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Aim: Lipid mediators (LMs) are broadly defined as a class of bioactive lipophilic molecules that regulate
cell-to-cell communication events with many having a strong correlation with various human diseases and
conditions. LMs are usually analyzed with LC–MS, but their numerous isomers greatly complicate the mea-
surements with essentially identical fragmentation spectra and LC separations are not always sufficient
for distinguishing the features. Results/methodology: In this work, we characterized LMs using ion mo-
bility spectrometry (IMS) coupled with MS (IMS–MS). The collision cross-sections and m/z values from the
IMS and MS analyses displayed distinct trend lines. Specifically, the structural trend lines for sodiated LMs
originating from docosahexaenoic acid had the smallest collision cross-section values in relation to m/z,
while those from linoleic acid had the largest. LC–IMS–MS analyses were also performed on LMs in flu
infected mouse tissue samples. These multidimensional studies were able to assess known LMs while also
detecting new species. Conclusion: Adding IMS separations to conventional LC–MS analyses show great
utility for enabling better identification and characterization of LMs in complex biological samples.

First draft submitted: 9 November 2017; Accepted for publication: 18 December 2018; Published online:
1 March 2018

Keywords: collision cross-section • ion mobility spectrometry • lipid mediators

Over the last decade, there has been a growing interest in the study of lipid mediators (LMs) due to their connection
with various diseases and conditions such as asthma, infertility, atherosclerosis, rheumatoid arthritis, ischemia,
metabolic syndrome and cancer [1–3]. LMs include, but are not necessarily limited to, eicosanoids, endocannabinoids,
sphingolipids, lysophospholipids, phospholipids, fatty acids, ether-linked lipids, platelet-activating factors (PAFs)
and oxidized lipids. LMs comprise many different lipid categories, most are produced locally in response to
extracellular stimuli and have pivotal roles in inflammation, host defense, immune response and maintenance of
homeostasis [1,2]. Several LM categories are illustrated in Figure 1 to show their structural differences and similarities.
LMs are initially derived from foods in our diet having omega-3 and omega-6 fatty acids. Their formation then
occurs through oxidation of the polyunsaturated fatty acids (PUFA) such as linoleic acid (LA; 18:2), arachidonic
acid (AA; 20:4), eicosapentaenoic acid (20:5) and docosahexaenoic acid (DHA; 22:6). In LM synthesis, the PUFAs
are cleaved from the phospholipid membranes by phospholipase (e.g., cPLA2) and acted upon by stereospecific
enzymatic reactions with monooxygenases such as cyclooxygenases, lipoxygenases and cytochrome P450, and/or
nonenzymatic reactions with reactive oxygen species [1,3,4].

Despite only selective PUFAs being used to generate the LMs, many LM isomers are extremely difficult to
distinguish. For example, the LipidMaps database downloaded in October 2017 had 158 isoprostane species where
118 either had the molecular formula C20H32O5 or C20H34O5. These two molecular formulas were also shared
by 88 eicosanoid species (e.g., prostaglandins, lipoxins and levuglandins) with 65 corresponding to C20H32O5

and 23 matching C20H34O5, where the only differences in these isomers is the location and orientation of the
hydroxyl groups, double bonds and side chains attached to the ring structures. Distinguishing these often slight
structural and stereochemical differences, however, is crucial as many of the isomers have different and sometimes
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Figure 1. Lipid mediators are sourced from omega-3 and omega-6 fatty acids from foods in our diet such as corn, meat and nuts, and
are also synthesized on demand upon extracellular stimuli such as stress, injury and bacterial/viral infections. Four example LM
categories are shown with specific lipid species to illustrate both their diversity and structural similarity.
LM: Lipid mediator.

Table 1. HPLC gradient and column wash profiles used for the lipid mediator analyses.
Time (min) % MPA % MPB Flow rate (ml/min)

0 60 40 0.25

2 50 50 0.25

3 40 60 0.25

12 30 70 0.25

15 25 75 0.25

17 22 78 0.25

19 15 85 0.25

20 1 99 0.25

MPA: Mobile phase A; MPB: Mobile phase B.

opposing functional roles. For example, Tam et al. [5] identified two LA-derived isomeric mediators 9-HODE and
13-HODE where the former is a pro-inflammatory mediator and the latter is an anti-inflammatory mediator.
Serhan et al. [6] also compared six isomers of 10,17-dihydroxydocosatriene (protectin D1, DHA-derived mediators)
and found that the chirality of the 10-carbon alcohol and geometry of the double bonds influenced the potency of
the mediator toward anti-inflammatory activity. Thus, better methods to effectively obtain the exact LM assignment
and biological interpretation are needed.

To date, the characterization of LMs has been extremely difficult as most have short half-lives ranging from
seconds to minutes [1] and are only present at very low concentrations (∼0.1–10 nM) [7]. These features, in
addition to the large number of possible LM isomers present, make their detection and identification problematic.
Methods that effectively distinguish, identify and quantify LMs and other signaling lipids are essential for gaining
a mechanistic understanding of a host’s response to stimulation, which in turn could aid in the development of
novel therapeutic treatment targeting lipid metabolism. MS has played a key role in LM measurements to date.
Eicosanoids and other fatty acid-derived LMs are currently measured using specific sample preparation methods,
and then analyzed with LC–MS/MS measurements, which often use selected multiple reaction monitoring (MRM)
in negative ionization [8–12]. Triple quadrupoles and QTRAPs are often utilized to obtain the sensitivity necessary
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Figure 2. Ion mobility spectrometry collision cross-section versus m/z trend lines for the lipid mediators studied in
both sodiated (left) and deprotonated (right) ionization modes. LMs were grouped based on their parent PUFA
metabolites (docosahexaenoic acid, arachidonic acid or linoleic acid) or categories (LysoPCs or PAFs). Distinct patterns
were observed for each in their sodiated forms, while the deprotonated forms all seemed to cluster together.
CCS: Collision cross-section; IMS: Ion mobility spectrometry; LM: Lipid mediator; PAF: Platelet-activating factor;
PUFA: Polyunsaturated fatty acid.

to characterize LMs [8–12]. In fact, Wang et al. recently published a method [10] for comprehensively monitoring
184 fatty acid LMs using a 5-min LC gradient and a QTRAP MS. In the study, the MS and MS/MS parameters,
including collision energies and MRM transitions, were optimized for each of the 184 standards. This allowed
LMs with slight structural variations to be separated, if not by retention time and/or MRM transitions. However,
some isomers were still indistinguishable due to their extremely similar LC retention times and fragmentation
profiles, thus requiring additional analyses [13]. One appealing technique for LM analyses is integrating ion mobility
spectrometry (IMS) between LC and MS separations to obtain a third analytical dimension and add new structural
information to the measurements. IMS–MS has been performed in previous lipid analyses to illustrate differences
in lipid categories, subclasses and isomeric standards [14–26]. Additionally, LC–IMS–MS results have surpassed
the sensitivity of LC–MS studies alone [27–29], indicating they are a promising approach for the detection of low
concentration LMs. In this work, we analyzed the separation of different LM standards with IMS–MS, and then
assessed the number of hydroxyeicosatetraenoic acid (HETE) isomers and other known LMs present in mouse lung
tissue infected with influenza A virus [5].

Materials & methods
Chemicals, solvents, sample preparations & IMS–MS analyses
The LM standards were purchased from Cayman Chemicals and Avanti Polar Lipids, Inc. (Supplementary Table
1). These included 39 LMs derived from AA, LA and DHA, as well as 13 PAFs and lysophosphatidylcholine
PAF isomers. Immediately prior to IMS–MS analysis, the LMs were diluted to 0.01 μg/μl with 100% ethanol
(Sigma-Aldrich, MO, USA) and stored in the dark. The remaining standards were brought up in 100% methanol
(Sigma-Aldrich) to the same final concentration and directly injected into an Agilent 6560 IM quadrupole time-of-
flight (QTOF) MS (Agilent Technologies, CA, USA) [30–32] using the nanoflow injection analysis system described
in [33]. For the IMS–MS measurements, the Agilent 6560 was outfited with the commercial gas kit (Alternate Gas
Kit, Agilent) and a precision flow controller (640B, MKS Instruments) to allow for real-time pressure adjustment
based on absolute readings of the drift tube pressure using a capacitance manometer (CDG 500, Agilent). In this
platform, ions were passed through an inlet glass capillary, focused by a high-pressure ion funnel and accumulated
in an ion funnel trap. Ions were then pulsed into the drift tube filled with ∼3.95 torr of nitrogen gas, where they
traveled under the influence of a weak electric field (10–20 V/cm). Ions exiting the drift tube were refocused by a
rear ion funnel prior to QTOF MS detection and their arrival times were recorded. IMS–MS data were collected
from 50 to 1700 m/z with a cycle time of 1 s/spectra to increase the signal of low abundance species. The detailed
instrumental settings are given in the Supplementary Tables 2–4, and follow those previously published in an
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Figure 3. Differences in LM separation based on ionization mode. IMS separations of (A) (±)9-HODE and
(±)13-HODE, and (B) 9-Oxo-ODE and 13-OxoODE. The position of the double bonds and ketone or alcohol groups on
the molecule seems to make a difference on their measured structural sizes for their sodiated (left) and deprotonated
(right) forms.
HODE: Hydrooxyoctadecadienoic acid; IMS: Ion mobility spectrometry; Oxo-ODE: Oxo-octadecadienoic acid.

interlaboratory study [34] and a drift-tube IMS collision cross-section (CCS) database study [35]. Each sample was
measured in triplicate and the RSD values were measured for all analytes and noted in Supplementary Table 1. The
Agilent IM-MS Browser software was utilized for all CCS calculations.

LC–MS & LC–IMS–MS analyses
To understand if the IMS dimension aided in better LM identifications in complex samples, mouse lung tissue
infected with wild-type influenza A/H1N1, A/H5N1 and A/H7N9 were also studied. The lipids were extracted
from the homogenized lung tissue using a modified Folch extraction [36] and reconstituted in 500 μl of methanol
prior analyses. The LC–MS/MS studies in this manuscript were performed using a Waters NanoAquity UPLC
system interfaced with a Velos Orbitrap mass spectrometer (Thermo Fisher Scientific, CA, USA) and the Agilent
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Figure 4. Influence of sodium binding in LM separation. Ion mobility spectrometry separations of resolvin D1 and
resolvin D2 in their sodiated (left) and deprotonated (right) forms. Again the position of the double bonds and
alcohol groups seems to make a large difference on their structural sizes as their structural order swaps between
positive and negative mode.

6560 Ion Mobility QTOF MS system [15,37]. For the LC analyses, 10 μl of lipid extract was injected on to a
reversed phase Waters CSH column (3.0 mm × 150 mm × 1.7 μm particle size) and separated with the following
solvents (mobile phase A: acetonitrile/water (40:60) containing 10 mM ammonium acetate; mobile phase B:
acetonitrile/isopropyl alcohol (10:90) containing 10 mM ammonium acetate). All analyses were performed at a
flow rate of 250 μl.min-1 and as previously published [38], except the gradient was stopped after 20 min to increase
the LM analysis throughput. The gradient used for these studies is shown in Table 1.

Samples on the Velos were analyzed in both positive and negative ionization using higher energy collision
dissociation (HCD) and collision-induced dissociation (CID) to obtain high lipidome coverage. Normalized
collision energies of 30 and 35 were used for CID and HCD fragmentation. Both CID and HCD were set to
a maximum charge state of 2, an isolation width of 2 m/z units, and an activation Q value of 0.18 for CID.
LC–MS/MS raw data files from the pooled samples were imported into an in-house developed software Lipid
Informed Quantitation and Identification for manual identification of lipid molecular species. Confident lipid
identifications were determined by examining the tandem mass spectra for diagnostic ion fragments along with
associated chain fragment information. In addition, the isotopic profile, extracted ion chromatogram and mass
error of the measured precursor ions were examined for all lipid species.

The LC–IMS–MS analyses were performed in both positive and negative ion mode and collected from 100–
3200 m/z at MS resolution of 40,000. The LC–IMS–MS data were analyzed using in-house Pacific Northwest
National Laboratory (PNNL) software for deisotoping and feature finding the multidimensional LC, IMS and
MS data [39]. Features were then compared with the accurate mass and time (AMT) tag database generated from
LC–MS/MS for identification and quantitation.

future science group 10.4155/bio-2017-0245
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Figure 5. Separation of R and S functional groups. Ion mobility spectrometry separations of 8(S)-HETE, 5(S)-HETE, 12(S)-HETE and
12(R)-HETE in their sodiated (left) and deprotonated (right) forms. The structural and R versus S functional differences in the HETEs
illustrate how IMS is able to aid in their separations.
HETE: Hydroxyeicosatetraenoic acid; IMS: Ion mobility spectrometry.

Results & discussion
In this study, we utilized IMS–MS to characterize 52 LM standards consisting of isomeric pairs and groups to
determine if their CCS separation was possible in either positive or negative ion mode. The study was then extended
to the lipid extract of mouse lung tissue infected with wild-type influenza A/H1N1, A/H5N1 and A/H7N9 to
determine how many additional LMs could be distinguished when the IMS dimension was added to LC–MS
measurements. The results of these analyses are shown below and all utilized raw IMS-MS data files are available
on the NIH Metabolomics Workbench website (DataTrack ID: 1316), if further evaluation is desired.

LM standard analyses in positive & negative polarity ionization modes
To understand the structural differences of LMs, 52 standards were characterized by IMS–MS (Supplementary
Table 1). These LMs were from different PUFA sources such as DHA (22:6 PUFA), AA (20:4 PUFA) or LA
(18:2 PUFA), where all double bonds have a cis orientation, and also belonged to different categories such as PAFs
and monoacylglycerophosphocholines (lysoPCs), which are isomeric and have very similar fragmentation profiles
making their confident identification and biological interpretations difficult. To date in most LM analyses, only
negative ionization mode is utilized, however, positive ionization mode evaluations were also performed here to
understand how ionization affects the IMS separation. Further since most LMs do not protonate, measured CCS
and m/z values of either sodiated [M+Na]+ or deprotonated [M−H]− ions are shown in Figure 2. As PAFs and
lysoPCs do not deprotonate, they were not included in the negative ion analyses.

Upon analysis of all the standards purchased, the sodiated CCS versus m/z trend lines were found to have more
width per PUFA group and specific trend lines, while all deprotonated ions mainly clustered together with the
same trajectory. This indicated that sodium binding alters the structure of the LMs and allows better separation of
the isomers and PUFA groups. Interestingly, the sodiated PUFA group sizes were ordered as DHA (22:6) < AA
(20:4) < LA (18:2). Since there was no structural trend for the PUFA groups in negative mode, this showed that
the number of double bonds had a huge effect on how sodium binds to the molecules. Finally, upon comparison
of the sodiated PAFs and lysoPCs, the lysoPCs were found to have smaller sodium-bound structures than the
PAFs. Both the PAFs and lysoPCs also had distinct trend lines, illustrating their structural differences. This CCS

10.4155/bio-2017-0245 Bioanalysis (Epub ahead of print) future science group
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Figure 6. Epoxyeicosatrienoic acid mediators are difficult to separate. Ion mobility spectrometry separations of
8(9)-EET, 14(15)-EET, and 11(12)-EET in their sodiated (left) and deprotonated (right) forms. The EETs lipids are difficult
to separate, but some distinction was noted for 14(15)-EET in the deprotonated form.
EET: Epoxyeicosatrienoic acid; IMS: Ion mobility spectrometry.

information provides the basis for future analyses of known and unknown LMs in complex environmental and
biological samples.

LM isomer separations
To better understand the width of the CCS distributions for the PUFA groups observed in Figure 2, each isomer
pair or group was analyzed individually. Out of the 52 LM standards studied, 42 were isomer pairs or groups. All 42
were found to be separated to some degree in either positive or negative ionization mode, however one isomer pair
(5-iPF2α-VI and PGF2α; Supplementary Table 1) was very similar in both modes. Interestingly, when all isomeric
pairs were compared, there were times when both the positive and negative mode separations were comparable
and other times when large difference occurred. For example, the hydrooxyoctadecadienoic acid (HODE) isomers,
(±)9-HODE and (±)13-HODE had similar IMS separations in both positive and negative mode (Figure 3a).
However, the oxo-octadecadienoic acid (Oxo-ODE) isomers, which are metabolites of the HODEs, were quite
different in the two modes. As shown in Figure 3b, 9-OxoODE and 13-OxoODE were baseline separated in
positive mode with 13-OxoODE becoming much smaller than 9-OxoODE, whereas in negative mode the isomers
were virtually inseparable.

Another interesting trend was when the LM isomers completely reversed IMS order upon sodium binding. This
was the case for several of the isomeric pairs, but was most drastic for resolvin D1 and D2. As shown in Figure 4,
these isomers swapped orders and additionally the change was so great that they were almost baseline resolved in
both modes. Thus, sodium binding significantly influenced the structure of these molecules.

LM isomers only having R and S functional group variations are also very difficult to separate with current
studies and not typically done [8–10]. In our previous studies with intact ceramides, we found that the R versus S
orientations of hydroxyl groups could be separated in positive ionization upon sodium binding [22]. Here again,
we show this outcome also applies to LMs. 7R- and 7S-maresin-1 were indistinguishable in negative mode, but
could be separated in positive mode upon the addition of a sodium ion. 12R-HETE and 12S-HETE were also

future science group 10.4155/bio-2017-0245
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Figure 7. The negative mode XIC for hydroxyeicosatetraenoic acid isomers in mouse tissue infected with H7N9. A
similar MS/MS profile was seen for the whole XIC range indicating the peak matched to HETE species. IMS analyses
illustrated five distinct CCS values in this XIC with three peaks corresponding to the 12S-, 8S- and 5S-HETE species and
two additional HETE species being unassigned since we did not have corresponding CCS values in our database.
CCS: Collision cross-section; HETE: Hydroxyeicosatetraenoic acid; IMS: Ion mobility spectrometry.

barely separated in negative mode, but their structural differences were greater in positive mode upon the sodium
addition (Figure 5).

Finally, we note that the epoxyeicosatrienoic acid (EET) standards were difficult to separate in either positive
or negative ion mode as shown in Figure 6. In fact, the EETs were almost better separated in their deprotonated
forms and sodium binding seemed to make them all have a similar structure size. This occurs due to the structural
similarity of the EETs and indicates that either additional separations (i.e. LC or GC) or higher resolution IMS
techniques, such as those recently developed using structure for lossless ion manipulation devices [40–42], may be
required for their separation.

LC–IMS–MS LM analyses of complex samples
To better understand the utility of IMS for LM analyses, LC–IMS–MS platform was used to study the total lipid
extract of lung tissue from mice infected with different strains of influenza A virus. Influenza is one of the most
common causes of human respiratory infections with 291,896 cases confirmed in 2014 alone [43]. Furthermore,
it is thought that LMs may provide the novel, effective therapies needed for the treatment of severe influenza
infection [5,44]. Tam et al. previously detected various LMs, such as PGE2, PGF2α, 6-keto PGF1α, and the HODE
and HETE isomers, as being upregulated in influenza samples [5]. Utilizing LC–IMS–MS and MS/MS in both
positive and negative modes, we were able to detect and identify all of these LMs in our samples except for
the HODEs, showing the sensitivity of the LC–IMS–MS approach [45,46]. Next, we utilized LC retention time
and MS/MS information to identify HETE specific isomers. As shown in Figure 7, three main LC peaks were
evident in the negative mode extracted ion chromatogram (XIC) for the HETE molecules in the H7N9 samples

10.4155/bio-2017-0245 Bioanalysis (Epub ahead of print) future science group
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(m/z = 319.23), all having similar fragmentation spectra. Interestingly, when the IMS structural information for
this XIC window was examined, five different CCS values were observed as shown by the arrows and assignments to
the peaks. Upon matching to our LM CCS library, three of the IMS structures matched the 12S-HETE, 8S-HETE
and 5S-HETE isomers in the LM CCS database, but two were not present and are therefore shown as question
marks. Since all of these IMS peaks had HETE fragmentation profiles, these additional peaks are thought to just
be two different HETE isomers, which we did not have standards for. Thus, this LC–IMS–MS study shows its
potential for identifying known LMs and obtaining information about other LM species present in the samples for
further investigation.

Conclusion & future perspective
In this work, we characterized the structural separation of 52 LMs using IMS–MS. The LMs were analyzed in
both positive and negative ion mode as sodiated [M+Na]+ and deprotonated [M−H]− ions, where more separation
was observed for the sodiated species from different categories or those originating from distinct PUFAs than the
deprotonated forms. Specifically, the structural trend lines for sodiated LMs originating from DHA had the smallest
CCS values in relation to m/z, while those from LA had the largest. Interestingly, in negative mode all the LMs
had a similar trend line and did not separate due to the PUFAs. This indicated that the number of double bonds
had a great influence on the structure of the sodium-bound molecules, but did not affect the size of the negatively
charged molecules. Analysis of the LM isomers illustrated that most could be distinguished by IMS with some
almost baseline separated. These results showed great promise for IMS–MS separation of LMs in complex biological
samples. Finally, LC–IMS–MS analyses were performed on flu infected mouse tissue. LMs in our database known
to be overexpressed in these cases were detected in the samples and additional LM species were also observed. Since
these species were not in our database, they could not be fully identified. However, the results possible from the
LC–IMS–MS analyses show great promise for evaluating and detecting novel LM species in future studies.

Summary points

• There is a growing interest in the study of lipid mediators (LMs) due to their connection with various diseases and
conditions.

• LMs are usually analyzed with LC–MS.

• The numerous LM isomers however greatly complicate LC–MS measurements.

• Adding an ion mobility spectrometry (IMS) separation into conventional LC–MS analyses provides a sensitive
platform capable of better separating the diverse LM isomers.

Results & discussion
• LM standards and LMs in lung tissue were assessed with IMS–MS and LC–IMS–MS.

• In the standard analyses, 52 LM standards consisting of isomeric pairs and groups were analyzed in triplicate with
IMS–MS.

• The IMS collision cross-section was determined for each standard in positive and negative ion mode.

• More structural separation was observed for the sodiated LM species than the deprotonated forms.

• The number of double bonds in each LM also had a great influence on the structure of the sodium-bound
molecules, but did not affect the size of the negatively charged molecules.

• Mouse lung tissue infected with wild-type influenza A/H1N1, A/H5N1 and A/H7N9 was then assessed with
LC–IMS–MS to determine how many additional LMs could be distinguished when the IMS dimension was added.

• These multidimensional studies were able to identify known LMs while also detecting new species.
Conclusion
• Collision cross-section values for 52 different LMs standards and isomer groups are presented in this manuscript.

• All the isomers could be distinguished in either positive or negative modes.

• Adding IMS separations to conventional LC–MS analyses shows great utility for enabling the better identification
and characterization LMs in complex biological samples.

Financial & competing interests disclosure

Portions of this research were supported by grants from the National Institute of Environmental Health Sciences of the NIH (R01

ES022190), National Institute of General Medical Sciences (P41 GM103493), an administrative supplement to grant U19AI106772

provided by the National Institute of Allergy and Infectious Diseases, and the Laboratory Directed Research and Development

future science group 10.4155/bio-2017-0245



Research Article Kyle, Aly, Zheng, Burnum-Johnson, Smith & Baker

Program at Pacific Northwest National Laboratory. This research utilized capabilities developed by the Pan-omics program (funded

by the US Department of Energy Office of Biological and Environmental Research Genome Sciences Program). This work was

performed in the WR Wiley Environmental Molecular Sciences Laboratory (EMSL), a DOE national scientific user facility at the PNNL.

PNNL is operated by Battelle for the DOE under contract DE-AC05–76RL0 1830. The authors have no other relevant affiliations

or financial involvement with any organization or entity with a financial interest in or financial conflict with the subject matter or

materials discussed in the manuscript apart from those disclosed.

No writing assistance was utilized in the production of this manuscript.

Ethical conduct of research

The authors state that they have obtained appropriate institutional review board approval or have followed the principles outlined

in the Declaration of Helsinki for all human or animal experimental investigations. In addition, for investigations involving human

subjects, informed consent has been obtained from the participants involved.

References
1. Shimizu T. Lipid mediators in health and disease: enzymes and receptors as therapeutic targets for the regulation of immunity and

inflammation. Annu. Rev. Pharmacol. Toxicol. 49, 123–150 (2009).

2. Spite M, Claria J, Serhan CN. Resolvins, specialized proresolving lipid mediators, and their potential roles in metabolic diseases. Cell
Metab. 19(1), 21–36 (2014).

3. Murakami M. Lipid mediators in life science. Exp. Anim. 60(1), 7–20 (2011).

4. Jahn U, Galano JM, Durand T. Beyond prostaglandins – chemistry and biology of cyclic oxygenated metabolites formed by free-radical
pathways from polyunsaturated fatty acids. Angew. Chem. Int. Ed. Engl. 47(32), 5894–5955 (2008).

5. Tam VC, Quehenberger O, Oshansky CM et al. Lipidomic profiling of influenza infection identifies mediators that induce and resolve
inflammation. Cell 154(1), 213–227 (2013).

6. Serhan CN, Gotlinger K, Hong S et al. Anti-inflammatory actions of neuroprotectin D1/protectin D1 and its natural stereoisomers:
assignments of dihydroxy-containing docosatrienes. J. Immunol. 176(3), 1848–1859 (2006).

7. Norris PC, Libreros S, Chiang N, Serhan CN. A cluster of immunoresolvents links coagulation to innate host defense in human blood.
Sci. Signal. 10(490), pii:eaan1471 (2017).

8. Quehenberger O, Armando AM, Brown AH et al. Lipidomics reveals a remarkable diversity of lipids in human plasma. J. Lipid
Res. 51(11), 3299–3305 (2010).

9. Colas RA, Shinohara M, Dalli J, Chiang N, Serhan CN. Identification and signature profiles for pro-resolving and inflammatory lipid
mediators in human tissue. Am. J. Physiol. Cell Physiol. 307(1), C39–C54 (2014).

10. Wang Y, Armando AM, Quehenberger O, Yan C, Dennis EA. Comprehensive ultra-performance liquid chromatographic separation and
mass spectrometric analysis of eicosanoid metabolites in human samples. J. Chromatogr. A 1359, 60–69 (2014).

11. Guesdon W, Crouch M, Kosaraju R, Armstrong M, Reisdorph N, Shaikh SR. Docosahexaenoic acid improves the decrement in
antibody production upon influenza infection of obese mice through the production of pro-resolving lipid mediators. FASEB J. 31(1
Suppl.), 964.24 (2017).

12. Armstrong M, Liu AH, Harbeck R, Reisdorph R, Rabinovitch N, Reisdorph N. Leukotriene-E4 in human urine: Comparison of on-line
purification and liquid chromatography-tandem mass spectrometry to affinity purification followed by enzyme immunoassay. J.
Chromatogr. B Analyt. Technol. Biomed. Life Sci. 877(27), 3169–3174 (2009).

13. Grebe SK, Singh RJ. LC–MS/MS in the clinical laboratory – where to from here? Clin. Biochem. Rev. 32(1), 5–31 (2011).

14. Shvartsburg AA, Isaac G, Leveque N, Smith RD, Metz TO. Separation and classification of lipids using differential ion mobility
spectrometry. J. Am. Soc. Mass Spectrom. 22(7), 1146–1155 (2011).

15. May JC, Goodwin CR, Lareau NM et al. Conformational ordering of biomolecules in the gas phase: nitrogen collision cross sections
measured on a prototype high resolution drift tube ion mobility-mass spectrometer. Anal. Chem. 86(4), 2107–2116 (2014).

16. Baker PR, Armando AM, Campbell JL, Quehenberger O, Dennis EA. Three-dimensional enhanced lipidomics analysis combining
UPLC, differential ion mobility spectrometry, and mass spectrometric separation strategies. J. Lipid Res. 55(11), 2432–2442 (2014).

17. Paglia G, Kliman M, Claude E, Geromanos S, Astarita G. Applications of ion-mobility mass spectrometry for lipid analysis. Anal.
Bioanal. Chem. 407(17), 4995–5007 (2015).

18. Damen CW, Isaac G, Langridge J, Hankemeier T, Vreeken RJ. Enhanced lipid isomer separation in human plasma using reversed-phase
UPLC with ion-mobility/high-resolution MS detection. J. Lipid Res. 55(8), 1772–1783 (2014).

19. Paglia G, Kliman M, Claude E, Geromanos S, Astarita G. Applications of ion-mobility mass spectrometry for lipid analysis. Anal.
Bioanal. Chem. 407(17), 4995–5007 (2015).

20. Maccarone AT, Duldig J, Mitchell TW, Blanksby SJ, Duchoslav E, Campbell JL. Characterization of acyl chain position in unsaturated
phosphatidylcholines using differential mobility-mass spectrometry. J. Lipid Res. 55(8), 1668–1677 (2014).

10.4155/bio-2017-0245 Bioanalysis (Epub ahead of print) future science group



Evaluating LM structural complexity using IMS–MS Research Article

21. Groessl M, Graf S, Knochenmuss R. High resolution ion mobility-mass spectrometry for separation and identification of isomeric lipids.
Analyst 140(20), 6904–6911 (2015).

22. Kyle JE, Zhang X, Weitz KK et al. Uncovering biologically significant lipid isomers with liquid chromatography, ion mobility
spectrometry and mass spectrometry. Analyst 141(5), 1649–1659 (2016).

23. Fenn LS, Mclean JA. Biomolecular structural separations by ion mobility-mass spectrometry. Anal. Bioanal. Chem. 391(3), 905–909
(2008).

24. Kliman M, May JC, Mclean JA. Lipid analysis and lipidomics by structurally selective ion mobility-mass spectrometry. Biochim. Biophys.
Acta 1811(11), 935–945 (2011).

25. May JC, Morris CB, Mclean JA. Ion mobility collision cross section compendium. Anal. Chem. 89(2), 1032–1044 (2017).

26. Kyle JE, Casey CP, Stratton KG et al. Comparing identified and statistically significant lipids and polar metabolites in 15-year old serum
and dried blood spot samples for longitudinal studies. Rapid Commun. Mass Spectrom. 31(5), 447–456 (2017).

27. Hoaglund CS, Valentine SJ, Sporleder CR, Reilly JP, Clemmer DE. Three-dimensional ion mobility/TOFMS analysis of electrosprayed
biomolecules. Anal. Chem. 70(11), 2236–2242 (1998).

28. Baker ES, Burnum-Johnson KE, Jacobs JM et al. Advancing the high throughput identification of liver fibrosis protein signatures using
multiplexed ion mobility spectrometry. Mol. Cell. Proteomics 13(4), 1119–1127 (2014).

29. Baker ES, Burnum-Johnson KE, Ibrahim YM et al. Enhancing bottom-up and top-down proteomic measurements with ion mobility
separations. Proteomics 15(16), 2766–2776 (2015).

30. Ibrahim YM, Baker ES, Danielson WF et al. Development of a new ion mobility (quadrupole) time-of-flight mass spectrometer. Int. J.
Mass Spectrom. 377 655–662 (2015).

31. May JC, Goodwin CR, Lareau NM et al. Conformational ordering of biomolecules in the gas phase: nitrogen collision cross sections
measured on a prototype high resolution drift tube ion mobility-mass spectrometer. Anal. Chem. 86(4), 2107–2116 (2014).

32. May JC, Dodds JN, Kurulugama RT, Stafford GC, Fjeldsted JC, Mclean JA. Broadscale resolving power performance of a high precision
uniform field ion mobility-mass spectrometer. Analyst 14(20), 6824–6833 (2015).

33. Orton DJ, Tfaily MM, Moore RJ et al. A customizable flow injection system for automated, high throughput, and time sensitive ion
mobility spectrometry and mass spectrometry measurements. Anal. Chem. 90(1), 737–744 (2018).

34. Stow SM, Causon TJ, Zheng X et al. An interlaboratory evaluation of drift tube ion mobility – mass spectrometry collision cross section
measurements. Anal. Chem. 89(17), 9048–9055 (2017).

35. Zheng X, Aly NA, Zhou Y et al. A structural examination and collision cross section database for over 500 metabolites and xenobiotics
using drift tube ion mobility spectrometry. Chem. Sci. 8(11), 7724–7736 (2017).

36. Nakayasu ES, Nicora CD, Sims AC et al. MPLEx: a robust and universal protocol for single-sample integrative proteomic, metabolomic,
and lipidomic analyses. mSystems 1(3), e00043–16 (2016).

37. Ibrahim YM, Baker ES, Danielson WF 3rd et al. Development of a new ion mobility (quadrupole) time-of-flight mass spectrometer. Int.
J. Mass Spectrom. 377, 655–662 (2015).

38. Dautel SE, Kyle JE, Clair G et al. Lipidomics reveals dramatic lipid compositional changes in the maturing postnatal lung. Sci. Rep. 7,
40555 (2017).

39. Crowell KL, Slysz GW, Baker ES et al. LC–IMS–MS Feature Finder: detecting multidimensional liquid chromatography, ion mobility
and mass spectrometry features in complex datasets. Bioinformatics 29(21), 2804–2805 (2013).

40. Zheng X, Deng L, Baker ES, Ibrahim YM, Petyuk VA, Smith RD. Distinguishing d- and l-aspartic and isoaspartic acids in amyloid
[small beta] peptides with ultrahigh resolution ion mobility spectrometry. Chem. Commun. 53(56), 7913–7916 (2017).

41. Zheng X, Renslow RS, Makola MM et al. Structural elucidation of cis/trans dicaffeoylquinic acid photoisomerization using ion mobility
spectrometry-mass spectrometry. J. Phys. Chem. Lett. 8, 1381–1388 (2017).

42. Wojcik R, Webb I, Deng L et al. Lipid and glycolipid isomer analyses using ultra-high resolution ion mobility spectrometry separations.
Int. J. Mol. Sci. 18(1), 183 (2017).

43. Influenza. www.who.int/influenza/gisrs laboratory/flunet/en/

44. Morita M, Kuba K, Ichikawa A et al. The lipid mediator protectin D1 inhibits influenza virus replication and improves severe influenza.
Cell 153(1), 112–125 (2013).

45. Zheng X, Wojcik R, Zhang X et al. Coupling front-end separations, ion mobility spectrometry, and mass spectrometry for enhanced
multidimensional biological and environmental analyses. Annu. Rev. Anal. Chem. (Palo Alto Calif.) 10(1), 71–92 (2017).

46. Baker ES, Livesay EA, Orton DJ et al. An LC–IMS–MS platform providing increased dynamic range for high-throughput proteomic
studies. J. Proteome Res. 9(2), 997–1006 (2010).

future science group 10.4155/bio-2017-0245





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA39 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 400
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 400
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'PPG Indesign CS4_5_5.5'] [Based on 'PPG Indesign CS3 PDF Export'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks true
      /BleedOffset [
        8.503940
        8.503940
        8.503940
        8.503940
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions false
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 600
        /LineArtTextResolution 2400
        /PresetName (Pureprint flattener)
        /PresetSelector /UseName
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.835590
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


