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Development of a fully automated online simultaneous analysis method of steroid
hormones and its application to metabolomics
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Automated analytical methods for nine steroid hormones and four sulfated
steroid metabolites were developed using an in-tube solid-phase microextraction (IT-SPME) method
with a capillary column as extraction device for extraction and concentration and an on-line coupled

LC-MS/MS method. The conditions of IT-SPME and LC-MS/MS were optimized and validated to establish a
selective and sensitive quantitative method for non-invasive analysis using saliva samples. This
method was applied to stress response steroid biomarker analysis, and the stress effects of passive
smoking and the stress-reducing effects of essential oils and music were analyzed. These steroid
biomarker levels showed good correlations with other stress/relaxation biomarker levels and stress
assessment by autonomic balance based on heart rate variability.

LC-MS/MS



LC-MSIMS

IT-SPME Kataoka: Anal. Bioanal. Chem., 373 (2002) 31; Kataoka: J.
Chromatogr. A, 1636 (2021) 461787 D LC-MSMS

1 IT-SPME LC-MSMS 9 2

2 IT-SPME LC-MSMS 4 3)

3 — LC-MSMS 4
4

(Preg) (Prog) (CRT) (Ald)
(DHEA) (TES) (E1)
(E2) (E3) 9 ProgS CRTS DHEAS E2S 4
(19

(DA) (5-HT) (MEL)
(OXT) 0.5 mg/mL 4°C
LC-MS

@
LC-MS/MS Agilent 1100 LC Applied Biosystems API-
4000 MS/MS LC 9
Discovery HSF5-3 100 2.1mmi.d.,3 p m 45 55
4 Inert Sustain C18 HP  100x 3.0 mm i.d., 3 um
55 45 MSMS 9
ESI 4 ESI MRM

Kinetex Biphenyl 100x 3mmi.d., 2.6 um
60 40 ESI MRM
(©)) SPME
1 Supel-Q
PLOT 60 cmx 0.32 mm i.d.

Lord
40 y L 200 p L/min /
Inject
LC-MS/MS



(A) Load position (extraction) (B) Inject position (desorption)

'lnjection loop

j | ion |
- Capillary i njecion loop
I column l X
Capillary ) ‘
Injection .. column Metering d / Metering
needie | &L T 3 pump e 8 _/ pump
M Autosampler Six-port valve E Autosampler  Six-port valve
Mobile
ok =
f =
| Hmsms |5 LIl Hmsms |3 :
~4d B & JE
E LC column E LC column
Workstation Detector Workstation Detector
1 IT-SPME LC-MSMS
)
3000 so0uL IS
1 mL IT-SPME LC-MS/MS

IS
®

Pulse Analyzer Plus TAS9

SDNN Ln(LF/HF
FBS
, SW
W40x D40x H40cm 1
30
25
mEl mE2 mE3 mPreg mProg mAld mCRT mTES DHEA
(1) IT-SPME LC-MSIMS 9 1
815 |
2) =
9 IT- Ewf
SPME 5
Supel-Q PLOT
4pL 02 0 : .
mL/m|n 25 CP-Sil5CB  CP-Sil 19CB CP-Wax 52CB l((:)ggbg)li?_r Supel Q PLOT
Capillary column
2 3 Discovery HS 2 1T-SPME
F5
6 4 25E+05 -
ESI MRM 2.0E+05 | AE2
0.01 40ng/mL = k3
0.999 g 15E+05 | *Preg
0.7 21 pg/mL =4 +Prog
17 40 % 1.0E+05 | *Ald
1 & EmCRT
BmTES
RSD 04 148% 1 soEtes T
82 105% 0.0E+00
0 10 20 30 40

Draw/eject cycle

3IT-SPME



E3 400000 ~E3-d3
5oo,oooi (20 ng/mL) "] (10 ng/mL)
1.0 20 3.0 40 5.0 6.0 1.0 20 3.0 4.0 5.0 6.0
Time, min Time, min
E2 E2-d4 Linearity (n=24) Precision (RSD %)
(5 ng/mL, 400,000 (2.5 ng/mL) Analyte LOD — -
100,000 g/mL) yt (ﬁg[f}g& r (pg/mL) ng/mL Ir&ga Irdnaer
1.0 20 T|m§,?nm 4.0 5.0 6.0 1.0 20 T|m§,?nm 4.0 5.0 6.0 1.0 8.1 10.8
E1 10EH;AL El 0.2-40 0.9990 8.9 4.0 3.4 6.8
500,0001 (20 ng/m) . . 100'00% (10ng/mb) 20 5.9 10.9
JAN A . .
1.0 20 30 40 5.0 6.0 1.0 70 30 40 5.0 6.0 0.25 35 5.6
Time, min Time, min
Pre Preg-d4 E2 0.05-10 0.9992 2.2 1.0 4.4 7.9
10,000] (20 ng/mL) 4000{ (10ng/mL) 5.0 0.4 9.2
~ 0 1.0 55 10.8
1.0 20 3.0 40 5.0 6.0 10 20 3.0 4.0 5.0 6.0
. Time, min Time, min E3 0.2-40 0.9993 20.5 4.0 4.3 8.2
2 Prog Prog-d9
; 50,000{ (1ng/mL) 40,000] (0.5ng/mL) 20 4.0 125
RN 1.0 6.1 7.4
g A Tom 2o S0 40 S0 TR0 preg 0.2-40 09992 9.2 40 75 108
Ald Ald-d7 20 5.7 10.0
50,00!{ (5 ng/mL) 10,000{ (2.5 ng/mL) ' 0.05 1.9 4.0
io 2056 a0 50 60 io 26756 a0 56 60  Prog 0.01-2 0.9990 2.3 0.2 21 31
ime, min ime, min
crr CRT-da 10 48 45
mo,oooi (5 ng/mL) L 3”“01 (2.5 ng/mL) L 025 40 8.1
o o Ald 0.05-10 0.9998 7.0 1.0 2.2 4.4
1.0 20 3.0 4.0 5.0 6.0 1.0 20 3.0 4.0 5.0 6.0
Time, min Time, min 5.0 2.6 4.4
TES TES-d3
200,000] (1 ng/mL) 100,000 (0.5ng/mL) 0.25 08 63
: N CRT 0.05-10 0.9998 4.3 1.0 1.8 35
o 1.0 20 3.0 4.0 5.0 6.0 o 1.0 20 3.0 4.0 5.0 6.0 5.0 2.8 71
Time, min Time, min
DHEA DHEA-d2 0.05 6.5 9.7
zouoooj 5 ngiml) zo,oooi (25 ngiml) TES 0.01-2 09993 0.7 0.2 16 148
o 1.0 20 3.0 4.0 5.0 6.0 0 1.0 20 3.0 4.0 5.0 6.0 1.0 4.2 9.9
Time, min Time, min 0.25 3.0 4.5
4 M RM DHEA 0.05-10 0.9997 8.1 1.0 15 10.3
5.0 2.2 3.9
(2) IT-SPME_LC-MS/MS 4 3
Supel-Q PLOT 40 uL 0.2 mL/min 25
InertSustain Swift C18
0.01 10 ng/mL 0.9998
0.3 3.2 pg/mL 76 2
RSD 21 11.1% 86 113%
2
PREGS DHEAS 15,000 CRTS E2S
395.0-968 48,000 367.0-97.0 441.2-97.0 351.3-80.1 . . L
15,000 9,000 Linearity (n=24) Lob Precision (RSD %)
Analyts
32,000 10,000 alyte Range (pg/MmL) pgimL 'Mtra-  Inter-
10,000 6,000, (ng/mL) r noML - day  day
£ 5,000 16,000 5,000 3,000 025 56 77
§ L E2S 0.05-10 0.99995 3.2 1.0 3.6 7.9
% [9) 3 " 0 3 2 0 2 7 0 2 2 5.0 2.7 5.2
= 005 23 90
< PREGS-C,d, DHEAS-d; CRTS-d, E25-d,
§24,000 399.0-96.8 372.4—97,000 445.2-,96.8 18,000 354.7-80.0 PregS  0.01-2 0.99991 0.6 0.2 2.1 4.0
30000 10 30 62
16,000: 10,000 12,000 0.05 7.7 1.1
20,000
CRTS 0.01-2  0.99987 0.8 0.2 2.4 4.2
8,000 10,000 5,000 6,000 1.0 2.6 6.8
L-. 005 69 107
o 2 4 0 2 4 0 2 4 o DHEAS 0.01-2 0.99994 0.3 0.2 3.1 7.8
Time (min) 1.0 31 6.1
5 MRM ESI® ESI*
3 1.2e6 :
® — DHEAS | !
LC-MSMS 4 !
1
i
1
IT-SPME |
» 8.0e5 i
LC-MSMS g :
o I
= ;
i) I
CRT TES DHEA g :
£ 1
DHEAS 8 6 ! CRT
4.0e5) H
1 TES
1
CRT DHEAS |
1 t DHEA
i
1

007 T34 5 6 7 8
Time. min

7 6 LC-MSMS TIC



Smoker Non-smoker

@(A) Before exposure
O(B) Immediatery after exposure
@ (C) 1 hour after exposure

@(A) Before exposure
@(B) Immediatery after exposure

=
[N}

Qo
S5 ] 0O(C) 1 hour after exposure
g 2038 s
g2 N
Ss R
S5 04 TRy
0.0 : ALl | 83
DHEAS CRT TES DHEA DHEAS
;
(O] R
CRT -
5HT MEL DA OXT IT-SPME LC-MS/MS | HeEsEds— —zssesn xw?mx
Z
001 10 ng/mL %0.2 0.9 Ojl oDiZ lgno.%
0.999 . . . e
04 4pgmL SIN=3 gl e . "
14 46 & -
RSD 1.3 7.9% 22 & '
14.6% X
g -0.03
o
N
CRT 18 7 AR R AR RO E
CRT
8
2 8
CR-I- N— v s /II_JH-HIO‘CRT' s e EN ~—
gzo
SDNN 2.,
LF/HF sw 2,
CRT &'
SDNN zos
LF/HF §oa |
% 0.0
9 CRT =
SDNN
9
LC-MS/MS

1. KataokaH., (2021) In-tube solid-phase microextraction: Current trends and future perspectives. J. Chromatogr. A,
(Review article) 1636: 461787 (doi: 10.1016/j.chroma.2020.461787).

2. Hitomi T., Kataoka H., (2024) Development of Noninvasive Method for the Automated Analysis of Nine Steroid
Hormones in Saliva by Online Coupling of In-Tube Solid-Phase Microextraction with Liquid Chromatography—
Tandem Mass Spectrometry. Analytica, 5: 233-249. (doi.org/10.3390/analytica5020015).

3. Kataoka H., Nakayama D., (2022) Online In-Tube Solid-Phase Microextraction Coupled with Liquid
Chromatography-Tandem Mass Spectrometry for Automated Analysis of Four Sulfated Steroid Metabolites in
Saliva Samples. Molecules, 27(10): 3225. (doi: 10.3390/molecules27103225).

4, KataokaH., OhshimaH., OhkawaT., (2023) Simultaneous analysis of multiple steroidal biomarkersin salivafor
objective stress assessment by on-line coupling of automated in-tube solid-phase microextraction and polarity-
switching LC-MSMS. Talanta Open, 7: 100177. (doi.org/10.1016/j.tal0.2022.100177).

5. KataokaH., (2023) Application of In-tube SPME to Analysis of Stress-related Biomarkers, in Evolution of SPME
Technology: Edited by J. Pawliszyn, (Roya Society of Chemistry: Cambridge, UK), Chapter 14, pp.419-440.
(ISBN 978-1-83916-680-8).



9 9 3 7

Kataoka Hiroyuki Ohshima Hayata Ohkawa Taishi

Simultaneous analysis of multiple steroidal biomarkers in saliva for objective stress
assessment by on-line coupling of automated in-tube solid-phase microextraction and polarity-
switching LC-MS/MS

2023

Talanta Open

100177 100177

DOl
10.1016/j .talo.2022.100177

Kataoka Hiroyuki 28

Solid-Phase Microextraction and Related Techniques in Bioanalysis 2023

Molecules 2467 2467
DOI

10.3390/molecules28062467

Kataoka Hiroyuki 1636

In-tube solid-phase microextraction: Current trends and future perspectives 2021

Journal of Chromatography A

461787 461787

DOl
10.1016/j .chroma.2020.461787

Kataoka Hiroyuki Kaji Sanae Moai Maki 26

Risk Assessment of Passive Smoking Based on Analysis of Hair Nicotine and Cotinine as Exposure 2021

Biomarkers by In-Tube Solid-Phase Microextraction Coupled On-Line to LC-MS/MS

Molecules 7356 7356
DOl

10.3390/molecules26237356




Kataoka Hiroyuki Nakayama Daiki

27

Online In-Tube Solid-Phase Microextraction Coupled with Liquid Chromatography-Tandem Mass 2022

Spectrometry for Automated Analysis of Four Sulfated Steroid Metabolites in Saliva Samples.

Molecules 3225 3237
DOl

10.3390/molecules27103225

Kataoka Hiroyuki 1636

In-tube solid-phase microextraction: Current trends and future perspectives 2021

Journal of Chromatography A

461787 461787

DOl
10.1016/j .chroma.2020.461787

Ishizaki Atsushi Kataoka Hiroyuki 26

Online In-Tube Solid-Phase Microextraction Coupled to Liquid Chromatography?Tandem Mass 2021

Spectrometry for the Determination of Tobacco-Specific Nitrosamines in Hair Samples

Molecules 2056 2056
DOl

10.3390/molecules26072056

Hiroyuki Kataoka, Atsushi Ishizaki, Keita Saito -

Micro Sample Preparation for High-Performance Liquid Chromatography, Chapter 10, in Biochemical 2020

Analysis Tools - Methods for Bio-Molecules Studies

Biochemical Analysis Tools - Methods for Bio-Molecules Studies 165 186

DOl
10.5772/intechopen.82530




Takashi Hitomi, Hiroyuki Kataoka 5

Development of Noninvasive Method for the Automated Analysis of Nine Steroid Hormones in Saliva 2024
by Online Cou-pling of In-Tube Solid-Phase Microextraction with Liquid Chromatography-Tandem
Mass Spectrometry.

Analytica 233-249

DOl
10.3390/analytica5020015

22 0 0

SPME  LC-MS/MS

3
2022
34
2022
In-tube SPME LC-MS/MS
143

2023




In-tube SPME LC-MS/MS

143
2023
In-tube SPME LC-MS/MS
143
2023
SPME LC MS/MS
70
2021
SPME LC MS/MS
32

2021




LC-MS/MS

142

2022
— LC-MS/MS

142

2022
LC-MS/MS

142

2022

SPME LC MS/MS

140

2020




In-tube SPME/LC-MS/MS

80
2020
AGEs

141
2021
LC-MS/MS AGEs

141
2021

SPME  GC-MS 3-methyl-3-sulfanylhexan-1-ol
141

2021




In-tube SPME LC-MS/MS

83

2023

In-tube SPME LC-MS/MS

72

2023

144

2024

144

2024




144

2024

In-tube SPME LC-MS/MS

144

2024

In-tube SPME LC-MS/MS

84

2024

4

Hiroyuki Kataoka

2023

MDPI: Basel, Switzerland

198

Solid-Phase Microextraction and Related Techniques in Bioanalysis (Edited by H. Kataoka)




Hiroyuki Kataoka (Chapter 14) 2023

Royal Society of Chemistry: Cambridge, UK 642

Evolution of Solid Phase Microextraction Technology (Edited by J. Pawliszyn)

Hiroyuki Kataoka (Chapter 1) 2023

Elsevier: Amsterdam, Netherlands 1016

Handbooks in Separation Science: Liquid Chromatography 3 rd Edn (Edited by S. Fanali, B.
Chankvetadze, P.R. Haddad, C. Poole and M.-L. Riekkola)

Edited by 0.-M. Boldura, C. Balta and N.S. Awwad 2020

InTech, Croatia 194

Biochemical Analysis Tools-Methods for Bio-Molecules Studies

researchmap

https://researchmap.jp/read2020-HKshujitsu

Research.com

https://research.com/u/hiroyuki-kataoka

ResearchGate
https://ww.researchgate.net/profile/Hiroyuki_Kataoka

Scopus

https://ww.scopus.com/authid/detail .uri?author1d=7202767326
ORCID

https://orcid.org/0000-0003-2315-6051

J-GLOBAL
https://jglobal.jst.go.jp/en/detail?JGLOBAL_1D=200901016234175728
Google Scholar
https://scholar.google.co.jp/citations?user=YgkZWa4AAAAJ&hl=ja

https://ww.shujitsu.ac.jp/yakugaku_site/faculty-introduction/basis/







