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ABSTRACT

Proteomic experiments, particularly those addressing dynamic proteome properties, time series, or genetic diversity, require
the analysis of large sample numbers. Despite significant advancements in proteomic technologies in recent years, further
improvements are needed to accelerate measurement and enhance proteome coverage and quantitative performance. Previously,
we demonstrated that incorporating a scanning MS2 dimension into data-independent acquisition (DIA) methods (Scanning
SWATH, or more generally scanning DIA), but also ion trapping, improves analytical depth and quantitative performance,
especially in proteomic methods using fast chromatography. Here, we evaluate the scanning DIA approach combined with ion
trapping via the Zeno trap in a method termed ZT Scan DIA, using a ZenoTOF 7600+ instrument (SCIEX). Applying this method to
established proteome standards across various analytical setups, enabling intermediate to high sample throughput, we observed a
30%-40% increase in identified precursors. This enhancement extended to overall protein identification and precise quantification.
Furthermore, ZT Scan DIA effectively eliminated quantitative bias, as demonstrated by its ability to deconvolute proteomes in
multi-species mixtures. We propose that ZT Scan DIA can be used for a broad range of applications in proteomics, particularly in
studies requiring high quantitative precision with low sample input and high-throughput workflows.

1 | Introduction Mostly due to the promise to minimize stochastic elements

and to improve quantification performance, data-independent

LC-MS-based proteomics expanded from predominantly pro-
tein identification experiments in basic science to increasingly
quantitative and translational applications, including large-scale
system biology or plasma proteomic studies. These transitions
were facilitated by numerous technological improvements that
increased measurement precision and throughput [1, 2]. These
enhancements include increasingly automated sample prepara-
tion, improved data processing software, and better instruments
to perform sophisticated LC-MS analyses that are faster and more
sensitive [3-10].

acquisition (DIA) schemes gained in popularity, especially for
experiments that involve a high number of samples [11-13].
One of the first commercially successful DIA methods was
SWATH-MS, implemented on the Triple TOF 5600 instrument
(a QTOF, quadrupole time-of-flight, SCIEX) [14]. When coupled
with capillary flow chromatography, SWATH-MS could generate
precise proteomic measurements over hundreds of samples, in
runtimes of 30 min or less per sample [10, 15] (Figure 1a, d).
The second generation of SWATH-MS allowed the window sizes
to be modulated depending upon the complexity of the sample.
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Significance Statement

The advent of faster DIA proteomics methods paved the way
for investigating increasingly large sample series, including
patient cohorts and strain collections containing thousands
of samples. Yet, recent improvements in DIA methods
still entailed compromises between analytical sensitivity
and selectivity. The presented combination of a scanning
quadrupole with fast ion trapping in a Zeno Trap, coined ZT
Scan DIA increases quantitative precision and accuracy in
fast proteomics experiments. These features of ZT Scan DIA
may benefit applications that deal with low-input samples and
high-throughput proteomic workflows in biomedical cohort
studies and systems biology.

Although not improving the overall cycle time, this variable
window SWATH allowed for improved selectivity and perfor-
mance over the original methodology [16]. A third generation of
the SWATH method benefitted from the integration of a novel
linear ion trap (“Zeno trap”), which increased sensitivity and
improved proteomic depth (Zeno SWATH MS) [15] (Figure 1b,
e). In addition, the Zeno SWATH method reduced the demand
for sample amounts, mitigating matrix effects and enhancing
the longevity of ion optics and the detection system. Although
sample throughput could be increased by allowing shorter ion
accumulation times, thanks to overall improved sensitivity, rapid
advances in chromatography [17, 18] pushed the need for faster
cycle times. To overcome this limit, we have previously presented
the Scanning SWATH approach (scanning DIA), in which the
windowed acquisition of SWATH methods was replaced with
a scanning quadrupole mode [19]. In this DIA mode, the Q1
quadrupole is operated in a mode identical to a Ql scan on
a Triple Quadrupole instrument. Isolated precursors are trans-
mitted to the collision cell as the subsequent fragment ions are
observed in multiple subsequent TOF MS2 scans (Figure lc,
d). Consequently, every detected ion is characterized by four
dimensions: intensity, m/z, chromatographic retention time, and
the position of the Q1 window at which this ion has been
detected. Analysis of the observed fragment ion intensity profiles
across the varying Q1 isolation window positions enables linking
individual MS/MS signals to a particular peptide precursor ion
m/z. Furthermore, the QI dimension aids in identifying and
excluding signal interferences that arise in the presence of
contaminants, ion adducts, or losses, as well as modified peptide
derivatives at a close m/z. Exploiting the QI scan dimension to
improve precursor identification and quantification in our DIA-
MS software DIA-NN [5], we demonstrated ultra-high throughput
proteomic experiments in combination with 800 uL/min high-
flow rate liquid chromatography and chromatographic gradients
that were as fast as 30 s [19].

Here, we introduce ZT Scan DIA (Zeno trap enabled scanning
Q1 data independent acquisition), an acquisition method that
couples scanning quadrupole ion isolation to ion trapping in
the Zeno Trap (Figure 1c, e). Compared to Zeno SWATH, it
has conceptual benefits. First, continuous quadrupole scanning
avoids the overhead of emptying the Q2 collision cell of fragment
ions that negatively impacts the duty cycle when decreasing
the cycle time (i.e., <80% duty cycle at 6.6 ms per MS/MS).

Given that Zeno SWATH tends to display optimum performance
with acquisition schemes that utilize large numbers of narrow
isolation windows and short accumulation times, eliminating this
overhead in ZT Scan DIA is particularly beneficial. Second, uti-
lizing a scanning quadrupole with adjustable Q1 isolation width
comes with a gain in specificity for assigning fragment ions to
peptide precursor ions that surpasses common DIA methods and
even approaches the specificity of data-dependent acquisition
(DDA or IDA) mode. At the same time, the Zeno Trap efficiently
prevents ion losses commonly observed with Scanning SWATH,
leading to a higher sensitivity for ZT Scan DIA. Benchmarking
ZT Scan DIA as implemented on a ZenoTOF 7600+ QTOF
instrument (SCIEX), we show that it substantially increases sen-
sitivity, especially in fast proteomic experiments with low sample
amounts, and that it improves quantitative precision in complex
matrices.

2 | Materials and Methods

2.1 | Reagents

LiChrosolv LC-MS grade water and sample preparation reagents
were purchased from Merck (Merck, Darmstadt, Germany),
acetonitrile from VWR (Darmstadt, Germany), and formic
acid from Thermo Fisher Scientific (Waltham, MA, USA).
The purchased protein digest standards were K562 Protein
Extract Digest (SCIEX), MS Compatible Yeast Protein Extract
(Promega), and MassPREP E. coli Digest Standard (Waters).
Working stocks were prepared according to the manufac-
turer’s instructions (typically in 0.1% formic acid in LC-MS
grade water), aliquoted, and stored at -80°C until further
use. Multi-species mixes were prepared freshly by mixing
thawed and well-mixed stock solutions before diluting to 250
or 50 ng/uL and then being aliquoted into HPLC glass vials
(Waters).

2.2 | Preparation of Cell Line Proteome Digest
Human embryonic kidney 293 cells (“HEK”) were cultivated
adherently in Dulbecco’s Modified Eagle’s Medium + 10% fetal
calf serum (Gibco) + 1% penicillin/5% streptomycin under 5% CO,
in an incubator (Bender) heated to 37°C. Upon cell harvest using
a cell scraper, they were processed using a urea-based in-solution
digestion procedure. In brief, cells were harvested, and 7 M
urea + 100 mM ammonium bicarbonate buffer was added. Cells
were homogenized using a GenoGrinder bead beater (SPEX),
cleared by centrifugation, and proteins quantified using the BCA
assay (Thermo). Upon reduction with 5 mM dithiothreitol for
1.5 h at 30°C and alkylation with 10 mM iodoacetamide for
30 min at room temperature in the dark, Trypsin (Promega)
was added in a 100:1 (m:m) protein-to-protease ratio followed by
incubation overnight at 37°C. Next, the digests were quenched
by adding formic acid to about 1% (v/v). For the peptide clean-
up, we used 96-well C18 solid-phase extraction plates (The Nest
Group) following the manufacturer’s protocol. Eluted peptides
were dried using a vacuum centrifuge (Eppendorf) and stored
at —80°C until needed. Dried peptides were resuspended in
0.1% (v/v) formic acid and aliquoted into glass HPLC vials
(Waters).
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FIGURE 1 |

Scheme: Comparison of SWATH, Zeno SWATH, and ZT Scan DIA methods regarding ion isolation, fragment ion handling, and ZT

Scan DIA data structure. (a) SWATH principle, in which ions are isolated and fragmented in sequential windows, each with a small overlap in the m/z
dimension. Due to time expenses when isolating, fragmenting, and fragment ion ejection from the Q2 collision cell, the time for a DIA sequence to
complete a cycle (“cycle time”) is comparably long. (b) Zeno SWATH allows shorter cycle times since the time demand for emptying Q2, and ion losses

in general, are reduced due to the use of the Zeno trap for trapping ions (see panel e). Still, fragment ions from a given peptide precursor will be observed

per individual isolation window. (c) ZT Scan DIA mode in which the Q1 quadrupole rapidly scans the precursor ion space, thus enabling to leverage
fragment ion signal correlations in the retention and m/z x time domains (panel c right). (d) ion handling in the quadrupole and TOF pulser regions
as in SWATH and Scanning DIA. A continuous ion beam leaving the Q2 collision cell is guided to the TOF pusher region. Since ions of low m/z travel
faster than heavier ions, some ions will be lost depending on the exact timing of the orthogonal ion pusher. (e) depicts how, in Zeno SWATH and ZT
Scan DIA, (fragment) ions are being ejected from the quadrupole region in a pulsed fashion using the Zeno trap and IQ3. Ions are sequentially ejected
from higher to lower m/z so that more ions arrive simultaneously at the pusher region, equalizing (m/z-wise) and increasing the relative ion amounts

that can be sent to the TOF analyzer region, thus yielding higher sensitivity.

23 | LC-MS

2.3.1 | Overall Instrumental Setup

We used a ZenoTOF 7600+ system (SCIEX), operated under a
development version of SCIEX OS 3 that allowed the use of a
Scanning Q1 quadrupole in DIA methods.

For capillary flow-rate chromatography, the mass spectrometer
was interfaced with an OptiFlow source with the SteadySpray
Low Micro Electrode (SCIEX) connected to an ACQUITY M-
Class UPLC (Waters) equipped with a 150 x 0.3 mm Kinetex
2.6 um XB-C18 column (Phenomenex) that was heated to 30°C
while running at 5 uL/min.

For analytical flow-rate chromatography, we connected the mass
spectrometer to a 1290 Infinity II UHPLC system (Agilent). The
5.2-min active gradient measurements employed an Infinity Lab
Poroshell 120 EC-CI18 2.1 X 50 mm 1.9 uym column (Agilent).
For the 3.1-min active gradient experiments, we used a 2.1 X

30 mm Luna OMEGA 1.6 um C18 100 A column (Phenomenex).
Chromatographic buffers were water + 0.1% (v/v) formic acid
as buffer A or acetonitrile + 0.1% (v/v) formic acid as Buffer B.
Columns were kept at 30°C during analysis.

Analyte ionization leveraged the OptiFlow source (SCIEX) for
capillary flow and the Turbo V source (SCIEX) for analytical flow
rate chromatography.

2.3.2 | Liquid Chromatography Gradients

2.3.3 | Mass Spectrometry—Zeno SWATH DIA

In each method using capillary flow rate chromatography, we
used 12 psi ion source Gas 1, 60 psi ion source Gas 2, 35 psi
curtain gas, 4500 V source voltage, and a source temperature of
300°C. The MS1 scan range covered m/z 400-900 and used an
accumulation time of 50 ms, while for MS2, we scanned m/z 140-
1750 using 13 or 6.7 ms MS2 accumulation times (see Table 1) using
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TABLE 1 | ZenoSWATH DIA Method Scan speeds per capillary flow
rate LC gradients.

Active gradient MS2 accumulation

time (min) times (ms) Cycle time (s)
15 13 1.233
5 6.7 0.769
3 6.7 0.769

60 variable m/z windows for precursor isolation within m/z 400-
900 (see Table 2). Signal intensities were derived from summing
signals over eight time bins.

For the experiments using analytical flow rate chromatography,
ion source Gases 1 and 2 and the curtain gas were set to 60,
65, and 55 psi, respectively. The CAD gas was set to 7 psi, the
source temperature to 600°C, and the spray voltage to 4000 V. The
TOF MS covered m/z 400-1500 using 30 ms accumulation time.
Precursor ions falling between m/z 400 and 900 were isolated
using 80 variable windows (see Table 3) and their fragments
detected between m/z 100 and 1500 while using 11 or 13 ms MS2
accumulation times (see Table 4). Signal intensities were derived
from summing signals over eight time bins. Collision energies
(CEs) were calibrated depending on the m/z range of interest
using the following formula: CE = 0.05 * m/z+5

2.3.4 | Mass Spectrometry—ZT Scan DIA

Our source region parameters matched those in section 2.3.3,
depending on the applied flow regime. We used three predefined
mass spectrometric methods for ZT Scan DIA, available in
SCIEXOS 3.4 upon purchase of a dedicated license, that account
for the different peak widths in response to narrower or wider
peptide peaks—375 Da/s and 7.5 Da Q1 for peaks more or equal
to 4.5 s profile-width-at-half-height (PWHH), 750 Da/s and
10 Da Q1 for peak widths between 1.1 and 4.5 s PWHH, and
750 Da/s and 5 Da Q1 for peak widths less than or equal to 1's
PWHH (also see Table 5). The applied CEs increased with m/z
adjusted to tryptic peptide precursors at charge state +2. Within
SCIEX OS 3.4, the acquired ZT Scan DIA raw data undergoes
calibration on residual precursor signals and is subsequently
converted to SCIEX’s proprietary .wiff- and .wiff.scan-file format,
promoting compatibility with commonly used proteomics data
processing software tools. Within SCIEX OS, data from each
TOF pulse is partitioned into narrow precursor bins (a fifth
of the Q1 width, i.e.,, 1-2 Da), which represent the narrow
MS/MS windows observable in a ZT Scan DIA wiff-scan file.
Notably, these acquisition frequencies (also described by SCIEX,
e.g., https://sciex.com/technology/zt-scan-dia/continuing-the-
data-independent-acquisition-revolution-introducing-zt-scan-
dia-for-quantitative-proteomics) for the presented ZT Scan
DIA methods—230 Hz for 375 Da/s and 7.5 Da; 320 Hz for
750 Da/s and 10 Da, and 641 Hz for 750 Da/s and 5 Da Q1 ZT
Scan DIA—represent processed and aggregated pseudo-MS/MS
spectra for efficient data processing and storage of ZT Scan
DIA data, and thus mirror what is written into the .wiff-scan
file.

TABLE 2 | Zeno SWATH—60 variable windows—capillary flow.

m/zwindow  m/z window

start end DP (V) CID (V)
399.5 409.5 80 19
408.5 418.5 80 19
417.5 427.5 80 20
426.5 436.5 80 20
435.5 445.5 80 20
444.5 454.5 80 21
453.5 463.5 80 21
462.5 472.5 80 22
471.5 481.5 80 22
480.5 489.5 80 23
488.5 497.5 80 23
496.5 505.5 80 23
504.5 513.5 80 24
512.5 521.5 80 24
520.5 529.5 80 25
528.5 537.5 80 25
536.5 545.5 80 25
544.5 553.5 80 26
552.5 561.5 80 26
560.5 569.5 80 27
568.5 577.5 80 27
576.5 585.5 80 27
584.5 593.5 80 28
592.5 601.5 80 28
600.5 609.5 80 29
608.5 617.5 80 29
616.5 625.5 80 29
624.5 633.5 80 30
632.5 641.5 80 30
640.5 649.5 80 30
648.5 657.5 80 31
656.5 665.5 80 31
664.5 673.5 80 32
672.5 681.5 80 32
680.5 689.5 80 32
688.5 697.5 80 33
696.5 705.5 80 33
704.5 713.5 80 34
712.5 721.5 80 34
720.5 729.5 80 34
728.5 737.5 80 35
736.5 745.5 80 35

(Continues)
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TABLE 2 | (Continued)

TABLE 3 | Zeno SWATH—S80 variable windows—analytical flow.

m/zwindow  m/z window m/zwindow  m/z window
start end DP (V) CID (V) start end DP (V) CID (V)
744.5 753.5 80 36 399.5 406.6 80 25
752.5 761.5 80 36 405.6 413.2 80 25
760.5 769.5 80 36 412.2 419.8 80 26
768.5 777.5 80 37 418.8 425.8 80 26
776.5 785.5 80 37 424.8 4319 80 26
784.5 793.5 80 38 430.9 438.5 80 27
792.5 801.5 80 38 437.5 444 80 27
800.5 810.5 80 38 443 450 80 27
809.5 819.5 80 39 449 455.5 80 28
818.5 828.5 80 39 454.5 461 80 28
827.5 837.5 80 40 460 466.5 80 28
836.5 846.5 80 40 465.5 472 80 28
845.5 855.5 80 41 471 4715 80 29
854.5 864.5 80 41 476.5 483 80 29
863.5 873.5 80 41 482 488 80 29
872.5 882.5 80 42 487 493.5 80 29
881.5 891.5 80 42 492.5 499 80 30
890.5 900.5 80 43 498 504.5 80 30
503.5 509.4 80 30
508.4 514.9 80 30
In our hands, the obtained file sizes ranged between 1 and about
14 GB, depending on method length and acquisition speed. S13.9 5204 80 31
519.4 525.4 80 31
524.4 530.9 80 31
2.3.5 | Mass Spec_trometry—lmtlal Screenings on Q1 and 5299 536.4 30 B
+ Zeno Trap Scanning or SWATH DIA
535.4 541.9 80 32
The LC-MS methods in conjunction to capillary flow rate 540.9 547.3 80 32
chromatography used during early method development and 5463 5503 80 32
characterization (Figures S3, S9, S10) used settings with minor
changes. Here, ion source Gases 1 and 2 were set to 15 and 90 psi, 551.3 557.8 80 33
curtain gas to 35 psi, with the source heated to 300°C and emitter 556.8 563.3 80 33
kept at 4500 V. The column temperature was set to 35°C. The 562.3 568.2 80 33
TOF MS covered m/z 400-1500 using 50 ms accumulation time.
. . . 567.2 573.7 80 33
Precursor ions falling between m/z 400 and 900 were isolated.
572.7 579.2 80 34
For SWATH and Zeno SWATH, we used the 60 or 85 variable 578.2 584.2 80 34
window isolation schemes as described earlier [15]. Fragment
. . . 83.2 89.7 80 4
ions were detected between m/z 140 and 1750 while using 11 ms o83 > 3
MS2 accumulation times. Signal intensities were derived from 588.7 594.6 80 34
summing signals over eight time bins. 593.6 600.1 80 35
599.1 605.1 80 35
2.3.6 | Details on TOF and Zeno Trap Pulser Frequencies 604.1 610.6 80 3
609.6 616.1 80 36
The orthogonal TOF pusher operates at a pulsing frequency 615.1 621 80 36
determined by the heaviest ion to be detected. When Zeno trap 620 626.5 %0 36
pulsing is enabled, the TOF pulser frequency is set to a multiple ’
of 1.5 kHz to facilitate the Zeno trapping mechanism for boosting 625.5 63L5 80 36
sensitivity. Under our acquisition settings (i.e., detecting ions (Continues)

from m/z 140-1750), the orthogonal TOF pusher operates at
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TABLE 3 | (Continued)

TABLE 5 | Additional ZT Scan DIA method acquisition metrics.

m/zwindow  m/z window Dwell Cycle time
start end DP (V) CID (V) ZT Scan DIA method times (ms) (s)
630.5 637 80 37 5 Da Q1-750 Da/s 6.7 0.779
636 642.5 80 37 10 Da Q1-750 Da/s 13.3 0.786
641.5 648 80 37 7.5 Da Q1-375 Da/s 20 1.459
647 653.5 80 37
652.5 659 80 38
658 665 80 38 10.5 kHz, but the ions are released from the Zeno Trap at a
664 670.5 80 38 constant 1.5 kHz frequency, meaning that some TOF pulses will
669.5 676.6 20 39 be empty, yet, as it is typically the case with TOF analyzers,
’ ) the signals from multiple TOF pushes are binned/averaged to
675.6 682.1 80 39 improve on ion statistics, that is, signal-to-noise ratio.
681.1 688.1 80 39
687.1 694.2 80 39
693.2 700.2 80 40 2.3.7 | Considerations on the Attainable Resolution of a
699.2 106.8 80 40 Scanning Q1 Quadrupole in ZT Scan DIA
705.8 729 80 40 The effective resolution of ZT Scan DIA is governed by the ion
711.9 719.5 80 41 pulsing frequency and the speed at which the Q1 quadrupole
718.5 725.5 80 41 is moving. At 375 Da/s and with 1.5 kHz effective Zeno trap
4.5 7321 80 M pulsing frequency, one arrives at 0.25 Da per Zeno trap pulse.
So, for this method, 0.25 Da represents the smallest difference of
731.1 738.7 80 42 . s . . .. .
precursor ion m/z’s that can, in principle (i.e., ignoring the non-
737.7 7453 80 42 rectangular nature of Q1 transmission profiles), be resolved for
744.3 751.9 80 42 establishing precursor-fragment ion relationships from triangular
750.9 759.1 80 43 Q1 fragment ion profiles [19], similar to the performance of other
758.1 765.7 80 43 scanning quadrupole implementations [20].
764.7 772.8 80 43
771.8 780 80 44 .
2.4 | Data Processing
779 787.1 80 44
786.1 794.8 80 44 The mass spectrometric raw data were processed using DIA-
793.8 802 80 45 NN 1.8.1 [5]. For measurements involving only human proteins,
801 809.7 80 45 we used the same spectral library as in Wang et al. [15], which
8087 817.9 30 46 was generated from high pH. rever.se-phase fractionated K562
and HeLa human proteome digests in IDA/DDA on a capillary
816.9 825.6 80 46 flow LC—ZenoTOF 7600 MS system that got searched with
824.6 833.9 80 46 ProteinPilot within the OneOmics suite against a human Swiss-
832.9 842.1 80 47 Prot canonical and isoform database [21]. The results were
8411 850.9 30 47 concatenated using the Extractor application in the OneOmics
suite (SCIEX) to create the spectral library. For the LFQ bench-
849.9 859.7 80 48 . N .
type analysis [22], we started from an in-silico predicted spectral
858.7 869.1 80 48 library of Homo sapiens, S. cerevisiae, and Escherichia coli
868.1 879 80 49 containing only SwissProt curated proteins including isoforms
878 889.4 80 49 (downloaded in July 2023).
888.4 899.9 80 50

TABLE 4 | Zeno SWATH DIA Method Scan speeds per analytical
flow rate LC gradients.

MS2 accu-
Active gradient time mulation Cycle time
(min) times (ms) (s)
5.2 11 1.316
13 1.475

MS2 mass accuracies were allowed to fall within a 20 ppm
tolerance while those for MS1 were inferred automatically (i.e.,
set to “0”). The scan window was set to 6 for micro-flow and
7 for analytical-flow chromatography acquisitions. For method
performance evaluations, the match-between-runs (MBR) fea-
ture was enabled for replicates using the same LC-MS settings
(e.g., replicates within the parameter screening and LFQ mixes
of a given LC-MS setup using the same sample amount). Library
generation was set to “Smart profiling” and “Heuristic protein
inference” was enabled for all measurements. The FDR threshold
was set to 1% on the precursor level per run for all analyses.
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Data post-processing and analysis were performed using Python
3.9 with the pandas 2.2.3, numpy 2.1.3, and scipy 1.14.1 packages.
DIA-NN reports were filtered depending on the experimental
goal: Precursor-centric ID benchmarks were filtered to equal
or less than 1% FDR on Q.Value (run-specific Precursor FDR)
and Lib.Q.Value. Likewise, protein-centric benchmarks were
filtered to less than or equal to 1% FDR on PG.Q.Value and
Lib.PG.Q.Value. Coefficients of variation (CVs) were obtained
by dividing the standard deviation of signal intensities with
a degree of freedom N = n — 1 by its mean. CVs were only
accepted for identifications with n > 3 and are indicated as
values or percentages. LOESS regression was performed within
the Seaborn package using the regplot function under default
settings. All plots were generated in Python using the Seaborn
0.13.2 package and arranged using Inkscape 1.2 and 1.4.

3 | Results

3.1 | Combining the Zeno Trap and Scanning
SWATH to ZT Scan DIA

In Zeno trap-enabled scanning DIA (“ZT Scan DIA”), ions
move through the instrument in a similar manner as presented
previously [19] (Figure 1c, e). Likewise, the Q1 quadrupole scans
the precursor ion space with a set Q1 isolation window and speed.
To maintain sufficient points across the chromatographic peak, it
is important to couple the Q1 speed to the expected peak width
during chromatographic separation. Given the current status
of chromatography, peak widths are generally about 4.5 s or
less across the majority of different chromatographic setups. To
remove the need for fine-tuning methods related to different peak
widths at half height (PWHH), SCIEX released three optimized
methods (>4.5s /1< x <4.5s/ <1s, respectively, corresponding
to 375 Da/s with 7.5 Da Q1, 750 Da/s with 10 Da Q1, and 750 Da/s
with 5 Da Ql, see Methods and Figure S1), enabling users to
select the best method tailored to their experimental needs.
Precursor ions are transmitted by the Scanning Q1 for a defined
time (“dwell time”) that depends on the QI scanning speed and
the QI isolation window width (Figure S1) before reaching the
Q2 quadrupole stage, where collisional ion activation and frag-
mentation occur. The acquisition software automatically selects
CEs and an MS/MS fragment mass range suitable for bottom-
up proteomics workflows. Next, the generated fragment ions are
collected via the Zeno trap, which releases them in effective pulses
at a 1500 Hz frequency to the orthogonal TOF pulser (Methods).
This pulsed release from the Zeno trap increases the TOF duty
cycle, enhancing ion coverage, particularly for low m/z ions [23].
To maximize the benefit of the Zeno trap, the Q1 scanning speeds
were set to align with the Zeno trap pulsing frequency, ensuring
optimal dwell times for fragment ion signal collection in terms
of signal-to-noise and points-per-peak ratios. The acquisition
software organizes ion detection events into specific bins based
on the TOF pulses that overlap with the precursor m/z, allowing
for the extraction of precursor profiles for any given fragment
(Figure 1c, right). This results in tightly correlating fragment ion
signals and precursor m/z, enabling differentiation of true analyte
signals from noise with greater specificity.

To systematically compare ZT Scan DIA with Zeno SWATH DIA,
we used microflow rate chromatography (5 pL/min on M-Class,

Waters) connected to a Zeno trap-enabled QTOF ZenoTOF 7600+
system (SCIEX) and matched method parameters like the 400-
900 m/z range and MS/MS accumulation times of Zeno SWATH
DIA with dwell times of ZT Scan DIA, meaning we spent a
comparable time per fragment ion signal collection. We measured
a human K562 cell line proteome tryptic digest standard (SCIEX)
with 15- and 7-min active separation times, respectively (Tables 6
and 7). The obtained data were subsequently processed using
DIA-NN with a spectral library obtained from DDAs on a
deep-fractionated K562 digest (Methods).

First, we focused on repeated injections of the standard sample
while monitoring the consistency of identification. Injecting
5 ng of K562 digest, corresponding to a proteome mass from
about 20-30 mammalian cells [24], we quantified on average
14,769 and 16,950 precursors from 2586 and 3017 proteins with
a median CV of 19.4% and 16.5% on protein-level for Zeno
SWATH and ZT Scan DIA, respectively, using a 15-min active
gradient. Using the faster 7-min gradient, we obtained averages
of 1991 and 2440 proteins (from 12,165 and 14,861 precursors),
respectively, with median CVs of 17.0% and 19.0% (Figure S2).
This corresponds to an increase of +15% on unique precursors
and +17% protein groups for 15-min active gradients, and +22%
and +23% for 7-min active gradients on average for ZT Scan
DIA, compared to Zeno SWATH DIA, respectively (Figure 2a,
d). Moreover, in combination with the 15-min active gradient,
ZT Scan DIA consistently identifies more proteins at the same
data completeness level, while for the 7-min gradient, higher data
completeness appeared for protein groups that were detected in
less than about 80% of the replicates of each method (Figure 2b, e).
Inspecting the quantitative precision for shared precursors across
intensity quantiles yielded an overall improved precision for 15-
min gradients, and a comparable precision to Zeno SWATH DIA
with 7-min active gradients (Figure 2c, f).

Next, we expanded our analysis by probing different sample loads
at different acquisition speeds. We tested 200, 50, 5, and 1 ng
of K562 using the same chromatographic gradients (15- and 7-
min active gradients) and 50 and 200 ng K562 digest on a fast
3-min active gradient, respectively (Tables 6-8). To account for
narrower peaks during faster chromatography, we adjusted each
ZT Scan DIA method according to the chromatographic peak
widths (as above, Methods) to match their dwell times to Zeno
SWATH DIA MS2 accumulation times. Using the 15-min active
separation gradient and 200 ng K562, we observed comparable
identification numbers between Zeno SWATH and ZT Scan DIA,
respectively, but ZT Scan DIA had a slightly better quantitative
precision. Moreover, it yielded more precisely quantified proteins
(i.e., below 20% CV) when reducing the load to 50, then 5, and 1 ng
of the K562 digest. Notably, the lower the injection amounts, the
higher the gain of ZT Scan DIA compared to Zeno SWATH DIA.
For example, for the lowest load of 1 ng, ZT Scan DIA quantified
42% more protein groups (Figure 3a).

On the shorter gradients, 7- and 3 min (Figure 3b, ¢), ZT Scan DIA
resulted in more overall and also more quantitatively confident
identifications (Figure 3d-f), especially with the 7-min active
gradient separation (Figure 3g-i).

Additionally, we investigated the effect of Zeno trap ion trapping
on the analytical performance of both DIA method types—
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TABLE 6 |

Chromatographic gradient—capillary flow—15 min active/27 min total.

(min) 0 1 2.5 5 8 11 13 15 16 16.5 17 19 20 27

(%B) 3 5 9.5 15 19 22 24 27 32 40 80 80 3 3

(uL/min) 5 5 5 5 5 5 5 5 5 5 5 5 5 5
TABLE 7 | Chromatographic gradient—capillary flow—7 min from leveraging ion trapping, this trend was most pronounced

active/15 min total.

(min) 0 1 6 65 7 9 10 15
(%B) 3 3 30 40 8 80 3 3
(uL/min) 5 5 5 5 5 5 5 5

consecutive fixed window and scanning DIA on the ZenoTOF
7600+ (Figure S3). Without the use of the Zeno trap, both
DIA method types behave similarly in identification and quan-
tification with a slight advantage for scanning DIA across all
sample loads tested. When enabling the Zeno trap, both method
types perform notably better, culminating in gains ranging from
+17% to +83% in average protein group identifications compared
to non-Zeno trap methods. As expected given sensitivity gains

16min gradient, 5 ng K662

when analyzing declining amounts of sample material while also
generally availing consecutive fixed window DIA methods over
those using a scanning quadrupole. Interestingly, the sensitivity
gain from leveraging the Zeno trap promoted consecutive fixed
window DIA more than scanning DIA, suggesting that scanning
DIA methods are inherently more sensitive.

3.2 | Quantitative Performance of ZT Scan DIA

Next, we used multi-species proteome deconvolution (“LFQ-
bench-type”) experiments [22] to assess the quantification perfor-
mance of the new hybrid method. These assays benchmark the
quantitative performance of a proteomic method through their
ability to deconvolute proteomes of different species mixed at
different ratios (Figure 4a). We measured five mixes composed

7 min gradient, 5 ng K562
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TABLE 8 | Chromatographic
active/15 min total.

gradient—capillary flow—3 min

(min) 0 1 4 5 7 8 15
(%B) 3 3 30 80 80 3 3
(uL/min) 5 5 5 5 5 5 5

of varying amounts of three proteome standard digests (H.
sapiens (K562 cell extract tryptic digests), S. cerevisiae (whole-cell
protein extract), and E. coli (purified cytosolic protein fraction),
at two different loads using active gradients corresponding to 15-
and 7-min active gradient setups, respectively (Tables 6 and 7).
The measurements were conducted in triplicate and on the
aforementioned microliter-flow rate LC-MS platform. Comparing
ZT Scan with Zeno SWATH DIA resulted in ~6% more protein
identification rates for 250 ng injections using Zeno SWATH
DIA, while for 50 ng injections, ZT Scan DIA increased protein
identification by +38% on average for 15- and 7-min active
gradients (Figure 4b-d).

15-min gradient

7-min gradient

Besides the identification performance of any LC-MS proteomics
method, a typical pitfall related to quantitation is ratio com-
pression for peptide precursors in the lower signal intensity
quantiles that arise from higher signal-to-noise ratios for these
low-abundant analytes. Further, detector noise and interfering
signals from cofragmented peptide ions may lead to a decline in
quantitative precision.

Both methods performed similarly across all tested conditions
when assessing the quantitative precision for protein groups
expressed as CVs (Figure S4). Concerning quantitative accuracy,
however, ZT Scan DIA returned favorably over Zeno SWATH
DIA when loading 250 ng and a 15-min active gradient, that is,
the squared errors of observed to expected ratios were smaller
(Figure 4k and Figure S5). Likewise, when reducing the sample
load or shortening the chromatographic separation time, ZT Scan
DIA again provided higher quantitative accuracy. Notably, the
quantitative ratios acquired with ZT Scan DIA were more stable
across the intensity range for all LC-MS conditions and mixes
tested (Figure 4e-m and Figure S5).

3-min gradient
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cell line tryptic digest standard was acquired using 15- and 7-min gradients at 200, 50, 5, and 1 ng loadings, and 200 and 50 ng at 3-min gradients. (a—c)
number of unique protein groups at 1% FDR from triplicate injections with changing sample amounts loaded (average: red, <20% CV: purple, <10%
CV: blue; Zeno SWATH and ZT Scan DIA shown with lower and higher saturation, respectively). ZT Scan DIA generally detects more protein groups
and at better precision. The less sample was loaded, the better ZT Scan DIA fared compared to Zeno SWATH DIA. (d-f)comparable overall quantitative
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FIGURE 4 | Label-free quantitation benchmark of ZT Scan data-independent acquisition (DIA) compared to Zeno SWATH DIA. Multi-species

proteome deconvolution (“LFQ-bench type”) analysis using mixes of human, yeast, and bacterial proteome tryptic digests at defined ratios as shown in
(a) was acquired in triplicate, with three different LC-MS acquisition regimes as indicated on top of (b-d). (b-d) protein group quantities per mix and
by species for active gradients of 15/15/7 min active gradient at 250/50/50 ng load, respectively. (e-g) quantitative performance of Zeno SWATH DIA in
selected LFQ-bench experiments. (h—j) LFQ-bench plots using ZT Scan DIA. Data were filtered for protein groups detected in at least two replicates, and
the resulting averaged quantities were offset to match a human log ratio median of zero. (k-m) quantitative error in the accuracy of each protein group
quantity on the deviant species for both methods based on the squared error to the expected ratio across the intensity range. Lines represent LOESS
regressions. ZT Scan DIA data points are shown as diamonds, while Zeno SWATH DIA as points, colored as in (b-d) above.

In summary, ZT Scan DIA reduced ratio compression effects for
protein quantities at extreme ratios compared to Zeno SWATH
DIA, resulting in more accurate protein quantification across the
covered detection range.

3.3 | Proteomic Experiments With Analytical
Flow Rate Chromatography and ZT Scan DIA

Finally, we assessed the performance of ZT Scan DIA employing
analytical flow rate chromatography, as a strategy for addressing
the need for high-throughput proteomics applications with fast

gradients to be run robustly and precisely over large sample
series, suited for experiments where maximizing proteomic depth
is secondary to throughput and quantification precision [2,
19]. The key to fully harness the performance of DIA-based
proteomics methods in analyzing proteomes with analytical flow
rate chromatography is matching data acquisition speeds to its
high chromatographic peak capacity [19, 25]. If the right balance is
struck, the attainable analytical specificity and sensitivity will be
maximized due to reduced signal interferences from co-occurring
peptide signals (i.e., resolved chromatographically and via fast-
changing m/z isolation windows) and diminished signal loss
per analyte (i.e., from a higher sampling rate). Besides aiding
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TABLE 9 |
active/7.5 min total.

Chromatographic gradient—analytical flow—5.2 min

(min) 0 5 52 521 54 55 75
(%B) 3 3 80 80 80 3 3
(uL/min) 800 800 800 1200 1200 1000 1000

TABLE 10 |
active/6 min total.

Chromatographic gradient—analytical flow—3.1 min

(min) 0 3 31 45 451 595 6
(%B) 3 3 80 80 3 3 3
(uL/min) 800 800 1200 1200 1200 1200 800

the peptide identification process in DIA proteomics, higher
sampling rates cause an increase in the number of points-
per-peak, benefiting precise peptide quantitation. In addition,
fragment ions are observed in multiple consecutive scans with
ZT Scan DIA instead of only being seen within the next DIA
cycle in Zeno SWATH. Thus, in theory, ZT Scan DIA should
allow for superior identification rates at excellent quantification
reliability in demanding acquisition regimes aiming for ultimate
data acquisition speeds.

We tested two chromatographic gradients for analytical flow rate
separations, a 5.25- and 3.1-min active gradient, comparing ZT
Scan DIA methods to an optimized Zeno SWATH DIA method
while analyzing 0.5/ 1/ 2 pg of an in-house generated HEK cell
line digest (Methods, Tables 9 and 10). Comparing results for the
5.25-min gradient, we observe increasing gains in parallel with
higher sample loads, culminating in a plus of about 1000 protein
groups detected when injecting 1 or 2 ug of the peptide mixture
using the ZT Scan DIA method optimized for ca. 1-s wide peaks
(5 Da Q1 and 750 Da/s Q1 scanning) (+22%/+27%). Accordingly,
the numbers of precisely quantified proteins and precursors
from 2 pg of sample increased by +32%/41% for protein groups
and +50%/65% for precursors with CVs of 20%/10%, respectively
(Figure 5a, c). Higher gains were achieved with the 3.1-min
chromatography method, from which we detected 4515 protein
groups on average with 5 Da Q1 and 750 Da/s ZT Scan DIA,
representing a gain of +33% over Zeno SWATH DIA. Considering
precursors with trustworthy quantities using the 10 Da Q1 and
750 Da/s ZT Scan DIA method, we note that precursors below
10% CV almost outnumber those of Zeno SWATH DIA even
when including all below 20% CV (Figure 5b, d). Consequently,
when the focus is on getting the greatest number of precisely
quantified precursors (<10% CV), the ZT Scan DIA method for
intermediate peak widths (10 Da Q1 and 750 Da/s) fared best
while after aggregation to protein groups, this advantage over
the fastest ZT Scan DIA method (5 Da Q1 and 750 Da/s) was
offset and accordingly, the latter method may be used (Figure 5b,
d and Figure S6). Notably, ZT Scan DIA yielded highly precise
proteomic measurements, with protein group CV medians well
below 20% (Figure 5e, f). Regarding identification overlaps, all
methods showed highly consistent identification performance
within their replicates, but also among them, with a slight
tendency for ZT Scan DIA methods to share more identifications
(Figures S7 and S8). Moreover, we compared signal responses

between methods and at different sample loads (Figure 5g—j).
Albeit analyte quantities from Zeno SWATH DIA displays high
correlation comparing single-shot LC-MS acquisitions of 2 pg
and between 2 and 0.5 ug HEK loadings (Pearson correlation
coefficient [“Rho”] of 0.945 with 19,390 / 0.84 with 14,824
precursor ratios), ZT Scan DIA performed even better with Rho’s
of 0.980 and 0.902 from 22,988 and 17,257 precursor quantity
ratios, respectively. Thus, despite an increase of 19% in precursor
identifications, ZT Scan DIA demonstrates comparable or better
signal correlation, again maintaining an edge over Zeno SWATH
DIA. Overall, ZT Scan DIA led to a more precise quantitation in
a high-throughput proteomics setting.

4 | Discussion

Although DIA methods increasingly dominate in proteomic
experiments [26, 27], there is an ongoing need to increase their
performance in terms of acquisition speed, as well as quanti-
tative precision and accuracy. We here propose an acquisition
method, ZT Scan DIA, that combines the scanning quadrupole
dimension that we introduced with Scanning SWATH [19] with
the Zeno SWATH acquisition method [15]. In ZT Scan DIA,
the fast-scanning Q1 quadrupole adds extra specificity over the
conventional SWATH approach due to fast-changing staggered
precursor ion isolation windows to trace fragment ion correlation
with high temporal resolution and which effectively reduces
adverse signal interferences while the rapid ion processing in
the Zeno trap adds extra sensitivity by increasing the TOF duty
cycle.

Implemented on a Zeno TOF 7600+ instrument (SCIEX), we
demonstrate ZT Scan DIA’s protein identification and quan-
tification capabilities on several generic proteome standards,
benefiting inter-laboratory comparisons. In scenarios with aver-
age throughput and low sample inputs (5 ng across 11 replicates),
and in comparison to Zeno SWATH DIA on the same setup, ZT
Scan DIA increased protein identifications by 22%. Despite the
low input material, proteomes were quantified precisely (CVs <
20% for about two thirds of all proteins from 11 replicate injections
using a 15-min active gradient). When systematically probing
the three different available ZT Scan DIA methods with varying
inputs of sample, we found gains for almost all conditions tested
with the sweet spot being a 7-min active gradient, where the inclu-
sion of the scanning dimension increased protein identifications
by 23% on average (i.e., across all sample loads and categories—
average, CV < 20%, CV < 10%) and even by 51% for 1 ng input.
Thus, ZT Scan DIA is well suited, particularly when only small
sample amounts are available or when deeper proteomic coverage
at precise quantitation is needed making it an ideal choice for
studies on larger cohorts.

We note, however, that under certain conditions such as high
sample loads and longer gradients, Zeno SWATH DIA may iden-
tify somewhat more precursors and proteins than ZT Scan DIA
and attribute this behavior to differences in analytical selectivity
in precursor ion-dense regions (especially m/z 400-600, see
Figures S9 and S10) where signal interferences may affect ZT
Scan DIA performance stronger due to wider isolation windows
(i.e., 5-10 Da in ZT Scan DIA vs. 3-4 Da in Zeno SWATH).
Indeed, from a broad Q1 screening experiment during the early
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ZT Scan DIA improves high-throughput proteomics on a ZenoTOF 7600+ System. Assessment of ZT Scan DIA’s performance in

analytical flow rate LC-MS. (a—d) identifications of protein groups and precursors at increasing sample loads of 0.5 /1 /2 ug human proteome digest using
a 5.25- or 3.1-min active gradient compared to an optimized Zeno SWATH DIA methodology in three categories: average identifications from triplicate,
identifications below or equal to a CV of 0.2 and 0.1 (from top to bottom, n = 3), respectively. Numbers for each category are indicated below a bar’s top.
(e, f) improved quantitative precision for all ZT Scan DIA methods tested over Zeno SWATH DIA. ZT Scan DIA outperformed Zeno SWATH DIA in
total identifications and those precisely quantified. (g—j) signal correlations for different methods and at different sample loads using the 3.1-min active
gradient chromatography as follows: (g) Zeno SWATH DIA, 2 g each, 2 replicates, (h) Zeno SWATH DIA, 0.5 and 2 pg, 2 replicates, (i) ZT Scan DIA, 0.5
and 2 pg, 2 replicates, and (j) ZT Scan DIA, 2 g each, 2 replicates. Pearson correlation coefficients and numbers of valid ratios are indicated. The data
were filtered to 1% FDR on the respective level. CV, coefficient of variation; DIA, data-independent acquisition.

ZT Scan DIA development, using our 3.1-min active gradient
analytical flow setup at three different sample loads (Figure SI1),
we found that a setting of 2.5 Da Q1 isolation width and 750 Da/s
Q1 scan speed, returned the deepest proteome coverage while
a Scanning Q1 of 5 or 7.5 Da width at the same Ql scanning
speed provided the best results with regards to the number of
precisely quantified precursors and protein groups. However, we
note that although currently not available for ZenoTOF 7600+
systems, enhanced Scanning Q1 DIA methods on SCIEX systems
will likely become available in the future and forecast the use

of increasingly narrow Q1 windows for even deeper proteome
coverage of complex proteomes and PTM studies.

Nevertheless, in scenarios with abundant sample material and
in conjunction with fast analytical-flow rate chromatography
using active gradients as fast as 3.1 min only ZT Scan DIA
shines — leading to consistent gains exceeding +30% on protein
identifications, while notably also giving improved quantitative
precision for up to 40% more proteins when compared to Zeno
SWATH DIA.
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In summary, we demonstrate the introduction of a sliding Q1
Quadrupole with the Zeno trap enabled QTOF ZenoTOF 7600+
system and benchmark its performance in combination with
capillary- and analytical flow rate chromatography. We report an
increase in sensitivity and quantitative precision at different sam-
ple throughput regimes. In the future, we envision ZT Scan DIA’s
best applications in these proteomics fields that benefit most
from increased specificity and sensitivity. These entail but are not
limited to (i) high-throughput clinical proteomics which relies
on high-precision protein quantification to overcome low effect
sizes and other confounders for efficient patient stratification and
biomarker identification by allowing robust statistics [28, 29], (ii)
proteomics experiments with very low input materials, which are
challenged predominantly by a lack of sensitivity and a larger
extent of missing values [30, 31], as well as (iii) system biology
studies, such as functional proteomic experiments, time series
analysis, or the analysis of strain collections, that all require high
sample numbers and are sensitive to batch effects and depend on
precise proteome quantification [2].
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