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14
15 Abstract

16  Blood is the primary source of protein biomarkers because it is readily accessible and
17  reflects both physiological and pathological changes. However, ion suppression by
18  high-abundance plasma proteins has long limited the coverage of mass spectrometry
19  (MS)-based proteomics. Recent advances in nanomaterial-based enrichment have
20 expanded blood proteome coverage to more than 6000 proteins. Nevertheless,
21 whether the quantities of the enriched proteins proportionally reflect their true levels
22 in neat blood — and thereby faithfully represent disease-associated variation — remains
23 debated. We therefore developed NCTPro (Nanomaterial-enhanced Cross-Channel
24  Transfer strategy for neat blood Proteomics), which enables in-depth plasma proteome
25  quantification without enrichment-induced perturbation of endogenous protein

26  concentrations. Using non-isobaric mass tags, NCTPro combines a reference channel
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1 of enriched low-abundance plasma proteins with a neat plasma channel in a single
2 data-independent acquisition mass spectrometry (DIA-MS) run. Deep proteome
3 coverage in the reference channel is transferred to the neat plasma channel through
4  MSI feature matching and MS2-assisted elucidation. In this way, NCTPro identifies
5 more than 3000 proteins in neat plasma using a 23-min elution gradient — at least a
three-fold increase in coverage over recent reports at similar throughput. Spike-in
experiments further demonstrate that NCTPro provides accurate fold-change
8  quantification, high precision, and high linearity, making it well suited to a wide range

9  ofclinical plasma proteomics studies.
10 Keywords

11 Proteomics, Neat plasma, Mass-spectrometry, Nanomaterials, Enrichment

12
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11. Introduction

2 Blood is a critical source for screening disease biomarkers and investigating long-

3 term effects of environmental conditions and aging on the human body. It is valued

4  primarily because it is readily accessible and uniquely reflects physiological changes'.
5 Because proteins are central to most biological processes, blood proteomics has
6 become a focus of medical diagnostics and research’>. Recent advances in multi-
7  platform technologies, including affinity- and MS-based methods have significantly

8 improved the protecome coverage of circulating proteins®®. While affinity binder
9  technologies like SomaScan and Olink provide superior coverage and throughput
10  relative to MS-based proteomics, they are less suited to discovery-driven studies and
11 cannot detect protein isoforms or post-translational modifications’. Moreover, their
12 high cost limits widespread use in routine clinical research.

13 In contrast, MS-based methods profile the proteome in an untargeted manner,
14  enabling unbiased discovery of proteins whose abundances change with physiological
15  or pathological states, at relatively low cost’. While human blood theoretically
16  contains more than 10000 distinct proteins, 22 high-abundance proteins account for
17 nearly 99% of the total protein mass in plasma/serum!%!2, Because these proteins
18  dominate scan resources and suppress the ionization of low-abundance species during
19 liquid chromatography—mass spectrometry (LC-MS) analysis’, they severely limit the
20  detection of low-abundance proteins. To address this, several strategies have been
21 developed—including chromatographic fractionation, depletion of high-abundance
22 proteins, and protein corona-based enrichment of medium- and low-abundance
23 proteins ®13-16. However, these approaches introduce new complications. Specifically,
24 depletion strategies using either antibodies affinity or perchloric acid (PerCA)
25  precipitation remove only a subset of the high-abundance proteins, yielding a modest

26  gain in protein identifications relative to untreated samples!>!"!8

. More importantly,
27  loss of low-abundance proteins during depletion is inevitable, owing to the limited
28  selectivity of these strategies and to interactions between high- and low-abundance
29  proteins'>1%2% Recent advances in protein corona-based enrichment have markedly
30  improved identification of medium- and low-abundance proteins®. However, protein
31  corona formation on nanoparticle surfaces is influenced by multiple plasma factors,
32 which may be highly complex in large clinical cohorts?'?2. Moreover, protein

33 quantification relies on measuring their counterparts in the protein coronas, assuming
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1 nanoparticle-protein adsorption coefficients remain constant across concentrations and
2 are unaffected by variations of other biomolecules in the blood. However, validity of
3 this assumption remains unverified and deviation from theoretical abundance have
4  been observed in recent literature -where the magnitude of deviation increased with
5  greater fold-changes®?324,

Recent advances have introduced multiplexed data-independent acquisition (DIA)
technologies that use non-isobaric isotopic labels to enable single-cell proteomics by
8  transferring identifications from bulk to single-cell channels in the same LC-MS
9  run®>%, Inspired by this approach, we developed NCTPro (Nanomaterial-enhanced
10 Cross-Channel Transfer strategy for neat blood Proteomics), a workflow that
11 combines low-abundance protein enrichment with neat plasma analysis via
12 multiplexed DIA to achieve ultra-deep proteome coverage and non-disturbed
13 quantification simultaneously (Figure 1). In this workflow, one enrichment channel
14  and two neat plasma channels, each labeled with a different dimethyl reagent, are
15 analyzed in the same DIA-MS run. Deep proteome coverage is obtained in the
16  enrichment channel through spectral library-based database searching, and peptide
17  identifications are then transferred to each neat plasma channel by MS1 feature
18  matching and MS2-assisted elucidation. In this way, both sensitive protein
19  identification and accurate quantification can be achieved in the neat plasma channels
20  without enrichment or depletion. Compared with conventional label-free DIA (LF-
21  DIA) strategies, NCTPro achieved an approximately six-fold increase in protein
22 coverage from neat plasma using an Orbitrap Exploris 480 mass spectrometer. Spike-
23 in experiments confirmed accurate fold-change quantification under stringent false
24  discovery rate (FDR) control in all channels. On the Orbitrap Astral platform,
25  NCTPro enables a mapping depth of more than 3000 proteins at a throughput of 60
26 samples per day (SPD) from neat plasma, representing at least a three-fold
27  enhancement in proteome coverage at comparable throughput relative to recent
28  reports?’. Additionally, NCTPro achieves an average KEGG pathway coverage of
29  more than 30%, comparable to that of the Olink Explore HT platform, demonstrating

30 its potential for disease biomarker discovery and mechanistic studies.
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Figure 1. Workflow of NCTPro. Peptides from the enriched sample (A0, enrichment channel)
and neat plasma (A4/A8, neat plasma channels) are labeled using a 3-plex dimethyl labeling

1
2
3
4  strategy. In the enrichment channel, alleviation of signal suppression from high-abundance
5  proteins and enhanced signal intensity of low-abundance peptides facilitates robust peptide
6

identification. This provides crucial information—retention time (RT), precursor ion features,

7  and fragment ion patterns—for cross-channel matching with the neat plasma data, enabling

8  peptide sequence propagation. By employing this “match-within-run” approach—analogous to

9  match-between-runs (MBR) but performs within the same run— peptide identification is

10 transferred between the enrichment and neat plasma channels, whereas quantification across

11 channels remains independent.

12
132. Methods

14 2.1 Reference plasma sample collection and ethics statement

15 Blood samples were collected from ten healthy volunteers. The Institutional Ethics
16  Committee of the Beijing Proteome Research Center approved the study protocol. All
17 procedures involving human participants complied with the Declaration of Helsinki,
18  applicable Chinese laws and regulations, and institutional guidelines. All participants
19 provided written informed consent before blood collection. Plasma was prepared by
20  collecting blood into EDTA tubes, followed by centrifugation at 3000 g for 15
21  minutes, subsequently pooled to generate a reference plasma sample. To minimize
22 freeze-thaw cycles, the plasma was aliquoted and stored at -80 °C until further use.

23 2.2 Sample preparation

24 2.2.1 Low-abundance protein enrichment and digestion

25  Reference plasma was treated with the surface functionalized magnetic MoS;
26  nanomaterials, as previously described?®, with modifications. Initially, 100 pL of

27  Reference plasma was mixed with MoS; resuspension at a concentration of 1 pg/pL
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1 (prepared in wash buffer: 10 mM Tris-HCL, pH 7.4, 150mM KCl, 0.05% CHAPS).
2 The mixture was incubated at 37 °C on a shaker (1500 rpm) for 1 hour. After
3 incubation, the MoS; material was magnetically separated, followed by washing three
4 times with 400 pL wash buffer to enrich low-abundance plasma proteins. Next, 20 pL
5  of lysis buffer (S0mM TEAB, 0.5% SDC, 10mM TCEP, 40mM CAA) was added to
elute the low-abundance proteins from the magnetic MoS: material. The collected
low-abundance protein supernatant was heated at 90 °C for 10 minutes, cooled to
8  room temperature, then 10 uL of 50mM TEAB and 0.5 pg of trypsin were added for
9  digestion at 37 °C for 4 hours. An additional 0.5 pg of trypsin was added, and
10  digestion was continued for 8 hours. The digestion was quenched by adding
11 Trifluoroacetic acid (TFA) to a final concentration of 1%, followed by centrifugation
12 at 16000 g for 10 minutes to retain the supernatant. The obtained supernatant was
13 desalted using a C18 SPE cartridge, and the low-abundance peptides were dried at
14 45 °C, then stored at -80 °C until further use.
15 2.2.2 Sample preparation of neat plasma and depleted plasma
16  Neat plasma was digested using Filter-Aided Sample Preparation (FASP) method®.
17 One microliter of neat plasma was mixed with 200 pL of 8M urea (UA) and
18  transferred to a 30 kDa ultrafiltration tube. The mixture was centrifuged at 12000g for
19 10 minutes to remove UA. Next, 8M UA containing 10mM TCEP and 40mM CAA
20  was added, mixed thoroughly, and left at room temperature for 1 hour. The solution
21  was centrifuged at 12000g, and the filter was washed three times with 200 puL of 8M
22 UA, followed by three washes with 200 pL of 50mM TEAB. Finally, 200 pL of
23 100mM TEAB containing 1 pg of trypsin was added for digestion at 37°C for 4 hours.
24 An additional 1 pg of trypsin was then added, and the digestion was continued for
25 another 8 hours. The peptides were collected by centrifugation at 12000g for 10
26  minutes, desalted, and stored at -80°C.
27 The Topl4 high-abundant protein depletion method follows the High-Select
28  Topl4 Abundant Protein Depletion column protocol (Thermo Fisher Scientific,
29  https://assets.thermofisher.com/TFS-Assets/LSG/manuals). To begin, 10 pL of
30 reference plasma was added to the depletion column and incubated at room
31  temperature for 10 minutes with gentle inversion. Next, the column was centrifuged at
32 12000g for 10 minutes to collect depleted proteome in the flow-through for enzymatic
33 digestion using the FASP method. The resulting peptides were desalted, dried, and
34  stored at -80°C until further use.
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1 2.2.3 Sample preparation for NCTPro
2 Dimethyl Labeling: Low-abundance peptides enriched using the magnetic MoS2
3 nanomaterials, along with digested peptides from undisturbed neat plasma, were
4  labeled using dimethyl labeling®®. The enriched low-abundance peptides were
5  dissolved in 100 mM TEAB, and 20 pg of these peptides were labeled with 4 pL of
formaldehyde (4% CH>O v/v) and 4 pL of sodium cyanoborohydride (0.6M,
NaBH3CN), designated as AO channel. Two portions (20 pg each) of peptides from the
8  neat plasma, also dissolved in 100mM TEAB, were labeled separately. One portion
9  was labeled with 4 pL of 4% formaldehyde-d2 solution (CD>O) and 4 pL of sodium
10 cyanoborohydride (0.6M), designated as A4 channel. The other portion was labeled
11 with 4 puL of 4% formaldehyde-13C-d2 solution (!3CD,0) and 4 pL of 0.6M sodium
12 cyanoborodeuteride (NaBD3CN), designated as A8 channel. The three channels were
13 shaken at 20°C at 1000 rpm for 1 hour, followed by the addition of 2 pL of 10%
14 NH3-H:O, vortexed, and left to stand for 2 minutes. The reaction was stopped by
15 adding 10 pL of 20% TFA. The peptides were desalted, dried, and stored at -80°C
16  until further use.
17 2.2.4 Spike-in experiment
18 Count-based FDR estimation of NCTPro: The low-abundance peptides were labeled
19  as A0, A4, and A8 following the dimethyl labeling method. These labeled peptides
20 were then mixed in different combinations to create various sample mixtures:
21 AO0:A4:A8 = 2:0:0, AO:A4:A8 = 2:1:0, AO:A4:A8 = 2:0:1, and AO:A4:A8 = 2:1:1. The
22 resulting mixtures were stored at -80°C until needed.
23 Quantitative accuracy benchmarks of NCTPro: Fetal bovine serum (FBS) was
24  digested using the FASP method and were labeled as A4 and A8 channels. The A4-
25  labeled human neat plasma peptides were mixed with the A4-labeled FBS peptides in
26  ratios of 1:0, 1:1, 2:3, 1:2, 1:9, 1:99, and 0:1. Similarly, the A8-labeled human neat
27  plasma peptides were mixed with the A8-labeled FBS peptides in the same ratios.
28  These multi-species dimethyl-labeled peptides were then combined with AO-labeled
29  low-abundant human plasma peptides (enriched using magnetic MoS, nanomaterials)
30 in ratios of AO:A4:A8 = 2:1:1, A0:A4:A8 = 2:1:0, and A0:A4:A8 = 2:0:1. The final
31  mixtures were stored at -80°C.
32 Fold-change accuracy of the nanomaterials-enrichment method and LF-DIA of neat

33 plasma: label-free FBS peptides were mixed with the label-free neat plasma peptides
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1 in ratios of 1:0, 1:1, 2:3, 1:2, 1:9, 1:99, and 0:1. The final mixtures were stored at -
2 80°C until further use.

4 2.3 Data acquisition
5  2.3.1 Orbitrap Exploris 480
LC conditions: The experiment was performed on an Easy nLC-1200 system. Peptides
were resuspended in buffer A (0.1% FA in LC-MS-grade water) and injected onto a
8  C18 reversed-phase analytical column (75 um x 20 cm, 1.9 um, 120 A) at 60 °C. Two
9  LC gradients were applied on Orbitrap Exploris 480. 1) 75-minuates gradient: 5-12%
10  buffer B (80% ACN and 0.1% FA mixed with LC-MS-grade water) from 0 to 4
11 minutes, 12-30% buffer B from 4 to 49 minutes, 30-45% buffer B from 49 to 65
12 minutes, and 45-95% buffer B from 65 to 75 minutes. 2) 120-minuates gradient: 7-
13 12% buffer B from 0 to 6 minutes, 12-30% buffer B from 6 to 102 minutes, 30-45%
14 buffer B from 102 to 114 minutes, and 45-95% buffer B from 114 to 120 minutes. The
15  flow rate was maintained at 300 nL/min throughout the run.
16  MS/MS conditions: 1) Data-dependent acquisition (DDA) was performed to assess
17  dimethyl labeling efficiency, with MS1 full scans from 300 to 1500 m/z at 60000
18  resolution and HCD MS2 fragmentation at 27% normalized collision energy. 2) DIA
19 was used to analyze the NCTPro, neat plasma, and depleted plasma proteome
20  obtained by the Top14 high-abundant proteins depletion column. For MS1 analysis,
21  the full scan range was set to 300-1650 m/z with a resolution of 120000 in the
22 Orbitrap. The AGC target was set to 300%. For MS2 analysis, fragment-ion spectra
23 were acquired in the Orbitrap at a resolution of 30000 using variable-width isolation
24 windows. A total of 44 and 64 windows were used for the 75- and 120-min gradients,
25  respectively, as described in previous studies?!
26 2.3.2 Orbitrap Astral
27  LC conditions: Approximately 200ng peptide was loaded onto an analytical column
28  (Aurora Ultimate 25 cm x 75 um ID, 1.7 um, C18) using 23-min gradient. The
29  gradient began at 4% buffer B, increasing to 12% over 2 min, then gradually rising to
30 25% over the next 7 min. Buffer B continued to increase to 40% over the subsequent
31 9.5 min before quickly ramping up to 99% within 0.4 min. Finally, the column was
32 held at 99% buffer B for an additional 4 min.
33 MS/MS conditions: DIA was performed on an Orbitrap Astral mass spectrometer
34 (Thermo Fisher Scientific, Germany) operated without FAIMS. Full MS1 scans were
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1 acquired in the Orbitrap at a resolution of 240000 (FWHM), spanning an m/z range of
2 380-980. The RF lens was set to 40%, and the AGC target was normalized to 500%,
3 with a custom-defined maximum injection time. DIA MS2 scans were acquired across
4 aprecursor m/z range of 398-980 using different isolation windows of 2, 4, and 8 Th.
5  Fragmentation was achieved using HCD with a normalized collision energy of 25%.
MS?2 spectra were acquired with a normalized AGC target of 800%, also employing a
custom injection time. Fragment ions were detected over an m/z range of 150-2000.
8  All MSI1 data were acquired in profile mode, while MS2 data were recorded in
9  centroid mode.
10 2.4 DIA analysis
11 All raw files were converted to mzML format using MSConvert (ProteoWizard
12 release: 3.0.23163 [09bc765]).
13 Neat plasma and Topl4-depleted plasma: The in silico predicted spectral library for
14  LF-DIA analysis (neat plasma and Topl4-depleted plasma) was generated by DIA-
15 NN (version 1.8.1) using deep learning to predict spectra, retention times, and ion
16  mobility, based on the same FASTA file mentioned earlier. For DIA-NN searches, “C
17 carbamidomethylation” was set as a fixed modification, while “Ox (M)” and “Ac (N-
18 term)” were set as variable modifications. “Trypsin/P” was used as the protease,
19 allowing up to 1 missed cleavage. The precursor FDR threshold was set at 1%, and
20  “MBR”was enabled. All other settings were kept as DIA-NN defaults.
21 NCTPro: NCTPro raw data were analyzed using a two-step workflow. An in silico
22 spectral library was generated with AlphaPeptDeep, using the predefined dimethyl
23 labeling models from MannLabs?>*2, The raw data were then searched against this
24 library with DIA-NN (v1.8.1) in plexDIA mode.
25  Data processing and quality filtering: Data analysis was conducted using R (version
26  4.3.0) and Python (version 3.9.18). For neat plasma and Topl4-depleted plasma
27  samples, search results by DIA-NN were filtered with thresholds of Q.Value < 0.01,
28  Lib.Q.Value <0.01, Lib.PG.Q.Value < 0.01, and PG.Q.Value < 0.01. For NCTPro, the
29  filtering criteria included Lib.PG.Q.Value < 0.01, Q.Value < 0.01, and
30 Channel.Q.Value < 0.15 to ensure a protein-level FDR below 1% for reliable protein
31  identification.

32
333. Results
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1 3.1 The principle of NCTPro

2 In proteomics analysis, low-abundance proteins/peptides often produce low-quality
3 MS?2 spectra that cannot be annotated, owing to the limited number of fragment ions
4 and their poor intensity. To promote spectral elucidation, MS1 feature matching and

5 MS2 identification transfer across LC-MS runs — collectively known as “match
6  between runs” (MBR)-have been widely adopted*-**. This approach relies heavily on

7 accurate alignment of RT between runs. However, variability in chromatographic
8  performance across runs complicates precise peptide matching by RT and increases
9 the risk of false-positive identifications*-*7. To address these limitations, within-run
10  identification transfer strategies have recently been demonstrated in single-cell
11  proteomics using non-isobaric multiplexing techniques such as multiplex-DIA and
12 plex-DIA?>?,  Because labeled channels are compared within a shared
13 chromatographic context, this design eliminates the need for cross-run RT alignment
14 and markedly improves the accuracy and sensitivity of identification transfer,

15  particularly for low-abundance proteins.

16  We therefore propose the NCTPro strategy, which leverages nanomaterials-enriched
17 plasma and its in-depth proteome coverage to facilitate low-abundance protein
18  identification in neat plasma through multiplexed DIA technologies with MS1 and
19  MS2 feature matching. NCTPro employs dimethyl labeling to create three channels
20  with a 4 Da mass shift between each. A reference channel containing peptides from
21  the nanomaterials-enriched plasma is mixed with two target channels containing neat
22 plasma peptides, allowing the three channels to be analyzed jointly. The enriched
23 plasma is prepared using our previously developed surface-functionalized magnetic
24 MoSz-based corona enrichment method, which detects more than 3000 plasma

25  proteins—an approximately four- to five-fold enhancement over direct analysis of neat

26  plasma?®,

27 In NCTPro, the reference channel (e.g., AO), which provides rich high-quality MS2-
28  level identifications of low-abundance proteins, serves as an effective reference
29  database for the target channels. Leveraging the high RT consistency of co-eluting,
30  co-fragmented isotopic-labeled peptides within the same LC-MS run, annotation of
31  low-quality MS2 spectra in the target channels benefits significantly from the

32 reference channel via MS1 feature alignment, MS2 fragment matching within the
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1 same spectrum, and stringent FDR filtering (Figure 1). In this way, accurate proteome
2 quantification with deep coverage can be achieved in neat plasma without

3 enrichment-induced perturbation of original protein concentrations.

5 3.2 The feasibility of NCTPro

6 As a first step toward the NCTPro workflow, we assessed the dimethyl labeling
7  efficiency of plasma peptides and its impact on plasma protein analysis. Figure STA
8  (Supporting Information) shows that dimethyl labeling efficiency exceeded 99% for
9  both MoS:-enriched low-abundance plasma peptides (labeled with AO) and neat
10 plasma peptides (labeled with A4 and AS), indicating near-complete labeling.
11 Compared with 1-plex and 3-plex DIA, proteome coverage of the enriched plasma
12 decreases by 8.6% and 11.4%, respectively (Figure S1B, Supporting Information).
13 Despite this reduction, more than 3000 proteins are still identified in the enriched

14  plasma—demonstrating its capability to serve as a reference database—whereas direct

15  analysis of neat plasma yields only 459 proteins, owing to signal suppression by high-
16  abundance proteins. As shown in Figure S1C (Supporting Information), although
17  increasing the number of dimethyl labels leads to a slight decline in the
18  reproducibility of protein identification between channels, the consistency remains
19 high. This modest reduction may be attributed to the substantially higher MS/MS
20  spectral complexity of multiplex DIA compared with label-free DIA. Moreover, a
21  coefficient of variation (CV) below 5% is achieved for the dimethyl-labeled samples
22 using either 1-plex or 3-plex tags, comparable to LF-DIA (Figure S1D, Supporting
23 Information), indicating that quantification precision is not impaired by dimethyl
24  labeling. This stability of MoS: enrichment ensures a reliable reference database for

25  the NCTPro workflow.
26
27 3.3 NCTPro exhibits ultra-deep protein coverage in neat plasma

28  We compared plasma protein identification by NCTPro on an Orbitrap Exploris 480
29  under 45-, 75-, and 120-min gradients. The three gradients yield approximately 1300,
30 1800, and 2100 proteins, respectively, at a protein- and precursor-level FDR of 1% in

31 neat plasma (Figure 2A). In contrast, LF-DIA of the same neat plasma samples
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1 identified only 459 proteins on average under the 75-min gradient (Figure 2A). In
2 terms of reproducibility, NCTPro shows strong consistency across replicates, with
3 over 85% of proteins identified in all three runs for each elution gradient. This level of
4 overlap is comparable to the results obtained using neat or enriched plasma samples
5  (Figure 2B). The 3-channel design (A0, A4, A8) offers higher throughput but produces
more complex MS/MS spectra, complicating spectral deconvolution. To address this,
we adopted a simplified 2-plex setup. As shown in Figure 2C, the MS/MS spectral
8  identification rate—defined as the number of identified MS/MS spectra divided by the
9  total number of MS/MS spectra, at a precursor-level FDR of 1%-—increased from
10 35.2%-39.0% in the 3-plex format to 57.7%-66.8% in the 2-plex format. This
11  improvement translates into higher proteome coverage: under a 200-ng loading and a
12 75-min gradient, the 2-plex design identified 2469 proteins (A0/A4) and 2279 proteins
13 (AO/A8), corresponding to 36.5% and 27.2% more proteins than the 3-plex format
14 (1809 and 1791 proteins), respectively (Figure 2D). Proteome coverage is further
15  improved with the increased sample loading: 600 ng of peptides yielded the highest
16  number of protein identifications, and increasing the loading to 800 ng provided no
17  further benefit (Figure 2E). Extending the elution gradient to 120 min further
18  increases protein identification for the 2-plex design. Under a 600-ng loading and a
19  120-min gradient, NCTPro (A0/A4] and NCTPro (AO/AS8] identified 3207 and 2809
20  proteins in neat plasma—48.6% and 41.2% more than the 2158 and 1990 proteins
21  identified using the 3-plex format (Figure 2F). After matching the identified proteins
22 to the absolute protein concentrations in the Human Protein Atlas (HPA) database3®3°,
23 NCTPro identified 910-1146 low-abundance proteins in the 1 ng/L—-1 pg/L low
24 concentration range (Figure 2G). In contrast, LF-DIA of the same neat plasma
25 samples identified 459 proteins overall but only five proteins in this range,
26 highlighting NCTPro's sensitivity for low-abundance proteins without altering their

27  endogenous concentrations.
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12 3.4 Potential clinical implications of the NCTPro identified plasma proteome

13 We next assessed the clinical relevance of the NCTPro plasma proteome by
14 evaluating its coverage of FDA-approved protein biomarkers. NCTPro identified 123
15  FDA-approved protein biomarkers* from neat plasma (Figure 3A), exceeding the 79
16  detected by direct LF-DIA of neat plasma. For comparison, we examined two Olink
17 Explore HT protein sets: (i) the complete assay target panel, representing its
18  maximum nominal coverage, and (ii) the subset of panel targets detected in plasma in

19 an independent study*'. The complete panel, designated “Olink Theoretical” in Figure
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1 3A, comprises 5416 protein targets, including 125 FDA-approved biomarkers.
2 Beimers et al.*! detected 2631 of these targets in plasma; this plasma-detected subset,
3 designated “Olink Measured,” included 105 FDA-approved biomarkers. We next
4  examined the overlap among the biomarker sets identified by the four approaches
5  (Figure S2A). The 123 FDA-approved biomarkers identified by NCTPro from neat
plasma completely encompass the 79 biomarkers detected by direct LF-DIA of the
same samples. In contrast, NCTPro and the Olink platform share only 65 of the 105
8  biomarkers measured by Olink, with 58 and 40 biomarkers unique to NCTPro and
9  Olink, respectively. At the proteome-wide level, NCTPro shared only 1224 of its 3232
10  proteins with the 5416 proteins theoretically covered by the Olink platform —

11 approximately 16% of the combined set (Figure S2B); 2008 and 4192 proteins were
12 unique to NCTPro and Olink, respectively. These results highlight the marked
13 complementarity between the LC-MS-based NCTPro workflow and the antibody-
14 based Olink platform. To assess NCTPro’s ability to capture tissue-associated
15  biological signals, we annotated the identified proteins using the HPA tissue-enhanced
16  classification. Tissue-enhanced proteins are defined as proteins encoded by genes
17  showing at least fourfold higher expression in one or more tissues than the average
18  expression across all other tissues*?. After merging and deduplicating the male and
19  female HPA annotations, NCTPro identifies 1152 unique tissue-enhanced proteins,
20  compared with 996 among the proteins measured by the Olink Explore HT platform*!
21 (Figure 3B). In addition, NCTPro identified 824 additional tissue-enhanced proteins
22 that were absent from the published Olink plasma-detected set (Olink Measured;
23 Figure S3A, Supporting Information)*!, including 706 proteins not represented in the
24 complete Olink Explore HT target panel (Olink Theoretical; Figure S3B, Supporting
25  Information). The top 20 tissues represented by NCTPro spanned diverse
26  physiological systems, including the immune and hematopoietic, nervous, digestive,
27  musculoskeletal, cardiovascular, endocrine, urinary, and reproductive systems (Figure
28  3B). Seventeen of the top 20 tissues were shared between NCTPro and measured
29  Olink, including highly represented tissues such as the lymph node, brain, liver, bone
30  marrow, and skeletal muscle. This result demonstrates that NCTPro provides broad
31  tissue representation comparable to that of the measured Olink data*!, while detecting
32 15.7% more tissue-enhanced proteins overall (1152 versus 996). To assess NCTPro's

33 pathway mapping capability, we evaluated KEGG pathway coverage using the Rich
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1 Factor (RF) metric. As shown in Figure 3C, the median RF for KEGG pathways
2 covered by proteins identified using NCTPro was 0.333—significantly higher than the
3 0.047 median RF achieved by direct LF-DIA of neat plasma. Notably, NCTPro
4  exhibits analytical performance comparable to that of the Olink Explore HT platform
5  under its theoretical configuration. We calculated an RF of 0.334 for the 5416 proteins
nominally covered by the Olink panel, whereas the median RF for NCTPro was 0.333.
However, this value was derived from idealized coverage assumptions; when
8  restricted to the 2631 proteins quantified*!, Olink's median RF decreased to 0.193.
9  These findings highlight NCTPro's ability to provide rich biological information.
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12 Figure 3. NCTPro captures biological information enriched plasma proteome. (A)
13 Numbers of the 216 FDA-approved protein biomarkers covered by neat-plasma LF-DIA,
14  NCTPro, the full Olink Explore HT target panel, and an experimentally measured Olink
15  plasma dataset. “Olink (Theoretical)” denotes the complete set of 5416 protein targets
16  included in the Olink Explore HT assay, whereas “Olink (measured)” denotes the 2631
17  proteins detected in plasma using Olink Explore HT in the study by Beimers et al.*! (B) Top
18 20 organs ranked by the number of HPA tissue-enhanced proteins detected by NCTPro and
19 Olink (measured). Male and female HPA organ tables were merged and deduplicated. Colors
20  indicate organs exclusive to the female table, exclusive to the male table, or shared between
21 both tables. Numbers on the bars indicate protein counts for individual organs, whereas the
22 values beside the anatomograms indicate the total numbers of unique tissue-enhanced proteins

23 detected by each method. (C) KEGG pathway coverage of different methods.
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2 3.5 Quantification accuracy of NCTPro in neat plasma

3 To assess the quantification accuracy of NCTPro, we conducted a spike-in experiment

4  using mixtures of bovine and human plasma at varying ratios to simulate inter-
5 individual protein concentration difference in the target channel, with nanomaterial-
6  enriched human plasma serving as the reference channel (Figure 4A). Figure 4B
7 showed NCTPro maintains high quantification precision, with CV consistently below

8  15%. Additionally, NCTPro exhibited high quantification consistency, achieving
9  correlation coefficients greater than 0.95 in three replicates (Figure S4, Supporting
10  Information). More importantly, NCTPro demonstrates quantification accuracy
11 remarkably similar to that of the perturbation-free LF-DIA, with both closely
12 approaching theoretical fold change (FC) values (Figure 4C). This holds true across
13 the entire tested ratio range, though both showed moderate deviation at extremely
14 high ratios (e.g., 100:1). In contrast to the accuracy achieved by NCTPro, the
15  nanomaterials-enrichment method exhibits consistent deviations from theoretical
16  expectations. Protein-level quantitative accuracy is more clearly displayed in Figure
17 S5 (Supporting Information) by comparing the observed and expected log:FC for
18  proteins quantified at five or more dilution points. Among the evaluable proteins,
19  72.17% quantified by NCTPro meet the predefined fold-change accuracy criterion,
20  approaching the proportion achieved by LF-DIA 81.07% and exceeding the 39.30%
21  obtained by nanomaterials-enrichment method . Although the accurately qualified
22 proportion of NCTPro is slightly lower than that of LF-DIA, NCTPro yields 2.56
23 times more proteins in absolute terms within the expected FC. These results indicate
24 that NCTPro maintains quantitative accuracy close to that of LF-DIA while providing
25  protein coverage approaching that of the enrichment-based method. Collectively,
26  these results demonstrate the advantage of using non-disturbed NCTPro to achieve

27  both deep proteome coverage and high quantification accuracy from neat plasma.
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2 Figure 4. Evaluation of quantification accuracy in spike-in experiments using NCTPro.
3 (A) Experimental design in which human plasma proteins are spiked into a bovine plasma
4  background at defined ratios (human (vol): bovine (vol). (B) CV of protein quantification by
5  NCTPro from technical replicates. The x-axis labeled with A4/A8 indicates CV calculated
6  across all channels from technical replicates, A4 or A8 indicates CV calculated between the
7 A4 or A8 channels in different runs, respectively. (C) Experimental FC distributions versus
8  theoretical expectation. Dashed lines denote the expected log:FC. The corresponding
9  expected FC and log:FC are shown in each panel.
10 3.6 Extending NCTPro to the Orbitrap Astral platform

11 The emergence of new MS instrumentation has expanded the depth of proteome
12 coverage achievable from plasma, prompting us to evaluate NCTPro on an Orbitrap

13 Astral mass spectrometer. Using a 2-plex NCTPro configuration with narrow-window
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1 data-independent acquisition (nDIA), an 8 Da isolation window, and a 23-min elution
2 gradient results in 1600-1800 plasma proteins (Figure 6A). Narrowing the isolation
3 window to 4 Da or 2 Da markedly increased proteome coverage, yielding 2300-2900
4  proteins at a throughput of 62 SPD. In comparison, direct LF-DIA of neat plasma with
5 nDIA acquisition identified only 570 proteins under otherwise identical instrument
6  conditions (Figure 6B). Consistent with this coverage advantage, NCTPro identified
7  approximately five times more proteins than LF-DIA under equivalent conditions
8  (Figure 6C). Moreover, shortening the LC gradient time to 14 min still enabled
9  detection of approximately 2000 proteins per run, increasing throughput to 102 SPD
10 (Figure 6C). We next assessed NCTPro's quantitative performance on the Orbitrap
11 Astral platform. The median CV for protein quantification remained below 10% at
12 both 62 and 102 SPD, demonstrating that the high precision of NCTPro is not
13 impaired by the shorter LC gradient or fast MS acquisition (Figure 6D). Pearson
14 correlation analyses further confirmed high reproducibility across replicates under
15  both gradient conditions, with correlation coefficients exceeding 0.89 (Figure 6E).
16  Together, these results establish NCTPro as a robust, high-throughput plasma
17  proteomics solution compatible with the Orbitrap Astral platform, offering both depth
18  and precision without compromising efficiency.
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20  Figure 6. Performance evaluation of NCTPro on the Orbitrap Astral. (A) Number of
21  identified proteins and precursors using different isolation window for NCTPro. (B) Number
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23 methods. (C) SPD and identified proteins achieved by NCTPro and LF-DIA using different
24  LC-gradients. Quantification CV (D) and correlation (E) of NCTPro obtained using different
25  LC-gradient.
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1 4. Discussion

2 In this study, we introduced NCTPro to increase proteome coverage and analytical

3 throughput in neat plasma analysis. NCTPro uses nanomaterial-based enrichment of

4  low-abundance plasma proteins to generate a high-intensity reference channel, while
5 neat plasma samples are analyzed in parallel target channels. Dimethyl isotopic
6  labeling combined with multiplexed DIA generates isotopically distinct forms of the
7  same peptides with predictable mass offsets and closely aligned elution profiles.

8  These properties enable high-confidence, reference-assisted transfer of peptide
9 1identifications from the enriched reference channel to the neat plasma channels within
10  the same DIA run, supported by corresponding MS1 precursor and MS2 fragment-ion
11 evidence. Under otherwise identical instrument conditions, NCTPro identified 5 times
12 as many plasma proteins as LF-DIA. Because quantification is based on channel-
13 specific ion intensities extracted directly from the neat plasma channels, the reference
14  channel enhances peptide detection without substituting for target-channel
15  quantitative signals. This combination of depth, throughput, and direct neat plasma

16  proteome quantification is particularly advantageous for clinical biomarker studies.

17 Compared with the Olink Explore HT target panel, NCTPro provides substantial
18  complementary proteome coverage. Of the 3232 proteins identified by NCTPro, 2008
19  are not represented among the 5416 protein targets in the Olink Explore HT panel,
20  whereas 1224 are shared between the two protein sets. This complementarity extends
21  to tissue-enhanced proteins: 706 of the 1152 HPA tissue-enhanced proteins identified
22 by NCTPro are absent from the Olink Explore HT target panel, whereas 446 are
23 shared. These substantial differences highlight the necessity of employing plasma
24  proteome methods with distinct detection mechanisms to achieve comprehensive
25  coverage. Notably, proteins enhanced in the Lymph node, brain and liver comprise the
26  largest proportions within NCTPro’s unique identifications, suggesting its particular
27  utility for non-invasive mirroring of organ-level proteome changes in these critical

28  systems.

29
30 5. Conclusion

31  NCTPro holds significant potential for advancing clinical and research applications in

32 neat plasma proteomics. Its in-depth proteome coverage, accurate quantification and
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1 cost-effectiveness—provide a practical alternative for large-scale biomarker studies.
2 Compatibility with the edge-cutting Orbitrap Astral platform largely improves its

3 throughput, making it a powerful tool for biomarker discovery and validation.
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