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| Objectives

* Discuss adoption of mass spectrometry (MS) in clinical
laboratories today

* Explain why automation in MS testing workflows is desirable

* Describe 3 MS approaches that are likely to inform and improve
future medical decisions



Simplified components of a typical MS system

Sample lon selection,
introduction detection
lonization,

sometimes
fragmentation
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Confirmatory toxicology
Newborn screening \
Small molecules
Proteomics
Metabolomics
Genomics
More!




m Drug Discovery

Global Clinical Mass Spectrometry Market

m Clinical Testing

T d Size, by Application, 2023-2033 (USD Million) -
re n S 500 Others

* North America 2009 679g 17859
represented 38% of the 1466 120°7

2023 market ($371 million) — B

S5 D 10551 1126.8
1000
* Hospital segment
represented 58% of the 50
clinical market

2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033
e Common platforms: GC-

MS. LC-MS/MS. CE-MS The Market will Grow 6 80/ The Forecasted Market $~|907 3 M m' market.us
’ ’ ’ f: ™ (+] f . . e RS 310® 1ear FOS 1uE Sarsate
MALDI-TOF, IMS-MS Atthe CAGR o Size for 2033 in USD:

https://market.us/report/clinical-mass-spectrometry-market



Current state ...

Magic
* Targeted specificity

* Multiple analytes can be
detected in the same sample

* Flexibility in test design and
specimen type

Madness

* Costs

* Time to result
* Complex extraction methods
* |Inadequate sensitivity

* Variable ionization efficiency
* Interferences

* Test design flaws / limitations
* Instrument inconsistencies

* Regulatory expectations

* Intellectual property




MS at ARUP

~150 instrument systems
~500,000 tests per month

* Many lab sections:
* Chemistry
 Biochemical Genetics
3 [o)'([e]0](e]=}Y;
 Trace and Toxic Elements
* Infectious Disease
 Genetics

* Immunology
* MSDO, MSRD, MSPA

* Internal service engineers

Courtesy of Dr. Kiu Shahrokh and Mr. Warren Hunt



Challenges: special site requirements

* Space
* Power

* Ventilation
* Heat
* Fumes
* Particulates
* Humidity
* Flammable storage

* Gas purity

: , _ * Noise
Figure 4-2. Line power installation * V| b rat| on
To prevent overloading the circuit, do not connect the mass ® Se rVi ce

spectrometer and the LT to the same electrical wall outlet circuit.

Example site requirements and notes for the ThermoFisher Orbitrap Exploris Series Rev C, 2020



Vibration

Flooms must be free of vibration thar is caused, for example, by
equipment in adjoining locations.

m Becanse of the natural vibration of a forepump during operation, it

must not have any mechanical contact to the mass spectrometer with
the exception of the vacuum hose. Otherwise, the vibration might
affect instrument performance. Therefore, install the pump on the
floor below the mass spectrometer and not near the system on the : oo o L U
workbench.

Heat Output of Orbitrap Exploris Series LC/MS Systems

The air conditioning load for a typical Orbitrap Exploris Series LC/MS
system (with data system, a typical LC, and two forepumps) is
approximately 4.5 kW (15400 BTU/h). Refer to your LC manual for
the heat output of your LC equipment. shows the
approximate hear outpur of each module.

Table 3-1.  Heat output for a typical Orbtrap Explons Senes LC/MS systam

Module Heat outpurt [W] Heat outpart [BTU/H]
Mass spectrometer 750 2560

Liquid chromatograph 1080° 3 690"

Source vacuum pump 1500 3120

Auxiliary forepump” 300 1020

[ara system modules (mini-tower computer, and monitor) q90¢ 30307

Total (LC/MS system with fore pump) 45 15420

* Approcimate. The aomal value depends on your equipment

" In e of an Orbitrap Exploris 480 M5,
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We need vented cores!
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PerHeat:true

Courtesy of Dr. Kiu Shahrokh and Mr. Warren Hunt




@ 2 feet above floor

No Core Vented Core Non-vented Core

90°F

75°F

66°F




(@ 8 feet above floor

No Core Vented Core Non-vented Core

80°F

72°

67°F




Multiplexing

* Multiple analytes and isomers
* Multiple specimen types

* Automation
 Sample preparation
* Data analysis
* Testing

* Testing throughput
e Multiple LC columns

* Multiple LC systems
* Directinjection

®




Example of a multi-analyte targeted assay
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Standard umbilical cord drug testing panel includes 49 drugs and
metabolites; analogous testing performed with meconium and urine
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Utah umbilical cord study

* 132 cords from hospitals in Salt Lake County were
collected June — October 2022 if they tested positive for
at least one drug analyte on the targeted panel.

* Residual cord segments were processed at ARUP and
sent to the Center for Forensic Science Research and

Education (Horsham, PA) for untargeted analysis

used liquid chromatography quadrupole time-of-flight
mass spectrometry (LC-QTOF).

Smid M et al, CPDD 2023



Highlights from Utah cord study

Targeted (LC-MS/MS) Untargeted (QTOF)
Analyte/drug | Category of drug| positive (n=) positive (%) positive (n=) positive (%)
4-ANPP (fentanyl precursor) | DOI

Morphine
~ Hydromorphone 5

‘Benzyoylecgonine (cocaine)

Methamphetamine =~~~ |
__Amphetamine

DOI, drug of interest (possible NPS or illicit)
Rx, also available as a prescription drug Smid M et al, CPDD 2023



Different categories of iIsomerism

Same constitution?

Constitutional (structural) isomers
Can be converted into each other by rotation?

Conformers Configurational isomers

Image/mirrorimage?

Diastereomers

Stereoisomeric olefines or cycloalkanes differing in
positions of atoms/groups relative to a
reference plane?

Cis-transisomers or E,Z isomers

Opposite configuration at
only one chiral center?

Habler et al, IMSACL 33:49-54, 2024



Tetrahydrocanabinol (THC) isomers

* |[somers of Carboxy-THC
metabolite were separated
chromatographically and applied to
several matrices

* Example: of 325 residual urine
samples positive for THC
metabolite, 24% were a mixture of
delta-8 and delta-9 and 6% were
exclusively delta-8 THC

% delta-8 of total THCCOOH
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Thanks to Dr. Melissa Hughs for unpublished data!



Kratom alkaloids
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* At least 54 alkaloids have )
been isolated from kratom vl [ O S PO W

Isocorynantheidine

Isorotundifoline

e
D= Isomitrafoline

Rotundifoline

* ARUP LC-MS/MS data showed i ey e

Mitragynaline

epimerization of analytes

3-epicorynoxine B

* Mitragynine (MG) and
Speciociliatine (SC) were G
selected for ARUP test in D S MBS |
umbilical cord tissue

- 3,45,6,N-
Mitragynine-N(4)-oxide tetradehydromitragynine

Specionoxeine Epiallo-Isopaynantheine-N(4)-oxide




Kratom diastereomer distribution is variable
from patlent to patient

P343

Mean Median Max (ng/g)
(ng/g) (ng/g)
Mec MG 1650 20,320

Cord MG 7.2 0.4 90
Cord SC 12.5 0.6 169

P476

MC

Hughs et al, JAT 46(9):957-64, 2023



Example of a multi-analyte targeted assay

Me thamgh etamine - Methylghenidate
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Fig. 2. Separation of isomer pairs with a biphenyl stationary phase. Smith et al, JALM, 2023




lon Mobility

Widely used analytical tool

IM-MS Publications
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Data analysis presents
additional challenges



Automation of data

processing (ASCENT, from .~
Indigo BioAutomation)

* Review by exception approach
* Rules created regarding acceptability of individual data/run elements
* Savings in tech time and improved consistency of run review
* |[nitial test implementation (urine opiates) was extensive!!!

¢ Cu 're I’]t I’eal—tlme eXperIenCG (courtesy of Caroline Wentworth)
* Establishing and validating rules now requires just a few days

 Case example: immunosuppressants

requires review of approximately 15% of chromatography for a batch of 96 samples
(9 analytes per sample) = approximately 10 minutes of manual data review per run



Automation of data

processing (ASCENT, from .~
Indigo BioAutomation)

* Data warehousing
* Archived data to monitor and mine
* Supports data-driven evaluations of instrument capacity
e Supports queries of performance stability, concerns

* Informs opportunities for assay improvements, efficiency tools,
consolidations of assays



Example instrument utilization data

TEST USAGE

Provided by Dr.Kiu Shahrokh



Ways to improve throughput

* Automate, automate, automate

 Skip the chromatography (e.g. [ Posiona
rapid fire, DART)

* Automatic alternating column
regeneration (ACR)

* Cart swapping/sharing

* Multiplexed chromatographic
Instrumentation (e.g., Stream
Select™)

30



Optimization solutions are test specific

Instrument

Assay

Injection
Time(min)

Total Run Time
(min)

Total Run
Time (hr)

% Usage
Per Assay

% Usage
Per
Instrume
nt

Instrument1

Test1

3.27

6106.6

101.8

14.1%

14.1%

Instrument 2

Test 2

6.61

o215.5

8.6

1.2%

Test3

4.22

3241.8

54.0

7.5%

Test4

4.46

267.7

4.5

0.6%

9.3%

Instrument3

Tests

3.82

1196.8

18.9

2.8%

Testb

3.82

520.0

8.7

1.2%

4.0%

Instrument4

Test7

4.12

5830.6

g97.2

13.5%

13.5%

Instrument5

Test8

4.17

7975.0

132.9

18.5%

18.5%

Instrument6

Test9

2.83

21720.3

362.0

50.3%

50.3%

Instrument7

Test 10

2.83

8939.2

148.0

20. 7%

20.7%

Instrument 8

Test 11

2.83

18139.0

302.3

42.0%

42.0%

Instrument9

Test 12

3.60

3114.0

51.9

7.2%

7.2%

Instrument 10

Test 13

5.54

18558.0

309.3

43.0%

43.0%

Instrument 11

Test 14

5.44

996.3

16.6

2.3%

Test 15

6.79

6§338.0

105.6

14. 7%

Test 16

4.38

4726.6

78.8

10.9%

Test 17

6.56

5972.7

99.5

13.8%

Test 18

6.57

717

16.2

2.2%

Instrument 12

Test 19

6.39

4869.1

81.2

11.3%

Test 20

6.88

2340.8

39.0

5.4%

Instrument 13

Test 21

4.80

1539.3

20.7

3.6%

Test 22

8.00

4208.0

70.1

9.7%

Instrument 14

Test 23

1.85

22582.9

376.4

52.3%

Instrument 15

Test24

1.95

21440.5

357.3

49.6%

Instrument 16

Test25

14940.2

249.0

34.6%

Instrument 17

Test 26

249.6

4.2

0.6%

Sample Count

Instrument sharing
through cart switching

Stream Select™

Provided by Dr.Kiu Shahrokh




Multiplexed LC-MS/MS analysis of Vitamin B1

Stream Select

Autosampler

0

tr: 3.14

Area Count: 14416
Conc: 112.26 nmol/L

4251 —P 1221 miz

2.8 3.0 3.2 3.4

0

Time (min)

tR: 3.14

Area Count: 16073
Conc: 157.41 nmol/L

4251 —P 1221 m/z
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2.8 3.0 3.2 34
Time (min)

Area Count: 15259
Conc: 143.43 nmol/L

4251 —P 1221 miz

0 rrrrrrrrryrrrrrrrrryrrrrrrrrrrrrori

2.8 3.0 3.2 3.4
Time (min)

Area Count: 30335
Conc: 188.96 nmol/L

3.0 3.2
Time (min)




Fully-automated LC-MS/MS

* Mimic the standard automated chemistry analyzer

* Ready-to-use reagents and disposables

* No need for pre-analytical sample preparation/extraction
* Stability of calibration and assay robustness over time

* Random access

* Rapid time to result

* High performance standards

* Simplified training and operation
* Agreement across laboratories

Vogeser M, et al. IMSACL 34:44-5, 2024



Automating extraction with surface-specified
paramagnetic particles allows for parallelization

Adapted from Michael Vogeser, MD, PhD



Findings of initial evaluation

3 days familiarity training was adequate
Calibration stable even with extended walk-away

iCsA
IEVL
. o iSRL
——Pipettings 120
S
+ Results output o
o iIMERO
iMPA

a IMPAG

Request #

iILAMO

o iVORI

Samples #

1:30 2:00 2:30 3:00 3:30
Result Time (h:min) Result time (h:min)

Time to first result: Time to last result:
0:37 (h:min) 2:37 (h:min)

Observed up to 100 tests/hr, random access

Vogeser M, data from prototype pilot study at LMU hospital



Roche Cobas®
1601 analyzer

* Multi-center data (8 sites in
US, Europe, Asia) to be
published soon

* CE mark approval granted
December 18, 2024

* |nstallations ongoing now

* |nitial launch includes
lonify® reagent pack for 4
steroids (iST1), but >60
analytes to be available

iISTT
lonify Steroids 1
Order information

2 = N I | -2 B

09620645190 09629645500

English

Kit information

The lonify Steroids 1 kit contains reagents to determine the analytes listed
in the table below.

Some of the listed analytes may not be available for use in all counfries.
e o

lonify Aldosterone

lonify Androstenedione

lonify Testosterone ITEST

Intended use

Liquid Chromatography Tandem Mass Spectrometry reagent camer for the

in vitro determination of analytes as listed in the section “lt information.”

Reagents - working solutions

The cobas i pack (RO, R3) is labeled asiST1.

RO Intemal standards, 1 bottle. 5.5 ng/mL of stable isotope labeled
intemal standards of aldosterone, androstenedione, estradiol,
testosterone in methanolic solution
Coated paramagnetic parficles, 1 bottle. 12.5 mg/mL particles with
monoclonal antibodies for aldosterone (rabbit), androstenedione
(sheep), estradiol (rabbit), testosterone (sheep), albumin (bovine),
buffer, stabilizers, preservative

Precautions and warnings

For in vitro diagnostic use for laboratory professionals. Exercise the normal
precautions required for handling all laboratory reagents.

W=l ela il Wl LTiPri

P280 Wear protective gloves/ protective clothing’ eye protection/
face protection’ heanng protechon.

Response:

P308 + P311  IF exposed or concerned: Call a POISON CENTER/ doctor.

P370 + P378 In case of fire: Use dry sand, dry chemical or alcohol-
resistant foam to extinguish.

Hazardous components:

= methanol

= Z-methyl-2H-isothiazol-3-one

Product safety labeling follows EU GHS guidance.

Contact phone: all countries: +49-621-7500

Handling

The reagents in the kit have been assembled into a ready-for-use unit that
cannot be separated.

Avoid foam formation in all reagents and sample types (specimens,
calibrators and controls).
All information required for correct operation is available via cobas link.
Storage and stability
Store at 2-8 °C.
Do not freeze.
Store upright to ensure complete availability of the paramagnetic particles
during automatic mixing prior to use.

Stability:

unopened at 2-8 °C up to the stated expiration date




Aldosterone
example

Specimen collection and preparation

Only the specimens listed below were tested and found acceptable.

Serum collected using standard sampling tubes or tubes containing
separating gel.

K2 EDTA and K3 EDTA plasma and Li-hepann plasma as well as Li-hepann
plasma tubes containing separating gel.

The sample types listed were tested with a selection of sample collechon
tubes that were commercially available at the time of testing, i.e. not all
available tubes of all mamufacturers were tested. Sample collection systems
from various manufacturers may contain diffenng matenals which could
affect the test results in some cases. When processing samples in pimary
tubes {sample collection systems), follow the instructions of the tube
manufacturer.

Ceninfuge samples containing precipitates before performing the assay.

Stability:

at2-8°C 14 days

at-20 °C (2 5 °C)

3 months (freeze only once)

@IE2BEE5500V20

IALDO

lonify Aldosterone
Order information

cobas’

REF Wi CONTENT

SYSTEM

09629645190 09629645500 lonify Steroids 1

System |D 500100 7 cobas 1 601

Matenals required (but not provided):

09637273190

lonify CalSet Steroids and Vitamin D[1] (10 x 5.0 mL)

Code 01001

lonify CalSet Steroids and Vitamin D[ 2] (10 x 5.0 mL)

096486965190

lonify ControlSet Steroids and Vitamin D | 1 f(10 x 5.0 mL) Code 02001

lonify ControlSet Steroids and Vitamin D [2] (10 x 5.0 mL) Code 02002

09922512190* Muttichem MS Steroids [1] (12 x 4.5 mL)

Code 04003

00922547190* Multichem MS Steroids|[2] (12 x 4.5 mL)

Code 04004

00634398190 lonify Pretreatment 1 (3 x 14.3 mL)

System ID 5900100

09589210190 lonify Diluent 1 (3 x 16.6 mL)

Systemn 1D 590050 0

09511725190 HPLC Carindge

System 1D 591010 1

“This product may not be available in all countries.

Englizh
Aszzay information

Short name IALDO

ACN 00029

Calibration frequency | Every 12 weeks when using the same reagent lot

Every 34 days when using the same
cobas i pack on the analyzer

Measuring interval 25.0-1000 pg/mL

Intended use
Liquid Chromatography Tandem Mass Spectrometry assay for the in vitro
quantitative determination of aldosterone in human serum and plasma. The

determination of aldosterone is used as an aid in diagnosing and monitoring
of functional disorders of the adrenal gland.

The assay is intended for use on automated cobas | analyzers.

Summary

Aldosterone is a mineralocorticoid hormone produced by the adrenal
glands. Its synthesis takes place in the zona glomerulosa of the adrenal
cortex where aldosterone is produced from chelesterol. The synthesis of
aldosterone is requlated by the renin-angiotensin system {RASR.‘ Renin is
an aspartic protease released by the kidneys upon decrease of blood
pressure or sedium chloride concentration in the tubules of the kidney. The
hydrolysis of angiotensinogen to angiotensin | (Ang 1) is catalyzed by renin
and the conversion of Ang | into Ang Il is performed by angiotensin-
converting enzyme (AEC), which is present in the lung and vascular tissue.!
The function of aldosterone is to maintain normal sodium and potassium
concentrations and o control blood volume and pressure. Aldosterone
promotes sodium transport and potassium excrefion. The RAS system and
potassium ions are the major regulators of aldosterone secretion.

Measurements of aldosterone are used as an aid in the diagnosis of
primary and secondary aldosteronism, adrenal insufficiency and congenital

CAH is a genefic disorder charactenized by impaired corfisol and
aldosterone synthesis in the more severe cases (classic or salt wastin
CAH) leading to increased androgen levels. In patients with classic CAH the
aldosterone deficiency is best evaluated by the aldosterone to renin ratio.”
Classic GAH is diagnosed by newbom screening.®

According to literature, LC-MS/MS methods are advantageous for the
quanfitative measurement of aldosterone when either analyte

cross-reactivity is anticipated or the simultaneous detection of multiple
metabolites is desired ®

Test principle
Total durafion of test 34 minutes.

= 180 pL of sample is incubated with an isotopically labeled intemal
standard (R0).
Addition of lonify Pretreatment 1 reagent (R1). During incubation, the
bonding between binding proteins to analyte and intemal standard is
released.
With the addition of the paramagnetic particle solution (R3), the analyte
and the internal standard are captured by the paramagnetic particles.

After 2 wash steps using wash solutions mixed on board, the analyte
and the internal standard are eluted from the particle surface.

The volume of the eluate is reduced by evaporation.
Optimal HPLC conditions are reached by diluting with
lonify System Reagent S2.

The eluate is subjected to liquid chromatography in order to separate
the analyte and the internal standard from other matrix components.

The analyte and the inftemal standard are transferred to the triple
quadrupole mass spectrometer and are quantified in multiple reaction
monitoring (MRAM) mode.

Results are determined via an instrument-specific 2-point calibration
curve with intemal standard correction and a leading calibration curve
provided via cobas link.




Aldosterone
example (cont.)

* Total allowable error at LOQ is 30%
* Accuracy >125 pg/mL within 10%
 Upto 1:4 dilutions allowed

* Calibration stable for 12 weeks when using the
same reagent lot

* QC to be tested at least once/24 hr period that
the assayisin use

* No interferences reported

* Results of testing healthy adults provided
supine (n=184) and upright (n=185)

Inhrmndlah
l

- 22

Innrf],r ControlSet héh 1.38 24 1556 7
Steroids and Vitamin D

lomify ControlSet 321

Steroids and Vitamin D

2]

Multichem MS Steroids R38

Multichem MS Steroids 102 31 3.7
[2]

Meathod comparizon

A comparison of the lonify Aldosterone assay (y) with the JCTLM-listed
reference measurement procedure JCTLM C19RMP2'® (x) using clinical
samples gave the following correlations:

Serum

Sample size (n) = 100

Deming regression (weighted)'s
y=1.009x - 0.732 pg/mL
T=0974

r=02998




What will be | |
the reality? L et o . dB

* Real-life performance?
* Costs?

* Expectations to offer?
* Triggers for updates? (I
* Supply chainissues? .
* Orphaned populations? »N .

e Competing products?




Other approaches to
sample introduction and
lonization

a) Desorption Electrospray lonization MS (DESI-MS)
b) Paper Spray lonization MS (PSI-MS)

c) Touch Spray lonization MS (TSI-MS)

d) Extractive Electrospray lonization MS (EESI-MS)
e) Rapid Evaporative lonization MS (REIMS)

f) MasSpec Pen

g) Direct Analysis in Real-Time MS (DART-MS)

h) Matrix-Assisted Laser Desorption Electrospray

lonization MS (MALDESI-MS)

Banerjee S, ACS Omega 5:2041-8, 2020




Point of care MS?

(i) iKnife (i) MasSpec Pen (iii) SpiderMass

Device probe
Device tip

MS unit MS unit MS unit Laser fiber

Laser unit

)

Electrosurgical unit

Tissue Surface Tissue Surface

\
\

|

l
\
| |
\ l‘ Return \ Device probe
electrode|

Electrosurgical
> Device tip
handpiece

Kallianta et al, Biomedicines, 2023, 11, 286.




IKnife™ example data

Scan no. | Video snapshot Mass spectrum Classification

3

Tumour
99.97%

000=

{
ANENNRERENEEE,

]

St John et al, Breast Cancer Res 59, 2017




MasSpec Pen System™ example

Courtesy of Dr. William Clarke, Johns Hopkins University



MasSpec Pen System™ example data

Fentanyl

SUKDO017 SUKF002 SUTMO16 SUARO15

Urine Saliva Skin Urine Saliva Saliva
Cocaine
Benzoylecgonine

Fentanyl

Norfentanyl

Hydromorphone

Courtesy of Dr. William Clarke, Johns Hopkins University



Conclusions

e MS will continue to
evolve and make
significant future
contributions in
medicine

* Managing the
madness Inspires
the magic!




Thank-you for your attention!

Questions?
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