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ABSTRACT: Blood proteome is a highly informative biological fluid, reflecting physiological and pathological states across the
entire body. It contains thousands of proteins spanning a dynamic range of more than 10 orders of magnitude. This makes blood
proteome an ideal matrix for disease diagnosis, prognosis, therapeutic selection, and monitoring. However, comprehensive and
reproducible analysis of blood proteins remains technically challenging, primarily due to the overwhelming presence of high-
abundance proteins that obscure low-abundance targets. Blood proteome analysis offers several advantages over tissue-based
diagnostics: it enables real time, longitudinal sampling, captures systemic physiological or pathological changes, and provides access
to tissue-derived proteins. Automation offers consistent handling, reduced human error, and better reproducibility, which are
essential for translating proteomics into routine biomedical workflows. We designed this platform to integrate Magnetic-COF-based
protein capture with scalable robotic handling, enabling blood protein enrichment and LC-MS/MS analysis, resulting in more than
4000 plasma proteins identified with a throughput of 30 samples per day. By combining molecular selectivity, magnetic enrichment,
and automation, our strategy addresses key limitations in current blood proteomics workflows and offers a flexible foundation for the
research and discovery of proteomics from pancreatic ductal adenocarcinoma patients.

B INTRODUCTION Approximately 80 to 85% of patients present with either
metastatic or unresectable disease.'*'® This indicates that the
early detection of PDAC may improve related surgery
outcomes.'® Emerging evidence suggests that the blood
proteome can serve as a valuable reservoir for PDAC-specific
proteins.'”'® Circulating proteins derived from tumor cells, the
tumor microenvironment, or systemic host responses can
provide insights into disease stage, metastatic potential, drug
resistance, and recurrence.'””** Moreover, blood analysis
allows for real time, longitudinal monitoring of disease
evolution and therapeutic efficacy—features that are crucial
for precision oncology and adaptive treatment strategies.n’24
Achieving deep proteomic coverage of plasma requires

Blood proteome is an exceptionally informative biological
matrix, reflecting the physiological and pathological states of
the human body in real time.'™* It harbors thousands of
proteins spanning over 10 orders of magnitude in concen-
tration, encompassing a diverse repertoire of circulating factors,
cellular secretions, and tissue leakage products.s_7 This
complexity renders blood an attractive source for disease
diagnosis, prognosis, and therapeutic selection and monitor-
ing.”® However, the proteomics analysis of blood proteome
remains technically challenging due to the dominance of high-
abundance proteins, such as albumin and immunoglobulins,9

which mask low-abundance disease-related proteins that are
10,11

often of critical diagnostic and prognostic significance.

Pancreatic ductal adenocarcinoma (PDAC) is one of the Received: December 24, 2025
leading causes of cancer-related death among different cancer Revised: ~ March 23, 2026
types with low S-year relative survival rates.'” In 2025, 67,440 Accepted:  March 24, 2026
new cases and 51,980 deaths by PDAC were estimated in the Published: April 2, 2026

United States.> PDAC is often diagnosed at a late stage, when
upfront systemic therapy or resection is no longer feasible.
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effective strategies to enrich low-abundance proteins while
minimizing interference from high-abundance species.”>*® In
recent years, covalent organic frameworks (COFs) have
emerged as promising materials for protein enrichment due
to their customizable pore structures, large surface areas, and
tunable chemical functionalities.”” > COFs are crystalline,
porous polymers constructed from organic building blocks via
strong covalent bonds, enabling grecise control over their
physical and chemical properties.””*' In our platform, we
engineered Magnetic-COF by integrating superparamagnetic
iron oxide nanoparticles (Fe;O,) with the COF backbone.
This hybrid structure retains the selective adsorption capacity
of COFs while allowing for rapid magnetic separation, which
significantly enhances workflow efliciency. The porous
architecture and surface chemistry of Magnetic-COF were
optimized to facilitate the capture of diverse blood proteins,
particularly those in the low-abundance range. Moreover, the
magnetic properties enable automation-friendly handling,
reducing processing time and manual variability.

We further integrated the Magnetic-COF with a liquid-
handling robotic platform to achieve high-throughput and
reproducible plasma proteome preparation. This system can
fulfill the detection by LC-MS with 30 samples per day, with
consistent identification of over 4000 plasma proteins, covering
a wide dynamic range. The automation not only ensures
standardized sample handling but also minimizes batch effects
and improves intersample comparability—key factors for
clinical translation. Its robustness and scalability make it
ideally suited for large cohort studies aimed at blood protein
discovery in PDAC. In this study, we present the development
and validation of this automated Magnetic-COF-based plat-
form and demonstrate its application in PDAC blood
proteomic analysis. Our findings highlight the potential of
this strategy to accelerate the integration of blood proteomics
into clinical research and precision medicine.

To enable high-throughput and reproducible enrichment of
blood proteins, we developed and automated a proteome
enrichment workflow using high surface area magnetic
covalent organic framework (Magnetic-COF) polymers. The
protocol was executed on an Opentrons OT-2 liquid-handling
robot using 96-well PCR plates. Each reaction used 100 pug of
Magnetic-COF, with a total working volume of 180 uL per
sample. The Magnetic-COF polymers used in this study were
engineered to combine high surface area, shiftable porosity,
and magnetic separability optimized for proteomic enrichment.
To evaluate the proteomic depth afforded by Magnetic-COF
enrichment, human blood samples were processed by using the
automated protocol and analyzed by data-independent
acquisition mass spectrometry (DIA-MS). Across technical
replicates (n = 3), an average of 4,000 protein groups were
identified per plasma sample. These data validated the
robustness of the on-bead digestion approach in the automated
platform and its applications in the proteomics analysis of 110
serum samples from pancreatic ductal adenocarcinoma patients
with healthy controls.

B METHODS

Synthesis of Magnetic Core and Magnetic-COF Polymers

In this study, the magnetic core Fe;O, was first synthesized by the
chemical coprecipitation method. Briefly, FeCl;-6H,0 (10.8 g) and
FeCl,-4H,0 (3.9 g) were dissolved in distilled water (160 mL). After
maintaining the temperature at 80 °C under the nitrogen atmosphere,
22 mL of ammonium hydroxide was added dropwise into the

solution. The mixture was maintained at 80 °C for 1 h and then
cooled to room temperature. The obtained black precipitates were
washed with ethanol and water 3 times. 800 mg of black precipitates
were suspended in 10 mL of 1,4-dioxane. Then, 320 mg of 2,5-
Dimethoxybenzene-1,4-dicarbaldehyde (DMTA) was suspended in
the mixture. After thorough mixing, 373 mg of 1,3,5-tri-(4-
aminophenyl) benzene (TAPB) suspended in 10 mL of mesitylene
was added to the mixture with mechanical stirring at S00 rpm. After
mixing for 10 min, 3.3 mL of 3 M HOAc was added dropwise to the
mixture. Then, the mixture was reacted at 25 °C for 72 h. Afterward, a
dark yellow precipitate was obtained, which was then separated by a
magnetic and washed by ethanol, methanol, and water 3 times each.
Finally, the obtained Magnetic-COF polymers were suspended in
methanol.

Characterization Tools

The morphology and elemental analysis of the Fe;O, cores and
Magnetic-COF polymers were characterized by using transmission
electron microscopy (Hitachi 7600 TEM) at an operating voltage of
80.0 kV. Images were acquired by a Dual AMT CCD camera system
with XR80 high-resolution high-speed (8 M pixel, 16-bit) camera.
The distribution of particle size and zeta potential of the Magnetic-
COF polymers were measured using a Zetasizer Pro (Malvern) at 25
°C in water.

Biological Fluids Samples

The human plasma, serum, and whole blood samples used as a control
for the automatic platform optimization were purchased from
Innovative Research. Serum specimens from patients with PDAC
were obtained from the University of Calgary GI/HPB Tumor Bank
under approval from the Health Research Ethics Board of Alberta
(HREBA.CC-16—0769)."* Written informed consent was obtained
from all participants. Blood was collected prior to surgical
intervention for pancreatic masses using gold-topped vacutainer
tubes (BD Biosciences) containing a clot activator and a gel separator.
Within 6 h of collection, samples were centrifuged and the resulting
sera were stored at —20 °C until shipment. A total of 110 human
serum samples (55 PDAC and SS nondiseased controls) were shipped
to Johns Hopkins University for mass spectrometry—based
proteomics analyses. Control samples were matched to PDAC cases
by age and sex. All specimens were deidentified before transfer to
ensure confidentiality. Detailed procedures for specimen collection
and processing are available in the previously published study.'® The
110 PDAC serum samples were randomly assigned to two 96-well
plates and analyzed across two independent LC—MS/MS batches
(Supporting Tables).

Sample Processing by Automatic Enrichment, Lysis, and
Digestion

In this study, 125 uL of blood samples were collected into the 96-well
PCR plate as the preparation step for the enrichment. A total of 100
pug of Magnetic-COF beads were suspended by ultrasonication for 5
min and transferred into another 96-well PCR plate with matched
positions to biological fluid samples, followed by adding 180 uL of
solvent (0.1% formic acid (FA, Sigma)) to each well of Magnetic-
COF beads. After mixing by pipet mixing, the washing solvent was
removed by the magnetic module. For the enrichment process, 100 yg
of Magnetic-COF beads were suspended by 50 uL of 0.1% FA and
mixed with 125 uL of blood samples. The total 175 yL of mixture was
incubated at room temperature for 30 min at 1600 rpm. High-
abundant proteins were removed by S rounds of washing steps with
180 L of 0.1% FA after mixing for 1 min at 1,600 rpm each. In each
well, Magnetic-COF beads with enriched proteins were lysed by 40
uL of 8 M urea and reduced with 10 uL of 100 mM dithiothreitol
(DTT) for 10 mM final concentration. Then the lysis step was
processed at room temperature for 60 min at 1600 rpm, followed by
alkylation with 10 uL of 100 mM iodoacetamide (IAA) with a final
concentration of 20 mM at room temperature for 25 min at 1600 rpm
in the dark. Then the mixture in each well was digested with 1 mAU
of Lys-C (Wako Chemicals) at 37 °C for 60 min at 1600 rpm, then
diluted with 100 uL of SO mM Tris-HCI (pH 8.0) and digested with
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Figure 1. Automated Magnetic-COF—based blood proteomics workflow. (A) Schematic illustration of the Magnetic-COF polymers design and
enrichment processes. (B) Labware layout for automated sample preparation on the robotic liquid-handling platform. (C) Schematic overview of

the main steps with estimated time consuming in the automated workflow.

2.5 ug of sequencing-grade modified trypsin (Promega) at 37 °C for
16 h at 1600 rpm. The digested samples were then acidified with 10
UL of 40% FA to the pH value less than 3.0, in which Magnetic-COF
were shown as dark red beads. All digested samples were directly
injected into Evo-tips with 1 of 10 injections, along with small-
molecule impurities such as Tris-HCI and urea removed.

LC-MS/MS Analysis

All of the LC-MS/MS data were acquired in DIA mode via an Evosep
One EV-1000 (EVOSEP) system coupled with a timsTOF HT
(Bruker) mass spectrometer. The 15 cm X 150 ym PepSep C18
column (1.5 pm, Bruker) was used for peptide separation with a 44
min gradient length. The LC gradient was from 3 to 35% of the B
phase at 50 °C with a flow rate of 0.5 pL/min. The detection
throughput was annotated as “30 SPD” (30 samples per day). The
MS1 scan range of 100—1700 m/z and MS2 scan range of 338.6—
1338.6 m/z were acquired under the dia-PASEF mode. 1/KO0 was
ranged from 0.70 to 1.45 V/s/ cm? with the Ramp time equal to 85
ms.

Data Processing and Analysis

All the raw files were searched against a UniProt/Swiss-Prot database
containing reviewed proteins from Homo sapiens (downloaded on
2023/09, 20,426 entries) using the directDIA approach in the
Spectronaut (version 18.5, Biognosys). Dynamic with a correction
factor of 1 was set as the mass tolerance of MS and MS/MS.

Precursors were filtered by the cutoff of 0.01 of the Q value, also
annotated as the FDR cutoff at 1%. Carbamidomethyl (C) was set as
a fixed modification. Acetyl (Protein N-term) and Oxidation (M)
were set as variable modifications. The quantification of a protein was
calculated by the sum of its top 3 stripped sequences with their
quantity results.

Reproducibility among the triplicates was determined based on the
Spearman correlation. Differential analysis was carried out by
calculating the median log 2-fold changes between cancer and control
groups, and differential proteins were defined using two-sided ¢ tests
with Benjamini—Hochberg correction (FDR < 0.05) and an absolute
log, fold-change > 1. The two-sided ¢ test was performed with the p-
value adjusted via the Benjamini—Hochberg method.

B RESULTS AND DISCUSSIONS

Automatic Magnetic-COF Enrichment Workflow and
LC-MS/MS Analysis

In this study, we developed an automated workflow that
integrates Magnetic-COF enrichment with robotic handling
and DIA-MS analysis (Figure 1A). The workflow consists of
magnetic capture, washing, on-bead tryptic digestion, peptide
elution, and mass spectrometric acquisition. The incorporation
of an Opentrons OT-2 liquid-handling system enables
reproducible, high-throughput sample preparation that pro-
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Figure 2. Structural and physicochemical characterization of Magnetic-COF polymers. (A) TEM image of the magnetic Fe;0, nanoparticle core.
(B) TEM image of the Fe;O,@COFs hybrid showing the core—shell Magnetic-COF architecture. (C) Zeta potential measurements of Magnetic-
COF in suspension at pH 3.0, 7.0, and 10.0. (D) Pore structure of Magnetic-COF in buffer and (E) upon acidification with formic acid, optimized
geometry demonstrated by Avogadro v1.2.0. Carbon, hydrogen, oxygen, and nitrogen atoms were labeled with gray, white, red, and blue spheres,

respectively.

cesses up to 96 samples in 48 h with minimized manual
variation and efficient labware layout (Figure 1B,C). This
integrated platform addresses bottlenecks of scalability and
reproducibility in plasma, serum, and whole blood proteomics,
allowing steady identification of more than 4000 plasma
proteins per sample at a throughput of 30 samples per day with
an enzyme digestion time curve and saturation binding curve
described for the optimization processes.

Characterization of Magnetic-COF Polymers

The physicochemical properties of Magnetic-COF were
examined to establish their suitability for blood protein
enrichment. TEM images revealed uniform Fe;O, cores with
the size of around 300 nm (Figure 2A) and the successful
formation of a core—shell-based sheet architecture after the
assembly of COF (Figure 2B). Particle size distribution
analysis by dynamic light scattering (DLS) shows that the
Magnetic-COF form micrometer-scale polymers with a defined
size distribution around 1.26 um optimized for efficient
magnetic separation and automatic handling (Figure S1). Zeta
potential analysis confirmed surface charge characteristics
affected by the pH in the suspension of Magnetic-COF
polymers (Figure 2C), while pore structure modeling
demonstrated a stable 2-D porous framework in the buffer
system at 2.11 nm inner diameter on average (pH 8.0, Figure
2D) and altered 3-D porous geometry under acidification by
formic acid that decreased the average inner diameter to 2.06
nm due to the change of orbital hybridization at pore vertexes
(pH 3.0, Figure 2E). This pore structure shift was verified to be

reversible by the repeated adjustment of the pH in the
suspension of Magnetic-COF polymers (Figure S2). These
observations confirm both the structural integrity and
environmental responsiveness of Magnetic-COF, which are
crucial for selective protein capture and compatibility with
diverse sample preparation conditions. Changes in solvent
composition and pH induce modest but reversible pore-size
adjustments that regulate surface accessibility. Under acidic
conditions (0.1% formic acid), pore contraction facilitates the
removal of residual contaminants and widely binding proteins,
regenerating accessible binding sites. Upon transition to
neutral or near-neutral pH conditions during protein binding,
lysis, and on-bead digestion, pore expansion increases surface
accessibility, promoting adsorption of proteins and binding of
peptides. Final acidification during digestion termination
induces pore contraction, facilitating the peptide elution step.
The selective enrichment effect arises from the combined
contributions of pH-dependent zeta potential, hydrogen
bonding, and #—7 interactions from the aromatic COF
backbone, together with differential adsorption and desorption
processes during repeated washing steps, which collectively
ensure the selective protein enrichment toward reproducible
blood proteomics.

Optimizations of Plasma Proteomics

The enrichment performance of the automated platform was
validated by time-course and binding capacity analysis. Missed
cleavage rates decreased steadily with longer digestion times,
paralleled by consistent numbers of plasma proteins identified

https://doi.org/10.1021/acs.analchem.5c08111
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Figure 3. Optimization of blood protein enrichment by Magnetic-COF. Trypsin digestion time curves of automatic plasma proteome enrichment
by Magnetic-COF polymers characterized by (A) miss cleavage rate and (B) total quantitation results. Saturation binding curves of automatic
plasma proteome enrichment by Magnetic-COF polymers characterized by (C) enriched peptides amount (yield) with the (D) identified proteins

numbers from three independent experiments (n = 3).

(Figure 3A,B and Supporting Table 1), supporting the
efficiency of on-bead proteolysis. Binding saturation curves
demonstrated that 100 pg of Magnetic-COF sufficed to enrich
125 uL of plasma samples, yielding linear adsorption curves
and protein identifications compared with lower and higher
Magnetic-COF input (Figure 3C,D and Supporting Table 2).
These results establish the optimal conditions for high-
efficiency enrichment in automated plasma proteome work-
flows.

Reproducibility and quantification results were further
evaluated by saturation binding analysis. Protein identifications
were mostly distributed across intensities between 10* and 10°
among five different binding groups (Figure 4A). Quantitative
comparisons showed strong Spearman correlations across 4
replicates in each binding group (Figure 4B), and more than
70% of proteins were reproducibly detected in complete and
sparse identifications (Figure 4C). Identified proteins’
coefficients of variation (CVs) were generally <25% across
intensity ranges, which were divided into 4 categories with
protein intensities varying from 10'* to 10 (Figure 4D). These
findings highlight the robustness of the Magnetic-COF
enrichment process, ensuring both the reproducibility and
quantitative precision required for proteomics analysis.

Applications for Different Types of Blood Proteomics

To assess versatility across different blood types, plasma,
serum, and whole blood samples were processed by an
automated enrichment workflow and compared for the

11265

proteomics analysis. Plasma samples yielded the largest
number of identified proteins, followed by whole blood and
serum (Figure SA and Supporting Tables 3—5). Overlap
analysis revealed a substantial shared proteome; alongside
fluid-specific proteins, plasma samples showed the most
numbers of specific proteins that could be enriched (Figure
SB). The consistent identification of >4000 plasma proteins,
>1500 serum proteins, and >4200 whole blood proteins per
sample has contributed to exceeding the typical depth achieved
without enrichment, which identified 999 plasma proteins
(neat results, Figure S3). The different number of proteins
identified in plasma compared with those in serum reflects the
redistribution of proteins during coagulation in serum
collection, particularly those associated with the coagulation
cascade, blood microparticles, and extracellular vesicles. In
addition, the differences could also reflect the individual
differences in blood proteins. GO enrichment analysis
comparing enriched plasma and neat plasma demonstrates
that neat plasma is dominated by immunoglobulin-, comple-
ment-, and coagulation-related categories (Figure S4). At the
same time, Magnetic-COF enrichment reduces this dominance
and enhances representation of proteins associated with vesicle
lumen, secretory granules, cytoplasmic vesicles, and intra-
cellular compartments. The functional diversity is increased
without the enrichment of any specific category of proteins.
Heatmap clustering further distinguished proteomics signa-
tures among the three matrices with high reproducibility across
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of variation (CV) for protein measurements across technical replicates from four independently processed PCR wells (n = 4) categorized by the

four intensity ranges.

4 replicates (Figure SC). From the gene ontology cellular
component analysis, relatively high-abundant plasma proteins
are located at the immunoglobulin complex and blood
microparticle. At the same time, relatively high-abundant
whole blood proteins were contained by most quantified
proteins, located at secretory granule lumen and vesicle lumen.
Serum proteins were the least abundant, relatively high-
abundance proteins, which were located at the lipoprotein
particle. Although Magnetic-COF do not confer specific
affinity toward individual low-abundance proteins, they
facilitate improved analytical access by mitigating the
dominance of high-abundance proteins. This effect arises
from the combined contributions of pH-dependent zeta
potential, hydrogen bonding, and n—7 interactions from the
aromatic COF backbone, together with differential adsorption
and desorption behavior during repeated washing steps.
Quantitative comparison of representative proteins further
supports this mechanism that high-abundance proteins such as
albumin and IgG remain dominant and are not amplified after
enrichment, whereas low-abundance proteins including MIF
and COLECI11 exhibit markedly enhanced signals following
Magnetic-COF processing across plasma, serum, and whole
blood (Figure SS). To evaluate whether the enrichment
introduces systematic physicochemical bias, we analyzed the
distributions of molecular weight (Figure S6A), isoelectric
point (pL, Figure S6B), hydrophobicity evaluated by the grand

average of hydropathy (GRAVY score, Figure S6C), and
membrane-bound protein identified with and without enrich-
ment (Figure S6D). These results show that the overall
distributions are highly comparable between the enrichment
and neat conditions, and a rare bias toward specific molecular
weight with median protein mass at 48.3 and 47.2 kDa, pl, or
hydrophobicity ranges is observed. The fraction of membrane-
associated proteins is not enriched with any preference for
subcellular locations (46% and 44%). Compared with neat
plasma and previously reported nanomaterial-based enrich-
ment strategies, the Magnetic-COF workflow emphasizes
automation compatibility, reproducibility, and scalability
while maintaining deep proteome coverage (Table S1).
These results demonstrate that this enrichment platform can
be adapted to multiple blood sample types, providing flexibility

for various clinical and translational applications.
Applications for PDAC Sera Proteomics

Finally, this automatic enrichment platform was applied to the
PDAC serum cohort comprising 110 samples (Figure 6 and
Supporting Table 6). The overall protein identification across
this data set confirmed not only the scalability of the
automated Magnetic-COF workflow but also its robustness
and reproducibility in a clinical cohort (Figure S7 and
Supporting Table 7). Importantly, comparable numbers of
around 1600 of identified proteins were obtained across
samples spanning a wide dynamic range of protein abundance
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Figure S. Enrichment of Different Types of Blood Samples using Magnetic-COF for Blood Proteomics. Comparative performance of the
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by combined database searches, representing an approximate
72% improvement in single-run serum proteome depth and
indicating that the automated enrichment and digestion steps
remained stable and reproducible under cohort-scale operation
(Supporting Table 8). Protein-level CV of pooled QC samples
showed that between-batch variability (17.9%) was comparable
to within-batch variability (16.1% for plate #1 and 22.2% for
plate #2), indicating minimal batch effects across the
quantification results in the PDAC sera proteome. Compara-
tive analysis between PDAC and matched control samples
revealed significantly altered proteins (Figure 6A), many of
which have functional links to cancer biology. Fold-change
analyses across 55 PDAC and non-PDAC serum samples
highlighted consistent differences for selected proteins APOE,
CEACAMS, OTC, and ECHDC3 (Figure 6B—E). The
consistent upregulation of APOE and CEACAMS across
both PDAC tumor serum and tissue proteomic data sets
suggests that these proteins are robustly associated with the
molecular landscape of PDAC via lipid metabolism, extrac-
ellular remodeling, and tumor—immune interactions.'> APOE,
a lipid-transport and immune-modulatory apolipoprotein
primarily synthesized in the liver and macrophages, has
recently gained attention for its role in the tumor micro-
environment.”> Elevated APOE expression in PDAC tissues
and circulation likely reflects metabolic reprogramming and

lipid-signaling alterations that accompany malignant trans-
formation.”> APOE can promote cholesterol efflux, oxidative
stress modulation, and cell-surface receptor signaling LRP1,
processing that support tumor growth and immune evasion.”*
Recent studies have shown that APOE is upregulated in PDAC
and correlates with poor prognosis, enhanced cell migration,
and immune suppression through macrophage polarization and
extracellular matrix remodeling.35 CEACAMS, also known as
carcinoembryonic antigen (CEA), is a well-known cell-
adhesion glycoprotein overexpressed in several epithelial
cancers, including pancreatic, colorectal, and gastric carcino-
mas.”® CEACAMS plays crucial roles in cell—cell adhesion,
metastasis, and immune modulation, often contributing to
tumor cell detachment and dissemination.”” Its overexpression
in PDAC tissue aligns with prior histopathological and
transcriptomic observations, where CEA family proteins were
enriched in ductal and invasive regions of pancreatic tumors."
The concurrent elevation of CEACAMS in serum reflects
tumor-derived shedding of glycoproteins into the bloodstream,
a phenomenon exploited clinically for CEA-based diagnostic
assays.’® The simultaneous elevation of APOE and CEACAMS
in both tissue and serum underscores a broader pathophysio-
logical axis in PDAC that couples lipid metabolism,
extracellular remodeling, and tumor—immune interactions. It
supports the notion that integrating tissue and serum
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Figure 6. continued

free control group. Differential proteins were screened by using two-sided ¢ tests with Benjamini—Hochberg correction (FDR < 0.05) and an

absolute log, fold-change > 1.

proteomics can identify translatable protein candidates. While
OTC and ECHDC3 are upregulated in PDAC serum but
downregulated in tumor tissue, this suggests a complex
regulatory pattern reflecting metabolic disruption, tissue
leakage, and altered mitochondrial activity in pancreatic
cancer. OTC, a mitochondrial enzyme critical for the urea
cycle, catalyzes the conversion of ornithine and carbamoyl
phosphate to citrulline, thereby regulating nitrogen metabolism
and ammonia detoxification.”” Its downregulation in PDAC
tissues reflects suppressed hepatic-like metabolic functions and
the mitochondrial dysfunction commonly observed in
pancreatic tumors.** Tumor cells often downregulate OTC
and other urea-cycle enzymes to divert nitro4gen toward
biosynthetic pathways that support proliferation. ! However,
the increased levels of OTC detected in serum arise from
cellular release or leakage due to tissue necrosis, mitochondrial
stress, or damage-associated protein shedding.”” Elevated
circulating OTC has also been linked to hepatic injury and
altered nitrogen metabolism, which was regarded as a systemic
response to PDAC-related cachexia and metabolic stress.”
This pattern indicates that serum OTC may serve as a
secondary marker of PDAC-associated metabolic disturbance
rather than direct tumor secretion. ECHDC3, a mitochondrial
enzyme involved in fatty acid f-oxidation and ethylmalonate
metabolism, " exhibits a similar phenomenon that decreased in
PDAC tissue but elevated in serum. Tumor-tissue down-
regulation of ECHDC3 aligns with a shift toward glycolytic
metabolism and suppression of mitochondrial oxidative
pathways.* Reduced ECHDC3 supported lipid accumulation
and redox adaptation within the tumor microenvironment.*’
Conversely, the elevated serum ECHDC3 reflects a systemic
metabolic response and release from normal pancreatic tissues
under PDAC-induced metabolic stress. This systemic
upregulation could represent compensatory activation of
peripheral fatty acid oxidation to maintain the metabolic
balance during tumor progression. To evaluate the diagnostic
performance of these identified differential proteins, receiver
operating characteristic (ROC) analysis was generated for
APOE, CEACAMS, OTC, ECHDC3, and MUCSAC based on
protein-level quantitative intensities across PDAC and control
samples (Figure 6F). APOE and CEACAMS demonstrated
strong discriminatory performance (AUC = 0.87 and 0.82,
respectively), while ITIH3, OTC, and ECHDC3 showed
moderate classification accuracy (AUC = 0.79, 0.76, and 0.78).
In contrast, MUCSAC exhibited limited diagnostic perform-
ance (AUC = 0.59), consistent with the glycan-dependent
nature of CA19—9—associated mucins.

From the 29 tumor-tissue-matched serum samples,'®
APOA2, APOC1, APOF, APOL1, DPP4, LRRC8A, SAAI,
and SAA2 were quantified to be upregulated in the PDAC
group (Figure 6G). Apolipoprotein A-II (APOA2) is the
second-most abundant apolipoprotein of high-density lip-
oproteins (HDL) and plays a key role in lipid metabolism,
cholesterol transport, and regulation of lipoprotein structure.*’
In PDAC, elevated expression of APOA2 has been repeatedly
observed in serum due to altered lipid metabolism in cancer.**
Dysregulation of apolipoprotein APOA2 reflects and drives the
metabolic reprogramming that sustains tumor growth.*” High

serum APOA2 levels have been proposed as part of
multimarker panels for PDAC detection.’” Truncated isoforms
of APOA2 (APOA2-ATQ/AT, APOA2-AT/AT) have been
studied as biomarkers to discriminate PDAC from healthy
individuals or patients with chronic pancreatitis.”’ Apolipo-
protein C—I (APOCI1) is a small apolipoprotein primarily
associated with very-low-density (VLDL) and high-density
lipoprotein (HDL), where it regulates triglyceride and
cholesterol metabolism.”> Elevated APOCI expression in
serum proteomics exacerbates the pro-inflammatory milieu
characteristic of PDAC, contributing to immune evasion and
tumor progression.”> Apolipoprotein F (APOF), also known as
lipid transfer inhibitor protein, is a minor plasma apolipopro-
tein predominantly associated with low-density lipoproteins
(LDL) and HDL.>* Its main function is to modulate lipid
transfer protein (CETP) activity, thereby influencing choles-
terol ester transport and lipid exchange between lipoprotein
particles.”® In PDAC, increased serum levels of APOF reflect a
host response to metabolic stress, where hepatic production of
apolipoproteins is modified as part of the acute-phase and
metabolic reprogramming responses.56 As an HDL-associated
protein, APOL1 regulates cholesterol efflux and phospholipid
metabolism.”” High circulating APOLI reflects enhanced lipid
remodeling, consistent with the increased energy and
membrane synthesis demands of PDAC cells.”® APOLI has
been implicated in autophagy and programmed cell death.>”
Aberrant overexpression in PDAC contributes to dysregulated
cell survival pathways, favoring tumor persistence under stress
conditions.”” Dipeptidyl peptidase 4 (DPP4, also known as
CD26) is a membrane-bound serine protease that cleaves N-
terminal dipeptides from a wide range of bioactive geptides,
including incretins, chemokines, and growth factors. ! While
DPP4 is normally expressed on epithelial cells and immune
cells, elevated serum levels and increased enzymatic activity
have been observed in PDAC.®> DPP4 regulates chemokine
CXCL12/SDF-1a activity, thereby controlling T cell traffick-
ing and immune surveillance.”” High expression of DPP4
impairs effective antitumor immune responses and facilitates
immune evasion.”* Leucine-rich repeat-containing protein 8A
(LRRCS8A) is an essential subunit of volume-regulated anion
channels (VRACs), which regulate cell volume, chloride
conductance, and transport of organic osmolytes.”> Aberrant
LRRCS8A expression shifts this balance to favor survival and
proliferation, supporting PDAC growth despite hostile micro-
environmental conditions.”® Serum amyloid A proteins (SAA1
and SAA2) are acute-phase reactants predominantly synthe-
sized in the liver and secreted into circulation in response to
pro-inflammatory cytokines such as IL-1, IL-6, and TNF-a.%
Under normal conditions, their plasma concentrations are very
low, but during systemic inflammation, they can increase by
more than a thousand-fold.”® In pancreatic ductal adenocarci-
noma (PDAC), high serum levels of SAAl and SAA2 are
strongly induced by inflammatory cytokines, and their
upregulation reflects systemic and local inflammation asso-
ciated with the tumor.’” Elevated SAAs can act as a
chemoattractant for immune cells, reinforcing the pro-tumor
inflammatory milieu, promoting matrix metalloproteinase
(MMP) expression, and facilitating extracellular matrix
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degradation.”’ This activity may enhance the invasive and
metastatic potential of PDAC cells, which is consistent with
the highly aggressive clinical course of the disease.

These data demonstrate the clinical relevance of the
Magnetic-COF workflow, enabling robust, large-scale identi-
fication of disease-associated proteins in PDAC serum.

B CONCLUSIONS

This work presents an automated plasma proteome enrich-
ment and analysis platform integrating magnetic covalent
organic frameworks (Magnetic-COF) with robotic liquid
handling. The system combines high molecular selectivity,
tunable porosity, and magnetic separability to achieve eflicient
capture and on-bead digestion of plasma proteins with high
reproducibility. Under optimized conditions, the workflow
identified more than 4000 proteins per sample with consistent
performance across plasma, serum, and whole blood,
processing up to 30 samples per day. Structural and kinetic
analyses confirmed that Magnetic-COF maintained stability,
reversible pore responsiveness, and favorable adsorption
dynamics, supporting their suitability for large-scale proteo-
mics. Automated sample handling using the Opentrons OT-2
platform minimized manual variation and improved quantita-
tion precision, with coefficients of variation typically below
25%. Application of this workflow to 110 serum samples from
patients with pancreatic ductal adenocarcinoma (PDAC)
demonstrated its capacity for high-throughput clinical
proteomics. Differential expression profiling revealed reprodu-
cible alterations in apolipoproteins, cell-adhesion molecules,
and metabolic enzymes, illustrating the analytical robustness
and biological relevance of the platform.

In summary, the magnetic-COF—based automated system
provides a reproducible, high-throughput, and adaptable
solution for plasma and serum proteomics. Its integration of
magnetic nanomaterials with robotic automation overcomes
the key limitations of manual enrichment workflows and
establishes a scalable foundation for clinical biomarker
discovery and translational proteomics studies.
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