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Figure S1, related to Figure 4. Validation of linearity of MRM method developed for
quantitation of cholesteryl sulfates. Increasing concentrations of cholesteryl sulfates (0.5, 1.0,
5.0, 10.0 µg ml-1) were spiked with equal volume of 10 µg ml-1 of d7-cholesteryl sulfate as internal
standard and analysed individually under the chosen HPLC-RP-ESI-MRM conditions in the
negative ion mode. (A) The extracted ion chromatograms for each concentration of cholesteryl
sulfate used and (B) a plot of measured concentration against applied concentration were shown.
The physiological concentrations of cholesteryl sulfates found in meibum and tear samples lie
within the linearity range reported.



Figure S2, related to Figure 1. The distributions of major classes of nonpolar and polar lipids
along the strips.



Figure S3, related to Figure 1. Plots of raw intensities against relative concentrations of lipid
standards used.
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Figure S4, related to Figure 4. Single-stage mass spectra obtained using the Orbitrap. The
ion spectra were obtained using single-stage scan with normal phase LC-separation in the positive
mode for (A) SM and (B) PC and negative mode for (C) PE. Accurate masses were presented and
only major species within each lipid class were shown.
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Figure S5, related to Figures 3-4. Heatmap illustrating the lipid profiles of all lipid species
analyzed in 28 individual human tear samples from dry eye patients. Values were plotted as log10

of mole fraction of individual lipid species. It was observable that the lipid profiles were generally
reproducible even in samples with very low Schirmer’s score (<5mm). One anomalous sample of
relatively high Schirmer’s length displayed unusually low levels of polar lipids that might be related to
disease pathology. The overall consistency in lipid profiles validated the sensitivity and reproducibility
of our analytical approach even for samples with very low amount of tears.
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Figure S6, related to Figure 3B. Comparison of DAG profiles between tears and meibum. Lipid
profiles were obtained from pooled samples of Schirmer’s tears (n=8) and meibum,(n=7) respectively.
Values were plotted as log10 of the mol fraction of individual species, and a value of -9 indicates
undetectable in the respective samples.



Subject No Sex Ethnicity Eye sampled Schirmer’s length 
(mm)

Subject 1 Male Chinese R 22

R 19

Subject 2 Female German R 24

R 27

Subject 3 Female Chinese R 24

R 19.5

Subject 4 Female Chinese R 5.5

R 7

Table S1, related to Figure 1. Validation of Schirmer’s strip method of tear collection.
Demographic information of four volunteers who provided Schirmer’s tear samples for the method
validation. Replicate samples were obtained from the same eye at similar timing (1000-1500) on
different days to avoid diurnal variations in tear profiles.



No. Sex Age Ethnicity Eye Schirmer’s
length 
(mm)

Duration of 
Capillary 
Collection 
(min)

Duration of 
Capillary 
collection 
with 20µL 
saline flush 
(secs)

1 M 40 Chinese R 8 2 20

L 6

2 F 25 Chinese R 24 1* 30

L 30

3 F 24 Chinese R 24 1.5 60

L 25

4 F 22 Chinese R 7 5 60

L 6

5 F 32 Chinese R 19 5 10

L 14

Table S2, related to Figure 1. Comparison of tear collection techniques. Demographic and
clinical information of five volunteers recruited to contribute Schirmer’s and capillary-collected
tear samples. The volunteers had normal lacrimal function based on the cutoff value given by
the report from the Diagnostic Methodology Subcommittee of the International Dry Eye
WorkShop (i.e. Schirmer’s length > 5.5 mm).

* Reflex tearing was observed.



Segment  -5-0 Segment 0-5 Segment 5-10
Percent of Total in 
first 3 segments

TOTAL CE 57.07 33.13 4.09 94.29

TOTAL WE 52.93 30.33 5.21 88.47

TOTAL OAHFA 53.12 32.58 5.78 91.48

TOTAL PC 66.11 8.14 6.57 80.82

TOTAL CER 62.68 9.39 7.32 79.39

TOTAL SM 74.60 8.58 4.67 87.85

TOTAL PS 65.50 8.35 7.87 81.72

TOTAL PI 73.47 5.44 5.47 84.38

Table S3, related to Figure 1. Summary of the percentages of the major classes of tear
lipids detected in the first three segments of the strips relative to the amounts along the
entire length of the wetted portions.



Percent (%) Tear Meibum

Neutral Lipids

TOTAL CE 44.8175 49.2656

TOTAL WE 35.2106 43.0449

TOTAL FREE CHO 5.9397 1.5566

TOTAL CS 0.1400 0.2778

TOTAL TAG 2.8387 2.3849

TOTAL DAG 0.2978 0.0317

TOTAL OAHFA 2.5170 2.8754

Lyso-glycerophospholipids

TOTAL LPC 0.4937 0.0242

TOTAL LPS 0.4632 0.0162

TOTAL LPA 0.0655 0.0012

TOTAL LPI 0.0453 0.0037

TOTAL LPE 1.2935 0.0412

Glycerophospholipids

TOTAL PC 2.4687 0.2004

TOTAL PS 0.1104 0.0104

TOTAL PA 0.0771 0.0071

TOTAL PI 0.7165 0.0439

TOTAL PE 0.6974 0.1341

TOTAL PG 0.0079 0.0013

TOTAL LBPA 0.0291 0.0024

Sphingolipids

TOTAL SM 1.4967 0.0594

TOTAL CER 0.2582 0.0162

TOTAL GLUCER 0.0032 0.0003

TOTAL GM3 0.0123 0.0011

TOTAL S1P 0.0001 0.0000

Table S4, related to Table 1. The relative abundance of individual classes of lipids in the
human tears and meibum. Values were present as percentage molar fraction (normalized to
total lipids). The lipid profiles were obtained using pooled samples of Schirmer’s tears and
meibum collected from dry eye patients.



No. Sex Age Race Eye
TBuT
(secs)

Schirmer's
length (mm) OSDI

Baylor 
score

018 F 55 Chinese R 3 3 33.3 3

019 F 50 Chinese R 2 7 16.7 1

020 F 61 Chinese L 2 10 0.0 7

021 F 55 Chinese L 4 25 43.8 5

022 F 77 Chinese L 1 3 58.3 4

023 M 58 Chinese L 3 0 16.7 7

024 M 50 Chinese L 2 5 20.8 2

026 F 49 Chinese R 3 9 35.4 3

027 F 63 Chinese R 3 4 12.5 3

028 F 58 Chinese R 4 11 27.1 10

029 F 56 Chinese R 15 23 35.4 1

030 F 55 Chinese R 2 1 12.5 19

031 M 58 Malay L 1 18 12.5 2

032 F 52 Chinese L 2 11 25.0 10

034 F 54 Chinese R 3 7 12.5 3

036 M 63 Malay R 2 21 45.8 11

038 M 66 Chinese R 2 9 10.4 9

041 F 60 Chinese L 3 9 20.8 2

043 F 60 Chinese R 6 7 20.8 2

044 F 52 Chinese L 2 7 43.8 9

045 F 48 Chinese L 1 15 0.0 7

046 F 62 Chinese L 2 7 58.3 11

047 F 74 Chinese R 4 16 43.8 20

049 F 72 Chinese R 1 4 31.3 1

050 F 54 Chinese L 2 5 39.6 8

052 F 52 Chinese R 5 6 31.3 3

054 M 59 Chinese R 4 1 45.8 0

055 F 69 Malay L 4 6 0.0 1

Table S5, related to Figure S4. Demographic and clinical information of the dry eye cohort
used for validation of analytical methods. A total of 28 patients were included from which both
Schirmer’s tear and meibum samples were analyzed. Entry criteria include TBUT<5 secs; Schirmer’s
1 Test < 5.5mm; OSDI >12.9 ; Baylor score > 0. Patients were considered to suffer from certain
aspects of dry eye as long as two of the four criteria aforementioned were fulfilled. The entry criteria
were not considered stringent as this cohort was only used for validating the translational feasibility
of analytical methods developed.



Table S6 (see attached spreadsheet). MRM transitions for tear lipid species.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /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 true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /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 true
  /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 <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  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 false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


