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Complex Mixture Analysis with UHR MS
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Core Scientific Question UHR MS Answers:

Which exact elemental compositions are in this peak?
by separating what other (LRMS & HRMS) mass spectra blur together

Single vs. composite peak? Distinguish a lone species from a superposition of near-isobars.

Unambiguous formula assignment. Use exact mass + isotopic fine structure (e.g., 3*S vs
13C2; CI/Br patterns) to pin down elemental composition, especially at higher m/z.

Heteroatom counting. Determine the number of S/CI/Br (and sometimes N/O) directly from
isotopic fine structure.

Adduct/charge state clarity. Separate overlapping adducts/charge states that would otherwise
masquerade as one feature.

Deconvolution of congested mixtures. In complex matrices (PFAS, environmental DOM,
unknowns), map compositional space rather than a blur.

« BUT... UHR MS won't resolve constitutional/positional/stereo isomers -
need MS/MS, chromatography, ion mobility, or all of the above.
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How to Achieve Ultra-High-Resolution (UHR) MS?

« Measure frequency of ion oscillations, not an arrival time on a detector (a single-shot measurement)
« Measure thousands to millions of oscillations over the detection time (can be seconds)
« Each oscillation contributes another “vote” for the true frequency, reducing uncertainty
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How to establish an oscillation motion of ions and how to measure the frequency?
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FTMS: Fourier Transform Mass Spectrometry
* lon identity (m/z) is encoded as a frequency of ion oscillations in an ion trap
* Frequencies of ion oscillations are measured as time-domain signals (transients)
« Each transient comprises hundreds of thousands to millions of oscillations
* Fourier transform (FT) decodes transients to reveal frequencies (m/z) values

Electrostatic field-based Magnetic field-based
Orbitrap lon Cyclotron Resonance (ICR)
ﬁ
/ﬁ% &
wx [ ® \ W~ —
m/Z m/Z
\./ @ Apex
o Solarix
Orbitrap™ families: LTQ Orbitrap; Exactive; Q Exactive; Scimax
Exploris; Excedion; Fusion; Lumos; Eclipse, Ascend, Astral timsMRMS

FTMS is the highest resolution & mass accuracy MS technique
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FT-ICR MS Concept: lon Cyclotron Frequency
use of the magnetic field

Cyclotron frequency is independent of the radius and velocity and therefore independent of the ion's kinetic energy

All ions with the same charge-to-mass ratio rotate around magnetic field lines with the same cyclotron frequency
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Marshall et al., Mass Spectrometry Reviews (1998) 17:1-35
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How Can We Convert Time-Domain Transients into Mass Spectra

. Different uncertainty ( m FTd . O’Connor et al., MS Reviews (2014) 33:333
magnl Ude moae

principles Af

CS

(compressed sensing)

DOI: 10.1021/acs.analchem.7b01850

eFT

(enhanced FT = mFT + aFT)
Makarov et al., IIMS (2014) 369, 16-22

FDM

(filter diagonalization method)

DOI:10.1016/j.jasms.2006.02.018
DOI: 10.1021/ac203391z

aFT

(absorption mode FT)
O’Connor et al., MS Reviews
(2014) 33:333

OSDM X F T FT of non-sinusoidal signals (Tsybin)

(phased spectrum deconvolution method) (extended basis FT)
DOI: 10.1021/acs.analchem.6b03636

turboTMT product from Thermo LSF DOI: 10.1007/s13361-014-0888-x
(least-squares fitting) DOI: 10.1002/mas.21681 ¢
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Data Processing in FTMS: from time to frequency, to m/z

Time-domain FT:: Frequency >
transient spectrum
[CCCTA+H]*
Asaz kHz
Orbitrap
Exploris
wr |
T T T ‘ T I T T T I ‘ T T \ T m/Z
).000 0.005 Time,%ow 0.015
n calibration
| | _I | | I_ | | | | | TL-I“.I‘
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Frequency, Hz x10°

Mass .l: Information
spectrum output
[CCCTA+H]*
”500_13 m/z Mass spectrum

H29 C16 N5 O7 S3
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Isotopic envelope
(isotopologues)
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Resolution = function of frequency or m/z
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Complex Mixture Analysis with High-Field FT-ICR MS
Ultracomplex Fuel Sample ﬂ
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FTMS Analytical Characteristics Spectionwiss

- the highest resolution ABUNDANCE ACCURACY
* the highest mass accuracy MASS ACCURACY
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What Instruments Offer UHR MS: ICRs & Orbitraps
Kozhinov et al.,

Chimia 79 (2025) 77-83
+/- DAQ
: ‘mm === > ] R ._ &

Orbitrap Astral
Exploris+TOF

e

DAQ: high-performance Data Acquisition (DAQ) system
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FTMS Applications: ICRs & Orbitraps

300 1 FT-ICR MS « Petroleomics/Metabolomics: isobars, isotopic fine structure (IFS)

absolute maximum .,  Quantitative Proteomics/Lipidomics: multiplexing with labeling

resolution &
mass accuracy

Bottom-Up & Top-Down: higher sequence coverage, confidence
« Imaging (spatial omics): more IDs, higher confidence

« Analysis of large (> 1 MDa) biomolecules: individual (single) ion counting

HE NN N

2
’éO

Unmatched in resolution (>10,000,000), mass accuracy,

Orbltraps

100 -

& 9\96 o & \&@? Q, Q;o"& e,o ‘o &
o « Q\’so o & @ Q‘o‘ & 006(\ 500
&5 N & ’ I robustness,
R & 2 A4 5
& o« N ¢ 400 - throughput, accessibility
FT-ICR MS: 200 |
& spectral complexity handling (better space charge control). 200 - UHR MS

|||II|L

Orbitraps:

Sufficient for most HRMS & UHR MS needs 0

(<1,000,000 resolution). Ideal for routine proteomics, o <F &
biopharma, and clinical labs (easier LC-MS operation). ‘2‘° @* Q@@" < &@@ 0\«° W &i\f &

Top 10 Topics (Keyword in Title / Abstract) https://openalex.org/, https://www.asms.org/publications/abstracts-and-proceedings
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In-Browser FTMS Simulator (Web-App): www.peakbypeak.com

No compounds

Please add or select a compound.

Welcome to the FTMS Isotopic Simulator!
Powered by your FTMS innovators for the global community
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In-Browser FTMS Simulator: Craft Your Own UHR MS Data

Theoretical profile
Theoretical patterns

B2 with annotations
Simulated profile

Simulated centroids

With annotations

T |
526.262 526.264 526.266 526.268 526.27 526.272 526.274 526.276
m/z

[ T T T T T T T T T T T T T T T T T |
0 01 02 03 04 0.5 0.6 07 08 0.9
time

Isotopic settings

lonization
Mode Positive # lon AppendH+ s
From 1 To | 1
» Modifications No modifications
» Isotopic composition
Resolution of theoretical profile = Medium (20k) #
B2 Instrument simulation settings
Instrument Harmonic #
Orbitrap Exploris e 1 :
Resolution
At target peak(s)
© Instrumentsetting = 480k@200m/z v
Detection period, s
FT mode Apodization
Absorption = Semi-Kaiser b
Zero fills Sample rate
2 = Define automatically =
Noise Decay Phase Dynamic range
0 S0 S| o o 01% :

o4
I
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[CHooN:0,S,+H]* IFS as a Function of Resolution
30k @ 120k @ 8,
m/z 200 m/z 200 480k @
64 ms 256 ms m/z 200
transient transient 1s
transient
— '"”' e e . T'-.1.I. T
502.10 502.15 502.12 502.13 502.14
m/z m/z 180, 13C,
A+2 13C,15N,
A 502.130 502.140
I | A R
| | | | | | | | | | | | | | | | | | | | | | | |
500 501 502 503 504 505

Orbitrap Exploris of CCCTA

m/z

www.peakbypeak.com
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48, Example of IFS at UHR

R = 585k N 48,

m/z 200 m/z 200
Orbitrap 28 1s
Exploris transient transient

of CCCTA
18
A+2 13C, 15N, 0, 3¢,
13C133S1
\ %0, 13C, 502.130 502.140
13C 15N m/z

502.12 502.13 502.14

m/ 4 www.peakbypeak.com 18
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[C3H;N,O,S,+H]*

Resolution is a Function of m/z
CCCTA

m/z

C SH
H. ( [CoH17N30,Ss+H]*
HzN/""[YO CCC
OH [C13H24N4 OS5 +H]*
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[C16H29N507S;+H]*

Orbitrap Exploris

128 ms transient
60k @ m/z 200

z™~ |m,
Z

www.peakbvpeak.com
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UHR MS: Use with Caution!
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A+l A+2 S, | A+1 Aso
IFS is not |
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33S1
15N1 1801
/]\I'/J‘\"'" "'__"'/]¥ IJI|""|""|""|""|""|
123.025 m/z 123.035 124.02 , /, 124.03 m/z 501.2 501.4 501.6 501.8 502.0 502.2
|
Orbitrap Exploris
4 - ) 128 ms transient
W, = [m/ 60k @ m/z 200
\ ZJ
| www.peakbypeak.com
100 200 300 40 500 my/z 2
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UHR MS of Volatile Compounds: GC-MS

— RAW (€FT), T, = 128ms, 50k@430 m/z

. . . - mF .=
Dioxin analysis T EEFTT;,}”TT;]T;‘ C1ens e ﬂgigﬁg 2};2
3000
2000
3 1000 !
£ w0 __Uhj% ﬁitﬁrmu
2000 429.08 4291 43008 430.10  431.08 4311  432.08 432.1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 ‘ ‘ 4 4
Time, s :

Bleiner et al., JASMS 2020, 31, 257-266

...... 429 430 431 @
. l.u L, | 1 1 ‘ 1 Ir || " |||I.. 1 II - |I - N " I
David . ' et ' : ; l
) 300 320 340 360 380 400 420 440 460 480 500
Bleiner
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UHR MS for Shotgun Lipidomics: Multiplexed Quantitation

100 - PE 36:2 [M+H]" i i
:/ 742.53923 PE 36:2 '*°C isotope \/\/\/\/z\/\/\/\)LO/\S(\O”T“O\/\NH
Ag R =700k 742.54259 NSNS NSNS O e ’
] W, = 1.1 mmu RA =447 % o)
40 - @ « 15N sources are affordable
| « Labeling is specific
30 - PE 36:2 ™N isotope | « Simple isotopic patterns
- Rﬁig‘;‘?}f?,o | * High sensitivity
_ |
20 — A':‘ 6.3mmu + BUT

simulation UHR MS is required

10
: Andrej Shevchenko

S G 1 L A A G @[ <ES.

742.535 742.540 743.530 743.535 743.540 743.545 743.550 of Molculr Cel il

and Genetics

I
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I
I
1
I
I
I
I
I
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I
I
I

\
1
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i
1
1
1
]
1
1
]
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1
1
\

m/z Schuhmann et al., Anal Chem (2017) 12857-12865
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Metabolic 1°N labeling: Quantitative Shotgun Lipidomics

NPT 50 4 .
Limitations: ] PC 36:2 Y. CBG
] g 40 - ' Max Planck Institute
peak |nterference Py 4 \) of‘:dglecutl?rCellBiology
u 30- an enetics
coalescence = |
ag 20 - Andrej Shevchenko
2 10-
0L . .
Oh 12h 30 h
[M + HCOO]- N, C,
X 100; X 100 ; 6.3 mDa X 100,
§ 80 - § 80 - § 80 -
@ R=640000 @ @
e 60; at m/z 830.59 e 60 2 604
@© 40 @ 40 - © 404
1)) L)) )]
= = -
w 201 w 20- = 201
& & &
830.590 831.590 831.595 830.590 831.590 831.595 830.590 831.590 831.595
m/z m/z m/z

Schuhmann et al., Anal Chem (2017) 12857-12865
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Space Charge Effects: Peak Artifacts

« Too many charges (ions): peak artifacts (m/z, abundance errors), coalescence
« Number of charges (ions) control is needed 10° ‘ AGC = 566

— sp_2e4.hs B Vv
103 1 g

« AGC: automatic gain control (Orbitraps) —
— sp_5e6.h5 ;] v

Orbitrap of MRFA, 1+

Signal-to-noise ratio (lg scale)

A
/ 101
+
A+1 | | _ AGC = 2e4
526.26 526.27
| l | | 1001 055 0 0|60 0 OIGS 0 0|7O 0 0I75
524 525 526 527 528 529 ' | | miz

DOI: abs/10.1002/rcm.6289; DOI: 10.1021/acs.analchem.7b03437 25
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Shotgun UHR MS resolves lipid peaks spaced by a few mDa,
matches bifunctional precursors & their metabolites in multiple lipid classes

100. PE 34:3

Qo
o
A

CL705L |

D
o

HLN
o

Relative abundance (%)

N
o

0 .JL |
712.46 71248 712.5

R~1M

R=120k

PC Y/18:1

826.52

PC 36:4

PID7 33:1
PC Y/18:1 M2

V

826.56
m/z

AV

PC 36:3

Shevchenko et al.
Quantitative imaging of lipid
transport in mammalian cells
Nature (2025), in print

|

828.52 828.56 828.60

Q Exactive
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UHR MS Imaging of Lipids

3 8 78458347\ WRAW
> 5 R=953k/ \ EFTMS
o / \ Booster X2
- g 784.57374 \
PN — | 78456168 R=T7290k 784.58263
784.58347 784.56168 I R=718.9k / R=695.9 k
[PC 34:0 + Na]' [PC 0-34:1 + K]' = 2
Am;=1.01 ppm Am;= -24.2 ppb E \
- Q 0 —
=

780560 780575  780.590

m/z

« A mouse brain tissue section analyzed at 70 pm?
pixels in positive ion mode using a MALDI Orbitrap
* Resolution from 256 ms & 7 s (Booster) transients

.f - # 7k Heeren et al.,

784.57374 784.58263

: ) . ) Anal. Chem. 2024,
[13C2][PC 34:1 + Na] [PC 34:0 + Na] 96, 2. 794-801
Ami= 20.4 ppb Am;= -56.1 ppb

Ron Heeren

0% s 100% 700 pm }— 27
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UHR Bottom-Up Proteomics (Peptide MS/MS)
[D[TILMLI]S|RITIPLELVITL 1VIVIVIPIVISIHIEIDIPLELVIK]

1248.627503
y21 2+, CAMet R=38gg9
0] y22 2+, CAMet

b6 1+, Oxidation

677.3 678.3 678.4
' N
y12 2+ §
A l | a | A “i
I | T

677 678 11|91 1192 12|48 12I49
Exploris 480, digest of Sigma mAb, Heavy Chain, MS/MS, R=120k
200 400 600 800 1000 1200 1400 1600 1800 2000

m/z 28
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UHR Top-Down Proteomics (Protein MS/MS): High Mass lons

700 - —— 150K @ m/z 400 (T=0.384s) . .
, _ aokemea00r=oss | ® Detter detection of the overlapping
600 \ —— 800K @ m/z 400 (T=1.5365) i .. )
—— 1.2M @ m/2 400 (T=2.3045) product ion distributions

500 — 1.6M @ m/z 400 (T=3.072s)
>
=400
[y
3
£ 300

200 -

100 -

0_ T T T T T T
2006.86 2006.88 2006.90 2006.92 2006.94 2006.96

m/z
Analysis of 251
Carbonic Anhydrase Il (29 kDa) £,
ETD of [M+34H]34* I
21 T FT-ICR MS ol |
N
5-
106_8'8.5 1688.8 1689.0 1689.2 1689.5 1689.8 1690.0 1690.2

Nina Khristenko m/z 29
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UHR Top-Down Proteomics (Protein MS/MS): Low Mass lons

3.86 mDa —— 150K @ m/z 400 (T=0.384s)
—— 400K @ m/z 400 (T=0.768s)
4001 —— 800K @ m/z 400 (T=1.536s)
—— 1.2M @ m/z 400 (T=2.304s)
\ '\ —— 1.6M @ m/z 400 (T=3.072s)
300 |
200
] \
100 \
— — R—
o—— . —_ — . S
502.484  502.485  502.486  502.487  502.488  502.489  502.490
m/z
ﬂ 5+
> 80 |‘ 230
2 |
: £ 60 |
Analysis of e |
Carbonic Anhydrase |l (29 kDa) 40 ] |
|

ETD of [M+34H]34+
21 T FT-ICR MS

]
o

o

Increased spectral complexity
Harder charge state definition
Longer MS annotation
More false annotations

IFS

—— 150K @ m/z 400 (T=0.384s)
—— 1.2M @ m/z 400 (T=2.304s)
—— 1.6M @ m/z 400 (T=3.072s)

11111111

l‘
| ‘ Ll d |
e LA e g f
473.674 X ‘
Z
A

473.70

473.75

473.80 473.85

m/z
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nature methods

Article https://doi.org/10.1038/s41592-024-02207-8

Ultralong transients enhance sensitivity and
resolution in Orbitrap-based single-ion mass

spectrometry o o8 I

150 kDa mAbs I 110 MDa AAVS * N

ml J
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The UHR MS Blessing: Sharper Vision, Analytical Clarity

« Ultra-high-resolution is needed to separate isobaric compounds
* Improved confidence in annotation and identification of unknowns
« Exploring previously inaccessible chemical space (novel metabolites, toxins)

34g, « Complex mixtures (crude oils/biofuels/metabolites/drugs): isobars, IFS

« Quantitative proteomics/lipidomics: multiplexing with isotopic labeling

« Bottom-Up & Top-Down (proteins): higher sequence coverage, confidence
* Imaging (spatial proteomics & metabolomics): more IDs, higher confidence

* Analysis of large (> 1 MDa) biomolecules (viruses): high-performance CDMS

« Direct infusion is great, but how about LC/GC?
13(';13381

\ 180, 13C,

Small molecules are in the highest resolution range

1"°N, Parallel ion accumulation / fragmentation / detection
— ?LAL-F—%L*A\A'\/I\ T

|502_12 502.13 502.14 Super-resolution methods instead of the FT methods
m/z



The UHR MS Curse: Bigger Burden e

« Longer experiment optimization:

« Space charge — control of ion (charge) number, fine tuning of all parameters.
* Instrumental cost & complexity:

« Long transient acquisition times, maintenance, accessibility limited to few labs.
« Sensitivity trade-offs:

« Sometimes resolution is gained at the expense of duty cycle or sensitivity.
* Interpretation bottleneck:

* Higher resolution doesn’t always mean better biological insight
« Overfitting danger:

« Assigning meaning to noise/artifacts, spurious peak picking.

High level of expertise is required to overcome these limitations
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The UHR MS Data Overload: New Skills & Tools Needed

Explosion of peak lists:

* One LC-MS run generates millions and billions of datapoints.
Challenges in (toxicology) workflows:

« Database matching becomes slow and error-prone.

» False positives increase if not carefully controlled.
Need for computational solutions:

» Peak filtering, data reduction, machine learning.

« Examples: Kendrick mass defect analysis, network visualization, Al annotation.
*Future perspective:

* Move toward “smart resolution” - adaptive acquisition, cloud computing,

collaborative databases.

When does UHR MS change the scientific answer - and when doesn’t it?
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