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Abstract: Although data-independent acquisition (DIA) has the ability to identify and quantify all
peptides in a sample, highly complex mixed mass spectra present difficulties for accurate peptide
and protein identification. Additionally, the correspondence between the precursor and its fragments
is broken, making it challenging to perform peptide identification directly using conventional DDA
search engines. In this paper, we propose a cosine-similarity-based deconvolution method: CorrDIA.
This is achieved by reconstructing the correspondence between precursor and fragment ions based
on the consistency of extracted ion chromatograms (XICs). A deisotope peak cluster operation is
added and centered on the MS/MS spectrum to improve the accuracy of spectrum interpretation and
increase the number of identified peptides. The resulting MS/MS spectra can be identified using any
data-dependent acquisition (DDA) sequencing software. The experimental results demonstrate that
the number of peptide results increased by 12 percent and 21 percent respectively, and the repetition
rate decreased by 12 percent. This reduces mass spectra complexity and difficulties in mass spectra
analysis without the need for any mass spectra libraries.

Keywords: data-independent acquisition; MS/MS spectra; peptide identification; method; XICs;
isotopic peak cluster

1. Introduction

Shotgun proteomics based on liquid chromatography–tandem mass spectrometry
has become a mainstream method for the comprehensive analysis of proteins [1,2]. Pro-
teomics typically involves preparing a protein sample, turning the protein into a peptide
mixture via enzymology, producing a series of mass spectra, and then using tandem mass
spectrometry to identify the peptide sequence. Lastly, the sample protein sequence can
be put together. Protein identification is the most important step in the whole process.
Bottom-up proteomics mainly uses three methods: data-dependent acquisition (DDA),
to discover proteomics and achieve unbiased and complete coverage of the proteome;
data-independent acquisition (DIA), which elutes all peptides from the high-performance
liquid chromatography column for multiple fragmentations to generate a complete MS/MS
spectrum of fragment ions for the sample; targeted proteomics (targeted), which aims to
obtain a subset of known polypeptides of interest in a repeatable, sensitive and smooth
manner [3]. No matter which method is used, the identification of peptides and proteins
cannot be separated from the generation of mass spectrometry data.

Most existing methods of protein identification are based on DDA mass spectra data [4].
In the process of DDA fragmentation, the precursor ions with the highest intensity are
usually selected for fragmentation to generate MS/MS spectra. Thus, mass spectrometers
are not able to reliably isolate and acquire high-quality MS/MS spectra for all peptides in
typical samples [5]. As a result, inaccurate sampling and poor repeatability of analysis will
occur; thus, this method is not suitable for the analysis of complex samples. In contrast
to data-dependent acquisition, DIA methods [6,7], alternative workflows to DDA, have
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recently made great advances; they select all precursor ions within a certain retention time
and m/z range to generate MS/MS spectra. Every precursor ion in the MS1 spectrum is
selected in the DIA method, and those with a lower intensity will also be recorded [8].
Usually, the instrument circulates through the m/z range of precursor ions in the specified
width, generating highly multiplexed fragment mass spectra in each cycle. In addition, frag-
ment ions in DIA mass spectrometry can be reconstructed to form MS/MS chromatograms,
which can provide support for peptide identification and quantification.

While DIA ensures that each precursor ion within a predefined mass range is frag-
mented in one cycle, the complexity of the spectrum presents a significant challenge for
subsequent analysis [9]. MS/MS spectra of DIA data are difficult to interpret because
they are highly complex. Each mass spectrum contains fragment ions from more than one
precursor; a remaining challenge is correctly and efficiently interpreting the connection be-
tween the precursor ion and its fragment ions. The identification of pseudo-MS/MS spectra
is the primary method for data-independent acquisition mass spectrometry. Various tools
have been proposed, such as DeMux [10], DIA-Umpire [5], Group-DIA [11], Specter [12],
and CorrDec [13]. After the peptide identification results are obtained, the estimated false
discovery rate (FDR) is used to evaluate the reliability of the identification results [14].

Here, we present a new method termed CorrDIA, which utilizes a cosine-similarity-based
deconvolution approach to divide a DIA mass spectrum into multiple pseudo-MS/MS spectra,
each representing a single peptide ion. The method has two main contributions:

• To address the issue of a large amount of data in chromatogram similarity comparison,
which create a larger search space and require more calculations. In contrast to
the prior method, the MS/MS spectra are at the center of our algorithm, and the
information “isolation window” is added when extracting mass spectra data to reduce
the comparison space, improving the accuracy of the experiment.

• According to the characteristics of DIA data, there are a large number of isotopic peak
clusters in the spectrum. We removed isotopic peak clusters from each MS1 spectrum
and carried out an overall search to remove redundancy in each selection of candidate
precursors. Reducing the repetition rate ensured that most of the pseudo-MS/MS
spectra came from the same peptide.

Our method does not use the existing mass spectra library; it generates a spectrum
library based on the obtained DIA data to reduce extra costs. Those pseudo-MS/MS
spectra can be searched using conventional DDA sequence database-searching software or
de novo software.

2. Materials and Methods

The analysis started by using the signal extraction algorithm to detect all possible
precursors and fragment features in MS1 spectra data and MS/MS spectra data. After-
wards, precursor and fragment signatures were categorized based on the relevance of
their chromatograms. Then, candidate precursors were ranked according to the obtained
similarity. The tool generated “pseudo-MS/MS spectra” for untargeted MS/MS database
searches to identify peptides and proteins. The workflow is shown in Figure 1.
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Figure 1. The workflow of the CorrDIA method.

2.1. Raw Mass Spectrometry Data

With the improvement of the mass spectrometer in quality, accuracy, speed and
resolution, a variety of DIA acquisition strategies aimed at reducing the complexity of
analysis have been proposed. The current DIA data acquisition methods can be divided into
full window fragmentation, such as MSE [15], isolation window sequence fragmentation,
such as SWATH [16], variable precursor isolation window, and 4D-DIA with increased data
dimension [17].

The data we used were SWATH-based. We used public datasets to illustrate the
performance of CorrDIA. Its identification performance was evaluated using a HeLa whole-
proteome tryptic digest recorded on a nanoLC-coupled QExactive HF mass spectrometer
(Thermo Fisher, Waltham, MA, USA), with 1 h chromatographic gradient lengths. The raw
data were obtained from ProteomeXchange (PXD005573). Then, the raw file was directly
converted to mzML format by msconvert.exe from the ProteoWizard package with the
default parameters (version 3.0.111537) [18].

2.2. Data Extraction

In order to reconstruct the extracted ion chromatograms (XICs), we first had to extract
information from the mass spectrometry data. Biologists use an enzyme to cleave protein
samples into short peptides. When the peptide mixture enters the mass spectrometer,
the output spectrum is denoted as the MS1 spectrum. Then, precursor ions are selected
to be fragmented into daughter ions to obtain the MS2 spectrum [2]. In this paper, we
define the MS1 spectrum as the precursor ion mass spectrum and the MS2 spectrum as the
MS/MS spectrum.

It is assumed that as peptides move through the chromatograph, only ions with a
specific m/z range will be able to move through, creating a chromatogram. We can see
the generated chromatograms in Figure 2. The recorded information for the three axes
contains their m/z, retention time, and peak intensity. The traditional pseudo-MS/MS
spectrum method does not divide the precursor ion mass spectrum when extracting the
mass spectrum data information, which leads to a large search space in the process of
similarity comparison and increases the amount of calculation. In this paper, we added
the information of the isolation window to the MS/MS spectra data. This represents
a m/z range value, that is, the minimum m/z of the fragmented precursor ion to the
maximum m/z.
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Figure 2. Isolation window in MS1.

In the experiment, we use the scan number of the mass spectrum as the unique iden-
tifier. For each detected precursor ion mass spectrum, our algorithm reports each mass
spectrum’s scan, m/z value, intensity, and retention time; for each detected MS/MS spec-
trum, our algorithm reports each spectrum’s scan, isolation window, m/z value, intensity,
and retention time. One precursor ion mass spectrum is fragmented by multiple MS/MS
spectra; we can determine the corresponding relationship between one precursor ion mass
spectrum and several MS/MS spectra based on the order of the retention time (RT). The
isolation window information, which spans the minimal and maximal m/z of the chosen
precursor ions, allows us to determine which precursor ions from the associated precursor
ion mass spectrum are responsible for fragmenting the current MS/MS spectrum. The
search space is narrowed, improving the experimental accuracy.

2.3. Similarity Comparison

Coelution is important to reveal the relationships between a precursor ion and its
fragment ions [19]. The purpose of our experiment is to reconstruct the corresponding
relationship between precursor and fragment ions through their high similarity. As shown
in Figure 2, the XICs can be defined as the curve of the intensity of mass spectra peak signal
changing with retention time within a certain period. In this work, we set the retention
time interval value of 1 min. For example, to extract the chromatogram of the precursor p
in a precursor ion mass spectrum, it is necessary to find precursor ion mass spectra with a
retention time of ±0.5 min from the current precursor ion mass spectrum and then extract
the peak intensity in these mass spectra within the threshold m/z range. When extracting
the peak intensity, we extracted the peak intensity whose m/z difference with the ion was
0.02 Da, then combined these intensities to generate a chromatogram. Correlation has
been widely used to generate pseudo-MS/MS spectra. We took advantage of the XICs’
consistency between the precursor and fragment ions and interpreted the MS/MS spectrum
based on the ranking of precursor and fragment similarities.

We calculated the cosine similarity C = corr (P, F) between all possible precursor XICs
and their fragment XICs. P (p1, p2, . . . , pn), F (f1, f2, . . . , fn), as mentioned in the paper,
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refer to the extracted ion chromatogram profile (1 ∗ n). This is a list of peak intensity values,
and n represents the number of ions. The formula is as follows:

C = corr(P, F) =
P·F

||P||||F|| =

n
∑

i=1
pi*fi√

n
∑

i=1
(pi)

2*

√
n
∑

i=1
(fi)

2

(1)

In this representation, one fragment ion can have multiple precursors, and several
precursors can share the same fragment. The corr (F, Pi) of a fragment ion F is calculated
based on the cosine similarity between the fragment and all candidate precursors. For
a precursor ion P, the corr (Fi, P) is calculated based on the cosine similarity between the
precursor and all possible fragments. The pseudo-code for the similarity calculation is shown
in Algorithm 1.

Algorithm 1: Calculating cosine_similarity of chromatograms of precursors and fragments.

Input: Peak intensity list of each precursor item1,
peak intensity list of each fragment item2
Output: Cosine_similarity two-dimensional matrix result
1 device← torch.device (‘cuda’ if torch.cuda.is_available () else ‘cpu’)
2 for i, pre in enumerate (item1) do
3 for j, frg in enumerate (itme2) do
4 x, y← torch.tensor (np.array([pre, frg]), dtype = torch.float64, device = device)
5 cos← torch.nn.CosineSimilarity (dim = 0)
6 similar← cos (x, y)
7 tmp_list← similar.cpu ()
8 result[i]← tmp_list
9 return result

All similarities form a two-dimensional matrix, as shown in Table 1.

Table 1. The two-dimensional matrix used to calculate the cosine similarity.

F1 F2 F3 . . . Fm – 1 Fm

P1 corr(P1, F1) corr(P1, F2) corr(P1, F3) . . . corr(P1,
Fm – 1)

corr(P1,
Fm)

P2 corr(P2, F1) corr(P2, F2) corr(P2, F3) . . . corr(P2,
Fm – 1)

corr(P2,
Fm)

. . . . . . . . . . . . . . . . . . . . .

Pn – 1
corr(Pn – 1,

F1)
corr(Pn – 1,

F2)
corr(Pn – 1,

F3) . . . corr(Pn – 1,
Fm – 1)

corr(Pn – 1,
Fm)

Pn
corr(Pn,

F1)
corr(Pn,

F2)
corr(Pn,

F3) . . . corr(Pn,
Fm – 1)

corr(Pn,
Fm)

Then, we obtained the similarity of all candidate precursor ions and their fragment
ions. As shown in Table 1, each row represents one precursor; we calculated the number of
cosine similarity values greater than 0.6 in each row as the sorting method for all precursors
within the isolation window range. Through the experimental test, we selected the top 30
precursor ions for each MS/MS spectra: one MS/MS spectrum was disassembled into 30
new pseudo-MS/MS spectra, corresponding to 30 precursor m/z (pepmass). We took all
the fragment ions with a cosine similarity greater than 0.6 with the current precursor ion
as the fragment ions of the newly generated pseudo-MS/MS spectrum. It is worth noting
that, here, we needed to de-redundant the precursor before selecting the top precursor ion
for each MS/MS spectrum. As the error range between some precursors is small, there will
be a large number of repeat identical identification results.
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2.4. Remove the Isotopic Peak Cluster and Determine a Precursor’s Charge State

The charge state for each pseudo-MS/MS spectrum is determined by the characteristics
of the precursor. The performance of the CorrDIA algorithm with different combinations
of threshold parameters, as described above, can be evaluated using data subsets (for
additional detail, see results Section 3) According to the two-dimensional matrix obtained
above, we retained the number of cosine similarity results greater than 0.6 in each row of
the matrix and ranked all candidate precursors according to the number of cosine similarity
greater than 0.6.

We determined a precursor candidate P’s charge state (in this work, +1, +2, +3, and +4
only) by detecting the isotopic peak cluster. If we did not detect an isotopic peak cluster for
a precursor, we defaulted its charge state to 2.

• Confirm mass spectrum scan of the precursor and record its position I in the precursor
ion mass spectrum. Each peak in the precursor ion mass spectrum is marked by 0 or 1
to record whether it has been visited;

• Go through all peaks in the precursor ion mass spectrum to find the peak P0 with the
highest intensity and record its position I0;

• From I0, move left or right to determine whether the peak difference in mass-to-charge
meets the set threshold of mass spectra peaks with P0 (+1: 1.003 da, +2: 0.5015 da, +3:
0.3343 da, +4: 0.2507 da);

• If satisfied, these peaks are then recorded as isotopic clusters of P0, and their charge is
confirmed by the threshold. If not, pass the peak;

• Delete the P0 isotopic clusters found above in the original precursor ion mass spectrum
so that only the peak with the highest peak intensity is retained; then, find the peak P1

with the highest intensity in all the unvisited peaks and record its position I1;
• Repeat the previous step until all peaks in the precursor ion mass spectrum are visited.

Next, we found the isotopic peak cluster of position I; at this point, we could deter-
mine the precursor charge state. Figure 3 shows the correspondence between different
isotopic peak clusters and charge states. In addition, chromatograms a, b, and c are the
chromatograms of precursor ions with m/z of 552.22, 550.22, and 551.22, respectively. We
can see that the chromatograms of these ions are highly consistent; the only difference is in
their intensity. When we calculate the similarity of chromatograms, it is possible to repeat
the selection. Therefore, this is likely to result in complete consistency in the sequence of
identification results. During the experiment, if we do not process these results, there will
be much redundancy, which will miss the real ion signal peak that should be extracted and
reduce the efficiency of mass spectral analysis. Therefore, when we extract the precursor ion
chromatograms, we should remove the isotopic peak cluster and only retain the precursor
ion with higher intensity.
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2.5. Peptide and Protein Identification

The pseudo-MS/MS spectra are stored using the traditional .mgf format of DDA.
Therefore, when performing a database search, all conventional database-searching soft-
ware can be used, such as pFind [20,21], MSFragger [22], and de novo peptide identification
software. In this work, we used MSFragger to enable peptide identification and compared
its identification result performance with DIA-Umpire. The parameters in the database
search process are the same as the DIA-Umpire shown in Table 2.

Table 2. Database search parameters of MSFragger.

Parameter Value

Precursor tolerance ±20 ppm
Fragment tolerance ±20 ppm
Max variable mods 3

Peptide length 5–50
Peptide mass range 100–5000

Filter 1%

3. Results

First, we determined the influence of different parameter settings on the experimental
results, as shown in Figure 4.
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Figure 4. Influence of different parameter settings on experimental results.

The ordinate means the number of identified peptides. We chose 1000 MS/MS spectra
for testing. Considering the cost and experimental efficiency, the following thresholds led to
the most identification number results when using MSFragger searches for pseudo-MS/MS
spectra extracted in different settings (at 1% filter) and were selected as default values in our
algorithm: the cosine similarity was set to a threshold of 0.6, the top 30 ranked precursors
for each MS/MS spectrum were used, and we chose a 1-min retention time interval.

Next, we extracted ion chromatograms (XICs) for all fragment and candidate precursor
ions in the isolation window. According to the consistency between the precursor and
its fragment ion chromatograms, the entire MS/MS spectrum was interpreted, and the
correspondence between precursor and fragment ions was found. The charge state of the
precursor was also determined. In this way, we could obtain the pseudo-MS/MS spectra.
In Figure 5, we show the chromatograms of the precursors and their fragment ions with
high similarity. The three curves in the upper part of Figure 5 are precursor ion XICs, and
the curves in the lower part of Figure 5 are their corresponding fragment ion XICs.
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Figure 5. The XIC consistency of precursor with its fragment ions.

Then, we tested the effect of removing the isotopic peak cluster in the process of
interpreting the spectrum. In the Materials and Methods section, we mentioned that for
each MS/MS, we chose the top 30 precursor ions. Because the chromatograms of the
precursor and its isotopic peaks are consistent, we took the top 30 precursor ions and
their identification results before and after removing the isotopic peak cluster; an example
is shown in Figure 6. The table on the left represents the top 30 precursor ions selected
before removing the isotopic peak cluster and their identification result sequences. The
identification results of the blue and green isotope peak clusters are completely consistent,
and there is redundancy, which is not conducive to improving the result performance. The
right side shows the top 30 precursor ions that were selected after removing the isotopic
peak cluster and their identification result sequences, and the number of identification
results significantly increased.
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Figure 6. The XICs of the top 30 precursors and identification sequences before and after removing
the isotopic peak cluster.
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In previous works, there was one traditional, main pseudo-MS/MS spectra method,
known as DIA-Umpire. We compared the performance of CorrDIA and DIA-Umpire for
analyzing the HeLa or Human dataset.

The output .mgf file format was found to be consistent with the conventional DDA
.mgf files; thus, any DDA database search software or de novo software can be used for
the identification of peptides and proteins. In this work, we used the database-searching
software MSFragger to identify peptides and saved the result mass spectra files under the
filter (1%) controlled.

First, we compared the number of different identified peptide ions of CorrDIA and
DIA-Umpire. In Figure 7a (the numbers in the figure are the numbers of identified peptides),
about 63% of the peptides identified by CorrDIA were also identified by DIA-Umpire, and
about 71% of the peptides identified by DIA-Umpire were also identified by CorrDIA, a
12% increase compared to DIA-Umpire. As shown in Figure 7b, approximately 73% of the
peptides identified by CorrDIA were also identified by DIA-Umpire, and approximately
88% of the peptides identified by DIA-Umpire were also identified by CorrDIA, a 21%
increase compared to DIA-Umpire.
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Figure 7. (a) Venn diagram of peptide ions of HeLa dataset identified by CorrDIA and DIA-Umpire;
(b) Venn diagram of peptide ions of human dataset identified by CorrDIA and DIA-Umpire.

As shown in Table 3, we recorded the number of identified mass spectra and the
number of identified peptides using the two respective methods. We can see that the
number of identified peptides accounted for 81 percent of the total number in the mass
spectra by CorrDIA and only 69 percent when analyzed by DIA-Umpire. It was clear
that a large number of the results in the mass spectra came from the same peptide in
DIA-Umpire. In our method, by removing redundancy and removing isotopic peak clusters,
the repetition rate of most interpreted pseudo-MS/MS spectra from the same peptide was
greatly reduced.

Table 3. The number of mass spectra and peptides by identified CorrDIA and DIA-Umpire.

Method Spectra Peptide Proportion

CorrDIA 34,989 28,368 81%

DIA-Umpire 33,993 23,513 69%

We also present the precursor ion information of the same identified sequence with a
different precursor m/z interpreted by CorrDIA and DIA-Umpire.

Some examples are provided in Table 4. We calculated the theoretical precursor m/z
of the sequence, and we can see that the precursor interpreted by DIA-Umpire is not as
accurate as CorrDIA.
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Table 4. The same identified sequence with a different precursor m/z, interpreted by CorrDIA and
DIA-Umpire.

Sequence Theoretical m/z CorrDIA m/z DIA-Umpire m/z

ALVSGKPAESSAVAATEK 572.64 571.93 571.63

QLQQAQAAGAEQEVEK 864.43 864.42 863.42

VAVEEVDEEGK 602.29 601.79 601.28

LDASESLR 445.73 445.23 444.73

LYKEELEQTYHAK 551.28 550.61 550.28

Finally, to verify the correctness of the peptides that CorrDIA individually identified
and the correctness of our pseudo-MS/MS spectra algorithm, we used pFind to identify
peptides again for the .mgf files of this part on the human dataset. In Figure 8, we show the
distribution of q-value in the identification results by pFind. The abscissa represents the
peptides. Using a false discovery rate of 1%, almost 85 percent of the peptide sequences
in the differential set were also searched in pFind. Part of the theoretical precursor m/z
of these peptides and the precursor m/z identified by CorrDIA for these peptides is also
recorded in Table 5. It can be concluded that this part of the results was also correct.
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Figure 8. The Q-value curve of differential set part obtained by pFind.

Table 5. The experimental m/z and theoretical m/z of the sequence identified by CorrDIA.

Sequence Theoretical m/z CorrDIA m/z Charge Q-Value

VKATNTQHAVEAIR 513.29 512.92 3 0
WQYGDSAVGR 380.18 379.51 3 0

GHYTEGAELVDSVLDVVR 979.99 979.99 2 0
EALEAYR 426.21 425.71 2 0

HIADLAGNSEVILPVPAFNVINGGSHAGNK 753.65 752.89 4 0

Different from DIA-Umpire, in our experiment, we took the MS/MS spectrum as
the center. According to the above experiments, it can be concluded that the quality and
quantity of the identification results were improved. Under the condition of setting the
retention time interval value, the high similarity of chromatograms demonstrated increased
efficiency. The number of recognized peptides increased. Additionally, under the control of
a filter (1%), the correctness of the experiments was ensured. The accuracy of interpreted
precursor ions also significantly increased when deleting the isotope peak cluster. The
number of peptide results increased by 12% and 21%, and the repetition rate decreased
by 12%.
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4. Discussion

The core of the pseudo-MS/MS spectrum deconvolution method is to reconstruct the
correspondence between the precursor and the fragment ions by calculating the similarity
of the chromatograms between the precursor and its fragment ions. However, the number
of peaks in the chromatogram comparison process is large, resulting in a huge amount of
calculation, and the DIA data have a large number of isotope peak clusters, which will
bring repeatability to the results. Based on these problems, we proposed CorrDIA, which
takes the MS/MS spectrum as the center to process the mass spectra one by one and uses
the isolation window information of each MS/MS spectrum to narrow the search space.
CorrDIA also removes isotopic peak clusters from each precursor ion mass spectrum and
carries out an overall search to remove redundancy in each selection of candidate precursor
ions. CorrDIA reconstructs the corresponding relationship between the precursor and its
fragment ions, reducing the complexity and difficulty of spectrum analysis.

We compared CorrDIA with the DIA-Umpire. Our experiments show that both the
number of identified peptides and the resolution rate of the spectrum improved. In addition,
CorrDIA could also solve the redundancy problem caused by isotopic peak clusters and
reduce the redundancy of the same peptide.

However, CorrDIA was unable to analyze peptides without a precursor ion signal. In
addition, due to the ion interference, ion suppression, and spectrum split algorithm of the
MS/MS spectra, the number of MS/MS spectra obtained by the pseudo-MS/MS method
was relatively small, resulting in a lower identification number than the mass spectra
library [23] search method. With the development of mass spectrometry instruments, a
correspondence between precursor and fragment ions could be regained by the acquisition
of new dimensional information. The ion mobility acquisition technology and the latest
sliding quadrupole technology were introduced, and the additional dimensions of collected
information were developed into 4D-DIA data acquisition methods as a supplement to the
traditional 3D-DIA, which only contains mass-to-charge ratios, strengths, and retention
times. 4D-DIA methods, such as DIA-PASEF [17] and Scanning SWATH [16], reconstruct
the relationship between mother ions and fragment ions in the secondary spectrum to
a certain extent by recording additional ion mobility and four-stage rod dimensional
master-ion information, and further improve the data resolution. In the future, the MS/MS
spectra-splitting ability could be improved by combining it with deep learning algorithms
to identify the high-dimensional characterization of the mother ion and fragment ion
chromatograms and by using the higher selectivity of the precursor provided by the
4D-DIA data.
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