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Gas chromatography–mass spectrometry (GC–MS) is a 
central analytical technique for a broad range of applica-
tions and disciplines. A major strength of GC–MS with 

its standard electron ionization (EI) ion sources is its ability to 
provide easy sample identification with names and structures at 
the isomer level through the use of 70 eV EI libraries.

However, GC–MS suffers from two major limitations: First, 
only a relatively small range of volatile, thermally stable com-
pounds are amenable for analysis, and second, EI mass spectra 
suffer from a frequent absence or weakness of the molecular ions. 

Absent or weak molecular ions result in a reduced confidence 
level in the sample identification via the library and make it im-
possible to identify the majority of compounds that are not in 
the library. As a result of these two limitations, the use of liquid 
chromatography–mass spectrometry (LC–MS) is growing.

Several other softer ion sources were developed for GC–MS, 
including field ionization (FI), photoionization (PI), chemical 
ionization (CI), and atmospheric pressure chemical ionization 
(APCI). Chemical ionization can serve for the provision of pro-
tonated molecular ions, and CI ion sources sometimes supple-

Aviv Amirav, Alexander B. Fialkov, Ksenia J. Margolin Eren,  
Benny Neumark, Oneg Elkabets, Svetlana Tsizin, Alexander Gordin, and Tal Alon

Gas chromatography–mass spectrometry (GC–MS) with cold electron ionization (EI) is based on 
interfacing the GC and MS instruments with supersonic molecular beams (SMB) along with electron 
ionization of vibrationally cold sample compounds in SMB in a fly-through ion source (hence the name 
cold EI). GC–MS with cold EI improves all the central performance aspects of GC–MS. These aspects 
include enhanced molecular ions, improved sample identification, an extended range of compounds 
amenable for analysis, uniform response to all analytes, faster analysis, greater selectivity, and lower 
detection limits. In GC–MS with cold EI, the GC elution temperatures can be significantly lowered by 
reducing the column length and increasing the carrier gas flow rate. Furthermore, the injector tempera-
ture can be reduced using a high column flow rate, and sample degradation at the cold EI fly-through 
ion source is eliminated. Thus, a greater range of thermally labile and low volatility compounds can be 
analyzed. The extension of the range of compounds and applications amenable for analysis is the most 
important benefit of cold EI that bridges the gap with LC–MS. Several examples of GC–MS with cold EI 
applications are discussed including cannabinoids analysis, synthetic organic compounds analysis, and 
lipids in blood analysis for medical diagnostics.

Gas Chromatography–Mass 
Spectrometry (GC–MS)  
with Cold Electron Ionization (EI): 
Bridging the Gap Between  
GC–MS and LC–MS 
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Figure 1: A schematic diagram of a GC–MS with cold EI, a supersonic molecular beam interface, 
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(Agilent 7890 GC + 5977 MSD) into a GC–MS with cold EI. The schematic diagram of the SMB 
interface components are drawn approximately to scale and main component names are 
included. Further explanations are given in the text.  

ment EI ion sources in GC–MS. However, 
CI usually requires venting the GC–MS 
system and the manual replacement of 
the ion source; therefore, given it is less 
sensitive than EI, CI is incompatible with 
library-based sample identification and 
ineffective with several important classes 
of compounds with low or negative proton 
affinity. In addition, its closed ion source 
design further restricts the volatility range 
of compounds accessible for analysis and 
promotes increased peak tailing and sam-
ple degradation. CI also adds cost to a GC–
MS system. Thus, CI, like the other “soft” 
ion sources, is rarely used. Another claim 
for a softer ion source is to use low electron 
energies, but the use of low eV EI does not 
provide molecular ions for compounds in 
which it is absent in 70 eV EI (1).

In the last thirty years, we developed 
and explored the performance capabilities 

of a new type of GC–MS based on the use 
of supersonic molecular beams (SMB) for 
interfacing the GC and MS instruments 
and as a medium for electron ionization 
of vibrationally cold sample compounds 
in the SMB (cold EI), in a contact-free fly-
through ion source (2–15).

A supersonic molecular beam is 
formed by the expansion of gas through 
a small pinhole or shaped nozzle into a 
vacuum chamber. In this adiabatic expan-
sion, the carrier gas (typically helium) and 
sample molecules obtain the same final 
velocity so that the sample compounds 
are accelerated to the carrier gas velocity. 
The uniform velocity ensures slow intra-
beam collisions, resulting in internal vi-
brational-rotational cooling of the sample 
compounds. SMBs are characterized by a 
few features including: a) vibrational and 
rotational cooling of the seeded sample 

molecules; b) unidirectional molecular 
motion in space with heavy species con-
centration along the beam axis (jet sep-
aration); c) controlled amount of sample 
species kinetic energy up to 20 eV; and d) 
high carrier gas flow rate compatibility up 
to 100 mL/min.

GC–MS with cold EI improves all the 
central performance aspects of GC–MS. 
This includes improving sample iden-
tification via the provision of enhanced 
molecular ions combined with improved 
mass spectral isomer and structural in-
formation (2–5). It also makes a signifi-
cantly extended range of compounds (and 
applications) amenable for analysis (6) and 
the GC–MS process effectively fast (5,7). 
There is improved sensitivity, particularly 
for sample compounds that are difficult to 
analyze (8,9). Lastly, very good response 
uniformity is provided for improved 
quantitation and for the measurement of 
chemical reaction yields (10).

Cold EI began in 1990 with the discov-
ery of the large enhancement of the mo-
lecular ion of cholesterol and bromopen-
tane upon its cooling in SMB (11–13). In 
1994, GC–MS with cold EI was born (14) 
via the use of ultrafast isothermal GC 
and, shortly after that, the first paper on 
GC–MS with cold EI analysis of hydro-
carbons using a standard GC instrument 
was published (2). In 2010, Aviv Analyt-
ical commercialized GC–MS with cold 
EI based on the conversion of an Agilent 
5975 GC–MS instrument into GC–MS 
with cold EI (15). Mass spectrometry of 
vibrationally cold molecules in free jet or 
SMB was also explored by several other 
groups (16–26). 

Experimental: The GC–MS  
with Cold EI Systems 
Figure 1 shows a schematic of the Aviv 
Analytical 5977-SMB GC–MS with cold 
EI system. The GC column output is 
mixed with helium make-up gas (typi-
cally 60 mL/min total for cold EI or ~5 
mL/min total for classical EI with SMB), 
at typically 830 mBar pressure in front 
of a supersonic nozzle. The supersonic 
nozzle itself is based on a shaped pinhole 
with a 100 µm diameter made from ruby 
ceramic, located at the end of a heated, 
temperature-controlled transfer line. The 
helium make-up flow can be mixed (via 
the opening of a respective solenoid valve) 
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with perfluorotributylamine (PFTBA) 
vapor for periodic system tuning and 
calibration. Sample compounds seeded 
in helium expand from the supersonic 
nozzle into a nozzle vacuum chamber 
that is differentially pumped by an Agilent 
TwisTorr 304 turbo molecular pump with 

250 L/s pumping speed. The expanded 
sample compounds form a supersonic 
molecular beam with vibrationally cold 
molecules. These vibrationally cold sam-
ple compounds are skimmed by a 0.8 mm 
skimmer and are collimated in a second 
differentially-pumped vacuum chamber. 

A Pfeiffer 250 L/s turbomolecular pump 
is used as provided by Agilent for its 5977 
MS for the pumping of the ion source 
and MS vacuum chamber. The molecu-
lar beam with cold sample compounds 
fly through a dual cage EI ion source (27) 
where these beam species are ionized by 
70 eV electrons with 5–10 mA emission 
current. The ions are focused by an ion 
lens system, deflected 90o by an ion mirror 
and introduced into the original Agilent 
5977 mass analyzer of the GC–MS sys-
tem. The ion lens system also serves for 
vacuum background filtration through 
low positive voltage biasing of one lens el-
ement that repels low kinetic energy vac-
uum background ions while transmitting 
the energetic SMB ionized species. The 
90o ion mirror is separately heated and 
serves to keep the mass analyzer clean 
and to suppress mass-independent neu-
tral noise. The ions that exit the Agilent 
MS are detected by the Agilent triple-axis 
ion detector and the data is processed by 
the software.

Main Beneficial Features of Cold EI                          
Enhanced Molecular Ions  
for Improved Sample Identification  
Cold EI is the name that we gave to elec-
tron ionization of vibrationally cold mol-
ecules in SMB. With SMB the sample 
compounds expand from the supersonic 
nozzle while they are at the nozzle tem-
perature (typically 250–300 oC). Soon 
after the expansion, the sample com-
pounds are vibrationally and rotationally 
cooled while reaching the helium (being 
the majority) velocity (3–5,13). The sample 
molecules fly through the dual cage ion 
source without scattering from its walls 
and, as a result, are ionized while being 
vibrationally cold. 

Figure 2 demonstrates the effect of 
vibrational cooling on EI mass spectra 
via the comparison of 18 eV cold EI mass 
spectrum of n-C24H50 (upper left trace) 
with its 70 eV cold EI mass spectrum 
(middle left trace) and its NIST library 
standard EI mass spectrum (lower left 
trace). Note that the relative abundance 
of the molecular ion is increased by over 
a factor of 100 in cold EI. As also shown, 
at 18 eV the molecular ion is further en-
hanced via the suppression of fragment 
ions but such a low eV cold EI mass 
spectrum suffers from incompatibil-
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ity with the NIST library identification 
and the total ion count signal is weaker 
thus we consider the 70 eV cold EI MS 
as the most useful MS ionization tech-
nique. On the right side of Figure 2, the 
effect of vibrational cooling on EI mass 
spectra is demonstrated for squalane 
which is a highly branched isoprenoid 
C30H62 hydrocarbon. The 18 eV cold EI 
mass spectrum of squalane (upper right 
trace) is compared with its 70 eV cold EI 
mass spectrum (middle right trace) and 
its NIST library standard EI mass spec-
trum (lower right trace). As for n-C24H50, 
we observe a major SMB cooling effect 
on the squalane mass spectra. Figure 2 
also shows that cold EI significantly am-
plifies isomeric, structurally-important 
fragment ions and thus cold EI enables 
much easier conversion of its mass spec-
trum into the squalane structure than 
standard EI. 

The availability in cold EI of molecular 
ions for hydrocarbons and their branched 
isomers uniquely enables isomer distribu-
tion analysis, which is a very important 
application for the optimization of fuels 
and oils quality (28). 

Sample Identification via Cold EI  
Mass Spectra and the NIST Library 
One of the primary goals and benefits of 
GC–MS is sample compound identifica-
tion by the available large MS libraries 
such as the NIST library, particularly with 
its excellent sample identification algo-
rithm (29–31). Thus, a common question 
is asked: “How does the enhanced molec-
ular ion abundance affect the results of 
National Institute of Standards (NIST) 
library identification?”

Figure 3 shows the mass spectra of 
dimethoate, measured with GC–MS 
with a standard EI system (lower trace) 
and with GC–MS with a cold EI system 
(upper trace). The molecular ion’s relative 
abundance is enriched in cold EI by about 
a factor of 20. However, the library identi-
fication probability is higher for the cold 
EI mass spectrum (97.9%) than for the 
standard EI (97.3%) even though cold EI 
exhibits a lower match factor. In reference 
32, we showed a computer simulation of 
the identification probability versus the 
molecular ion enhancement factors, and 
as described, there is a large range of 
molecular ion enhancement factors that 

actually improve the NIST library identi-
fication. Furthermore, NIST library mass 
spectra typically show higher abundance 
molecular ions than in current GC–MS 

systems. For example, dimethoate has 
about 8% molecular ion in the NIST li-
brary (up to 14% in one replica MS) while 
our data with an Agilent 5977 with its 
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inert ion source at 250 oC shows only 4.3% 
relative abundance for standard EI. 

We studied 46 compounds and found 
that cold EI provides on the average 
higher identification probabilities than 
standard EI (1). 

Accordingly, cold EI is the only soft 
ionization method that is fully compat-
ible with NIST library–based sample 
identification. 

Classical EI with the SMB System
While the enhancement of the molecular 
ion in cold EI results in lower matching 
factors but usually with superior identi-
fication probabilities (32,33), for certain 
compounds and particularly for the iden-
tification of certain isomers that exhibit 
weak isomer mass spectral effects, the 
availability of “classical EI” mass spectra 
could be desired. Thus, there is some lim-
ited need to supplement and complement 
cold EI with classical EI in the same GC–
MS system ion source.

Thus, GC–MS with cold EI provides a 
“smart EI” ion source with three modes of 
operation of  cold EI, low eV soft cold EI, 
and classical EI-SMB, while the change 
from  cold EI to classical EI-SMB mode is 
achieved via a simple method change in a 
matter of seconds up to a minute via the 
reduction of the helium make-up cooling 
gas flow rate. Figure 4 demonstrates clas-
sical EI-SMB and cold EI mode chang-
ing in 10 s during a single analysis run. A 
test mixture was analyzed with 1 ng each 
hexadecane, methyl stearate, cholesterol 
and dotriacontane (n-C32H66) with mode 
changing as indicated in the middle of the 
run at 8.5 min (experimental conditions 
are in the Figure 4 caption). Accordingly, 
we conclude that with cold EI there is no 
need to have an additional standard EI 
ion source and if there is a desire to have 
classical EI mass spectra, the same ion 
source can be used with a method-based 
fast mode change and provide classical 
EI mass spectra with high NIST library 
matching factors. 

Thus, with  cold EI, there is no need to 
have any additional standard EI ion source.

Isotope Abundance Analysis (IAA) for 
the Provision of Elemental Formula from 
Cold EI Mass Spectra
Clearly, it is highly desirable to be able to 
obtain elemental formula from low-cost 

unit resolution quadrupole based GC–
MS systems particularly for the many 
compounds that are not in the EI–MS 
libraries. We developed the Tal-Aviv 
Molecule Identifier (TAMI) software 
(34–36) that works well with standard EI 
MS and excels with cold EI MS by provid-
ing of abundant molecular ions. TAMI 
automatically converts the molecular 
ion group of isotopologues and the mea-
sured molecular ion mass (which it can 
improve its mass accuracy) into elemental 
formulas, and automatically (zero clicks) 

confirms or rejects the identification re-
sults of the NIST library. As a result,  cold 
EI with TAMI provides an ideal sample 
identification technology for low cost unit 
resolution quadrupole MS that is superior 
to any GC–MS with expensive high res-
olution MS (35). We found that isotope 
abundance analysis alone with 0.14 amu 
mass accuracy of quadrupole MS in cen-
troid mode is equivalent in its ability to 
provide the correct elemental formula to 
5 ppm accurate mass while if it is used in 
profile mode with a mass tune function, 
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TAMI can provide elemental formula 
equivalent to high resolution mass spec-
trometers with 1 ppm mass accuracy that 
do not consider the isotope abundance 
(such as orbital trap instruments) (36). 

Extending the Range of Compounds 
Amenable for Analysis: Bridging the Gap 
Between GC–MS and LC–MS
The recognized and well-known Achil-
les heel of GC–MS is its limited range 
of volatile and thermally stable com-
pounds that are amenable for analysis. 

This limitation emerges from sample 
degradation induced by the GC injec-
tor, column, or ion source, or a lack of 
sufficient vaporization. 

GC–MS, with cold EI, enables a signifi-
cant extension of the range of compounds 
amenable for analysis via the use of short 
columns with high column flow rates in 
combination with full elimination of in-
tra-ion source degradation (5,6). GC–MS 
with cold EI provides the ultimate range 
of compounds amenable for GC–MS 
analysis and thus effectively bridges the 

gap between standard GC–MS and LC–
MS. The key parameter for this capabil-
ity is the use of very high column flow 
rates, which in combination with the use 
of shorter columns leads to significantly 
lower elution temperatures (up to 200 °C 
lower than in standard GC–MS), while 
the provision of enhanced molecular 
ions compensates for the traded GC sep-
aration. High column flow rates further 
reduce intra-injector liner degradation 
(lower GC injector temperatures and re-
duced liner residence time) and intra-ion 
source sample dissociation is inherently 
avoided due to the cold EI fly-through ion 
source geometry (5,6,27). 

The expanded GC–MS range of 
compounds amenable for analysis 
can be separated into three groups: 
an extended range of thermally labile 
compounds, an extended range of low 
volatility compounds, and an extended 
range of polar compounds.

Figure 5 demonstrates the analy-
sis of the polar compound reserpine 
(C33H40N2O9, MW = 608) by the 5975-
SMB GC–MS with  cold EI. Although 
reserpine is the LC–MS industry stan-
dard specification compound, GC–MS 
with  cold EI is the only GC–MS that can 
analyze this large polar compound and 
it provides a dominant molecular ion. 
Thus, reserpine serves as an example of 
the extended range of polar compounds 
amenable for GC–MS analysis by cold EI. 

Figure 6 shows an illustration that 
demonstrates our perception of the av-
erage total ion count (TIC) and molecu-
lar ion signal dependence on the sample 
compound mass obtained with cold EI 
and with standard EI. From this figure, 
one can calculate the average sensitivity 
gain of cold EI with the 5977-SMB GC–
MS with cold EI versus sample mass, 
which at some point is transformed into 
extended range of compounds amenable 
for analysis. 

Sensitivity and Limits of Detection
Detectability is considered to be one of 
the most important GC–MS parameters 
used to characterize the quality and value 
of an instrument. However, detectability 
is often misrepresented because all the 
major vendors use octafluoronaphtha-
lene (OFN) for their specifications in se-
lected-ion monitoring (SIM) or full scan 
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reconstructed SIM (RSIM) modes and 
instrument detection limit (IDL). OFN 
specifications are misleading for real 
samples since OFN is one of the easiest 
compounds to detect. GC–MS with cold 
EI can obtain for one pg OFN S/N > 10+6 
because it has practically no noise (37). 
However, GC–MS detectability should be 
evaluated by its performance using a mix-
ture of several selected “hard to analyze” 
compounds, along with OFN (8). 

Thus, Figure 7 shows that cold EI ex-
hibits much better S/N than standard 
EI for compounds such as cholesterol 

and n-C32H66. As demonstrated, cold EI 
provides for 10 pg cholesterol in SIM on 
its molecular ion (m/z = 386.4) over 600 
times better S/N while for n-C32H66 the  
cold EI S/N is over 2000 times better. The 
600 times superior  cold EI S/N for cho-
lesterol emerges from three main reasons: 
a) The molecular ion is enhanced in its 
absolute abundance by about 30 times; b) 
the total ion chromatogram (TIC) signal 
of cholesterol is reduced due to ion source 
peak tailing over 10 times compared with 
those of early eluters such as OFN; and 
c) the noise on the column bleed plateau 

where cholesterol elutes in standard EI is 
increased compared with that on OFN 
molecular ion while it is very low at the 
cholesterol elution time in cold EI. With 
n-C32H66 the S/N gain of cold EI is higher 
also due to greater enhancement of the 
molecular ion. We note that the obtained 
S/N for cholesterol is further reduced 
with the Agilent high-efficiency source 
(HES) despite its high ionization yield 
due to its lower molecular ion abundance 
and greater ion source peak tailing. For 
these same reasons, n-C32H66 was not 
detected by the HES ion source in SIM at 
10 pg on column amount. 

Selected Applications  
of GC–MS with Cold EI 
Since the development of GC–MS with 
cold EI hundreds of applications have 
been explored with it as listed in part in 
reference 38. However, here we briefly de-
scribe three applications that we consider 
interesting and demonstrating “bridging 
the gap between GC–MS with standard 
EI and LC–MS.”

Cannabis and Cannabinoids Analysis
The analysis of cannabis-based drugs 
is currently a highly popular sub-
ject. GC–MS with standard EI serves 
mostly for terpenes in cannabis anal-
ysis as well as for pesticides analysis 
while LC–UV or LC–MS serve for 
target cannabinoids analysis. How-
ever, universal untargeted cannabi-
noids analysis is not performed due to 
unavailability of appropriate tools for 
such analysis given that compounds 
with OH groups tend to tail and de-
compose on the metallic surface of 
standard EI ion sources. Further-
more, diglycerides and triglycerides 
are currently ignored. The most widely 
known and potent compounds in can-
nabis are delta-9-tetrahydrocannabi-
nol (THC) and cannabidiol (CBD) 
that were initially explored and the 
benefits of which promoted in Israel 
by Mechoulam and his group (39). 
Cannabis-related compounds are de-
scribed by Brenneisen (40) who lists 
and describes 58 cannabinoids. Ac-
cordingly, an important yet unmet 
challenge is analyzing untargeted 
cannabinoid compounds in various 
brands of cannabis and correlating 
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the cannabis brands’ medical effec-
tiveness with their cannabinoid com-
pound content (this is known as the 
entourage effect). 

Figure 8 shows the analysis of Canna-
bis EP-1, which is a drug for children with 
autism spectrum disorder. A GC–MS 
with cold EI mass chromatogram zoomed 
around the elution time of cannabinoids 
is shown in the upper trace while  cold EI 
mass spectrum of cannabidivarol is shown 
at the bottom trace. As shown, cold EI an-
alyzes the full cannabinoid content and 
provides indications to what is unique in 
it that makes it an effective drug for chil-
dren with autism spectrum disorder. We 
measured that the THC/CBD ratio is 5.0%, 
in agreement with analysis by LC with 
diode array and calibration measurement 
(note that GC–MS with cold EI uniquely 
provided this ratio measurement without 
calibration) and found that the cannabidi-
varol (CBDV) abundance is relatively high 
compared with other cannabis extracts. In 
addition, we also found vitamin E in the 
form of alpha tocopherol, as indicated in 
Figure 8. The road is now open to use cold 
EI to explore the entourage effect to opti-
mize the efficacy of cannabis-based drugs. 

Organic Chemistry Service Analysis
One of the most widely used GC–MS ap-
plications is service analysis in universities 
and research institutes. There are about 
28,000 universities worldwide and most 
have chemistry or life science departments 
with at least one (or few) service GC–MS 
systems. In universities, an important goal 
is the measurement and optimization of 
organic chemical reactions. Although 
GC–MS is being used in universities, its 
performance is weak and LC–MS is pre-
ferred. GC–MS with cold EI uniquely pro-
vides several very important benefits for 
service GC–MS (10): First, it provides an 
extended range of compounds amenable 
for analysis, including much larger and 
more labile synthetic compounds. Second, 
trustworthy molecular ions are present 
for large organic compounds, which are 
then converted into elemental formulae 
with our TAMI software (34–36). Third, 
GC–MS with cold EI also allows for much 
faster analysis (8 min) for semi online re-
action monitoring feedback. Fourth, uni-
form compound-independent responses 
are provided as needed for the provision 

of chemical reaction yields (10). And lastly, 
compound analysis that cannot be ionized 
in LC–MS by its various ion sources can be 
ionized here. 

Figure 9 shows an example of GC–MS 
with cold EI analysis of an organometal-
lic compound with a weak coordinative 
bond. This analysis is impossible with 
GC–MS with standard EI and failed with 
LC–MS. We used an 8 mL/min column 
flow rate and a 200 oC injector tempera-
ture to obtain the upper mass chromato-
gram in which the sample compound 
partially degraded at the injector and 
at the column (hump prior to elution). 
Upon a column flow rate increase to 24 
mL/min and an injector temperature re-
duction to 150 oC as shown in the middle 
mass chromatogram, a practically clean 
peak was obtained with  cold EI MS 

showing the correct molecular ion (bot-
tom mass spectrum). 

This example demonstrates the type of 
compounds that can be analyzed only by 
GC–MS with cold EI and no other MS 
instrumentation and thus as bridging 
the gap between GC–MS with standard 
EI and LC–MS (10).

Lipids in Human Blood  
Analysis for Medical Diagnostics 
The analysis of cholesterol and tri-
glycerides in human blood is one of the 
most important and widely used medi-
cal diagnostics tests. These tests are vital 
for the control and monitoring of various 
heart diseases and other medical issues. 
However, currently these tests provide 
limited information on protein-bound 
cholesterol (LDL and HDL) and not on 
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Figure 10: GC–MS with cold EI total ion mass chromatograms and cold EI mass spectra of two 
human raw blood samples obtained with a diabetes lancet, deposited on a BloodProbe device 
and inserted into a ChromatoProbe mounted on a GC–MS with cold EI. The names of the various 
compounds and compound families are indicated and all with molecular ions. Cold EI mass 
spectra of selected triglycerides are shown at the inserts. Note the differences between the two 
human samples. GC chromatograms are shown as large figures with mass spectra as inserts. 
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the blood majority free cholesterol and 
various cholesteryl esters plus on the total 
glycerides and not on their type and their 
fatty acid chemical compositions. 

We are currently engaged in the 
development of a new type of “Blood-
Probe” device for the sampling of raw 
blood and its insertion for analysis with 
GC–MS with cold EI (41). BloodProbe 
is a ChromatoProbe (42) vial holder that 
was modified to hold a thin glass rod 
(the same in our Open Probe Fast GC–
MS (43,44) (the Agilent name “Quick-
Probe” [45]) for its insertion into a Chro-
matoProbe device followed by GC–MS 
with cold EI analysis. As shown in Fig-
ure 10, we can obtain information on the 
full range of nonpolar lipids and with no 
sample preparation and a simple diabe-
tes lancet being used to (minimally in-
vasive) draw 2.0 µL blood that was taken 
with a micro pipette and deposited on the 
BloodProbe thin glass rod for its intro-
duction as a dried raw blood spot. An-
other benefit is that only 2.0 µL blood was 
used, thus avoiding the use of a syringe in 
hand veins that collects several mL (10–
30) of blood. Lastly, the instrument and 
method used provide far greater informa-
tion about lipids in blood information at 
the molecular level in comparison with 
currently used methods. 

Discussion and Conclusions
GC–MS with cold EI has over 60 bene-
fits and advantages over GC–MS with 
standard EI (46,47) without any down-
side and thus it is leading the way to the 
future of GC–MS. GC–MS with cold EI is 
bridging the gap with LC–MS and serves 
for the analysis of an extended range of 
compounds and applications that are 
either difficult by standard GC–MS or 
unamenable for analysis by GC–MS with 
standard EI or even LC–MS. The advan-
tages of GC–MS with cold EI are based 
mostly on the ionization of vibrationally 
cold molecules during their axial flight 
path in a fly-through ion source and due 
to the ability to analyze samples with 
high column flow rates up to 100 mL/min 
without affecting sensitivity. We have ex-
plored several hundred applications with 
GC–MS with  cold EI. Many of them are 
described in our publications while in our 
Advanced GC–MS Blog Journal (38) we 
describe 57 application notes. 

GC–MS with cold EI is characterized 
by the following main 20 improvements 
and benefits:
1. Significantly extended range of com-

pounds amenable for analysis (6).
2. Enhanced molecular ions and struc-

turally-informative fragment ions 
(2–6). 

3. The only soft ionization method that 
is fully compatible with NIST library 
identification (32).

4. Uniform response for improved 
quantitation and measurement of 
chemical reaction yields (10).

5. The same ion source provides  cold 
EI, classical EI and low eV soft  cold 
EI mass spectra with method-based 
mode changing (33). 

6. Best provision of elemental formula 
with the TAMI software by provid-
ing enhanced molecular ions for 
greater range of compounds (34–36).

7. Much faster analysis is enabled (7). 
8. Column flow programming is pro-

vided without affecting sensitivity 
(7).

9. Improved sensitivity particularly for 
compounds that are difficult to ana-
lyze (8,9).

10. Lowest MS baseline noise by vacuum 
background filtration (elimination) 
and highest (by far) ratio of TIC 
peaks to column bleed (5).

11. Inherently inert ion source even for 
low pg range polar compounds (48). 

12. No ion source related peak tailing is 
observed in cold EI for better signal 
as well as improved chromatography 
and separation (5).

13. Isomer distribution analysis is 
uniquely enabled (28). 

14. Doubly charged molecular ions are 
provided for doubled mass spectral 
range (49).

15. Fastest (by far) ion source response 
time (5).

16. Improved selectivity and thus 
reduced matrix interference on the 
molecular ions.

17. Better linearity and reproducibility at 
low levels (48). 

18. Best compatibility with pulsed flow 

modulation GCxGC–MS and a range 
of additional GC–MS enhancement 
technologies (50,51).

19. GC–MS with cold EI and LC–MS 
with cold EI can be combined in one 
MS system with method-based mode 
changing (52). 

20. Robust ion source that rarely needs 
cleaning. 

Naturally, some improvements are 
more important than others, and we 
consider the extension of the range of 
compounds amenable for analysis as the 
most important advantage of GC–MS 
with  cold EI because it bridges the gap 
between GC–MS and LC–MS and opens 
up new areas of analysis and applications. 

The combination of so many improve-
ments creates a new and qualitatively su-
perior technology that improves every 
type of analysis. While GC–MS with cold 
EI enables new types of analyses and sig-
nificantly improves challenging analyses, 
it does not impede on any simple method 
of analysis (compared with standard EI) 
and its added cost could be negligible or 
none in a fully integrated GC–MS with 
cold EI. Consequently, we believe that 
GC–MS with cold EI is destined to lead 
the way for the future of GC–MS. 
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Matr i x-assisted laser desorpt ion–ionizat ion 
(MALDI) was init ia l ly designed as a mass 
spectrometry (MS) ionization method in the 

late 1980s (1). It was later developed into an imaging 
technique in 1994 to map the distribution of molecules 
from a thin sample, ranging from small metabolites to 
large proteins without molecular tags or labels (2). This 
approach was then extended to the analysis of tissue 
sections by Richard Caprioli and colleagues (3), whose 
groundbreaking studies demonstrated how MALDI-MS 
could be applied to visualize large biomolecules (such 
as proteins and lipids) in cells and tissues to reveal the 
distribution of these molecules and how distribution is 
changed by diseases such as cancer.

Signif icant technological and methodological ad-

vances over the last two decades have improved the 
performance of MALDI imaging, providing continu-
ing enhancements in throughput and spatial resolution. 
Such developments have fueled the acceptance of this 
technology across a range of applications, including 
biomedical research f ields such as oncology, neurol-
ogy, cardiology, and rheumatology. When tissue-based 
imaging studies were first conducted with MALDI-MS, 
the method was primarily applied to analyzing the spa-
tial distribution of proteins and delivering information 
about the distribution of single proteins, protein iso-
forms, and post-translational modif ications (PTMs) 
(4). By using MALDI imaging, researchers could map 
hundreds of proteins simultaneously, unlike traditional 
immunohistochemistry (IHC) experiments. 

Shannon Cornett

Over the last decade, matrix-assisted laser desorption–ionization (MALDI) imaging has become an 
indispensable tool for a broad range of applications, from studying plant metabolomics to discov-
ering biomarkers of disease to developing new therapies. As such, MALDI imaging is revolutioniz-
ing preclinical drug discovery pipelines by providing direct distribution monitoring of therapeutic 
compounds and their metabolites along with untargeted pharmacodynamic information. A key 
application of MALDI imaging is tissue analysis for oncology, and recent developments in MALDI 
technology promise greater benefits to cancer research. The combination of MALDI with laser-in-
duced post-ionization (PI) enhances the detection and imaging of pharmaceutical compounds 
and other classes of compounds, allowing for significant advances in the use of MALDI imaging 
for studying drug metabolism and pharmacodynamics in tumor tissues. This article describes the 
value of MALDI Imaging for oncology applications and examines the potential for laser-induced 
PI, including the ability to achieve up to three orders of magnitude higher sensitivity and to image 
metabolite classes previously undetectable with traditional MALDI.

The Next Step in Targeted 
Drug Imaging for Oncology: 
Combining Laser-Induced Post-
Ionization with MALDI Imaging
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Figure 1: Biomarker discovery: N-glycan imaging MS of a representative ccRCC tissue. A Furhmann 
grade 2 ccRCC tissue was analyzed for N-glycan distribution by MALDI-FT-ICR imaging MS. (a) 
H&E stain shown with an overlay image of three glycans in specific regions: fibrillar (blue; m/z = 
2122.7245, Hex5HexNAc4Fuc1NeuAc1), nontumor (green; m/z = 2523.9088, Hex6HexNAc6Fuc2), 
and tumor (red; m/z = 2539.9037, Hex7HexNAc6Fuc1). (b) Multiple N-glycans with bisecting 
GlcNAc and multiple fucosylated residues localized to the nontumor region. (c) Distribution of 
high-mannose N-glycans. Reproduced from reference (6), in accordance with CC BY-NC-ND 4.0. 

Entire tumor segmentation Raw data

Filling holes Boundary detection Dissected areaUp-scaling to optical
image

Smoothing Removal of small 
objects

Figure 2: Image processing pipeline to produce region of interest (ROI) boundary information 
as x,y-coordinates for laser capture microdissection (LMD) from segmentation raw data. The 
workflow includes smoothing, removal of small objects, holes filling, boundary detection and 
up-scaling to the optical image.

Since then, MALDI imaging capa-
bilities have been extended beyond 
traditional proteomics, to measure 
small molecules, metabolites, lipids, 
glycans, nucleic acids, and more. An-
other key advantage of MALDI-MS 
over techniques such as IHC is the 
abi l it y to image unk nown com-
pounds. By using this untargeted ap-
proach, researchers can measure the 
molecular signatures of previously 
uncharacterized disease pathways. 

MALDI Imaging in Oncology
A vast number of papers has been 
published on the use of MALDI im-
aging for cancer research applica-
tions. The technology has long been 
used both to discover and monitor 
potentia l therapeutic compounds 
and their metabolites, and to ana-
lyze tissue proteins for their poten-
tial clinical value for early diagnosis, 
prognosis, and prediction in cancer. 
Tradit iona l ly in pharmaceut ica l 
research and development (R&D), 
the discovery and development of 
safe and efficacious drugs has been 
based on measuring the parent drug 
in plasma. However, most drug tar-
gets found in plasma are dilute and 
downstream of the engagement site, 
so determining the relevant tissue 
distribution of the parent drug and 
its metabolites provides a greater 
understanding of pharmacology and 
toxicology profiles. 

Conventional approaches, such as 
whole-body autoradiography (WBA) 
and liquid chromatography–mass 
spectrometr y (LC–MS), prov ide 
some tissue-relevant information 
but are limited by the requirement 
for radioactively labeled probes and 
homogenized tissue extracts, respec-
tively. MALDI imaging offers advan-
tages over both approaches: As a la-
bel-free technique, MALDI imaging 
can detect parent drugs, metabolites, 
impurities, and degradation products 
as separate entities, generating im-
portant new information about the 
localization of drug compounds and 
important metabolites; and unlike 
LC–MS, MALDI imaging can provide 
spatial information about highly lo-

calized analytes, which could other-
wise be overlooked by the extraction 
and homogenization process.

Biomarker Discovery
MALDI imaging is making signifi-
cant contributions to the develop-
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Figure 3: Developments in imaging technology for steroids help increase sensitivity of steroids 
(a) prednisolone, (b) doxorubicin, and (c) paclitaxel. For prednisolone, a dilution series was 
independently spotted onto liver homogenate and imaged with laser-induced post-ionization (PI) 
on and off. For doxorubicin and paclitaxel, a single dilution was spotted onto liver homogenate 
and imaged with laser-induced post-ionization (PI) on and off. 

ment of new biomarkers of disease, 
particularly in the f ield of cancer 
research. The heterogeneous nature 
of cancer cel ls and tissues makes 
preserving spatial integrity vital—a 
task well suited to MALDI imaging. 
In particular, MALDI imaging has 
successfully detected previously un-
known proteins in cancer and led to 
recent advances in the discovery of 
glycan biomarkers. In such studies, 
MALDI imaging has been used to 
characterize N-linked glycans in can-
cer tissues and develop tumor-spe-
cific glycan biomarkers.

It is estimated that over 50% of 
human proteins are glycosylated, 
making glycosylation one of the most 
common and complex PTMs (5). At 
the pathological level, changes in 
glycosylation are known to hold sig-
nificance for tumor progression, but 
until recently it has not been effec-
tively demonstrated. Using MALDI 
imaging for N-linked glycans, these 
processes can be directly localized 
in the tissue, to assign different gly-
cans with different tissue features. 
For example, in a study of clear-cell 
renal cel l carcinoma (ccRCC)—a 
prevalent subtype of kidney cancer 
typically detected at advanced stages 
with high resistance to chemotherapy 
and radiotherapy—MALDI imaging 
was able to identify multiple N-gly-
cans that were increased in ccRCC 

(6). Figure 1 shows the N-glycan 
profiling of a representative ccRCC 
tissue selected because it had both 
tumor (Fuhrmann grade 2) and non-
tumor sections separated by a fibril-
lar capsule. Continued evaluation 
of N-linked glycosylation and other 
glycan classes with MALDI imaging 
could help provide new therapeutic 
and diagnostic assay leads.

Diagnostic Potential
Cancer cells and other diseased tis-
sues have signif icant genetic and 
epigenetic modifications that inf lu-
ence the genomic expression cascade. 
Whether studying the proteome, lip-
idome, or metabolome, the spatial 
distribution of compounds contains 
valuable information. Omics-based 
biomarker discovery can be limited 
without the benefit of spatial infor-
mation to add important contextual 
clues because tissue-level commu-
nication networks are integral to 
cancer grow th. MALDI imaging 
enables the identif ication of com-
pounds that can act as predictive or 
prognostic biomarkers, and acts as a 
tool to stratify patients into appro-
priate treatment groups and predict 
responses to treatment (7).

Characterizing Tumor Subpopulations
Monitoring the progression of tu-
mors is vital for the management and 

successful treatment of cancer. How-
ever, tumor heterogeneity represents 
a significant challenge to the devel-
opment of effective drugs and accu-
rate prognosis and diagnosis. MALDI 
imaging is becoming an increasingly 
relied upon tool to characterize this 
heterogeneity, by determining dis-
t inct tumor subpopulat ions and 
understanding localized molecular 
changes in detail. 

One study combined MALDI im-
aging of lipids with deep proteomic 
coverage using LC–MS/MS for bio-
marker discovery and molecular 
characterization of breast cancer 
tumor subpopulations (8,9). Lipid 
imaging from tumor sections was 
used to def ine regions of interest 
(ROIs) by segmenting intratumor 
heterogeneity for laser microdissec-
tion (LMD)-based microproteomics 
(timsTOF f leX, Bruker Daltonics). 
Here, the abi l ity to use the same 
tissue section for imaging, staining 
and LMD-based microproteomics 
is beneficial. After image process-
ing, boundaries of the tumor sub-
population areas were transferred 
to a coregistered optical image of a 
consecutive section and referenced 
to teach marks that were scanned 
together with the section (Figure 
2). This allows coregistration of the 
MALDI imaging segment boundaries 
to the LMD for precise excision of the 
defined areas.

Protein extract ion and try pt ic 
digestion of small microdissected 
material was followed by proteomic 
analysis using paral lel accumula-
tion–serial fragmentation (PASEF). 
Analysis of proteomics data provided 
a comprehensive mechanistic under-
standing of cell-type specific biolog-
ical processes in situ to complement 
the workf low. 

Developments in  
Imaging Technology 
The combinat ion of MALDI-MS 
with ion mobility separation (IMS) 
has greatly broadened the range of 
compounds analyzed by MALDI im-
aging. IMS adds another dimension 
to mass spectrometric analysis. Over 
the last two decades, IMS has enabled 
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fast separation and analysis of bio-
molecules in complex mixtures (such 
as tissue and cells), as isobaric lipid, 
peptide, and oligonucleotide molec-
ular ions are preseparated in the mo-
bility cell before mass analysis. There 
are numerous IMS technologies, but 
one that has recently contributed sig-
nificant advances in tissue imaging 
is trapped ion mobility spectrometry 
(TIMS). The ability to separate ions 
by mobility using TIMS boosts sensi-
tivity and provides additional selec-
tivity by separating the ions by their 
collisional cross section (CCS). 

The introduct ion of a MALDI 
TIMS imaging platform greatly en-
hances the chemical information that 
can be acquired from a single tissue 
section, improving the ability to fully 
investigate the molecular drivers of 
biological processes, such as cancer. 
However, the true quantum leap in 
sensit iv ity since MALDI was in-
vented has arisen from the addition 
of laser-induced post-ionization (PI) 
(10), a technology developers at the 
University of Muenster. Studies have 
shown that this novel approach in-
creases imaging sensitivity for many 
compounds by up to three orders 
of magnitude, expanding its utility 
particularly in drug metabolism and 
pharmacokinetics (DMPK) studies.

By enhancing molecular signals, 
laser-induced PI has allowed chem-
ical classes that previously did not 
ionize with traditional MALDI to be 
imaged for the first time, particularly 
lipids, small molecules, and many 
drug compounds. For example, one 
study showed an increased signal in-
tensity by up to two orders of magni-
tude for seven out of ten drug com-
pounds analyzed by laser-induced PI 
compared with traditional MALDI 
analysis (11). This gain in sensitivity 
enabled the distributions of the drug 
compounds to be visualized, illus-
trating the potential of laser-induced 
PI imaging in pharmaceutical R&D.

Steroids
Steroids are a biologically important 
class of compounds found ubiqui-
tously in plants, animals, and fungi. 
There is significant interest in study-

ing steroid distributions in tissues, 
but until now, such compounds did 
not ionize well using MALDI because 
of their nonpolar core structure. 
Many classes of steroids are com-
monly used in treating cancer, either 
directly to shrink tumors as part of 
chemotherapy, or as an anti-inf lam-
matory agent or to treat nausea. Fig-
ure 3 shows the marked improvement 
in sensitivity with laser-induced PI 
compared with conventional MALDI 
imaging for three key steroids used in 
cancer treatment (12). Prednisolone 
showed a 100-fold increase in sensi-
tivity, doxorubicin a 25-fold increase, 
and paclitaxel a >500-fold increase.

By imaging these compounds for 
the first time, researchers can better 
understand the distribution of ste-
roids in tissues and improve how they 
are used in cancer treatments. 

Ongoing Innovation
The introduction of laser-induced 
PI to imaging is set to revolution-
ize clinical research and, in time, 
has the potentia l to benef it clini-
cal diagnostics, particularly in the 
f ield of oncolog y. Laser-induced 
PI has now been applied to a dual 
M ALDI–elec t rospray ionizat ion 
(ESI) mass spectrometer, combining 
high mass accuracy with advanced 
MALDI imaging for the separation 
and ident i f icat ion of ana ly tes in 
complex mixtures, such as l ipids 
and glycans (13). As this novel tech-
nique develops in the coming years 
in l ine with state-of-the-art mass 
spectrometers, doors will continue 
to open for transforming the discov-
ery of novel cancer biomarkers, and 
improve treatment options, progno-
ses, and diagnoses.
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P er- and poly-f luoroalkyl substances (PFAS) hold 
the potential to cause multiple health problems 
in humans (1). One possible source of these pol-

lutants is drinking water. Currently, there are no max-
imum contaminant levels (MCLs) established for PFAS 
chemicals in drinking water, but the United States En-
vironmental Protection Agency (EPA) has taken steps 
to evaluate the need (2). It has also issued a health ad-
visory for two key compounds, perf luorooctanoic acid 
(PFOA) and perf luorooctyl sulfonic acid (PFOS) (3), 
and in February 2019 published its PFAS action plan 
(4). In June of this year, the EPA officially established 
reporting thresholds for 172 PFAS and added these to 
the list of chemicals that must be reported to the Tox-
ics Release Inventory, which tracks the management of 
toxic chemicals that may pose a threat to human health 
and the environment under the National Defense Au-
thorization Act (5).

The nature of PFAS, and the large number of pos-
sible compounds that can be synthesized, mean that 
a lthough many are known, a notable proportion of 
PFAS variants are being detected for which there are 
no existing analytical standards. There are more than 
5000 viable PFAS variants (6), including precursors and 
telomers. PFAS have been manufactured and used ex-
tensively since the 1940s; they are found in many con-
sumer products, including cookware, food containers, 
stain repellents, nonstick products, polishes, waxes, 
and cleaning materials. Manufacturing facilities using 
PFAS to make these and other products may contrib-
ute to their release into the environment. The aqueous 
film-forming foams (AFFF) used in firefighting at sites 
such as military bases and airports are considered to 
be a large source of PFAS groundwater contamination. 

Having been in use for the longest time, PFOA and 
PFOS are the best documented PFAS in terms of chem-

P. Lee Ferguson, Maciej Bromirski, and Siegrun Mohring

Per- and poly-fluoroalkyl substances (PFAS) are a family of potentially thousands of synthetic 
compounds that have long been used in the manufacture of a variety of common products with 
stain-repellent and nonstick properties. Their signature strong fluorine and carbon bonds make 
them difficult to break down and, as a result, they are among the most persistent of today’s envi-
ronmental pollutants. Alarmingly, PFAS can be found in drinking water and have been shown to 
accumulate in the body with the potential to cause multiple health problems, such as hormone 
disruption and cancer. Advances in mass spectrometry have facilitated the detection of known PFAS 
contaminants as well as the identification of poorly studied and novel compounds in watersheds. 
This article explores the detection of known and novel PFAS contaminants in aqueous film-forming 
foams and raw drinking water sources in North Carolina, using new advances in mass spectrometry 
and data acquisition to improve identification and quantitation.

Monitoring for Per- and 
Poly-Fluoroalkyl (PFAS) with 
Advanced Mass Spectrometry–
Based Methods 
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Table I: Specifications of the MS instrument used in the study

Parameter Specification

Mass range 40–6000 m/z (8000 m/z optional)

Quad isolation down to 0.4 u & up to 2500 u

Scan rate MS2 up to 22 Hz

Max resolution 240,000 (FWHM) at m/z 200

Dynamic range > 5000:1

Mass accuracy 3 ppm RMS ext., 1 ppm RMS int., sub 1 ppm EASY-IC

Polarity switching > 1.6 Hz tSIM > 1.4 Hz Full Scan

Dissociation Higher energy collisional dissociation (HCD)

Scan analysis dd-MS2 Top N, APD, Acquire X, TMT @ 45k res

Analyzer Quadrupole, high field 

Dimensions 530 x 760 x 700 mm (w,d,h)

ica l propert ies and toxicologica l 
effects. They are found to accumu-
late in the body, and the EPA has 
established health advisory levels at 
70 ppt. Consequently, industries in 
the United States have phased out 
the production of PFOA and PFOS, 
but both persist in the environment 
and their manufacture continues in 
other parts of the world. 

While much is known about man-
aging the risks of PFOA and PFOS, 
insights are scarcer for newer PFAS 
such as chemicals from the Gen-X 
process used to ma ke high-per-
formance f luoropolymers without 
PFOA a nd per f luorobuta ne su l-
fonic acid (PFBS), a replacement for 
PFOS. In response to the growing 
understanding of PFAS, the EPA has 
issued draft toxicity assessments for 
these compounds (7). 

Environmental monitoring of PFAS 
is challenging because of the exten-
sive range of novel compounds within 
this class that can be found in prod-
ucts or in the environment. In 2009, 
the EPA Office of Ground Water and 
Drinking Water developed a method 
specifically for the analysis of PFAS in 
drinking water based on solid-phase 
extraction (SPE), followed by liquid 
chromatography-tandem mass spec-
trometry (LC–MS/MS). In 2018, the 
method was updated and validated 
for additional PFAS compounds, in-
cluding Gen-X (8). Given the health 
concerns surrounding this entire 
group of chemicals, the effective and 
reliable detection and quantitation 
of both known and novel compounds 
remains critical. 

The sensitivity of LC–MS/MS in-
strumentation has continued to im-

prove, and its usability for detecting 
polar compounds has made it the 
technique of choice for analyzing 
compounds of emerging concern 
such as PFAS in water. However, sci-
entists undertaking targeted analy-
sis of environmental contaminants 
have been l imited to examining 
compounds for which ana ly t ica l 
standards are available, and to the 
ana ly t ica l methods necessar y to 
identify those specific chemicals. 

Advances in mass spectrometry 
now enable scient ists to monitor 
established contaminants while de-
tecting new analytes not on targeted 
screening lists. Recent developments 
in high-resolution, accurate-mass 
(HRAM)-MS offer high sensitivity 
a long with a mass resolution that 
provides both accurate quantitation 
and screening capabilities for novel 
and nontargeted analytes. Advanced 
HRAM techniques and integrated 
data analysis strategies allow semi-
quantitat ive ana lysis when stan-
dards are not available.

B ot h LC –MS/MS a nd H R A M 
have been used in work conducted 
by sc ient ists  at  t he Depar t ment 
of Civ i l  and Env ironmenta l En-
gineer ing at Duke Universit y to 
study PFAS in water. This group is 
part of the North Carolina Per and 
Polyf luoroalkyl Substances Testing 
(PFAST) Network, which is an aca-
demic consortium within the State 
of North Carolina and aims to as-
sess the presence and distribution 
of PFAS compounds in the state’s 
public drinking water sources. The 
network takes both a targeted and 
nontargeted analytical approach to 
environmental analysis and testing, 
with nontargeted screening focused 
on identifying previously unknown 
and potentially toxic compounds.

North Carolina has many poten-
tial sources of PFAS contamination, 
including chemical manufacturing 
plants, textile production sites, mil-
itary bases and f ire departments. 
In recent years, compounds, such 
as Gen-X, have been detected in 
drinking water samples by PFAST 
network laboratories. In the work 
reported here, the goa ls were to: 
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Figure 1: Quantitation performance for PFCAs in NIST SRM 8446. The red and orange bars are 
the certified NIST values, and the blue and teal bars are the measurements from this analysis. (a) 
is dilution 1 comparison, and (b) is dilution 2 comparison.
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a) assess the sensitivity and quan-
titative performance of LC-HRAM
for 48 targeted PFAS compounds
in raw and finished drinking water
matrices; b) perform non-targeted
analysis of AFFF formulations for
PFAS d iscover y ;  a nd c)  a na ly ze
water extracts from a focused area
of the Haw River in North Carolina
for PFAS and emerging pollutants.

The Duke University laboratories 
implemented advanced analytical 
methods and instrumentat ion to 
achieve each of these three objectives. 

Materials and Methods
The specif ications of the Thermo 
Scient i f ic Orbitrap Exploris 240 
mass spec t rometer used in t h is 
study are shown in Table I.

Targeted Analysis of Legacy 
and Emerging (GenX) PFAS
The ana lysis a imed to assess the 
sensit iv it y of the LC-HR AM for 
both legacy (PFOA) and emerging 
(GenX) PFAS, and verify its accu-

racy using a National Institute of 
Standards and Technology (NIST) 
standard reference material (SRM) 
for  poly-f luor i nated ca rbox yl ic 
ac ids (PFCAs).  Direc t  injec t ion 
(50 µL) of raw and f inished drink-
ing water matrices was performed 

by using t he LC–HR A M-MS in-
strument, targeting 48 PFAS com-
p ou nd s .  T he  pro c e s s  re qu i re d 
minimal sample preparation with 
samples centrifuged at 11,000 x g 
(times gravity) for f ive min to re-
move particles, and the addition of 
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Figure 2: The results showed excellent sensitivity for legacy (PFOA) and emerging (GenX) PFAS, 
(a) is PFOA-44, and (b) is GenX-44.
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2% methanol containing 20 stable 
isotope-labeled PFAS surrogates 
at a f inal concentration of 50 ng/L 
per  compou nd.  Fu l l  sca n mode 
was used for quantitation, with no 
SPE step. Two separate ion transfer 
tube temperatures were used for 
emerging (such as ether acid) and 
legacy PFAS compounds, due to 

many emerging PFAS’ susceptibil-
ity to thermal degradation, and per-
formed two separate injections: The 
first at 150 °C for ether acids and at 
325 °C for legacy PFAS compounds. 
Dif fering electrospray ionization 
(ESI) spray voltages (3500 V vs . 
1500 V) and sheath gas f lows (40 vs. 
30 units) were also used for legacy 

compounds and ether acids, respec-
tively. The full scan was performed 
at a resolution setting of 120,000. 

Nontargeted Analysis 
of PFAS in AFFF
For analysis of suspected PFAS in 
AFFF, analysis was conducted by 
the Thermo Scient i f ic AcquireX 
data acquisition workf low to maxi-
mize MS/MS coverage for potentially 
low-abundance but interesting PFAS 
compounds. This approach was ap-
plied to nontargeted discovery analy-
sis of PFAS in six AFFF formulations. 
These formulations were first diluted 
10,000 times, followed by five sequen-
tial deep-scan injections for data-de-
pendent acquisition (DDA) with both 
positive and negative ESI polarities. 

The workf low enabled a sequen-
tial inclusion–exclusion approach, 
in which matrix, system, and back-
ground precursor features deemed 
irrelevant were mapped, imported 
into the DDA method, and excluded 
from MS data acquisition of the sam-
ples of interest. This list was then fed 
into the first sample analysis (full-
scan MS detection) to create an “in-
clusion list” composed of compounds 
of interest. Subsequently, an iterative 
DDA process (with both exclusion 
and inclusion lists) was performed, 
with multiple injections after each 
run, and the lists were refined and 
updated throughout according to the 
MS/MS results.
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Figure 3: Nontargeted analysis of PFAS in aqueous film-forming foams: Putative PFAS compounds 
are detected in ESI(±). Blue dots are putative PFS (140 negative, 116 positive) and black dots 
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Table II: Estimated detection limits for targeted  PFAS compounds

PFAS Compound Class Specific Compound MS (Full Scan) 
(ng/L)

Fluoroalkyl sulfonamides PFBSA 1

Fluoroalkyl sulfonamides PFHxSA 2

Fluoroalkyl sulfonamides PFOSA 20

Fluoroalkyl sulfonamides NMeFOSAA 50

Fluoroalkyl sulfonamides NEtFOSAA 50

Fluorotelomer sulfonates 4:2 FTS 5

Fluorotelomer sulfonates 6:2 FTS 5

Fluorotelomer sulfonates 8:2 FTS 20

Fluorotelomer sulfonates 10:2 FTS 50

Fluorinated zwitterions N-AP-FHxSA 50

Fluorinated zwitterions N-TAmP-FHxSA 50

Fluorinated zwitterions N-CMAmP-6:2FOSA (6:2 FTAB) 200

Perfluoroalkylcarboxylic acids PFBA 50

Perfluoroalkylcarboxylic acids PFPeA 2

Perfluoroalkylcarboxylic acids PFHxA 2

Perfluoroalkylcarboxylic acids PFHpA 5

Perfluoroalkylcarboxylic acids PFOA 1

Perfluoroalkylcarboxylic acids PFNA 5

Perfluoroalkylcarboxylic acids PFDA 20

Perfluoroalkylcarboxylic acids PFUnDA 50

Perfluoroalkylcarboxylic acids PFDoDA 50

Perfluoroalkylcarboxylic acids PFTrDA 50

Perfluoroalkylcarboxylic acids PFHxDA 50

Perfluoroalkylsulfonic acids PFBS 1

Perfluoroalkylsulfonic acids PFPeS 1

Perfluoroalkylsulfonic acids PFHxS 2

Perfluoroalkylsulfonic acids PFHpS 2

Perfluoroalkylsulfonic acids PFOS 10

Perfluoroalkylsulfonic acids PFNS 10

Perfluoroalkylsulfonic acids PFDS 10

Perfluoroalkylsulfonic acids PFDoS 50

Perfluoroalkylether acids PFMOAA 50

Perfluoroalkylether acids PMPA 1

Perfluoroalkylether acids PFO2HxA 200

Perfluoroalkylether acids PEPA 5

Perfluoroalkylether acids NVHOS 1

Perfluoroalkylether acids PFO3OA 50

Perfluoroalkylether acids GenX 2

Perfluoroalkylether acids PFO4DA 20

Perfluoroalkylether acids ADONA 1

Perfluoroalkylether acids Hydro-EVE acid 1

Perfluoroalkylether acids Nafion by-product 1 1

Perfluoroalkylether acids PFO5DoDA 50

Perfluoroalkylether acids Nafion by-product 2 1

Perfluoroalkylether acids F-53B (Major) 5

Perfluoroalkylether acids F-53B (Minor) 10

Targeted and Nontargeted 
Analysis of PFAS in North 
Carolina’s Haw River
The workf low was used to analyze 
13 water samples via three sequen-
tial DDA MS/MS injections of two 
composite water mixtures, to assess 
levels of PFAS and other emerging 
contaminants. The two mixtures 
were created—one combining six 
of the 13 samples and one combin-
ing seven—and subjected to a full 
DDA MS/MS deep-scan workf low. 
Both direct injection and SPE were 
used in sample preparation. Data 
was subsequent ly analyzed using 
the Compound Discoverer 3.1 soft-
ware (Thermo Scientif ic) to anno-
tate nontargeted compounds with 
molecular and structural formulae, 
where possible.

Results
We f irst assessed the quantitative 
accuracy of our MS approach by 
test ing for PFCAs in NIST SR M 
8446 (which contains certified levels 
of PFCAs). The analysis saw gener-
ally good agreement in two different 
dilutions for PFCAs with perf luo-
roalkyl chains up to C10 (such as 
poly-f luorinated decanoic acid; see 
Figure 1), although compounds with 
higher molecular weights may have 
been lost due to the specifics of the 
highly aqueous solution used in the 
analysis (which may have caused 
adsorpt ion onto v ia ls or sample  
collection containers). 

The analysis showed excellent sen-
sitivity for targeted compounds, spe-
cifically GenX. For some, especially 
intermediate a l k y-cha in leng t h, 
compounds, we achieved detection 
limit sensitivities of between 1 and 
5 ng/L; for some longer-chain com-
pounds and also PFBA, sensitivities 
ranged up to 50 ng/L. For GenX, the 
estimated detection limit was 2 ng/L 
and overall detection limits achieved 
good sensitivity in the range of low-
to-mid parts per trillion (as shown in 
Table II). Overall, calibration curves 
for legacy PFAS (PFOA) and emerg-
ing PFAS (GenX) were linear over a 
wide concentration range, as shown 
in Figure 2.
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For nontargeted analysis of PFAS 
in AFFF, 307 total compounds were 
detected from six AFFF formula-
tions in ESI(-) and 449 in ESI(+). 
The DDA analysis achieved 100% 
DDA MS/MS acquisition coverage 
for both polarities (over all f ive in-
jections). From these compounds, 
140 putative PFAS compounds were 
annotated in ESI(-) and 116 PFAS 
in ESI(+), which is seen in Figure 
3. However, some redundant de-
tections occurred due to branched 
isomers (where substances are sim-
i lar in structure, but dif ferent in  
retention time).

In the Haw River water samples, 
the analysis detected 6767 total com-
pounds in 13 water samples in ESI(-
), with >90% DDA MS/MS acquisi-
tion coverage over three sequential 
injections. Using a harmonized set 
of spectral libraries (Thermo Scien-
tific mzCloud mass spectral library, 
NIST MS/MS, and MassBank of 
North America), 228 “unique” li-
brary matches were obtained with 
MS/MS match scores greater than 
80%. These were further analyzed 
using a hierarchical cluster approach 
to match samples to sites and were 
also used to check instrument mass 
accuracy with no mass accuracy er-
rors exceeding 0.5 ppm. Such high 
mass accuracy is needed to perform 
trace level nontargeted screening 
work with confidence.

Add it iona l ly,  u s i ng  ou r  L C – 
HRAM-MS/MS workf low and sub-
sequent spect ra l  a na lysis  met h-
odology, we were able to annotate 
some novel PFAS compounds in 
AFFF very easi ly using the Com-
pound Discoverer sof tware with 
spectra contained in the mzVault 
l ibr a r y.  A n ex a mple  of  a  com-
pound detected with a formula of 
C8HClF16O3S is shown in Figure 4 
with annotation and library spec-
tra l matching as a mirror plot on  
the right.

Due to its inclusion-exclusion 
functionality, the DDA methodol-
ogy with the workf low eliminated 
the need for data-independent ac-
quisit ion (DIA) to ensure MS/MS 
coverage. As well as uti lizing this 

approach for emerging and legacy 
PFAS analysis, we tested it on EPA’s 
non-targeted ana lysis col labora-
tive trial (ENTACT) samples. The 
DDA st rateg y (t hree sequent ia l 
inject ions, updated exclusion/in-
clusion lists) resulted in 85–100% 
MS2

 coverage, compared to <60% 
with standard DDA (three replicate 
i njec t ions ,  i ntensit y-dependent 
precursor selection). This demon-
st rates  a  h ig h-coverage met hod 
without reliance on DIA strategies. 

Conclusion
In t he studies repor ted here for 
analysis of waters in North Caro-
lina, highly sensitive targeted PFAS 
analysis by direct-injection LC–MS/
MS was used to understand the oc-
currence of PFAS in drinking water 
sources ,  and an intel l igent data 
acquisition strategy was employed 
to mediate t he charac ter izat ion 
of PFAS found in water samples 
from the Haw River and six AFFF 
formu lat ions commonly used at  
firefighting sites. 

T he tech n iques  enabled bot h 
quantitative and semiquantitative, 
targeted and nontargeted analysis 
of legacy and emerging PFAS com-
pounds.  The work f low prov ides 
high sensit iv it y for quant itat ive 
analysis of PFAS in drinking water 
sources through direct-inject ion 
LC–HRAM-MS, and the combina-
tion of MS and the DDA strategy 
offers more complete MS/MS cover-
age for analysis of PFAS in firefight-
ing foam. The workf low’s excellent 
mass accuracy (<0.5 ppm achieved 
in practice), coupled with expanded 
HRAM-MS/MS spectral l ibraries, 
allows high-confidence compound 
annotation in nontargeted analysis 
of water samples, which in turn al-
lows the accurate identification and 
characterization of novel, and po-
tentially harmful, PFAS in drinking 
water sources.
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Long chain fatty acids (LCFAs) are fatty acids with 
aliphatic tails of 13 to 21 carbons and are classi-
f ied as saturated, monounsaturated, or polyun-

saturated LCFAs, depending on the number of dou-
ble bonds. LCFAs function as a source of metabolic 
energy, substrates for biogenesis of membrane phos-
pholipids, and storage of metabolic energy through 
tr ig lycer ides and cholesterol ester.  Ox yl ipins , ox-
ygenated derivatives of polyunsaturated fatty acids 
(PUFAs), are derived from PUFAs via cyclooxygen-
ase (COX), l ipox ygenase (LOX), cy tochrome P450 
(CYP450),  and nonenzy mat ic ox idat ion pat hways 
(1,2). Oxylipins regulate, direct ly or indirect ly, the 
act iv ity of various biologica l processes , including 
apoptosis, tissue repair, blood clotting, cell prolifer-
ation, blood vessel permeability, pain sensation and 
perception, inf lammation, immune actions, and blood 
pressure regulation (3–5). 

Different analytical methods, such as radiometric 
and enzymatic immunoassays, have been developed 
to analyze LCFAs and oxylipins (6–8). However, these 

approaches cover only a limited number of compounds 
and often lack specif icity. Gas chromatography-mass 
spectrometry (GC–MS) has been employed to detect a 
wide range of oxylipins (9). Although GC–MS is sen-
sitive, compounds need to be derivatized to increase 
their thermal stability and volati lity. Derivatization 
not only requires laborious and time-consuming sam-
ple preparation but also introduces variation in com-
pound quantif ication and identif ication.

The object ive of this study was to develop a l iq-
uid chromatography–mass spectrometr y (LC–MS) 
method to simultaneously quantify a large number 
of LCFAs and oxylipins via targeted comparative me-
tabolomics (10). We extracted LCFAs and oxylipins 
from biologica l samples v ia sol id-phase extract ion 
(SPE). The extracted compounds were then analyzed 
by u ltra-high-performance l iquid chromatography 
electrospray ionization-tandem mass spectrometry 
(UHPLC-ESI-MS/MS) via targeted comparative me-
tabolomics for the profiling of 51 bioactive LCFAs and 
oxylipins. The developed method was applied to quan-

Fang Yuan, Liqing He, Wenke Feng, Craig J. McClain, and Xiang Zhang  

Long chain fatty acids (LCFAs) function as a source of metabolic energy, substrates for mem-
brane biogenesis, and storage of metabolic energy. Oxylipins, oxygenated derivatives of 
LCFAs, regulate the activity of many cellular processes. Existing methods for the analysis of 
LCFAs and oxylipins have limited compound coverage and sensitivity that, therefore, prevent 
their application in biological studies. In this work, we developed a high-throughput LC–MS 
method for analysis of 51 LCFAs and oxylipins. LCFAs and oxylipins were first extracted from 
biological samples via solid-phase extraction. The extracted molecules were analyzed by tar-
geted comparative metabolomics. Saturated and monounsaturated LCFAs were analyzed in 
single ion reaction mode, while polyunsaturated LCFAs and oxylipins were analyzed in mul-
tiple reaction monitoring mode. Using this method, we successfully quantified 31 LCFAs and 
oxylipins from mouse livers. 

High-Throughput Profiling of  
Long Chain Fatty Acids and 
Oxylipins by LC–MS 
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Table I: LC measurement conditions

Parameters Conditions

LC system Waters Acquity UPLC Systems

Column Acquity UPLC BEH C8 column (100 × 2.1 mm i.d., 1.7-μm)

Mobile phase A 0.1% (v/v) acetic acid

Mobile phase B Acetonitrile with 0.1% (v/v) acetic acid

Flow rate 0.4 mL/min

Injection volume 5 μL

Column temperature 40 °C

Elution gradient

Time (min) % A % B Curve

initial 70 30

3.0 70 30 6

20.0 1 99 6

25.0 1 99 6

25.1 70 30 6

28.0 70 30 6

Table II: MS measurement conditions

Parameters Conditions

MS system Waters Xevo TQ-S micro triple quadrupole 

Ionization mode ESI (-)

Acquisition mode Compound specific (single ion reaction (SIR) mode 
or multi reaction monitoring (MRM) mode)

Capillary voltage 3.5 kV

Cone voltage Compound specific (2-78 V)

Source temperature 300 °C

Desolvation gas Nitrogen @650 L/h

Collision gas Argon

Collision energy Compound specific (6–22 V)

Palmitic acid (C16:0)

[M-H]- (m/z 255)

-H20 (m/z 237)

100

%

0
80 100 120 140 160 180 200 220 240 26060

Figure 1: Fragmentation of palmitic acid (C16:0) in MRM mode.

methanol/acetonitrile (10/90, v/v). 
The extract was evaporated to dry-
ness under a stream of nitrogen and 
then redissolved in 100 μL 50% eth-
anol for LC–MS analysis.

tify LCFAs and oxylipins in mouse 
l iver. Considering the biologica l 
roles of LCFAs and oxylipins, the 
developed method could become 
an essential method in nutritional 
and clinical research.

Experimental
Chemicals and Solvents
LCFA and oxylipin standards were 
purchased from Cayman Chemicals 
and Sigma-Aldrich. Acetonitr i le 
and acetic acid are HPLC grade or 
higher and were purchased from 
Fisher Scientif ic. 

Animal Treatment  
and Sample Collection
Eight-week-old ma le (C57BL/6J) 
mice were purchased from the Jack-
son Laboratory. Mice were housed 
in a pathogen-free barr ier faci l-
ity accredited by the Associat ion 
for Assessment and Accreditation 
of Laboratory Animal Care. Food 
and tap water were a l lowed ad l i-
bitum. The procedures of animal 
ca re were approved by t he Uni-
versity of Louisvi l le Institutional 
Animal Care and Use Committee. 
Two groups of C57BL/6J mice were 
fed different diets. One group was 
fed an isocaloric maltose dextrin 
solution (Group 1, n = 5) while the 
other group was fed with a Lieber 
DeCarli liquid diet containing 5% 
alcohol (Group 2, n = 8). After a 10-
day dietary intervention, mice were 
anesthetized with ketamine:xyla-
zine (100mg:15 kg i.m.). The liver 
was col lec ted f rom each mouse, 
f roz en  i n  l iqu id  n i t rogen ,  a nd 
stored in a 1.5 mL Eppendorf tube 
at −80 °C until use.
 
Sample Preparation
Liver samples were homogenized 
using 50% ethanol with 0.1% butyl-
ated hydroxytoluene (BHT) at the 
ratio of 1 mg tissue per 20 μL sol-
vent. SPE was performed to extract 
LCFAs and oxylipins from liver tis-
sue using a Waters Oasis HLB car-
tridge (1 mL, 30 mg, 30 μm). The 
cartridge was condit ioned with 1 
mL methanol followed by equilibra-

tion with 1 mL water. After loading 
400 μL homogenized liver sample, 
the car tr idge was washed with 1 
mL 5% methanol (v/v). LCFAs and 
ox yl ipins were eluted with 1 mL 
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Figure 2: Chromatograms of LCFAs. The left panel shows LCFAs with the same number of double bonds but different carbon numbers. The right 
panel shows LCFAs with the same carbon number but varying numbers of double bonds. Note for chromatograms that the x-axis is time (min) and 
the y-axis is signal intensity.

LC Measurement Conditions
LCFAs and oxylipins were separated 
by reversed-phase chromatography. 
The parameters for the LC separa-
tion are listed in Table I. 

MS Measurement Conditions
LCFAs and oxylipins eluted from 
the LC system were analyzed by a 
triple-quadrupole mass spectrome-
ter. The mass spectrometry param-
eters are listed in Table II.

Results and Discussion
Optimization of LC–MS
All LCFAs and oxylipins were ini-
tially analyzed in multiple reaction 
modeling (MRM) mode to minimize 
interferences from the matrix. How-
ever, the fragmentation eff iciency 
of saturated and monounsaturated 
LCFAs was too low to achieve satis-
factory sensitivity. For example, the 
most abundant daughter ion of pal-
mitic acid (C16:0) is [M-18]-, an ion 
formed by the loss of H2O from the 

carboxylic group. The abundance of 
this ion is less than 5% of the par-
ent ion (Figure 1). Analysis of the 
saturated and monounsaturated 
LCFAs in select ive ion recording 
mode provides a better sensitivity, 
even though more analytical inter-
ferences occur in the SIR mode than 
in the MRM mode.

The selection of optimal MRM 
transitions was achieved by direct 
infusion of a solution of the indi-
vidual compound standard at a f low 
rate of 15 μL/min. The intensity of 
parent ion was optimized by varying 
the cone voltage while the abundant 
daughter ions were observed by vary-
ing the collision energy. Up to five 
transitions were initially generated 
for each compound, from which the 
most intense or selective transition 
was manually determined.

The LC separation took 28 min, 
including 6 min of column equili-
bration. This running time is com-
parable with methods reported in 

the l iterature for LC ana lysis of 
eicosanoids (11,12). The retention 
t ime of an LCFA depends on the 
length of the fatty acyl chain and the 
number of double bonds. As shown 
in Figure 2, using reversed-phase 
l iqu id ch romatog raphy (R PLC) 
separation, LCFAs with a shorter 
fatty acyl chain or a large number 
of double bonds eluted earlier than 
those with longer fatty acyl chain or 
a smaller number of double bonds. 
For example, arachidic acid (C20:0) 
eluted at 17.95 min, stearic acid with 
a shorter fatty acyl chain (C18:0) 
was eluted at 16.62 min, and EPA 
with more double bonds (C22:5) was 
eluted at 13.70 min.

Table III summarizes the reten-
tion times and parameters used in 
SIR and MRM for the analysis of 
each LCFA and oxyl ipin, includ-
ing parent ion m/z ,  cone voltage, 
daughter ion m/z ,  a nd col l i sion 
energy. While several compounds 
have t he sa me MR M tra nsit ion, 
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Table III (Continued...): Retention time and SIR/MRM parameters used for analysis of each compound. 

Compound Name Scan Mode Parent Ion (m/z) Daughter Ion 
(m/z) RT (min) Cone Voltage 

(V)
Collision Energy 

(eV)

Lauric acid SIR 199.2 NA 11.92 30 NA

Myristic acid SIR 227.2 NA 13.77 30 NA

Pentadecylic acid SIR 241.2 NA 14.63 30 NA

Palmitelaidic acid SIR 253.4 NA 14.53 66 NA

Palmitoleic acid SIR 253.4 NA 14.32 66 NA

Palmitic acid SIR 255.2 NA 15.4 66 NA

Margaric acid SIR 269.3 NA 16.15 66 NA

Stearidonic acid MRM 275.2 231.2 13.21 66 10

ALA MRM 277.3 233.2 13.96 64 12

GLA MRM 277.3 233.2 14.11 64 12

Pinolenic acid MRM 277.3 233.2 14.20 64 12

LA MRM 279.4 261.3 14.85 54 16

Linoelaidic acid MRM 279.4 261.3 15.23 54 16

Elaidic acid SIR 281.3 NA 16.03 66 NA

Oleic acid SIR 281.3 NA 15.80 66 NA

Stearic acid SIR 283.3 NA 16.88 66 NA

Nonadecylic acid SIR 297.3 NA 17.54 66 NA

EPA MRM 301.3 257.2 13.98 64 10

AA MRM 303.3 259.3 14.85 68 10

DGLA MRM 305.3 287.3 15.41 78 16

Eicosadienoic acid SIR 307.3 NA 16.23 66 NA

Cis-11-eicosenoic acid SIR 309.4 NA 17.16 66 NA

Arachidic acid SIR 311.3 NA 18.16 66 NA

PGJ2 MRM 315.2 271.3 10.47 2 10

5-HEPE MRM 317.1 115 11.15 2 12

11-HEPE MRM 317.1 167.1 10.90 6 16

17,18-EpETE MRM 317.1 255.3 11.57 8 10

18-HEPE MRM 317.1 299.3 10.56 4 8

5-HETE MRM 319.2 115 12.07 8 14

20-HETE MRM 319.2 245.3 10.74 8 14

11,12-EpETE MRM 319.4 167.1 12.81 2 12

12-HETE MRM 319.4 179.1 11.92 10 12

15-HETE MRM 319.4 219.2 11.61 2 12

15-HETrE MRM 321.3 221.3 12.10 6 14

Heneicosylic acid SIR 325.3 NA 18.74 66 NA

DHA MRM 327.3 283.3 14.72 46 10

DPA MRM 329.3 285.3 15.15 62 12

Adrenic acid MRM 331.3 287.3 15.96 68 14

LTB4 MRM 335.2 195.2 8.83 60 14

Erucic acid SIR 337.4 NA 18.37 66 NA

Behenic acid SIR 339.4 NA 19.29 66 NA

Resolving E1 MRM 349.3 195.1 2.21 56 12

LXA4 MRM 351.2 114.9 6.57 26 12

LXB4 MRM 351.2 221.1 5.73 16 14

PGD2 MRM 351.2 315.3 5.91 8 16

Continued on page 32
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Table IV: LCFAs and oxylipins detected in mouse liver

Compound Relative Abundance ± SEM*
Group 1 (n = 5)                                 Group 2 (n = 8) p-Value of t-Test

11-HEPE 436 ± 93 354 ± 41 0.423

12-HETE 5139 ± 975 2839 ± 462 0.051

15-HETE 3993 ± 988 2438 ± 461 0.170

15-HETrE 2322 ± 633 1155 ± 188 0.079

18-HEPE 749 ± 197 552 ± 73 0.361

5-HEPE 230 ± 51 211 ± 23 0.731

5-HETE 958 ± 160 764 ± 130 0.406

AA 16038 ± 3288 22904 ± 3875 0.279

Adrenic acid 142 ± 17 94 ± 7 0.019

ALA 1138 ± 273 1012 ± 237 0.758

Arachidic acid 16138 ± 1888 13607 ± 1508 0.357

Behenic acid 8329 ± 1028 5648 ± 367 0.023

DGLA 66 ± 12 122 ± 25 0.153

DHA 61591 ± 13844 99153 ± 18666 0.211

DPA 821 ± 263 1187 ± 252 0.395

EPA 16064 ± 3453 31324 ± 6952 0.156

GLA 1573 ± 449 1830 ± 312 0.665

LA 4587 ± 1115 4852 ± 802 0.859

Lauric acid 22556 ±4919 22030 ± 2890 0.929

LXA4 272 ± 46 213 ± 27 0.299

Myristic acid 108638 ± 20339 111008 ± 20686 0.945

Oleic acid 209002 ± 36219 231758 ± 26858 0.647

Palmitic acid 524375 ± 42302 592120 ± 44837 0.364

Palmitoleic acid 155120 ± 53202 191684 ± 42705 0.633

PGD1 514 ± 79 763 ± 74 0.073

PGD2 3056 ± 458 2684 ± 209 0.499

PGE2 1859 ± 302 2223 ± 301 0.466

PGJ2 736 ± 75 352 ± 55 0.004

Stearic acid 923805 ± 80746 1069484 ± 79597 0.285

Stearidonic acid 2159 ± 578 2198 ± 491 0.964

TX B2 3138 ± 503 1451 ± 178 0.009

Table III (Continued...): Retention time and SIR/MRM parameters used for analysis of each compound (Continued)

Compound Name Scan Mode Parent Ion (m/z) Daughter Ion 
(m/z) RT (min) Cone Voltage 

(V)
Collision Energy 

(eV)

PGE2 MRM 351.2 315.3 5.57 8 16

PGF2 MRM 353.5 193.2 4.07 74 22

PGD1 MRM 353.5 317.4 5.91 72 10

Nervonic acid SIR 365.4 NA 19.42 66 NA

PGG2 MRM 367.2 222.2 9.32 30 6

TXB2 MRM 369.2 169.1 3.94 36 12

* SEM: standard error of mean (SEM=standard deviation/√n, n is the number of samples)

they were separated by RPLC. For 
example, PGD2 and PGE2 have the 
same MR M transit ion of 351.2 > 

315.3. They were eluted at 5.91 min 
and 5.57 min respectively. On the 
other hand, several coeluted com-

pounds were differentiated by their 
unique MRM transition. For exam-
ple, both PGD1 and PGD2 eluted 

Continued from page 31
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at 5.91 min, but their MRM transi-
tions were 353.5 > 317.4 and 351.2 
> 315.3, respectively.

Quantification of LCFAs
and Oxylipins in Biological Samples
We extracted LCFAs and oxylipins 
f rom mouse l ivers and ana lyzed 
the extracted compounds using the 
developed method. A tota l of 31 
LCFAs and oxylipins were detected 
in mouse livers. Their relative abun-
dances are l isted in Table IV. We 
performed a pairwise two-tail t-test 
to study the abundance difference 
of the detected 31 compounds be-
tween the two groups, Group 1 and 
Group 2. A compound was consid-
ered to have a significant abundance 
difference between two groups if its 
p-value of the t-test is less than 0.05. 
Four compounds (adrenic acid, be-
henic acid, TXB2, and PGJ2) were 
down-regulated af ter the animals 
were fed alcohol (Figure 3). A de-
tailed discussion of the biological 
importance of these results will be 
disclosed in another report.

Conclusion
We developed a high throughput 
LC–MS method for the simultaneous 
analysis of 51 bioactive LCFAs and 
oxylipins. Polyunsaturated LCFAs 
and oxylipins were analyzed in MRM 
mode. Saturated and monounsatu-
rated LCFAs were analyzed in SIR 
mode, owing to the better sensitivity 
of SIR mode for these compounds, 
even though more analytical interfer-
ence was introduced. Using the devel-
oped method, we successfully quanti-
fied 31 LCFAs and oxylipins in mouse 
livers and detected four compounds 
with significant abundance alteration 
after alcohol treatment. Considering 
the biological roles played by LCFAs 
and oxylipins, this method could 
become an essential method in nu-
tritional and clinical research, bio-
marker development, as well as drug 
discovery and development.
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Figure 3: LCFAs and oxylipins with significant differences in abundance after alcohol-fed Group 
1 are pare-fed mice, and Group 2 are alcohol-fed mice for (a) adrenic acid, (b), behenic acid, (c) 
TXB2, and (d) PGJ2..
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PFAS products
HALO per- and polyfluoroalkyl substances (PFAS) products from 
Advanced Materials Technology are designed for the separation of 
novel and legacy short-chain and 
long-chain PFAS compounds 
containing branched and linear 
isomers. According to the company, 
a PFAS-specific delay column can 
be optimized to prevent background 
PFAS contamination from interfering 
with the sample results and an 
analytical column for PFAS sample 
separation and detection. 
Advanced Materials Technology, 
Wilmington DE.  
fused-core.com

High-resolution mass spectrometer
The Thermo Scientific Orbitrap Exploris 240 mass spectrometer is 
designed for proteomics, metabolomics, biopharmaceutical charac-
terization, and high-throughput 
analyses. According to the com-
pany, positive/negative mode 
switching, coupled with fast scan 
speeds and functionalities, pro-
vides mass accuracy, sensitivity, 
and resolving power across a 
wide dynamic range, for compre-
hensive sample coverage.  
Thermo Fisher Scientific,  
San Jose, CA. 
www.thermofisher.com

Ion chromatograph
Metrohm’s Eco IC ion chromatograph is designed for the routine 
analysis of anions, cations, and polar substances in water. According 
to the company, the chromato-
graph includes a suppressor, a 
conductivity detector, and soft-
ware, and allows for automatic 
analysis of up to 36 samples. 
Metrohm USA,
Riverview, FL.
www.metrohmusa.com

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

MALDI guided spatialOMx
Bruker’s timsTOF fleX instrument is designed as a 4D-capable 
platform. According to the company, trapped ion mobility (TIMS) 
capability adds the CCS 
dimension to retention time, 
precursor mass, and MS/MS. 

Bruker Corporation,
Billerica, MA. 
www.bruker.com

Mass spectral library
The combined Wiley Registry 12th Edition/NIST 2020 Mass Spectral 
Library is designed as a comprehensive mass spectral library. 
According to the company, 
included in the combination 
package are more than one 
million EI mass spectra, one 
million searchable chemical 
structures, and 840,000 unique 
compounds.
Wiley,
Hoboken, NJ. 
sciencesolutions.wiley.com

Multi-gas generator
The ALIGN multi-gas generator from Parker is designed to fit under 
a bench and supply LC–MS-grade nitrogen, dry air, and zero air. 
According to the company, the 
generator uses a variable-
frequency compressor, providing 
energy savings, reduced heat, 
and quiet operation.
Parker Hannafin Corporation,
Lancaster, NY.
https://discover.parker.com/align

LC–MS/MS spectrometer
The LCMS-8060NX triple quadrupole (TQ) liquid chromatograph mass 
spectrometer (LC–MS/MS) from Shimadzu is designed with a heat assist 
feature to increase desolvation 
efficiency and promote ioniza-
tion of a range of compounds. 
According to the company, the 
system’s UFsweeper technology 
sweeps ions from the collision cell 
without deceleration, maintaining 
high-sensitivity analysis even at 
high acquisition speeds.  
Shimadzu Scientific,  
Columbia, MD.  
www.ssi.shimadzu.com
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Large industrial scale farms use triazines to help increase the 
production of foods through the blocking of broad-leaf weeds. 
The inhibitors are primarily used on farms growing corn, sugar 
cane, palm oil, and citrus and, to a lesser degree, weed control 
in roadway applications. 

The primary mode of action for triazine herbicides in plants is 
through the binding of proteins involved in the electron transfer 
chain of the photosystem II pathway of photosynthesis.1 Triazine 
compounds block the water reduction pathway, which normally 
generates protons that are used in subsequent steps along the 
electronic cascade. With the plants’ proton pump deactivated, 
the gradual destruction of chloroplasts occurs, culminating in 
plant death.2, 3 

Triazines have been found as contaminants in waterways 
and drinking water supplies. Multiple studies have shown 
that triazines exhibit endocrine disruption in female and male 
reproduction in reptiles, rats, and humans.4

As such, drinking and waste water regulations involving triazine 
compounds are now employed. Structural similarities between 
the seven federally approved triazines adds to the dif� culty of 
identi� cation, isolation, and quanti� cation. Hamilton Company 
has achieved a separation using the 3 µm HxSil HPLC column. 
The column utilizes C18 moieties chemically bonded to silica 
as its primary mode of separation. The ample end-capping 
applied to the column helps to facilitate longer lifetimes while 
limiting free silanols. The Hamilton ODS column is a great 
choice when analyzing analytes that exhibit Lewis basicity 
and therefore contribute more extensively to acidic hydrogen 
bonding in the stationary phase. The separation of the seven 
triazines occurs within 15 minutes, with baseline resolution 
of all critical pairs.

Author: Adam L. Moore, PhD, Hamilton Company

Column Information
Packing Material HxSil C18, 3 µm

P/N 79641

Chromatographic Conditions

Gradient 0.0–15.00 min, 35–65% B 
Curve = 6

Temperature 45°C

Injection Volume 5 µL

Detection UV at 230 nm

Dimensions 150 x 4.6 mm

Eluent A 30 mM CH3COONH4 pH = 
6.78

Eluent B CH3CN

Flow Rate 1.5 mL/min

0

Analytes All at 10 µg/mL: 1: Simazine 2. Atrazine 3. Prometon
4. Ametryn 5. Propazine 6. Prometryn
7. Terbutryn

Time (minutes)
2 4 6 8 10 12 181614
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To � nd a representative in your area, please visit hamiltoncompany.com/contacts.
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