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BARHDADI ET AL.
PEER REVIEW

Development of a “Freeze-Pour”
Sample Preparation Method for
the GC Analysis of Semivolatile
Flavouring Chemicals Present
in E-cigarette Refill Liquids
Sophia Barhdadi1,2, Michael Canfyn1, Sanae El Merabety2, Patricia Courselle1, Vera Rogiers2, Tamara Vanhaecke2, and Eric Deconinck1,
Sciensano, Medicines and health products, Scientific Direction of Chemical and Physical Health Risks, Brussels, Belgium, 2Vrije Universiteit

1

Brussel (VUB), Faculty of Medicines and Pharmacy, In Vitro Toxicology and Dermato-Cosmetology (IVTD), Brussels, Belgium

During the past decade, e-cigarettes have become increasingly popular. To guarantee their safe use and
to comply with the notification requirements of the EU Tobacco Product Directive, the EU member state
regulatory authorities need information about the exact composition of the e-liquids and their emissions.
However, one of the challenges encountered during the analysis of e-liquids is the presence of the
highly abundant e-liquid matrix components propylene glycol and glycerol. In this study, headspace gas
chromatography (HS-GC) analysis is presented as an excellent method for the analysis of high volatile
components in e-liquids. For the analysis of semivolatile ingredients, an additional sample preparation step
is proposed based on a liquid–liquid extraction (LLE) followed by a freeze-out of the matrix components.
The developed method was successfully validated in accordance with the validation requirements of ICH
guidelines for the quantification of four flavourings with a potential health concern for e-cigarette users.

Since its introduction more than 10 years ago, the e-cigarette has become a

KEY POINTS
• It is important to reduce the
presence of the highly abundant
e-liquid matrix components
propylene glycol and glycerol
in e-liquid analyses.
• Headspace GC–MS is an excellent
method for the analysis of high
volatile components in e-liquids.
• For semivolatile components,
an additional cleanup method
based on a liquid–liquid extraction
followed by a freeze-out proved
to be successful to eliminate
the matrix components.

www.chromatographyonline.com

popular consumer product. To guarantee its safe use and to comply with the
notification requirements of the EU Tobacco Product Directive (1), analytical
characterization of the refill liquids (e-liquids) used for e-cigarettes is essential.
The most prominent methods used for the analytical assessment of e-liquids
in general are liquid chromatography (LC) and gas chromatography (GC).
LC is mainly used for the analysis of nicotine, nitrosamines, and
nonvolatile flavourings (2–5). The sample preparation for LC methods is, in
most cases, limited to a simple dilute-and-shoot approach because of
the “simple” e-liquid matrix composed of propylene glycol and glycerol. So
far, sample preparations involving extractions in e-liquids have only been
explored for the analysis of tobacco nitrosamines and phtalates (6,7).
GC is the most commonly applied technique for the analysis of e-liquids because
they mainly contain volatile components. As such, GC has been used for the
analysis of e-cigarette ingredients, additives, and contaminants (8–10). Similar to LC,
the sample preparation methods most frequently used with GC are dilute-and-shoot
approaches using organic solvents. Yet, Hutzler et al. (11) have also described
alkaline and acidic extractions to cover a wide range of components. Other sample
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FIGURE 1: GS–MS TIC chromatogram of the separated flavourings for the

method development. Coelution of peaks was observed for 12–13 and 19–22,
which could be separated through deconvolution. The high volatile flavourings
2,3-butanedione and 2,3-pentanedione could not be detected. 1. acetoin, 2. ethyl
butyrate, 3. benzaldehyde, 4. trimethylpyrazine, 5. acetylpyrazine, 6. limonene,
7. benzyl alcohol, 8. linalool, 9. maltol, 10. L-menthol, 11. alpha-terpineol, 12.
ethyl maltol, 13. citral, 14. carvone, 15. gamma-octanoic lacton, 16. citral, 17.
trans‑cinnamaldehyde, 18. piperonal, 19. methyl 2-aminobenzoate, 20. eugenol,
21. nicotine 22. damascenone, 23. methyl cinnamate, 24. vanillin, 25. ethyl vanillin.

preparations combined with GC analysis
used for e-liquids are thermal desorption
and solid-phase microextractions
(SPME), especially for highly volatile
organic compounds (12,13).
The dilute-and-shoot approach as
well as the thermal desorption method
result in a high abundance of the matrix
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GC inlet. Often, the target components
that need to be analyzed are also
miscible with propylene glycol and
glycerol. Therefore, it is quite challenging
to simultaneously extract all analytes.
This article presents a strategy for GC
analysis of flavourings in e-liquids.
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either genotoxic (2-furyl methyl ketone,

matrix ratio consists of 60% propylene

procedure. All the used standards

pulegone, estragole) (14) or an inhalation

glycol and 40% glycerol. Therefore,

were purchased from Sigma Aldrich.

toxicant (cinnamaldehyde) (15).

0.5 g of 60:40 propylene glycol–glycerol

Extraction Procedure: The group of

matrix was spiked with a 10 mg/

flavourings were divided into two subsets:

mL stock solution to obtain 10 ppm,

high and semivolatiles. For the high

Experimental
Standard Solutions: For the

50 ppm, and 100 ppm formulations

volatiles, a dilute-and-shoot approach

development of the screening GC–mass

and with the internal standard

was applied in combination with

spectrometry (MS) method, the test

solution to obtain a final concentration

headspace injection. The samples were

solution consisted of a mixture of the

of 10 µg/mL after the extraction

diluted by dissolving 1 g e-liquid sample

following standards in a concentration
of 10 mg/mL in hexane or ethanol
(according to the solubility): ethyl
butyrate, benzaldehyde, limonene,
benzyl alcohol, linalool, alpha‑terpineol,
citral, trans-cinnamaldehyde,
damascenone, eugenol, vanillin, ethyl
vanillin in hexane, 2,3-butanedione,
2,3-pentanedione, acetoin,
trimethylpyrazine, acetylpyrazine,
L-menthol, carvone, methyl
2-aminobenzoate, methyl cinnamate,
piperonal, maltol, gamma-octanoic

Experts in
Reproducibility

lactone, and ethyl maltol in ethanol.
For the validation of the analysis
of the selected flavourings (2-furyl
methyl ketone, pulegone, estragole,
and cinnamaldehyde) the calibration
standards were prepared from a 10 mg/
mL stock solution in hexane. The
stock solutions were stored in amber
glass at 4 °C. A separate 10 mg/mL
stock solution was prepared for the
internal standards o-methyl anisole and
2-chlorobenzaldehyde. The calibration

• RP-BioLC (U)HPLC
• High Recovery IEX
• Highly Efficient HIC & SEC

solutions were obtained by diluting
the stock solutions into the different
concentrations 1 µg/mL, 10 µg/mL,
25 µg/mL, 50 µg/mL, 75 µg/mL, and
100 µg/mL with hexane as solvent and
the internal standard at 10 µg/mL After
vortexing for 10 s, 150 µL was transferred
into a 10 mL headspace vial. The
validation samples were prepared at
three concentration levels in triplicate.
To prepare the validation samples, a
propylene glycol–glycerol matrix was
spiked with the reference standards of
the target component. The most common

www.chromatographyonline.com
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FIGURE 3: GS–MS TIC chromatogram of the potential toxic flavourings. 1. 2-furyl

methyl ketone, 2. estragole, 3. pulegone, 4. cinnamaldehyde.
x106

Intensity
counts
!"#$"%&#'()*+"#%

3 min at 50 °C. Afterwards, vials were
transferred to a cooling bath of −78 °C
(dry ice dissolved in acetone) for 2 min,

$4

2.6
2.55
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vortexed for 10 s and then sonicated for

followed by 1 min centrifugation at 860 g.
Three quarters of the supernatants
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were transferred to a glass vial. These

3#

extraction steps were repeated for a
second time by adding another 3 mL

1
!

of hexane. After extraction, 300 µL of
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the combined extracted solutions of
two extraction cycles was transferred
to a headspace vial of 10 mL.
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Counts vs. Acquisition Time (min)

GC–MS Conditions: The screening
of the high volatiles was performed on

TABLE 1: Monitored MRM transitions of the GC–MS/MS method for the analysis of the
flavourings with their specific MS parameters

Name
2-Furyl methyl ketone
Estragole
Pulegone
Cinnamaldehyde

Retention
Time (min)

Q1 m/z

8.15

110

12.65

147

13.34

152

13.90

Q3 m/z

Collision
Energy (V)

95

10

117
91
81
109

10

Name

2-Furyl methyl
ketone
Estragole

10/33

Pulegone

1/3.3

Cinnamaldehyde

1/3.3

mass spectrometer and equipped with
a G188A static headspace sampler
(Agilent Technologies). The incubation
temperature was maintained at 85 °C
with an equilibration time of 15 min. The
injector port was kept at 160 °C in split
injection mode (split ratio 15:1), while

131

77

10

the temperatures of the headspace loop

132

131

25

and the transfer line were maintained
at 100 °C and 120 °C, respectively.
The substances were separated on a

Intra- and
Interday
Precision
(Total RSD %)

0.1/0.33

with an Agilent 7000C triple quadrupole

5

TABLE 2: GC–MS/MS validation parameters

LOD/LOQ
(µg/g)

an Agilent 7890B gas chromatograph

10.4
10.4
10.4
11.2
10.5
10.8
10.2
11.9

Accuracy
(Total Overall
Bias %)

Linearity
(R²)

16.4

0.9963

7.4

0.9961

60 m × 0.25 mm, 0.25-μm VF-5 ms
(5% phenyl–95% methylpolysiloxane)
capillary column and an integrated guard
column of 10 m (#CP9013, Factor four,
Agilent). Helium carrier gas was used
at a constant flow of 1.0 mL/min. The
initial oven temperature of 45 °C was
maintained for 10 min, followed by a

7.3

0.9954

temperature ramp of 40 °C/min to a final

10.5

0.9964

was 18 min. The mass spectrometer was

temperature of 250 °C. The total run time
operated in electron impact (EI) mode at

in 10 mL dimethyl sulfoxide (DMSO) of

preparation step. The substances were

70 eV. Temperatures of the ion source, the
quadrupole, and the interface were set at

which 300 µL was transferred to a 10 mL

extracted with hexane followed by

sealed vial. For the semivolatiles, higher

separation through a “freeze-and-pour”

230 °C, 150 °C, and 280 °C, respectively.

headspace temperatures were needed.

technique. For each sample extraction,

The identification was performed in

Therefore, to minimize the interference

0.3 g of the e-liquid was weighted in

full-scan mode from 25 to 400 m/z.

of the matrix components propylene

a glass vial of 20 mL, mixed with 3 mL

glycol and glycerol, a liquid–liquid

hexane and covered with a Teflon seal.

applied to detect the semivolatile

extraction (LLE) was applied as a sample

During the first extraction step, vials were

substances in e-liquids. Thus, the
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incubation temperature was maintained

standards and eliminate solvent

equivalent/95% dimethylpolysiloxan

at 145 °C with an equilibration time

interferences for the selected

and 6% cyanopropylphenyl/94%

of 15 min to obtain full evaporation

compounds. Of the four tested

dimethylpolysiloxan columns were

mode. The injector port was kept at

solvents (DMSO, ethanol, methylene

tested and the GC injection parameters

160 °C in split injection mode (split

chloride, and hexane), hexane was

and oven temperature program were

ratio 15:1), while the temperatures of

finally selected as most optimal. Next,

optimized. However, it was noticed that

the headspace loop and the transfer

the chromatographic method was

two separate methods were necessary

line were maintained at 150 °C and

developed through screening of the

to detect all selected flavourings

155 °C, respectively. The GC–MS

most appropriate column; 5% diphenyl

because of the wide variability in

conditions were similar to those of
the method for high volatiles, except
for the temperature gradient. The
temperature gradient started at 65 °C
(held for 3 min) and raised at 5 °C/min to
reach 90 °C. The temperature gradient
continued at 20 °C/min, until 185 °C,
followed by another fast decrease in
temperature to 100 °C by 30 °C/min,
which finally increased with 35 °C/min
until 290 °C (held for 3 min). The total

Materials Characterization for the 21st century
Tools to meet the analytical challenges of our time:

FOR OUR ENVIRONMENT
AND SUSTAINABILITY

runtime of the method was 24 min.

Results and Discussion
Method Development and
Optimization: The aim was to develop
a general GC–MS screening method for
flavouring components present in e-liquids.
It is, however, impossible to include
every compound that can be potentially
found as a flavour in e-cigarettes. The

Recycled Materials:
Characterization
and Contaminations

Micro- and Nano Plastics:

method was therefore developed based
on frequently used representatives for
POLYMER AND ADDITIVE
LIBRARIES &
SEARCH SOFTWARE

each flavouring group (aldehydes, [di]
ketones, pyrazines, esters, alcohols).
The components chosen for method
development were: 2,3-butanedione,
2,3-pentanedione, acetoin, ethyl butyrate,

RX-3050TR
TANDEM
µ-REACTOR

trimethylpyrazine, benzaldehyde,
limonene, acetylpyrazine, benzyl alcohol,
linalool, L-menthol, alpha-terpineol, citral,
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carvone, cinnamaldehyde, eugenol,
damascenone, methyl 2-aminobenzoate,
methyl cinnamate, piperonal, vanillin,
ethyl vanillin, maltol, gamma-octanoic
lacton, and ethyl maltol. Nicotine was
added to check for possible interference.
First, the appropriate solvent was
chosen to assure the solubility of the
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TABLE 3: Comparison of the recoveries using freeze-pour extraction versus traditional
separation of layers after liquid–liquid extraction

the technique for separation of the
organic layer was not satisfactory.
In the classical approach of liquid–

% Recovery Liquid–Liquid
Extraction with Freeze-Pour

% Recovery Liquid–Liquid
Extraction with Pipetting

liquid extraction, the separation of the

85.5

76.7

multiple layers is done with a funnel or

Estragole

94.7

85.5

by pipetting the relevant layer from the

Pulegone

95.8

75.4

whole. However, we observed that the

Cinnamaldehyde

90.9

84.5

Name
2-Furyl methyl ketone

presence of the matrix components
was still significant in the organic layer.

TABLE 4: Overview of quantification results of flavourings in e-liquid samples using the
freeze‑pour extraction method

Pulegone
(mg/g)
EL-1

Estragole
(mg/g)

2-furyl methyl
ketone
(mg/g)

Cinnamaldehyde
(mg/g)

organic or an immiscible solvent. The

0.07 ± 0.01

EL-4

0.10 ± 0.01

EL-5

0.85 ± 0.01

EL-6

1.32 ± 0.17

volatility among the different compounds

applied. This “freeze-pour” approach
separation after the addition of an

0.13 ± 0.03

EL-3

described for cosmetics (16), was
uses a flash cooling technique for

0.79 ± 0.17

EL-2

Therefore, a separation technique
based on flash cooling, as previously

For the semivolatiles, full evaporation

extract as a whole was put in an ice
bath at -78 °C to freeze and solidify
the matrix components glycerol and
propylene glycol. Next, the organic
phase (hexane) was poured into

and interference of other substances.

headspace injection (145 °C) was

The group of flavourings were divided in

considered instead of direct injection.

a vial for further analysis without
the matrix components as these

two groups: high and semivolatiles. The

However, extra sample clean-up was still

were still in a solid phase. This way

high volatile flavouring group consisted

needed to avoid transfer of the matrix

has proven to eliminate the matrix

of the flavourings 2,3-butanedione

components to the column. Different

components as much as possible.

and 2,3-pentanedione, which could

sample clean-up techniques including

not be detected with the original

solid-phase extraction (SPE), distillation

was analyzed with both separation

method (Figure 1) as these substances

and liquid–liquid extraction were tested.

techniques. The same dilution was

As an example, a commercial e-liquid

interfered with the hexane solvent peak.

Both SPE and distillation did not result in

used to compare the liquid–liquid

For the separate method of the high

a separation of the matrix components.

extraction with separation through

volatiles, DMSO was selected as solvent.
Once the chromatographic method

In case of distillation, the boiling points

pipetting of the organic phase. The

of propylene glycol and glycerol were

chromatogram in Figure 2 shows that

was obtained, an appropriate injection

similar to the analyzed components

the amount of matrix injected in the

mode was chosen and the sample

and therefore excluded as an option,

column was limited after the freeze‑pour

preparation was developed to minimize

once the pilot experiment showed no

extraction and the recoveries were

the presence of the matrix (propylene

acceptable result. SPE was performed

the same or better. This sample

glycol, glycerol) during the analysis.

with C18 cartridges (0.5 g, 6 mL). After

preparation technique can also be used

For the high volatile flavourings,

conditioning with methanol and sample

with other GC injection techniques.

injection through headspace was

load, the cartridge was cleaned with

Quantification of Potential Toxic

considered to limit the transfer

water and then eluted from the sorbent

Flavourings: The method for

of the matrix to the column. The

with methanol. This did not result in a

semivolatiles was applied for the

headspace temperature was

decrease of matrix components in the

quantification of the potential toxic

chosen to obtain an optimal transfer

chromatogram. The most appropriate

flavourings 2-furyl methyl ketone,

of the target components to the

method was a liquid–liquid extraction.

pulegone, estragole, and cinnamaldehyde

headspace with minimal transfer of

The extraction was further optimized

(14,15). For their GC–MS/MS analysis, the

the matrix components. The optimal

with respect to solvent, extraction

precursor and product ions were chosen

headspace temperature was 85 °C.

cycles, and extraction time. However,

for each target component to guarantee
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minimum interferences. Multiple reaction

from the spiked samples was between

of at least 85% was accepted as

monitoring (MRM) parameters and

7.3% and 16.4%, demonstrating

high enough for this application. The

retention times are reported in Table 1.

good accuracy of the method, which

recoveries with the freeze-pour approach

The original chromatographic method was

also indicates that no analyte loss

were higher than the extraction with

shortened to 18.5 min. After a 1 min hold

occurs during sample preparation.

separation through pipetting.

on 65 °C, a temperature ramp was set at
10 °C/min until 240 °C. The chromatogram

The extraction recovery was
determined to confirm the minimal

Proof of Applicability: To prove the
applicability of the freeze-pour extraction

of the separation is shown in Figure 3. The

loss of the analyzed compound during

method for semivolatile flavourings,

general internal standards o-methylanisole

the extraction (Table 3). A recovery

previously screened samples were

and 2-chlorobenzaldehyde were chosen,
although deuterated molecules of the
target component are preferable.
Method Validation: Method
validation was subsequently done
for the four selected compounds in
accordance with the International
Council for Harmonisation of Technical
Requirements for Pharmaceuticals for
Human Use (ICH) guidelines (17).
All validation parameters are
reported in Table 2. The method’s
limit of detection (LOD) and limit of
quantification (LOQ) were determined
based on the signal-to-noise ratio

A Better Path to Separations...
TRY A METHOD DEVELOPMENT
KIT TO OPTIMIZE YOUR
BIOSEPARATIONS

(S/N = 3 for LOD and S/N =10 for
LOQ) of the quantifier ion peaks in
the sample matrices. The estimated
LODs and LOQs of the method ranged
from 0.1 to 10.0 µg/g and from 0.3 to
33 µg/g, respectively. All calibration
curves ranging from 1 to 100 µg/mL
showed good linearity with correlation
coefficients (R²) greater than 0.99.
Method precision was assessed based
on replicate analyses of spiked samples
(three concentration/three replicates).
The validation samples were spiked
with 10, 50, and 100 µg standards in
1 g e-liquid (60:40 propylene glycol–
glycerol). The precision was then
calculated based on the percent relative
standard deviation (%RSD). The %RSDs
were <15%. Method accuracy assesses
how close the experimental value is to
the expected value. Method accuracy

HALO® and Fused-Core® are registered trademarks of Advanced Materials Technology. Made in the USA

CONTACT YOUR LOCAL DISTRIBUTOR
halocolumns.com

Ask for “Method Develpment Kit MDK21”
*Some exclusions apply, available through 9/30/21.

was expressed as the bias to the
known amount of analyte in the spiked
sample. As shown in Table 2, the bias

www.chromatographyonline.com
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selected that were positive for one of

phase (hexane) with the target component

the target flavourings of the validated

can easily be poured and injected for

method for further quantification. This

analysis. The method was successfully

initial screening resulted in a small

validated according to ICH guidelines

sample set of six e-liquid samples. The

for four flavourings with potential health

results are summarized in Table 4.

concerns for e-cigarette users.

Because of confidentiality the analyzed
liquids are anonymized. Whether these
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LC TROUBLESHOOTING

Where Has My Efficiency Gone?
Impacts of Extracolumn Peak
Broadening on Performance,
Part 2: Sample Injection
Dwight R. Stoll1 and Ken Broeckhoven2, 1LC Troubleshooting Editor, 2Vrije Universiteit Brussel (VUB), Brussels, Belgium

Dispersion (broadening, or spreading) of analyte zones (peaks) outside of chromatography columns
can seriously erode the resolution provided by good columns. In this instalment, we focus on the
contribution of the sample injection step to the total level of extracolumn dispersion in a liquid
chromatography (LC) system. This contribution has both a physical component (that is impacted
by injector design and configuration and method variables) and a chemical component (that
depends on the difference between the mobile phase and the sample solvent compositions).

In last month’s instalment of “LC

In this month’s instalment, we

with the injection of the sample

Troubleshooting” (1), we reviewed

begin to discuss in detail the

into the mobile phase stream,

the basic concepts of extracolumn

contributions to the total observed

and eventually the column.

dispersion (ECD), and how the

variance made by specific system

level of ECD associated with a

components. Figure 1 illustrates the

particular instrument can impact

contributions of different system

Different Approaches to
Injection in Modern LC

the apparent quality of a separation

components to the total observed

A detailed overview of the

(for example, as measured by

variance, starting with the injection

operational principles of different

resolution). We emphasized the

step and ending with the detection

types of high performance

point that smaller (that is, shorter

step. In principle, the total observed

liquid chromatography (HPLC)

and narrower) columns packed

peak variance is simply the sum

autosamplers was given recently

with smaller particles are more

of the variances contributed by

by Steiner and associates in this

sensitive to the effects of ECD than

each of the system components.

magazine (4). In this article, we are

larger columns packed with larger

This is only rigorously correct if

mainly focusing on the extracolumn

particles. We discussed ECD in an

the dispersion in each element

contributions to total peak variance

aggregate sense, without getting

of the system is independent of

associated with different injection

into details about the level of ECD

the others (2), but, under most

approaches. Drawings of the two

that different liquid chromatography

conditions, equation 1, shown

injector designs most commonly

(LC) system components contribute

in Figure 1, is accurate enough

used in modern LC instruments are

to the total peak variance observed

to guide method development

shown in Figure 2. In the so‑called

2
at the detector ( σobserved
). After all, it

and system optimization (3).

fixed-loop approach (panels a

In this instalment of “LC

and b), sample is drawn from a

is the total observed variance that
directly affects the resolution of

Troubleshooting”, we start by

vial by an automated syringe and

adjacent peaks in a chromatogram.

focusing on the variance associated

subsequently transferred to a sample
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Each of these approaches has

FIGURE 1: Equation 1 and illustration of the contributions of several LC system

advantages and disadvantages

2
components to the total variance of peaks observed at the detector, σobserved
.

compared to the other. One of the

2
2
2
2
2
σobserved
= σ injection
+ σ 2tubing, pre–col + σcolumn
+σ tubing,
post–col + σdetection

[1]

primary advantages of the fixed-loop
approach is that there is the potential
to decrease the variance associated
2
with the injection step ( σ injection
) if

Pre-column
tubing
Injector

a small loop is used. A significant

Post-column
tubing
Column

σ 2tubing, post–col

σ 2injection

Detector

σ 2tubing, post–col

σ 2column

downside to this approach is that the

2
σ detection

FIGURE 2: Drawings showing the flow paths through different injection systems during

loading (a and c) or injection (b and d) of samples into a column. Figures 2(a) and 2(b)
show a fixed-loop injector; Figures 2(c) and 2(d) show a flow-through needle injector.

Load

(a)
“Fixed-loop”
injector

Pump

range of volumes under software

Loop

Column

Column

Needle Seat
Capillary

Needle Seat
Capillary

(c)

this comes at the cost of increased

(d)

“Flow-through” Needle &
Needle Seat
injector

ECD, since the flow path between

Needle &
Needle Seat

the sample and the column includes
Column

Column
Needle Seat
Capillary

control, without changing any
instrument components. However,

Pump

Pump

of injection volumes available with

volume can be changed over a wide

Needle &
Needle Seat
Loop

extend the practically useful range

through approach is that the injection

Waste

Needle &
Needle Seat

loop. It is possible to use partial
filling of the loop, which does help to

the primary advantages of the flow

Pump

Waste

injection volume requires a physical
change of the capillary used as the

a fixed‑loop. Conversely, one of

Inject

(b)

injection volume is fixed, as the name
suggests. Significantly changing the

Needle Seat
Capillary

a needle seat capillary that simply
is not required in the fixed‑loop
approach. Some instrument vendors
provide “low‑dispersion” kits

loop, in either a pushed loop mode,

into the loop is displaced from the

where this needle seat capillary

as illustrated in Figures 2(a) and

loop into the column where sample

has a lower inner diameter to

2(b), or pulled through the needle

components can be separated.

reduce ECD, or have changed

directly into the sample loop (pulled

In the so-called flow-through

their instrument design such

loop design) (4). During the sample

approach shown in Figures 2(c) and

that the needle is integrated

loading (“load” position), the desired

2(d), also known as split-loop design (4),

directly onto the injection valve,

sample is first drawn into the

the mobile-phase flow path bypasses

eliminating this capillary entirely.

syringe. The loop—drawn in yellow

the injector needle in the “load” position,

in Figure 2—is at this point also

allowing the sample to be drawn

two‑dimensional liquid

not in the mobile phase flow path

from a vial into the needle using an

chromatography (2D-LC) separations,

from the pump to the column. After

automated syringe. Once the desired

the interface that delivers fractions

fluidically connecting the syringe to

volume of sample has been drawn into

of first dimension (1D) effluent to the

the loop, the desired sample volume

the needle, the valve is switched to

second dimension (2D) column for

is pushed out of the syringe into the

the “inject” position. This connects the

further separation is most similar
to the fixed-loop injector shown in

We note here that in

loop. Then, the valve is switched

needle to the mobile-phase flow path,

to the “inject” position; at this point,

pushing the sample through the needle

Figure 2. In this case, fixed-loops

the sample that had been loaded

seat capillary and into the column.

are used, and typically the interface
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FIGURE 3: Comparison of chromatograms obtained from injection of samples in (a) 30:70

acetonitrile–water, or (b) 70:30 acetonitrile–water. Conditions: column, 30 mm × 2.1 mm
C18; injection volume, 40 µL; gradient elution from 50 to 90% acetonitrile from 0–15 s, with
water as the aqueous phase; flow rate, 2.5 mL/min. Analytes are alkylphenone homologs
from acetophenone to hexanophenone. ACN = acetonitrile. For both subfigures, x-axis is
Time (min), and y-axis is Absorbance (mAU at 254 nm).

Sharper Peaks.
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valve has two positions that enable
injection of sample from one loop into

“sample plug”. For a truly rectangular
plug, the contribution of the

the 2D column while a second loop

injection step to the observed

is filled with 1D effluent in parallel.

peak variance (in volume units)

The major difference with 2D-LC

would be given by equation 2:

compared to the diagram in Figure 2
is that the sample loop is filled
naturally as mobile phase flows out

σ2v, injection =

1
2
* V injection
12

The perfect fit ®
for your analytical

[2]

the loop with a syringe. Typically,

where V injection is the volume of the

the loops used in 2D-LC are much

sample loop itself (5). In practice,

larger (for example, 40 to 80 µL) than

however, we observe variances that

those used in fixed-loop injectors

are usually much larger than those

for 1D-LC (typically less than

predicted by equation 2. A more

10 µL in ultrahigh-pressure liquid

general form of this expression

chromatography [UHPLC] systems).

Contributions of
Injection Parameters
to Peak Dispersion
In the simplest case of a fixed-loop

for the next level of HPLC

ClarityChrom®
and
with UHPLC
benefits

replaces the factor 1/12 with

1
2
* V injection
θinjection

For fixed-loop injectors operated

injector with: 1) no seat capillary;

in the full-loop mode, values

and 2) an overfilled loop such that

of θ injection = 4–8 are observed

the distribution of sample inside

in practice. The situation with

the loop is homogeneous, the

flow‑through injectors is a bit more

introduction of the sample into the

complicated due to the addition

mobile phase stream is conceptually

of the needle seat capillary in the

close to introduction of a rectangular

flow path between the sample

Column kits ideal for
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your methods
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Supporting OpenLAB,
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1/ θ injection , and forms equation 3:

σ2v, injection =
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UHPLC
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of the 1D column, rather than filling

[3]
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to be injected and the column.

This equation shows why it is

last few years. Figure 3 shows an

Recent work has shown that two

beneficial to reduce the length

example of how simply inverting

distinct factors contribute to the

and diameter of the needle seat

the ratio of organic solvent to water

total variance contributed by the

capillary in cases where reducing

in the sample solvent can have a

injection process for flow-through

ECD is desired to avoid robbing a

dramatic effect on a separation,

injectors—a factor related to the

very good column of its inherent

making the difference between a

physical volume of the injected

efficiency. Readers interested in

chromatogram that looks quite nice

sample, as in equation 3, and a

learning about these relationships

and useful, and a chromatogram

factor related to hydrodynamic

in more detail are referred to recent

that is effectively useless (7).

dispersion of the sample due to

literature on the topic (2,6).

This example shows the effect

parabolic flow in the needle seat

The Sample Solvent Matters,

on a reversed-phase separation;

capillary (6). These contributions

Too: The relationships in the

however similar effects can occur

to the total injection variance can

preceding section provide relatively

for most modes of LC separation,

be expressed using equation 4:

straightforward means to estimate

including hydrophilic interaction

the contribution of the injection

chromatography (HILIC) (8).

σ2v, injection =

1
2
* V injection
+ σ2v,hydrodynamic [4]
θinjection

step to the total, observed peak

In recent years, several groups,

variance. However, up to this point

including our own, have worked to

in our discussion, we’ve made two

develop simulations that can predict

where the σv,2 hydrodynamic term accounts

important assumptions that are

both the negative and positive effects

for hydrodynamic dispersion

required for these expressions to

of a mismatch between the sample

accurately reflect what happens

solvent and the mobile phase. The

in the needle seat capillary.
Careful measurements of σ

in a real system: 1) the separation

published approaches for these

made using a flow-through injector

is isocratic; and 2) the sample

simulations range from very detailed

over a range of conditions show

solvent is nominally identical to

models that yield considerable

that for injection volumes less than

the mobile phase into which it is

insight into the origins of poor peak

about 2 µL, θ injection is about 1 (6).

injected. When gradient elution

shapes, such as those observed in

In the range 2 < V injection < 10 µL,

is used, the situation changes

Figure 3(b), to simpler approaches

θ injection increases roughly linearly

substantially; this is one of the topics

that are not quite as accurate, but are

with increasing V injection , and then

we will address in next month’s

computationally much less intensive

appears to plateau at a value of

instalment of “LC Troubleshooting”.

and can be calculated using a

2
v, injection

θ injection ~ 8 for V injection > 10 µL.

Of course, in real applications it

The hydrodynamic component

spreadsheet (9–12). The most recent

is frequently unrealistic, or highly

of these articles by Pepermans and

of the variance is related to the

undesirable, to go to the trouble of

associates provided a very useful

dimensions of the seat capillary,

matching the sample solvent to the

rule of thumb to help users anticipate

as well as the properties of the

mobile-phase composition, so it is

whether or not they will encounter an

mobile phase and the molecular

important to acknowledge that the

effect like that shown in Figure 3; this

weight analyte through their effects

contribution of the injection step to

guideline is expressed as equation 6:

on the diffusion coefficient of the

the overall ECD of a system may be

analyte, as shown by equation 5:
σ2v,hydrodynamic ∞

F*Lseat*d4seat
Dm

larger or smaller than that estimated,
using equations 3 and 4 above in
[5]

Vinjection>Vm* ks

[6]

cases where the sample solvent is

where Vm is the column dead volume,

very different from the mobile-phase

and ks is the retention factor of the

composition. In previous instalments

analyte in the sample solvent (12).

where L seat and dseat are the

of “LC Troubleshooting”, we have

Specifically, equation 6 predicts

length and diameter of the seat

addressed the sample solvent

that when this inequality is true, that

capillary, F is the flow rate, and

issues in some detail, but there has

distortion of the analyte peak will be

Dm is the diffusion coefficient of

also been quite a bit of research

so severe that part of the analyte will

the analyte in the sample solvent.

published on this topic over the

migrate all of the way through the
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column in the sample solvent, and
breakthrough as a peak detected at

significantly reduce contributions of
2
2
σ injection
and σ tubing,
pre-col contributions to

the column dead time; most of the rest

ECB (3). This technique can readily

of the analyte will elute at the expected

be applied with modern flow-through

time based on its retention factor

injectors using a injection program

in the mobile phase. For example,

and an additional sample vial

for a column with a dead volume of

containing the weak solvent (3,13).

100 µL, if a sample solvent is used
such that the analyte would have a

Summary

retention factor of 0.5 if the sample

In this instalment of “LC

solvent were used as the mobile

Troubleshooting”, we have discussed

phase, then a breakthrough peak will

in some detail the impacts of injector

be observed at the column dead time

design and configuration, as well

for injection volumes larger than 50 µL.

as sample composition, on the

While equation 6 is very useful as a

contribution of the sample-injection

guide to avoiding problems of this

step to the overall ECD observed

kind, its use does require knowledge

in a LC system. Understanding and

of the dependence of analyte

estimating these effects can help us

retention on solvent composition;

avoid situations where ECD seriously

this is also true of the more detailed

erodes the inherently high separation

simulations described to date.

efficiency of a good column. In next

If the sample is dissolved in a

month’s instalment, we will focus

mobile phase which has a higher

on the contributions to ECD from

elution strength than the initial

other system components, including

mobile phase, the effect of this

connecting tubing and detectors, and

solvent mismatch can be mitigated

discuss differences in the impact

by drawing mobile phase plugs

of ECD on resolution when using

with lower elution strength before

either isocratic or gradient elution.

or after the sample plug into the
needle. Mixing of these weak solvent
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Industry Insights: Chromatography
Modular Premium Laboratory Balances
Wallace Harvey,Sartorius

Since 1870, Sartorius has been on the cutting edge of
weighing technology and innovation. In 1970, the company
created the world’s first electronic balance, and in 1994 the
first monolithic weight cell in 1994. Fast forward to 2009 and
the Cubis ® II, the first fully configurable balance series, was
introduced. And within a few years, a high-capacity micro
balance was added with 60 million divisions, which was the
highest resolution laboratory balance on the market at the
time. Today, Sartorius’ Cubis II platform offers a completely
configurable, high-performance portfolio of both laboratoryweighing hardware and software for scientists in R&D and
analytical laboratories.

Electronic signatures can be used to sign the final report
via the electronic signature feature for all weighing processes.
The combination of both the username and a password is fully
compliant with (21 CFR Part 11).
Additionally, the Cubis II balance provides two options for
complete user management with access control: A local user
management that can be configured in accordance with your
password policy, or the password rules for (21 CFR Part 11)
compliance can easily be implemented by integrating the
system into your company’s own domain to allow for a single
sign-on. And in this case, the company-defined password
rules are implemented automatically.

Ensuring Data Integrity and Compliance

From Hardware to Software

The pharmaceutical industry is faced with many challenges,
and one of the biggest challenges is data integrity. In fact,
65% of all warning letters issued by the FDA in 2017 were
related to data integrity issues—from not documenting batchrelated activities and backdating of data to transferring data
incorrectly or an insufficient audit trail (1).
To address these issues, Attributable, Legible, Contemporaneous,
Original, and Accurate (ALCOA) principles are incorporated into the
Cubis II balance, offering a full form of compliance to adhere to all
necessary data integrity regulations. With a pharmaceutical package,
the Cubis II offers users all of the technical controls necessary to
support compliance with common regulations such as FDA’s (21
CFR Part 11) and EU’s (Annex 11). These controls include audit
trail, safe data transfer, backups, time synchronization, e-signatures,
access control and user management, and alibi memory.
The audit trail is essentially a tamper-protected timestamp
electronic log file that allows reconstruction of events related
to the creation, modification, or deletion of records. Data can
easily be displayed, filtered, recorded, and exported in various
ways. Additionally, the system can automatically execute
time-controlled actions for backups. Users are able to upload
data onto a file share or export the data to other systems.
Archiving is also easily done within full compliance.
The system enables the protection of electronic records
from any sort of manipulation by saving all files together with a
calculated MD5 checksum, which is stored in the audit trail files
or in a separate MD5 file. An accurate timestamp is essential for
trusting records. The Cubis II balance supports automatic time
synchronization via a network time protocol (NTP).

Beyond compliance, the Cubis II platform has fully customizable
hardware, software, and connectivity solutions.
From the weighing module standpoint, there are up to 46
different weighing modules that can best fit user parameters
and preferences. Additionally, there are seven different
models of draft shields to choose from. Depending on balance
type and needs, there are unique features to support a range
of balance performance and designs. Users can choose
between an advanced and an essential user interface display
based on what is being weighed as well as the applications
and requirements.
Software benefits include flexibility and modularity, cost
effectiveness, and a future-proof nature. There are more
than 60 optional software applications that are clustered into
four different QApp packages organized according to the
applications and functions necessary in the laboratory. Users
only need to select the QApps software necessary for their
workflows and can pick and choose between different packages
to fulfill specific demands. Packages come preinstalled on
the balance with the option to add more later, and once the
software is purchased and installed, free updates or upgrades
are included with every balance in the Cubis II portfolio for the
lifetime of the product.
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Intelligence in the Laboratory
To put the advantages of the Cubis II balance platform into
perspective, here are a few practical examples using the
automatic motorized leveling function, gesture control, climate
monitoring, status center notification, and stabilization time

LCGC Europe – JUNE 2021

SPONSORED CONTENT

to aid the performance of measuring samples and weighing
them in a pharmaceutical or medical-device environment.
The automatic motorized leveling function is a convenient
feature that avoids the burdensome process of repeatedly
having to prepare the balance. This is especially beneficial for
applications in which hazardous samples might be employed
in a fume hood. The user does not have to worry about leveling
the balance because it is done automatically.
Gesture control enables users to automatically have the
balance recognize up to four different gestures that can be
used and positioned near the balance directly in the flow of
motion at their workspace via the gesture sensor. This feature
allows users to open and close the automatic draft shield or
start the ionizer and other functions, enabling users to work
conveniently and efficiently within their workspace. This is
especially helpful when working in a hands-free environment
where samples are simultaneously manipulated and weighed.
The built-in climate sensor monitors all influencing variables,
including temperature, pressure, and humidity. This is critically
important when trying to achieve highly accurate results in a
pharmaceutical or medical-device setting.
Status center notification allows users to see all balance
information and environmental conditions at a glance. Functions
such as calibration, leveling, temperature and humidity settings,
air pressure, and service functions are all centralized into one
dashboard. In the event of a warning alert, a detailed help
message is sent, and support is available immediately so that
the problem can be identified and corrected.
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When a major manufacturer in the stent industry compared
results from the Cubis II balance against results from another
manufacturer, they noticed they were getting 20% faster
performance with the Cubis II balance system because of
faster stabilization times. The Cubis II helped improve this
medical-device manufacturer’s laboratory testing efficiency,
especially when they worked with larger quantities of solutions,
standards, and materials.

Conclusion
The Sartorius Cubis II balance platform combines customization
and compliance to support pharmaceutical laboratoryweighing applications, allowing users to align with their unique
demands—from compliance requirements to maximizing
operational efficiencies and experimental outcomes.

Reference
(1) FDA, “Warning Letters 2017,” w w w.fda.gov/drugs/warning-lettersand-notice-violation-letters-pharmaceutical-companies/warning-letters-2017

Wallace Harvey
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Effects of Water on Adsorbents in
Porous Layer Open Tubular (PLOT)
Column Gas Chromatography
Katarina Oden1 and Jaap de Zeeuw2, 1Restek Corporation, Bellefonte, Pennsylvania, USA, 2Restek Corporation, The Netherlands

The best option for the gas chromatographic (GC) analysis of highly volatile analytes without cryogenic cooling
is to use solid adsorbents. Open tubular GC columns with a deposited layer of solid adsorbent on the inside
are known as porous layer open tubular (PLOT) columns. Adsorbents such as molecular sieves, alumina,
porous polymers, and even carbon materials are essential when analyzing light gases. Most gas samples
contain water; although we are not interested in the amount of moisture that is present in the sample, water
is injected onto the column unless a drying step of the sample is utilized. This article reviews the effects of
water on retention and selectivity in gas–solid chromatography of various adsorbent PLOT columns.

Activated alumina has been studied

in favour of alumina-based porous

deactivating agent, meaning that

as a chromatographic material for over

layer open tubular (PLOT) columns,

the adsorption sites where water

70 years. The high surface area of

alumina columns remained a

molecules are adsorbed will not be

this porous material showed promise

reliable choice for analyzing C1–C5

available for hydrocarbon retention.

in separating C1–C5 hydrocarbons.

hydrocarbons. One thing has not

This process results in a decrease

Because of the extreme activity,

changed since the 1950s—we still

in retention time. Figures 1 and 2

tailing, and inconsistent responses

have problems with chromatography

show examples of the analysis of

of alumina, the material was at first

in the presence of moisture. To

those two analytes, alumina MAPD

considered almost unusable. In the

better understand the problematic

(Figure 1) and alumina potassium

mid-1950s, alumina oxides were

effects of water on alumina columns,

chloride (Figure 2), as well as

deactivated with water vapour. This

we studied the chromatographic

the analysis of the columns after
exposing them to 0.5 μL of water in

new approach drastically improved

behaviour of C1–C5 hydrocarbons.

peak shape and provided consistent

Various selectivities of alumina

increments of 0.1 μL. Not only do we

compound responses. However,

deactivated PLOT columns were

notice shifting retention times, but

water-deactivated alumina columns

tested under the same isothermal

we also see changes in resolution,

could be used only under isothermal

chromatographic conditions. The

indicating that the polarity of the

conditions. The next significant

analysis was performed again

column has changed. Regardless of

improvement for porous alumina

after injecting 0.1 µL of water onto

whether the column was deactivated

columns occurred in the 1970s

the column, and the procedure

with proprietary deactivation,

when more stable deactivations with

was repeated five times.

inorganic salts, such as potassium

Regardless of the column

MAPD, or potassium chloride,
exposure to water decreases

chloride (KCl), sodium sulphate

deactivation, the introduction

retention time and impacts the

(Na2SO4), and various proprietary

of water onto the alumina PLOT

resolution of the compounds.

salts, were implemented (1–3).

column changes the retention

Even though the industry moved
away from alumina-packed columns
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The introduction of any moisture

time by accelerating the elution of

to the column would further

the analytes. Water will act as a

deactivate aluminium oxide, making
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the column less polar, which changes the column

Adsorption on molecular sieves is reversible, and

selectivity. The plotted deviation of retention indices

the adsorption–desorption process is easily regulated

of the analytes, which is based on the retention of

with temperature. Molecular sieves are generally used

adjacent n-hydrocarbons, confirms our observation. The

as drying agents, and we know that we cannot analyze

analytes most affected by the moisture treatment over

water using the MSieve 5A columns because of the

time are polar analytes—acetylene, propadiene, and

high temperature required to desorb water from the

methyl acetylene—that show more significant shifts

molecular sieve pores. Our study on the effects of water

in retention than the butanes and butenes (Figure 3).

on molecular sieves showed that the MSieve 5A has a

Similarly, the impact of moisture is more dramatic on

relatively high tolerance to moisture in comparison to

a polar column, such as a sodium sulphate alumina

salt-deactivated alumina columns. A MSieve 5A PLOT

column. Figure 4 illustrates changes in relative retention

column, with the dimensions of 30 m × 0.53 mm, 50‑µm,

of acetylene on different types of deactivated alumina

was tested using a mixture of permanent gases at

columns. The polarity of a sodium sulphate-deactivated

40 °C. Afterwards, water was injected onto the column

alumina column declines considerably faster than

at 100 °C isothermal. Column behaviour was monitored

a potassium chloride-deactivated alumina column.

by repeating the analysis of permanent gases at 40 °C.

The potassium chloride-deactivated alumina has the

Figure 5 presents a chromatogram of the initial analysis

lowest polarity, and it is the least sensitive to water.

of permanent gases, black overlay, and the blue overlay

Water will not damage the alumina column. The
column can always be regenerated by conditioning
it at the maximum temperature of the column.

is a chromatogram after exposing the molecular sieves
to water. The column had to be treated with 1 µL of water
to see a notable shift in the retention time of the polar
compound, which in this case is carbon monoxide.

Molecular Sieve 5A
Molecular sieves 5A (MSieve 5A) are zeolites, which are
part of the family of aluminosilicate minerals. They are
strong adsorbents with an unique, tunnel-like crystalline
structure and a well-defined pore size. These strong
adsorption properties make them ideal for analyzing
permanent gases. The analytes separate on molecular
sieves based on two mechanisms: First, how well the
molecules fit into the material’s pores, a separation based
on the size of the molecules; and second, the physical
interactions between the molecules and the MSieve 5A
crystal, which is a separation that takes place based
on the polarity. For example, nitrogen and oxygen are
both small enough to fit in the pores of the 5A mineral,
but oxygen, a smaller molecule than nitrogen, will
navigate through the “tunnels” faster because it has less
interactions with the pore surface and elutes from the
column before nitrogen. In the case of carbon monoxide,
dipole interactions play a more important role, and the
MSieve 5A strongly retains these molecules. A bigger
molecule, such as sulphur hexafluoride (SF6), will not be
able to enter the pores of the zeolite. It will only be retained
by the outside, free-accessible surface area. The same
phenomena is observed with isoalkanes. Isobutane, for
example, would be eluted around nitrogen at 40 °C, while
n-butane (which can fit in the pores because of the linear
structure) needs a very high temperature to be eluted (4,5).

www.chromatographyonline.com
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FIGURE 1: Comparison of the analysis of C1–C5 hydrocarbons on alumina MAPD

deactivated column, 30 m × 0.32 mm, 5-µm, (a) chromatogram is the original analysis
and (b) chromatogram after treating the column with 0.5 µL of water. Analysis conditions:
carrier gas: helium at 5 mL/min, oven: 110 °C isothermal (x-axis is time in minutes, and
y-axis is detector response).
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like a small amount, the quantity
is more significant when we look
at it from a different angle. For
example, if the gas sample has 50%
relative humidity, with every 1 mL

Isothermal 110ºC analysis
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n-Pentane
1,3-Butadiene
Methyl Acetylene

injection of gas, we are injecting
~0.01 µL of water onto the column.
To see a slight shift of the carbon
monoxide peak, we would need
to make hundreds of injections.
Continued exposure of water to
a MSieves 5A column will pack
the adsorption sites with water.
Figure 6 illustrates the changes in
chromatography when the molecular

FIGURE 2: Comparison of analysis of C1–C5 hydrocarbons on a nonpolar alumina

potassium chloride deactivated column, 30 m × 0.32 mm, 5-µm, (a) chromatogram is the
original analysis and (b) chromatogram is after treating the column with 0.5 µL of water.
Analysis conditions: carrier gas: helium at 5 mL/min, oven: 110 °C isothermal. (x-axis is
time in minutes, and y-axis is the detector response).
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start to tail (Figure 6, blue overlay),
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water at 100 °C. Retention times for
all the analytes decrease, and some

that is an indicator that the column
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Compound
Methane
Ethane
Ethylene
Propane
Cyclopropane
Propylene
Acetylene
Propadiene
n-Butane
trans-2-Butene
1-Butene
Isobutylene
cis-2-Butene
Methyl Acetylene
Isopentane
n-Pentane
1,3-Butadiene

partially because of the adsorbent
sites being occupied with water.
The temperature necessary
to desorb the water from the 5A
molecular sieves is lower than
the maximum temperature of the
PLOT column. Therefore, water
can be removed from the column.
By conditioning the column at the
maximum temperature of 300 °C,

FIGURE 3: Relative behaviour of analytes with the addition of water by monitoring

Relative position bases on n-hydrocarbons

deviation of retention indices of individual analyte on methyl acetylene and propadiene
(MAPD) deactivated column.

Porous Polymer
PLOT Columns
Porous polymer PLOT columns are

6

based on styrene-divinylbenzene
(DVB-styrene) cross-linked polymers.

4

They come in a range of polarities. For
2

example, Q PLOT columns are made

0

and are nonpolar. On the other hand,

with 100% DVB-styrene polymers
0

0.1

0.2

0.3

0.4

0.5

µg of water
Acetylene
1-Butene
Isopentane
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moisture is removed and initial
performance is restored (Figure 7).

Propadiene

Methyl Acetylene

1,3-Butadiene

Propylene

DVB-ethylene glycol-dimethyl acrylate
PLOT columns, also referred to as
U PLOTs, are highly polar (2,4).
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Porous polymer PLOT columns
are extremely versatile. They
can separate a wide polarity
range of molecules from gases
to semivolatiles. The main

FIGURE 4: Behaviour of acetylene. Comparison of changes of normalized retention after

water treatment for all three deactivated columns. Water has the largest effect on a polar
sodium sulphate-deactivated column, followed by the methyl acetylene and propadiene
(MAPD)-deactivated column. The least affected is retention of acetylene on a potassium
chloride-deactivated column.
Relative position bases on n-hydrocarbons

advantage of porous polymers
is their hydrophobicity. Treating
a column with large, continuous
water injections does not have
any effect on the adsorbent. Water
elutes from the column very fast
as a chromatographic peak and
does not change the selectivity of
the column because of adsorption
(Figure 8). This means there is

10
8
6
4
2

0

0

0.1

0.2

0.3

0.4

0.5

µg of water

no need to condition heat porous

Alumian KCl Deactivation

polymer columns to drive the

Alumian MAPD Deactivation

Alumian Na2SO4 Deactivation

water off, which reduces the
downtime between injections.

Conclusion and Final Tips
Although we deliberately exposed our
columns to aliquots of water to illustrate
the effect of water on adsorbent PLOT
columns, systems with alumina and
MSieves 5A PLOTs should be protected

FIGURE 5: Chromatogram overlay of the analysis of permanent gases at 40 °C

isothermal. The black overlay is the starting analysis, and the blue overlay is the analysis
after exposing the MSieve 5A (30 m × 0.53 m, 50-µm) column to 1 µL of water. Peak
identification is in order of elution: argon, oxygen, nitrogen, methane, and carbon
monoxide. The retention time of carbon monoxide shifts after the column is treated with
water. Analysis conditions are as follows: carrier gas, helium at 5 mL/min; and oven, 40 °C
isothermal. (x-axis is the time in minutes, and y-axis is the detector response).

to keep water from causing slow but
continuous deactivation and changes
∆tR = 0.1min

in column selectivity. To conclude
this column, here are a few tips to
keep in mind to prevent water from
further affecting your chromatography

2

or to regenerate your column if it has

4

Time (min)

6

12

14

already been exposed to moisture:
1. If the moisture has already
accumulated in the column,
sodium sulphate-, potassium
chloride-, or MAPD-deactivated
alumina PLOT columns as
well as MSieves 5A columns
can be regenerated by

FIGURE 6: The overlay of the initial chromatogram of the analysis of permanent gases

is in black, and the chromatogram after 50 µL of water was injected onto the column is
in blue. Continued exposure of the MSieves 5A column to water will over time load the
adsorption sites with water. Analysis conditions: carrier gas, helium at 5 mL/min; oven,
40 °C isothermal. (x-axis is the time in minutes, and y-axis is the detector response).
∆tR (Ar, O2)

conditioning the column at

∆tR (N2)

their maximum temperature.
2. Increasing the final temperature
of the analysis to the maximum

∆tR (CO)

∆tR (CH4)

temperature of the column for
5–10 min will desorb the water
during each analysis cycle.
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FIGURE 7: Graph of desorption process relative to the retention time (tR) of the carbon

monoxide (CO). The blue line is the original retention time, and the black line is the
retention factor of CO over the conditioning time. Conditioning temperature is 300 °C.
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tR (CO) over the conditioning time

Initial tR (CO)

FIGURE 8: (a) U BOND: Overlay of analysis of permanent and hydrocarbon gases

on a 30 m × 0.53 mm, 20-µm U BOND column before (black overlay) and after
(blue overlay) treating the column with 20 µL of water. Water elutes from the column
as a chromatographic peak and does not change the column polarity. (b) Q BOND:
Chromatogram of analysis of hydrocarbon gases with water using 30 m × 0.53 mm,
20-µm Q BOND. Depending on the polarity of the polymer water will be more or less
adsorbed and elution time will change accordingly. Analysis conditions: Carrier gas,
helium at 5 mL/min; and oven, 40 °C (3 min) then 10 °C/min to 190 °C. (x-axis is the time
in minutes, and y-axis is the detector response).
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10

trapping, and preconcentrators.

avoid water getting into the alumina

Water and other impurities in

column. By using a thick film, polar

the sample are backflushed

precolumn with a column-switching

and never enter the column.

device, water and other impurities
in the sample are backflushed and
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BIOPHARMACEUTICAL PERSPECTIVES

Defining Material Used in
Biopharmaceutical Analysis
Szabolcs Fekete, Waters Corporation, Geneva, Switzerland

There is a need to use more descriptive and precise terms to describe some of the properties of the
hardware used for biopharmaceutical analysis. It is probably more correct to describe these systems
as “low adsorption” and “corrosion‑resistant”.

People often ask, what do “bioinert”,”

the stationary phase (though in some

(for example, 0.2–2 M). Stainless

biocompatible”, “metal-free”, and

similar ways, stationary phases must

steel can, and does, rust and corrode

“inert” actually mean and what is the

also be carefully designed). One issue

if continuously exposed to high

difference between them—if there is

with chromatography hardware is the

concentrations of halide mobile phase

any? The terms “stainless steel‑free”,

potential adsorption of solute molecules

salts. The corroded metal can form metal

onto wetted surfaces (nonspecific

complexes that leach onto the column,

“truly inert”, or “fully biocompatible”
are also used in this sense.

adsorption) in an LC instrument (sample

interact with the stationary phase, clog

flow path) or within the column hardware,

the frits, and negatively affect peak

dates back to 1933 and was related

especially on frits and the inner wall of

shape and resolution. Stainless steel

to the use of alumina as a material for

the column tubing. It is most appropriate

may also release iron ions into the

biomedical applications (1). Since then,

to call any technologies and materials

mobile phase, and these ions can bind

there has been significant interest in

that improve analyte recoveries and limit

to the stationary phase and interact

continually developing novel materials

undesired interactions with the hardware

with metal‑sensitive analytes. On the

for biomedical implants. The term

as being bioinert. To be more precise

other hand, in denaturing LC conditions,

The first mention of the term “bioinert”

“bioinert” has since diffused into many

with the terminology, we could refer to

low pH (pH 2–3) mobile phases are

other fields and different contexts. One

these as low adsorption materials. The

frequently applied and the mobile phase

of these fields is liquid chromatography.

other concern with chromatography

temperature is often set to 70–90 °C,

hardware is related to the resistance

which can also be an extreme condition

chromatographers often encounter

When separating biomolecules,

of the system and its columns to

for the hardware to withstand. Therefore,

unwanted and unpredictable interactions

harsh conditions typically applied for

in a biocompatible system, alternative

between samples and chromatographic

biomolecule separations. The use of

materials are needed, for example,

surfaces (injector, tubes, column

halide mobile phase components, for

PEEK, sapphire, titanium, or specialized

hardware, and detector cells) (2). Indeed,

example, chloride ions, can corrode

metal alloys. In addition, pumps and

adsorptive interactions negatively

stainless steel surfaces, and this is

autosamplers need to be robustly

affect chromatographic performance

one of the clearest examples where

designed with frequent seal washing

by altering peak shape (asymmetry,

chemical resistance is needed. A

and automatic rinsing. Depending on

tailing) and reducing the recovery (3).

chromatographic system designed

the material used for the LC flow path,

What is certain is that there are two

to be resistant to such conditions is

it might be appropriate to call this type

often termed as being biocompatible.

of system “metal-free” or “stainless

different concerns. It is important to
mention that both issues are associated

In nondenaturing modes of

steel-free”. Technically speaking, it

with the chromatographic hardware

chromatography, mobile phases often

might be even more precise to call

(LC system and column) and not with

contain high concentration of salts

these systems “corrosion-resistant”.
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flushing the entire system with a

FIGURE 1: HILIC chromatograms of released 2-AB labelled neutral and phosphorylated

chelator or oxidizing acid, for example,

high mannose N-glycans observed with stainless steel column and PEEK-lined column.
Adapted with permission from reference 10.

EDTA, citric acid, acetylacetone, 30%
phosphoric acid, using an overnight
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process. This is a serious drawback
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but some systems also include
ceramic, sapphire, gold-plated,
high‑molecular-weight polyethylene, or

FIGURE 2: Extracted ion current chromatograms of the single protonated, unmodified

(Unmod.) and oxidized (On-Co: on-column oxidation, In-Sa: in sample oxidation) peptide
DTLMISR using (a) aged (~1500 column runs) reversed-phase column, and (b) a new
reversed-phase column. Adapted with permission from reference 12.
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adsorption, but there are some limitations.
Since PEEK is an organic polymer, PEEK
tubes are prone to swelling and pressure
limitations (low mechanical stability).
Alone as column hardware, PEEK can
indeed be problematic as a result of
variable chromatographic performance
and short column lifetimes. Moreover, as a
result of variability in PEEK manufacturing
procedures, it is challenging to produce

Retention Time (min)

(b)

Absolute intensity
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may not be low adsorption for all

used material. PEEK can minimize protein
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columns and tubing with consistent
inner diameter. Sometimes PEEK is used
as a liner within a metal-clad column
hardware and tubing. These PEEK-lined
components provide metal-free fluidic
paths while maintaining the mechanical
stability of the metal hardware. When
applying PEEK as column frit material,
low frit permeability is often observed
due to the large dimensional (inner
diameter) variability. In addition, PEEK

In laboratories that do not have

meant to reduce the amount of metals

corrosion-resistant systems, it has

eluting from a system. However, these

PEEK is also relatively hydrophobic

become common practice to perform

procedures can be tedious and

and may require conditioning to avoid

conditioning procedures that are

time‑consuming because they involve

losses of hydrophobic analytes.
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is incompatible with some solvents.
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Alternative metals to stainless steel,

and where it is appropriate to employ

frits. However, as mentioned earlier,

such as titanium and MP35N, have been

titanium parts. There are literature reports

both materials can potentially introduce

used for some applications because

that passive titanium oxide was found

their own type of adsorptive losses.

of their improved corrosion resistance.

to corrode upon exposure to anhydrous

Exposure to air and water creates an

acetonitrile–methanol, releasing titanium

A hybrid inorganic-organic surface
technology was also introduced

oxide film at the surface of titanium

ions that may adsorb on the stationary

that is based on ethylene-bridged

materials, which generally ensures

phase and cause peak tailing (4).

siloxane chemistry formed on metal

inertness (4). In addition, titanium

MP35N alloys are known for their

is a good material for column and

ultrahigh strength, toughness, ductility,

substrates. This hybrid surface has been
demonstrated to mitigate interactions

instrument manufacturing because it

and outstanding corrosion resistance.

between samples and the metal surfaces

features mechanical properties close

Therefore, they are frequently used

of LC systems or columns (9), This hybrid

to those of stainless steel (5). Titanium

for valves, tubes, and needles in LC

surface is more hydrophilic than PEEK,

components were first included in LC

systems. They have also been shown

making it less prone to hydrophobic

systems, but today titanium can also

to help minimize sample adsorption,

adsorption. However, there might be

be found in column hardware, as a

even though there is still room to

methods in which these properties, albeit

liner and as a frit material. Benefits from

improve adsorption properties.

mitigated, are still a complication.

titanium column hardware have been

It has been reported that the inlet and

reported (6), however, titanium exhibits

outlet frits in a column are considered to

some reactivity and some particular

be more critical for sample adsorption

sample loss problems, for example,

versus the wetted wall of the column

phosphorylated compounds, such that

tube (7,8). Consequently, vendors

there is still work to be done on when

have developed titanium and PEEK
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phosphate groups and stainless steel
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Bioanalysis of Small-Molecule
Drugs and Metabolites in
Physiological Samples by
LC–MS, Part 1: An Overview
Shashank Gorityala1, David Roos2, and Michael W. Dong3, 1Covance, Madison, Wisconsin, USA, 2Boehringer Ingelheim Pharmaceuticals,
Ridgefield, Connecticut, USA, 3Perspectives in Modern HPLC Editor

This article is the first of four on the bioanalysis of small-molecule drugs and metabolites by liquid chromatography–
mass spectrometry (LC–MS). In this article, we provide an overview of the fundamentals, workflow, regulations,
and modern trends on these quantitative assays.

describe the quantitative assessment

of new chemical entities (NCE)

The Role of Bioanalysis in Drug
Discovery and Development

of drugs and their metabolites in

in physiological fluids by liquid

The development of new drugs

Bioanalysis is the term used to

Part 1 focuses on the bioanalysis

biological fluids (such as blood,

chromatography–mass spectrometry

is a complex, expensive, and

plasma, and urine) and tissue

(LC–MS) in nonclinical and clinical

multidisciplinary process. The modern

homogenates. Bioanalysis plays a

samples. It strives to be a primer

drug development process often uses a

pivotal role in the research, discovery,

for the novice and a guide to the

molecular approach, which starts with

development, and commercialization of

fundamentals of methodologies

an understanding of the biology and

new drug therapeutics, and also offers

and regulations for the laboratory

pathophysiology of the disease, the

many career opportunities for analytical

scientist. Bioanalysis of large-molecule

identification of the molecular target

chemists. Initially, bioanalysis was first

biotherapeutics is not covered in

(a receptor or enzyme) responsible for

used to detect illicit drugs in biological

this part. LC–MS applications and

the specific body malfunction, and the

fluids to investigate overdosing in

methodologies in biochemical

synthesis or discovery of a molecule

forensic cases. The field then grew

research, drug metabolism,

(a small organic molecule or antibody)

from there with the development

biomarker analysis, and clinical

that binds to a physiological target,

of pharmacokinetic science (1).

diagnostics are briefly mentioned.

The four white papers for
this planned series are:
• Part 1: An overview of the
fundamentals and regulations.
• Part 2: Sample preparation
for different sample types.
• Part 3: Method development—
optimization and best practices.
• Part 4: Method validation for
regulated bioanalysis.

www.chromatographyonline.com

Table 1 lists the common

thereby mitigating a particular disease
state (2). Because the drug must first

acronyms and brief definitions.

be bound to the target to be effective,

Some terms are further described

its distribution to the patient’s systemic

in the text or cited in references.

circulatory system is mandatory

For comprehensive explanations,

unless the drug can be delivered

the reader is referred to books

directly to the affected organ or target

and articles on drug development,

(3–6). Therefore, it is paramount

pharmacology, pharmacokinetics

to have accurate assessments

(PK), drug metabolism (DM),

of the drug concentrations in the

bioanalysis (BA), LC, and MS (2–11).

patient’s physiological fluids after
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TABLE 1: Glossary of common terms, acronyms, and terminologies related to bioanalysis

Acronyms (Terms)

Full Names or Definitions

Bioanalysis Overview
Pharmacology

Study of drug action—interactions of living organisms and
exogenous chemicals that alter normal biochemical functions

PD, PK, DM, and BA

Pharmacodynamics (PD): What drugs do to the body or the
relationship between drug concentration at the site of action and
the effect on the body
Pharmacokinetics (PK): What the body does to the drugs or
the study of the time course of drug absorption, distribution,
metabolism, and excretion (ADME)
Drug metabolism (DM): Biotransformation of drugs in the body
Bioanalysis (BA): Measurement of drugs and their metabolites in
biological matrices

Bioavailability, CL

The amount of drug absorbed vs. amount administered.
Bioavailability is similar to drug exposure in some contexts.
Clearance (CL): Rate of removal of a drug by various organs

AUC, Cmax, tmax, t1/2

The area under the curve (AUC), maximum concentration (Cmax),
time to reach max concentration (tmax), the half-life of a drug in the
body (t1/2)

IVIVC

In vitro in vivo correlation (IVIVC): the correlation of in vitro data to
in vivo results

PO, IV, IM, SC

Route of administration: peroral (oral) (PO), intravenous (IV),
intramuscular (IM), subcutaneous (SC)

DS, DP, NCE, API

Drug substance (DS), drug product (DP), new chemical entity
(NCE), active pharmaceutical ingredient (API)

Regulatory

administering the drug to the patient.
For small‑molecule drug products,
oral dosage forms such as tablets
or capsules are generally preferred
because of the ease in administering
them: The patient ingests oral drug
products to release the active
pharmaceutical ingredient (API),
which is then absorbed from the
digestive system into the bloodstream
to reach the intended target.
Bioanalysis is conducted during
all new drug development phases—
including initial research, drug
discovery, preclinical, nonclinical,
clinical development, and
post‑approval studies. Data from
bioanalytical studies are collected
to support various investigations, as
can be seen in Table 2. Readers
seeking an in-depth understanding
of these topics are encouraged to
peruse the relevant references (4–6).

US FDA, EMA

US Food and Drug Administration, European Medicines Agency

IND, NDA, BLA

Investigational New Drug (IND), New Drug Application (NDA),
Biologics License Application (BLA)

ICH

International Council of Harmonization: A consortium of regulators
and pharmaceutical scientists that publish guidelines to expedite
new drug development

GLP, GMP, GCP, GxP

Good Laboratory Practice (GLP), Good Manufacturing Practice
(GMP), Good Clinical Practice (GCP). GxP is an acronym that
collectively covers GLP, GMP, and GCP.

CMC

Chemistry, manufacturing, and controls

CoA

Certificate of analysis (CoA)

QA, QC

Quality assurance (QA) is responsible for ensuring compliance
with applicable quality management systems and regulations.
Quality control (QC) is the laboratory branch of QA.

Liquid Chromatography, Mass Spectrometry

Fundamentals of High
Performance Liquid
Chromatography
(HPLC) and MS in Bioanalysis
LC–MS is the primary analytical
technique for the quantitative
bioanalysis of small-molecule drugs
in physiological fluids. This section
describes LC–MS fundamentals
and the rationales for selecting
reversed‑phase liquid chromatography
(LC) with tandem mass spectrometry
(MS/MS) detection as the predominant

HPLC, UHPLC

High performance liquid chromatography (HPLC), ultrahighpressure LC (UHPLC)

RPLC, HILIC

Modes of chromatography: Reversed-phase liquid
chromatography (RPLC), Hydrophilic interaction liquid
chromatography (HILIC).

on HPLC (including reversed-phase LC

SQ, TQ, IT, TOF, Orbital
trap MS

Type of MS based on the analyzer: Quadrupole (single
quadrupole, triple quadrupole) (SQ, TQ), ion-trap (IT),
time‑of‑flight (TOF), orbital trap MS.

MS in bioanalysis and the advantages

ESI, APCI, TIC, SIM,
MRM, SRM, PRM

Electrospray ionization (ESI), atmospheric-pressure chemical
ionization (APCI), total ion chromatogram (TIC), selected ion
monitoring (SIM), multiple reaction monitoring (MRM), selected
reaction monitoring (SRM), parallel reaction monitoring (PRM)
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technique. The reader is referred to
textbooks and review articles for details
[7,8], MS, and LC–MS [9–11]). Table 3
lists the terminologies of HPLC and
and limitations of reversed‑phase
LC with MS/MS detection.
Reversed-phase LC is the
predominant LC mode used in
bioanalysis. The primary retention
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mechanism of reversed-phase LC is the

separated using a specialized

(SEC), are rarely used in bioanalysis

hydrophobic interaction of the analytes

reversed-phase LC bonded phase

because their mobile phases are

with a bonded hydrophobic ligand

without end-capping or with a

generally not MS-compatible.

(C18) to silica supports packed inside

hydrophilic end-capping. A newer LC

a column. Because the hydrophobic

mode called hydrophilic interaction

Triple-quadrupole mass spectrometry
(TQMS) or MS/MS with electrospray

interaction force is weak, there is a

liquid chromatography (HILIC) has also

ionization (ESI) and multiple or selected

reasonable assurance that all analytes

been used successfully (7). In HILIC,

reaction monitoring (MRM or SRM)

in the sample will be eluted from the

one uses a hydrophilic stationary

is the primary technique used in

column with ~100% mass balance.

phase (such as silica) and a mobile

bioanalysis because of its excellent

Reversed-phase LC is amenable to

phase similar to reversed‑phase

reproducibility, sensitivity, specifically

separating analytes with a wide polarity

LC (acetonitrile and aqueous

nanomolar (nM) or picomolar (pM)

range under gradient conditions (7).

buffers). The analytes are eluted in

levels, and specificity (7,11).

Because most small-molecule drugs

an order that is opposite to that of

The impressive linear dynamic range

are basic (<80%), an acidic, aqueous

reversed‑phase LC, and the technique

(typically up to three or four orders of

mobile phase is generally used to keep

is less robust than reversed‑phase

magnitude) allows the simultaneous

the drug molecule in an ionized state,

LC. HILIC using MS-compatible

quantitation of the API and lower-level

which also suppresses the silanophilic

mobile phases is particularly useful

metabolites in the same assay.

activity of the bonded phases.

for analyzing secondary metabolites.

A drawback of MS detection mode is

Other HPLC modes, such as

the requirement of an internal standard

LC is the lack of retention for

ion‑exchange chromatography (IEC)

for each analyte to compensate

hydrophilic analytes that are better

and size‑exclusion chromatography

for loss during sample preparation,

The key limitation of reversed‑phase

www.chromatographyonline.com
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TABLE 2: Bioanalysis in various phases of new drug development

in HRMS-based quantitation using new
generations of HRMS instruments.

Research
•

In silico and in vitro studies on plasma protein binding, metabolic stability, and
plasma‑blood distribution
Animal studies to measure drug exposure, metabolism, clearance, and enzyme
induction‑inhibition
Establishment and validation of pharmacological animal models to support drug candidate
selection

•
•

Drug Discovery and Preclinical
•

Screening studies to build compound libraries, select leads, and optimize the
structures of potential drug development candidates, including form and salt
selection. A generic LC–MS method is generally sufficient for these preclinical screening
studies.
Animal studies on exposure and response (PK/PD), absorption, distribution,
metabolism, and elimination (ADME), bioavailability, dose-ranging finding, metabolite
identification, tissue distribution, and pharmacological biomarkers
IVIVC. The correlation of in vitro results with in vivo pharmacological effects in animal
models.
Pivotal GLP toxicology studies in rodent and non-rodent species. Typically, this
requires a validated LC–MS method.

•
•
•

Clinical: Clinical bioanalytical data are collected using validated methods to
support regulatory filings. A validated bioanalytical method is required to measure
drugs and relevant metabolites in blood, serum or plasma, target tissues, and urine.
•

Phase 1: First-in-human safety evaluation in healthy subjects to support PK and
dose‑finding
Phase 2: Proof-of-concept efficacy studies in patients
Phase 3: Confirmation of dosing regimen and efficacy with final drug product in a large
patient population
Other studies: ADME assessment, drug–drug interaction, and mass balance studies.
Biomarkers can be used to establish efficacy and clinical endpoints. IVIVC studies
correlate in vitro release performance data with in vivo bioavailability to develop new oral
dosages.

•
•
•

Post-Approval Studies
•

Therapeutic drug monitoring (TDM), paediatric studies, or studies to extend a drug
product’s applications to new indications
Bioavailability (BA) and bioequivalence (BE) studies to support new or generic drug
products

•

nebulization efficiency in the LC–MS

Workflow in Nonregulated
and Clinical Bioanalysis
On the laboratory side, the bioanalytical
workflow is similar to most analytical
testing procedures used in the quality
assessment of drug substances
and products (7). A key difference
is the complex biological sample
matrices, which require more sample
cleanup, followed by a sensitive
and selective quantitation of the API
and its specified metabolites. Most
bioanalytical studies are projectbased, such as PK evaluation for
initial NCE screening, good laboratory
practice (GLP) toxicology studies, or
testing patient samples under good
clinical practice (GCP) regulations.
The general workflow includes
documented procedures such as
sampling and sample preparation,
method development (calibration,
LC–MS parameter optimization),
method validation, sample analysis,
and data processing and reporting
(7,11). The final deliverables can
include reports for initial PK studies,

differences in collisional cross-section.

phase 1 dose‑ranging for safety

interface, and the ion suppression and

High resolution MS (HRMS) such as

evaluation, or phase 4 bioequivalence

enhancement matrix effects (9–11). The

time-of-flight (TOF) and orbital trap MS,

studies to support new formulations.

internal standard used is preferably a

often available as hybrid (quadrupole

Reported data yield insights on drug

stable isotopically labelled form of the

time-of-flight, QTOF) instruments or

absorption into the systemic circulation

analyte, which must be synthesized
or purchased from a commercial

“tribrid” (quadrupole–orbital ion trap)

for bioavailability, the peak exposure

instruments, is a powerful tool for

of the drug (Cmax), time taken for the

vendor and added to the sample

high‑throughput screening applications

maximum peak exposure (tmax), the

early during sample preparation.

or structure elucidation of metabolites

half-life (t1/2) for clearance of the drug in

(11,12). HRMS is invaluable in

plasma, or the investigation of excretion

research to support particular

and metabolic profiles, by measuring

However, many diastereomers from

investigations because it has a higher

drug concentrations in plasma, urine,

multichiral NCEs can be separated by

discrimination power to eliminate

and faeces for mass balance studies.

a well‑developed HPLC method, and

or reduce interferences from matrix

most enantiomer pairs can also be

components without MRM. Although

Another limitation of MS is its inability
to differentiate isobaric compounds.

resolved using a chiral LC column (7).

they were not typically used in routine

Regulatory Aspects
of Bioanalysis

Ion mobility MS (IMS) is increasingly

quantitative testing in the past, there

The development of regulations and

used to separate isomers based on

has been an increasing trend recently

guidelines is crucial to ensure ethical,
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controlled approaches to managing
clinical trials and safeguarding the

TABLE 3: Terminologies related to the use of HPLC and MS in bioanalysis

subjects. Efforts to provide regulatory

HPLC: RPLC (Reversed-phase Liquid Chromatography)

guidance in bioanalysis started

The primary retention mode of reversed-phase LC is the hydrophobic interaction of the analyte with
the stationary phase (hydrophobic ligand [for example, C18]) bonded to silica supports. The mobile
phase is a mixture of organic solvent and water. The aqueous mobile phase is generally acidified.

in 1990 with a global workshop in
Crystal City, Virginia, USA, which
marked the beginning of a series of

Advantages: Reversed-phase LC has excellent reproducibility, separation power, and mass
balance. It is amenable to analytes with a broad polarity range under gradient conditions.

workshops known as “The Crystal City

TQMS: Triple Quadrupole MS (capable of performing MS/MS)

Bioanalytical Workshops” (13). These

TQMS: In tandem quadrupole MS such as TQMS, the precursor ions are filtered in the first
quadrupole, fragmented in the second quadrupole, followed by the quantitation of the
signals from the selected product ions in the third quadrupole. The product ions are
derived from the precursor ions, thus imparting selectivity, a prerequisite for complex matrices.
Most clinical bioanalysis use TQMS with electrospray ionization (ESI) in MRM or SRM mode for
accurate quantitation.

efforts led to the issuing of much useful
regulatory guidance by the US FDA
(14). However, it should be noted that
this document provides “guidance”,
and is not a law or rule. Laboratory
personnel should use their best
judgment on a case-by-case basis as
to the exact methodology for a given
method and validation protocol.
Laboratories conducting
bioanalytical studies generally operate

Advantages: MS/MS is a reproducible detection technique with very high sensitivity (nM or
pM levels), specificity (or selectivity), and method linearity. It allows robust trace quantitation of
multiple analytes in a complex matrix without elaborate sample preparation typically required for
less selective detectors such as UV or single quadrupole LC–MS analyses.
Limitations: MS/MS typically employs an internal standard for each analyte to ensure accurate
quantitation. Optimally, the internal standard is a stable isotope-labelled analogue of the target
molecule. The internal standard must be synthesized and is expensive to obtain. MS/MS is
unable to separate signals from isobaric compounds coeluted with the exact m/z ratio. Matrix
suppression (ionization suppression) is another major limitation if there is no adequate sample
cleanup.

under GLP guidelines, or Title 21
Code of Federal Regulations (CFR)

efficiency of new drug development,

Part 58 for nonclinical laboratory

prevent duplication of clinical trials

studies (15). In contrast, most

in humans, and minimize animal use

manufacturing facilities operate under

while maintaining safeguards on

good manufacturing practice (GMP)

quality, safety, efficacy, and regulatory

regulations (16). Title 21 CFR Part 58

obligations to protect public health.

describes regulatory requirements

More information on ICH guidelines is

for GLP facilities, equipment, testing

available from www.ich.org. The ICH

operation, test and control articles,

guideline for the validation of analytical

protocols, records, and reports. Other

procedure is particularly relevant to

important guidance documents

bioanalytical method validation (19).

include the Organization for Economic

Quality Management System (QMS):

Cooperation and Development (OECD)

At present, the pharmaceutical

principles of GLP and consensus

industry has proactively established

document (17), and the regulations

a QMS in bioanalysis similar to that

on electronic records and signatures

described in ICH guideline Q10 (20)

as described in 21 CFR Part 11 (18).

for manufacturing, which is focused

International Council for

on strategies and principles to

Harmonization (ICH) Guidelines: In

ensure high-quality and consistent

an attempt to introduce international

data. Some of the key components

regulatory harmonization, a scientific

of the QMS supporting the regulated

consortium of regulators and

bioanalysis are listed here:
• Test facility management and
resources: This includes the
designated staff and facilities
for the conduct of the study
in a compliant manner.

pharmaceutical companies from Europe,
Japan, and the United States created
the ICH for Technical Requirements
for Pharmaceuticals for Human Use.
The focus of ICH is to improve the

www.chromatographyonline.com

• Standard operating procedures
(SOPs): These are a set of
instructions approved by
management to ensure the
quality and integrity of the data
generated in bioanalysis.
• Quality assurance programme: Test
facilities have an independent quality
assurance (QA) programme to
ensure data integrity and compliance
with regulations for all programmes.
• Equipment and reagents: Test
facilities use validated equipment
to generate, store, and retrieve the
data. Likewise, the chemicals used in
the study are documented with their
respective identity, concentration,
storage recommendations,
stability, and expiration dating.
• Sample handling and storage:
Samples are labelled to avoid any
ambiguity in identification and
stored in recommended conditions
to ensure stability. A robust tracking
system is in place to provide a chain
of custody of all critical samples
from receipt to disposal processes.
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• Laboratory information management
system (LIMS): Most laboratories
supporting regulated bioanalysis use
validated commercial or in-house
developed software to oversee
information regarding sample
management, study protocols,
assay development and validation,
and analytical workflow to ensure
data accuracy and integrity.
• Clinical study–related aspects:
Patient safety, informed consent,
and protecting the integrity of
the study by installing proper
measures to protect critical
identification information in
studies are the clinical study
components that the bioanalytical
testing site must also follow.

Modern Trends in Bioanalysis

high‑throughput screening applications.

regulated bioanalysis (22,23).

Many LC–MS systems are multiplexed

However, this testing has several

with parallel pumps and multi-samplers

bioanalytical challenges that need

to increase sample throughput (7).

to be comprehensively addressed.

MS: MS/MS using TQMS with MRM or

Patient-Centric Sampling (PCS): PCS

SRM detection remains the dominant

is a hot topic in the bioanalytical

preclinical and clinical testing

field. PCS constitutes new sample

technique. A wide linear dynamic range

collection methods and technologies

allows for simultaneous quantitation of

used in clinical trials where patients

the API and its metabolites. Modern

can follow instructions to self-collect

TQMS instruments are becoming

samples and ship them to the

more compact and stackable with

testing facilities (24). Currently, there

reduced footprints and improved ion

are multiple commercial vendors

optics and ion transfer technology

offering support in this direction.

for increased sensitivity, dynamic,

Solid-Phase Extraction (SPE)

and mass range. Many modern

Microplates and Automation Devices:

chromatography data systems

SPE microplates have improved

(CDS) are updated to perform data

the automated sample preparation

handling and MS control for the same

platforms for bioanalysis in complex

manufacturers’ TQMS systems (7).

matrices (25). Innovations in new

HRMS using TOF, orbital trap MS,

bonded phase and supports have

Finally, we share our views on modern

and hybrid MS are commonly used

reduced matrix interferences and

trends in bioanalysis relating to

for metabolite identification and

allowed more sensitive and accurate

separation science technologies,

structure elucidation (7,12). HRMS

assays for many problematic

sample collection and preparation,

is gaining popularity because it can

samples. New chemistries in

data analysis, and outsourcing and

generate more accurate quantitative

SPE phases will be addressed in

automation strategies adopted by

data in preclinical screening studies

the next instalment of this article

many progressive pharmaceutical

to avoid severe interferences from

series. Advances in automation

companies and contract research

endogenous components in the matrix.

devices that include liquid handling,

organizations (CROs).

IMS can separate molecules with

aliquoting, filtration, and shaking

HPLC: HPLC trends in bioanalysis

the exact mass-to-charge (m/z)

are similar to other HPLC applications

ratios based on differences in shape

using robotic arms or other platforms
have significantly increased

with the recent adoption of

or collisional cross-section. IMS

productivity in routine testing.
Data Analysis and Artificial

ultrahigh‑pressure LC (UHPLC)

is increasingly used to offer an

and sub-2-µm columns to increase

additional dimension for the resolution

Intelligence: Data analysis in

throughput and separation efficiency.

of isobaric compounds without

bioanalysis is another workflow

Superficially porous particles

extensive HPLC method development

bottleneck that would benefit from

(SPPs) are used to enhance column

effort for isomer separations (21).

more intelligent data systems and

efficiencies (7) and HILIC for

More Convenient and Efficient

data integration platforms. Artificial

separating primary and secondary

Sampling and Sample Preparation:

intelligence (AI) in big data analysis

metabolites if reversed-phase LC does

Dried Blood Spot Testing: The

has been shown to extract valuable

not retain them. Chiral LC is needed

collection and transportation

clinical data with genetic testing

to separate enantiomers, although

procedures for plasma or serum

in personalized medicine (26).

achiral reversed-phase LC methods are

sample remains a labour-intensive

These concepts and applications

adequate for separating diastereomers

and expensive process. The

may soon expedite the correlation

for multichiral API. Faster autosamplers

development of dried blood spot

of pharmacological results with

capable of injecting several

testing received much attention a

bioavailability, PK, drug–drug

samples per minute are used for

decade ago for nonregulated and

interaction, and other factors.
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Outsourcing Trends: Bioanalytical

4)

outsourcing will continue to be a
significant part of the regulated
bioanalysis strategy of pharmaceutical

5)

companies globally. Sponsors are
increasingly looking to outsource
suitable development workloads
to contract research organizations

M.L. Rocci Jr. and S. Lowes, Regulated
Bioanalysis: Fundamentals and Practice
(Springer, Berlin, Germany, 2017).

7)

M.W. Dong, HPLC and UHPLC for
Practicing Scientists (Wiley, Hoboken,
New Jersey, USA, 2nd ed., 2019).

8)

M.W. Dong, LCGC Europe
29(6), 328–337 (2016).

9)

E. de Hoffmann and V. Stroobant, Mass
Spectrometry - Principles and Applications
(Wiley Interscience, Hoboken, New
Jersey, USA, 3rd ed., 2007).

development programmes.

Summary and Conclusions
Bioanalysis of drugs in biological
samples is a common LC–MS
application performed by thousands
of laboratories to support new drug
development. It is challenging to
generate accurate data of trace
analytes in complex matrices in a
stringent regulatory environment. In this
article, we have strived to provide an
overview of bioanalysis to the practising
scientist on LC–MS fundamentals, best
practices, regulations, and modern
trends of this challenging and rapidly
evolving analytical methodology.
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PRODUCTS

Environmental Analysis

SEC Columns

Halo Enviroclass is the newest family of HPLC
columns for environmental separations. From
performance‑designed application-specific phases
to separate per-and polyfluorinated alkyl substances
(PFAS) and polycyclic aromatic hydrocarbons (PAH),
Halo Enviroclass represents more than method assured
products, according to the company.

YMC-SEC MAB columns are
specially designed for the HPLC
analysis of antibodies, their
fragments, or aggregates by
size-exclusion chromatography.
According to the company, they
are ideal for the high-resolution
analysis of both high- and
low‑molecular-weight species.
The silica-based YMC-SEC MAB
columns ensure excellent lot-to-lot
reproducibility and full compatibility
with light scattering detection due
to their high inertness.

www.halocolumns.com
Advanced Materials Technology, Delaware, USA.

TOC Analyzer
Shimadzu’s TOC-1000e is designed for pure water
applications and reportedly has the world’s smallest
and lightest cabinet. It provides high sensitivity
detection, making it ideal for fields requiring high-purity
water applications, such as precision manufacturing,
pharmaceuticals, and semiconductors.

www.ymc.de
YMC Europe GmbH,
Dinslaken, Germany.

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

Nitrogen Generator

Light Scattering System

The VICI DBS HP Tower Nitrogen
Generator produces a 24/7
on‑demand supply of high-purity
nitrogen with flow rates from
500 to 4000 mL/min, purity up to
99.999% and less than 0.1 ppm,
and THC pressure up to 5 bar.
The generator can be placed
close to the instrument, which
reportedly eliminates the need
for long gas lines from external
cylinder supplies.

The Tosoh LenS3 MALS detector features an
innovative design that maximizes signal-to-noise,
resulting in excellent sensitivity and extended
measurement capabilities for molecular weight and
size measurements of biomolecules and polymers,
according to the company.

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

www.tosohbioscience.de
Tosoh Bioscience GmbH, Griesheim, Germany.

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.
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PRODUCTS

Phospholipid Removal

Absolute Molar Mass and Size

The Microlute PLR from Porvair
Sciences is a 96‑well microplate
that provides effective removal of
phospholipids and proteins with
high levels of reproducibility from
plasma and serum samples while
maintaining maximum recovery
of target analytes. According
to the company, Microlute PLR
microplates enable you to increase
the sensitivity and integrity of your
UHPLC and HPLC methods.

The microDAWN can be coupled to any UHPLC-SEC
system to determine absolute molecular weights and
sizes of polymers, peptides, or proteins directly, without
resorting to column calibration or reference standards.
According to the company, the microDAWN produces
minimal band broadening to maintain the narrow peaks
typical of UHPLC aggregates.

www.microplates.com/
microlute-plr
Porvair Sciences Ltd,
Wrexham, UK.

www.wyatt.com/microDAWN
Wyatt Technologies, Santa Barbara, USA.

HILIC Cartridges and Plates
iSPE-HILIC cartridges and 96-well plates are
designed for HILIC (hydrophilic interaction liquid
chromatography) sample preparation in solid-phase
extraction (SPE). They are particularly useful for the
enrichment and purification of polar compounds, such
as glycans, glycopeptides, and phospholipids, in
proteomics, glycomics, and lipidomics.
www.hilicon.com
Hilicon AB, Umeå, Sweden.

Nutrient Pad Sets

SEC Columns

NPS are dehydrated media pads in petri dishes,
packed in a double layer aluminium protective
bag, and come with suitable membrane filters for
economical, time-saving, microbiological quality
control of water and brewery samples. They have
a two-year shelf life and there’s no need for refrigeration. 3.0–3.5 mL of sterile
water is required to reactivate the media on the NPS.

PSS MAB, for size-exclusion
chromatography (SEC) of
monoclonal antibodies, is
the latest addition to the PSS
column family. Analytical and
semi‑micro columns, which
cover a wide molar mass range
and are pre‑equilibrated for
light scattering detection, are
available. Bio-inert coated
hardware is also optional for
separations that are required to
be metal-free.

www.sartorius.com
Sartorius Lab Instruments GmbH & Co. KG, Goettingen, Germany.

MS Kit
The Sciencix CTS-21568 PM Kit for Sciex mass
spectrometer models 4500/5500/6500 helps maintain
optimal performance and comes with a complete
nebulizer rebuild kit (including capillary electrode,
PEEK tubing, tensions spring, and fittings), heater
gas and curtain gas O-rings, air filters, and lint-free
cleaning swabs for source and quadrupole.

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

www.sciencix.com
Sciencix, Inc., Burnsville, Minnesota, USA.

www.chromatographyonline.com
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PHARMACEUTICAL/DRUG DISCOVERY

Analyze mAb Function and Glycosylation Within One Workflow
Tosoh Bioscience GmbH

Materials and Methods
The workflow is based on the TSKgel® FcR-IIIA-5PW column using the
FcγIIIa receptor as ligand based—a receptor that is otherwise located
on natural killer immune cells and responsible for ADCC. This allows
antibodies to be separated and collected based on their affinity to the
receptor and thus to a functional property. Fractions of mAbs with
different Fc-receptor affinities were collected and their glycans released
and fluorescently labelled for HILIC separation and MS detection.
FcR-IIIA Affinity Chromatography:
Column: 7.8 × 75 mm, 10 µm TSKgel FcR-IIIA-5PW
Mobile Phase: A: 50 mM citrate/NaOH, pH 6.0
B: 50 mM citrate/NaOH, pH 4.0
Equilibrate: 5 CV A; wash: 4 CV 25% B; elution: linear gradient 25–90%
B over 14 CV; hold: 4 CV at 90% B and 100% B
Flow Rate: Equilibration, load, and wash steps: 0.5 mL/min; elution and
hold steps: 0.25 mL/min
Instrument: ÄKTA™ avant 25 FPLC
Detection: UV @ 280 nm
Sample: 5 mg purified trastuzumab (mAb)
HILIC–MS Conditions:
Column: 2.1 × 150 mm, 2-μm TSKgel Amide-80
Mobile Phase: A: 50 mM ammonium formate, pH 4.4; B: 100%
acetonitrile
Gradient: From 65–58% B in 35 min
Flow Rate: 0.2 mL/min
Instrument: Shimadzu Nexera XR UHPLC
Detection: Fluorescence: Ex 265 nm, Em 425 nm
MS: SCIEX X500B QTOF, ESI positive, m/z 200–3500
Temperature: 50 ºC
Sample: 5 μL load sample and 10 μL FcR-column fractions

Results
The anti-cancer antibody trastuzumab was reported to act by ADCC and
was analyzed by the novel workflow. First, it was separated according
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Monoclonal antibodies (mAbs) are an important class of therapeutics
with complex glycan structures. The glycosylation pattern
influences immunogenicity, half-life and function of the antibody.
One example is antibody-dependent cellular cytotoxicity (ADCC): in a
glycosylation‑dependent manner, the Fc part of a mAb binds to an Fc
receptor, which then stimulates immune cells to release cytotoxins and
inactivate target cells. In order to maintain mAb quality and efficacy,
such critical quality attributes need to be strictly controlled. Here, a
novel workflow is described that analyses both function by FcR-affinity
chromatography as well as glycosylation pattern by hydrophilic interaction
chromatography (HILIC) connected to mass spectrometry (MS).
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Figure 1: (a) FcγIIIa receptor affinity profile of trastuzumab
analyzed on an FcR-IIIA-5PW column. Low affinity subset elutes
first while higher affinity mAbs elute later. (b) Relative intensities
from HILIC–MS analysis of released glycans from FcR fractions.

to its affinity to the FcγIIIa receptor using the FcR-IIIA-5PW column.
Three affinity subsets were detected and collected: low affinity, mid
affinity, and high affinity (Figure 1[a]). The low affinity fraction was most
abundant as indicated by the highest peak area and correlating to low
ADCC activity.
After functional assessment of the trastuzumab sample by FcR-IIIA
affinity chromatography, the different affinity fractions as well as the
load were analyzed as to their glycosylation pattern by HILIC–MS. It
was confirmed that mAb glycoforms with the highest affinity to FcγRIIIa
receptor (peak 3) also contain the highest amount of galactose in their
N-glycan structure (G1F and G2F glycan notations). Peak 2 shows a higher
level of G1F relative to peak 1, and peak 1 contains a greater abundance of
fucosylated glycans without terminal galactose (G0F) (Figure 1[b]).

Conclusion
The two-step workflow, consisting of the combination of semi-preparative
FcR-IIIA affinity chromatography and HILIC separation combines
analysis of functional and structural parameters in a single sample.
This not only adds functional information to glycan analysis but also
reduces the need for further labour-intensive and time-consuming cellbased assays.

Tosoh Bioscience GmbH
Im Leuschnerpark 4 64347 Griesheim, Darmstadt, Germany
Tel: +49 6155 7043700 Fax: +49 6155 8357900
E-mail: info.tbg@tosoh.com
Website: www.tosohbioscience.de
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