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Solid Phase Extraction /1 LsvsTem

Ingenious sample handling

A quick Iook back and where do we go today

* ‘The separating funnel is a museum piece’

* Modern SPE originated in 1974

by Reginald Adams, Thomas Good, and Michael Telepchak
First dispersive (dSPE)
Later cartridge formats

Sample reservoir, typ. 1to 25 mL

* Much simpler for the lab
Less sorbent material

ExaCtly the same iS Filter/Frit
LeSS SOlvent true agaln for IJSPE < Specific sorbent material
Faster W Filterit

M Luer tip

More concentrated analytes
More selective

Compatible with GC-MS and LC-MS -
... and it is a big step ahead in Green Analytical Chemistry

That's uSPE,
we wanna talk
about today
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Classical SPE

Limited selectivity
High sample and solvent volumes
Requires evaporation with N,
End volume >>100 pL in vial

Vacuum operated

6 mL

SYSTEM

Ingenious sample handling

MSPE
High selectivity
Sharp elution peak profile,
Compares to LC separation
No dilution, no concentration
Final eluates < 100 pL (or online)
15 mL

Works ke 4
Mini LC cojympn !

Drying before elution

Manual operation
Time consuming

Low sample throughput
Batch processing

No QA/QC

As of manual operation

L: 6.6cm

12 mm

. ' Positive pressure w liquid syringe
Very low solvent use
No drying step
Walk away automation D
Fast
Works on chromatographic timescale >~ 35 mm
High productivity I
Traceable
Processing well documented

0D 8.5 mm
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SYSTEM

Ingenious sample handling

“Enrichment” mode (the “classical” procedure)
aka Load-Wash-Elute mode
Analytes e retained
Matrix o= washed away
Analytes ® eluted by solvent change M—Ld—d—
e.g. for SAX, C18 material for Glyphosate, AMPA in EURL Almeria

“Scavenging” mode prayte @ ntererences A @ W
Matrix 4 = retained B Yy
kept on cartridge -
Analytes e elute with extract
e.g. for QUEChERS, SweEt
Pesticides in Hill Labs, USDA Lehotay, Zurich Kanton Lab, EURL Almeria ...) —ps—

C18 material for veterinary drugs analysis B
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Inside the USPE Cartridge ?ALSYSTEM
How does the pSPE Cartndge work

R Inner body /?‘ Conical needle guide
Outer body — Defined sealing point
S— Needle stop
Needle guide —
35 mm Filter disks (2x)
Sorbent material
= High capacity up to 150 mg
Allows multiple layers
H Flat bottom nozzle
- Elutes into vials
OD 8.5mm or LC ports

* The uSPE cartridges offer
combinations of sorbent materials as used for the QUEChERS clean-up,

customized and proprietary sorbents are available,
just filter materials of different pore sizes, e.g. for LC and IC applications.
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How does PSPE Work on a PAL System /ALsysTen

Ingenious sample handling

One Trayholder IS mstalled on a PAL System (upgradeable)

. <€ PAL syringe
(D) Raw Extracts e
e.g. QUEChERS, Swekt, ...
(2) Elution - Cleaned Extracts
for injection GC-MS, LC-MS
(3) WSPE cartridges S Hoada g

for conditioning
Cartridge body =——Jp

<€— SPE sorbent

Cartridge transport on syringe needle
for elution and return/waste bin
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Standard QUEChERS Protocol* A LsvsTEm

Ingenious sample handling

10 q of samole Use 50 mL tubes n :
LI Add 10 mL acidified acetonitrle LLE Extraction
Add ISTD (Triphenylphosphate)
Shake 1 min I
49 MgSQO, anh.,
Salt out I 19 NaCl, -
1 g Citrate buffer (CEN 15662)
: 1 g Acetate buffer (AOAC 2007.01)
Shake 1 min I
Centrif B) Freeze step for fatty samples, or GLP clean-up
enle B) Direct LCMS analysis of polar pesticides
Dispersive SPE I
1 mL aliquot transferred into 10 mL tubes,
Shake 1 min I add PSA, MgSO,, C18, GCB, Chlorofiltr, ... -

as required by the food commaodity
Centrifuge I
Analysis I

* QUEChERS - Mini-Multiresidue Method for the Analysis of Pesticides, M. Anastassiades, 2003

] \
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QUEChERS Protocol* with uSPE Clean-up

10 g of sample I
Shake 1 min I
Salt out I

Shake 1 min I
Centrifuge I

Dispersive SPE

Centrifuge

A\ svsTem

M@momsmmmhmdmg

Use 50 mL tubes
Add 10 mL acidified acetonitrile
Add ISTD (Triphenylphosphate)

®» Add buffer kit, AOAC 2007.1/EN15662

®» No freeze - No GPC

®» Take 1 mL for uSPE clean-up

Chlorpyriphos 1 ppb
RT 13.45 min

m/z 313.90 > 285.90
m/z313.90 > 193.90

Chlorpyrifos T Parathion T

Parathion 1 ppb
RT 13.59 min
m/z291.10 > 137.00
m/z291.10> 81.00

Black and green tea samples

) |
) P sy

"~

| MMMM %L@ﬂmmh

1359  RT(min)
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Pesticides Clean-up by Hill Laboratories, Hamilton, NZ

A\ svsTem

Ingenious sample handling

More than 10 Years Experience for > 900 Matrices, >1000 Samples/wk

* Automated, compared to original QUEChERS USPE GC-MS clean-up

* Reduced manual labor in sample prep Sorbent  Amount  Percentage

* Wider range of samples with high lipid content, PSA 12 mg 27%
incl. avocados or with difficult matrices like dried c18 12 mg 279,
herbs and spices. GCB ] i 2%

Off-line clean-up requires only 1/5 of GC runtime

MgSO4 20 mg 44%

AGRICULTURAL AND

FOOD CHEMISTRY

pubsacs org/IAFC

Development of an Automated Column Solid-Phase Extraction
Cleanup of QUEChERS Extracts, Using a Zirconia-Based Sorbent,
for Pesticide Residue Analyses by LC-MS/MS

Bruce D. Morris® and Richard B. Schriner

Food and Bioanalytical Division, R. J. Hill Laboratories, Private Bag 3205, Hamilton East, New Zealand

O Supporting Information

and can serve several GC-MS systems.

Total 45 mg 100%

MSPE LC-MS clean-up

ABSTRACT: A new, antomated, high-throughput, mini-cclumn salid-phase extraction (c-SPE) deanup method for QuEChERS
extracts was developed, using a robotic X-Y-2 instrument autosampler, for analysis of pesticide residues in fruits and vegetables
by LC-MS/MS. Removal of avocado matrix and recoveries of 263 pestiddes and metabolites were studied, using various
stationary phase mistures, induding zirconia-based sorbents, and elution with acetonitile. These experiments allowed selection
of a sorbent mixture consisting of zirconia, C;;, and catbon-coated silica, that effectively retained avocado matrixbut also retained
33 pesticides with <70% recoveries. Addition of MeOH to the elution solvent impraved pesticide recoveries from zirconia, as did
citrate fons in CEN QuECHERS extracts. Finally, formate buffer in acetonitrile/MeOH (1:1) was required to give >70%
recoveries of all 263 pesticides. Analysis of avocado extracts by LC-Q-Orbitrap-MS showed that the method developed was
removing >90% of di- and triacylglycerols. The method was validted for 269 pesticides (induding homlogues and metabalites)
in avocado and citrus. Spike recoveries were within 70~120% and 20% RSD for 243 of these analytes in avocado and 254 in
citrus, when calibrated against solvent-only standards, indicating effective matrix removal and minimal electrospray ionization

suppression.

KEYWORDS: QuECKERS, SPE, LC-MS/MS, ITSP, Z-Sep, zirconia, pesticids, multiresicue, avocadb, citrus

Sorbent Amount Percentage

27%
70%
3%

Z-Sep
C18
GCB

8 mg
21 mg
1 mg

Total 30 mg 100%
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B INTRODUCTION

The “quick, easy, cheap, effective, rugged, and safe”
(QuEChERS) method for the analysis of mubiclass pesticide
residues in fruits and vegetables introduced the use of dispersve
solid-phase extraction (d-SPE) cleanup, to reduce the amounts
of coextracted matrix in extracts, before ingtrumental analysis,
using a mixture of MgS0, and PSA sorbents with €, and
gaphitizad crbon black (GCB) added ¥ rquired to improve
remowal of nonpolar matrix and chlomophyll. "™ In the original
QuEChERS method, d-SPE was used ingead of column SPE
(c-SPE) to provide a quicker and cheaper cleanup.’ Recently
the zirconiahased sorbent HybridSPE, in wel-phtes or
columns, has been utlized for the removal of phophalipids
from plasma®” and eggs” The zirconia materials Z-Sep and
Z-Sep+ have been evaluated for d-SPE deanup of QuEChERS
exctracts for analysis of environmental pollutants and pesticides
in fish and shimp®*' and pesticides from oily fits or
vegetable oils,"*~** due to their abilities to remove the lipophilic
matrix However, in our experience, wsed routinely, Z-Sep d-SPE
c@n resut in the mansfer of solid phase into anaysis vials
and subsequently into the HPLC, building up over time to canse
retention of some analytes and poor peak shapes or camry-over.
Consequently, we investigated the development of an d
SPE cleanup, based on zirconia-coated silica, using Instrument
Top Sample Preparation (ITSP) mini-cartridges, on a robotic
X-Y-Z instrument autosampler. This could be as quidk and cheap
as d-SPE, as many instuments are already equipped with robotic
autosamplers; however, it could ako give the improved matric
removal that is possible with ¢ SPE'” and avoid zirconia transfer
to the LE-MS/MS.

< ACS Publications  #215 dmerican chemical sociery

5107

Avoado extracts were selected as a matrix with high oil
content,"™' and experiments were carried out to evaluate the
weight of matrix removed after acetonitrile (MeCN) elution
through TSP ¢-SPE cartridges with six different stationary
phases. Recoveries of 263 pestiddes and metahalites spiked on
avocado were determined through five of these sorbents and,
alang with matrix weight-removal results, allowed selection of 2.
Z-Sep/C,ys/ CarbonX misture for further method development.
Investigation of the effect of different elution solvents
(MeCN, MeCN/MeOH (1:1), MeOH, coextracted citrate in
a CEN {Ewopen Committee for Standardization method,™),
QuEChERS extract, and formate buffer at three concentrations
in MeCN/MeOH (1:1), on pesticide recoveries through
Z-5ep/C, 5 CarbonX, resulted in 3 method using elution of
CEN (QuEChERS extracts with 100 mM formate buffer in
MeCN/MeOH (1:1). To the best of our knawledge, this smdy is
the first to use ITSF mini-cartridges for deanup of QuEChERS
extracts and zirconia solid phase in an SPE column, rather than
used dispersively, for pesticide residue analysis. Removal of
avocado di- and triacylglycerols by Z-Sep, monitored by LC-Q-
Orbitrap-MS, is dlso presented. The method was validated for
the amalysis of 269 pesticides, including homologues and
metabolites, in avocado and dtrus, to give spike recovery and
reproducbility data.
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Automated USPE Clean-up for GC MS - Only 8 min *

N Ok w

10.

1.

14.

16.
17.

Take a 1 mL syringe

Take 500 pL raw extract from rack 1 into 1 mL syringe

Get the uSPE cartridge from rack 3 with the syringe needle
Move the cartridge to the elution rack 2

Push the raw extract through the uSPE cartridge at 5 pL/s
Discard uSPE cartridge into waste beaker

Switch to 100 uL syringe

Add 25 pL AP + QC solutions to the collection vial in rack 2

Switch to 10 yL GC injection syringe

Aspirate the cleaned extract from the elution vial in rack 2

Inject 1 pL of extract to GC-MS/MS

* as of Steven J. Lehotay, Lijun Han, Yelena Sapozhnikova (2016) and Nicolas Michlig, Steven J. Lehotay (2022)
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Ingenious sample handling

apple

pyriproxyfen

£

a0 kale

ipie e U s, i

[ : P

1

e
ax
. HE R
u -
= E —
= \
| = B r'-"’l 1 0
— o |
"--._
e

; -
S . E

dried | 3

t

salmon

" - 5
a B
e ] ] i3 H

PAL is a registered trade mark of CTC Analytics AG, Switzerland




Highly Polar Pesticides in Complex Matrices (QuPPe)

Glyphosate AI\/IPA Glufosmate

* Matrix honey, pollen, coffee beans
* Acidified methanol extraction

* Automated uSPE clean-up
50 mg SAX (strong ion exchange)

* Clean-up procedure ~
1000 uL methanolic raw extract
Load at 5 uL/s
Matrix washed with 600 pL methanol
Analytes elute with 400 uL methanol/HCI (9:1)

* Inject 10 pL to LC-MS/MS

* Cost saving: 500 mg — 50 mg SAX material
* Time saving: manual — automated 10:1
* Analytical: Improved recoveries up from avg. 70 — 86%

A\ svsTem

Ingenious sample handling

EURL for Pesticides in Fruit and Vegetables Almeria, Spain

No SAX clean-up SAX clean-up
Honey Pollen Honey Pollen
1.5E3 110> 63 4.0E2 110> 63 1.5E3 110>63 4.0E2 110 > 63
110> 78 110> 78 110> 78 110> 78
3.0E2 3.0E2
1.0E3 1.0E3
<C
a g 2082 %E: 2.0E2
S |g 502 § s0E2
5 1.0E2 = 1.0E2
< |~ =
0 0 0t 0 et L
1.5 2.0 26 15 2.0 25 1.5 20 25 15 20 2
Time (min) Time (min) Time (min) Time (min)
1.083 180 > 63 6.0E2 (| 180 >63 1.0E3 180>63 6.0E2 180 > 63
o 180> 95 ] 180 > 95 ] 180 > 95 180 > 95
g : 4.0E2 1 4.0E2
= |z ] Z 3
g % sz 2.0E2 % PO 2.0E2
"5 = i ] = E )
) 0 prrerir (38 N & W 0 0
20 25 2.0 25 2.0 25 20 25
Time (min) Time (min) Time (min) Time (min)
T 168 > 150 . 168 > 150 T 168 > 150 3 o3 168 > 150
Qo 3.0E3 168>63 3.0E3 168 > 63 8.0E3+ 168 > 63 168 > 63
g z 2083 2083 > 2083 1 2063
‘w ]
= = | [ =4 n
S 12 103 1.0E3 £ 1.0E3- 1.083
>. - - -
= / “I_\ / 1 0
0 0 0-
O 35 40 35 4.0 35 4.0 35 40
Time (min) Time (min) Time (min) Time (min)

Extracted LC-MS/MS ion chromatograms of standards of AMPA, glufosinate, and glyphosate at
0.010 mg/kg spiked to honey and pollen matrix without (left) and after SAX clean-up (right)

Jesus, F., A. R. Garcia, et al. 2023. “Determination of Highly Polar Anionic Pesticides in Beehive Products
by Hydrophilic Interaction Liquid Chromatography Coupled to Mass Spectrometry.” Anal. Bioanal. Chem.
https://doi.org/10.1007/s00216-023-04946-7.
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Ethylacetate Extraction of Pesticides from Foods (aka SweEt) /1 LsvsTem

Ingenious sample handling

Big time savings and reduced manual effort for high fat matrices — Cantonal Lab. Zurich, CH

P3_01_25_018 Captan 23_01_25_018 Folpet

* EtOAc extracts wider range of polar pesticides o RT. 1374 e R 13.95
* But, also extract high amounts of matrix s . 0.01 mg/kg
* GPC or extract freezing was used as clean-up £ 60l Yy e £ 6
= ¥ 14.03 =
_E 40j _g 40
* Clean-up using uSPE e 2 ol PP T
45 mg of PSA, C18, GCB, MgSO, - 7 PHR R'T( 13;.3 " 140 s 138 F;T( 1_4;0 142
Load 200 uL raw EtOAc extract, 2 uL/s T i o 0T 25035 Folpl
Blow-out 1 mL air ] . RT: 13.75 - RT: 13.95
* Injection 3 pL cleaned extract to GC-MS/MS | , 80 5 80 0.1 mgkg
§ 604 § 60
g . % s
* Significant improvements: £ “ ‘5 ‘°
. . . 2 204 2z 20
Difficult and fatty samples e.g. dried spices, egg, avocado, or |~ (q1ae e BR 397 | :
liver are successfully processed, 134 136 138 140 138 140 142
RT(min) | RT(min)

Captan and Folpet with good recoveries.
One uSPE cartridge for all food matrices.
No time-consuming freeze-out or GPC required anymore. Schirmann, A., C. Crlizer, et al. 2023 “Automated Migro-SoIid-EhaselExtraction Clean-up fand Gas

Chromatography-Tandem Mass Spectrometry Analysis of Pesticides in Foods Extracted with Ethyl Acetate.”
Anal. Bioanal. Chem. 416 (3): 689-700. https://doi.org/10.1007/s00216-023-05027-5.

Captan and folpet in raspberry samples after uSPE clean-up.

13 PAL is a registered trade mark of CTC Analytics AG, Switzerland



SYSTEM

Ingenious sample handling

Veterinary drugs are legally controlled in large number
of samples in difficult matrix.

QUEChERS extraction (LLE with MeCN) 103 veterinary drugs at 50 ng/g

from 5 g muscle, or kidney in bovine kidney extract.
Total cycle time 15 min.

Automated uSPE clean-up
on Thermo Scientific™ TriPlus™ RSH sampler,
MSPE cartridge with 15 mg of endcapped C18. 3
300 pL of supernatant at 2 uL/s,
the eluate diluted 3+1 with mobile phase,
injected into a 2 L loop on the injection valve.
Clean-up takes only 8.5 min to complete

Relative Intensity

Cost saving on C18: 500 mg — 15 mg (30x less)
Time saving: 80 min/15 samples — Zero, online prep
No additional consumables

1 2 3

RT(min)

Schrunk, D., L.E. Burns, et al. 2021. “Multi-Class Veterinary Drugs Analyses of QUEChERS Extracts Using an Automated Online MSPE Cleanup Coupled to LC-MS MS”. Application Note, CTC Analytics AG.



Automated QUEChERS Extraction and uSPE Clean-up. /Lststen

Ingenious sample handling

Application for homogeneous samples like beverages

* Why not automate all steps? The QUEChERSS extraction with SPE clean-up?

* Homogenous samples
Do not need much manual treatment
Can be pipetted into 2 mL vials (also automatically!)
* QUEChERS extraction is automated in 2 mL vials
Uses acidified MeCN
Buffer salts previously added
sat. NaCl solution 1
* USPE clean-up
45 mg of PSA, C18, GCB, MgS0O,

Load 250 pL raw extract, 2 pL/s -

* Injection 3 pL cleaned extract to GC-MS/MS ‘i
| ADVANCES IN
* Combines all benefits FOOD AND
from QUEChERS, uSPE clean-up, and prep-ahead automation BEVERAGE ANALYSIS

15 PAL is a registered trade mark of CTC Analytics AG, Switzerland



QUEChERS Extraction and pSPE Clean-up Workflow

> i" Use Tool x
> g Repeat x
> Ilg Get Liquid From Vial ®
> i"ﬂ Dispense Lig. Into Vial Eal

> t Repeat End

> Lil © Vortex Vial x

> ,m_: Clean Syringe

> |1§ Get Liquid From Vial ~

> i’o Dispense Lig. Into Vial x

Liquid-Liquid Extraction

> ,m_: Clean Syringe

|

—_—

S

=
—_

=

— Add 600 uL MeCN into Orange Juice sample

A\ svsTem

Ingenious sample handling

@

Shake

— Add 250 L sat. NaCl into sample vial, shake

L i ’ } Wait for phase separation from the liquid-liquid extraction
>® Wait x

E >i" Use Tool x e

3 b g Load 250 L of the orange extract to the uSPE clean-up
‘ f& Clean Syringe = ’

"g ‘ TTT“Lq uid Injection = ’

S L | Inject 2 L of the cleaned extract to GC-MS/MS

16
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@ o )
Prepare 500 pL of Orange Juice into 2mL vial Orange juice

Orange juice + acetonitrile

+ NaCl for phase
separation

After uSPE
clean up, |
for injection |



Ingenious sample handling

PAL RTC System for QUEChERS, uSPE, and online GC-MS ~ P/ALsvstem

Tool
Park Station

| Vortex Mixer

a‘lgl— [ o =]

)= M
Te— - R— "

. Alssen

Wash Module  Solvent Module Tray Holder
o

S

-

—

Bt
[ _|
ﬁ‘

= =
‘—T :
j
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@ _'ﬂ e

Tool Park Station
Pos.1 GC Injection syringe (10 uL)
Pos.2 uSPE Tool (1000 L)
Pos.3 APs/ISTD syringe (25 L)

Solvent Module

Pos.1 Acetonitrile
Pos.2 NaCl, sat.
Pos.3 not used

Fast Wash Module
Pos.1 Water
Pos.2 Acetonitrile



Parallel Extraction and pSPE Clean-up by PAL Prep-ahead ALsysTem

Ingenious sample handling

PAL serves sample prep and GC-MS/LC-MS analysis in parallel

Sample 1 uSPE clean-up|  Analysis |+ Greatly reduced

Sample 2 L—— |uSPE clean-up|  Analysis v : cycle time
Sample 3 L—» USPE clean-up  Analysis | Sample overlapping
Time :
Sample 1 Prep Analysis v PSS —— i
Sample 2 Prep Analysis | ey .
Sample 3 i Prep Analysis v
Time |

\ 4

* Strong benefits:

* High reproducibility: All samples are treated on the same timeline.

* Saves time: Continuous analysis of samples, improved sample throughput, overnight processing.
* Highly efficient: Increased use of the GC-MS and LC-MS unit, reduces cost/sample.

18 PAL is a registered trade mark of CTC Analytics AG, Switzerland



OCP Pesticides PAL Extracted from Orange Juice P/ALsrsTen

Total ion Chromatogram from GC- MS/I\/IS in MRM mode

* At MRL level the pre-spike RSDs were mostly below 10%. Recoveries achieved 70% to 115%, calibration linearity > 0.995.

* LODs range from 1.8 ng/mL to 4.1 ng/mL (n = 8) well below the general MRL at 10 ng/g level.
In the original orange juice from a local supermarket about 1.8 ng/mL Malathion was detected.

%10,000)
(F@H TIC
475 Ref2TIC

- - -
8 ---+ Unspike Orange Juice
] o (] . . .
4.50] S 2+ Qrange Juice with Post Spike 100ng/ml
] E > J T 7
1 3 [%5) .g
4257 3 + 3
5 5 g T
4.004 - = S
1 o 1)
] 8 o
375 -2 o
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3.50] =
4 =
1 £
] [0}
3.25] £
: z _
300 L 3
4 —_ =
: 3 s 5 8 s |&
] o
2.75] e = o = ks] = =
] ~ = = = Py
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E = S S o ean S
] = (72} (2]
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| o (5] =
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Summary A\ svsteEm

Ingenious sample handling

USPE replaces aII traditional SPE concentration and clean-up procedures

* USPE is the next step available towards a Greener Analytical Chemistry
Less solvents
Less consumables
Less waste
Less energy consumption

* USPE delivers strong analytical advantages
One clean-up cartridge for all type of samples
Improved recoveries
Improved clean-up
Improved precision

* USPE reduces cost/sample
Efficient use of GC-MS and LC-MS by online prep-ahead
Increased sample throughput
Walk-away automation ‘-[
Less manual workload :
Less repeat measurements =
Faster report out bt o

l&-
|
BC
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SYSTEM

Ingenious sample handling
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Advances for Sample Preparation for Rice Metabolomics

/| SYSTEM

Automated 2-Step Derivatization for GC-MS

Ingenious sample handling



What is I\ﬂet_ab_olo_mics?

The ‘Metabolome’ can be defined as:
* asnapshot of the quantitative complement of all the low molecular weight

molecules present in a cell

° analyzed at a particular physiological or developmental stage

The concept of ‘Metabolomics’

° is the global analysis of all metabolites in a sample (Oliver Fiehn 1998).

Particular role of GC-MS:

*  Small molecule detection
*  Separation of isomers

A\ svsTem

Ingenious sample handling

The Roche Biochemical Pathway Wallchart
http://biochemical-pathways.com/#/map/1
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Metabolomics Workflow /1 LsvsTem

Ingenious sample handling

Metabolomics Experiments

Metabolic fingerprinting, pathway analysis, physiological markers

Metabolite Libraries

c
O
ki
4 -— 4
o ) = ‘ Untargeted Targeted S Sl )
Untargeted § Full Scan MS 0L EIER "'3 Targeted
Use of Single T l E Use of Triple
Quadrupole g - S Quadrupole
or Time-of- > Multivariate Multivariate o GC-MS/MS
Flight GC-MS S - i ©
_ QF 1S o Analysis Analysis @ MRM, or
in Full Scan = ©
HRAM MS a ] o NRAN MS
@ ) % ° @ J
©
i
o
[ )

Pathway Analysis

Lena Fragner, Wolfram Weckwerth, Hans-Joachim Huebschmann, 2010. “Metabolomics Strategies Using GC-MS/MS Technology”, Application Note 51999, Thermo Fisher Scientific, Austin, TX, USA.

26 PAL is a registered trade mark of CTC Analytics AG, Switzerland



> BOTTLENECK No
N STRUCTURAL ELUCIDATION
\ OF UNKNOWN METABOLITES
-
vy -

Discovery — Phase |

Compound Identification

.. . Y

1 in METABOLOMICS:

SYSTEM

Ingenious sample handling

9



Sample preparation is a manual bottleneck in many laboratories
Extraction — Requires immediate derivatization for reproducibility
High sample throughput - Needed to identify meaningful biomarkers

Strong requirement for an automated workflow:

Place homogenized sample vial into the sampler rack

Add extraction solvent mix (water/chloroform/methanol)

Vortex

Centrifuge for phase separation

Transfer polar phase for
GC-MS: evaporation — derivatization — injection
LC-MS: dilution — injection

Prep-ahead during analysis run

Many examples as references:

Varesio E., G. Boehm, et al. 2014 - Integrated Platform including Automated Bligh and Dyer Extraction and
Dual-Column UHPLC-MS/MS Separations for Metabolomic Analyses of Tissues and Cells, ASMS Poster.

Soma, Y., T. Yamashita, et al. 2018 - Automation of sample preparation for metabolomic analysis using a
robotic platform, Poster Metabolomics Conference Brisbane, Kyushu University, Fukuoka, Japan.
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Ingenious sample handling

Automated Sample Derivatization and Injection

Syringe 1: 100 pL

&

Methoximation

+ 50 pL Methoxamine HCI
(20 mg/mL in pyridine+ 15)

+ 25 L MSTFA

Vortex 1 Vortex
Agitation, 37°C, 90 min Agitation, 37°C, 30 min

Phenanthrene-d1d

TMS derivertization » i

Syringe 2:10pL

5 &

. = .
Injection ]
-0
Injection 1 pL
(Split, 10:1) .

il |

b) Automated on-line sample preparation with RTC platform

!

Aspirate lower fraction =

Aspirate upper fraction

1) Aspirate 500 pL of upper fraction
(H,0-MeCH fraction)

Dilution 5-fold by adding 60 pL @

to 240 L of dilution solvent
(= 10% MeOH in samples) = =
H3 ‘_!| pH 8
Add chromatographic standards |

Alternately inject 25 pL on C,, column
(UHPLC system 1)

Add 225 uL H,O + 225 uL CHCI,
Vortex for 10 s
Centrifuge for 5 min. (4000 rpm, =900 x @)

EEEREEREEEEEE

2) Aspirate 250 L of lower fraction

(CHCI, fraction)

Evaporation device,

i
Evaporate to dryness
‘ with N,

‘i‘ (0.35 bar, 35°C,10 min.)

‘ Reconstitute in 150 pL MeOH
Add chromatographic standards

!

Inject 5 L on C, column
(UHPLC system 2)



Sample Preparahon

Example: Plant Materlal

* Leaf material of Arabidopsis thaliana (Fiehn 2005)
* Homogenized
under liquid nitrogen
about 50mg applied to extraction
* Water / chloroform / methanol mixture
to extract water soluble metabolites (Weckwerth 2004)
* Polar phase of water / methanol is used (unpolar phase contains lipophilic compounds)
dried in a vacuum centrifuge
* 2-Step derivatization:
Methoxyamination (methoxyamine hydrochlorid in pyridine) to suppress keto-enol tautomerism
Silylation using MSTFA or BSTFA to derivatize polar functional groups.
Total derivatization volume 100pl.
* Standards
dissolved in methanol or water, diluted into various concentrations,
dried and derivatized according to plant material.
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PAL System for Automated Metabolomics A LsvsTEM

Ingenious sample handling

Installation GC-top or standalone

r- ,H oo ® ®
] [ SI=IE= WY | R |
@ |- I ‘ 1. Tool station
op 2. Solvents, reagents, standards

@ @ T 3. Incubator 1

4. Incubator 2
5. Fast Wash station

1’ %) 6. Samples

[ 7. GC-top installation
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PAL Metabolomics Workflow

Overlapped Workﬂow for Two-Steps Derivatization

Set Agitator Temperature to 37°C

!

Change to D757 Liquid Tool

|

Clean Liquid Tool with Solvent 1

;

Clean Liquid Tool with Solvent 2

!

Rinse Liquid Tool with MEOX

.

Transfer MEOX to vial

;

Vortex Mixing

!

Clean Liquid Tool with Solvent 1

'

Clean Liquid Tool with Solvent 2

|

Transport vial to Agitator

!

Incubate for 60 min

'

| Transport vial from Agitator back to sample rack |

!

Transfer TMS into vial

31

4>| Vortex Mixing

!

| Clean Liquid Tool with Solvent 1

.

| Clean Liquid Tool with Solvent 2

;

| Transport vial to Agitator

!

| Incubate for 30 min

|

| Transport vial from Agitator back to sample rack |

| Wait for 30 min

!

| Check wether GC is ready

|

| Clean Liquid Tool with Solvent 1

!

| Clean Liquid Tool with Solvent 2

!

| Inject sample into GC and start analysis

|

| Clean Liquid Tool with Solvent 1

!

| Clean Liquid Tool with Solvent 2

PAL is a registered trade mark of CTC Analytics AG, Switzerland
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Ingenious sample handling

Prep Ahead for Highest Reproducibility /ALsysTen

Status: | 15:06:32 18:05:13
songi (Wens [Boors B ol o o8 el ol ol s 0| " 0 Mo (B B o[ s o i vl B v 00 TP O i (W (B (B s s ol wlBn om0 | WO P
000013

Clean syringe

Transfer MEOX Transfer TMS Move vial back
Clean syringe Clean syringe to sample rack Inject sample
Incubate in Cool down in
Incubate in Agitator 1 hour Agitator 30min rack 30min GC Analysis

|8

32 PAL is a registered trade mark of CTC Analytics AG, Switzerland



Prep Ahead Overlapping for All Samples /ALsysten

Ingenious sample handling

Using the Prep-Ahead Mode for Increased Sample Throughput

14:23:02
15:00 16:00 17:00 18:00 1500 20:00 21:
. | | | | | | |

Capacity c. 26 samples in 24 hours: s

Methoximation EE==2
Silylation g==2
GC-MS injection T
All Samples on the same timeline R
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GC-MS/MS Conditions A LsysTEN

Ingenious sample handling

Suggested Analysis Conditions

* Gas Chromatography:

Column: 5% Phenyl phase, short, for oven high temperatures
15mx0.25mmID x 0.25 uym
He, constant flow at 1 mL/min

Injection: 1yl at 230 °C SSL injector
splitless 2 min
splitflow 10 mL/min

Oven: 70 °C hold 1min
1°C/min to 80 °C
6 °C/min_ to 330 °C, hold for 5 min
Postrun 10 min at 325 °C

Transfer line: up to 300 °C

34 PAL is a registered trade mark of CTC Analytics AG, Switzerland
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Ingenious sample handling

'%* Hydroxy-acids Mono-Saccharides Di-Saccharides Tri-Saccharides
Amino Acids Sugar phosphates
Sugar alcohols
030
1333 442 h JI .-r \
18312

1623
1240
2839

288

5
4121

AL 3307

43,18

4957

1" 1 11 20 12 24 2% 2t 30 31 EY 36 31 40 a1 4 I 4
Time (min)

PAL is a registered trade mark of CTC Analytics AG, Switzerland



SYSTEM

Ingenious sample handling

GC-MS achieves better metabolite

Semi-quantitative diSCOVGFy phase Separation and generally avoids jon

|dentify as many metabolites as possible S“ppreﬁjc‘:‘;rg sy"iaéol(/,fé‘ha”enge
by GC-MS Full Scan analysis, small molecules after derivatization '
by LC-MS HRAM and MSMS analysis. But: Intrinsic problem ESI ion surpression.

Use and developed reference libraries

Reference libraries are NIST, Wiley, Fiehn (Agilent), Smart Metabolites Database (Shimadzu), Compound Discoverer™
(Thermo). Update with novel compounds or chemical synthesis

5
1004 1004

5 |

26
ko
2
B ‘M ‘ ‘
a4
25
41
L ‘ K|
30 )

46 45 55
14 47 53 133 172
17 57 75 61 116
Al \“ | ‘ LT, 80 & AR LA I 18 1B 2 I T e il bt | 190 203 218 s
0 20 50 10 20 30 40 50 60 70 130 140 0 170 180
(mainlib) Butanedioic acid (mainlib) Butanedioic acid, bis(trimethyisilyl) est

SuccinicAcid  (NIST) Succinic Acid — TMS (NIST, Reference Lib)
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AMDIS for Compound Identification A LsvsTen

Ingenious sample handling

Automated Spectrum Extraction with RT and Library Search

* Found Compounds
14 Targets
from Reference

196 Unknowns
from NIST

* Target Compound
Fragment profiles

* Spectrum Check
Extracted ag. raw spectrum
Library spectrum

*  See https://chemdata.nist.gov/dokuwiki/doku.php?id=chemdata:amdis Target example caffeine, m/z 194
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AMDIS - Spectrum Deconvolution

Unknown Ident|f|cat|on with Coeluted Compounds

* Calculates the compound mass spectrum from overlapplnq peaks:

A\ svsTem

Ingenious sample handling

Automatically in the complete

un 1
™ Abundance LSJ!!S%I
100-

chromatogram

* Chromatogram
Single masses
Proportion calculation for each fragment

e Timne:

* Clean Spectrum (white) = D e .

Compare to raw spec (black)

* Then: -

Run Library search
with the cleaned spectrum
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Discovery Phase - Heat Map for Evaluation

Based on Full Scan Data

* After AMDIS
|dentification of many peaks

* Take compounds of interest
Potential marker

* Prepare a table of intensities
“Heat Map”
Green — Low Intensity
Red - High Intensity (=hot)

* Evaluation
Compounds in all samples — no interest

Compounds specific of a sample - potential

marker
* => Candidate for targeted analysis

39
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Ingenious sample handling

L] _—
Compound
Number Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Sample 7 Sample 8 Sample 9 Sample 10 Sample 11 Sample 12
1 14 41 39 67 69 53 54 Ty 51 79 76
2 18 16 | 100 | 1w 19 45 39 20 17 41
3 58 2 20 25 22 33 20 54
4 76 41 60 37 70 9 7 35 64
[ 5 | e | = 31 30 56 51 32 56
6 38 44 62 38 49 32 37
7 69 56 74 81 66 72
8 44 33 56 51 50 44 41 57
9 49 29 19 51 68 24 20 66
14 30 45 16 65 34 16 14 31
11 66 67 45 69 66 48 70 70 66
12 28 49 23 39 39 26 30 18 16 26
13 30 27 30 42 30 37 74 32 42
14 51 9 79 30 33 32 59 48 Ny 12
15 29 26 31 32 37 33 41 36 42 37 34
16 14 19 17 16 11 11 16 29 24 33 9
17 11 18 10
18 23 10
19 18 56 74 38 31 32 42 50 12 40 38
20 22 46 83 48 63 33 42 80 27 31 45
21 36 18 23 66 58 43 16 50
22
23 53 24 31 15 35 28 80
24 78 15 20 17 37 43 14 10
25 64 55 30 52 70 40 69 30
26 29 37 41 25 46 27 36 29 36 22 51
27 33 20 16 37 24 25 1 24 64 9 15
12 29 15
14 77 20 15
74 75 73
22 27 31 23
64 27 59 21
11 20 43 22
38 42 17 15
69 37 22 23
38 47 82 50
18 10
75 60 79
13 15 18 26
21 64 79 2
40 46 66 45
46 55 44 31
15 76 20 19
40 53 66 38
31 40 57 39
14 21 41 29
38 80 70 49
15 74 75 68
11 27 17 17
28 42 38 22
40 64 47
26 65 68 21
34 12 1
26 19 40 18
81 54
50 74 22
79 38 30
18
60 58 52 37
61 10 11 25 43 13
62 28 32 22 17 52 45 25
63 27 27 43 21 13 37
64 26 22 18 16 1 20
65 53 30 27 29 28 55 51
66 48 26 | a0 | 38 3 | 4 | 34
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C;r:::’uer:d Compound Name RT (min) | Precursor | Product | CE(eV) |Precursor| Product | CE (eV)

1 N,N'-Bis(tr il ifluoroacetamidit 6.37 99 69 30 99 71 10
s avorine WA meonete AT S N 0 B S T
4 liZVBiS(trim’e\hyls\'loxv)e!hane - 7.44 148.8 45 30 148.8 75 10
5 Butane, 2,3-bis(trimethylsiloxy)- 8.73 118.4 45.6 18 118.4 75.2 8
6 I-Alanine, N-(trimethylsilyl)-, trimethylsilyl ester 10.06 116.1 43 28 116.1 45.1 18
7 Glycine, N-(trimethylsilyl)-, trimethylsilyl ester 10.48 102.1 45.1 20 102.1 58 30
( <nhoricacid " dedeis & PeT Ty 263l 1538311 ;g
Quan Peak Confirming Peak ZEWN M
Compound Name RT (min) |Precursor|Product | CE (eV) | Precursor|Product | CE (eV) o —=
N,N'-Bis(trimethylsilyl)trifluoroacetamidine 6.37 99.0 69.0 30 99.0 71.0 10 i
Ethylbis(trimethylsilyl)amine 6.59 100.1 59.1 10 174.1 59.1 20 B
Silanamine, N,N'-methanetetraylbis[1,1,1-trimethyl- 6.92 78.1 64.0 12 78.1 71.3 12
1,2-Bis(trimethylsiloxy)ethane 7.44 148.8 45.0 30 148.8 75.0 10 =
Butane, 2,3-bis(trimethylsiloxy)- 8.73 118.4 45.6 18 118.4 75.2 8 |l
I-Alanine, N-(trimethylsilyl)-, trimethylsilyl ester 10.06 116.1 43.0 28 116.1 45.1 18 =il
Glycine, N-(trimethylsilyl)-, trimethylsilyl ester 10.48 102.1 45.1 20 102.1 58.0 30 1=
Phosphoric acid, bis(trimethylsilyl)monomethyl ester 11.55 133.0 115.0 10 163.1 133.1 10 B =
L-Valine, N-(trimethylsilyl)-, trimethylsilyl ester 12.32 144.1 43.0 32 144.1 58.1 32 B
2-(4-Methoxyphenyl)-2-(4-trimethoxysilyloxy)propane L 13.36 299.1 151.1 10 300.5 74.1 10 oot
47 9-0 ic acid, 2-[(trimethylsilyl)oxy]-1-[[(trimethylsilyl) oxy]methyl]ethyl ester 41 103 45.1 20 103 58.1 30
S P sy | e e et
53 [1+-D-Galactopyranosit ethyl 2,3,4,6-tetrakis-O-(tr 44.71 204 73.1 10 204 189.2 10

54 12-D-Xylopy! ,1,2,3,4-tetrakis-O-(tri 44.81 147.3 45
55 [1+-D. ide, methyl 2,3,4,6-tetrakis-O-(tr ilyl)- Isomer 1 45.01 488.7 2228 20 488.7 2235 10
56 1,2- p 1 tris(trimethylsilyl)- isomer 1 45.85 357.1 225.1 18 357.1 341.2 8
57 D-Glucose, 4-0-[2,3,4,! kis-O-(tr 2-D. g pyranosyl]-2,3,5,6-tetrakis-O-(tri 46.57 205.2 45.3 30 205.2 190.1 10
5 iz roponeds wisrmethysiy) morer ] N O B T B T )
R T soxs | asrs | ees | s oo [ w0
g; L-D-G\ucopvranos\de, 1,3,4,5-(e(rakls-0-(|: 2-D-fructofurar yl 2,3,4,6-tetrakis-O-(tr 51.24 362.5 165,2 12 362.5 170:2 12

63 9,19-Cy 3-0l, 24 , (31%)- 52.13 147 105.1
e e e P s eI 5 E e T T T N T T T

Table 4: Optimised SRM transitions for the 66 compounds selected in Phase I - Discovery.
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Mass Separation of Coeluting Compounds /1 LsvsTem

Ingenious sample handling

GC-MRM speC|f|C|ty for co-eluting IAA and Glucose

* Glucose and IAA have (almost) the same precursor ion mass for a triple quad:

RT: 22.70 =26.54 SM: 1536

* Glucose: ﬂ
m/z 319.21 > 129.00 "
70 glucose (1Me0x, 5TMS) indole-3-acetic acid (2TMS)

* |Indole-3-acetic acid: " m/z 319.21 (12.00) m/z 319,15 (202.24)

m/z 319.15 > 202.24

* Other options .
Using HRAM MS systems like QToF, Orbitrap & L

Relative Abundance

mmmmmm

IVIRIVI cnromatogram Ot IAA ana giucose rererence Compounos atine ievel 0t U pmol Injectea amount
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Calibrations using GC-MS/MS-MRM Analysis /Lststen

Ingenious sample handling

Linear over 5 to 6 Orders of Magnitude ts Glucose
* Glucose - —
from 1 fmol to 1 nmol on column, § s —-
18 levels A
6 orders of magnitude ! o
R2 = 09985 4b Indole-3-acetic Acid -
* Indole-3-acetic acid : //
from 10 fmol to 1 nmol on column. i <
5 orders of magnitude ! - //
4c Salicylic Acid h
» Salicylic acid S
From 7.5 fmol - 1nmol on column —

>5 orders of magnitude ! /
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Example Rice — Metabolites > Phenotype /ALsvsTem

Ingenious sample handling

Large Proﬂle Dn‘ferences Visible

* 4 different species of rice

... as examples
* SPME Full Scan analysis
DVB/CAR/PDMS, 80 °C, 30 min o 1 13 tun L)
] 2809, | 3100
50 11laa _ 2416 | 2754 31.82
05 286 423 541 766 1091 Mﬁ&@mmwﬂb@m
100 24,89 29.02

@ 16142
oggs | 30/89
o 3099
4 1277 1595 | 1765 1933 2303 2410 M

11.4 . 28
178 3.16 570 673 997 1A% 570 ] LLJJMLLMJWUI

Relative Abundance
Ll \?\ L]

0
2490 3100
100 3) 28.10|29.03
50 2481 2785 31.83
g 1613 90 rm 2P M e
o1 211321 687 768 11%%@MWML
2902
1007 @ 1143 24, 27.54
: 1552 2372 | 2541 3088
50i 1855 2149 b SRS
g 1316 || 1999 pr
ol 209320 6.73 1005 1087 ' WWM
R R L L R L R R L L R L L R R R L R R R R Ll e R LA AR BRI
0 5 10 15 20 25 30
Time (min)
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Example Rice — Metabolites > Genotype

A\ svsTem

Ingenious sample handling

Requires Extractlon and 2-Step Derivatization

* Extraction

Methanol/water, centrifugation, evaporation, derivatization MSTFA/BSTFA

* GC-MS Full Scan analysis
Direct injection, scan 50 — 650 Da

Region of strong differentiation

- 36.79
100
2477
50
967 26.80 46,51
o 746 9.40 [ 10.08 1500 1662 2068 2229 23.94 | TRES 2084 3034 | 3604|3794 4070 4415 4626 | 40.87 4904 5234
@
2100 36.88
E 46,50
2 50 24.18 36.05 .
=1
2230 35.03 4512
z 9.78 Jll 2767 2997 i J 80 " 4706
2 964 35.40 98 4870
g, 476 54 71" 1028 1552 1642 1956 b, jl ] o 3228 | 38.40 39 00 ) J.L [ 2725 4870 5153
% 100 36.75
50
, 1506 856 975 1071 16141 1642 1843 2345 2571 2588 2847 3054 3327 3557 || 3758 4335 4537 4650 4893 5254
100 3677
50
3 9.67 5.89
c: 500 856 ) _10.28 1369 1642 19.56  22.67 2643 | 29.84 3054 3557 |37.13 39.00 4349 45.37 48.04 49.24 5153 5¢
100 36.75
] 24,81
] 984 974 21. 2391 26.92 4652
50— 763 5 _27.68 ' 2004
1540 I 15.66 3341 4870
3 917 15.01 | 1 " 3150 36.01 4230 4585 50,72
ol i 5 N1976 ), 17,60 1984 en)ed it oy L T 5254
36.80
100 963 24.80
] 26.90
50 2230
3 2123 29.89 2503 46.50
Jer ™ f102s 15.01 1745 3169 3503 =>4 JL 38.40 3000 4348 4584 | 4804 4923 5253
0 T T T T T T T T T T L s s e e e B S A B e
5 10 15 20 25 30 35 40 45 50

Time (min)
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Analytical Challenges in Metabolomics /\LsvsTem

Ingenious sample handling

Typical GC-MS Instrument Requirements

* Greatest challenge: Requires high dynamic range (Triple quad yes, limited with TOF-MS)
from very low abundance metabolites like phytohormones
to highly concentrated compounds, like energy-related carbohydrates.

* Low concentrated metabolites (Triple quads and HRAM have highest selectivity in matrix)
especially the analysis of chromatographic regions with ultracomplex coelution of different compounds, MRM-
strategies are developed.

* Very low detection limits (Proof from leading metabolomics lab, e.g. Univ. Vienna, UC Davis)
and a dynamic range of > 4 orders of magnitude for e.g. phytohormones.

* High sensitivity (Performance stated in peer reviewed papers)
The triple quads show high sensitivity in Full Scan (Phase |: Discovery analysis)

* Selectivity (unique use of the retention timed-SRM concept)
The triple quads separate coeluting analytes by MRM transition (Phase II: Quantitation)
Example: Indole-3-acetic acid and glucose are well separated by the GC-MS/MS MRM analysis.
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Prep and Inject the Way You Want

Imagine you could do all this on 1 instrument....

47

Sample prep, dilution, derivatization, micro SPE,
filtration, SPME, standard addition and many more

A\ svsTem

Ingenious sample handling

Combined volatile / semi volatiles analysis (ITEX
Dynamic Headspace, SPME, Headspace)

Prepare calibration standards prior
to a series of new samples

True multisampler: Liquid injection, Static Headspace, ITEX
Dynamic Headspace, MHE, SPME on one instrument

Combined static and Dynamic
Headspace on 1 autosampler

PAL is a registered trade mark of CTC Analytics AG, Switzerland



SYSTEM

Ingenious sample handling
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Thank you very much for listening!
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