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Abstract

Purpose: Lipid mediators of inflammation are a group of signaling molecules produced by 

various cells under physiological conditions and modulate the inflammatory process during 

various pathologic conditions. Although eicosanoids and F2-isoprostanes are recognized lipid 

mediators of inflammation, there is no consensus yet on the extraction and mass spectrometry 

method for their analysis in individual human tear samples. Thus, the aim of this study was to 

develop an optimal method for extraction of lipid mediators of inflammation in the tear film and 

evaluate mass spectrometry (MS) techniques for their analysis.

Methods: Basal tears were collected from each eye of 19 subjects using glass microcapillaries. 

Lipid extraction was done using either varying concentrations of acidified methanol, a modified 

Folch method or solid phase extraction. Initially an untargeted analysis of the extracts was done 

using SCIEX TripleTOF 5600 mass spectrometer to identify any lipid mediators of inflammation 

(eicosanoids) and later a targeted analysis was done using the SCIEX 6500 Qtrap to identify and 

quantify prostaglandins and isoprostanes. Mass spectra and chromatograms were analyzed using 

Peakview, XCMS, and Multiquant software.

Results: Prostaglandins and isoprostanes were observed and quantified using the Qtrap mass 

spectrometer under MRM mode after solid phase extraction. Extraction with acidified methanol 

along with the Folch method produced cleaner spectra during mass spectrometry with the Triple 

TOF mass spectrometer. Lipid mediators of inflammation were not observed in any of the tear 

samples using the Triple TOF mass spectrometer.

Conclusions: Solid phase extracti on may be the method of choice for extraction of 

prostaglandins and isoprostanes in low volumes of tears. The SCIEX Qtrap 6500 in MRM mode 

may be suitable to identify and quantify similar lipid mediators of inflammation.
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Lipid mediators of inflammation are a group of signaling molecules that are produced and 

secreted from many cell types under physiological and pathological conditions. They belong 

to different groups of molecules including eicosanoids and isoprostanes which are known 

mediators and regulators of inflammation.1–3 Eicosanoids are generated from 20 carbon 

polyunsaturated fatty acids (PUFAs). Arachidonic acid (AA) is usually the major substrate 

that is esterified to phospholipids of cell membranes.4 Phospholipase A2 is an enzyme that 

metabolizes these cell membrane phospholipids to produce free AA.5 AA is oxidized by 

three groups of enzymes, cycloxygenase (COX), lipoxygenase (LOX), and cytochrome P450 

(CYP 450) to produce various eicosanoids i.e. prostaglandins, leukotrienes, thromboxanes, 

lipoxins, hydroxyeicosatetraenoic acids (HETEs) and epoxyeicosatrienoic acids.6 

Arachidonic acid is also oxidized non-enzymatically in-vivo by free radicals and forms 

peroxidation products like F2-isoprostanes.7 Although F2-isoprostanes are widely 

recognized as reliable markers of oxidative stress, they have also been found to be involved 

in several acute and chronic inflammatory conditions like rheumatic disease, asthma, 

diabetes etc.3, 8They have also been described as inflammatory mediators that augment 

nociception.9

The lipid mediators of inflammation are known for their role in vascular homeostasis, 

protection of the gastric mucosa and platelet aggregation, regulation of immunopathological 

processes ranging from inflammatory responses to chronic tissue remodeling, asthma, 

rheumatoid arthritis, cancer and various autoimmune disorders. They regulate many 

important aspects of immunity, including pathogen recognition through the extracellular and 

the intracellular receptors, antibody formation, cytokine production, cell proliferation, 

differentiation, migration and antigen presentation. They have been shown to play roles in 

either the pathogenesis or resolution of various ocular diseases such as glaucoma, age related 

macular degeneration, diabetic retinopathy, uveitis and dry eye disease.10–22 On the ocular 

surface, one of the prostaglandins, prostaglandin E2 (PGE2) has been shown to be 

upregulated in dry eye disease and leukotriene B4 (LTB4) has been found to increase in tears 

of contact lens wearers with discomfort (CLD).22, 23 Oxidative stress has also been proposed 

to be involved in the pathogenesis of meibomian gland dysfunction and dry eye disease, and 

markers of oxidative stress (lipid peroxides/malondialdehyde) have been found in higher 

amounts in the tears of intolerant contact lens wearers.24

Lipid mediators of inflammation have been analyzed by various methods such as 

immunoassays, liquid chromatography, gas chromatography-mass spectrometry (GC-MS) 

and liquid chromatography-mass spectrometry (LC-MS/MS).25–31 Among mass 

spectrometry methods, LC-MS/MS is the most common method of analysis. Prior to mass 

spectrometry, sample preparation is done using different extraction methods and the analytes 

are usually separated chromatographically. Major methods that have been used for extraction 

include liquid-liquid and solid-phase extraction (SPE). Some studies have only done protein 

precipitation without extraction, which is not very common as it is prone to higher amount 
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of contamination and matrix effects.32, 33 SPE is the most frequently used technique for 

extraction of these lipids. SPE protocols have used SPE cartridges with either C1834, 35 or 

polymeric reversed-phase materials.36–38 Samples are typically acidified using mild acids 

like formic acid or acetic acid prior to reverse-phase SPE. The organic solvents used for 

elution of the analytes are then evaporated by a nitrogen stream or a vacuum concentrator. 

Liquid chromatography (LC) is the most widely used separation technique for eicosanoids 

typically using reverse phase columns. The mass spectromety method that has most 

frequently been used in the past few years is tandem mass spectrometry (MS/MS) on triple 

quadrupole using the multiple reaction monitoring (MRM) technique. Other analyzers like 

ion traps, hybrid qudrupole-linear ion traps, time of flight (TOF) or Orbitrap instruments 

also have been used.38–43 Isotope labelled internal standards are generally added to the 

samples for quantification.

To our knowledge, few studies have evaluated ecosanoids and F2-isoprostanes in the human 

tear film using mass spectrometry.22, 44, 45 Prior to mass spectrometric analysis, the tear 

samples have been extracted using solid phase extraction via C18 columns in such tear film 

related studies.45, 46 Chromatographic separation has been done with LC and the mass 

analysis with triple quadrouple linear ion trap or Qtrap quadrouple mass spectrometers in 

MRM mode. 22, 45, 46 The volume of tears collected in these studies is typically quite large

—on the order ot 50 −100 µl of basal or reflex tears.45, 46 As basal tears theoretically reflect 

the normal concentraton of molecular species in the tear film, basal tear analysis are 

preferred to reflex or flush tear samples. However, basal tears are usually collected at a 

volume of 5 – 10 µl in one sitting and collection of large volume of tears is tedious and takes 

multiple times for sample collection requiring pooling. There is no consensus yet on the 

extraction and mass spectrometry method for analysis of ecosanoids and F2-isoprostanes in 

individual human tear samples. Thus, the purpose of this study was to develop an extraction 

method for lipid inflammatory mediators (ecosanoids and F2-isoprostanes) in samples of 

human tears (5 – 40 µl) and evaluate mass spectrometry methods (direct infusion and LC-

MS) for their analysis. Such a method would help in identification of biomarkers for ocular 

surface disorders like dry eyes and contact lens discomfort. A preliminary comparison of 

these mediator concentrations in tears has thus been done in contact lens wearers with and 

without discomfort in this study.

Methods

The research was approved by an institutional review board (IRB) and followed the tenets of 

the Declaration of Helsinki. Informed consent was obtained from all the subjects after 

explanation of the nature and possible consequences of the study prior to sample collection 

and analysis. There were two arms in the study: first was the untargeted analysis of the tear 

samples using SCIEX TripleTOF 5600 (SCIEX, Toronto, Canada) mass spectrometer to 

look for lipid mediators of inflammation (eicosanoids) and the second was the targeted 

analysis using the SCIEX 6500 Qtrap (SCIEX, Toronto, Canada) to look for prostaglandins 

and isoprostanes. For the unatargeted analysis, ten µl tear samples were collected from each 

eye of 15 subjects using glass microcapillary tubes (Drummond Microcaps, Drummond 

Scientific Company, PA). The edges of the tubes were placed near the lateral canthus area 

over the tear prism for capillary collection, which were expelled into amber glass vials using 
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a bulb dispenser. The microcapillary tubes were of known length (32mm) which when filled 

in full accommodate 5 µl of tears per tube. Multiple tubes were used to collect the tears till 

the required amount (10 µl from each eye for the untargeted analysis and 20 µl from each 

eye for the targeted analysis) was obtained. If the tubes did not fill completely with tears 

samples, the length of tears collected was measured using a slit-lamp graticule and the 

volume was calculated using the formula {(length collected (in mm)/32)*5} µl. The 

experimental error was around 0.1µl (1%). Tears from the two eyes of each subject were 

pooled together and stored at - 80°C until extraction. Standards for prostaglandin E2 

(PGE2), thromboxane B2 (TXB2) and leukotriene B4 (LTB4) from the three major 

eicosanoid groups (prostaglandins, thromboxanes and leukotrienes) were purchased from 

Cayman Chemical Company (Ann Arbor, MI) and prepared to final concentrations of 500, 

100, 10, 2, 1, 0.1, 0.01 and 0.001 ng/ml in methanol. The lowest concentration of the 

standard that had a signal-to-noise ratio of at least 3:1 was estimated as the limit of 

detection. The peak intensity of the spectra for various concentrations were fit as a function 

of corresponding concentrations to examine the linearity of the assays. A regression line was 

calculated by methods of least squares and fit. The coefficient of determination (r2) provided 

the degree of linearity.

For the targeted analysis 20 µl tear samples were collected from each eye of four subjects as 

none of the lipid mediators of inflammation were observed using ten microliter tear samples 

(unpublished data). Tear collection and storage was done in a similar way as described 

above. Prostaglandin F2α (PGF2α) along with its oxidized metabolites (isoprostanes), 8-

iso-15(R)-PGF2α, 8-iso-PGF2α, 15(R)-PGF2α, 2,3-dinor-8-iso-PGF2α were purchased 

from Cayman Chemical Company (Ann Arbor, MI) and prepared to final concentrations of 

500, 100, 10, 2, 1, 0.1, 0.01 and 0.001 ng/ml using methanol. Limits of detection were 

calculated, and the linearity of the assays was examined using the methods described above.

Extraction

Methods 1 through 4 were used to extract tear samples for untargeted analysis and method 5 

was used to extract tear samples for targeted analysis.

Method 1—A method used by de Grauw et al., was adapted for use with human tears.47 

Three tear samples (10 µl each) in duplicate were extracted in amber glass vials using 500 µl 

of 15% methanol and 0.1% formic acid. Protein precipitation was done using accuSpin 

Micro 17 centrifuge (Fisher Scientific, Hampton, NH) at 1400 revolution per minute (rpm) 

for 10 minutes. Four hundred µl of the supernatant was collected and dried under vacuum 

(Eppendorf Vacufuge Plus, Eppendorf North America, Inc., Hauppauge, NY). It was then 

reconstituted with 15% methanol to 50 µl and used for mass spectrometric analysis.

Method 2—Three tear samples (10 µl each) were extracted using 500 µl of 80% methanol 

and 0.1% formic acid. Protein precipitation was done using accuSpin Micro 17 centrifuge at 

10,000 rpm for 10 minutes. Four hundred µl supernatant was collected and dried under 

vacuum (Eppendorf Vacufuge Plus, Eppendorf North America Inc., Hauppauge, NY) It was 

then reconstituted with 80% methanol to 50 µl and used for mass spectrometric analysis.
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Method 3—Three tear samples (10 µl each) were extracted using chloroform:methanol:1M 

ammonium acetate aqueous solution (8:4:3) modified from the method by Folch et al.,48 to 

bring the solution to 450 µl. The lower phase containing lipids was collected in a glass vial 

and immediately used for mass spectrometric analysis.

Method 4—A total of six tear samples, two each collected from non-contact lens wearers, 

contact lens wearers without discomfort and contact lens wearers with discomfort were used 

in this extraction method. Each of the tear samples was 10 µl in volume. The tears were 

extracted using 500 µl of 80% methanol and 0.1% formic acid as this gave cleaner spectrum 

in initial mass spectrometric analyses. Protein precipitation was done using AccuSpin Micro 

17 centrifuge at 17,000 rpm for 10 minutes. Four hundred µl supernatant was collected and 

dried under vacuum (Eppendorf Vacufuge Plus, Eppendorf North America, Inc., Hauppauge, 

NY). It was then reconstituted with 0.1% formic acid to 50 µl, which was then used for LC-

MS.

Method 5—An extraction method used by Prasain et al., was adapted for use with tears.49 

Four tear samples (40 µl each collected from the two eyes of each subject); two each from 

contact lens wearers with discomfort and without discomfort were extracted using a Strata 

X-AW 33µ polymeric weak anion solid phase extraction cartridge (Phenomenex, Torrance, 

CA). Methanol-water (80/20, v/v containing 1% acetic acid) was used as the extraction 

solvent to elute the prostaglandins and F2-isoprostanes. The extracted samples were 

evaporated to dryness under a stream of nitrogen gas and reconstituted in 50 µl of 

methanol:water (1:1 v/v containing 1% acetic acid) for LC-MS/MS analysis.

Mass spectrometry

Untargeted analysis—A SCIEX TripleTOF 5600 (SCIEX, Toronto, Canada) mass 

spectrometer was used to analyze the initial 15 tear samples to look at possible lipid 

mediators of inflammation globally. Mass spectrometry was performed using either direct 

infusion (DI) or in conjunction with LC. In the DI method, mass spectrometry of the six 

samples extracted using methods 1 and 2 was done in negative ion mode. Ammonium 

hydroxide was used as an additive to promote formation of anions of lipids for detection. 

The resultant solution was directly injected to Triple-TOF 5600 mass spectrometer and 

detected in the range of m/z 200 −1200 with a flow rate of 7 µl /min, declustering potential 

of −40 volts (V), collision energy of −10 V, and ionspray voltage of - 4500 V. The three 

samples extracted using method 3 were also analyzed by the DI method. Ammonium acetate 

was used as an additive and MS and SWATH-MS were performed in these samples in 

negative ion mode. Since LTB4 has previously been identified in positive ion mode, 39, 50 

tear samples were also analyzed in positive ion mode. SWATH-MS parameters in negative 

ion mode included a voltage of −4500V, collision energy of −34eV with collision energy 

spread of 40eV. The parameters in positive ion mode included a voltage of 5500V, collision 

energy of 40 eV with collision energy spread of 40 eV. The acquisition time was 6 minutes 

in each ion mode. MS/MS were performed on all precursor ions in the range of m/z 200 to 

1200 at every Dalton step in each mode.
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In the second mass spectrometry procedure for the untargeted analysis, the six samples 

extracted using method 4 were analyzed using a NanoLC combined with a Triple Time-Of-

Flight (TOF) mass spectrometer. An aliquot (5 µL) of each sample was loaded onto a Nano 

cHiPLC 200 μm ID x 6 mm ChromXP C18-CL 3 μm, 120 Å reverse-phase trap cartridge 

(Eksigent, Dublin, CA) at 2 μl/min flow rate using an Eksigent autosampler. After washing 

the cartridge for 5 min with 0.1% formic acid in LC-MS grade water, the bound metabolites 

were flushed onto a Nano cHiPLC column (200 μm ID x 15 cm ChromXP C18-CL) with a 

20 min, linear gradient of 5–95% acetonitrile in 0.1% formic acid at 1000 nl/min using an 

Eksigent 415 NanoLC system. The column was washed with 95% acetonitrile and 0.1% 

formic acid for 5 min and then re-equilibrated with 5% acetonitrile and 0.1% formic acid for 

5 min. The SCIEX TripleTOF 5600 mass spectrometer was used to analyze the metabolite 

profile. The IonSpray voltages for positive and negative modes were +/−2300 V and the 

declustering potential was +/− 80 V. Ionspray and curtain gases were set at 10 psi and 25 psi, 

respectively. The interface heater temperature was 120 °C. Eluted compounds were 

subjected to a time-of-flight survey scan from m/z 50–1000 to determine the top twenty 

most intense ions for MSMS analysis. Product ion time-of-flight scans to obtain the tandem 

mass spectra of the selected parent ions over the range from m/z 50–1000 were collected 

over 50 msec intervals using a collision energy spread of 15 eV with a set collision point of 

35 eV. Spectra were centroided and de-isotoped by Analyst software, version 1.6 TF (Sciex, 

Toronto, Canada). Standard solutions were analyzed by the direct infusion method as 

described above to determine the limits of detection.

Targeted analysis—A SCIEX 6500 Qtrap (SCIEX, Toronto, Canada) mass spectrometer 

was used to analyze the last four samples extracted as described in Method 5 above for 

targeted analysis of prostaglandins and isoprostanes. Liquid chromatography (LC)-

electrospray ionization - mass spectrometry (ESI-MS/MS) was performed. Gradient 

separation of prostaglandins and isoprostanes occurred using an Eksigent MicroLC (SCIEX, 

Concord, ON) 200 system over an Eksigent 3C18-AQ-120A column (P/N 805 – 10022) 50o 

Celsius. HPLC was operated using a binary gradient consisting of 0.1% formic acid in LC-

MS grade water (A) with 0.1% formic acid in 50% methanol-acetonitrile (B) at a flow rate 

of 45 µl/min. The gradient schedule was 48% B from 0 to 1 minute, 63% B from 1 to 2.5 

minutes, 98% B from 2.5 to 3 minutes, 48% B from 3 to 4 minutes at which the analysis 

ended. Ten µl of each sample was injected for analysis.

Data acquisition occurred on the Sciex 6500 Qtrap mass spectrometer operating in 

negatively polarity multiple reacting monitoring (MRM) mode. Ionization occurred via 

electrospray ionization. The IonDrive Turbo V source was equipped with a 50 μm Eksigent 

micro ESI probe to facilitate reduced flow rates associated with micro flow HPLC. Mass 

spectrometry instrument parameters were as follows: Turbo V source temperature (TEM) 

was set at 375 ° C; collision gas (CAD) was nitrogen set at 9 psi; curtain gas (CUR) was 

nitrogen set at 20 psi; the nebulizing gas (GS1) was nitrogen set at 50 psi; the drying gas 

(GS2) was nitrogen set at 30 psi and the ion spray voltage (IS) was set at 4500 V. MRM 

compound mass transitions and parameters are listed in Table 1.
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Repeatability of the methods

Repeatability of the methods described above were checked by repeating all the experiments 

described above except for the Folch extraction method, SWATH-MS and solid phase 

extraction method. Folch extraction was not done in the repeat experiments as this extraction 

method has not been used to identify lipid mediators of inflammation in other biological 

specimens and lipid mediators of inflammation were not found in the initial experiment 

using this extraction method. Similarly, SWATH-MS was not done in the repeat experiment 

as the lipid mediators of inflammation were not found using this technique in the initial 

experiment. Solid phase extraction method was not repeated as it was an adaptation of an 

already successful method.

Data analysis

The m/z peaks that were obtained from tear samples extracted using methods 1,2 and 3 and 

that underwent DI-MS assay, were manually analyzed using Peakview software 1.3 (SCIEX, 

Toronto, Canada). Fragmentation patterns of the parent ions were compared with those of 

standards and published lipid-maps standards for identification of the molecules. The 

retention times in LC, the m/z peaks and the peak areas obtained from the three groups of 

tear samples that were extracted using method 4, and underwent LC-MS and LC-MS/MS 

assay were analyzed using XCMSonline software (Scripps, La Jolla, CA). The differences in 

intensities of mass spectra of lipid molecule ions obtained from these three groups of tear 

samples were compared using ANOVA with post hoc analysis. The threshold for highly 

significant features was p< 0.01 and for significant features was p< 0.05. The fold change 

threshold for highly significant features was 1.5. For the tear samples that were extracted 

using method 5, data collection and instrument operation was done using Analyst software 

1.6.2 (SCIEX, Toronto, Canada). Data was analyzed using Multiquant software 3.0.1 

(SCIEX, Toronto, Canada). The concentration of prostaglandins and isoprostanes in tears 

were quantified using standard curves ranging from 0.05 to 2.5 ng/ml for PGE2 series ions 

and from 0.5 to 250 ng/ml for the 2,3-dinor-PGF2α series. PGF2α-d4 was used as an 

internal standard.

Results

Subject Demographics and Contact Lens Wear

Nineteen subjects were enrolled in the study. Thirteen (68.42%) of them were females. The 

most predominant race was Caucasian (47.36%) followed by Asians (36.84%) and African-

Americans (15.80%). Eight of the total 19 subjects wore contact lenses and four of those that 

wore the lenses had contact lens discomfort. The subjects were chosen as per the method 

development requirements and do not follow any other criteria. A subject with contact lens 

discomfort was one who was classified as having contact lens related dry eyes when 

evaluated with a contact lens dry eye questionnaire (CLDEQ-long form) and had two or 

more hours of uncomfortable contact lens wear out of the total duration of wear per day. All 

contact lens wearing subjects wore soft contact lenses for at least four hours a day and at 

least four days a week.
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Limits of Detection Calculation for Standards

The identity of the three representative eicosanoid standards (PGE2,TXB2 and LTB4) were 

confirmed using extracted ion chromatograms (XICs) and mass spectra of precursor and 

product ions using the direct infusion-mass spectrometry method (Figure 1). Similarly, the 

identity of PGF2α and the four isoprostanes (8-iso-PGF2α, 8-iso-15(R)-PGF2α, 15(R)-

PGF2α and 2,3-dinor-8-iso-PGF2α) was confirmed using the characteristic retention times 

during HPLC. (Figure 2). The limit of detection for PGE2, TXB2, LTB4, PGF2α, 8-

iso-15(R)-PGF2α, 8-iso-PGF2α, 15(R)-PGF2α and 2,3-dinor-8-iso-PGF2α were found to 

be 10 ng/ml, 1 ng/ml, 10 ng/ml 5 pg/ml, 5 pg/ml, 5 pg/ml, 5 pg/ml and 100 pg/ml 

respectively. All of the mass spectrometry assays for the standards were found to be linear 

with r2 values between 0.90 and 0.99 (Figure 3). Figure 4 shows the XICs for the three 

representative lipid standards.

Identification of Lipid Species in Tears

Analysis of the mass spectrum peaks did not show any eicosanoids but revealed a good 

amount of sodium and potassium salts and other contaminants in the tear samples that were 

extracted using method one (Figure 5A). The contaminants were reduced and more lipid 

species were observed in the mass spectrum of the tear samples extracted using method two 

(Figure 5B). Repeat experiments also showed similar mass spectra in both cases.

The tears that were extracted using method three (Folch method) and MS/ SWATH-MS 

showed a variety of lipids found in tears in both positive and negative ion modes but not the 

eicosanoids. Many free fatty acids (Figure 6) along with (O-acyl)-ω-hydroxy fatty acids 

(OAHFAs) (Figure 7) were found in negative ion mode. Table 2 provides the theoretical m/z, 

experimental m/z and the mass error of the FFAs that were observed.

In the positive ion mode, LTB4 was not observed but other predominant lipid molecules 

found in tears like cholesteryl esters, wax esters and phospholipids were observed 

(Supplementary Figure S1).

Tear samples that were extracted using solid phase extraction and analyzed using LC-

MS/MS in MRM mode showed PGE2, PGF2α, 8-iso-15(R)-PGF2α, 8-iso-PGF2α, 15(R)-

PGF2α, and 2,3-dinor-8-iso-PGF2α (Figure 8).

Prostaglandins and isoprostanes were quantified in the tear samples from the four subjects 

that were extracted using extraction method 5. The concentration of these lipid molecules 

were not found to be significantly different between the two groups (Tables 3).

Discussion

This study aimed to identify the best possible extraction and analytical method using mass 

spectrometry for lipid mediators of inflammation in low volume (10 – 40 µl) of human tear 

samples. Four extraction and two mass spectrometry methods were first evaluated in the 

non-targeted analysis of tears to identify any lipid mediators of inflammation (eicosanoids, 

isoprostanes and others) that may be found in the tear samples using the SCIEX TripleTOF 

5600 mass spectrometer. Since these non-targeted experiments could not identify any of the 
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desired lipid inflammatory mediators, a final targeted analysis of tears was done using solid-

phase extraction and LC-ESI-MS/MS with the SCIEX Qtrap 6500 mass spectrometer to 

identify and quantify prostaglandins (PGE2, PGF2α) and isoprostanes (8-iso-15(R)-PGF2α, 

8-iso-PGF2α, 15(R)-PGF2α, and 2,3-dinor-8-iso-PGF2α) that have been shown to play a 

role in many inflammatory conditions. A comparison of the extraction and mass 

spectrometry methods used for non-targeted analysis of tears and their limitations in 

detecting lipid inflammatory mediators are discussed below. Limits of detection for four 

lipid mediator standards (PGE2, PGF2α, TXB2 and LTB4) were calculated and were found 

to be higher than the limits of detection in three previous studies that looked at similar 

molecules in tears, albeit in much larger volumes.22, 45, 46 Limits of detection for 

isoprostanes in tears have been reported for the first time in this study. The features of 

targeted analysis of tears and results are also discussed.

Several factors related to tear samples, extraction approach and the mass spectrometry 

methods might have led to the observed results while using the SCIEX Triple TOF 5600 

instrument. The tear-related factors include volume of collected tears, method of tear 

collection and type of tear collected. A volume of 10 µl tears was collected from each eye of 

enrolled subjects, that were analyzed using this instrument, which is different from other 

studies looking at lipid mediators of inflammation where 40 to 100 µl tears were collected.
22, 45, 46 Investigators in these aforementioned studies have either collected tears multiple 

times and pooled them or bought larger volume of tears from a commercial company, 

although details of this are not clear.22, 45, 46 It is tedious to collect a high volume of tears at 

one point of time and also uncomfortable to tear donors, with reflex tearing very likely. 

Pooling of tears collected at different time points and in different environments may lead to 

an inconsistent molecular profile as the concentration of various molecules in the tears may 

change throughout the day and at environments with different temperatures and humidities.
51 The method of tear collection and the type of tear collected can also play a role in the 

detection and quantification of lipid species. Capillary collection of basal tears has been 

recommended for lipid species identification in tears as the reflex tears and tear-saline 

mixture do not best represent the lipid molecules present in a normal tear film.52 Glass 

microcapillaries were used in this study to collect basal tears while fiber rods have been used 

to collect reflex tears in a study by Shim et al.22 A mixture of tears and saline solution has 

also been used for identifying some lipid mediators of inflammation.45

The extraction approach related factors for not detecting the desired lipid mediators of 

inflammation using the SCIEX Triple TOF 5600 mass spectrometer include the inclusion/

exclusion of extraction in the sample preparation procedure, type of extraction done and the 

drying method for concentration of sample. The extraction approach used in the present 

study differed from other studies that looked at lipid mediators of inflammation in tears.
22, 45, 46 Liquid Chromatography-Mass Spectrometry without extraction was performed in 

the study by Shim et al.22 A liquid-liquid extraction with either methanol and formic acid or 

with chloroform, methanol and water was done in this study. Extraction not only separates 

the desired molecules from matrix but also helps in removal of unwanted contaminants thus 

lowering the matrix effect. The second extraction method utilized in this study gave cleaner 

spectra with detection of many lipids. Thus, it is better to add an extraction method, even 

when various molecules are separated with LC-MS, prior to mass spectrometry. Methanol 
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and formic acid were used in this study for extraction while solid phase extraction was 

utilized by English et al., in their study.46 Solid phase extraction with a reverse phase has 

been used to extract eicosanoids in body fluid and tissues but it requires a large volume of 

sample to pass through the column to extract the required molecules.31, 53, 54When solid 

phase extraction was done in this study with 10 µl of PGE2 standard in acidified methanol 

and weaker signal (peak height of the specific m/z spectrum reduced) were observed when 

compared to direct infusion of the same standard (unpublished data). This reduction may be 

due to sticking of some amount of the standard to the walls of the extraction tubes or the 

column itself. Thus, when a low volume sample like 10 µl is available it may be better to 

directly infuse the sample into the mass spectrometer rather than pass it through an 

extraction column. In the study by Walter et al., methanol was used for extraction and the 

resultant mixture was dried under nitrogen before suspending it into the HPLC mobile 

phase.45 Acidified methanol and HPLC has been used in one of the methods in the current 

study but the drying was done using an eppendorf vacufuge. Vacuum drying has been 

suggested for eicosanoids and the results have been shown to be at par with drying under 

nitrogen.55

The mass spectrometry related factors include the sensitivity of mass spectrometer and the 

analytical approach used, which might have played a role in our inability to detect these 

molecules in low volume samples when analyzing them with the SCIEX Triple TOF 5600 

instrument. A Triple TOF instrument was used in this study while studies of tears for similar 

lipid mediators of inflammation have used Qtrap instruments that have higher sensitivities 

compared to the Triple TOF instruments. 22, 45, 46 The limits of detection in this study was 

also found to be higher for the three representative lipid mediators of inflammation (10pg/µl, 

1pg/µl and 10 pg/µl for PGE2, TXB2 and LTB4) than in another study (0.100 pg/µl, 0.200 

pg/µl and 0.200 pg/µl).46 An untargeted approach was used in this study while other studies 

used a targeted approach in multiple reaction monitoring (MRM) mode.22, 45, 46

Since any of the desired lipid mediators of inflammation were not observed using the liquid-

liquid extraction and SCIEX Triple TOF 5600 mass spectrometer, an approach similar to 

other studies in the literature using solid-phase extraction and a Qtrap mass spectrometer in 

the MRM mode was used in this study.22, 45, 46 A published method that was used to identify 

prostaglandins and isoprostanes in urine samples was adapted for tear samples.49 Since this 

method required larger sample volume, 20 µl of tears were collected from each eye of the 

two contact lens wearing subjects without discomfort and pooled together to give 40 µl. 

Same volume was collected from the two contact lens wearing subjects with discomfort and 

the tears from two eyes were pooled together for extraction and analysis.

The Sciex 6500 Qtrap method had a comparable sensitivity to that of commercial assays, 

with limits of detection of 5–10 pg/ml. PGE2 was identified in both contact lens wearers 

with and without discomfort. It has been found in tears of subjects with dry eyes but had not 

been examined in tears of CLD subjects.22, 45 PGF2α and its metabolites 8-iso-15(R)-

PGF2α, 8-iso-PGF2α, 15(R)-PGF2α, and 2,3-dinor-8-iso-PGF2α were identified in all 

cases and controls. This has not been observed in tears in any other studies as far as our 

knowledge goes. F2-isoprostanes have been detected in human retina and aqueous humor of 

glaucoma patients.56, 57 Their presence in tears indicates oxidative stress and possible sub-
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clinical inflammation in ocular surface and during contact lens related discomfort. Since this 

was a pilot study and only two samples were compared, a larger sample size will be 

necessary to confirm the quantitative results.

Although lipid mediators of inflammation were not observed in this study using the SCIEX 

Triple TOF 5600 mass spectrometer, various fatty acids were observed. The major free fatty 

acids (Table 1 and Figure 5) that were found in this study were similar to the ones that have 

been found in human meibum by other investigatigators.58,59 As tears were evaluated in this 

study and not meibum, the number of free fatty acids found were less in comparison to a 

study by Chen et al.59 A class of fatty acids that has gained more attention recently in 

lipidomic studies of the tear film are the (O-acyl)-ω-hydroxy fatty acids that were also 

identified in the present research.60, 61 These fatty acids are thought to have a role in 

allowing the interaction of the non-polar lipid layer with the aqueous layer of the tear film 

and in reducing evaporation.62

Conclusions

Liquid-liquid extraction using 80% methanol and 0.1% formic acid may be suitable for 

extraction of lipids in low volume of tears. Solid phase extraction may be the method of 

choice for extraction of prostaglandins and isoprostanes in tears for volumes as low as 40 µl. 

The SCIEX Qtrap 6500 in MRM mode may be more suitable to identify and quantify 

specific lipid mediators of inflammation when used in conjunction with solid phase 

extraction. The SCIEX Triple TOF 5600 mass spectrometer may not be sensitive enough, 

under the given experimental conditions, for identification of lipid mediators in tears 

although it could be used for identification of major lipid classes found in tears. Further 

analysis with larger sample sizes may be considered to quantify these mediators.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Representative mass spectrometry extracted ion chromatogram and mass spectra (A. XIC: 

Extracted Ion Chromatogram; B.MS: Mass Spectrum; C.MS/MS: Tandem mass spectrum) 

of one of the representative standards (TXB2) that underwent direct infusion – mass 

spectrometry (DI-MS). Limit of detection for TXB2 was found to be 1 ng/ml and the 

identity was confirmed by comparing the characteristic fragmentation ions found by MS/MS 

with published LIPID MAPS standards. The identity of the other standards was confirmed 

by similar methods.
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Figure 2. 
Extracted Ion Chromatograms for standards (A. (8-iso-15(R)-PGF2α, 8-iso-PGF2α, 15(R)-

PGF2α, PGF2α); B. PGE2 and C. 2,3-dinor-8-iso-PGF2α). The standards underwent liquid 

chromatography mass spectrometry (LC - MS) in multiple reaction monitoring (MRM) 

mode.
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Figure 3. 
A representative standard curve (fitted with regression line) for TXB2. It shows a linear 

relationship between the concentration and signal intensity (R2 =0.99). Similar standard 

curves were used to assess the linearity of the assays for all the standards that were used.
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Figure 4. 
Extracted Ion Chromatogram (XIC) for standards (A. PGE2, B. TXB2, and C. LTB4) that 

went under direct infusion – mass spectrometry (DI – MS).
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Figure 5. 
A. Mass spectrum image using extraction method one and direct infusion – mass 

spectrometry (DI-MS). Arrows in the plot point to m/z of salts and other contaminants. B. 

Mass spectrum image using extraction method two and DI-MS. Arrows in the plot point to 

m/z of lipid species extracted using method one and not detectable previously.
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Figure 6. 
Mass spectrum of tears extracted using Folch method. Many free fatty acid (FFA) peaks 

were observed. Bold numbers and arrows indicate FFAs and their peaks.
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Figure 7. 
Extracted Ion Chromatogram of lipids seen in negative ion mode for samples extracted with 

Folch method and direct infusion (time-of-flight) – mass spectrometry (TOF-MS). (O-acyl)-

ω-hydroxy fatty acids were observed during MS/MSall.
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Figure 8. 
Extracted Ion Chromatograms of a tear sample showing various lipid molecules (A. (8-

iso-15(R)-PGF2α, 8-iso-PGF2α, 15(R)-PGF2α, PGF2α); B. PGE2 and C. 2,3-dinor-8-iso-

PGF2α).
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Table 2.

Major free fatty acids observed in negative mode during MS/SWATH-MS of tears that were extracted using 

the Folch Method.

Composition Theoretical m/z Experimental m/z Mass Error (ppm)

C18H35O2 (18:0) 283.2643 283.2691 16.94

C18H33O2 (18:1) 281.2486 281.2533 16.71

C20H39O2 (20:0) 311.2956 311.2923 10.60

C21H41O2 (21:0) 325.3112 325.3163 15.67

C22H43O2 (22:0) 339.3269 339.3334 19.15

C23H45O2 (23:0) 353.3425 353.3501 21.50

C24H47O2 (24:0) 367.3582 367.3650 18.51

C25H49O2 (25:0) 381.3738 381.3825 22.81

C26H51O2 (26:0) 395.3895 395.3975 20.23

C28H55O2 (28:0) 423.4202 423.4297 22.43
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