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Centrifugal microfluidic automation of the protein
aggregation capture workflow for robust mass
spectrometry-based proteomics
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Proteomic sample preparation for liquid chromatography-tandem mass spectrometry (LC-MS/MS) is
increasingly addressed by automated approaches. However, in clinical settings for precision medicine,
where a limited number of samples must be processed in a standardized and reproducible manner with
minimal user interaction, fully automized workflows remain scarce. Here, we present the AutoPAC-disk, a
centrifugal microfluidic implementation of a protein aggregation capture (PAC) sample preparation
workflow for bottom-up proteomics that automates all necessary steps for on-bead proteolysis including
on-disk pre-storage of buffers. Comparative evaluation of the AutoPAC-disk using HEK293 cell lysates
against a manual reference workflow and a semi-automated robotic PAC implementation showed 50%
and 37% more peptide identifications and 23% and 10% more protein group identifications, respectively,
while maintaining high quantitative reproducibility as reflected by protein-group intensity coeffincients of
variation (CVs) below 10%. Additional analysis demonstrated that the AutoPAC-disk primarily increased
identifications of low-abundance proteins without introducing method specific physicochemical bias. The
AutoPAC-disk was subsequently evaluated using patient-derived formalin-fixed paraffin-embedded (FFPE)
prostate tumor tissue. The AutoPAC-disk yielded 8% more peptide identifications and 10% more protein
groups than the manual workflow, with protein-group intensity CVs below 7% for both methods. Together,
these results demonstrate that centrifugal microfluidic automation with on-disk buffer pre-storage can
substantially simplify proteomic sample preparation, minimize user interaction and lower operational
barriers for personnel with limited experience in proteomic sample preparation, providing a promising
strategy for clinical and translational proteomics in the field of precision medicine.

Comprehensive molecular characterization of patient-derived
samples is fundamental to such approaches and is typically

Precision medicine aims to improve therapeutic efficacy while
minimizing adverse effects, and is gaining traction in clinical
applications, including but not limited to oncology.'
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achieved through the integration of various - omics
technologies."”> While genomics-based stratification methods
are already well established in clinical and translational
research, mass-spectrometry (MS)-based proteomics remains
comparatively underrepresented, despite growing evidence that
proteomic information can substantially enhance diagnostic
and therapeutic decision-making.** This added clinical value
is increasingly reflected in emerging applications, including
the integration of MS-based proteomics into molecular tumor
boards® and the recent recommendation by the College of
American Pathologists to include MS-based proteomic typing
of amyloidosis.® Despite these emerging clinical applications
and the ability of MS-based proteomics to capture dynamic,
patient-specific protein expression and signaling states, its
widespread implementation in routine clinical workflows
remains limited.”
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Among proteomic strategies, bottom-up proteomics has
become the most commonly adopted approach. It enables

comprehensive characterization of patient-specific
proteomes by liquid chromatography-tandem mass
spectrometry ~ (LC-MS/MS) analysis of proteolytically

generated peptides,® which are directly detected and
quantified to provide largely unbiased insights.”'® Reliable
MS-based proteomics critically depends on robust and
reproducible sample preparation, and recent methodological
developments have led to numerous optimized
protocols."™'* One widely adopted approach is single-pot
solid-phase enhanced sample preparation (SP3),"*'* which
operates via protein aggregation capture (PAC).">'® In PAC
workflows, proteins are precipitated and immobilized on
beads, allowing efficient removal of MS-incompatible
contaminants and subsequent on-bead digestion for peptide
analysis, while maintaining reproducibility and enabling
robust preparation of complex samples.'®'” While this
approach provides higher sample purity than in-solution
workflows, it is more complex, as bead handling requires
numerous pipetting steps and therefore depends on highly
skilled personnel for robust and reliable operation. To
address the lack of reproducibility, several semi-automated
PAC workflow solutions are available to simplify the
complex and labor-intensive sample preparation, including
implementations on the KingFisher (Thermo Fisher
Scientific)'” and the BRAVO liquid handling platform
(Agilent).”® Although these systems automate the majority of
bead handling steps and reduce manual workload, they
remain complex to operate and still rely on highly trained
personnel, as critical steps such as organic solvent handling
and interaction with sophisticated software interfaces are
not fully automated. Moreover, such platforms are primarily
designed for high-throughput applications and entail
substantial investment costs. Our experience shows that
emerging MS-based proteomics applications in pathology
diagnostics (e.g., for the molecular tumor board or
amyloidosis typing) result in a single-digit number of
samples per day. We anticipate the requirement for an
automated sample processing setup that addresses (a) a
small number of samples per day, (b) alleviates the need for
major instrumentation investment, and (c) minimizes the
need for extensive user training by reducing user interaction
through pre-loaded reagents and workflow integration.

To address these requirements, microfluidic technologies
are well-suited, as they enable miniaturization, process
integration, and automation of complex laboratory
workflows with lower sample numbers. Within this field,
centrifugal microfluidics is particularly well-suited for
automated and standardized proteomic sample preparation
assays, as liquid transport is driven by centrifugal force,
requiring minimal instrumentation while enabling robust
processes and user-friendly operation.'® During rotation,
centrifugal microfluidics generates a gravitational field that
exceeds 1 g by several orders of magnitude, causing body
forces to dominate over capillary and other surface-related
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forces. This enables robust fluid handling with reliable
bead bed retention and liquid-solid phase separation,
promotes the removal of entrapped air through density
differences, and reduces susceptibility to surface-induced
failure modes. Due to these technological features,
centrifugal microfluidic systems have already been
successfully applied to automate a range of laboratory
workflows, including highly sensitive, multiplexed qPCR for
minimal residual disease monitoring,>® sample preparation
for next-generation sequencing®' and proteomics, especially
in-solution digestion** and desalting via solid phase
extraction.>® These centrifugal microfluidic implementations
for proteomic sample preparation address isolated workflow
steps and are not compatible with PAC-based strategies.
The approach based on in-solution digestion*? is unsuitable
for samples requiring high concentrations of detergents
and chaotropes, as the design does not implement bead-
based washing and handling steps essential for PAC
workflows. Similarly, the implementation focused on
desalting via solid-phase extraction®® cannot be transferred
to on-bead digestion, as the design neither supports
reagent pre-storage nor stable multi-hour incubation of the
enzymatic digestion mixture within the bead bed required
for efficient proteolysis.

Yet, a completely automated centrifugal system for MS-
based proteomic sample preparation with pre-stored
reagents and user-friendly operation, designed for
straightforward integration into routine clinical workflows,
has not yet been realized. In contrast to centrifugal
microfluidic approaches, other microfluidic strategies used
in proteomics have predominantly focused on processing
extremely small sample amounts. In particular, droplet-
based platforms such as NanoPOTS or digital microfluidic
approaches have been reported in the literature.** >’ These
approaches are highly effective for ultra-low-input
applications but typically rely on complex actuation
principles, such as electrowetting-on-dielectric control of
discrete droplets or the precise dispensing of nanoliter-
scale volumes, which require specialized instrumentation.
In addition, the integration of pre-stored reagents is
challenging in these systems, such that external reagent
handling and user interaction remain necessary, limiting
their suitability for the low-intervention, time-sensitive
workflows required in clinical applications.

In this work, we demonstrate the centrifugal
microfluidic implementation of a PAC workflow by
conceptually redesigning the assay to enable robust
microfluidic operation, including reliable bead handling
and on-disk reagent pre-storage to minimize user
interaction. The resulting AutoPAC-disk was evaluated using
HEK293 cell lysates and benchmarked against a manual
reference PAC workflow and a semi-automated robotic
implementation to assess comparative performance. In
addition, the AutoPAC-disk was exemplarily applied to
clinically relevant formalin-fixed paraffin-embedded (FFPE)
prostate tumor lysates.

This journal is © The Royal Society of Chemistry 2026
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Experimental
Design and fabrication of the microfluidic AutoPAC-disk

The design of the microfluidic layout was carried out in
SolidWorks (Dassault Systemes, France) and supported by
network-based simulations performed in MATLAB Simulink
Simscape (MathWorks, USA), as described previously.”® The
fabrication of the microfluidic disks followed an established
protocol, starting with milling (KERN Microtechnik, Germany)
the negative design in PMMA (Evonik, Germany).
Subsequently, a positive Elastosil RT-607 PDMS (Wacker
Chemie, Germany) master was cast. The actual disks were
produced in foil technology by micro-thermoforming
employing co-extruded 6013/8007 cyclic olefin copolymer
(COC) foils (TekniPlex, USA) and a modified hot embossing
machine (Jenoptik, Germany). Sealing of the disks was
achieved by pressure-assisted thermal bonding.>® Pre-storage
of washing and binding buffer was realized by manually
filling stick packs with 250 puL of 80% ethanol and 180 pL of
100% ethanol (Roth, 5054.3), followed by manual sealing with
a sealing clamp (HAWO, Germany). Stick packs were manually
inserted into the sealed disk by opening the respective
chambers and subsequent sealing using adhesive films
(9795T, 3M Center, USA). For final assembly, a custom made
PMMA (Evonik, Germany) insulation frame was glued onto
the disk using double sided adhesive tape (Tesa, Germany).

PAC-based workflows and sample preparation for nLC-MS/MS

nLC-MS/MS samples were prepared using three different PAC
workflows as illustrated in Table 1. The performance of the
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microfluidic disk was evaluated against a manual protocol
and a semi-automated protocol using a KingFisher Apex
robot (ThermoFisher Scientific, 5400930). Owing to the
experimental setup, the AutoPAC-disk experiments with
HEK293 lysate were conducted on two consecutive days. For
the evaluation experiments, 20 pg denatured, reduced, and
alkylated HEK293 lysate SI_methods: M1) (0.4 pg pL™") was
used for all workflows.

Carboxylated-modified SpeedBeads (Cytiva,
GE65152105050250, GE45152105050250) at a protein:bead
ratio of 1:10 w/w were used in the manual and KingFisher
workflow. Beads were pre-washed three times with ddH,O
and resuspended in their working volume prior to use.
Proteins were precipitated by adding ethanol to a final
concentration of 70% ethanol (v/v) and incubation for
binding (10 minutes at 1000 rpm, room temperature, in
the manual workflow; 30 minutes on the KingFisher
workflow). Beads were then captured magnetically (rack for
manual; instrument magnets for KingFisher), and the
supernatant was removed and discarded. In the manual
protocol, beads were washed three times with 200 pL of
80% ethanol (Roth, 5054.3), followed by a brief air-drying
step (5 minutes, open tube) to remove residual ethanol. In
the KingFisher workflow, beads were washed three times
with 250 pL of 80% ethanol (Roth, 9065.2). For on-bead
digestion, beads were resuspended in ammonium
bicarbonate buffer (manual: 100 mM ABC (Sigma-Aldrich,
09830-500G), pH 8.0; KingFisher: 50 mM ABC (Roth, T817)),
and sequencing-grade trypsin (Promega, V5111) was added
at a protein:enzyme ratio of 1:25 (w/w). Digestion

Table 1 Overview of evaluated proteomic sample preparation workflows and their main processing steps. The microfluidic, bead-packed digestion
device is hereafter referred to as the AutoPAC-disk (AutoPAC-disk workflow). A semi-automated magnetic bead-based protocol implemented on the
KingFisher Apex robot is further denoted as KingFisher workflow. The manual reference PAC workflow, hereafter referred to as the manual workflow,
was used as the primary comparator due to its conceptual similarity to the AutoPAC-disk workflow

Workflows AutoPAC KingFisher Manual
= 5 e T
K= 27 ¥ |
FE §
Beads Protein to bead ratio: 1:1 (w/v) Protein to bead ratio: 1:10 (w/w) Protein to bead ratio: 1:10 (w/w)
.. Bead size: 30 pm Bead size: 1 pm Bead size: 1 pm
%
Binding Buffer: 100% EtOH Buffer: 100% EtOH Buffer: 100% EtOH
‘ Time: 10 min Time: 30 min Time: 10 min
Washing Buffer: 80% EtOH Buffer: 80% EtOH Buffer: 80% EtOH
‘ Volume: 1 x 250 uL Volume: 3 x 250 uL Volume: 3 x 200 uL
Digestion Digestion volume and time: Digestion volume and time: Digestion volume and time:

14 pL, 4 hours
8 Protein to enzyme ratio: 1:25
trypsin in 100 mM ABC (pH 8)
Post-processing Acidification: add TFA 1% (v/v)

TFA final
‘ Sample treatment: centrifugation
r drying in vacuum concentrator

This journal is © The Royal Society of Chemistry 2026

50 uL, 16 hours

Protein to enzyme ratio: 1:25 trypsin

in 50 mM ABC (pH 8)

Acidification: second bead elution with TFA
combine with sample 1% (v/v) TFA final
Sample treatment: stage-tipping

104 pL, 4 hours

Protein to enzyme ratio: 1:25
trypsin in 100 mM ABC (pH 8)
Acidification: add TFA 1% (v/v)
TFA final

Sample treatment: centrifugation
drying in vacuum concentrator
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proceeded at 37 °C (manual: 4 hours at 1000 rpm on a
thermoshaker; KingFisher: overnight at 650 rpm on a
thermoshaker). In the manual workflow, the reaction was
stopped by acidification to a final concentration of 1% TFA
(Merck, 1082180050). In the KingFisher workflow, beads
were additionally washed with 2% TFA (Th. Geyer, 044630.
AP) to recover residual peptides, and both eluates were
combined with a final concentration of 1% TFA.

As an initial step for preparing the AutoPAC-disk, 20 pL
of the 25% PureCube (Cube Biotech, 50201) bead
suspension was washed twice with 1 mL PBS (Gibco, 20 012-
019) and once with 1 mL ddH,O. After washing, the beads
were resuspended in 80 puL ddH,O for loading into the bead
inlet. Subsequently, 50 pL of reduced and alkylated protein
lysate was pipetted into the sample inlet, followed by a
digestion mix consisting of 10 pL 100 mM ammonium
bicarbonate buffer (pH 8) (Sigma-Aldrich, 09830-500G) and
4 uL sequencing grade modified trypsin with a 1:25
(protein: enzyme) w/w ratio (Promega, V5111) into the
respective inlet. The AutoPAC-disk was processed on the
Rhonda player***?° developed by Hahn Schickard,
Dialunox and Spindiag. All experiments were performed on
a test rig equipped with a stroboscopic set-up (Hamilton,
Germany) to monitor liquid movement in real time. Once
the disk was inserted into the Rhonda player, a pre-defined
protocol (SI_results: R1, Fig. 3) that controls the rotational
frequency and the temperature of the ten different heating
zones of the player was executed to perform the automated
workflow. After completion of the protocol, the peptide
solution was collected from the disk, and the reaction was
subsequently quenched by acidifying the solution to a final
concentration of 1% TFA (Merck, 1082180050).

Following completion of sample preparation workflows,
post-processing was performed to ensure UHPLC-MS/MS
compatibility. KingFisher samples were cleaned via the stage-
tip protocol® to eliminate bead carryover. Acidified
supernatants from AutoPAC-disk and manual samples were
transferred to fresh tubes and centrifuged (full speed, 10
minutes). The resulting supernatant was again transferred to
a fresh tube, followed by drying in a vacuum concentrator
(Eppendorf) at 45 °C and storage at —80 °C.

nLC-MS/MS setup and acquisition

Proteomic samples were analyzed using an Orbitrap Exploris
480 mass spectrometer (Thermo Fisher Scientific) with a
Vanquish Neo UHPLC-system (Thermo Fisher Scientific)
equipped with a trap cartridge (Pepmap 100 C18 5 um 0.3 X 5
mM, Thermo Katalog Dreieich, 174500) and an analytical
column (Aurora Frontier XT, IonOpticks, AUR3-60075C18-XT).
Peptides were separated on the analytical column using a
gradient ranging from 4% to 32% buffer B (0.1% FA (Roth,
1EHK.1), 5% dimethylsulfoxide (Pierce, 85190) in HPLC-MS
grade acetonitrile (Chemsolute, 2697)) in buffer A (0.1% FA
(Roth, 1EHK.1), 5% dimethylsulfoxide (Pierce, 85190) in
HPLC-MS grade water (Chemsolute, 455)). For each sample,
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600 ng peptide were injected, dissolved in 0.1% FA with 2%
acetonitrile (Chemsolute, 2697).

For peptide separation 100 minutes gradients were used
and MS/MS spectra were recorded with data-independent
acquisition (DIA) (MS1 orbitrap resolution 60000, MS1 scan
range 400-1000, MS1 RF lens 40, MS1 normalized AGC
target 300%, MS1 maximum injection time 20 ms, MS2
mode tMS2, MS2 orbitrap resolution 30000, MS2 scan range
200-1600 m/z, HCD collision energy 27%, MS2 normalized
AGC target 2000%, MS2 maximum injection time 54 ms,
DIA window coverage 400-1000 m/z with 30 windows with
12.15 m/z and 10 windows with 25.5 m/z, 0.5 m/z overlap).

nLC-MS/MS data analysis

DIA raw files were converted to .mzML using MSConvertGui
(peak Picking vendor msLevel = 1-, zeroSamples removeExtra
1-) (ProteoWizard®?). mzML files were searched using FragPipe
v23.1.>* Only replicates were searched together. Decoys and
contaminants were added to a human FASTA, based on the
SwissProt entries from January 2024, containing protein
isoforms. MSFragger (version 4.3 (ref. 33)) was used for
identification (protein digestion: stricttrypsin; variable
modification: oxidation of methionine and protein N-terminal
acetylation; fixed modification: carbamidomethylation of
cysteines). Quantification was performed using DIA-NN v1.8.1
(ref. 34) without normalization (-no-norm).

Proteomic data processing and visualization

The report.tsv, report.pr_matrix.tsv and report.pg_matrix.tsv
MSFragger output files were used. All files were processed in
R*® and RStudio.’® Data was visualized using ggplot2.>”
Physicochemical properties of peptides and protein groups
were analyzed using peptides.’® All analyses were restricted
to peptides and protein groups that were identified and
quantified. Coefficients of variation (CVs) were calculated on
protein group level including all identified and quantified
protein groups. Beforehand, LFQ intensities were normalized
on the overall median.

Results and discussion

Design concept and assay adaptations for microfluidic
implementation

To enable a robust microfluidic implementation of PAC with
minimal user interaction, key assay parameters were adapted
prior to integration into the centrifugal microfluidic
platform. First, 30 um PureCube beads (CubeBiotech, 50201)
were selected, as their size enables reliable bead retention
and packing through purely geometric confinement. Previous
scanning electron microscope-based analysis of the bead size
distribution showed measurable size variation around the
nominal diameter and was considered in defining a retention
structure height of 13 pm. This dimension was selected to
ensure stable retention of the packed bead bed without frits
or additional retaining elements, thereby simplifying

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Comparison and protein-to-bead ratio of PureCube magnetic beads to SpeedBeads for the protein aggregation capture (PAC)
workflow. (A) Mean of quantified peptides (left) and protein groups (right) (SpeedBeads (protein:beads 1:10, w/w) (orange) and PureCube
beads (protein:bead slurry 1:0.5, 1:0.8, 1:1, 1:2 w/v) (green scales) (n = 3, error bars: standard deviation). (B) Venn diagrams show the
protein group overlaps between the different beads and bead titrations (n = 3; PureCube 1:2 excluded).

fabrication. Second, solvent and reagent conditions were
streamlined for microfluidic compatibility. Ethanol was
chosen as a unified precipitation and washing solvent to
reduce toxicity and variability while maintaining
performance. Additionally, the feasibility of reagent pre-
storage and the impact of solvent concentration on protein
capture efficiency were systematically evaluated. Detailed
methods and materials for the assay adaptation experiments
are provided in the SI (SI_methods: M2 and M3).

PureCube beads (Cube Biotech) were tested in varying
protein-to-bead ratios (1:0.5, 1:0.8, 1:1, and 1:2, w/v,
referring to the 25% stock bead suspension) against 1 pm
SpeedBeads (Cytiva), which are commonly used in PAC
protocols (1:10, w/w)'*'®*° on the KingFisher Apex. The
corresponding bead volume was estimated by calculating the
number of 30 um beads required to approximate the total
surface area of the reference SpeedBead condition and
converting this to the required volume of 25% PureCube
suspension. This resulted in an approximate protein-to-bead
ratio of 1:1 (w/v). To account for potential deviations from
this theoretical estimate and to ensure robust method
optimization, a broader range (1:0.5 to 1:2, w/v) was
subsequently investigated experimentally, enabling
systematic evaluation of bead quantities.

More than 70000 peptides and around 7000 protein
groups were quantified with 0.5, 0.8 and 1 pL PureCube bead
slurry per 1 pg protein lysate (0.5 pL: peptides: 70193,
protein groups: 7050, 0.8 uL: peptides: 70325, protein
groups: 6984; 1 uL: peptides: 70426, protein groups: 6943),
matching the performance of SpeedBeads (peptides: 69045,
protein groups: 6928) (Fig. 1(A)). High (2 uL per 1 pg protein)
PureCube bead inputs resulted in a slightly lower number of
quantified peptides and protein groups (peptides: 68210,
protein groups: 6796) (Fig. 1(A)). Peptide and protein level
analysis of physicochemical properties, such as peptide
hydrophobicity, molecular weight, and isoelectric point, gave

This journal is © The Royal Society of Chemistry 2026

comparable results across all tested conditions, indicating no
systematic bias or loss due to those properties (SI_results:
Fig. 1). Furthermore, a 71.2% overlap of protein groups
between SpeedBeads and the PureCube input amounts with
highest identifications (PureCube 1:0.5, 1:0.8, and 1:1 w/v)
supports the robustness and reproducibility of the PAC
workflow performed with the larger PureCube beads
(Fig. 1(B)).

To simplify and unify the solvent handling, acetonitrile
and ethanol precipitation was tested with a final organic
solvent concentration from 30 to 70% and compared against
an in-house developed standard workflow (precipitation with
70% ethanol, 1st and 2nd wash with 100% acetonitrile, 3rd
wash with 80% ethanol) (Fig. 2(A)). At 30%, acetonitrile and
ethanol yielded substantially fewer protein groups and
peptides compared to the standard workflow, with
acetonitrile showing the largest loss (standard workflow:
7073 protein groups, 66 948 peptides; 30% acetonitrile: 3052
protein groups, 18774 peptides; 30% ethanol: 3604 protein
groups, 23239 peptides). Increasing the concentration to
50% improved recovery, approaching—but not fully reaching
—the standard workflow (50% acetonitrile: 6582 protein
groups, 62971 peptides; 50% ethanol: 6691 protein groups,
63277 peptides). Full coverage was restored at 70% solvent
for both acetonitrile and ethanol (70% acetonitrile: 6779
protein groups, 66450 peptides; 70% ethanol: 7060 protein
groups, 68108 peptides). Workflow robustness followed the
same pattern: low solvent concentrations resulted in high
variability (30% ethanol: 17.2%; 30% acetonitrile: 11.5%),
while 50% and 70% precipitations achieved reproducibility
comparable to the standard workflow, with only marginal
increases in CV at the highest concentrations (50% ethanol:
2.7%; 50% acetonitrile: 3.8%, 70% ethanol: 3.1%, 70%
acetonitrile 4.8%, standard 3.2%) (Fig. 2(B)). Regarding the
proteomic coverage, samples that were precipitated using
only 30% organic solvent showed fewer low-abundant protein
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Fig. 2 Comparison of different organic solvents for the protein aggregation capture (PAC) workflow. (A) Mean of quantified peptides (left) and
protein groups (right) for the standard workflow (precipitation with 70% ethanol; washes two times 80% ethanol, one time 100% acetonitrile) with
different solvent concentrations of ethanol and acetonitrile during the binding step, and for workflows using ethanol or acetonitrile stick packs
compatible with microfluidic pre-storage. 30%/50%/70% ethanol protein precipitation on beads (three times 80% ethanol washes) and 30%/50%/
70% acetonitrile protein precipitation on beads (three times 100% acetonitrile washes) (n = 3, error bars: standard deviation). All conditions were
tested using the KingFisher Apex (pink: standard control; bright grey: stick pack with ethanol; dark grey: stick pack with acetonitrile; blue range:
30%, 50%, 70% ethanol precipitation; purple range: 30%, 50%, 70% acetonitrile precipitation). (B) Coefficients of variation (CV) of median
normalized protein group quantities for three different protein lysate inputs (color coding identical to (A)). Boxplots show the median (thick line),
25th and 75th percentiles (hinges), the whiskers extend to +1.5 times the inter-quartile range.

groups, while all other samples covered a broad range of
protein group intensities (SI_results: Fig. 2). Furthermore, no
relevant differences in physicochemical properties between
ethanol- and acetonitrile-based workflows were found
(SIL_results: Fig. 2). Our results demonstrated that a final
ethanol concentration of at least 70% (v/v) is required for
optimal protein binding, exceeding the 50% recommended
by literature."™'” The use of 80% ethanol for washing,
consistent with literature, was comparable with the standard
workflow (Fig. 2).">17°

To enable a fully automated PAC-based microfluidic
workflow with minimal user interaction, organic solvents
must be pre-stored on the disk. In centrifugal
microfluidics, liquid reagent pre-storage in sealed stick
packs is an established concept for genomic applications.
Therefore, we evaluated the feasibility of pre-storing
organic solvents on the AutoPAC-disk for proteomic
sample preparation by using prestored solvents in a
manual setup. Using sealed stick packs, we applied single-
solvent workflows (70% solvent for precipitation; 100%
acetonitrile or 80% ethanol for washing). Performance
matched that of fresh solvents, including numbers of
quantified peptides and protein groups and overall

workflow robustness (peptide: 67861 (ethanol); 67061
(acetonitrile); protein groups: 7048 (ethanol), 6909
(acetonitrile); CV: 2.7% (ethanol), 4.2% (acetonitrile)

(Fig. 2(A) and (B), grey bars)).

Collectively, the evaluated assay adaptations, namely the
use of larger beads, ethanol as a unified solvent and reagent
pre-storage, enabled a high number of quantified peptides
and protein groups, delivering the basis for a robust
centrifugal microfluidic implementation.

Lab Chip

Microfluidic AutoPAC-disk

The AutoPAC-disk (Fig. 3) is based on centrifugal
microfluidics, where liquid transport is driven primarily by
centrifugal force."® Automated liquid handling within the disk
is achieved by combining centrifugal
thermopneumatic pumping induced by localized heating.
Processing of the AutoPAC-disk in a fully automated manner
is performed by the Rhonda player (Fig. 3).>"**3° Each disk
comprises two structures for simultaneous processing of two
samples, with buffers pre-stored in stick packs that
automatically release the liquids under centrifugation®® to
minimize user interaction (Fig. 3).

The main steps of the automated sample preparation are
outlined in Fig. 4(B-D). The complete microfluidic protocol,
including all rotational frequencies and temperatures of the
depicted heating zones, is detailed in the SI (SI_results:
Fig. 3).

In a first step, the user adds 50 pL sample, 14 puL digestion
mix (1:25 trypsin in 100 mM ABC), and 80 pL bead
suspension into the inlet chambers of the AutoPAC-disk
(Chambers 2, 4, and 6) (Fig. 4(A)). The bead suspension is
centrifuged in the bead column chamber with a total volume
of 260 pL, which tapers to a 13 um retention zone, where
intact 30 um beads are packed to form a bead bed that
enables protein precipitation and on-bead digestion with
individually adaptable incubation times. More detailed
information about the bead column chamber and the bead
bed can be found in the SI (SI_results; Fig. 4). In contrast to
earlier work* the AutoPAC-disk implements a PAC-based on-
bead digestion workflow with substantially different
requirements regarding bead handling, incubation, and

actuation with
40-42
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Fig. 3 Photograph of the AutoPAC-disk (left), which consists of two mirrored fluidics, one of them is numbered. Both fluidic structures contain
the aluminum stick packs for pre-storage. The processing device, Rhonda player, is displayed as an illustration on the right side.

waste management. Accordingly, the downstream switching
concept was fundamentally redesigned. Instead of routing
liquids via intermediate collection chambers followed by
thermopneumatic transfer, supernatant volumes exceeding
30 pL are directed directly to waste through an integrated
downstream fluidic switch (Fig. 4(A)). This enables efficient
removal of all used buffers while reducing dependence on
local heating for transport into the waste chamber. This is
due to the radial position of the meniscus (r;) in the bead
column chamber, which lies radially inward of the radial
position of the volume siphon crest (r,) for liquid volumes
greater than 30 pL, as illustrated in Fig. 4(B). For the binding
step, pre-stored 100% ethanol is first released from the stick
pack by a combination of elevated rotational frequency and
localized heating at heating zone 1 (Fig. 4(A)). Reducing the
rotational frequency then enables transfer of ethanol to the
bead column chamber via thermopneumatic pumping.*"*>
After transfer of the binding buffer, the sample is transferred
by thermopneumatic valving into the bead
chamber.*” Binding conditions achieving at least a final
ethanol concentration of 70% can be maintained up to a
sample volume of 70 uL; in this proof of principle study, a 50
pL sample volume is used. The binding buffer and sample
are subsequently mixed via shake mode®* at moderate
frequencies in order to keep the pre-mature transfer into the
waste as low as possible. For the subsequent washing step,
the stick pack containing 80% ethanol is opened as already
described for the binding buffer stick pack by the
combination of centrifugation and thermopneumatic
pumping (Fig. 4(C)).""**> The 250 uL washing buffer is
perfused through the bead bed and is also routed to the
waste chamber. Digestion commences thereafter, initiated by
thermopneumatic valving transfer®? of 14 uL digestion mix
from chamber 6 to the bead column (Fig. 4(A)). This 14 pL

column

This journal is © The Royal Society of Chemistry 2026

digestion mix volume fully wets the bead bed without
priming the volume siphon leading to the waste chamber.
The design of the AutoPAC-disk permits arbitrarily long
incubation times through customized protocols, as routing
the digestion medium to the outlet chamber needs active
priming of the outlet siphon. In this proof-of-concept study,
digestion is performed at 37 °C for 4 hours within the bead
column chamber. After digestion is completed, the sample is
transferred into the outlet chamber by priming the outlet
siphon via thermopneumatic pressure (Fig. 4(D)). Heating
zone 3 (Fig. 4(A)) is heated to displace the air from the outlet
chamber at low rotational speeds. After the air has been
displaced, the temperature is reduced to ambient conditions.
The contracting air volume generates a pressure lower than
the ambient pressure that propels priming of the inverted
outlet siphon. Once primed, the eluate can be transferred
into the outlet chamber by centrifugal force.

Comparative performance of the AutoPAC-disk, the manual,
and KingFisher PAC workflows

To evaluate the performance of the newly developed
AutoPAC-disk, aliquots of 20 pg HEK293 lysate (n = 4) were
processed with the AutoPAC-disk workflow, a manual PAC
protocol, and a PAC workflow implemented on the
KingFisher Apex robot. Digestion time was set to 4 hours for
the AutoPAC-disk and manual workflows and 16 hours for
the KingFisher setup. Identification depth, coefficient of
variation, and sequence coverage are summarized in Fig. 5.
Samples processed with the AutoPAC-disk yielded 79436
peptides, representing a 50% increase over the manual
workflow (53088) and a 37% increase over the KingFisher
workflow (57 832). At the protein group level, the AutoPAC-
disk quantified 7643 protein groups, compared to 6962
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Fig. 4 Centrifugal microfluidic concept of the AutoPAC-disk. (A) A schematic illustration of the AutoPAC-disk layout, showing magnification of
the bead column chamber. Heating zones of the turntable on the Rhonda player are depicted in light pink and numbered. (B) Microfluidic layout of
the bead column chamber, including the binding step protocol and the transfer of the supernatant through the volume siphon. (C) Section of the
microfluidic layout displaying the opening of the washing stick pack using a combination of high rotational speed and temperature for opening
and subsequent lower rotational speed for pumping. (D) Microfluidic layout of the bead column chamber, showing the protocol for transferring
the sample to the outlet chamber via thermopneumatic pumping. To denote cooling, the heating zone is depicted in blue.

(KingFisher) and 6223 (manual), corresponding to a 10% and  reproducibility, coefficients of variation (CVs) of protein
23% increase, respectively (Fig. 5(A)). To assess intensities were calculated for each workflow. Fig. 5(B) shows
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an excellent protein-level CV well below 10% for all
workflows. The AutoPAC-disk exhibits slightly higher
variability (7.5%) compared to the KingFisher (3.2%) and
manual workflows (4.1%). This increase is consistent with
the higher number of low-abundance proteins identified
using the AutoPAC-disk, which are inherently more variable.
Nevertheless, the observed CVs remain within the range
reported for established proteomic workflows."”*> Across
workflows, 34350 peptides and 5025 protein groups were
commonly quantified (Fig. 5(C)). The AutoPAC-disk workflow
exhibited greater peptide overlap with both the KingFisher
(11501) and manual workflows (14711) than the overlap
between the manual and KingFisher workflows alone (1018).
The increased number of peptide quantifications achieved
with the AutoPAC-disk is reflected by 21916 peptides
quantified exclusively with this approach. A similar trend was
observed at the protein group level, with 1168 protein groups
quantified exclusively with the AutoPAC-disk, compared to
766 protein groups quantified exclusively with the KingFisher
workflow and 414 with the manual approach. Sequence
coverage of quantified protein groups is shown in Fig. 5(D),
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demonstrating that the higher number of peptide
quantifications obtained with the AutoPAC-Disk results in
increased sequence coverage of quantified protein groups.
Assessment of digestion efficiency and peptide length
(SL_results: Fig. 5) confirmed that the AutoPAC-disk and
manual workflow, both performed at identical digestion
conditions, exhibited comparable cleavage efficiency. These
findings exclude semi-tryptic contributions as the cause of
the increased peptide and protein quantification rates
observed for the microfluidic approach. Furthermore, no
systematic differences in the physicochemical properties of
quantified peptides and proteins were detected between all
three workflows (SI_results: Fig. 6).

To systematically assess how the observed performance
differences manifest across the dataset, we performed a
deeper comparative analysis of abundance distributions
(Fig. 6). When analyzing the protein group rank depending
on their intensity, AutoPAC-disk samples yield a broader rank
distribution, reflecting the increased number of protein
group quantifications, whereas proteins quantified using the
KingFisher workflow spanned a similar overall intensity
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Fig. 5 (A) Mean of quantified peptides (left) and protein groups (right) for the AutoPAC-disk (green), KingFisher (blue), and manual (grey) PAC
workflow (n = 4, error bars: standard deviation). (B) Violin plots show the coefficient of variation (CV) of median normalized protein group
quantities for the three workflows. The thick line represents the median, the upper and lower hinges of the boxplot represent the 25th and 75th
percentiles, the whiskers extend to +1.5 times the inter-quartile range, colored as described in (A). (C) Venn diagrams show peptide (left) and
protein group (right) overlaps between the three different PAC workflows, colored as described in (A). (D) Sequence coverage of unique proteins
for AutoPAC-disk, KingFisher, and manual workflow, colored as described in (A).
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range as those quantified with the other approaches, but
extended further toward lower-abundance proteins (Fig. 6(A)).
The manual workflow showed an intermediate intensity
distribution, with fewer protein group quantifications overall,
resulting in a leftward shift of the intensity-rank profile. The
peptide rank plots demonstrated analogous performance; the
results are presented in the SI (SL_results: Fig. 7). A global
protein group rank, representing only exclusively found
protein groups, indicates that workflow-specific exclusive
proteins span the full abundance range, with the lowest-
abundance proteins being exclusively detected by the
KingFisher workflow (Fig. 6(B)).

To comprehensively evaluate how quantified protein
groups and peptides obtained with the three workflows are
distributed across the abundance range, global abundance
ranks were divided into percentiles. For each percentile, the
relative fractions of quantifications that were exclusive to a
single workflow, shared between any two workflows, or
common to all three workflows were calculated with respect
to all quantifications within that percentile. Based on these
calculations, heatmaps (Fig. 6(C) and (D)) were generated.
Each column of the heatmaps corresponds to one area of
the Venn diagrams, which are depicted in Fig. 5(C). At the
peptide level (Fig. 6(C)), analysis of the lowest-abundance
percentile (90-100%) showed that 20.4% of peptides were
quantified exclusively by the KingFisher workflow, whereas
17.3% were quantified exclusively by the AutoPAC-disk and
18.3% by the manual workflow. With increasing abundance
percentiles, the fraction of workflow-exclusive peptide
quantifications decreased continuously across all three
approaches. While differences between the workflows were
detectable, they remained comparatively small across
percentiles. In parallel, the proportion of peptides
commonly quantified by all three workflows increased
steadily with increasing abundance. Peptides quantified by
at least two workflows showed comparatively stable
contributions across abundance percentiles, except for the
highest-abundance percentile, where their relative fraction
declined.

At the protein group level (Fig. 6(D)), differences between
the workflows were more pronounced, especially at low
abundances. In the lowest-abundance percentile (90-100%),
29.2% of the proteins were quantified exclusively by the
AutoPAC-disk, compared to 24.9% for the KingFisher
workflow and 14.9% for the manual approach. As protein
abundance increased, the proportion of workflow-exclusive
protein quantifications decreased for all approaches, while
the fraction of commonly quantified proteins increased.
Mixed subsets, comprising proteins quantified by two
workflows, showed less clear trends, except for the proteins
that were quantified by the AutoPAC-disk and the KingFisher.
This subset featured the same pattern as the exclusive subsets
with decreasing percentage for higher abundance percentiles.
Overall, this analysis demonstrates that protein groups
exclusively quantified by the AutoPAC-disk account for a
substantial fraction of low-abundance protein quantifications.

Lab Chip
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This analysis is complemented by Fig. 6(E) and (F),
which show the normalized cumulative peptide- and
protein group-level quantifications for each workflow
plotted as a function of global abundance rank. These plots
graphically illustrate whether the quantifications obtained
by each workflow are predominantly located in the low- or
high-abundance range. At the peptide level (Fig. 6(E)), the
KingFisher workflow shows a larger fraction of its
quantifications in the high-abundance peptide range
compared to the AutoPAC-disk and the manual workflow.
In the upper third of the rank spectrum, this trend
reverses. Overall, the observed differences between
workflows remain relatively modest. As shown in Fig. 6(F),
protein quantifications obtained with the AutoPAC-disk are
shifted toward the low-abundance range, as indicated by a
slower accumulation of protein quantifications at low
ranks. In contrast, protein quantifications from the manual
workflow increase almost linearly across the rank spectrum,
indicating that a larger fraction of its total quantifications
is already reached at any given rank. The KingFisher
workflow exhibits an intermediate behavior between these
two profiles.

Finally, Fig. 7 presents an analysis of peptides and
proteins exclusively identified by each workflow. Panels
(A)-(C) show the density distributions for the
physicochemical properties of these exclusive peptides,
including hydrophobicity, molecular weight, and isoelectric
point. Differences in the hydrophobicity of exclusive
peptides and proteins were minimal, with intensity
median values of -0.5 + 0.8 (peptides) and -0.4 + 0.4
(proteins) for the AutoPAC-disk workflow, -0.3 + 0.9
(peptides) and -0.4 + 0.4 (proteins) for the KingFisher
workflow, and -0.7 + 0.8 (peptides) and -0.4 =+ 0.3
(proteins) for the manual workflow (Fig. 7(A)). The
molecular weight distributions were comparable across
methods, with a median of 13954 + 1.4 Da (AutoPAC-
disk), 1250.3 + 1.3 Da (KingFisher) and 1259.3 + 1.4 Da
(manual) for exclusive peptides in all workflows and
median values of 51621.3 + 2.2 Da (KingFisher), 50425.9 +
2.3 Da (manual) and 56865.8 + 2.2 Da (AutoPAC-disk) for
exclusive protein groups (Fig. 7(B)). Density distribution of
the isoelectric point (pI) of the exclusive peptides showed
three characteristic peaks for each method, with the
median values being at 6.2 + 2.2 (AutoPAC-disk), 6.3 + 2.2
(KingFisher), and 7.5 + 2.5 (manual) (Fig. 7(C)). All three
workflows displayed similar median intensities for
exclusive peptides in the density plot, 325682.4 + 2.8
(AutoPAC-disk), 348610.1 + 3.3 (KingFisher), and 333186.1
+ 2.9 (manual) with a corresponding distribution in the
lower intensity range, whereas common peptides showed a
shift to higher intensity values (median 1033298.6 + 3.8)
(Fig. 7(D)). In agreement with the previous analyses, the
density distribution of the KingFisher workflow indicates
an increased relative contribution of exclusive peptide
quantifications at low intensities. Fig. 7(E) shows the
corresponding absolute counts of exclusively quantified

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Analysis of the proteomic range covered in samples processed with the AutoPAC-disk. (A) Protein group rank plot with log10 normalized
protein intensity plotted over rank for each workflow separately (AutoPAC-disk: green, KingFisher: blue, manual: grey). (B) Global protein group
rank with log;o normalized protein group intensity plotted for exclusively identified protein groups, color-coded as described in (A). (C) Heatmap
showing a percentile-binned rank distribution of peptide quantifications across the three workflows. (D) Heatmap showing a percentile-binned
rank distribution of protein group quantifications across the three workflows. Each column of the heatmaps corresponds to one area of the Venn
diagram. (E) Global peptide rank plot for cumulative fraction of peptides colored as described in (A). (F) Global protein group rank plot for

cumulative fraction of protein groups colored as described in (A).

peptides. The KingFisher and AutoPAC-disk workflows
yield higher counts across the full intensity range, whereas
the relative distribution of the subset remains largely
comparable. For exclusive protein groups, the density plots
indicated that the AutoPAC-disk workflow was shifted

This journal is © The Royal Society of Chemistry 2026

toward lower intensities (median value 355214.6 + 3.9),
the KingFisher workflow occupied an intermediate range
(median value 511196.5 + 4.9), and the manual workflow
was shifted toward higher intensities (median value
712379.3 + 3.7), all remaining below the intensity range
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observed for common protein groups (median value 1770
876.7 + 4.1) (Fig. 7(D)). In the corresponding count plots,
the AutoPAC-disk yielded the highest numbers of exclusive
proteins overall, with a shift to lower protein intensities
compared to the other two workflows (Fig. 7(E)).

The comparative analysis across workflows excludes
several explanations for the increased peptide and protein
identification rates observed with the AutoPAC-disk. Neither
physicochemical property distributions of identified
peptides, digestion efficiency (SI results, Fig. 5), nor bead
chemistry (Fig. 1) showed systematic differences, ruling out
altered selectivity or incomplete proteolysis as contributing
factors. Instead, the AutoPAC-disk consistently yielded a
higher number of low-abundance peptide and protein
identifications, indicating improved overall recovery rather
than physicochemical bias. These observations suggest that
differences in bead handling represent the most plausible
explanation for the improved performance of the AutoPAC-
disk. In contrast to the comparator workflows, the
AutoPAC-disk confines beads in a stationary, geometrically
defined  microcolumn  throughout processing. The
KingFisher robot repeatedly transfers beads magnetically

View Article Online

Lab on a Chip
between wells, whereas manual protocols rely on
intermittent magnetic immobilization and resuspension
steps.

We hypothesize that the stationary bead bed format
reduces bead loss during transfer steps and minimizes
variability associated with repeated resuspension. In
addition, maintaining proteins aggregated on a confined
bead bed may reduce mechanical disturbance of bead-
protein assemblies during processing, thereby improving
overall analyte recovery.

A slightly higher proportion of fully cleaved peptides
was also observed for the AutoPAC-disk compared to the
manual 4 hours reference digest (47% vs. 44%; SI results,
Fig. 5), suggesting that the stationary format may
additionally provide favorable local conditions for
enzymatic digestion. However, this effect is unlikely to be
the primary driver of the increased identification
numbers.

Collectively, these findings indicate that the mode of bead
handling is the central technical distinction between the
workflows and likely contributes to the superior analytical
performance of the AutoPAC-disk.
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point, and (D) logjp-transformed normalized intensities. (E) Distributions of quantification counts as a function of logjp-transformed normalized

intensities for peptides (left) and protein groups (right).
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Fig. 8 Proteomic analysis of FFPE prostate tumor lysate processed using the AutoPAC-disk and a manual PAC workflow. (A) Mean of quantified
peptides (left) and protein groups (right) for the AutoPAC-disk (green) and manual (grey) PAC workflow (n = 3, error bars: standard deviation). (B)
Violin plots show the coefficient of variation (CV) of median normalized protein group quantities for the two workflows. The thick line represents
the median, the upper and lower hinges of the boxplot represent the 25th and 75th percentiles, and the whiskers extend to *1.5 times the
interquartile range, colored as described in (A). (C) Venn diagrams show peptide (left) and protein group (right) overlaps between the two
workflows, colored as described in (A). (D) Sequence coverage of unique proteins for the AutoPAC-disk and manual workflow, colored as

described in (A).

Application of the AutoPAC-disk to clinically relevant FFPE
prostate tumor samples

Following the initial proof-of-concept validation using
HEK293 lysate, the AutoPAC-disk workflow was further
evaluated  using  clinically relevant  formalin-fixed
paraffin-embedded (FFPE) prostate tumor tissue as a
complex patient-derived sample matrix. The MS-based
proteomic analysis of FFPE tissue samples is gaining
more and more interest in the field of precision
medicine and is a powerful approach to gain
molecular insights beyond the capabilities of traditional
histopathology.*®*”

The FFPE block originated from a study approved by the
Ethics Committee of University Medical Center Freiburg
(20-1083).

Deparaffinization, lysis of FFPE sections, post-processing
and nLC-MS/MS analysis followed protocols detailed in the SI
(SI_methods: M4). Aliquots of 15 pg deparaffinized and lysed
FFPE prostate tumor tissue (n = 3) were processed using the
AutoPAC-disk and compared to the manual reference
workflow. Digestion time was set to 4 hours for both
workflows.

This journal is © The Royal Society of Chemistry 2026

The AutoPAC-disk yielded 71124 quantified peptides,
representing a 7.5% increase compared to manual
processing (66175 peptides). On protein group level, 7336
protein groups were quantified, corresponding to a 9.9%
increase over the manual workflow (6676 protein groups)
(Fig. 8(A)).

Quantitative reproducibility was comparable between
workflows, with protein-level CVs of 6.3% for the AutoPAC-
disk and 5.9% for manual processing (Fig. 8(B)). In addition
to 56112 peptides and 6039 protein groups shared across all
samples, the AutoPAC-disk yielded a larger number of
exclusively identified peptides and protein groups (exclusive
peptides AutoPAC-disk: 18502, manual: 11656; exclusive
protein groups AutoPAC-disk: 1387, manual: 683) (Fig. 8(C)).
Sequence coverage was generally higher for the AutoPAC-disk
across a broad range of proteins, while only minor
advantages for manual processing were observed at the
highest coverage levels (Fig. 8(D)). Notably, the general trends
observed during the detailed benchmarking with HEK293
lysates were maintained for the FFPE samples, including the
absence of an apparent physicochemical identification bias
and slight shift towards increased detection of lower-
abundance peptides and proteins with the AutoPAC-disk.
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These results demonstrate that the AutoPAC-disk workflow is
compatible with clinically relevant FFPE tissue samples while
maintaining robust analytical performance.

Conclusions

In this work, we present the AutoPAC-disk, a centrifugal
microfluidic implementation of a PAC workflow with on-disk
reagent pre-storage enabling minimal user interaction, and
demonstrate assay and workflow optimizations that result in
a streamlined, single-solvent PAC protocol with reduced
washing steps and competitive proteomic performance. The
developed system was compared against a manual reference
workflow and a PAC workflow implemented on the
KingFisher Apex platform using HEK293 cell lysate. This
proof-of-concept study evaluated the feasibility and
performance of centrifugal microfluidics for fully automated
proteomic sample preparation. While all three workflows
exhibited good quantitative reproducibility, the presented
microfluidic approach enabled the quantification of 37 and
50% more peptides and 10 and 23% more protein groups
compared to the KingFisher workflow and the manual
workflow, respectively. Although the precise mechanisms
underlying the increased identification rates could not be
fully resolved, the additional identifications were reflected in
increased sequence coverage and were predominantly
associated with low-abundance proteins. Furthermore,
physicochemical analysis of workflow-exclusive peptides
revealed no systematic method-specific biases, supporting
the robustness of the observed performance differences. The
AutoPAC-disk was further applied to clinically relevant FFPE
prostate tumor tissue, where it maintained the general
performance trends observed in the benchmark experiments,
including increased identification depth (7.5% more peptides
and 9.9% more protein groups) compared to manual
processing. These results demonstrate compatibility with
complex clinical sample matrices and highlight the potential
of the platform for future translational proteomics
applications. To the best of our knowledge, the AutoPAC-disk
represents the first approach to enable proteomic sample
preparation for nLC-MS/MS analysis using pre-stored buffers.
By minimizing bead manipulation and solvent pipetting
steps, the system decreases hands-on time and operational
complexity. This streamlined workflow may facilitate broader
accessibility of MS-based proteomics by lowering technical
barriers, particularly in laboratories with limited experience
in proteomic sample preparation. The current results
highlight promising potential for future use in clinical
proteomic workflows, including molecular tumor boards
(MTBs), where timely sample processing within a week is
required.’
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