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Abstract 15 

Background 16 

In recent years, multiple methods for high-throughput plasma proteome sample 17 

preparation have emerged. This study aimed to compare four scalable and affordable 18 

plasma sample preparation approaches coupled to mass spectrometry-based profiling 19 

and evaluate their applicability to clinical samples. 20 
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Methods 21 

The following plasma sample preparation methods were included: in-solution digestion 22 

(ISD), suspension trapping (S-Trap), perchloric acid precipitation (perCA), and 23 

extracellular vesicle (EV) enrichment using hyper-porous strong-anion exchange 24 

magnetic microparticles (Mag-Net). Aliquots from a pooled human plasma sample 25 

were analyzed in workflow triplicate using data-independent acquisition mass 26 

spectrometry. Furthermore, a plasma cohort of patients with colorectal cancer was 27 

processed using ISD and Mag-Net to evaluate their clinical applicability. 28 

Results 29 

Mag-Net achieved the greatest proteome depth (~1000 proteins per sample) and the 30 

highest protein identification reproducibility (data completeness = 87.4%), whereas 31 

global plasma proteomics by ISD showed the best quantitative reproducibility (CV = 32 

8.5%). Across all workflows, 1130 proteins were identified in all three technical 33 

replicates of at least one workflow, of which 399 were shared by all four workflows. 34 

Functional analyses revealed differential enrichment of largely overlapping functions. 35 

In line with previous work, Mag-Net enriched for extracellular vesicles. 36 

Two workflows, Mag-Net (best in-depth workflow) and ISD (best global workflow), 37 

were subsequently applied to a cohort of 30 colorectal cancer (CRC) patients and 29 38 

healthy controls. Both workflows successfully distinguished CRC from healthy 39 

samples and recovered known CRC-associated proteins. Pathway and functional 40 

analyses revealed CRC-associated biological hallmarks: MYC targets, MTORC1 41 
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signalling and mitotic spindle. Random forest analysis identified workflow-specific 42 

candidate biomarker panels, with combined top 20 protein models achieving Area 43 

Under Curve (AUC) values of 0.985 and 0.964 for Mag-Net and ISD, respectively. 44 

Importantly, multiple top ranked biomarker candidates were supported by external 45 

CRC tissue and plasma proteomics datasets. 46 

Conclusions 47 

Together, our findings demonstrate that both global (ISD) and in-depth plasma 48 

proteomics (Mag-Net) are suitable, reproducible workflows for clinical applications 49 

that warrant further exploration for biomarker discovery in disease. 50 

Keywords 51 

Plasma proteome; Sample preparation workflows; Extracellular vesicle enrichment; 52 

Data-independent acquisition mass spectrometry; Colorectal cancer 53 

Background 54 

Plasma is one of the most clinically relevant biofluids and serves as a cornerstone for 55 

biomarker discovery and disease monitoring. Plasma collection is minimally invasive, 56 

provides a systemic snapshot of physiological and pathological states, and in view of 57 

its strong translational potential, plasma is a highly attractive biological matrix for 58 

clinical proteomics [1]. In recent years, with the advent of high-throughput, high-59 

resolution mass spectrometers [2, 3] and novel sample preparation workflows [4], both 60 

global plasma proteomics and in-depth plasma proteomics using depletion- and 61 
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enrichment workflows have emerged as valuable approaches for plasma proteomics and 62 

biomarker discovery [5, 6].  63 

In this study, we evaluated four scalable and affordable methods for plasma proteomics: 64 

In-solution digestion (ISD), as a fast and reproducible global proteomics approach [7]; 65 

Suspension trapping filter (S-Trap) that employs a filter-based mechanism to efficiently 66 

capture, digest and clean-up SDS-solubilized proteins [8] as an alternative global 67 

proteomics approach; Perchloric acid precipitation (perCA) as a cost-effective 68 

depletion strategy that selectively precipitates abundant plasma proteins, facilitating the 69 

identification of low-abundance, tissue-derived proteins that are otherwise difficult to 70 

detect [9]; Strong anion-exchange beads (Mag-Net) which base on magnetic affinity 71 

capture to enrich extracellular vesicles and other membrane-bound particles, while 72 

depleting abundant plasma proteins [10, 11].  73 

Considering that each workflow offers distinct advantages, we aimed for a direct 74 

comparison to determine how these strategies compare in terms of proteome depth, 75 

reproducibility, and applicability in plasma proteomics of disease. To this end, we 76 

performed a workflow comparison of ISD, S-Trap, perCA, and Mag-Net using pooled 77 

human plasma analyzed in triplicate by single-shot DIA-MS (Data-Independent 78 

Acquisition mass spectrometry). Moreover, the best performing global (ISD) and 79 

enrichment/depletion (Mag-Net) plasma proteomics workflows were applied to a 80 

colorectal cancer (CRC) case–control cohort, underscoring the potential of both 81 

workflows for biomarker discovery in clinical proteomics. 82 

MATERIALS AND METHODS 83 
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Reference plasma samples 84 

Reference plasma samples were obtained from healthy individuals with written 85 

informed consent to use their biospecimens for research purposes. Equal volumes of 86 

each plasma sample from each donor were pooled, aliquoted, and stored at −80 °C until 87 

use. Plasma was thawed on ice immediately before processing. 88 

Clinical plasma samples 89 

Plasma samples were collected from patients with colorectal cancer (CRC, n = 30) and 90 

healthy controls (n = 29), which were provided by the Liquid Biopsy Center of the 91 

Amsterdam UMC, and the application was reviewed by the scientific and ethical 92 

committee (043-LBC-2022: 2022.0432 and 2022.0246). Written informed consent was 93 

obtained from all participants. 94 

In-solution protein digestion 95 

Five µL of plasma was mixed with 55 µL of lysis buffer containing 8 M urea (catalog 96 

no. U5378, Sigma-Aldrich), 10 mM dithiothreitol (DTT; catalog no. D9163, Sigma-97 

Aldrich) and 50 mM ammonium bicarbonate (ABC; catalog no. A6141, Sigma-98 

Aldrich). Proteins were denatured and reduced at 30 °C for 1h, followed by alkylation 99 

with iodoacetamide (IAA; catalog no. I1149, Sigma-Aldrich) at a final concentration 100 

of 20 mM for 15 min at room temperature in the dark. Samples were diluted to a final 101 

volume of 500 µL using 50 mM ABC to reduce the urea concentration to <1M, and 50 102 

µL of each diluted sample was transferred to a new low-binding microtube (catalog no. 103 

30108116, Eppendorf). Proteins were digested overnight at 37 °C with 30 µL trypsin 104 
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(catalog no. V5111, Promega; enzyme: protein ratio of 1:10). Digestion was quenched 105 

with 20 µL 10% formic acid (FA; prepared from Biosolve formic acid, catalog no. 106 

069141).  107 

Suspension trapping (S-Trap) and protein digestion 108 

Five µL of each plasma sample was diluted with 195 µL lysis buffer (5% SDS,100 mM 109 

Tris, pH 8.0), and 50 µL was transferred to a new low-binding tube. Samples were 110 

reduced by adding 5 µL 55 mM DTT and incubating at 65 °C for 15 min, and alkylated 111 

by adding 5 µL 120 mM IAA and incubating at room temperature for 15 min in the 112 

dark. After acidification with 5.5 µL of 12% phosphoric acid, samples were mixed with 113 

400 µL suspension buffer (90% methanol, 100 mM Tris, pH 8.0) and transferred to 114 

plasmid DNA micro-spin columns (HiPure, Magen Biotechnology, China), which act 115 

as suspension trapping filters. Columns were washed three times by addition of 400 µL 116 

washing buffer and centrifugation at 1400 x g for 1-2 min to remove SDS contaminants. 117 

On-filter digestion was performed overnight at 37 °C in a humidified incubator using 118 

50 µL trypsin (enzyme: protein ratio of 1:10). Peptides were eluted by addition of (i) 119 

80 µL 0.1% formic acid (FA) in water and (ii) 80 µL 0.1% FA in acetonitrile (ACN; 120 

catalog no. 012041, Biosolve), each time collecting eluates by centrifugation at 1400 x 121 

g for 1 min. Combined eluates (i) and (ii) were dried in a SpeedVac (Eppendorf, 122 

Germany). 123 

Strong anion exchange (SAX) bead-based protein capture (Mag-Net) 124 
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Per sample to be processed, 25 µL MagReSyn SAX magnetic beads (Resyn Biosciences, 125 

Edenvale, South Africa; 20 mg/ml) were equilibrated three times with 500 µL wash 126 

buffer (50 mM Bis-Tris propane, pH 6.3, 150 mM NaCl), each time collecting the beads 127 

with a magnetic separator and removing supernatant. Each sample consisted of 50 µL 128 

of plasma mixed with 50 µL of freshly prepared binding buffer (100 mM Bis-Tris 129 

propane, pH 6.3, 150 mM NaCl, supplemented with protease inhibitor cocktail; catalog 130 

no. 11836170001, Roche), and was incubated with the equilibrated beads for 30 min at 131 

1100 rpm shaking. After incubation, the beads were magnetically separated, the 132 

supernatant was discarded, and the beads were washed three times with 500 µL wash 133 

buffer. Bound proteins were denatured in 150 µL of lysis buffer (5% SDS, 100 mM 134 

Tris, pH 8.0), and 50 µL of the resulting suspension was transferred for reduction, 135 

alkylation, and tryptic digestion according to the suspension trapping protocol. 136 

Perchloric acid precipitation 137 

Fifty µL of plasma was diluted with 450 µL of Milli-Q water, and mixed with 25 µL of 138 

70% perchloric acid to precipitate high-abundance plasma proteins through 139 

denaturation. The mixture was incubated at -20 °C for 15 min and then centrifuged at 140 

3200 × g for 60 min at 4 °C. Subsequently, 400 µL of the supernatant was collected, 141 

supplemented with 40 µL of 1% trifluoroacetic acid (TFA; catalog no. 85183, Thermo 142 

Fisher) to adjust the solvent conditions for reversed-phase binding and loaded onto 143 

Oasis HLB cartridges (1 cc, 10 mg sorbent, Waters, Etten-Leur, Netherlands), which 144 

had been preconditioned with 1 mL of methanol and equilibrated twice with 1 mL of 145 

0.1% TFA. The cartridges were washed twice with 1 mL of 0.1% TFA, and retained 146 
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proteins were eluted with 100 µL of 90% acetonitrile containing 0.1% TFA. Eluates 147 

were dried in a SpeedVac and resuspended in 40 µL 50 mM ABC. Proteins were 148 

digested overnight at 37 °C with 5 µL trypsin (enzyme: protein ratio of 1:10). The 149 

digestion was quenched with 5 µL 10% FA. 150 

LC-MS/MS acquisition 151 

The peptide solution (400 ng) was transferred to an Evotip and separated on an Evosep 152 

One liquid chromatography system (Evosep, Denmark) with the 30 samples-per-day 153 

gradient. Peptides were resolved on a 15 cm × 150 μm C18 column (1.5 μm beads, 154 

PepSep, Bruker Daltonics) and introduced via a nano-electroSPRAY source into a 155 

timsTOF HT mass spectrometer (Bruker Daltonics). Data were acquired in DIA-156 

PASEF mode optimized for plasma proteomics, covering an m/z range of 300–1200 157 

and an ion mobility range of 1.5–0.7 Vs cm−2, with 10 DIA-PASEF scans per cycle 158 

(cycle time ~1.1 s). Collision energy was linearly ramped from 59 eV at 1.6 Vs cm−2 to 159 

20 eV at 0.6 Vs cm−2.  160 

Data processing and statistical analysis 161 

Raw DIA files were processed with DIA-NN v1.8.1 [12] with a project-specific spectral 162 

library generated using FragPipe [13] against the UniProt reviewed human canonical 163 

and isoform reference proteome (release 2023_03). Neural network interference 164 

correction and cross-run normalization were enabled, and protein-level quantities were 165 

reported by the MaxLFQ algorithm using fragment intensities [14]. 166 
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For the workflow comparison (ISD, S-Trap, perCA, Mag-Net) and the clinical cohort 167 

(CRC vs healthy), differential protein abundance was assessed with the limma package 168 

in R [15], with significance defined as raw p < 0.05. Unsupervised hierarchical 169 

clustering was performed using 1 - Spearman correlation for samples and Euclidean 170 

distance for proteins with complete linkage. 171 

Bioinformatic analyses included Gene Ontology enrichment and hallmark pathway 172 

activity scoring (MSigDB gene sets [16] evaluated using ssGSEA implemented in 173 

GSVA package [17]), performed in R to characterize biological differences across 174 

workflows and between clinical groups. 175 

For biomarker prioritization, significantly regulated proteins (raw p < 0.05) were 176 

ranked by random forest analysis [18], and receiver-operating characteristic (ROC) 177 

curves were generated to evaluate classification accuracy of individual and combined 178 

protein panels. 179 

Results 180 

Study design and outline of plasma workflows 181 

We designed a two-stage study to evaluate plasma proteomics strategies (Figure 1). In 182 

the first stage, four workflows representing both whole plasma (ISD and S-Trap) and 183 

enrichment/depletion approaches (Mag-Net and perCA) were systematically 184 

benchmarked in technical triplicates (Figure 1A). In the second stage, the two best-185 

performing workflows were applied to a CRC versus healthy cohort to assess 186 

translational relevance (Figure 1B). This design enabled us to both compare 187 
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methodological performance and demonstrate applicability in a clinical context. 188 

 189 

Figure 1. Study design and plasma proteomics workflows 190 

(A) Experimental design for benchmarking four plasma proteomics workflows. ISD 191 

and S-Trap were performed on 5 μL plasma, Mag-Net on 50 μL plasma for extracellular 192 
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vesicle (EV) enrichment, and perCA on 50 μL plasma for depletion of high-abundance 193 

proteins. Following overnight digestion, peptides were analyzed by DIA using an 194 

Evosep One coupled to a timsTOF HT mass spectrometer. Created with BioRender.com. 195 

(B) Clinical study design. Plasma samples from colorectal cancer (CRC) patients (n = 196 

30) and healthy controls (n = 29) were analyzed using ISD and Mag-Net workflows 197 

followed by differential abundance, pathway, and biomarker analyses. Created with 198 

BioRender.com. 199 

Comparative performance of four plasma proteomics workflows 200 

To assess the impact of different plasma preparation strategies on identified proteome, 201 

we evaluated different aspects, including the number of identified proteins, 202 

reproducibility, data correlation and workflow specific proteins. Mag-Net yielded the 203 

highest (n = 976) average number of identified proteins per replicate and the largest set 204 

consistently detected in all three replicates (n = 907), demonstrating superior proteome 205 

coverage. ISD (n = 798 with 721 reproducibly identified proteins) identified a similar 206 

number proteins as perCA (771/713 proteins), and more than S-Trap (n = 725/622 207 

proteins) (Figure 2A). Reproducibility was further assessed based on coefficients of 208 

variation (%CV) and data completeness (Figure 2A). Mag‑Net achieved the highest 209 

reproducibility of identifications (87.4% of proteins consistently detected across all 210 

replicates), while ISD provided the most robust quantification reproducibility with the 211 

lowest average CV (8.5%). S‑Trap exhibited intermediate performance in both indexes, 212 

and perCA showed the lowest reproducibility overall.  213 



 12 

To investigate shared and workflow-specific proteome components, proteins 214 

reproducibly identified across all three replicates were compared using Venn analysis 215 

(Figure 2B). A substantial core plasma proteome (n = 399) was detected by all four 216 

workflows. Mag-Net contributed the largest unique subset (n = 172), followed by 217 

perCA (n = 110). In contrast, ISD (n = 24) and S‑Trap (n = 1) yielded relatively few 218 

unique identifications, underscoring that enrichment/depletion-based methods recover 219 

overlapping and distinct protein populations beyond conventional whole-plasma 220 

workflows.  221 

Unsupervised hierarchical clustering of normalized protein intensities of all identified 222 

grouped samples according to workflow, further emphasizes that each workflow 223 

uncovers overlapping and distinct plasma proteome features (Figure 2C). As expected, 224 

the two global plasma proteomics workflows (ISD and S-Trap) yield more similar 225 

proteomes, whereas Mag-Net and perCA formed distinct branches characterized by 226 

workflow-specific protein abundance patterns. 227 

Gene Ontology (GO) enrichment analyses, performed separately using proteins 228 

identified in all three technical replicates for each workflow, further highlighted the 229 

biological information obtained using the different plasma proteomics workflows 230 

(Figure 2D). Overall, multiple GO terms related to inflammation, coagulation and 231 

immune response were shared across workflows (Figure 2D). Only a limited number 232 

of GO terms were restricted to one or two workflows. For example, perCA was uniquely 233 

enriched for endoplasmic reticulum lumen and growth factor binding among others. 234 

Surprisingly, this unbiased functional data mining did not yield strong enrichment of 235 
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(extracellular) vesicle-related signatures for the Mag-Net workflow. Together, these 236 

results demonstrate differential enrichment of largely overlapping biology across four 237 

workflows. 238 

Finally, boxplot analyses of selected proteins provided additional insight into 239 

workflow-dependent detection patterns for high-abundance plasma proteins and 240 

canonical EV markers (Figure 2E). As expected, high-abundance plasma proteins 241 

generally showed the highest intensities using ISD and S-Trap, whereas lower 242 

intensities were observed using Mag-Net and perCA. In line with previous work that 243 

positioned the Mag-Net workflow as a plasma EV capture workflow [11], EV markers 244 

were most abundantly detected in Mag-Net, while ISD, S-Trap, and perCA identified 245 

only a subset of EV-associated proteins at much lower intensities.246 
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 247 

Figure 2. Comparative performance of four plasma proteomics workflows 248 

(A) Proteome depth, data completeness, and quantitative reproducibility across 249 

workflows. 250 
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(B) Four-way Venn diagram showing shared and workflow-specific proteins 251 

reproducibly identified across technical triplicates. 252 

(C) Unsupervised hierarchical clustering of all identified proteins across workflows. 253 

(D) Gene Ontology enrichment analysis of reproducibly identified proteins. BP, 254 

Biological Process; CC, Cellular Component; MF, Molecular Function. 255 

(E) Representative high-abundance plasma proteins and EV markers across workflows. 256 

Data are shown as log₂-transformed protein intensities. ND = not detected. 257 

Application of whole plasma and EV-enriched plasma proteomics to clinical CRC 258 

samples 259 

Having established the comparative performance of the four workflows, we next 260 

selected Mag-Net and ISD for clinical evaluation. Mag-Net provided the greatest 261 

proteome depth and the largest number of reproducibly identified proteins, whereas ISD 262 

was the best-performing global plasma proteomics method that achieved best 263 

quantitative reproducibility overall and similar proteome depth as compared to the 264 

depletion workflow (perCA) and better depth as compared to S-Trap. To this end, we 265 

profiled clinical CRC (n = 30) and healthy (n = 29) plasma samples (Figure 1B) and 266 

evaluated their clinical utility for biomarker discovery. 267 

A total of 1547 proteins and 747 proteins were identified in the Mag-Net and ISD 268 

datasets, respectively, across all plasma samples. Unsupervised hierarchical clustering 269 

using all identified proteins with a data presence over 10% in each dataset (1544 270 

proteins for Mag-Net and 736 proteins for ISD) showed partial separation between CRC 271 
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and healthy control samples in both datasets (Figure 3A). These results demonstrate 272 

that both workflows capture CRC-associated signatures. 273 

We evaluated whether known CRC-associated protein features could be recovered. As 274 

representative examples, several proteins previously implicated in CRC biology, 275 

including ALCAM, IGFBP3, NOTCH1, NRAS, VWF, and YWHAE, were examined 276 

(Figure 3B) [19–24]. All proteins were detected using Mag-Net, while ISD of full 277 

plasma detected 4 of the 6 proteins. Importantly, when detected in both workflows, the 278 

direction of regulation was the same. For example, VWF and YWHAE were 279 

upregulated and IGFBP3 was down-regulated in CRC in both datasets. NOTCH1 280 

(down) and NRAS (up) were uniquely identified in the Mag-Net dataset. Of note, the 281 

clinically used biomarker CEA was not detected in either dataset. 282 

We further investigated whether EV-associated signals could be detected in plasma by 283 

checking well established EV markers, including CD9, CD63, FLOT1, HSP90AA1, 284 

HSPA8, and PDCD6IP (Figure 3C) [10,25]. Interestingly, multiple EV-associated 285 

proteins, including CD9, CD63, FLOT1, HSP90AA1, HSPA8, and PDCD6IP, showed 286 

increased abundance in CRC samples. HSP90AA1 and HSPA8 were significantly 287 

elevated in both workflows, whereas CD9, CD63, FLOT1, and PDCD6IP reached 288 

significance primarily in the Mag-Net dataset. Together, these observations indicate that 289 

EV-associated proteins are enriched using the Mag-Net workflow and exhibit 290 

biomarker potential.291 
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 292 

Figure 3. Whole-plasma and EV-enriched proteomics reveal CRC-associated 293 

protein signatures 294 

(A) Unsupervised hierarchical clustering of CRC and healthy plasma samples analyzed 295 

using Mag-Net and ISD workflows. 296 

(B) Representative CRC-associated proteins detected in Mag-Net and ISD datasets. 297 

Data are shown as log₂-transformed protein intensities. Statistical significance is 298 
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indicated as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 299 

(C) Representative extracellular vesicle-associated proteins detected in CRC and 300 

healthy plasma samples. Data are shown as log₂-transformed protein intensities. 301 

Statistical significance is indicated as in panel B. 302 

To further characterize the biological processes in a direct comparison of both 303 

workflows, GO Biological Process enrichment analysis was performed using 304 

differentially abundant proteins in CRC as identified in each workflow (Figure 4A and 305 

B). This analysis showed differential processes overlapping in both workflows and that 306 

Mag-Net workflow yields more distinct differential biology. Common processes 307 

upregulated in CRC for example were response to stress, immune system process, and 308 

anatomical structure morphogenesis, while uniquely identified cancer-associated 309 

processes included various transport- and organelle-related terms (Mag-Net) and 310 

animal organ development, apoptotic cell clearance and regulation of humoral response 311 

(ISD). 312 

To explore whether CRC-associated biology is traceable in plasma, Hallmark 313 

enrichment analysis was performed using ssGSEA across CRC and healthy plasma 314 

samples. All significantly differential Hallmarks are shown in Figure 4C and D. Among 315 

the most significant Hallmarks with higher ssGSEA scores in CRC were MYC targets, 316 

fatty acid metabolism, bile acid metabolism, MTORC1 and oxidative phosphorylation 317 

in the Mag-Net dataset, whereas mitotic spindle, PI3K–AKT–mTOR signaling, apical 318 

junction, MYC target and MTORC1 signaling were increased in the ISD dataset. 319 
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Overall, more significantly altered Hallmarks were identified in the Mag-Net dataset 320 

than in the ISD. 321 

Collectively, Hallmark pathway analysis of colorectal cancer and healthy control 322 

plasma samples processed using ISD and Mag-Net revealed shared and workflow-323 

specific CRC-associated biological processes, while both workflows identified proteins 324 

with potential biomarker relevance. 325 
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 326 

Figure 4. Functional characterization of CRC-associated plasma proteomes. 327 

(A–B) Gene Ontology Biological Process enrichment analysis of proteins with 328 

significantly higher abundance in CRC (A) or healthy controls (B). Analyses were 329 
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performed separately for the Mag-Net and ISD datasets. Dot size represents the number 330 

of proteins associated with each term, and color represents enrichment significance 331 

(−log10 false discovery rate). (C–D) Hallmark pathway analysis using single-sample 332 

Gene Set Enrichment Analysis. Box plots show significantly altered Hallmark 333 

pathways with higher enrichment scores in CRC (C) or healthy controls (D) in the Mag-334 

Net and ISD datasets. Points represent individual samples. Statistical significance is 335 

indicated as in Figure 3. 336 

Identification and evaluation of candidate CRC biomarkers 337 

To pinpoint promising CRC-associated proteins for classification, random forest (RF) 338 

analysis was performed independently on the Mag-Net and ISD datasets. Distinct top 339 

ranked protein panels of differential proteins were identified for each workflow (Figure 340 

5A). Most (15/20, Mag-Net) and more than half (12/20, ISD) top-ranked proteins were 341 

supported as CRC biomarkers by independent evidence from external tissue (CPTAC 342 

[26]) and plasma (HPA [27]) proteomic resources. Detailed biological annotations and 343 

cancer relevance for all top-ranked proteins are provided in Supplementary Table 1. In 344 

addition, Supplementary Figures 1 and 2 show the substantial direction-concordant 345 

overlap across the complete differential plasma proteomes with external proteomics 346 

data from CPTAC and HPA.  347 

The diagnostic performance of these 20 ranked proteins by RF was subsequently 348 

evaluated by receiver operating characteristic (ROC) analysis (Figure 5B). The 349 

combined twenty-protein models showed strong discriminatory performance in both 350 
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Mag-Net and ISD datasets, with AUCs of 0.985 and 0.964, respectively. Because 351 

feature selection and model evaluation were performed within the same cohort, these 352 

performance estimates should be considered exploratory and require validation in 353 

independent patient cohorts. 354 

To further investigate the performance of the top 20 plasma EV proteins in an external 355 

cohort, we re-analyzed three publicly available plasma EV proteomics datasets 356 

(Supplementary Figure 3). Details of the studies are provided in Supplementary Table 357 

2 [28, 29, 37]. Proteins detected in more than 10% of samples were retained, and 358 

differential abundance between CRC and healthy controls was determined using limma 359 

(raw p < 0.05), analysis details are provided in Supplementary Table 3. The Wang et al 360 

study was selected for further evaluation of Mag-Net derived protein panel based on its 361 

larger cohort size, broader MS-based protein coverage, and greater overlap with the 362 

Mag-Net dataset. Nine of the Mag-Net top-20 RF features were quantified in the Wang 363 

dataset. As a combined protein-panel, these nine proteins distinguished CRC from 364 

healthy controls in the independent Wang cohort with an AUC of 0.932 (Figure 5C). 365 

The same panel achieved an AUC of 0.992 in the Mag-Net cohort (Figure 5C). 366 

Together, these findings indicate that Mag-Net captures a CRC associated EV protein 367 

signature with discriminatory potential across independent cohorts and EV isolation 368 

workflows.369 
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 370 

Figure 5. Identification and evaluation of candidate CRC biomarkers 371 

(A) Random Forest ranking of the top 20 discriminative proteins identified in the Mag-372 

Net and ISD datasets. Proteins were ranked according to RF variable importance. Bar 373 

colors indicate higher (red) or lower (blue) abundance in CRC relative to healthy 374 

controls. Fold-change values and significance levels from the differential analysis are 375 

shown beside each protein. Filled circles indicate proteins significantly altered (p < 0.05) 376 

in the CPTAC or HPA dataset; open circles indicate proteins that were not significantly 377 
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altered or were unavailable in the corresponding dataset. 378 

(B) ROC curves for the 20 highest-ranked RF proteins from the Mag-Net and ISD 379 

workflows. Curves show the performance of each protein individually and of the 380 

combined twenty-protein RF panel. AUC values and corresponding 95% confidence 381 

intervals are provided in the legends. The dashed diagonal line indicates performance 382 

expected by chance, and the black curve represents the combined 20-protein panel. 383 

(C) ROC analysis of the Mag-Net RF-ranked proteins (top 20) available in the external 384 

cohort. The shared protein panel was fixed before ROC analysis and was not reselected 385 

according to its performance in the external data. Individual-protein and combined-386 

panel ROC curves are shown for the in-house Mag-Net discovery cohort (right) and for 387 

the same proteins in the external cohort (left). AUC values and corresponding 95% 388 

confidence intervals are provided in the legends. The dashed diagonal line indicates 389 

performance expected by chance, and the black dashed curve represents the combined 390 

protein panel. 391 

Discussion 392 

The present study demonstrates that plasma preparation shapes the plasma proteome 393 

and thereby biological and disease information. Whole-plasma (ISD and S-Trap), 394 

enrichment-based (Mag-Net), and depletion-based (perCA) workflows yielded 395 

overlapping (399 proteins) yet different circulating proteomes. Mag-Net outperformed 396 

the other workflows in terms of depth, providing the highest number of reproducibly 397 

identified proteins (907 versus 622-721). Furthermore, the ISD workflow provided 398 
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highest reproducibility of protein quantitation (%CV 8.5 versus 12-14). When applied 399 

to the CRC cohort, both ISD and Mag-Net yielded discriminatory CRC related proteins 400 

in a 30 samples per day analysis that balances throughput and depth. 401 

In line with a previous plasma proteomics methods comparison, Mag-Net outperformed 402 

the other workflows in terms of depth. In addition, Mag-Net workflow yielded the best 403 

enrichment of EV markers, underscoring this method as a plasma EV capture approach 404 

[30]. Importantly, EV-associated markers exhibited significantly elevated levels 405 

observed in patients with CRC. These findings align with previous literature 406 

demonstrating that tumorigenesis leads to an increased rate of EV secretion into 407 

circulation, resulting in higher circulating EV concentrations in blood plasma [31, 32]. 408 

Because EV-associated and cancer-specific markers are also elevated when applying 409 

ISD directly to full plasma, complete EV isolation may not be strictly necessary for 410 

downstream clinical diagnostic testing. Nevertheless, given that isolating EVs yields a 411 

deeper analytical depth of coverage and superior sample separation, EV isolation 412 

remains highly recommended for initial biomarker discovery workflows, whereas 413 

direct ISD can serve as an efficient, streamlined approach for subsequent clinical 414 

validation. 415 

Both ISD and Mag-Net successfully distinguished CRC from healthy plasma samples 416 

using top 20 ranked proteins identified in each workflow, indicating that both the global 417 

plasma proteome and the plasma EV proteome harbor cancer-associated information. 418 

Moreover, both workflows identified well-established proteins associated with CRC 419 
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biology including IGFBP3, VWF, and YWHAE - that are implicated in CRC 420 

progression, coagulation, and signaling [19, 24, 33]. Their detection in plasma 421 

demonstrates the potential of unbiased proteomics to broaden the biomarker spectrum 422 

beyond conventional assays. Beyond the identification of individual proteins, pathway-423 

level analyses showed that the observed proteomic alterations reflected biological 424 

processes relevant to CRC such as inflammation, immune regulation, extracellular 425 

matrix remodeling, cellular communication, metabolic adaptation, and cellular stress 426 

responses. These findings are in agreement with previous proteomic studies of CRC, 427 

including tissue, plasma, and plasma EV proteomics, further supporting the biological 428 

relevance of the observed proteomic alterations [28, 34, 35]. The prominent 429 

representation and differential abundance of CRC-associated EV proteins further 430 

emphasizes the importance of vesicle biology in CRC [10, 19, 28]. Interestingly, the 431 

identification of non-secreted and nuclear pathways, such as MYC targets and mitotic 432 

spindle components, in plasma via Mag-Net aligns with growing evidence that 433 

extracellular vesicles selectively encapsulate and transport intracellular oncogenic 434 

signaling molecules into circulation [34-37]. 435 

Importantly, many top ranked proteins in our data were previously reported as colon 436 

cancer enriched proteins in tissue (CPTAC [26]) or plasma (HPA [27]). Additional 437 

support for the biomarker relevance of the identified candidates was provided through 438 

integration with external plasma EV proteomic datasets [28, 29, 37]. Importantly, nine 439 

of the Mag-Net top-20 RF features were quantified in the independent Wang cohort and 440 

retained strong collective discriminatory performance with an AUC of 0.932. Together, 441 
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these observations indicate that clinically relevant disease-associated information can 442 

be recovered using both global and enrichment-based plasma proteomics strategies and 443 

highlight the value of integrating multiple proteomics resources to contextualize 444 

candidate biomarkers and prioritize targets for future validation studies. 445 

We note four main limitations of the current study. First, this is not a comprehensive 446 

comparison of all state-of-art plasma proteomics sample preparation methods [38, 39], 447 

but rather focused on affordable ones that may be more promising for large scale studies. 448 

Second, the clinical cohort remains relatively modest in size, and larger independent 449 

cohorts will be required to establish the robustness and generalizability of the identified 450 

biomarkers. Third, despite its widespread clinical use, carcinoembryonic antigen (CEA) 451 

was not detected in the ISD or Mag-Net workflows [40]. This observation likely reflects 452 

a combination of factors, including low circulating abundance and extensive 453 

glycosylation [41]. Fourth, while concordance with external proteomic resources 454 

provides supporting evidence, prospective validation using orthogonal methodologies 455 

will be required before clinical implementation. 456 

Conclusions 457 

In summary, this study provides both a methodological and biological framework for 458 

plasma proteomics-based biomarker discovery. By systematically comparing whole-459 

plasma and EV-enriched workflows and subsequently applying both approaches to a 460 

clinical CRC cohort, we demonstrate that these strategies should be viewed as 461 

complementary approaches. Future studies may benefit from integrating whole-plasma 462 
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and EV-enriched measurements within the same analytical workflow, allowing 463 

complementary biological layers to be interrogated simultaneously.  464 
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