
Identifying and Quantifying PFAS 
in Water with EPA Method 8327

Automated Analysis of 
Trace Elements in Single 

Cells Using ICP-MS 

Expediting Drug Discovery 
with Affinity Selection–

Mass Spectrometry

GCxGC–TOF-MS for 
Comprehensive Fingerprinting 

of Volatiles in Food

Volume 18  Number 1  March 2020
www.chromatographyonline.com

http://www.chromatographyonline.com


http://www.ssi.shimadzu.com


With the recent legalization of both medicinal and recreational marijuana in the United States, analysis of individual cannabinoids has 
captured the public’s interest at a new level. As such, many new cannabis products are now available, i.e., edibles, vaporizers, and extracts 
to name a few. The increased marketability of the product has incited consumers to take a greater interest in the quality and craft ability  
of the products being sold. Through the quantification of individual cannabinoids, the consumer can make an informed decision about the 
possible effects they could expect from the products they purchase. Therefore, the need for accurate, robust, and affordable analysis tools 
are of the upmost importance.
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Column Information

Packing Material HxSil, 3 µm

Part Number 79641

Dimensions 150 x 4.6 mm

Chromatographic Conditions

Gradient
0–10 min, 78–92% B 
10–15 min, 78% B

Temperature Ambient

Injection Volume 5 μL

Detection UV at 230

Eluent A 20 mM NH4COOH pH 3.5

Eluent B Acetonitrile

Flow Rate 1.0 mL/min

With health, safety, and edibles dosing as the primary motivation, 
Hamilton Company developed an HPLC method that isolates  
eight major cannabinoids. The HxSil C18 (3 µm) column provides  
an accurate, cost effective, and robust solution that can be used  
in any HPLC system.

Compounds:

1: Cannabidivarin (CBDV) 

2: Cannabidiol (CBD)

3: Cannabidiolic Acid (CBDA)  

4: Cannabigerolic Acid (CBGA) 

Separation of Eight Cannabinoids

5: Cannabigerol (CBG)

6: Cannabinol (CBN)

7: Δ-9-Tetrahydrocannabinol (Δ-9-THC) 

8: Δ-9-Tetrahydrocannabinolic Acid (Δ-9-THCA)
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T he analysis of elements in biological systems has a long tra-
dition, due to its importance for the understanding of their 
functions. Because of the increasing sensitivity of mod-

ern analytical techniques like inductively coupled plasma-mass 
spectrometry (ICP-MS), the determination of various elements 
in small individual objects like cells, called single cell analysis, is 
now possible. This significant improvement can provide insights 
into the biological variation of the elemental composition within 
a cell population. Other important information can be gathered 
for the cellular uptake of nanomaterials or pharmaceutical drugs.

Single cell ICP-MS usually refers to the introduction of a cell 
suspension via a nebulization system, although laser ablation 

might be considered useful for this purpose as well. Similar to 
single-particle ICP-MS developed by Degueldre and associates in 
2003, the concept of single cell ICP-MS is based on introducing a 
diluted cell suspension into the ionization source in combination 
with short integration times (between µs and a few ms) on the de-
tector side (1). Once a cell enters the ionization source, it produces 
a plume of ions that can be registered at the detector as a short 
signal of approximately 500 µs duration. The signal intensity for 
a certain isotope is related to the corresponding elemental mass 
within the cell and the frequency of signals (usually called events) 
correlates to the cell number concentration in the suspension. 
It was first shown by Li and colleagues, and forms the concep-

M. Corte-Rodríguez, R. Álvarez-Fernández García, P. García-Cancela,  
M. Montes-Bayón, J. Bettmer, and D.J. Kutscher 

Cell-to-cell variability is known to be of crucial importance to understand different biological 
processes. Studying the individual variations of, for example, trace elements in cell populations 
can be carried out only by means of single cell analysis techniques, and, for this aim, single 
cell elemental analysis by ICP-MS is emerging as a selective, highly sensitive, and potentially 
high-throughput technique. The study of constitutive elements, and uptake of metallodrugs (or 
metal-containing nanomaterials), are of special interest and importance. In this work, a highly 
efficient sample introduction system and a triple-quadrupole (TQ) ICP-MS, in combination with a 
dedicated microflow autosampler, was used for single cell analysis. This setup enables the trans-
port of intact single cells to the inductively coupled plasma used as an ion source, with transport 
efficiencies over 50% for different cell lines. The analysis of single cells using an element selective 
detection system, such as an ICP-MS, allows one to study the elemental content of both intrin-
sic and exogenous elements. For some of the intrinsic elements, such as phosphorus, typically 
occurring spectral interferences need to be removed by using a triple-quadrupole based ICP-MS 
system. The strategy to analyze concentration distributions at single cell level will be presented 
for yeast cells. The selected combination of instruments enables fully automated, unattended, 
and potentially high-throughput analysis of single cells.

Towards Automated Routine 
Analysis of the Distribution  
of Trace Elements in Single  
Cells Using ICP-MS 



chromatographyonl ine .com March 2020   Current Trends in Mass Spectrometry  7

SMART LABS CHOOSE  
ON-SITE GAS GENERATION

+1.203.949.8697
www.ProtonOnSite.com

H2, N2 AND ZERO AIR ON-DEMAND
• Consistent Purity
• Consistent Pressure
• Proven Safe

• Cost Effective
• Eliminates Cylinder  

Storage and Delivery  
Issues

Pittcon•March 3-5•Chicago, IL

ACS Spring•March 22-26•Philadelphia, PA

LCGC-CTMS Island Half Page Ad – Smart Labs – March Shows.indd   1 1/29/20   12:21 PM

tual basis of recent approaches (2). Most 
critical of such a system is the sample in-
troduction through nebulization. First, it 
requires the transport of intact cells until 
they reach the plasma, and, second, the 
transport efficiency should be as high as 
possible. Recent developments presented 
combinations of nebulizers and spray 
chambers that permit high efficiencies 
of up to 100% (3–5). In this work, we will 
present a highly efficient sample intro-
duction system, and a triple- quadrupole 
(TQ) ICP-MS in combination with a ded-
icated microflow autosampler. Transport 
efficiencies will be illustrated on several 
examples. Finally, we will demonstrate 
the application to the analysis of yeast 
samples, in order to demonstrate the in-
tracellular incorporation of elements by 
the commercial producer.

Experimental
Instrumentation
For all ICP-MS measurements, an iCAP 
TQ ICP-MS (Thermo Fisher Scientific) 
was used. For measurements of phospho-
rus, selenium, and chromium, TQ-O2 
mode was selected (mass shift from 31P+ 
to 31P16O+, 80Se+ to 80Se16O+ and 52Cr+ to 
52Cr16O+, respectively, after reaction with 
oxygen in the reaction cell). For single cell 
measurements, the instrument was fitted 
to the high sensitivity single-cell sample 
introduction system for ICP-MS (Glass 
Expansion). The data were acquired using 
time-resolved analysis mode at a dwell 
time of 5 ms. All ICP-TQ-MS parameters 
are summarized in Table I.

Samples and rinsing solutions were in-
troduced into the plasma at a flow rate of 
10 µL/min, using the MVX-7100 µL work-
station (Teledyne CETAC Technologies). 
This autosampler system is connected 
to the iCAP TQ through a trigger cable, 
which allows the unsupervised analysis of 
sample sequences. This system also offers 
the possibility of diluting and mixing the 
samples before the injection. Briefly, the 
workstation allows to place the samples in 
a cooled holder, where they are aspirated 
through an inert sample probe. Only the 
measured sample volume needs to be 
taken, because the sample is then brought 
to the injection loop. After settling the 
sample volume into the loop, a carrier 
flow pushes it to the sample introduction 
system. The carrier flow is also used as 

washing solution, and, therefore, 2% nitric 
acid is used for this purpose. All internal 
parts of the autosampler are inert and 
metal-free. One sample can be analyzed 
in a total time of less than 7 min, with an 
effective measurement time of up to 3 min.

Preparation of Cell Samples
Lyophilized yeast samples were resus-
pended in water, washed twice by cen-
trifugation, and diluted to a final con-
centration of around 50,000 yeast cells 
per mL in water (determined by flow 

cytometry). Similarly, the other cell lines 
(A2780 and GM04312) were washed 
with a TBS solution, and finally diluted 
to approximately 25,000 cells per mL. 

Data Treatment
As previously reported (4,6), each data set 
was averaged, and the data points higher 
than three or five standard deviations over 
the mean were considered as cell or par-
ticle events. This procedure was iterated, 
after removal of the events, until no new 
data points above the threshold were de-

http://www.protononsite.com
http://ww2.protononsite.com/LCGCNAE/CTMS/IHP
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Figure 1: (a) Time-resolved signal and 
(b) histogram for the measurement of a 
suspension of 24000 particles per mL of the 
30 nm gold nanoparticle standard NIST 8012.

Figure 2: (a) Time-resolved signal and (b) 
histogram for the measurement of a 33000 
beads per mL suspension of polystyrene 
calibration beads loaded with Eu.
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Table I: Instrumental ICP-MS parameters for single cell analysis

ICP-MS Parameters Parameter Value

Instrument iCAP TQ ICP-MS

RF Power (W) 1250

Plasma gas flow rate (L/min) 14.0

Auxiliary flow rate (L/min) 0.8

Carrier gas flow rate (L/min) 0.5

O2 Cell gas flow rate (mL/min) 0.3

Nebulizer and spray chamber High sensitivity single-cell sample intro-
duction system

Sheath gas flow rate (L/min) 0.31

Sample introduction MVX-7100 workstation

Data Acquisition Parameters

Data acquisition mode Time-resolved analysis

Sample flow rate (µL/min) 10

Dwell time (ms) 5

Run time (s) 120 - 180

Isotopes monitored 31P+|31P16O+, 80Se+|80Se16O+, 52Cr+|52Cr16O+

Table II: Obtained transport efficiencies for different cell lines

Cell Line (Cell Number Concentration, 
(per mL) Transport Efficiency (%)

A2780 (25,000) 50 - 58

GM04312 (25,000) 85 - 95

Yeast cells (50,000) 62 - 69

tected. All single-cell or particle signals 
higher than three standards deviations 
above their mean were discarded as mul-
tiple-cell or particle events.

Results and Discussion
Transport Efficiency of the  
Sample Introduction System
The transport efficiency of the liquid 
elemental standards for mass determi-
nation was calculated using the 30 nm 
gold nanoparticles reference material 
NIST 8012, as previously reported (4). A 
typical measurement of gold nanopar-
ticles and its corresponding histogram 
is shown in Figure 1. The average sig-
nal was 99±10 counts per nanoparticle, 
and 124 nanoparticles per minute were 
detected. The transport efficiency was 
calculated by dividing the number of 
detected particles by the number of 
particles in the suspension, which was 
calculated using the certified values of 
gold concentration and particle size. 
The transport efficiency calculated in 
this manner resulted to be 55% for 30 
nm gold nanoparticles.

In order to mimic the transport effi-
ciency of cells (an important factor for 
the determination of the cell number 
concentration), europium-loaded cal-
ibration beads (Fluidigm) were used. 
This calibration standard contains 3.3 
x 105 natural isotopic europium-loaded 
polystyrene beads per mL, with a par-
ticle size of 3 µm. These particles are 
better comparable to cells in terms of 
particle size and matrix composition 
than gold nanoparticles. After 10 times 
dilution in water, a typical measurement 
of polystyrene calibration beads and its 
corresponding histogram is shown in 
Figure 2. In this case, 174 particles per 
minute were detected, with an average 
intensity of 818 ± 101 counts per particle. 
The transport efficiency was 51% for the 
calibration beads, showing that there is 
no significant change in the transport 
efficiency when calculated with gold 
nanoparticles or polystyrene beads.

For the determination of the cell 
transport efficiency, the strategy applied 
was initially to determine the cell num-
ber concentration of the suspension by 

flow cytometry (4). This determination 
served as a reference for the following 
single cell ICP-MS experiments. In a 
recent work, we suggested, either after 
the uptake of a non-toxic terbium-con-
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Figure 3: Time-resolved signal of phosphorus for the measurement of a 25,000 GM04312 cells 
per mL.

Figure 4: Transport efficiency of yeast cells in function of the cell number concentration.

Figure 5: (a) Time-resolved signal of phosphorus and (b) selenium for the measurement of a 
selenized yeast sample.
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taining complex or the detection of the 
constitutive element iron, for counting 
cell events by ICP-MS (4). Since the ICP-
TQ-MS offers the sensitive detection of 
other constitutive elements like phos-
phorous, we figured out that this element 
was better suited as a general ICP-MS cell 
marker. Due to its ubiquitous presence in 
biological systems (in form of DNA, RNA, 
phosphate, phospholipids, and so forth), 
the detection of 31P+ with a mass shift to 
31P16O+ after reaction with oxygen turned 
out to be a good indicator for the presence 
and number of cells. Figure 3 shows a typ-
ical example of the time-resolved analysis 
of GM04312 cells in the single cell mode. 
Cell events could be clearly distinguished 
from the background using the criteria 
mentioned in paragraph “data treat-
ment.” The number of detected cell events 
was then set into relation to the theoret-
ically expected cell number, as obtained 
from the flow cytometric experiments, 
and the resulting ratios were equal to the 
transport efficiencies.

The different cell lines showed the 
transport efficiencies, as summarized 
in Table II. Differences between the cell 
types could be observed, and might be 
explainable by the differing cell shapes, 
robustness, and sizes. The day-to-day 
variations were in the order of 5% ab-
solute, and the transport efficiency was 
virtually independent from the intro-
duced cell number concentration (Fig-
ure 4). Initial experiments on the effect 
of cell sedimentation showed that any 
influence was negligible up to 30 min 
analysis time. In any case, the sample 
introduction system used offers in prin-
ciple a resuspending step. Quantification 
of different elements in individual cells 
was carried out after external calibration 
using single elemental standards, and 
the required transport efficiency for the 
aqueous standard was obtained by cor-
relating it to a standard of gold nanopar-
ticles (NIST 6012 or NIST 6013) (4,7).

Analysis of Commercially 
Available Yeast Samples
Nutritional yeast is sold commercially 
as a food product, but yeast with added 
elements like selenium, calcium, chro-
mium, and others can be found in various 
pharmacies as food supplement products. 
They should support the supply of essen-
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Figure 6: (a) Time-resolved signal of phosphorus and (b) chromium for the measurement of a 
yeast sample enriched in chromium.
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tial elements to the human body in case of 
deficiency. The control of quality of these 
products is essential, and here we applied 
the single cell ICP-MS approach to investi-
gate the cellular incorporation of the added 
elements. As examples, the results on com-
mercially available yeast products enriched 
in selenium and chromium are shown.

The strategy was to determine the total 
number of cells by measuring phosphorus 
and then compare it with the number of cell 
events in which the sought elements were 
detectable (7). In order to discriminate be-
tween cell events and background signals, 
the procedure as described in the paragraph 
data treatment was followed.

Typical time-resolved measurements 
for the elements phosphorus and selenium 
are shown in Figure 5. Phosphorus again 
served as a cell marker, and the resulting 
ratio between cell events containing sele-
nium and the number of cells detected by 
monitoring phosphorus resulted in 62%. 
That means that only two-thirds of the 
yeast cells incorporated selenium, at least 
above the detection limit for selenium (0.16 
fg per cell [7]). The detected amounts of se-
lenium per cell were between 0.5 and 30 fg. 
It can be concluded that an active cell incor-
poration occurred during the production of 
the so-called “selenized yeast.”

In the case of the yeast enriched with 
chromium, the same strategy was followed. 
Figure 6 reflects the observations for mon-
itoring phosphorus and chromium in the 
single cell mode. It becomes clearly visible 
that much less cell events were observable 
for the chromium trace. Furthermore, the 
background signals were relatively high, 
indicating the presence of dissolved chro-
mium in the cell suspension, even after 
the applied washing steps. These findings 
showed that either the yeast cells were not 
actively incorporating chromium, or the 
cells were just mixed with an unknown 
chromium species.

In any case, these preliminary results 
demonstrate that single cell ICP-TQ-MS 
can deliver important information in the 
control of yeast-based products enriched 
with elements. Apart from quantitative 
data, it can provide a fast tool to distinguish 
between incorporated and extracellular el-
ements, as shown on the example of chro-
mium. Finally, it might be generally useful 
for controlling the production of commer-
cial products based on yeast.

Conclusions
The analysis of the content of trace elements 
at an individual cell level is possible using 
single cell ICP-MS with a dedicated sample 
introduction system. The technique allows 
to screen a high number of individual cells 
in a short period of time, so that excellent 
counting statistics are achieved, allowing a 
true overview on whether a given element 
is distributed homogenously within cell 
population, included in the cells or not, or 
evaluation of differences in intake or me-
tabolism under certain conditions. Further-
more, accurate quantification of the amount 
of metal per cell is possible after calibration. 
This information can be valuable in a va-
riety of applications, such as structural bi-
ology, clinical research, and biotechnology.  
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P er- and polyfluoralkyl substances (PFAS) are a class of 
more than 5,000 man-made and commercially available 
chemicals (1). PFAS are stable, and have water, oil, grease, 

and heat-resistant properties. These substances have been exten-
sively used in the manufacturing of industrial (such as firefight-
ing foams) and household (such as carpets, clothing, cookware, 
and food packages) products since the 1940s. The properties of 
PFAS that assist manufacturers in producing durable products 
are also responsible for their persistence in the environment 
and human body. Therefore, PFAS are resistant to biodegrada-
tion and other conventional remediation technologies. Possible 
health effects in humans and animals from exposure to PFAS 
have been reported, including increased risk of cancer, endo-
crine, and development disruption (2,3). 

Known PFAS are currently divided into ten subclasses (4). 
Perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic 
acid (PFOS) have been historically the most studied chemicals. 
PFOA and PFOS belong to perfluoroalkyl carboxylic acids 
(PFCAs; base structure: CnF2n+1COOH) and perfluoroalkane 
sulfonic acids (PFSAs: CnF2n+1SO3H) classes, respectively. 
Hexafluoropropylene oxide (HFPO), from the perfluoroether 
carboxylic acids class (PFECAs; base structure: CnF2n+1-O-Cm-
F2m+1-COOH), also known as GenX, has received focused at-
tention since its recent discovery in the environment (5). GenX 
was introduced in the market as a replacement of PFOA and 
PFOS, together with other shorter chained PFAS, as a result of 
the PFOA Stewardship Program. This program involved eight 
major PFAS manufacturers in the United States that voluntarily 
phased out PFOA and PFOS-related compounds by 2015 (6). 
The shift in PFAS manufacturing processes towards the shorter 

chain compounds has been confirmed by the changes of PFAS 
fingerprint in wastewaters (7).

The occurrence and fate of PFAS in the environment has been 
studied by the scientific community for two decades. Analytical 
methods have been developed and normally validated for specific 
studies, including variable lists of target compounds. Liquid chro-
matography mass spectrometry (LC–MS) detection (either triple 
quadrupole or high-resolution instruments) is required for the ex-
tremely low detection limits required for quantification of known 
PFAS and the identification of new ones in environmental samples. 
In the United States, LC–MS-based PFAS methods have had a lim-
ited reach in the environmental field outside of research laborato-
ries. However, the recent emergence of public concern regarding 
the presence of PFAS in the environment, especially in water, have 
required laboratories to provide rapid and accurate results to rele-
vant stakeholders. Figure 1 describes various workflows that labora-
tories may need to implement, depending on the end-goal for PFAS 
analysis. Nakayama and associates published an extensive review 
of the latest global trends for quantitation of PFAS and screening of 
new compounds in 2019 (8). In this review, research methods allow 
for more flexibility, especially as it applies to samples that can be 
analyzed using a single method and pre-treatment step. 

Over the past year, the US Environmental Protection Agency 
(EPA) published several standardized methods to partially ad-
dress the current needs of environmental labs and other relevant 
stakeholders. Namely, standardized methods that allow for faster 
turn-around-times. In November 2018, EPA method 537.1 (De-
termination of selected per- and polyfluorinated alkyl substances 
in drinking water by solid phase extraction and liquid chroma-
tography–tandem mass spectrometry [LC–MS/MS]) (9) was pub-
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Figure 1: Guidance tool: select sample type, type of compounds, goal of analysis, and type of method.
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lished. EPA 537.1 was an update of EPA 537 
(determination of selected perfluorinated 
alkyl acids in drinking water by solid phase 
extraction and liquid chromatography–tan-
dem mass spectrometry [LC–MS/MS]) (10) 
to include four additional compounds: HF-
PO-DA (GenX), ADONA, 11Cl-PF3OUdS 
and 9Cl-PF3ONS. These two methods were 
only validated for the analysis of drinking 
water; hence, their performance was not 
demonstrated in non-potable waters. In 
December 2019, the EPA published a new 
method for the analysis of PFAS in drinking 
water, EPA method 533 (Determination of 
per- and polyfluoroalkyl substances in 
drinking water by isotope dilution anion 
exchange solid phase extraction and liq-
uid chromatography–tandem mass spec-
trometry) (11). This method expanded 
the target compounds to focus on the 
shorted chain substances. Table I lists the 
target compounds included in each of the 
methods published by EPA for analysis of 
PFAS in drinking water. The Department 
of Defense (DOD) is also invested in the 
standardization of analytical methods for 
the assessment of PFAS in drinking water. 
While the DOD requires laboratories to use 
method EPA 537 or EPA 537.1 for drinking 
water analysis, the DOD allows in-house 
developed methods for the analysis of other 
environmental samples. These methods are 
acceptable provided that the laboratories 
demonstrate adherence and compliance 
with the quality criteria established in the 

current version of DOD’s Quality Systems 
Manual (Version 5.3) (12). 

Draft method EPA 8327 (Per-and poly-
fluoroalkyl substances [PFAS] using ex-
ternal standard calibration and multiple 
reaction monitoring [MRM] liquid chro-
matography–tandem mass spectrometry 
[LC–MS/MS]) was published in the sum-
mer of 2019 (13). Draft method EPA 8327 
is similar to ASTM 7979 (Standard test 
method for determination of per- and 
polyf luoroalkyl substances in water, 
sludge, influent, effluent, and wastewa-
ter by liquid chromatography–tandem 
mass spectrometry [LC–MS/MS]), origi-
nally published in 2016 (14). This method 
expands the list of target compounds as 
well as sample types available for analysis, 
including non-potable waters. The scope 
draft method EPA 8327 is the quantifi-
cation of 28 selected PFAS with minimal 
sample preparation (similar to “dilute 
and shoot” approaches) in non-potable 
waters (ground water, surface water, and 
wastewater). The elimination of solid 
phase extraction in this method reduces 
analysis times and  experimental bias, 
and minimizes PFAS contamination 
during sample pre-treatment. This paper 
presents the results from assessing PFAS 
in non-potable waters (groundwater, sur-
face water, and wastewater) according 
to draft method EPA 8327, and aims to 
demonstrate the reliable and robust per-
formance of the method.

Materials and Methods
Reagents
A commercial mixture of PFAS, includ-
ing targets and isotopically labeled com-
pounds, from Wellington Laboratories 
were used (Catalog no. PFCA-24PAR and 
MPFCA-24ES). These standards were di-
luted to working standards with 95:5 (v/v) 
acetonitrile:water, in accordance to EPA 
Method 8327. 

Instrumental Conditions
The LC–MS/MS analysis of 43 PFAS (24 
targets and 19 surrogates, listed in Table I) 
was performed using a Shimadzu Nexera 
UHPLC system coupled with LCMS-8050 
triple quadrupole mass spectrometer. A 
detailed description of the LC–MS/MS 
parameters is included in Table II. A Shim-
pack GIST Phenyl-Hexyl, 2.1 mm × 100 
mm and 3.0-μm particle size (Shimadzu 
P/N: 227-30713-03) analytical column 
was used to conduct the analysis, along 
with a Shimadzu Shim-pack XR-ODS 50 
mm × 3.0 mm x 2.2-μm (Shimadzu P/N: 
228-41606-92) as delay column. The delay 
column was installed for minimizing pos-
sible PFAS contamination from the solvents 
being used. Mobile Phases A and B were the 
same as those listed in EPA method 8327 for 
a binary gradient: 20 mM ammonium ac-
etate in 95:5 water:acetonitrile and 10 mM 
ammonium acetate in 95:5 acetonitrile:wa-
ter for A and B, respectively. A 0.3 mL/min 
flow rate was used in the 21 min gradient, 
an allowed modification of the gradient 
listed in EPA method 8327. The total run 
time of 21 min included re-equilibration for 
both the delay and the analytical column. 
This gradient (described in Table II) was 
developed to ensure maximum resolution 
between peaks in the shortest time possible 
with minimum co-elution of isomers. 

All compound specific parameters, in-
cluding precursor ion, product ion, and 
collision energies were optimized using 
flow injection analysis (FIA), bypassing 
the analytical column using Lab Solutions 
software. The lower ESI heater temperature 
selected reduces HF loss and minimizes 
false identification of fluorotelomer acids. 
The MRM transitions are listed in Table III. 
A total of 66 MRMs was monitored. The 
targets monitored in this work are anionic, 
hence, analyzed by electrospray ionization 
in negative mode. However, new research 
suggests cationic and zwitterionic PFAS 
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Table I:  Target analytes included in methods EPA 537/537.1, EPA 8327, and ASTM 7979-19

Chemical Acronym CAS Number EPA 537.1 EPA 8327/ 
ASTM 7979-19 EPA 533

11-chloroeicosafluoro-3-oxaundecane-1-sulfonic acid 11Cl-PF3OUdS 763051-92-9 X (*) X

Fluorotelomer sulphonic acid 4:2 4:2 FTS 757124-72-4 X X

Fluorotelomer sulfonate 6:2 6:2 FTS 27619-97-2 X X

Fluorotelomer sulfonate 8:2 8:2 FTS 39108-34-4 X X

9-chlorohexadecafluoro-3-oxanone-1-sulfonic acid 9Cl-PF3ONS 756426-58-1 X (*) X

4,8-dioxa-3H-perfluorononanoic acid ADONA 919005-14-4 X (*) X

Perfluorooctanesulfonamide FOSA 754-91-6 X

Hexafluoropropylene oxide dimer acid HFPO-DA 13252-13-6 X (*) X

N-ethyl perfluorooctanesulfonamidoacetic acid NEtFOSAA X X

N-methyl perfluorooctanesulfonamidoacetic acid NMeFOSAA X X

Nonafluoro-3,6-dioxaheptanoic acid NFDHA 151772-58-6 X

Perfluorobutanoic acid PFBA 375-22-4 X X

Perfluorobutanesulfonic acid PFBS 375-73-5 X X X

Perfluorodecanoic acid PFDA 335-76-2 X X X

Perfluorododecanoic acid PFDoA 307-55-1 X X X

Perfluorodecyl sulfonate PFDS 335-77-3 X

Perfluoroheptanoic acid PFHpA 375-85-9 X X X

Perfluoroheptyl sulfonate PFHpS 375-92-8 X X

Perfluoro(2-ethoxyethane)sulfonic acid PFEESA 113507-82-7 X

Perfluorohexanoic acid PFHxA 307-24-4 X X X

Perfluorohexanesulfonic acid PFHxS 355-46-4 X X X

Perfluor-3-methoxypropanoic acid PFMPA 377-73-1 X

Perfluoro-4-methoxybutanoic acid PFMBA 863090-89-5 X

Perfluorononanoic acid PFNA 375-95-1 X X X

Perfluorononane sulfonate PFNS 17202-41-4 X

Perfluorooctanoic acid PFOA 335-67-1 X X X

Perfluorooctanesulfonic acid PFOS 1763-23-1 X X X

Perfluoropentanoic acid PFPeA 2706-90-3 X X

Perfluorohexane sulfonate PFPeS 68259-08-5 X X

Perfluorotetradecanoic acid PFTeDA 376-06-7 X X

Perfluorotridecanoic acid PFTrDA 72629-94-8 X X

Perfluoroundecanoic acid PFUnA 2058-94-8 X X X

(*) Compounds included in EPA 537.1; all others included in both EPA 537 and 537.1

might ionize better in positive mode 
(15). The ultra-fast acquisition rate of 555 
MRM/sec of the LCMS-8050 used in this 
work allows for the inclusion of more tar-
gets (to be analyzed in positive and neg-
ative mode), without compromising the 
sensitivity in a single run. Additional de-
tails about the method and configuration 
can be found elsewhere (16).

Calibration Curve and 
Quality Control Samples
The working standards were used to create 
a calibration curve ranging from 5 to 200 

ng/L, with the injection solvent consisting 
of 50:50 water:methanol, with 0.1% acetic 
acid in order to match the injection solvent 
for the extracted samples. Filtration was not 
performed on the calibration standards. 
Quality control samples (QCs) were pre-
pared as the calibration standards.

Sample Preparation
Replicated samples, including reagent 
water, groundwater, surface water, and 
wastewater were analyzed during this 
study. Each sample was diluted 50:50 with 
methanol and 0.1% acetic acid, spiked 

with isotopically labeled surrogates, and 
vortexed for 2 min. The samples were 
then filtered through 0.2 μm syringe 
filters, and analyzed by LC–MS/MS. 

Results and Discussion
Calibration Curve and 
Quality Control Samples
Data presented in this paper were acquired 
in two batches, and analyzed in consecutive 
dates. Each batch included the analysis of 39 
injections (9 calibration standards, 4 blanks 
[reagent, method, and travel blanks], 6 QCs 
[LLOQ, LCS, and CCV] injected along the 



chromatographyonl ine .com14  Current Trends in Mass Spectrometry   March 2020

Table II: Instrumental Conditions (Shimadzu LCMS-8050)

Parameter Value

LC
(Nexera)

Delay column Shim-pack XR-ODS (3 mm ID. x 50 mm L., 2.2-μm)
P/N 228-41606-92

Analytical column
Shim-pack GIST Phenyl-Hexyl (2.1 mm ID. x 100 mm L., 

3-μm)
P/N 227-30713-03

Column oven temperature 40 °C

Injection volume 30 µL

Mobile phase
A: 20 mmol ammonium acetate in 5 % (v/v) acetonitrile 
in reagent water; B: 10 mmol ammonium acetate in 95 

% (v/v) acetonitrile in reagent water

Flow rate 0.3 mL/min

Gradient

Time (minutes) % B

0 0

1 20

6 50

14 100

17 100

18 0

21 0

Run time 21 minutes

MS/MS
(Shimadzu 
LCMS-8050)

Nebulizing gas flow 5 L/min

Heating gas flow 15 L/min

Interface temperature 300 °C

Desolvation line temperature 100 °C

Heat block temperature 200 °C

Drying gas flow 5 L/min

Acquisition cycle time 21 min

Total MRMs 66

sequence according to EPA requirements, 
and 20 samples [reagent water, ground 
water, surface water and wastewater]).

Calibration curves were performed for 
all PFAS targets, using a nine-point calibra-
tion curve, ranging from 5 to 200 ng/L. Fig-
ure 2 shows a total ion chromatogram and 
MRMs from a 5 ng/L standard; this figure 
demonstrates the separation and peak 
shape of targets at the lowest concentration 
included in the calibration curve. 

The linearity of the curve was deter-
mined using a 1/x weighting factor, and 
not forcing through zero. Excellent linearity 
was obtained with correlation coefficients 
(r2) greater than 0.99 for all analytes or tran-
sitions in the two batches analyzed for col-
lecting the data presented in this paper. Re-
siduals of each standards were within ±30% 
difference from its true concentration. More 
detailed information about the calibration 
curve results can be found elsewhere (16). 

A total of eight continuing calibration 

verification standards (QCs) were injected 
in the two batches consecutively analyzed 
for this study. Surrogates and targets were 
spiked at 80 ng/L (in sample equivalent). 
Figure 3 summarizes the concentrations 
of all surrogates, grouped by PFAS class, 
from EPA 8327 in the eight QCs samples; 
the red solid line represents the true concen-
tration (80 ng/L), and the dotted red lines 
set the limits of the acceptable concentra-
tion range according to EPA guidelines 
(±30% of the expected value, equivalent 
to 56 and 104 ng/L). For the PFCAs class, 
the concentration range increases with 
carbon chain length; no clear trends were 
observed for the other classes of PFAS. 
All results, except for one injection of 
d3-NMeFOSAA, were within ±30% of the 
expected value, and, moreover, most to the 
results were within ±20% of the expected 
value. Figure 4 summarizes the concen-
trations of the eleven PFCAs included in 
the method. Similar trend to that observed 

for the PFCAs surrogates was observed for 
the targets. For the targets, including the 
other classes not shown in Figure 4, results 
were well within EPA’s acceptable range 
(±30% of the expected value) and even 
the stricter bracket of ±20%. The percent 
relative standard deviation was <20% for 
all compounds (results not included here) 
in the two batches analyzed. The results 
summarized in Figures 3 and 4 demon-
strate the robustness and reproducibility of 
the method validated in this work. It is also 
noteworthy that maintenance was not re-
quired for maintaining the performance of 
the instrument after the analysis of at least 
40 environmental samples (approximately 
28 h of operation).

Environmental Samples
Forty environmental samples were ana-
lyzed in two consecutive batches. Figure 
5 summarizes the surrogate (spiked at 160 
ng/L) recoveries from 16 representative 
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Table III: MRM transitions, retention times and collision energies of compounds from method EPA 8327

Compound Retention Time (minutes) Transition (m/z) Collision energy (V)

PFBA 3.34 213 > 169 9

MPFBA 3.34 217 > 172 9

PFPeA 3.94 263 > 219 8

M5PFPeA 3.94 268 > 223 8

4-2 FTS 4.44 327 > 307
327 >81

18
35

M4-2 FTS 4.44 329 > 309 20

PFHxA 4.68 313 > 269
313 >119

9
21

M5PFHxA 4.68 318 > 273 11

PFBS 4.71 299 > 80
299 >99

30
28

M3PFBS 4.81 302 > 80 34

PFHpA 5.40 363 > 319
363 >169

9
16

M4PFHpA 5.40 367 > 322 10

PFPeS 5.61 349 > 80
349 >99

42
30

6-2 FTS 5.80 427 > 407
427 >81

23
39

M6-2 FTS 5.80 429 >409 22

PFOA 6.05 413 > 369
413 >169

10
17

M8PFOA 6.05 421 > 376 10

PFHxS 6.30 399 > 80
399 >99

43
22

M3PFHxS 6.31 402 > 80
403 >84

49
49

PFNA 6.64 463 > 419
463 >219

11
16

M9PFNA 6.64 472 > 427 12

8-2 FTS 6.93 527 > 507
527 >81

26
49

M8-2 FTS 6.93 529 > 509
527 >81

26
49

PFHpS 6.93 449 > 80
449 >99

51
37

N-MeFOSAA 7.25 570 > 419
570 >483

21
16

d3M N-MeFOSAA 7.24 573 > 419 20

PFDA 7.19 513 > 468.9
413 >219

11
17

M6PFDA 7.19 519 > 474 11

N-EtFOSAA 7.46 584 > 419
584 >483

20
16

M N-EtFOSAA 7.46 589 > 419 21

PFOS 7.48 499 > 80
499 >99

54
38

M8PHOS 7.48 507 > 80 55

PFUdA 7.70 563 > 519
563 >269

12
16

M7PFUdA 7.69 570 > 525 12

PFNS 8.01 549 > 80
549 >99

54
44

Table III Continued on 16
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PFDoA 8.18 613 > 569
613 >169

12
21

MPFDoA 8.18 615 > 570 11

FOSA 8.50 498 > 78 43

M8FOSA 8.50 506 > 78 48

PFDS 8.52 599 > 80
599 >99

55
50

PFTriA 8.66 663 > 619
663 >169

12
27

PFTeDA 9.15 713 > 669
713 >169

13
27

M2PFTeDA 9.13 715 > 670 15

Table III Continued From Page 15

Figure 3: Concentration of surrogates included in method EPA 8327 measured in replicated QCs 
standards (n=8) injected during two consecutive batches (total number of injections, including 
calibration standards, QCs samples and samples: 78).
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Figure 2: TIC (black) chromatograms and MRM transitions (other colors) of all PFAS in EPA 
Method 8327 at a concentration of 5 ng/L. 
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samples collected from various sources 
(reagent water, groundwater, surface 
water, and wastewater), and prepared as 
described in the Materials and Methods 
section, in accordance to EPA method 

8327. Samples were analyzed in a random 
order in the two batches. Surrogates %re-
covery ranged between 82% and 92% in 
reagent water, groundwater, surface water, 
and wastewater; these values are well 

within the acceptable ranges (70-130%). 
The percent recoveries in the groundwa-
ter samples were consistently higher than 
in the other sample types; however, they 
were still within limits accepted by EPA, 
and ranged between 95% and 123%, except 
for M2PFTreA (138%). As samples were 
analyzed randomly, the difference could 
be attributed to matrix enhancement in 
the groundwater samples. EPA method 
8327 utilizes an external calibration; the 
matrix enhancement could be minimized 
by using an internal calibration or isotopic 
dilution for calculating the PFAS concen-
trations. The %RSDs were less than 10% 
(half of the acceptable criteria listed in EPA 
method 8327), and no major differences 
were observed across samples types. The 
reproducibility in the results from the 
surrogate recoveries corroborates the ro-
bustness of the system inferred from the 
results of the QCs.

Conclusions
Multiple analytical methods for the mon-
itoring of PFAS have been developed and 
validated over the past two decades. How-
ever, one of the challenges environmental 
stakeholders face for understanding the 
global occurrence of PFAS and the ef-
fectiveness of mitigation strategies is the 
lack of standardized methods. Secondly, 
the recent increase in PFAS by the public 
requires laboratories to provide results 
quickly. This paper demonstrates the re-
liable and robust quantification of PFAS, 
according to latest EPA method for the 
analysis of environmental samples differ-
ent from drinking water, with minimal 
sample preparation; hence, it allows labo-
ratories to increase the sample throughput, 
and ensure stakeholders receive informa-
tion in a timely manner.
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Figure 4: Concentration of PFCAs included in method EPA 8327 measured in replicated QCs 
standards (n=8) injected during two consecutive batches (total number of injections, including 
calibration standards, QCs samples and samples: 78).
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Figure 5: Percent recovery of surrogates with corresponding %RSD in replicated (n=4) samples 
from each matrix type: reagent water, groundwater, surface water, and wastewater.
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T he development of combinatorial chemistry in the 
1990s facilitated the rapid synthesis of large num-
bers of drug-like molecules, called combinatorial 

libraries, for evaluation in pharmacological assays. The 
subsequent demand for faster and less expensive assays 
drove the development of high-throughput screening 

approaches, usually involving multiwall plate technol-
ogies, which enabled the screening of more than 10,000 
compounds per day. Today, most high-throughput 
screening approaches test one compound at a time using 
rapid assays based on absorption or f luorescence such 
as f luorescence polarization (1), but growing in pop-

Richard B. van Breemen

Drug discovery from combinatorial libraries typically utilizes high-throughput screening 
of discreet compounds, and the discovery of natural products with pharmacological 
mechanisms of action relies on bioassay-guided fractionation. Both processes can be 
expedited through the application of affinity selection-mass spectrometry (AS-MS). 
AS-MS includes a family of MS-based affinity screening methods, including pulsed ultra-
filtration (PUF)-AS-MS, size exclusion chromatography AS-MS, and magnetic microbead 
affinity selection screening (MagMASS). All AS-MS approaches begin by incubating a 
pharmacologically important receptor with a mixture of possible ligands, separating the 
ligand-receptor complexes from non-binding molecules (the approaches differ in this 
separation step), and then using LC–MS to characterize the affinity-extracted ligands. 
The speed, selectivity, and sensitivity of mass spectrometry and ultrahigh-pressure 
liquid chromatography (UHPLC)-compatible MS ionization techniques, like electrospray 
and atmospheric pressure chemical ionization, make AS-MS ideal for characterizing 
ligands. Recent applications of AS-MS include allosteric as well as orthosteric ligand 
discovery, and finding ligands to membrane-bound proteins and RNA targets.
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Table I: Comparison of features and capabilities of the AS-MS techniques size exclusion (SEC) AS-MS, pulsed ultrafiltration (PUF) 
AS-MS, and magnetic microbead affinity selection screening (MagMASS).

Feature SEC PUF MagMASS

Rapid natural products screening √ √ √

Rapid combinatorial library screening √ √ √

No interference from fluorescent or UV chromophores √ √ √

No radioisotope or fluorescent labels required √ √ √

Minimum consumption of receptors and cofactors √ √ √

Compatible with any binding buffer √ √ √

Targets include any macromolecule (proteins, RNA, and similar compounds) √ √ √

Allosteric ligand screening √ √ √

Combinatorial library mixture screening √ √ √

Natural product mixture screening √ √ √

Solution-phase receptor screening √ √ X

Solid-phase (insoluble) receptor screening X X √

Membrane-bound receptor screening √ √ √

Ranking of ligand mixtures by affinity to receptor √ √ √

Figure 1: Comparison of SEC-AS-MS and PUF-AS-MS screening. After incubation of a receptor with a mixture of compounds, the large ligand–
receptor complexes are separated from the small unbound compounds using either size exclusion chromatography (SEC) or ultrafiltration. The 
isolated ligand-receptor complexes are denatured to release the ligands either off-line or during the final UHPLC–MS/MS analysis step.
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ularity are higher-throughput mass 
spectrometry (MS)-based screening 
approaches that screen combinato-
rial library mixtures. 

By relying on mass selectivity, MS-
based screening eliminates the need 
for radiolabels or chromophores. In 
particular, false positive results that 
can be caused by test compounds 
that exhibit interfering absorbance 
or f luorescence are avoided. This 

advantage is particularly important 
when screening natural products, 
which often contain strong chromo-
phores. The need for more chemi-
cal diversity in screening programs 
than is available from combinatorial 
l ibraries has a lso renewed inter-
ests in natural products as sources 
of diverse chemical structures. In 
addit ion, since mass spectrome-
try-based assays do not require ad-

vance knowledge of the identities of 
the compounds in a mixture, these 
screening methods are ideal for nat-
ural products. Although the utility 
of mass spectrometry for natural 
products drug discovery was recog-
nized at least 20 years ago (2), most  
MS-based drug discover y assays 
used in the pharmaceutical industry 
remain focused on combinatoria l  
library screening (3). 
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Figure 2: SEC-AS-MS screening for ligands of retinoid X receptor (RXR)-α expressed recombinantly 
with a maltose binding protein (MBP) tag. The known ligand LG100268 (used as a positive 
control) was detected in the assay using RXRα-MBP but not in the controls using MBP alone or no 
protein. Ketoconazole was added after the SEC separation as an internal standard to normalize 
and compare the reversed phase UHPLC–MS chromatograms.
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The discovery of natural prod-
ucts with specific pharmacological 
mechanisms of action has been labor 
intensive, time consuming, and not 
easi ly adapted to a high-through-
put formats. The standard approach 
today is bioassay-guided fraction-
ation (4), which begins with a phar-
macologically active natural prod-
uct mixture such as an extract of a 
plant, fungus, or a microbial cul-
ture. The extract is partitioned with 
solvents, and the active partition is 
fractionated using chromatography. 
After assaying each fraction, the ac-
tive fraction is subfractionated and 
re-assayed, until active compounds 
are isolated for spectroscopic anal-
ysis and identif ication. The appli-
cation of mass spectrometry-based 
screening can expedite this process 
by condensing the reiterative frac-
t ionat ion/ bioassay process  i nto 
a single step. Because these mass 
spectrometry-based screening as-
says share a common aff inity sep-
aration step (5), they have become 
known as af f inity select ion-mass 
spectrometry (AS-MS).

Affinity Selection-Mass 
Spectrometry (AS-MS)
A  v a r i e t y  o f  m a s s  s p e c t r ome -
try-based screening methods have 
been invented based on the affinity 
of active compounds for a pharma-
cological target. All of these meth-
ods utilize affinity interaction (the 
binding of a l igand to a receptor) 
to facilitate the isolation of active 
compounds from complex mixtures, 
and then MS to characterize the af-
f inity-extracted ligands. The most 
popu lar and successf u l  of  t hese 
met hods i nclude si ze-exclusion 
chromatography (SEC)-AS-MS (6), 
pulsed ultrafiltration (PUF)-AS-MS 
(7), and magnetic microbead affin-
ity selection MS (MagMASS) (8). In 
addition to the speed, selectivity, 
and sensitivity of mass spectrom-
etry, the avai labi l ity of LC-com-
patible MS ionization techniques 
like electrospray and atmospheric 
pressure chemical ionization have 
enabled these AS-MS methods to 
characterize a wide variety of l i-

gands to receptors and enzymes. 
Other AS-MS approaches that have 
not yet been so widely adopted in-
clude affinity chromatography-MS 
(9), affinity capillary electrophore-
sis-MS (10), frontal aff inity chro-
matography-MS (11), direct affinity 
screening of ligand-receptor com-
plexes using electrospray ionization 
and ultrahigh resolution MS (12), 
and matrix-assisted laser desorption 
MS of ligands affinity-captured by 
an immobilized target (13).

Size exclusion  
Chromatography (SEC)-AS-MS
Du r i ng SEC-AS -MS ,  a  m i x t u re 
of compounds is incubated with a 
pharmacological receptor and a l-
lowed to come to equilibrium (Fig-
ure 1). Any binding buffer may be 
used, including non-volatile buffers 
that are incompat ible with mass 
spectrometry, since the buffer will 
be removed during the final stage of 
reverse phase LC–MS analysis. The 
ligand-receptor complex, which is 
much larger than the unbound li-
gands, is separated from the low 
ma s s ,  non-bi nd i ng  compou nd s 
using SEC (14). Also known as gel 
permeation chromatography,  SEC 
separates molecules according to 
size as they pass through a station-
ary phase containing particles with 
pores that allow small molecules to 
enter but exclude large molecules. 

The large ligand-receptor complexes 
elute first.

The ligands are released from the 
receptor using organic solvent or a 
pH change that denatures the re-
ceptor. This denaturing step can be 
carried out prior to LC–MS analysis, 
or direct ly on the reversed-phase 
column. For maximum sensitivity, 
2-dimensional SEC-reversed-phase 
chromatography is used, in which 
t he  l i ga nd-re c e ptor  c omple xe s 
eluting from the SEC column are 
directed on-line onto the reversed 
-phase column for the final LC–MS 
or UHPLC–MS step. Besides serving 
to separate the ligands from each 
other and from the receptor, the re-
versed-phase chromatographic sep-
aration a lso removes the binding 
buffer, which is of ten incompati-
ble with mass spectrometric anal-
ysis. The SEC separation must be 
carried out quickly and at reduced 
temperatures (usually 4 °C), because 
ligands begin to dissociate from the  
receptor immediately and can be-
come lost into the size exclusion 
stationary phase.

SEC-LC –MS wa s  i nvented by 
Kaur and co-workers (15), and was 
originally used to screen peptide li-
braries for ligands of a protein tar-
get. Since then, SEC-AS-MS been 
automated to include 2-D chroma-
tography (SEC-reversed-phase) and 
has been applied to a wide variety of 
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Figure 3: PUF-MS screening of an extract of ginger for ligands to the inflammation target 
cyclooxygenase-2 (COX-2). After pulsed ultrafiltration, the ultrafiltrates of experiment (incubations 
with functional COX-2) and control (incubation without receptor) were analyzed using negative 
ion electrospray mass spectrometry with reversed phase HPLC separation. Gingerols and 
shogaols were detected as COX-2 ligands based on enhancement of the LC–MS signal relative to 
the control. (Adapted from van Breemen, et al. [23] and used with permission.)
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targets (16,17). In this way, pharma-
ceutical researchers can screen over 
100,000 combinatorial library com-
pounds per day, in mixtures rou-
tinely containing up to 2,600 com-
pounds at a time (18,19). In natural 
product applications, SEC-AS-MS 
has been used to identify pharma-
cologica l ly act ive compounds in 
complex botanica l extracts such 
as tradit ional Chinese medicines 
(20,21). Some of the advantages and 
disadvantages of SEC-AS-MS are 
summarized in Table I.

As an example of SEC-AS-MS 
data, reversed-phase LC–MS chro-
matograms for the screening for 
ligands of the nuclear receptor, ret-
inoid X receptor (RXRα), are shown 
in Figure 2. RXRα is under inves-
tigation as a drug discovery target 
for anti-inf lammation therapy as 
wel l as for cancer treatment and 
prevent ion. The chromatograms 
represent two negative control incu-
bations and a positive control. Note 
the intense chromatographic peak 
for the known ligand LG100268 in 
the positive control, and almost no 
signal or background for the neg-
ative control incubations. The back-

ground noise of SEC-AS-MS assays 
is characteristically lower than other 
AS-MS screening approaches. In this 
example, UHPLC–MS was used in-
stead of HPLC for faster separations 
(Figure 2).

Pulsed Ultrafiltration 
(PUF)-AS-MS 
PUF-AS-MS screening begins with 
the incubation of a mixture of po-
tential ligands with a macromolec-
ular target in solution, such as an 
enzyme or receptor. The ligand-re-
ceptor complexes are then sepa-
rated from the unbound compounds 
using ultrafiltration. As with SEC-
AS-MS, the ultrafiltration separa-
tion of bound ligands from unbound 
compounds should be carried out 
quickly, and at reduced temperature, 
to minimize dissociation and loss of 
l igand. The l igand-receptor com-
plexes are denatured, usually using 
water and acetonitrile acidified with 
a volatile organic acid such as for-
mic acid, and the released ligands 
are t rapped on a reversed-phase 
HPLC or UHPLC column for char-
acterization using (UHPLC–MS and 
MS/MS (Figure 1) (22).

As a natura l products applica-
tion of PUF-AS-MS, an extract of 
ginger (Zingiber of ficinale Roscoe) 
was screened for ligands of the in-
f lammation target cyclooxygenase-2 
(COX-2) (23) (Figure 3). Ginger roots 
have been used traditionally to treat 
inf lammation, and had been re-
ported to inhibit COX. To identify 
the pharmacologically active com-
pounds in ginger, PUF-AS-MS was 
used to screen a chloroform partition 
of a methanol extract of ginger roots 
for COX-2 ligands. A series of gin-
gerols and shogaols were determined 
using PUF-AS-MS to bind to COX-2 
(Figure 3). Competitive binding ex-
periments using PUF-AS-MS with 
ginger and the known synthetic in-
hibitor celecoxib indicated that the 
ginger ligands bound to the active 
site of COX-2. Additional functional 
enzyme assays confirmed that these 
ginger compounds inhibited COX-2 
but not COX-1 with IC-50 values in 
the low micromolar range. 

Invented i n t he va n Breemen 
laboratory in the 1990s (24), PUF 
-AS-MS has been adopted for use 
by both academic (25,26) and in-
dustrial researchers (27) to screen 
combinatorial libraries in pools of 
up to 2,700 compounds each (28), 
as well as natural product extracts 
(29, 30) for the discovery of ligands 
to a wide variety of macromolecular 
receptors (31,32). Advantages and 
disadvantages of PUF-AS-MS are 
listed in Table I

Magnetic Microbead Affinity  
Selection Screening (MagMASS)
A newer AS-MS method, MagMASS 
was f irst reported in 2008 by Choi 
and van Breemen (33) for screening 
combinatorial library mixtures and 
natural product extracts for ligands 
to an immobilized target. Recently, 
MagMASS became the first AS-MS 
approach to incorporate multititer 
well plates, which facilitated auto-
mation and enhanced the through-
put (8,34). MagMASS has also been 
applied to the screening of complex 
botanical extracts (34).

The MagMASS process (Figure 4) 
begins by immobilizing a pharma-
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Figure 4: For MagMASS, the receptor/target is immobilized on magnetic microbeads, which are 
incubated with a compound mixture containing possible ligands. A magnetic field is applied to 
separate the beads containing the receptor-ligands complexes from the unbound compounds, 
which are washed away. The ligand-receptor complexes are then disrupted using a denaturing 
solution. A magnetic field is used to separate the beads from the released ligands, and the ligands 
are analyzed using UHPLC–MS/MS.
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cological receptor to magnetic beads 
either covalently or non-covalently. 
A variety of bead surface chemis-
tries are available from commercial 
sources for covalently immobilizing 
receptors. Non-covalent immobili-
zation is also possible by utilizing 
interactions such as immobilized 
streptavidin binding biotinylated 
receptors, immobilized nickel ions 
binding with receptors containing 
His-tags, and immobilized amylose 
interacting with receptors contain-
ing maltose binding protein. 

After immobilization of the re-
ceptor, the magnetic microbeads 
are incubated with mixtures of po-
tential ligands (Figure 4). A washing 
step is used to remove the unbound 
compounds while a magnetic f ield 
retains the beads containing the re-
ceptor-ligand complexes. Ligands 
are then released using a denaturing 
solvent or a pH change for analysis 
using (UHPLC–MS and (UHPLC–
MS/MS. To control for non-specific 
binding, beads without receptor are 
usual ly incubated in paral lel. See 
Table I for a summary of advantages 
and disadvantages of MagMASS and 
comparison with SEC-AS-MS and 
PUF-AS-MS.

As an example of applying Mag-
MASS to the screening of complex 
botanical extracts, human estrogen 
receptor-β was immobilized cova-
lently on aldehyde functionalized 
magnetic beads and used to screen 
for botanical estrogens (Figure 5) 
(33). Following incubation with ex-
tracts of hops (Humulus lupulus L.), 
the non-binding compounds were 
washed away using buffer, and then 
bound ligands were released by de-
naturing the protein with methanol. 
The natural product 8-prenylnar-
ingenin was identif ied as the most 
active estrogen in hops (Figure 5).

AS-MS Data Analysis
For a l l  AS-MS approaches ,  high 
resolution tandem mass spectrom-
eters are preferred, such as quad-
rupole t ime-of-f l ight or orbitrap 
mass spectrometers, so that elemen-
tal compositions of ligands may be 
determined. When screening com-

binatorial libraries, the masses and 
elementa l  composit ions of  each 
compound are already known and 
may be entered into a database. 
By using high resolution accurate 
mass measurements during screen-
ing, the elemental compositions and 
isotope patterns of ligands may be 
compared with the database either 
manual ly or automatica l ly using 
commercial ly available metabolo-
mics software. For additional con-
f irmat ion of l igand ident ity and 
for distinguishing among isomeric 
compounds ,  ta ndem mass spec-
tra may be compared with those of 
standards. 

T he ident i f ic at ion of  l iga nd s 
from natura l product extracts is 
more challenging, but also begins 
with high resolution MS and MS/
MS analyses to determine elemen-
tal composition and structural fea-
tures. By comparing the measured 
elemental compositions and tandem 
mass spectra with those of known 
natural products in databases in a 
process known as dereplication, li-
gand structures may be determined 
quick ly. Reversed-phase UHPLC 
retention t imes, obtained during 
screening step, enable novel natural 
product ligands to be collected for 

additional structure determination 
using spectroscopic techniques such 
as NMR. 

Comparison of AS-MS 
Approaches and Novel 
Applications 
Advantages of all AS-MS methods 
include the diversity of receptors 
that may be screened, the abi l ity 
to screen complex natural product 
extracts as well as combinatorial li-
braries, compatibility with any in-
cubation buffer, low consumption of 
receptors and cofactors, elimination 
of radiolabels and chromophores, 
lack of interference from matrix, 
and lower costs and faster screening 
than the current standard of screen-
ing discreet compounds (Table I). 
Due to the procedural step of sep-
arating ligand-receptor complexes 
f rom u nbou nd compou nd s ,  a l l 
AS-MS methods share the common 
disadvantage of reduced sensitiv-
ity for rapidly dissociating ligands. 
The reversed-phase chromatography 
separation is a relatively slow step in 
the AS-MS process, but this step has 
been accelerated by implementing 
UHPLC in place of HPLC.

Although SEC-AS-MS and PUF- 
A S - M S  e n a b l e  s o l u t i o n - p h a s e 
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Figure 5: An extract of hops (Humulus lupulus L.) was screened for ligands to the human 
estrogen receptor-β (ER-β) using MagMASS with positive ion electrospray LC–MS. The prenylated 
flavonone 8-prenylnaringenin was identified as the most potent estrogen in the extract. (Adapted 
from Choi and van Breemen [33] and used with permission.)
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screening, MagMASS requires re-
ceptor immobilization, which has 
the potent ia l disadvantage of a l-
ter ing binding proper t ies (Table 
I).  On t he ot her ha nd,  receptor 
immobilization for MagMASS can 
faci l itate the screening of mem-
brane-bound or poorly soluble re-
ceptors. In an online configuration 
of PUF-AS-MS that uses MS-com-
pat ible  bu f fers  w it hout  colu m n 
c h r o m a t o g r a p h y,  P U F -A S - M S 
has the advantage of enabling the 
measurement of affinity constants, 
stoichiometry of binding, and en-
zyme kinetics for ligand–receptor 
interactions (35,36).

AS -MS of fers  substa nt ia l  i m-
provements in speed and conve-
nience over a lternative screening 
approaches, and many novel ap-
plications have been reported just 
recent ly (Table I).  For exa mple , 
AS-MS may be used to screen an 
equimolar mixture of natural prod-
ucts (31) or combinatoria l l ibrary 
compounds (37) and, in a single 
experiment, rank order the ligands 

in order of af f inity for the recep-
tor.  Note t hat  t he convent iona l 
approach to rank ing l igands for 
binding aff inity requires individ-
ua l assays of each compound for 
compet it ion w it h a radiolabeled 
l igand. Unlike competit ion bind-
ing assays, AS-MS may be used to 
discover l igands that bind to a l-
losteric sites (37,38), and provide 
lead compounds for targets pre-
viously considered “undruggable” 
(39). Use of enzymes and receptors 
embedded in microsomes (40) or 
cel l  membranes (41,42) has a lso 
been demonstrated. AS-MS is not 
l imited to screening for l igand to 
protein receptors ,  as other mac-
romolecular targets such as RNA 
molecules have been used (43,44).

Conclusions
In addit ion to providing a faster 
and less expensive a lternat ive to 
conventional screening of discreet 
compounds for interact ions with 
receptors ,  AS-MS addresses t he 
important and yet unmet need for 

technology that facilitates the rapid 
discovery of natural products with 
pharmacolog ica l  ac t iv it ies f rom 
complex mixtures such as botan-
ica l  a nd m icrobia l  ex t rac t s .  By 
eliminating the need for spectro-
scopic detection, AS-MS eliminates 
many limitations of conventional 
high-throughput screening, such 
as matrix interference or false pos-
itives due to strong absorbance or 
f luorescence of test compounds. 
In addition, AS-MS offers a vari-
ety or unique applications that are 
not easi ly addressed or have not 
been achieved using conventional 
high-throughput screening such as 
discovering a l losteric l igands, l i-
gands to RNA, and ligands to mem-
brane-bound receptors. Although 
invented over 20 years ago (15,24), 
many of the unique appl icat ions 
of AS-MS have only recently been 
demonstrated. Therefore, expect 
many more innovations and natu-
ral products applications of AS-MS 
during the next 20 years. 
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After the second industrial revolution, the need for the 
standardization of quality for food production led to 
the introduction of periodic inspections, standardiza-

tion of procedures, and quality controls (1,2). The Interna-
tional Organization for Standardization (ISO) 9000 is proba-
bly the best known modern international standard for quality 
management (3). Current European Union (EU) policy on 
food quality aims to protect products characterized by unique 
features linked to their geographical origin, as well as tradi-
tional expertise. With this policy, product names are granted 
by a geographical indication (GI), a protected geographical 
indication (PGI), or a protected designation of origin (PDO), 
if they have specificities strictly linked to the place where they 
are produced, including the compositional characteristics of 
raw materials, the climate, and the traditional processes of 
manufacturing and transformation (4). 

An analytical platform or method capable of capturing 
the chemical traits of a food that are related to its perceived 
quality (mainly sensory quality, raw material authenticity, and 
processing impact) will contribute to the quality assessment 
process ,while also providing a foundation for consumer-tai-
lored strategies to improve a product’s acceptance and loyalty.

Chemical fingerprinting can provide evidence for quality 
differences arising from botanical and geographical origins of 

primary ingredients, post-harvest practices, production pro-
cesses (traditional versus industrial), and shelf-life evolution 
of finished products. Illustrative examples on how compre-
hensive chemical fingerprinting processes can be strategically 
valuable for characterizing the quality traits of food from our 
recent research are highlighted here. This article focuses on 
the potentials of comprehensive two-dimensional gas chro-
matography coupled to time-of-f light mass spectrometry 
(GC×GC–TOF-MS) to generate highly informative finger-
prints of chemicals from complex fractions, including potent 
odorants responsible for the aroma signature, and technologi-
cal markers that indicate the impact of the production process. 
When complex two-dimensional (2D) patterns of chemicals 
are explored by dedicated pattern recognition algorithms, a 
high level of information about sensory profile, product au-
thenticity, and technological impact is revealed (5,6).

The first example deals with high-quality cocoa, a food 
commodity of global economic interest, and the second ex-
ample deals with extra-virgin olive oil, an important local 
commodity in many Mediterranean countries, including 
Spain, Italy, Greece, and Tunisia. Both of these commodities 
have an intrinsic “added value” related to their flavor profile 
and perceived quality that are 80–90% a result of aroma-active 
compounds (7).

Federico Stilo, Erica Liberto, Carlo Bicchi, Stephen E. Reichenbach, and Chiara Cordero

Chemical fingerprinting can provide evidence for quality differences resulting from botanical and 
geographical origins of primary food ingredients, post-harvest practices, production processes 
(such as traditional versus industrial processes), and the shelf-life evolution of finished prod-
ucts. This article discusses the strategic role and potential of comprehensive two-dimensional 
gas chromatography (GC×GC) combined with time-of-flight mass spectrometry (TOF-MS) and 
pattern recognition, using template matching for data processing, to unravel the quality traits of 
high-quality food products. Practical examples dealing with high-quality cocoa and extra-virgin 
olive oil are described.
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Figure 1: Chemical classes distribution within the cocoa volatilome based on the list of targeted 
analytes reliably identified in the selected samples.

Experimental Procedures
Chemicals and Samples
The mixture of n-alkanes (n-C9 to n-C25) 
for calibrating linear retention indices (IT) 
was from Sigma-Aldrich. The IT solution 
was prepared in cyclohexane at a concen-
tration of 100 mg/L. 

Cocoa samples were from Gobino srl, 
and were selected on the basis of their 
peculiar sensory profile from high-qual-
ity productions of different geographic 
origins. Processing was performed in 
three replicated batches, using time and 
temperature protocols from 100–130 °C 
between 20–40 min. Processing was opti-
mized for each origin, and driven by a de-
sirable flavor development. Hot-air roast-
ing was conducted in a vertical roaster, 
designed by Bühler AG.

Cocoa samples were frozen in liquid ni-
trogen immediately after each step of pro-
cessing, and then stored at -80 °C. Before 
headspace analysis, samples were ground 
in a laboratory mill up to approximately 
300 µm (Grindomix GM200, Retsch); 
particle size homogeneity was verified by 
visual inspection.

Extra-virgin olive (EVO) oil samples 
were collected within the Italian “Violin” 
Project (Valorization of Italian OLive prod-
ucts through INnovative analytical tools-
AGER Fondazioni in rete per la Ricerca 
Agroalimentare), and selected for their 
sensory profile by an expert panel. Exam-
ples cited in this paper refer to a commercial 
EVO oil with a PGI quality label (Azienda 
Agricola Mori Concetta, PGI Toscano, ol-
ives Mariolo cultivar, San Casciano in Val 
di Pesa, Firenze, Italy) and a PDO product 
(Azienda Agricola Leone Sabino, Don Gio-
acchino Gran Cru, DOP Terra di Bari Cas-
tel del Monte, 100% Coratina olives cultivar, 
Canosa di Puglia, Italy).

Headspace Solid-Phase 
Microextraction (SPME) Devices  
and Sampling Conditions
A divinylbenzene/carboxen/polydimeth-
ylsiloxane 1-cm SPME fiber from Supelco 
was used for HS-SPME sampling. The 
standard in-fiber procedure (8) was ad-
opted to preload the IS (α-thujone) onto 
the fiber before sampling. A 5.0-µL solu-
tion of IS (α-thujone at 100 mg/L in diethyl 
phthalate) was placed into a 20-mL glass 
vial, and subjected to HS-SPME at 50 °C 
for 5 min. After the IS loading step, the 

SPME device was exposed to 500 mg of 
cocoa in a headspace glass vial (20 mL) for 
30 min at 50 °C, or 100 mg of olive oil in a 
headspace glass vial (20 mL) for 60 min at 
40 °C. Extracted analytes were recovered 
by thermal desorption of the fiber into 
the S/SL injection port of the GC system 
at 250 °C for 5 min.

GC×GC–TOF-MS Conditions
GC×GC analyses were performed on an 
Agilent 7890B GC system coupled with a 
Bench TOF-Select system (Markes Inter-
national), featuring Tandem Ionization 
that provides variable-energy electron 
ionization. The ion source and transfer 
line were set at 270 °C. The MS optimiza-
tion option was set to operate with a mass 
range between 40–300 m/z; data acquisition 
frequency was 50 Hz for each channel; fila-
ment voltage was set at 1.60 V. Electron ion-
ization energies explored were 70 and 12 eV.

The system was equipped with a two-
stage KT 2004 loop thermal modulator 
(Zoex Corporation), cooled with liquid 
nitrogen controlled by Optimode V.2 
(SRA Instruments). The hot jet pulse time 
was set at 250 ms, modulation period (PM) 
was 4 s for cocoa and 3.5 s for olive oil, 
and cold-jet total flow was progressively 
reduced with a linear function from 40% 
of mass flow controller (MFC) at initial 
conditions to 8% at the end of the run. 

GC×GC Columns and Settings
The column set was configured as fol-
lows: 1D SolGel-Wax column (100% 
polyethylene glycol; 30 m × 0.25 mm dc, 
0.25-μm df) from SGE Analytical Science, 
coupled with a 2D OV1701 column (86% 

polydimethylsiloxane, 7% phenyl, 7% 
cyanopropyl; 2 m × 0.1 mm dc, 0.10-μm 
df) from J&W (Agilent). SPME thermal 
desorption into the GC injector port was 
under the following conditions: split–split-
less injector in split mode at 250 °C, split 
ratio 1:20. The carrier gas was helium at 
a constant flow of 1.3 mL/min. The oven 
temperature program was from 40 °C (2 
min) to 240 °C at 3.5 °C/min (10 min).

The n-alkanes liquid sample solution 
for IT

S determination was analyzed under 
the following conditions: split–splitless 
injector in split mode, split ratio: 1:50, in-
jector temperature: 250 °C, and injection 
volume: 1 µL.

Raw Data Acquisition,
2D-Data Processing and Statistics
Data were acquired by TOF-DS software 
(Markes International), and processed 
using GC Image version 2.8 (GC Image, 
LLC). Statistical analysis used XLStat 
(Addinsoft).

Results and Discussion
Cocoa Origin and its 
Distinctive Chemical Signature
Cocoa (Theobroma Cacao L. Malvaceae 
family) is the main raw ingredient for choc-
olate production (9). It is native to tropical 
forests of the South American continent, 
although recent statistics indicate that 
most of the production is concentrated in 
Africa, with Cote d’Ivoire and Ghana cov-
ering about 56% of the global production, 
followed by Indonesia (12%), Nigeria (6%), 
and Cameroon (6%). 

Cocoa and chocolate are considered 
comfort foods ,and are consumed world-
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Figure 2: Scores plot resulting from the normalized response of 595 reliable peak-regions from (a) raw and (b) roasted cocoas of different origin 
(CH-Chontalpa/Mexico, VEN-Venezuela, CO-Colombia, EC-Ecuador, JA-Java, TRI-Trinidad, ST-Sao Tomè). Adapted with permission from reference 21.

Figure 3: Samples discrimination based on three variables: x-axis linalool, y-axis 
2,3,5-trimethylpyrazine, and bubble-size 2-pentylfuran selected by regression tree analysis. 
Adapted with permission from reference 21.

wide for their pleasant sensory profile of 
unique and complex flavors. This complex-
ity arises from multiple interconnected bio-
chemical and chemical reactions occurring 
at post-harvest stage where pedoclimatic 
conditions and farming practices play a 
major role (10,11). Later in the processing 
chain, roasting, conching, and tempering 
develop the flavor profile and the distinctive 
sensory signature of chocolate (12–14). 

Cocoa’s complex aroma is modulated 
by a series of potent odorants (15–17), 
whose specific quali-quantitative distri-
bution within the bulk of several hun-
dreds of volatiles has been identified as a 
distinctive aroma signature, also referred 
to as an aroma blueprint. From this per-
spective, GC×GC–MS would be the ana-
lytical technique of choice for an accurate 

and informative fingerprinting of such a 
complex fraction. Deeper insights on the 
quali-quantitative distribution of volatiles 
would help in delineating an origin-spe-
cific aroma blueprint, inform about the 
seasonal variations or the effect of climate 
changes, or help chocolate manufacturers 
in designing tailored blends evoking pe-
culiar aroma notes. 

GC×GC–MS exploits the potential of 
two separation dimensions with the addi-
tional orthogonal information provided by 
MS. This results in: (i) increased separation 
power; (ii) meaningful 2D patterns with 
analytes structurally ordered in the chro-
matographic space; and (iii) enhanced sen-
sitivity as a result of band focusing in space 
obtained by cryogenic modulation (18–20). 

In a recent study, we investigated the 

unique signatures of volatiles from com-
mercial, high-quality cocoa intermedi-
ates, with a pattern recognition strategy 
based on GC×GC–MS that extends the 
investigation potential to both untargeted 
and targeted analytes (21). The approach 
is based on the template matching prin-
ciple, and is named untargeted/targeted 
(UT) fingerprinting (22,23). Samples were 
from different geographical provenience 
(Mexico, Ecuador, Venezuela, Colombia, 
Java, Trinidad, and Sao Tomè), selected by 
experts for their unique aroma profiles, and 
were studied along early steps of processing 
as raw, roasted, steamed, and ground nibs. 
For some origins, cocoa liquor was also in-
cluded to evaluate its aroma signature for 
chocolate products design. 

The fraction of volatiles was extracted by 
automated headspace solid-phase microex-
traction (HS-SPME) and on-line analyzed 
by GC×GC–MS in a system equipped with 
a loop-type thermal modulator. Within 595 
detectable analytes, delineated by unique 
2D peak-regions and covering most of the 
chemical dimensions of cocoa volatilome, 
about 200 compounds were tentatively 
identified on the basis of 1D IT and MS 
spectral similarity, with authentic standards 
or with spectra collected in commercial 
(Wiley 7n and NIST 2015) and in-house 
databases (23). Figure 1 shows chemical 
classes distribution within the cocoa vol-
atilome. Esters dominate the volatile frac-
tion and, together with alcohols and acids, 
bring information about fermentation and 
its impact on primary metabolites (mainly 
sugars and amino acids). Within the het-
erocycles, the subset of alkyl pyrazines is of 
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Figure 4: Heat map representing the quantitation results for a selection of key odorants. Data are expressed as (a) absolute concentration in the 
sample and (b) by odor activity value (OAV) computed as the coefficient of the concentration of an odorant (mg/kg) versus its odor threshold (mg/
kg). Adapted with permission from reference 24.

great relevance, because they provide infor-
mation about the technological impact on 
some precursors present in raw cocoa, and 
for the most odor-active compounds, they 
bring the earthy/roasty notes to the global 
aroma. Alkyl pyrazines are formed from 
the early stages of processing during bean 
drying, and later by roasting and steaming 
(9). Carbonyls (aldehydes and ketones) are 
formed mainly from fatty acids precursors 
by oxidative (chemical and enzymatic) re-
actions. The sub-group of Streker aldehydes 
(2- and 3-methylbutanal, methylpropanal, 
and phenylacetaldehyde) are fundamental 
for cocoa and chocolate flavor modulating 
the malty, buttery, and honey-like notes. 

The quali-quantitative distribution of 
known and unknown volatiles, for exam-
ple, the volatile metabolome fingerprint, 
is potentially informative, and helps in the 
discrimination and differentiation of geo-
graphical origin and manufacturing stage. 
As an example, unsupervised multivariate 
analysis, such as principal component anal-
ysis (PCA), can be applied to reveal the nat-
ural conformation (groups) of the analyzed 
samples and helps in localizing informative 
chemical features responsible for cocoa dis-
crimination. Figures 2a and 2b show the 
scores plot resulting from the normalized 
response of 595 reliable peak-regions from 
raw (2a) and roasted (2b) cocoas of different 
origin (CH-Chontalpa/Mexico, VEN-Ven-
ezuela, CO-Colombia, EC-Ecuador, JA-
Java, TR-Trinidad, ST-Sao Tomè). Samples 
are grouped into three main clusters: Ec-
uador-Venezuela-Colombia (blue circles), 
Chontalpa/Mexico-Sao Tomè-Java (red 
circles), and Trinidad (green circles) (21). 

The total explained variability represented 
by the first two principal components (F1 
and F2) is about 44% for raw and 41% for 
roasted beans. 

Supervised approaches, at this stage, 
may help in defining or selecting highly 
discriminating variables. A classification 
model based on three variables, 2-pentylfu-
ran, 2,3,5-trimethylpyrazine, and linalool, 
is capable of discriminating between cocoa 
nib origins. Figure 3 shows how samples 
could be discriminated in the Cartesian 
space of three variables: x-axis linalool, 
y-axis 2,3,5-trimethylpyrazine, and bub-
ble-size 2-pentylfuran (21). This model 
confirms what unsupervised exploration 
by PCA showed (Figure 2b). Samples from 
Ecuador and Colombia are aligned along 
the x-axis (low linalool content) together 
with the Venezuela samples. Java is char-
acterized by a low pyrazines signature 
(2,3,5-trimethylpyrazine is one of the most 
origin sensitive), but clustered together with 
Chontalpa/Mexico and Sao Tomè for their 
lower amount of linalool. Trinidad has an 
intermediate position between the two 
groups, but with a relatively high amount 
of 2-pentylfuran and trimethyl pyrazine. 

Key aroma compound signatures (15–17) 
are of particular interest for perceived qual-
ity. These signatures are buried within the 
bulk of the cocoa volatilome, but their infor-
mation is strategic for the confectionery in-
dustry and can be used in new origin selec-
tion and blending. Key aroma compounds 
include alkyl pyrazines (2,3,5-trimethylpyr-
azine, 2-ethyl-3,5-dimethylpyrazine, and 
3,5-diethyl-2-methylpyrazine), which are 
responsible for the earthy notes,  and short-

chain and branched fatty acids (acetic acid, 
butanoic acid, 2-methylpropanoic acid, and 
3-methylbutanoic acid), whose presence at 
high concentrations can impart off-flavors 
as a result of their rancid, sour, and sweaty 
notes. Strecker aldehydes (2- and 3-methyl-
butanal), formed during fermentation and 
roasting, impress malty and buttery notes, 
and phenylacetaldehyde, derived from 
L-phenylalanine (L-Phe), imparts a pleas-
ant honey-like note. 

Other key-aromas are esters (eth-
yl-2-methylbutanoate: fruity; 2-phenylethyl 
acetate: flowery), linear alcohols (2-hepta-
nol: citrusy), phenyl propanoids derivatives 
(2-phenylethanol: flowery), and sulfur-de-
rived compounds (dimethyl trisulfide).

Accurate quantitation of these ana-
lytes, performed by multiple headspace 
extraction SPME–GC–MS with flame 
ionization detection (FID) (24), are visu-
alized as a heat map for a subset of origins 
in Figure 4. Odorants were quantified by 
external calibration and FID-predicted 
relative response factors. Amounts are re-
ported for nibs and cocoa mass in Figure 
4a and the odor activity value (OAV) is 
shown in Figure 4b. OAV is computed as 
the coefficient of the concentration of an 
odorant (mg/kg) versus its odor threshold 
(mg/kg). OAV is a useful parameter for 
discriminating odorants from interfering 
components. Below an OAV of 1, which 
is generally used as a threshold value, it is 
assumed that an odorant does not play a 
role in eliciting its characteristic quality. 
However, several more parameters need to 
be considered to judge odor activity of vol-
atiles. The capture of chemical complexity 
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Figure 6: 2D chromatogram of (a) a PGI Toscano EVO oil, and in 
zoomed areas the lipoxygenase (LOX) signature (b), linear saturated 
and unsaturated aldehydes (c).

Figure 5: 2D-patterns from Venezuela cocoa ([a] roasted and [b] steamed) together with a comparative visualization rendered as colorized fuzzy 
ratio (c). The zoomed area (orange rectangle) highlights the pyrazines signature (d).

of volatile patterns by comprehensive approaches is currently one 
of the most effective strategies available (25). 

Hierarchical clustering based on Euclidean distances helps in 
sample discrimination based on their aroma profiles. Key odor-
ants, such as 2-methylpropanic acid, 3-methylbutanoic acid, ace-
toin, and 2-phenylethanol, show a homogeneous trend across all 
samples. A similar behavior is seen for other odorants, such as 
isoamyl acetate, γ-butyrolactone, and 2-acetyl pyrrole, that clus-
ter independently from the others. As expected, 2,3-dihydro-3,5-

dihydroxy-6-methyl(4H)-pyran-4-one (DDMP) is an effective 
marker of processing (21): its concentration in cocoa mass is, on 
average, two orders of magnitude higher than in cocoa nibs. 

To confirm the great flexibility of GC×GC in cocoa volatilome 
fingerprinting, it is interesting to explore the effect of steaming on 
roasted cocoa beans with simple and intuitive tools. Steaming is 
conducted on shelled cocoa beans after roasting. It is an on-line 
process conducted with overheated-steam that lowers the bacte-
rial charge of the beans. However, steaming impacts cocoa aroma 
and its process parameters have to be carefully tuned to avoid 
off-flavor formation or the loss of key odorants. From this per-
spective, comparative visualization based on datapoint features 
(26) could be of great help. This is a pointwise approach where 
chromatograms are compared point-by-point or pixel-by-pixel. 
In a GC×GC–MS chromatogram, every datapoint corresponds to 
a detector event. With this approach, each datapoint is a feature, 
and therefore datapoint features at the same retention times are 
implicitly matched. Figure 5 shows the 2D-patterns from Ven-
ezuela cocoa (Figure 5a roasted and Figure 5b steamed). Their 
comparative visualization is rendered as colorized fuzzy ratio 
(Figure 5c); within the zoomed area (orange rectangle), the pyra-
zines signature is visible (Figure 5d). This approach gives prompt 
information on analytes (relative) variations over the patterns 
and, by color codes (green, red, and gray), informs about their 
higher or lower abundance in the samples. In this specific case, 
steaming has an impact on pyrazines quantitative distribution; 
those with short alkyl substituents are colored by green pixels 
indicating that they were more abundant in the analyzed image 
(steamed beans). Conversely, red colored pixels indicate analytes 
and chromatographic regions where the detector response was 
higher in the reference (roasted beans) image. 

Italian Extra-Virgin Olive Oil:  
How to Capture Volatiles Chemical Complexity
Consumers appreciate high-quality olive oil, whether virgin oil 
(VO) or EVO oil, for its health benefits and pleasant and dis-
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Figure 7: 2D chromatograms of a high quality PDO Don Gioacchino Gran Cru Terra di Bari EVO 
oil acquired at (a) 70 eV and (b) at 12 eV. Spectra for (5E)-3-ethyl-1,5-octadiene and (E,E)-3,7-
decadiene at 70 and 12 eV are reported in (c) and (d).

tinctive flavor. The objective quality and 
purity of this product is regulated by in-
ternational organizations, including the 
EU, International Oil Council (IOC), and 
Codex Alimentarius. If from one side, 
EVO oil adulteration can be assessed by 
characterizing the nonvolatile fraction, for 
example, fatty acid methyl esters (FAMEs) 
profiles, sterol and triterpene dialcohol 
composition, wax content, and presence of 
conjugated dienes and trienes, the aroma 
quality can be evaluated by panel testing 
without any objective analytical protocol 
supporting the sensory assessment. 

Olive oil production is located mainly 
in Europe with Spain, Italy, and Greece 
as the key players. Italian production, 
which is estimated at approximately 50% 
of Spanish production, is characterized 
by a relatively high number of PDO oils, 
with 46 registered products compared 
with 31 for Spain (European Commis-
sion – DOOR database http://ec.europa.
eu/agriculture/quality/door/list.html). 
Quality labeling gives consumers a sense 
of tradition, while improving trust and 
confidence for a high-quality product. 
Although these products must comply 
for higher quality standards compared 
to ordinary production, the EU Parlia-
ment, through the resolution of 14 Janu-
ary 2014 on “food crisis, fraud in the food 
chain and the control thereof,” revealed 
that olive oil is, among others, one of the 
top foods subjected to adulteration. Con-
sequently, the EU action plan focused on 
specific aspects related to quality, control, 

and promotion to counteract frauds and 
illicit operations. 

Undoubtedly, quality control issues are 
partially related to the lack of powerful 
and informative analytical methods capa-
ble of supporting objective classification of 
olive oils, in particular for the distinction 
between VO and EVO oils based on their 
aroma signatures. Olive oil is currently the 
only food product with officially regulated 
sensory attributes; standardized protocols 
(27,28) for sensory assessment are estab-
lished by law, and highly trained panel-
ists are involved in this task. Based on the 
presence or absence and the intensities of 
coded defects and, on the other side, of 
“fruity” perception, evaluated by smelling 
and tasting, virgin olive oil is then classi-
fied into three categories: EVO, VO, and 
lampante oil. 

In this scenario, GC×GC–MS rep-
resents an analytical tool with great po-
tential to describe the chemical signature 
of sensory quality markers, including po-
tent odorants related to oil-coded defects, 
that is fusty/muddy sediment, musty/
humid/earthy, winey/vinegary, or ran-
cid. Previous studies by our research team 
explored and confirmed the possibility of 
delineating meaningful patterns of po-
tent odorants eliciting the coded defects 
in olive oils (5). At the same time, thanks 
to the separation power and enhanced 
resolution achievable with a comprehen-
sive 2D-GC analysis, additional chemical 
information can be collected and rational-
ized before correlating it with oil sensory 

attributes, origin (29,30), or ripening sta-
tus of olives (6). 

The volatile fraction of olive oil is com-
plex, and connoted by high chemical di-
mensionality (31), a parameter defined by 
Giddings to describe the degree of order 
or disorder in multidimensional separa-
tions. The presence of several chemical 
functionalities, also represented by ho-
mologous series, generated by the multiple 
chemical and biochemical reactions oc-
curring to olives primary metabolites, re-
sults in complex 2D patterns that require, 
for accurate fingerprinting, high-resolu-
tion separations and orthogonal detection 
by mass spectrometry. MS is fundamental 
here to extract the information on ana-
lyte fragmentation patterns for a reliable 
identification. Figure 6a shows the 2D 
chromatogram of a PGI Toscano EVO 
oil. The number of detectable 2D-peaks 
with a signal-to-noise ratio (S/N) thresh-
old of 100 is about 750 and, for 180 of 
them, reliable identification was possi-
ble by matching 1D IT and MS spectrum 
with those collected in commercial and 
in-house databases (5,6). Reference com-
pounds were also adopted in the case of 
key odorants related to positive attributes 
or coded defects.

Within the separated volatiles, the 
lipoxygenase (LOX) signature (Fig-
ure 6b) is fundamental to define fresh-
green and fruity notes, the positive at-
tributes. C6 unsaturated alcohols and 
aldehydes, (Z)-2-hexenal, (E)-2-hexenal, 
hexanol, (Z)-3-hexenol, (E)-2-hexenol, 
(E,Z)-2,4-hexadienal, and (E,E)-2,4-hexa-
dienal, are formed from linoleic and lin-
olenic acids oxidative cleavage. Figure 6c 
illustrates the linear saturated and unsat-
urated aldehydes, together with a few ke-
tones likely representing hydroperoxides 
(that is, primary products of lipid oxida-
tion) cleavage products. This last group of 
analytes informs generally about shelf-life 
evolution, with increasing concentrations 
of potent odorants that bring rancid and 
fatty notes. 

For an accurate and informative fin-
gerprinting of EVO oil volatiles, an ad-
ditional dimension at the detection level 
could be of help. Instruments capable of 
acquiring variable-energy electron ion-
ization spectra by time-switching between 
two ionization energies across every sin-
gle analytical run represent an interesting 
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option to extend method dimensionality. 
Research on variable-energy electron ion-
ization spectra acquisition also showed ben-
efits for the identification of large isomeric 
species in unresolved complex mixtures 
(UCMs) of motor oil samples (32) and for 
light volatile organic compounds (VOCs) 
from human blood (33). The operation of 
the ion source at low energies (12–16 eV) al-
lowed enhanced intensity for structure-in-
dicating fragments, which can improve 
method specificity.

Recently, Freyre and colleagues (34) 
proposed a tile-based Fisher ratio analysis 
and a discovery-based investigation strat-
egy to detect exogenous analytes (spiked 
at 50 ppm) in diesel fuel samples. Their 
strategy was based on data processing after 
tandem signals fusion. Our research group 
explored the cocoa complex volatilome by 
GC×GC–TOF-MS and variable-energy 
electron ionization proposing a novel 
approach based on the UT fingerprint-
ing strategy but performed on fused data 
streams (hard and soft ionization energies 
together) for effective cross-comparative 
analysis of samples (23). 

Tandem data streams are complemen-
tary in terms of both spectral information/
fragmentation pattern dissimilarity and 
absolute response. The first characteristic 
is of help when 70 eV spectra lack molecu-
lar ions and structurally informative frag-
ments, while the differential response from 
the two channels opens new perspectives 
in terms of dynamic range and linearity. 
Although at lower energies (12–16 eV), the 
absolute number of ionized molecules is re-
duced, benefits are evident for background 
noise intensity and S/N. The latter benefit 
is accrued for analytes showing a reduced 
fragmentation at lower energies. 

Figure 7 shows the volatile 2D pattern of 
a high-quality PDO Don Gioacchino Gran 
Cru Terra di Bari EVO oil acquired at 70 
eV (Figure 7a) and at 12 eV (Figure 7b). 
The enlarged areas correspond to the elu-
tion region of unsaturated alkanes char-
acteristic of early stages of olive ripening 
(35). They include: 3,4-diethyl-1,5-hexadi-
ene (RS + SR), 3,4-diethyl-1,5-hexadiene 
(meso), (5Z) and (5E)-3-ethyl-1,5-octadi-
ene, (E,Z)- and (E,E)-3,7-decadiene, and 
(E)-4,8-dimethyl- 1,3,7-nonatriene (6,35). 
Spectra for (5E)-3-Ethyl-1,5-octadiene and 
(E,E)-3,7-decadiene at 70 and 12 eV are re-
ported in Figures 7c and 7d.

Conclusions
The concept of quality of food is complex 
and connoted by different meanings. Food 
compositional complexity offers the oppor-
tunity, through informative and reliable 
analytical protocols, to objectify the most 
relevant characteristics of quality. Multidi-
mensional analytical platforms, and in par-
ticular those implementing comprehensive 
two-dimensional separations with mass 
spectrometry, have the intrinsic potential 
of delineating meaningful chemical finger-
prints that can be explored for their targeted 
and untargeted feature distribution. 

To achieve the higher level of informa-
tion exploiting the quality concepts related 
to food origin, harvest practices, techno-
logical processes impact, and flavor profile, 
meaningful analyte patterns must be delin-
eated. Data processing tools are therefore 
fundamental. Flexibility is a key character-
istic for algorithms and workflows, and data 
patterns should be explored from different 
perspectives in relation to the objectives. If 
the full pattern—for example, the chemi-
cal signature—of untargeted and targeted 
analytes may help in describing chemical 
differences between samples of different or-
igin, such as cocoa origins characterization, 
alternatively, datapoint features with visual 
comparisons may help in locating single an-
alyte variations between sample pairs, such 
as cocoa processing. 

Algorithm flexibility should be accom-
panied by adequate tools for data align-
ment, with effective transform functions 
(36) that support re-alignment of datasets 
acquired across wide time ranges, in analyt-
ical batches affected by random instrumen-
tal fluctuations, or with multidimensional 
detectors, with variable-energy electron 
ionization TOF-MS, for example, for EVO 
oil volatile patterns. 

In the scenario of linking meaningful 
chemical signatures to food quality con-
cepts, the role of data processing software is 
central. Analysts should drive the explora-
tion of complexity with simple and intuitive 
tools with an understanding of how data is 
preprocessed and treated along the steps of 
the data analysis workflow to fully under-
stand and appropriately use results. 

Interestingly, these research efforts have 
broken down barriers between academic 
and industrial research, indicating that 
these analytical tools and data mining con-
cepts are not only academic exercises and 

speculations, but can also be concrete strat-
egies to improve competitive advantages in 
a complex food market. 
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Gerstel, Inc., 
Linthicum, MD. 
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even with sub-microliter sample 
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Shimadzu Scientific Instruments, 
Columbia, MD. 
www.ssi.shimadzu.com
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The accurate and precise transfer of liquid samples is critical to the 
quality of analytical results. Liquid samples with high viscosities 
pose several challenges to achieving accurate and precise delivery. 
Automated, accurate transfer of viscous liquids can help improve the 
quality of the overall analytical procedure and the resulting data while 
freeing the analyst from performing a difficult and tedious manual task. 
A robotic autosampler for GC and HPLC was used in this work to perform 
a variety of sample preparation techniques. An analytical balance was 
included for weight verification of liquid transfers. The performance of a 
new heated liquid syringe tool that allows viscous liquid samples to be 
accurately transferred was examined. Resulting weight verification data 
for edible oil samples are provided. Good accuracy and precision for 
automated transfer of viscous samples was demonstrated. The system 
enables completely automated extraction of mycotoxins from edible 
oils combined with LC–MS/MS analysis of the extract using a single 
automated analysis setup under integrated control software.

Experimental
Extra virgin olive oil (cold pressed), sesame oil (pure), flax oil (organic, 
pure, unrefined, cold pressed), and sunflower oil (virgin, cold 
pressed), were purchased from local markets. A range of aflatoxin-
spiked edible oil samples were prepared using dilutions of the 
mycotoxin mix stock solution. A (95:5) acetonitrile:formic acid (v:v) 
extraction solution was prepared.

Instrumentation
All automated PrepSequences were performed using a Gerstel 
MPS robotic/roboticPRO dual head sampler fitted with Gerstel CF-
200 centrifuge, balance (weighing option), mVAP multi-position 
evaporation unit, quickMIX module, five-position dilutor option, a 
heated agitator, and Gerstel heated liquid syringe module (HLM) as 
shown in Figure 1.

All analyses were performed on an Agilent 1260 HPLC, coupled to 
an Agilent Ultivo triple quadrupole mass spectrometer with jet stream 
electrospray source. Sample injections were performed using the 
Gerstel roboticPRO sampler with LC–MS tool into a six-port injection 
valve outfitted with a 2-μL stainless steel loop.

Automated Prep Sequence
A manual method for liquid–liquid extraction of mycotoxins from edible 
oils (1) was automated.
1. The sample is incubated at 60 °C for 10 min.
2. Edible oil is sampled into an empty vial.
3. (95:5) acetonitrile: formic acid (v/v) is added.
4. The vial content is agitated for 10 min. at 2000 rpm.
5. The vial is centrifuged for 5 min at 2000 g.

6. Supernatant is transferred to a clean, empty, 10 mL vial.
7. 4 mL hexane is added.
8. The vial content is agitated for 10 min. at 2000 rpm.
9. The vial is centrifuged for 5 min at 2000 g.
10. An aliquot of the lower layer is transferred to an empty, round 

bottom vial.
11. The extract is evaporated to dryness at 45 °C.
12. The residue is taken up in methanol:water.
13. An aliquot of the reconstituted extract is injected—or filtered and 

injected—to the LC-QQQ.

Analysis conditions (for a complete overview, please see Ref. 2)
LC run time: 14 min; Injection volume: 2.0 μL (loop over-fill technique);
Column temperature: 30 °C. MS with electrospray ionization, positive 
mode.

Results and Discussion
Raising the temperature of a viscous sample decreases its viscosity. 
Both the sample and the syringe being used to transfer the sample 
must be heated to achieve reliable and accurate transfer of viscous 
samples. Increasing the temperature of propylene glycol from 30 
to 40 °C was shown to lead to an improvement in transfer volume 
accuracy from 68.4% to 98.4%.

Identical volumes of olive oil (cP = 40 at 38 °C), sesame oil  
(cP = 41 at 35 °C), flax oil (cP = 29 at 38 °C), and sunflower oil (cP 
= 49 at 25 °C) were placed into the heated agitator at 60 °C for 10 
min, and replicate aliquots of each were then transferred to individual 
vials using the HLM (65 °C). In Table I, the resulting precision and 
accuracy data for replicate transfers of each edible oil are shown.

Figure 2 shows representative mass chromatograms resulting from 

Accurate Transfer of Viscous Samples for Completely Automated 
Extraction and LC–MS Determination of Mycotoxins in Edible Oils

Figure 1: MPS robotic/roboticPRO sampler configured with Gerstel 
automated sample preparation options.
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extracted sunflower oil spiked with mycotoxin at concentrations of 10 
ng/mL (Aflatoxins B1, G1) and 2.5 ng/mL (Aflatoxins B2, G2).

Mycotoxins were shown to be reproducibly extracted from edible 

oil samples using the automated procedure. Replicate extracts of 
olive oil spiked with mycotoxins were analyzed by LC–MS resulting in 
an average precision of 4.3 % (range: 2.4 %–6.9 %RSD).

The recovery of mycotoxins using the automated extraction workflow 
was assessed by comparing results obtained from mycotoxin-spiked 
edible oil samples with those resulting from spiking the extracts of 
blank edible oil samples after the extraction. In Table II, the resulting % 
recovery for each mycotoxin from each examined edible oil is shown.

Conclusions
As a result of this study, we were able to show:
• An extraction procedure for mycotoxins in edible oils was readily 

automated using the Gerstel MPS roboticPRO sampler, including 
introduction of the extract to LC–MS/MS and analysis based on 
Agilent Ultivo triple quadrupole mass spectrometer.

• Viscous edible oil samples can be transferred accurately and 
precisely using the Gerstel HLM.

• Mycotoxins can be reproducibly extracted from edible oil 
samples using an automated extraction procedure with an 
average precision of 4.3 % (range: 2.4 %–6.9 %RSD).

• The recovery of mycotoxins from edible oil samples using the 
automated extraction procedure and LC–MS/MS analysis 
averaged 101 % (range: 87.9 %–122 %).
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Table II. % Recovery of mycotoxins from edible oil using the 
automated extraction procedure

% Recovery Aflatoxin B1 Aflatoxin B2 Aflatoxin G1 Aflatoxin G2

Olive Oil 95.9 103 95.7 129

Sesame Oil 83.8 93.7 92.1 131

Flax Oil 87.7 104 88.0 126

Sunflower 
Oil

84.3 101 90.2 101

Ave. % 
Recovery

87.9 101 91.5 122

Table I. Precision and accuracy of edible oil transfer using 
the HLM

Replicate Olive Oil [g]
Sesame Oil 

[g]
Flax Oil [g]

Sunflower 
Oil [g]

1 1.3199 1.3305 1.343 1.3281

2 1.3192 1.3298 1.3431 1.3298

3 1.3189 1.3312 1.3438 1.3301

4 1.3180 1.3276 1.3439 1.3284

mean 1.3190 1.3298 1.3435 1.3291

SD 0.000787 0.00156 0.000465 0.000997

% CV 0.0597 0.1172 0.0346 0.0750

% Diff from 
Theo.

-5.45 -4.68 -3.70 -4.72

Aflatoxin G2: +ESI MRM Frag=190.0V CID@24.0 (331.1 -> 313.1) 071619_1010.d

Aflatoxin G1: +ESI MRM Frag=180.0V CID@28.0 (329.1 -> 243.1) 071619_1010.d

Aflatoxin B2: +ESI MRM Frag=190.0V CID@24.0 (315.1 -> 287.1) 071619_1010.d

Aflatoxin B1: +ESI MRM Frag=190.0V CID@20.0 (313.3 -> 285.1) 071619_1010.dx101
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Figure 2: Stacked view of mass chromatograms resulting from extraction 
of aflatoxin-spiked sunflower oil.
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