data system (CDS) 
software was used for data acquisition 
and analysis. An Agilent AdvanceBio 
SEC 200 Å 1.9 µm column was used for 
all studies. Typical column dimensions 
used were 4.6 mm × 150 mm and 
4.6 mm × 300 mm, unless otherwise 
indicated. Typical chromatography flow 
rates were 0.35 mL/min and 0.5 mL/
min for the 300 mm and 150 mm length 
columns, respectively. For fast analysis, 

the flow rates were as indicated in the text 
or figure captions. Sodium phosphate 
buffer (150 mM pH 7) was used as the 
mobile phase in most experiments, unless 
otherwise indicated. For the stressed 
mAb study, mAb sample was buffer 
exchanged with sodium bicarbonate 
(100 mM pH 9), and incubated at 40 °C 
for 48 h. For the IdeS enzyme digestion, 
FabRicator (Genovis) was used according 
to the manufacturer’s instruction.
LC–MS: An Agilent 1290 Infinity II LC 
System and an Agilent Q-TOF LC/MS 
with dual-ESI source were used for the 
LC–MS experiments. Data analysis was 
performed using Agilent MassHunter and 
BioConfirm software. Injections of mAb 
or myoglobin were made at 0.35 mL/
min flow rate. The mobile phase for the 
denaturing condition was 0.1% formic acid 
(FA), and 0.02% trifluoroacetic acid (TFA), 
in 30% acetonitrile. The mobile phases 
for the native LC–MS experiments were 
ammonium acetate at 50 mM and 80 mM 
for myoglobin and mAb, respectively. 

Insights into the Evaluation  
and Implementation of  
Sub‑2‑µm SEC Technologies
Many factors must be considered in 
the evaluation and implementation of 
SEC column technologies, some of 
which become particularly important 
when considering sub-2-µm particle 
platforms. The design space for SEC 
columns narrows as the particle size is 
reduced below approximately 3 µm, and 
can be summarized as a compromise 
between particle pore volume, particle 
mechanical strength, and particle 
surface coverage–surface chemistry, as 
depicted in Figure 1. Increasing pore 
volume increases resolution in SEC, but 
comes at the expense of decreased 
particle mechanical strength, which 
reduces the flow rate range in which 
the column can operate, and can also 
severely reduce column lifetime. Properly 

Pore volume
Large pore volume is needed for performance,
but at the cost of particle mechanical strength.

Mechanical strength
required for

robustness, lifetime,
and optimal packing.

High bonding coverage
needed to reduce

secondary interactions,
but can reduce pore

volume.

Mechanical
strength

Bonding
coverage

FIGURE 1: Triple Venn diagram depicting the required optimization of design parameters 
for sub-2-µm SEC columns.
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designed surface chemistries eliminate 
secondary interactions because they 
protect analytes from the base particle, 
and to do this they must be sufficiently 
dense. However, thicker surface coverage 
of bonding reduces the overall pore 
volume, and thus decreases resolution. 

Of all attributes of sub-2-µm SEC 
particles, users may find that the biggest 
limitation compared to larger particle 
sizes is the low mechanical strength. 
SEC particles are typically weaker than 
other chromatographic media of similar 
particle size because of their large pore 
volume, and this problem is magnified 
several-fold for sub-2-µm SEC particles. 
The mechanical strength of SEC particles 
can be assessed in a variety of ways, 
but a simple method involves packing 
columns and measuring back pressure 
as a function of the flow rate applied. 
The particle mechanical strength is 
compromised once the relationship 
between flow and pressure ceases to be 
linear. Figure 2 shows such an experiment 
for several sub-2-µm SEC particles, one 
set of which has undergone optimization 
for mechanical stability. Compared to the 
unoptimized prototypes, the optimized 
material exhibits good linearity of flow 
and pressure up to nearly 1000 bar, 
whereas the two unoptimized materials 
break at 600 or 800 bar, respectively. 

Assessment of secondary interactions is 
of central importance in the development 
and evaluation of any SEC material. 
Figure 3(a) shows SEC of uridine and 
vitamin B12, which should have a 
similar elution volume in the absence of 
secondary interactions. As can be seen, 
SEC particles with a suboptimal surface 
coverage result in undesired retention of 
vitamin B12. However, uridine and vitamin 
B12 are coeluted when the SEC particle 
surface has been optimized, as seen in 
Figure 3(b). Compared to small molecules, 
proteins present many more potential 
sites of interaction with an SEC stationary 

phase, and the extent of interaction will 
depend on the protein’s physicochemical 
properties. Protein interaction with an SEC 
phase can be mitigated using salts such 
as sodium chloride (NaCl) in the mobile 
phase. As shown in Figure 4(a), the peak 
shape for a model mAb is consistent at 
NaCl concentrations between 100 to 

400 mM. However, the peak shape of 
lysozyme (a protein with a high isoelectric 
point) drastically deteriorates at a 
concentration of 100 mM, as shown in 
Figure 4(b). Secondary interactions with 
SEC columns (whether with the column 
hardware or the stationary phase) can 
also manifest in the form of priming effects, 
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where protein peaks tend to increase 
in area with repeated injections, until 
reaching some stable value. Figure 5 
shows this effect for both a non-optimized 
and an optimized surface as probed 
using repeated injections of a mixture of 
proteins (Figure 5[a]) or an antibody–drug 
conjugate (ADC) (Figure 5[b]). ADCs 
tend to present more challenges than 
mAbs during SEC because of their 
inherently increased hydrophobicity, 
which derives from the hydrophobic 
payloads (small molecule drugs) that 
are attached to the base molecule. It 
is critical to assess priming effects with 

samples of interest because these effects 
may lead to inaccurate measurement of 
protein aggregates or other features.

Column lifetime is another major factor 
that must be designed into SEC columns, 
and satisfying lifetime requirements are 
increasingly difficult as particle size 
decreases. Particle mechanical strength 
is, of course, a key determinant of column 
lifetime because crushed particles will 
result in pore volume disruption and void 
formation in the packed bed, which will 
severely impact resolution. In general, 
smaller particles are also more difficult to 
load into column hardware, and without a 

properly packed column, the efficiencies 
provided in theory for sub-2-µm SEC 
particles cannot be achieved in practice. 
The lifetime of SEC columns is typically 
assessed using repeated injections of 
relevant samples. Figure 6(a) and 6(b) 
demonstrate 1000 consecutive injections 
of a mAb while monitoring the percent 
of high-molecular-weight (HMW) and 
low-molecular-weight (LMW) species 
over time. The measurement of consistent 
relative percent values of these species 
reflects optimized column lifetime. Not 
all users will run so many consecutive 
injections, but rather will run some 
number of samples over the course of 
many days or weeks. In this case, the 
column equilibrates, runs, and stops 
many times, exposing the packed bed to 
repeated pressure cycles. These pressure 
cycles can be deleterious to sub-2-µm 
SEC column performance if they disturb 
the packed bed, explaining why many 
manufacturers recommend a gradual 
increase in flow to begin column operation, 
as opposed to ramping immediately to 
the desired flow rate. Figure 6(c) and 
6(d) represent an alternative version of 
lifetime testing to that shown in Figure 6(a), 
where the column flow is automatically 
stopped and restarted every 50 injections. 
The data demonstrate that uridine 
plate count is stable throughout 400 
injections for a column with optimized 
packing, whereas the plate count for a 
nonoptimized column begins to drop 
at 300 injections. With the increasing 
number of SEC applications, the definition 
of column lifetime may continue to 
expand, especially in the context of direct 
measurement of bioprocesses where the 
samples contain a high amount of matrix 
as opposed to a purified protein (3). 
Instrument Considerations: The 
importance of the HPLC system in realizing 
the higher efficiencies offered by sub-2-µm 
SEC particles cannot be overstated (4). 
Perhaps the first requirement that will 
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immediately come to mind is that the 
system must be capable of delivering 
flow at high back pressure. A combination 
of improved speed and resolution is 
typically associated with sub-2-µm particle 
technologies. However, there is still an 
upper pressure limitation imposed on even 
the most rugged sub-2-µm SEC particles, 
which results from the large pore volume 
of the phase. Many methods developed 
on 4.6 × 300 mm sub-2-µm SEC columns 
(considered to be a narrow bore column 
dimension in this context) run at 0.35 mL/
min and at <400 bar, so systems that can 
provide 600 bar of back pressure are 
capable workhorses in these situations.

One might ask the question whether 
ultrahigh-pressure liquid chromatography 
(UHPLC) systems (such as those capable 
of generating >600 bar) are required for 
sub-2-µm SEC separations. As mentioned, 
SEC separations using sub-2-µm 

particles are not typically performed at 
high pressure (>600 bar) because of 

the mechanical strength limitations of 
the particles. High pressure capability, 
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FIGURE 5: Assessment of fresh column priming (protein adsorption) effects with 
hydrophobic analytes. Top panel: unoptimized prototype. Bottom panel: optimized 
SEC column. (a) Overlay of first five injections of a protein mixture that contains 
thyroglobulin dimer (1340 kDa; peak 1), thyroglobulin (670 kDa; peak 2), IgA 
(320 kDa; peak 3), IgG (158 kDa; peak 4), ovalbumin (44.3 kDa; peak 5), 
myoglobin (17.6 kDa; peak 6) and vitamin B12 (1.4 kDa; peak 7). (b) Overlay 
of first three injections of antibody-drug conjugates (ADC) (SigmaMAb). 
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however, is not the only aspect to consider 
in the context of UHPLC for sub-2-µm 
SEC. Minimizing extra column dispersion 
is particularly important, and UHPLC 
systems are typically optimized for this 
purpose because they are commonly 
used to run narrow bore (2.1 mm) columns. 
SEC peak volumes are inherently very 
small, and the LC flowpath thus plays 
a much larger role in potential band 
broadening compared to chromatographic 
modes like reversed-phase, where the 
analytes can stack at the head of the 
column. This becomes most important 
when reducing the dimensions of SEC 
columns. Taking the case of an analyst 
using 3.5 µm SEC particles and migrating 
from a 7.8 mm × 300 mm column 
to a 4.6 mm × 300 mm column on a 
conventional HPLC system (perhaps to 
save on mobile phase consumption, or 
because of sample limitations), one might 
observe a ~25% drop in chromatographic 
efficiency, solely due to extra column 
dispersion effects (assuming the injection 
volume is scaled to the column volume). 
This can be combatted by reducing the 

system dispersion, for example with 
smaller diameter connecting capillaries. 
A user adopting a 4.6 mm i.d. SEC 
column on a modern UHPLC system 
optimized for ultra-low dispersion should 
readily realize efficiency consistent 
with a 7.8 mm i.d. column because the 
system is likely already optimized for low 
dispersion. This is not the case, however, 
if the UHPLC user attempts to further 
reduce column diameter, for example 
from 4.6 mm down to 2.1 mm (5). In this 
scenario, the variance (σ2) of the UHPLC 
system is too large compared to the peak 
variance from the column, even for the 
low dispersion systems on the market. 
The practical and unfortunate result is 
that efficiency can drop by more than 
50%, yielding very poor performance. 

Given that it is currently very difficult to 
further reduce system dispersion beyond 
that offered by modern ultra-low dispersion 
UHPLC systems, it must be acknowledged 
that most commercially available UHPLC 
systems impose practical limitations on 
the gainful use of sub-2-µm SEC particles 
when packed in a 2.1 mm i.d. format. This 

issue can be confusing, particularly when 
sub-2-µm particles are considered, given 
that the use of sub-2-µm particles is often 
associated with 2.1 mm i.d. columns (6). 
Another point of confusion comes from the 
gaining popularity of SEC–MS, and the fact 
that MS analysis is often performed using 
2.1 mm columns (see later discussion on 
this point). Another way of thinking about 
the limitations of SEC in 2.1 mm columns 
is that the particles will perform similar to 
much larger packing material when in 
this format, negating the benefit of the 
reduced particle size, and the effect is 
most extreme for sub-2-µm materials.

A useful summary of the performance 
benefits that can be derived from 
sub-2-µm SEC is depicted in Figure 7, 
which models column efficiency (plate 
height) as a function of flow rate for a 
4.6 mm × 300 mm SEC column packed 
with either 1.9 µm or 3 µm particles for 
both small molecule (uridine) and large 
molecule (150 kDa protein) probes. 
The calculations are based on work 
published by Engelhardt and Ahr (7). 
Proteins have low diffusivity, and smaller 
particles improve protein SEC separations 
more dramatically than they improve 
small-molecule SEC separations. As has 
been stated, the improvement is limited to 
the operating flow rate (and thus pressure) 
range of sub-2-µm SEC columns, as 
depicted by the green shaded region 
of the figure, which represents typical 
flow rates for this column dimension. 

A Snapshot of Emerging 
SEC Applications
The most common use of SEC in the 
biopharmaceutical space is the evaluation 
of aggregates, which are considered 
product-related impurities of therapeutic 
proteins (8). Here, careful implementation 
of sub-2-µm SEC technologies provides 
higher resolution separations at faster flow 
rates compared to legacy methods, and 
these improvements can be leveraged 
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to reduce run time. An example of an aggregate separation 
is shown in Figure 8(a) for the analysis of bovine IgG. Here, a 
dimeric species is eluted before the monomer peak with enough 
resolution to allow quantification using ultraviolet (UV) detection. 
SEC can also be used to analyze fragments of proteins, as shown 
in Figure 8(b) for a mAb that has been subjected to pH-induced 
stress. Forced degradation studies are an important step in 
understanding protein therapeutic stability and manufacturability 
(9). Because of the forced degradation treatment, two peaks 
are observed to elute after the monomer peak with a resolution 
of 2.4 and 8.9, respectively. Figure 8(c) shows separation 
of a mock sample prepared by combining an IdeS digest 
of a mAb with untreated mAb to demonstrate separation of 
fragments of 100 kDa and 25 kDa from the intact protein. An 
example of improvement from sub-2-µm SEC separations 
was demonstrated for bispecific mAb characterization, where 
significant improvements in analysis time were realized compared 
to an existing platform method that utilized columns packed with 
5 µm particles (10). Not only was the elution time of the monomer 
peak reduced from 16 min to 6 min, the resolution between 
monomer and both LMW and HMW species was improved. 
Two-Dimensional Separations Using SEC: Two-dimensional 
separations for biotherapeutic protein analysis are gaining 
popularity (11) and in this context SEC has been useful 
for applications such as the simultaneous measurement of 
molecular weight variants and unconjugated small-molecule 
drugs in ADC preparations (12). The most common 
implementation of SEC in a 2D setting provides simultaneous 
measurement of mAb titer and aggregate profile when used 
as a second dimension following Protein A chromatography 
(13). In another report, ion-exchange chromatography (IEC) 
and SEC have been combined in a 2D format, interfaced by 
multiple-heart-cutting technology, which allows for peak-parking 
of features from a first dimension separation followed by high 
resolution separation in a second dimension separation (14). 
In this study, researchers investigated the profile of high- and 
low-molecular-weight species as a function of charge variant 
population and found that aggregates were enriched in the 
most basic variants of a force-degraded mAb sample.
SEC for Process Analytical Technology (PAT): 

Biopharmaceutical laboratories continue to demand increased 
speed of analysis, and SEC is a prime target for throughput 
improvements, especially considering its widespread use. In 
the absence of mechanical strength limitations, sub-2-µm 
SEC platforms would offer an enormous improvement in 
speed of analysis (see Figure 7). For this reason, even 
moderate improvements in mechanical strength and column 
lifetime can allow analysts to achieve considerable benefits 

in turnaround time without compromising chromatographic 
efficiency. Indeed, higher efficiency sub-2-µm particles permit 
high resolution separations using shorter columns, which can 
reduce run times. Figure 9 shows a series of separations of 
a mAb on a 4.6 mm × 150 mm column running 0.3–0.7 mL/
min in increments of 0.1 mL/min. Even at 0.7 mL/min, the back 
pressure generated is still under 400 bar. The total run time can 
be shortened from 7 min down to 3 min under these conditions. 

The demand for speed continues, and there is an emerging 
need for ultrafast SEC separations, especially for PAT applications 
(15). In these cases, it is often difficult to limit the injection volume 
of the sample. Given that analytes in SEC do not stack on the 
stationary phase surface, the volume of injected sample must be 
carefully scaled to the volume of the column so that the potential 
resolution of the column can be utilized. Considering the two 
requirements of speed and tolerance of larger injection volumes, 
column formats based on wider dimensions, but having shorter 
lengths, become very useful. To this end, Figure 10(a) shows 
a series of separations on a 7.8 mm × 50 mm sub-2-µm SEC 
column at flow rates between 1.0 and 2.0 mL/min in increments of 
0.25 mL/min. Even at 2.0 mL/min, the back pressure generated is 
only 300 bar. At the elevated flow rate of 2.0 mL/min, separation 
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of mAb monomer from dimer is possible 
with a resolution of 1.3, and within a total 
run time of 1 min. Figure 10(b) and 10(c) 
track the performance of the column over 
the course of 500 injections at 1.5 mL/
min and another 500 injections at 2.0 mL/
min as measured using plate count for 
uridine and the percent area of monomer 
and dimer peaks for the mAb tested. 

Patel and Richardson have 
demonstrated the use of SEC as a PAT tool 
to provide real-time assessment of product 
quality during a hydrophobic interaction 
chromatography (HIC) purification step 
(15). In this work, samples eluting from the 
HIC purification were measured on-line 
every 5 min, providing measurement of 
aggregate quantity and molecular weight 
using a combination of UV and multi-angle 
light scattering (MALS) detection. The use 
of SEC separation in this PAT application 
required very fast separations, and the 
authors used a custom 4.6 mm × 75 mm 
column operating at 0.75 mL/min to 
drive their aggregate measurement in 
less than 2 min. The use of sub-2-µm 
SEC particles for this type of work was 
essential, as under these conditions the 
monomer and dimer peaks of the mAb 
studied are just barely baseline resolved. 
SEC with Hyphenation to Mass 

Spectrometry (MS): It is now increasingly 
common to hyphenate SEC separation to 
MS detectors, especially to characterize 
peaks in separations that will be 
performed in routine settings with UV 
detection. Such a strategy can be an 
essential element of method validation 
(10). In this approach, Haberger and 
associates modified an SEC separation, 
which was driven using MS-incompatible 
potassium phosphate, to a separation 
using MS-compatible ammonium acetate. 
To ensure adequate sensitivity, 4 µL/min 
of the total 200 µL/min flow was diverted 
to the MS instrument. Consistent with 
the earlier discussion of performance 
for different SEC column diameters, the 
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authors used a 4.6 mm rather than 2.1 mm 
column. With this separation system, a 
novel aggregate variant was determined, 
which consisted of a bispecific mAb 
lacking a light chain that was noncovalently 
associated with an LC heterodimer.

Denaturing mode SEC–MS 
measurement of the NIST mAb is shown 
in Figure 11(a). Such measurements 
are usually driven using MS-compatible 
mobile phases containing organic solvent 
and acid modifiers, which unfold protein 
structure and promote ionization of the 
molecules in the electrospray source. The 
deconvoluted spectrum of the NIST mAb 
yields information on the molecular mass 
of the molecule, and the spectrum is 
dominated by the major glycoforms that 
decorate the Fc region. Under denaturing 
conditions, noncovalent complexes are 
disrupted, so measurement of species 
such as mAb dimers is not possible. 
However, denaturing SEC–MS can provide 
information on heavy and light chain 
species from reduced mAb preparations, 
and there are some advantages to this 
approach compared to reversed-phase 
LC–MS methods (16). Native mode MS for 
the analysis of the complex of myoglobin 
and heme is shown in Figure 11(b). The 
association of myoglobin with heme 
is noncovalent, as opposed to the 
covalent association of other proteins 
with heme (cytochrome C). The native 
conditions of most SEC separations, which 
utilize sodium phosphate buffers near 
physiologic pH, are ideal for preserving 
noncovalent interactions of proteins with 
ligands or other proteins. However, such 
buffer systems are incompatible with 
MS detection, so alternatives such as 
ammonium acetate are typically employed. 
The figure demonstrates preservation 
of holo-myoglobin, measured at the 
expected mass of 17,567 Da. Another 
demonstration of native mode SEC–MS 
is shown in Figure 11(c) for a mAb from 
Sigma. Native MS of mAb samples can 

be useful for determining the nature 
of species that may form noncovalent 
associations in solution. The charge states 
detected for the NIST mAb using SEC–
MS fall within the characteristic range of 
5000–7000 m/z, as opposed to the range 
of 2000–4000 m/z that is characteristic 
of the more highly charged molecules 
detected in denaturing mode MS. 

One of the most established use cases 
for native SEC–MS was demonstrated 
by Valliere-Douglass in 2012, where 
the technique was performed to 

assess drug-to-antibody ratio (DAR) of 
cysteine-linked ADCs (17). Native SEC–
MS offers a combination of direct mass 
measurement, desalting capability, and 
preservation of noncovalent complexes 
not afforded by other approaches. Of any 
alternative technique, static nanospray 
comes the closest, but was dismissed 
as an option by the authors because of 
perceived lack of robustness in a routine 
biopharmaceutical laboratory environment. 
In the context of this work, the function 
of the SEC column is to desalt the ADC 
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sample and present it to the MS instrument 
without disruption of noncovalent 
interactions. Use of MS-compatible buffers 
such as ammonium acetate are essential 
for this task, as is the careful optimization of 
the MS instrument parameters, which could 
otherwise lead to complex dissociation. 

SEC has also recently been coupled 
to high-resolution MS for affinity 
measurements of protein–ligand 
interactions. In this work, rapid separations 
were performed using native conditions 
that preserved the interaction between a 
candidate enzyme immunotherapy target 
and potential small molecule inhibitors. 
VC50 measurements, which can be 
used to assess binding strength, were 
made by varying the collision energy 
applied to the intact complex in the gas 
phase. The authors described the special 
care needed to optimize both the SEC 
separation conditions as well as the MS 
instrument parameters to preserve low 
affinity protein–ligand complexes (18).

Conclusions
SEC separations continue to evolve with 
a protein therapeutics market in which 

molecules such as mAbs are being 
approved in record numbers (19). The 
use of optimized sub-2-µm SEC particle 
technologies has enabled improvements in 
resolution of size variants of biologics, and 
these gains can be leveraged into faster 
separations using shorter column formats. 
Efforts in Quality by Design are being 
addressed with PAT approaches, and 
here SEC is a valuable tool for real-time 
assessment of protein aggregation. SEC is 
also being implemented in 2D separation 
platforms as well as with MS detection to 
support biologics characterization. With 
some care taken, sub-2-µm SEC will 
continue to expand in use as applied 
to traditional mAb platforms as well as 
to the increasingly complex array of 
emerging therapeutic protein modalities.
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Sample Preparation Goes Subzero: 
Ice Concentration Linked with 
Extractive Stirrer (ICECLES)
Brian A. Logue1, Chris Skaggs2, and Abdullah H. Alluhayb3, 1Department of Chemistry and Biochemistry, South Dakota State University, 

Brookings, South Dakota, USA, 2SGS North America, Brookings, South Dakota, USA, 3Qassim University, Saudi Arabia

A new technique, ice concentration linked with extractive stirrer (ICECLES), provides highly efficient 
isolation of trace compounds from aqueous samples. ICECLES combines freeze concentration with 
stir-bar sorptive extraction into a seamless analytical extraction methodology. This month, we discuss 
how to perform this relatively simple technique, and discuss its advantages and limitations.

Development of ice concentration 
linked with extractive stirrer 
(ICECLES) started, as many of my 
ideas start, with a modified scientific 
method, as described below. 
Step 1: Observe an event and ask 

myself what causes the effect. In this 
case, it was answering the question, 
Why do soda cans sometimes “explode” 
as they freeze? I had witnessed this 
event multiple times when storing soda 
cans in the garage and forgetting to 
bring them into the house during the 
fall and winter in South Dakota. You 
might be asking: “Why are you storing 
soda in a garage in the winter in South 
Dakota?” I’ll just skip answering that, 
and get back to the question of why 
soda cans explode. The obvious first 
thought many of us have is that water 
expands when it freezes, causing 
pressure on the can, resulting in a 
breach. But if you have witnessed this 
phenomenon, you probably agree that 
the type of pressure needed to produce 
these sometimes violent explosions 
would not be generated by the relatively 
small volume change produced when 
water freezes. Also, fast freezing of the 
soda on really cold days did not cause 
the cans to explode, but slower freezing 

of the soda often did. This was further 
evidence that it was not the volume 
change, which should be independent 
of the rate of freezing, that caused the 
explosion. So, on to the next step.
Step 2: Form a hypothesis as to 

why this occurs. My hypothesis: As 
the water in the soda is freezing, the 
CO2 is being forced out of the water 
and building up so much pressure 
that an explosion occurs. I was 
excited by this thought because, if 
true, this phenomenon could be used 
for analytical sample preparation. 
Here’s where my process diverges 
from the scientific method. 
Step 3: Search the literature to 

evaluate if this phenomenon has 

been studied. Keep in mind that I don’t 
know what the phenomenon is called. 
Step 4: Get really excited when I can’t 

find any trace in the literature and 

assume the phenomenon is novel. 

Ponder if I am the first to discover this 
interesting phenomenon, that I will be 
the first to study it, and maybe people 
will even call it the “Logue effect”. 
Step 5: We simultaneously start 

laboratory experiments and I start 

writing a proposal to study this 

phenomenon. After I get about 

three-quarters of the way done with 
a proposal, I move on to Step 6. 
Step 6: Find out the phenomenon 

has been studied and is 

well-characterized. Not only has it 
been studied, but, as typical of my 

“discoveries”, it was actually studied 
over 50 years ago. This was exactly 
the case for freeze concentration 
(FC) (1), also called freeze distillation 
or freeze fractionation (2), which 
was first mentioned by name in the 
patent literature in 1915 (3), and in a 
scientific article in 1951 (4), but was 
used farther back, likely for centuries, 
to concentrate food products (5).
Step 7: Depression ensues, but 

we still do some experimentation 

to see if we can take advantage 

of the phenomenon. 

What is Freeze Concentration?
FC has received little attention in the 
field of analytical chemistry; however, 
it has been used for decades to 
concentrate solutes from solutions, 
and has found common application 
in the food industry for creating 
frozen concentrates of fruit juices, 
ice beer, and wine (6–11). As the 
name implies, FC is a technique for 
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concentrating solutes by freezing a 
solution. Solutes are concentrated 
based on the relationship between 
freezing point depression and solute 
molality, where local regions of 
solvent with low solute concentration 
are frozen first, and the solution left 
behind is more concentrated. Unless 
this process is controlled, the rate 
of freezing is generally too fast to 
freeze out pure solvent (12,13), but 
the efficiency of FC can be increased 
by controlling the freezing process. 
For example, stirring the solution 
vigorously and controlling the freezing 
rate can allow freezing of almost pure 
solution. Although FC is typically used 
to concentrate complex solutions 
(such as fruit juices), previous studies 
demonstrated that the efficiency of FC 
increases as solute concentrations 
decrease (1,12–15), thereby also 
lending itself to ultratrace analysis.

History of Freeze Concentration 
in Analytical Chemistry
Shapiro first suggested the use of FC 
for concentrating dilute solutions for 
analysis in 1961 (16) and continued to 
do so in follow-on work in 1967 (17). In 
the late 1960s, others built on Shapiro’s 
work to confirm that FC could be 
effectively used to concentrate “dilute” 
aqueous solutions (18–23). For example, 
Baker (19,20) concentrated organic 
compounds with initial concentrations in 
the µg/mL to ng/mL range for analysis 
by gas chromatography (GC). Kepner 
and associates (23) concentrated 
dilute solutions (in the low to mid 
µg/mL levels) of “volatile” organic 
compounds by FC, and found that 
concentration factors of 5 to 40× could 
be achieved, along with recoveries of 
over 90%. Although these applications 
indicated that FC was useful for 
general analytical concentration, further 

study of the technique for analytical 
purposes decreased precipitously 
around 1970, and it currently remains 
highly underutilized for analytical 
sample preparation. In fact, over the 
last 10 years, aside from ICECLES, we 
found its use for analytical purposes 
in only a handful of publications: 1) 
Balazy and colleagues (24) used FC to 
concentrate a glutathione NO3- mixture 
to isolate a glutathione-NO2 product 
and 2) Okada evaluated FC for its 

“partitioning-like” behaviour (25–28) 
and for preconcentration of analytes 
for capillary electrophoresis (29).

Combination of Stir-Bar 
Sorptive Extraction with FC
So, getting back to the story of 
ICECLES…after my dreams of 
discovering a novel process had 
evaporated, I decided that we should 
continue to play around with FC in the 
laboratory to see how useful it was for 
analytical sample preparation. To cut 
a long story short, we were surprised 
to find that when we froze an aqueous 
sample in a distinct, but simple, manner, 
the stir bar didn’t get stuck in the ice, 
even when fully freezing the aqueous 
sample (30,31). Specifically, the 
solution is stirred quickly (typically at 
1200 rpm), as it is frozen directionally 
from the bottom of the vial to the top. 
Figure 1 shows a visual example of this 
process using an aqueous solution with 
a blue dye. Imagining that the analyte 
of interest is the blue dye, the analyte 
is concentrated very well through the 
freezing process into the remaining 
solution and only freezes into the last 
volume of ice. Interestingly, even at the 
top of the ice, the dye is not uniformly 
concentrated; it is more concentrated 
at the middle of this layer, near the stir 
bar (Figure 1[c]). I was so surprised 
by this phenomenon that we repeated 
the experiment about twenty times 

FIGURE 1: Images of the freeze concentration process for an aqueous solution 
containing a blue dye (5 mL) using vigorous stirring (1200 rpm) with a common 
polytetrafluoroethylene-coated stir bar and freezing from the bottom to top of the 
vial. The figure shows the side (left) and top (right) views of the vial at different 
stages of freeze concentration: (a) initial solution of dye, (b) the sample after 
freezing half the solution volume, and (c) the completely frozen sample.
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before I believed this was reproducible. 
Once I was convinced, I realized that 
stir-bar sorptive extraction (SBSE) 
would be perfectly suited to combine 
with FC to produce FC-SBSE, which 
we lovingly dubbed ICECLES. We 
felt FC and SBSE would be highly 
complementary, since FC concentrates 
analytes into a solution that is stirred. 
The increased analyte concentration 
in solution would cause concentration 
stress on the equilibrium between the 
analyte in the solution and the sorptive 
phase of the stir bar, resulting in 
increased extraction. Figure 2 shows 
this concept schematically. Since PDMS 
is quite hydrophobic, analytes with 
high log Kow >3 (yellow diamonds in 
Figure 2), already work well via SBSE, 
so FC isn’t necessary for efficient 
extraction, but ICECLES also should 
not disrupt efficient extraction of highly 
hydrophobic analytes. If analytes have 
log Kow ≈ 0 to 3 (called “intermediate 
hydrophobicity”; green triangles in 
Figure 2), ICECLES works very well 
to increase the extraction efficiency. 
Even compounds with intermediate 
hydrophilicity (log Kow ≈ -3 to 0; red 
squares in Figure 2) can be extracted 
into the stir bar using ICECLES when 
they would normally have extremely low 
extraction efficiency with PDMS as the 
sorptive phase. As the hydrophilicity 
increases, at some point, molecules will 
not migrate into the stir bar, no matter 
how efficient the FC. These compounds 
are very hydrophilic (log Kow < -3; blue 
circles in Figure 2), and should be 
prepared via a different technique. 

Main Advantages of ICECLES 
and Its Applications
ICECLES offers several advantages, 
with the most important being as 
1) increased extraction efficiency 
leading to increased sensitivity for 
many difficult-to-extract compounds; 

2) automated sample preparation; 
3) relatively low sample volume 
requirements; and 4) no organic 
solvents. Some other modern analytical 
sample preparation techniques also 
share some of these advantages, 
but ICECLES really shines for 
comprehensive and ultratrace analysis. 
It works especially well for compounds 
with intermediate hydrophobicity, while 
conserving the ability to extract very 
hyrdrophobic molecules. For example, 
ICECLES has been used to evaluate 
the composition of green tea (30), and 
has been used for ultratrace analysis 
of pesticides (31), nitrosoamines 
(32), and other compounds (31). An 
example of the use of ICECLES for 
ultratrace analysis is the analysis 
of nitrosodipropylamine (NDPA; log 
Kow = 1.36) from drinking water (32). 
NDPA is extremely toxic (33) but very 
difficult to detect at concentrations 
of concern (for example, maximum 
reporting limits are in the low pg/mL), 
leaving analysts with no option but to 
use highly sophisticated and expensive 
instrumentation, large sample volumes 
(typically 500–1000 mL), and long and 
arduous sample preparation in order 
to detect low pg/mL concentrations of 

nitrosamines (34–42). Using ICECLES, 
we were able to detect 0.2 pg/
mL levels of NDPA in only 5 mL of 
drinking water using a standard GC–
mass spectrometry (MS) instrument 
with electron ionization. ICECLES 
also allowed ultratrace detection of 
pesticides from environmental water 
sources (31). The first application 
of ICECLES for comprehensive 
analysis was for aroma and flavour 
analysis of green tea. ICECLES 
permitted identification of many more 
compounds than SBSE (301 versus 
245) (30). It did especially well for 
aldehydes and pyrazines, which are 
very important for aroma and flavour, 
but which are difficult to detect with 
other sample preparation techniques.

For this article, we compared the 
extraction efficiency of ICECLES to other 
common microextraction techniques 
by performing ICECLES extractions of 
an aqueous sample of 313 pesticides 
spiked at 100 pg/mL into purified water. 
We compared the ICECLES results 
to SBSE and SPME extractions of the 
same sample. All extractions were 
accomplished using a 10-mL sample, 
with PDMS as the sorbent phase 
(0.612 µL for SPME and 24 µL sorbent 

FIGURE 2: Schematic of the ICECLES extraction process for compounds with 
a range of Kow values: 1) very hydrophobic (log Kow > 3; yellow diamonds), 2) 
intermediate hydrophobicity (log Kow 0–3; green triangles), 3) intermediate hydrophilicity 
(log Kow = -3–0; red squares), and 4) very hydrophilic (log Kow <  3; blue circles).
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phase volume for ICECLES and SBSE), 
direct immersion of the fibre or stir bar 
for 2.5 h, and back extraction with 1:1 
acetonitrile–water (v/v) (55 µL for SPME 
and 500 µL for SBSE and ICECLES). 
Liquid chromatography tandem mass 
spectrometry (LC–MS/MS) analysis of 
the back extracts was performed using 
the same method. Figure 3 shows the 
chromatograms produced from these 

extractions. ICECLES clearly produces 
greater extraction efficiencies than both 
SBSE and SPME, as demonstrated by 
more numerous and intense peaks in 
the ICECLES chromatogram. Figure 4 
shows a more quantitative evaluation 
of the data where signal enhancement 
(peak area ratio of the analyte extracted 
via ICECLES versus either SBSE or 
SPME) is plotted for each analyte that 
was detectable by each technique. 
ICECLES produced increased signals 
up to 10× and 120× for SBSE and 
SPME, respectively. Moreover, ICECLES 
produced detectable signals, with 
a signal-to-noise ratio (S/N) ≥ 3, for 
273 of the 313 compounds at this 
concentration (87%), whereas SBSE and 
SPME allowed detection of 229 (73%) 
and 192 (61%) compounds, respectively. 

Limitations of ICECLES
The main limitations of ICECLES are 
obviously associated with the need to 
freeze the sample. A 5–10 mL sample 
of water takes around 2 to 3 h to freeze 
under standard ICECLES conditions. 
This is more time than it takes for a 
typical SPME or SBSE analysis (< 1 h). 
Depending on the analyte, sorbent, 
and analytical requirements of the 
method, solid-phase extraction and 
liquid–liquid extraction can also be 
quicker than ICECLES, requiring as 
little as 15 min, but they can also take 
hours and require constant attention 
(for very large sample volumes). Aside 
from potentially increased sample 
preparation time, ICECLES is limited by 
its ability to directly analyze extremely 
complex samples, because the 
efficiency of FC can degrade as the 
complexity of the sample increases. 
For example, as the organic content 
of the sample increases (such as, for 
example, from that of drinking water 
to that of alcoholic beverages), the 
efficiency of FC decreases, to the point 

where a portion of a sample might not 
freeze unless much lower temperatures 
are used. Creative sample preparation 
may allow ICECLES analysis of these 
samples, but the extra effort may not 
be worth it, depending on the analytical 
requirements. Lastly, while not a 
limitation attributed to ICECLES itself, no 
application of ICECLES outside of our 
laboratory has been published to date. 

Conclusion: Just Try It
While ICECLES is not for everything 
or everyone, it has shown a great 
propensity for ultratrace analysis and 
comprehensive analysis. Especially 
if either of these situations apply to 
your analysis, ICECLES will likely work 
extremely well. It is also likely to work 
well for pesticide screens, such as the 
one presented here, but this should be 
verified in a stand-alone study using 
more realistic samples. So, similar 
to a famous slogan, we encourage 
you to “Just try it!” While we cannot 
guarantee it will work for your individual 
application, it is very likely that it will 
perform well based on our experience. 
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Chicago Bound
Rocco Pacella, The Pittsburgh Conference, Pennsylvania, USA

Chicago, Illinois, USA, will host the 71st annual Pittcon conference and exposition. Thousands of separation scientists 
from across the globe and from a wide spectrum of industries will gather at the McCormick Place convention centre 
to discuss, investigate, and assess the latest scientific advances in technology and instrumentation.

Pittcon’s host city of Chicago is more than just a destination 
for arts, culture, and commerce. The city boasts an 
exceptional science community, including over 100 
academic medical centres and hospitals, two national 
laboratories, two science-related incubators, more than 
40 national medical and health association headquarters, 
and over 30 universities and colleges. The Chicago region 
also includes organizations that are integral to advancing 
the industries of energy, medical devices, life sciences, 
pharmaceuticals, information technology, and many more. 

Pittcon provides attendees with the opportunity 
for true academic collaboration with world-renowned 
researchers presenting their discoveries, best practices, 
techniques, and applications within the fields of liquid 
chromatography (LC) and gas chromatography (GC). 
This technical-educational programming begins on 
Saturday 29 February 2020 and the exhibition runs from 
Tuesday 3 March 2020 until Thursday 5 March 2020.

Separation Science Symposium
A sampling of symposia with a focus on chromatography 
includes:
• Two-Dimensional Liquid Chromatography after 40 Years: 

State-of-the-Art and Future Prospects, organized by 
Dwight Stoll, this symposium will bring together experts 
from academic and industrial laboratories with experience 
in 2D-LC. Experts from pharmaceutical laboratories will 
describe ways that 2D-LC is impacting their workflows 
for small and large molecule analysis. Academic 
researchers will describe developments in instrumentation, 
and optimization and data analysis for 2D-LC.

• To Selectivity and Beyond: Celebrating 18 Years of 
the Hydrophobic Subtraction Model, organized by 
Joe Foley, will share the latest applications of the 
hydrophobic subtraction model, including (i) efficient 
method development in reversed-phase LC; (ii) 
orthogonal column selection in 2D-LC; (iii) accurate 

prediction of solute retention in reversed-phase LC; (iv) 
a critical comparison of phase-similar columns; and (v) 
the advantageous use of serially-coupled columns. 

• Implementation of Ultrahigh-Pressure Liquid 
Chromatography Methodologies in Drug Discovery 
and Development, organized by Michael Dong. 
This symposium will provide an overview of 
the UHPLC methodologies in high-throughput 
screening, purification, drug discovery research, 
and development of small molecule drugs.

• Extractables and Leachables Analysis, organized by 
Dujuan Lu, will discuss how extractables and leachables 
(E&L) from pharmaceutical packaging, medical devices, 
and process equipment can potentially pose risks to 
the safety, efficacy, and stability of pharmaceutical 
or medical products. This session will highlight 
multiple analytical techniques used to identify and 
quantify E&L, such as GC–mass spectrometry (MS), 
LC–MS, and inductively coupled plasma (ICP)-MS. 

Awards
Editorial director of LCGC, Laura Bush, will moderate 
the LCGC Lifetime Achievement and Emerging Leader 
in Chromatography Awards Symposia on the afternoon 
of Tuesday 3 March 2020. This session will feature major 
figures in the separation science field, including LCGC 
Lifetime Achievement awardee Daniel W. Armstrong and 
LCGC Emerging Leader awardee Szabolcs Fekete.

The Pittcon 2020 technical programme also features 
two significant and very apropos evening lectures. 
On Monday 2 March 2020, Pittcon will host John 
A. Rogers as the 2020 Wallace H. Coulter Lecturer, 
presenting “Soft, Skin-interfaced Microfluid Systems 
for Capture and Analysis of Sweat”, then, on Tuesday 3 
March 2020, Pittcon will host Ziva Cooper as the 2020 
Plenary Lecturer, presenting “Cannabis Constituents 
as Novel Strategies to Tackle the Opioid Epidemic”. 

42 LCGC Europe  January 2020

PITTCON 2020 PREVIEW



Short Courses
Pittcon also offers its popular short courses continuing 
education programme, where registrants have the 
opportunity to enhance their professional, technical, and 
scientific skill sets. There are numerous short courses 
from which to choose, starting on Saturday 29 February 
2020, and lasting until Thursday 5 March 2020. 

Separation scientists may find interest in the 
following course offerings:
• Practical Ion Chromatography: Successful Method 

Development, instructed by Jay Sheffer. This 
course will introduce ion chromatography with 
practical, industry-based applications encountered 
in real-world samples from multiple industries.

• Characterizations of Biologics by Capillary 
Electrophoresis, Liquid Chromatography, and 
Mass Spectrometry, instructed by Li Tao and 
Ming Zeng. This two-day course will provide 
an overview of the fundamentals and current 
practices of biologics analyses supporting process 
development within the pharmaceutical industry.

• Injection Techniques in Gas Chromatography, instructed 
by Jacob de Zeeuw. The goal of this course is to 
understand different injection techniques and the 
process of how to obtain a narrow injection band.

• Separations: Fundamentals of Advanced Gel  
Permeation and Size-Exclusion Chromatography 
Detection, instructed by Carrie Schindler. This course will 
highlight the theoretical and practical principles of GPC 
and SEC, reviewing the aspects of making high-quality 
GPC/SEC measurements and generating quality results.

Pittcon Exposition 
The three-day Pittcon exposition starts on Tuesday 3 
March 2020, and lasts until Thursday 5 March 2020. Here, 
exhibitors from over 90 countries will be displaying a 
variety of advanced instrumentation utilized in LC and 
GC. Attendees can apply their knowledge to get the 
most out of their interactions on the exposition floor, all 

while interacting with the latest laboratory instrumentation, 
participating in live demonstrations, and taking part 
in product seminars. The exposition is a collaborative 
environment where separation scientists are able to 
find effective solutions to their laboratory challenges. 

Pittcon also works to enhance cooperation between 
attendees and technical experts alike through 
networking sessions. Here, participants are able 
to attend moderated, round table discussions on 
particular topics of interest such as the following:
• An Introduction to Valve Gas Chromatography  

Systems
• A Lab Manager’s Networking Session
• Trends and Hot Topics in Cannabis 

and Hemp Analytical Testing
• Hot Topics and Use of Multidimensional GC  

(GC×GC)
• SPME Arrow: Dramatically Increase Throughput 

in GC–MS Analysis Utilizing a New, Robust 
Microextraction Sampling Technique

The Pittcon 2020 mobile app augments the overall 
Pittcon experience by providing an avenue for attendees 
to navigate all that Pittcon has to offer. Available for free 
download in the Apple App Store and Google Play, the 
Pittcon 2020 mobile app allows users to create agendas, 
take notes, and expand their Pittcon experience.

Contact: Rocco Pacella
E-mail: marketing@pittcon.org
Location: McCormick Place Convention 
Center, Chicago, Illinois, USA
Registration: www.pittcon.org/register 

Stay Connected with LCGC
The LCGC team will be at Pittcon 2020 (Booth 1211) 

bringing you the latest news and updates from around 

the event. Tweet us at @LC_GC to keep up-to-date 

or to send us your personal conference highlights.

Pittcon also offers its popular 
short courses continuing 
education programme, where 
registrants have the opportunity 
to enhance their professional, 
technical, and scientific skill sets.

Pittcon provides attendees with 
the opportunity for true academic 
collaboration with world‑renowned 
researchers presenting their 
discoveries, best practices, 
techniques, and applications 
within the fields of LC and GC. 
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Breath Sampler
Markes’ BioVOC-2 breath sampler is a lightweight 
and simple-to-use device designed for non-invasive 
biological exposure monitoring of VOCs, according to 
the company. The device is simple to use and doesn’t 
require medical training. Samples can be transferred 
to sorbent tubes for thermal desorption (TD)–GC–MS 
analysis, enabling the detection of trace-level VOCs.

http://chem.markes.com/BioVOC
Markes International Ltd, Llantrisant, UK.

LC–MS QTOF
The LC–MS-9030 research-grade mass spectrometer from Shimadzu is designed 
to deliver high-resolution, accurate mass detection with fast data acquisition rates. 
According to the company, it uses the same engineering 
DNA as Shimadzu’s proven platforms and integrates this 
with TOF architecture to transform high mass accuracy 
workflows by achieving high-sensitivity, high-speed, and 
high-resolution detection.

www.shimadzu.eu
Shimadzu Europa GmbH, Duisburg, Germany.

Pyrolysis System
The Gerstel Pyro performs automated pyrolysis at up to 
1000 °C of 40, 80, or 120 samples in combination with the 
Gerstel MultiPurpose Sampler (MPS) robotic system. Thermal 
desorption before pyrolysis-GC–MS removes interfering 
volatiles ensuring a clean pyrogram. Smart Ramped Pyrolysis 
(SRP) reportedly provides additional information on polymer 
mixtures without prior method development.

www.gerstel.com  
Gerstel GmbH & Co. KG, Mülheim an der Ruhr, Germany.

Chromatography Accessories 
Action Europe offers bottles, closures, caps, seals, and syringe filters. Crimping 
and screwing bottles are offered from 2 mL to 1 L, as are closures and seals for 
all types of bottles and caps. Caps, aluminium standard caps, flip-off caps, flip 
tear-off caps, flip tear-up caps, and magnetic caps 
are available. Electric crimping machines are also 
available. Samples and a catalogue are available 
from the company. 

www.sertir.fr 
Action Europe, Sausheim, France.

AF4 System
Asymmetric flow field-flow 
fractionation (AF4) is an 
advanced technique for achieving 
analytical and semi-preparative 
separations, applicable to a range 
of analytes including: proteins, 
polymers, nanoparticles, colloids, 
and complex fluids. Wyatt 
Technology’s Eclipse instruments 
cover a range of sizes from 1 nm 
to 10 µm. The systems allow 
separation to occur without shear 
or adverse, non-ideal column 
interactions.

www.wyatt.com/eclipse
Wyatt Technology, Goleta, 
California, USA.

Pulsation Pump
At low flow rates (0.5 mL/min or 
lower), check valves become a 
variable factor for flow volume and 
pulsation. The new GL Sciences’ 
MP-22 No-Pulsation pump does 
not use any check valves, instead 
it uses a fast switching valve. 
Together with the linear-driven 
pistons, this results in stable flows 
and pressure, according to the 
company, even with low flows.

www.glsciences.eu
GL Sciences B.V., Eindhoven, 
The Netherlands.
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HILIC Columns
Hilicon offers a broad range of HILIC products to separate polar compounds. 
Three column chemistries in UHPLC and HPLC, iHILIC-Fusion, iHILIC-Fusion(+), 
and iHILIC-Fusion(P), provide customized and complementary selectivity, excellent 
durability, and very low column bleeding, according to the 
company. The columns are suitable for the analysis of 
polar compounds in “omics” research, food and beverage 
analysis, pharma discovery, and clinical diagnostics. 

www.hilicon.com
Hilicon AB, Umeå, Sweden.

Leak Detector
Restek’s new electronic leak detector can pinpoint small 
gas leaks quickly and accurately before they cause 
bigger problems, according to the company. The unit 
can be operated during charging or used up to 12 h 
between charges. In addition, it now comes with a 
flexible charging kit that includes both an universal AC 
power adaptor and an USB charging cable.

www.restek.com/leakdetector
Restek Corporation, Bellefonte, USA.

GPC/SEC Validation Kit
PSS EasyValid is a system suitability test that reportedly 
evaluates the entire GPC/SEC/GFC system, equipment, 
electronics, and analytical operations, to ensure that 
“true” molar mass results are obtained. According to the 
company, the system is suitable for various aspects of 
quality assurance qualification, whether mandated by 
stringent requirements or good management practices.

www.pss-polymer.com
PSS GmbH, Mainz, Germany.

Mass Spectrometer
The Thermo Scientific Orbitrap Exploris 480 mass 
spectrometer (MS) combines proven technology, 
advanced capabilities, and an intelligence-driven 
analytical framework empowering translational 
research scientists to deploy MS for high-throughput 
protein identification, quantitation, and structural 
characterization, according to the company.

www.thermofisher.com
Thermo Fisher Scientific, San Jose, California, USA.

Hydrogen Generator
Designed for GC–FID, Precision 
SL is a small and easy-to-use 
laboratory-grade hydrogen 
generator, according to the 
company, producing hydrogen 
gas at the touch of a button. 
Available in both 100 cc and 
200 cc, the hydrogen generator 
is reportedly simple to use and 
maintain with advanced fail-safe 
technology, to offer a safer 
solution for flame detectors.

www.peakscientific.com/
precisionSL 
Peak Scientific, Scotland, UK. 

Micro-Pillar Array Columns
For comprehensive proteomics the 
200-cm µPAC micro-pillar array 
columns are suitable, whereas 
the 50-cm μPAC columns are 
more suitable to perform higher 
throughput analyses with shorter 
gradient solvent times, according 
to the company. In addition, 
the µPAC Trapping columns 
were developed with identical 
morphology as the analytical 
columns to ensure optimal 
chromatographic performance.

www.pharmafluidics.com
PharmaFluidics, Ghent, Belgium.
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Agilent Technologies is offering five years complimentary access to 

CHROMacademy for all university students and staff.

CHROMacademy is an intuitive, comprehensive e-learning and trouble-

shooting platform with more than 3,000 pages of content for HPLC, 

GC, sample preparation, and hyphenated techniques. No other online 

resource offers separation scientists more live streaming events, a 

knowledge base, practical solutions, and new technologies in one easy 

to navigate website.

Get your free five year membership worth US $1,995* by submitting the 

form at www.chromacademy.com/agilent.

* Five years free access to CHROMacademy only available to customers affiliated with an academic    

   or research institution, conditions apply. A valid university e-mail address if required.
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Sample Preparation
LCTech has introduced an automated system designed to clean up samples that 
need to remain melted in PCB and dioxin analysis. Three specifically designed 
heating zones keep the sample liquid from sample vial to 
the first column. The DEXTech Heat, which is based on the 
established DEXTech Pure system, processes difficult samples, 
such as stearin or PFADs. Excellent automated, reliable results, 
without clogging, are produced, according to the company. 

www.LCTech.de
LCTech GmbH, Obertaufkirchen, Germany.

Headspace Vials and Caps
10-mL and 20-mL screw neck vials N 18 from Macherey-Nagel with 
magnetic open/closed top screw caps are designed for use on headspace 
autosamplers like the CTC Combi PAL and others. According to the company, 
they offer a more convenient, consistent, and safer sealing process compared 
to crimping with improved reproducibility. The vials 
and caps can also be used for SPME applications.

www.mn-net.com
Macherey-Nagel GmbH & Co. KG, Düren, Germany.

Wettable HPLC Phase
Kromasil C18(w) is a fully wettable HPLC phase that has been specifically 
designed for the purification of polar compounds. Based on totally porous 
Kromasil Classic 100 Å spherical silica, 
the phase permits loading and run start in 
100% aqueous conditions, enabling new 
opportunities when working with HPLC.

www.kromasil.com/wettable
Kromasil by Nouryon, Bohus, Sweden.

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

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

(U)HPLC Column 
Similar to the YMC-Triart Bio C4 
material, YMC-Triart Bio C18 offers 
300 Å pore size and is designed 
with peptides, proteins, and 
oligonucleotides in mind. The 
hybrid-silica base (1.9, 3, or 5 µm) 
and polymeric bonding provide 
a robust C18 phase with a wide 
temperature (up to 90 °C) and 
pH range (1–12) that separates 
mid-MW biomolecules.

https://ymc.de/files/imported/
publications/293/documents/
YMC-Triart%20Bio%20C18%20
Flyer_1119.pdf 
YMC Europe GmbH, Dinslaken, 
Germany.

Adsorbents
MP Bio’s Silica and Alumina 
Woelm Adsorbents can be used 
for a range of laboratory and 
industrial-scale chromatography 
applications as well as for 
filtration, MPLC/HPLC, TLC, DCC, 
low-pressure chromatography, 
dioxin analysis, industrial-scale 
separation, selective filtration, 
and drug production. A range of 
particle sizes and activities are 
available.

www.mpbio.com 
MP Biomedicals, Eschwege, 
Germany.
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Reference Standards
LGC Standards has a portfolio of over 5000 high-quality 
primary API, impurity, and excipient reference 
standards for qualitative and quantitative analysis for 
the pharmaceutical industry. Each one comes with a 
comprehensive certificate of analysis. The details about 
the product range can be found at the website below, 
including current certificates of analysis. 

www.lgcstandards.com/mikormol
LGC Standards, Teddington, Middlesex, UK.

SEC Mobile Phases
Arg-SEC, the universal mobile phase for SEC, 
enhances protein separations by reducing nonspecific 
interaction while maintaining protein structure, 
according to the company. The company reports 
correct determination of protein aggregates, which 
tend to stick to columns, is possible and that column 
lifetime may also be improved.

www.nacalai.com
Nacalai Tesque, Inc., Kyoto, Japan.

Range Of Columns
Analysts that are working with analytical or preparative 
HPLC, or with substances of interest that require 
normal phase, reversed phase, HILIC, GPC/SEC, or 
ion-exclusion separations, can be sure that Knauer 
offers a wide range of columns. To extend the lifetime, 
analytical Knauer columns can be equipped with an integrated precolumn. 
They are certified in this configuration to ensure performance and quality.

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

Ultra-Pure Gas Delivery
By starting with ultra-pure gas and delivering it through 
award-winning BIP technology cylinders, gases are 
up to 300 times purer than normal gas cylinders, 
according to the company. Low levels of impurities are 
reportedly guaranteed. BIP gases are suitable for gas 
chromatography where impurities in the carrier gas can 
cause baseline noise and damage in the column.

www.airproducts.co.uk/BIP 
Air Products PLC, Hersham, UK.

FID Gas Station
The VICI FID gas station 
combines the reliability of the 
VICI DBS hydrogen and zero-air 
generators into one compact and 
convenient package, according 
to the company. Available in 
high- and ultrahigh purity for all 
GC detector and carrier gas 
applications. The generator is 
available in two styles: flat for 
placement under a GC, or the 
Tower. Available in H2 flow ranges 
up to 1 L/min and 10.5 bar.

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

Boron Nitride Nanotubes
Goodfellow has a new addition to 
its range of boron nitride 
nanotubes (BNNTs) products. 
According to the company, there 
are many advantages of using 
BNNTs over carbon nanotubes 
(CNTs) such as: BNNTs are 
electrical insulators with bandgap 
of ~5.5 eV; BNNTs demonstrate 
superior thermal and chemical 
stability compared to CNTs and 
have 200,000 times higher thermal 
neutron absorption capacity than 
that of CNTs; applications include 
electrical insulation and reinforced 
ceramic materials for aerospace 
applications, among others.

www.goodfellow.com
Goodfellow Cambridge Limited, 
Huntingdon, UK.
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The 36th International Symposium on Microscale Separations 
and Bioanalysis (MSB2020)

The 36th International Symposium on 

Microscale Separations and Bioanalysis 

(MSB2020) will take place at the Conference 

Center Le Grand Large in the city of 
Saint‑Malo, France, from 5–8 April 2020.

The four-day symposium will be organized 
by two European co-chairs: Myriam Taverna, 
Paris-Sud University, France, and Serge Rudaz, 

University of Geneva, Switzerland. More than 250 international scientists, researchers, 
other academics, and industrial members will gather together to discuss the latest trends 
in all major microscale separation techniques, including capillary electrophoresis (CE), 
nano-liquid chromatography (LC), microfluidics, mass spectrometry (MS), CE-MS, and 
lab-on-chip devices, independent of whether they are pressure- or electrically-driven.

Building on the rich history of separation science, MSB 2020 aims to create an 
ambience that ensures a stimulating and dynamic exchange of high-quality research 
between participants. With that in mind, the symposium format encompasses several 
unique features. Over 70% of the programme is based on submitted abstracts, 
evaluated and selected by a double-blind peer-review process, ensuring top science 
regardless of reputation or seniority. Topic sessions will be introduced and chaired 
by leading researchers, also acting as the Scientific Committee. One third of the time 
will be allocated to active discussions after each oral presentation. Poster sessions 
will include a three-minute pitch contest and a poster award. Furthermore, a scientist 
award will be attributed to the best scientific contribution by a young researcher.

The programme comprises 13 topic sessions, 3 plenary lectures, 18 keynotes, 
and numerous oral presentations in two parallel tracks, thus giving the participants 
the opportunity to attend most of the talks. The programme covers all aspects of 
microscale separations and applications related to systems biology, pharmaceutical 
sciences, biotechnology, clinical diagnostics, food and health, nanoparticles, 
industrial chemicals, and advanced detection and instrumentation (to see all the 
topics of MSB2020, please visit the conference website: www.msb2020.com).

Up to three pre-congress courses are offered, as well as one workshop 
on the construction of an open-source CE system. This workshop will 
continue throughout the duration of MSB and will be a common thread 
during the congress. It will be possible to follow the progress of the prototype 
construction from scratch as it will be finalized for the closing ceremony.

Registration includes access to the conference, welcome reception, coffee 
breaks, gala dinner, congress materials, and a social programme. A number of 
travel grants and a PhD-Plus Package are available to young researchers (students 
and post-docs) who are willing to join scientific and social activities at MSB2020.

The conference venue is located in the heart of the small, beautiful city of Saint-Malo on 
the Channel coast. Saint-Malo and its region is full of attractions for visitors of all ages. 
Key dates include:

• 29 February 2020: Deadline for last-minute abstract submission for posters
• 8 February 2020: Deadline for early bird registration
• 5 April 2020: Symposium opening and short courses

For more information visit: www.msb2020.com or e-mail: info@msb2020.com

6 FEBRUARY 2020
In Silico Techniques 
Royal Society of Chemistry, London, 
UK
E: events@jpag.org
W: www.jpag.org/ce115

1–5 MARCH 2020
Pittcon Conference and Expo 2020 
McCormick Place, Chicago, Illinois, 
USA
E: info@pittcon.org
W: https://pittcon.org

31 MARCH–3 APRIL 2020
Analytica 2020 Conference
Messe München, Munich, Germany
E: info@analytica.de
W: www.analytica.de

21–22 APRIL 2020
The 13th International Scientific 
Conference on Ion Chromatography 
and Related Techniques 2020
Zabrze, Poland
E: rajmund.michalski@ipis.zabrze.pl
W: http://ipis.pan.pl/pl/pm-
konferencje/konferencje-planowane

24–29 MAY 2020
The 44th International Symposium 
On Capillary Chromatography 
(ISCC) and 17th GC×GC Symposium
Palazzo dei Congressi, Riva del Garda, 
Italy
E: iscc@chromaleont.it
W: www.chromaleont.it/iscc

31 MAY–3 JUNE 2020
33rd International Symposium 
on Preparative and Process 
Chromatography
Baltimore, Maryland, USA
E: janet@barrconferences.com
W: www.PREPsymposium.org

22–24 JUNE 2020
LabWorld China 2020
Shanghai, China
E: salesoperations@ubm.com
W: https://www.pmecchina.com/
labworld/en

Please send any upcoming event 
information to Lewis Botcherby at 
lbotcherby@mmhgroup.com

Credit: antoine2k/stock.adobe.com
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www.gerstel.com

Thermal Extraction / Thermal 
Desorption (TDS & TDU)

Automated Pyrolysis  
(PYRO)

Liquid Injection and Thermal 
Extraction of liquids in μ-vials 
(ATEX)

Dynamic Headspace (DHS), 
DHS Large, and Headspace

Twister (SBSE) 
SPME and 
Thin Film SPME

MAESTRO PrepAhead  
productivity
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The TDU 2 extracts more information from your samples,
making sure that you always know what you need to know. 

 Inert, no valve or transfer line, no carry-over

 Sorbent-free trapping, ideal for unknowns

 True splitless transfer for lowest LOQs

 Liquid injection for QC or trouble shooting

 World’s leading Olfactory Detection Port

 Application support at your service

Thousands of users in leading laboratories
worldwide rely on GERSTEL Solutions.

What can we do for you?

Everything you need for flavor
analysis - in one GC/MS system!

http://www.gerstel.com
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