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Ultrasensitive Detection of Hair Cortisol Based on Portable Raman
Spectrometer and Double—layer Paper Microdevice
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Abstract Cortisol in the human hair is a clinical biomarker of long-term social-and-work-related mental stress, which is of
high morbidity rate in the current modern society. This study developed a sensitive hair cortisol assay, featuring sur-
face-enhanced Raman spectroscopy, immunoreaction, and a double-layer paper microdevice. The first layer of the paper mi-
crodevice was used to remove the hair residue in the hair extract by filtration (sample pretreatment). The second layer was
used for competitive immunoreaction and detection. Standard cortisol antigen immobilized in the second layer and the free
cortisol in hair extract competed to bind the spiked Raman-active cortisol monoclonal antibody solution. The hair cortisol can
be quantitated by the intensity of Raman signal of monoclonal antibody bound on the paper. We found the Raman signal de-
creased as the cortisol concentration increases in hair samples. The relative Raman intensity measured was linearly propor-
tional to the logarithmic value of the cortisol concentration in hair samples we measured. The detection of limit (LOD) was 1
pg/mL with the portable Raman spectrometer. The RSD of measurement was 8.38% (n=6). In addition, we used LC-MS to
measure two real samples as a comparison with our method as above. The results are 0.771 and 0.153 ng/mL by LC-MS
method and 0.63 and 0.247 ng/mL by the proposed method. It can be observed that the results are in same order, demonstrat-
ing the validity of the proposed method. In addition, 48 samples can be measured in a single chip. These results showed that
this method is sensitive, specific, and suitable for large-scale screening of hair cortisol samples.
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Figure 1 (a) Illustration of the paper microdevice; (2) Photograph of a
high-throughput paper microdevice containing 96 reaction zones
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Figure 2 Photograph of the paper microdevice, and the black spot on
the chip was hair residue
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Figure 3 Illustration of the immunoassay on the paper, a, labeling pro-
cess of antibody, b, immobilization of cortisol antigen and blocking; c,
competitive immunoassay processes
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Figure 4 (A) Intensity of Raman signal of MBA on AuNP vs. volume
of MBA in reaction; (B) Intensity of Raman signal of MBA on AuNP vs.
incubation time
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Figure 5 (a) Variation of the Raman spectra of bound antibodies with
the concentration of hair cortisol; (b) relative intensity of the peak at 1587
cm ' vs. the logarithmic value of hair cortisol concentration

3500 -
3000 -
2500
2000 -

1500 -

Intensity/a.u.

1000 -

500 -

0

100000 10000 1000 100 10 1 0
Concentration/(pg-mL")

Bl6 1587 cm 'AbUASF ISR FIRE IR Z INMSCR, LA BIE
Figure 6 The average intensity of the peak at 1587 cm ' under different
concentrations of hair cortisol

243 AHEEBE. H—HAEnE

B 10 pg/mL HIEA BRI REM, HENE 6 X,
1587 em™ ' Kbl 45 S AR SR HE R 2 2 T 5N 8.38%,
Wi T — oK. X EERPNRAS B H 15 S
RWRE S TESRFE, TR 2NEr %k
TR AT S IR A

358  http://sioc-journal.cn

TEBRATHISLE SR R ) bR A — AT
T b, JAVEFH EFENLERL 7 30 AN a, WEX 30 4
MR 2E S, S5, 5B I AEX b 4w 22 8
9.26%, 5 FIRKEH EAE— RN

PATTIN 5E T35 BIMFR R (R 1), B HIRATH
T30 FLA B (RS
F R R AR

Table 1 Recoveries at different concentrations

W /(gemL ") TAF (K B2 R /g AMINIR B R /g I HH 1) e R /g BT /%

5%x10°1° 2%X107° 2X107° 4.06X10°° 103
1.5x10 " 6x10 " 6X10" 11.72X10°" 9533
5%10 "2 2x107 " 2x10° " 425x10° 1 112.5

© 2017 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

2.5 SCRREEmRIGT

PATTRI FH A HIE 708 S 7 RN 5 VR A T B
BUREE ) 15 6 N Sk A S i, 5 LA 2 48109 o ok i
BT R JFRE, AN EE SR 4 09 0.771 F10.153 ng/mL,
Fr S A S5 525109 0.63 AT 0.247 ng/mL, J5E A K
DLSCHER R AT RUACI, B e F4) 5 S R0 ot Ak Y %)
SERAEHE G PR8N, PR TR AT S
PE.
26 KRR

FEAW T, FATESL T —FhiEH T+ KA A
TR BT e R T3, 2T AR R RE SR 22
JS2F B T I R A U AR R A SRR L. B
] s A ) B T B A B R 4R i (B 1b), ZR35F K
A B BEARAR A A 4% 5 RO, ASCO AR 1 {E
FUHE 261 A Y R ABURE AT LAk SR U R (— e =,
EAE AL R LL S AL PN RO 2, (AR HATT 5K
B At P A4S B SRR EANTS, PRAR A A 45 50 24X
AT HBNR A, B3 B SR E R T RE. MY
A U, SELX LT REIFAKE, DRISLAHE T ST
J7 3R RN A5 R 4F

3 4ip

AHETORE FE G R ROR . 2 R 4R Fr BOR MR T
WESREy OCIERR G GER, BT BN
IINTTTE, G W ER BRI AR T 2T TR
P, 2 2400 A BORIER AR TR sA, PRIE 116
i, JFH A 7SRRI B, R RN 2Ot
R P ORAIE 7 795 0 RABRE, 455 (8 5 2 hn =2 e G
A, IR R T ORREA TR R i R 2

Bt

SR SR K27 ] B SR R DT AN 5 N K S ks AR 2 Ui
XA TR T A ).

Acta Chim. Sinica 2017, 75, 355—359



W F F HR

i@

References

[1] Tto, N.; Ito, T.; Kromminga, A.; Bettermann, A.; Takigawa, M.;
Kees, F.; Straub, R. H.; Paus, R. FASEB J. 2005, 19, 1332.

[2] Van Uum, S. H. M.; Sauve, B.; Fraser, L. A.; Morley-Forster, P.;
Paul, T. L.; Koren, G. STRESS 2008, /1, 483.

[3] Manenschijn, L.; Koper, J. W.; Lamberts, S. W. J.; van Rossum, E. F.
C. Steroids 2011, 76, 1032.

[4] Davenport, M. D.; Tiefenbacher, S.; Lutz, C. K.; Novak, M. A
Meyer, J. S. Gen. Comp. Endocrinol. 2006, 147, 255.

[5] Raul, J. S.; Cirimele, V.; Ludes, B.; Kintz, P. Clin. Biochem. 2004,
37, 1105.

[6] Accorsi, P. A.; Carloni, E.; Valsecchi, P.; Viggiani, R.; Garnberoni,
M.; Tarnanini, C.; Seren, E. Gen. Comp. Endocrinol. 2008, 155, 398.

[7] Lu, Y.; Shi, W. W.; Jiang, L.; Qin, J. H.; Lin, B. C. Electrophoresis
2009, 30, 1497.

[8] Lu, Y.; Shi, W. W.; Qin, J. H.; Lin, B. C. 4nal. Chem. 2010, 82, 329.

[9] Klasner, S. A.; Price, A. K.; Hoeman, K. W.; Wilson, R. S.; Bell, K.
J.; Culbertson, C. T. Anal. Bioanal. Chem. 2010, 397, 1821.

[10] Ge, S. G; Ge, L.; Yan, M.; Song, X. R.; Yu, J. H.; Huang, J. D.

Chem. Commun. 2012, 48, 9397.

Acta Chim. Sinica 2017, 75, 355—359

© 2017 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

[11] Vella, S. J.; Beattie, P.; Cademartiri, R.; Laromaine, A.; Martinez, A.
W.; Phillips, S. T.; Mirica, K. A.; Whitesides, G. M. Anal. Chem.
2012, 84, 2883.

[12] Yan, C.; Yu, S.; Jiang, Y.; He, Q.; Chen, H. Acta Chim. Sinica 2014,
72, 1099. ("™FF, R EH, HH, 54, BRER, s F R,
2014, 72, 1099.)

[13] Zhao, L.; Yan, H. Acta Chim. Sinica 2012, 70, 1104. GRREEEH, 157
%, IR, 2012, 70, 1104.)

[14] Wang,Y.; Yan, B.; Chen, L. Chem. Rev. 2013, 113, 1391.

[15] Zhang, W.; Li, B.; Chen, L.; Wang, Y.; Gao, D.; Ma, X.; Wu, A.
Anal. Methods 2014, 6, 2066.

[16] Li, B.; Zhang, W.; Chen, L.; Lin, B. Electrophoresis 2013, 34, 2162.

[17] Fu, X.; Cheng, Z.; Yu, J.; Choo, P.; Chen, L.; Choo, J. Biosens. Bio-
electron. 2016, 78, 530.

[18] Dou, B.; Luo, Y.; Chen, X.; Shi, B.; Du, Y. G;; Gao, Z. G.; Zhao, W.
J.; Lin, B. C. Electrophoresis 2015, 36, 485.

[19] Wang, G. F.; Lipert, R. J.; Jain, M.; Kaur, S.; Chakraboty, S.; Torres,
M. P; Batra, S. K.; Brand, R. E.; Porter, M. D. Anal. Chem. 2011,
83,2554,

[20] Zhang, Z.; Liu, R.; Xu, D.; Liu, J. Acta Chim. Sinica 2012, 70, 1686
(in Chinese). (FKZR4H, XI&, 1R, XFE, LFFHR, 2012,
70, 1686.)

(Zhao, X.)

http://sioc-journal.cn 359




<<
  /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


