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Abstract

Proteomic biomarker discovery using formalin-fixed paraffin-embedded (FFPE) tissue requires 

robust workflows to support the analysis of large cohorts of patient samples. It also requires 

finding a reasonable balance between achieving high proteomic depth and limiting overall 

analysis time. To this end, we evaluated the merits of online coupling of single-use disposable 

trap column nano-flow liquid chromatography, high-field asymmetric-waveform ion-mobility 

spectrometry (FAIMS) and tandem mass spectrometry (nLC-FAIMS-MS/MS). The data shows 

that ≤ 600 ng of peptide digest should be loaded onto the chromatographic part of the system. 

Careful characterization of the FAIMS settings enabled the choice of optimal combinations of 

compensation voltages (CV) as a function of the employed LC gradient time. We found nLC-

FAIMS-MS/MS to be on par with StageTip-based off-line basic pH reversed-phase fractionation 

in terms of proteomic depth and reproducibility of protein quantification (coefficient of variation ≤ 

15 % for 90 % of all proteins) but requiring 50 % less sample and substantially reducing sample 

handling. Using FFPE material from lymph node, lung and prostate tissue as examples, we show 

that nLC-FAIMS-MS/MS can identify 5,000-6,000 proteins from the respective tissue within a 

total of 3 hours of analysis time.
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Introduction

Clinical specimen collected from patients are commonly archived as formalin fixed paraffin 

embedded (FFPE) tissue. FFPE not only preserves cellular morphology, but also many of the 

resident biomolecules permitting long-term, space- and energy-efficient storage. Countless 

samples are available in pathology departments and biobanks worldwide, frequently 

annotated with valuable clinical metadata (e.g., sex, age, diagnosis, response to treatment, 

survival, etc.) thus enabling many types of retrospective analysis to address numerous 

biomedical questions. While DNA and RNA-based analysis from FFPE tissue are already 

common today, proteomic investigations have only recently become feasible. An important 

advance in FFPE sample preparation was the development of the SP3 approach (single-pot, 

solid-phase-enhanced sample preparation for proteomics experiments) because it allows the 

use of sodium dodecyl sulfate (SDS) for efficient protein solubilization, and the use of 

organic solvents for removing small molecules, polymers and buffer components that reverse 

formaldehyde crosslinking from very limited sample quantities 1, 2.

As in other branches of proteomics, LC-MS/MS is also the method of choice for profiling 

the proteomes of FFPE material and all the major quantitative approaches such as classical 

data dependent acquisition (DDA), isobaric labeling using tandem mass tags (TMT) or 

data independent acquisition (DIA) have been implemented - each with its individual 

pros and cons 3–6. A challenge faced by any analytical proteomic approach is the sheer 

number of proteins present in a sample and the vast differences in expression between 

proteins in a tissue, which overwhelms even the most performant LC-MS/MS systems. One 

particular issue in the analysis of clinical specimen including FFPE material is sample-to-

sample carry-over which may negatively affect results. An interesting new way to minimize 

carry-over between samples is the use of a nanoLC system with single-use disposable 

trap columns and the published literature suggests that such a system offers robust 

operation across large numbers of analysis while maintaining acceptable chromatographic 

performance 7, 8.

Simplifying and streamlining proteomic workflows particularly for clinical applications is 

a recent trend as this would reduce the number of sample processing steps during which 

variation may be encountered and may support higher throughput at the same time. In 

keeping with this idea, an alternative to separating peptides off-line prior to LC-MS/MS, is 

to do so in the gas phase ‘on-the-fly’. This can be achieved by ion mobility spectrometry and 

several variants of this approach have been implemented on commercial instruments 9–11.

High-field asymmetric waveform ion mobility spectrometry (FAIMS) is one of these 

approaches and has recently become more widely available12. FAIMS operates at 

atmospheric pressure and separates ions on the basis of differential mobility in low and high 

electric fields. FAIMS works on a millisecond time-scale which makes it well compatible 
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with upstream LC-separations (second time scale) and downstream tandem MS (millisecond 

time-scale). The merits of FAIMS for proteomic applications have been investigated 

before and a substantial improvement in both peptide and protein identifications has been 

observed compared to standard analysis without FAIMS8, 13. In light of the above, coupling 

disposable trap column nanoLC separations with gas-phase fractionation using FAIMS and 

tandem mass spectrometry (nLC-FAIMS-MS/MS) appears particularly interesting for the 

analysis of FFPE material. However, to the best of our knowledge, such a setup has not yet 

been systematically evaluated for this purpose.

Experimental Section

Deparaffinization of FFPE tissue and protein extraction—The FFPE sample 

material used in this study, was healthy, freely available left-over patient material from 

routine diagnostics. Using a microtome, four 10 μm slices were cut from each FFPE tissue 

block (if not stated otherwise) and subsequently placed onto microscopy slides. To remove 

the bulk of the paraffin, slides were incubated at 60 °C for 30 min. Slices were fully 

deparaffinized using 100% xylene for 20 min followed by 1x100 %, 1x96 %, 1x70 % 

ethanol and 3x water for 10 min. An area of 5x5 mm of healthy tissue was micro-dissected 

using a scalpel from each slide. Protein extraction was performed by boiling in 260 μl 

extraction buffer (10 mM Dithiothreitol (DTT), 4 % SDS in 500 mM Tris-HCl, pH 9) for 1 

h at 100 °C. Where noted, Tris concentrations of 100, 300 and 500 mM Tris as well as pH 

values of 8, 9 and 10 were used for optimization purposes. Extracts were sonicated for 25 

cycles at 8 °C (60 sec on, 30 sec off), debris was pelleted by centrifugation at 17,000 x g 

for 10 min and the supernatant was further processed by SP3 digestion as described further 

below.

Preparation of HeLa peptides for nLC-FAIMS-MS/MS method optimization—
Human HeLa cells (ATCC CCL-2) were cultured in Dulbecco’s Modified Eagle Medium 

(DMEM) containing 10% Fetal Bovine Serum at 37 °C and 5% CO2. Cells were lysed by 

incubation in lysis buffer (8 M urea, 1x EDTA free protease inhibitor in 40 mM Tris-HCl, 

pH 7.6) on ice for 5 min. The lysate was cleared by centrifugation for 30 min at 4 °C at 

20,000 x g. Proteins were reduced with 10 mM DTT for 45 min at 37 °C and alkylated with 

55 mM CAA (2-chloroacetamide) for 30 min at room temperature. Samples were diluted 

to 1 M urea using 40 mM Tris-HCl, pH 7.6. Initial digestion of proteins was performed 

by adding Trypsin and Lys-C (1:100 (wt/wt) enzyme-to-protein ratio) at 37 °C for 4 h. A 

second addition of the same amount of both proteases was performed and the digestion 

was allowed to continue overnight. Protease digestion was stopped by addition of formic 

acid (FA) to a final concentration of 1 %. The acidified peptides were centrifuged at 5,000 

x g for 15 min, followed by desalting on a Sep-Pak C18 Cartridge. Peptide concentration 

was estimated by NanoDrop measurements, and the adequate amount of peptides was 

subsequently fractionated by self-packed StageTips or loaded on Evotips (Evosep).

Single-pot solid-phase-enhanced sample preparation (SP3) protocol for FFPE 
samples—Prior to tryptic digestion, detergent was removed from lysates by SP3 clean-up, 

following the protocol first described by Hughes et al.1. Briefly, the lysate was mixed with 

SP3 beads and proteins were precipitated onto a 50:50 mixture of Sera-Mag Speed Beads 
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types A and B (Thermo Fisher Scientific) in 70 % acetonitrile. Beads were washed twice 

with 80 % ethanol in water and once with acetonitrile. Disulfide bonds were reduced with 10 

mM TCEP (tris(2-carboxyethyl)phosphine) for 45 min at 37 °C, followed by alkylation of 

cysteines with 55 mM CAA for 30 min at room temperature in 50 μl of digestion buffer (2 

mM CaCl2 in 40 mM Tris-HCl, pH 7.8). Trypsin (1:50 (wt/wt) enzyme-to-protein ratio) was 

added and bead-precipitated proteins were digested at 37 °C for 3-4 hours. The same amount 

of Trypsin was added again and the digestion was allowed to continue overnight. The next 

day, beads were settled using a magnet and the supernatant was transferred to a new tube. 

Beads were washed by addition of 50 μl water, sonicated (3x 30 sec) and the supernatants 

were combined. Sample were acidified with formic acid to pH < 3. Subsequently, peptides 

were loaded onto Evotips. For the optimization of the extraction procedure, samples were 

desalted using a C18 SepPak 96-well desalting plate before measurement.

Off-line basic pH reversed-phase fractionation on self-packed StageTips—A 

StageTip14 containing Empore C18 disks was constructed. And the C18 material was 

conditioned with 0.1 % FA in 50 % acetonitrile in water and equilibrated with 0.1 % FA in 

water. 20 μg of HeLa peptides, dissolved in 0.1 % FA in water, were loaded twice onto the 

micro-column by centrifugation. The loaded peptides were washed twice with 0.1 % FA in 

water. 50 μl of 25 mM ammonium formate in water were added to the tip, the flow-through 

was reapplied and collected the second time. This was followed by sequential elution of the 

bound peptides using 5, 10, 15, 17.5 and 50 % acetonitrile in 25 mM ammonium formate 

resulting in 6 fractions. The 5 % and 50 % acetonitrile fractions were pooled and so were the 

the flow-through and 17.5 % acetonitrile fraction. The resulting four fractions were frozen 

and dried in a vacuum centrifuge, before loading onto Evotips.

nLC-MS/MS measurements for the optimization of the extraction procedure—
Samples for the optimization of the extraction procedure were desalted prior to measurement 

using a C18 SepPak 96-well desalting plate (Waters). The C18 material was conditioned 

using 0.1 % FA in 40 % acetonitrile in water and equilibrated using 0.1 % FA in water. 

Acidified peptides were loaded onto the C18 material and washed twice with 0.1 % FA in 

water. Peptides were eluted with 40 % acetonitrile in 0.1 % FA in water followed by freezing 

and drying in a vacuum centrifuge. 50 ng of peptides were dissolved with 2 % acetonitrile, 

0.1 % FA in water and analysed by nLC-MS/MS with a Dionex Ultimate3000 nano 

HPLC (Thermo Fisher Scientific) coupled online to a Q-Exactive HF-X mass spectrometer 

(Thermo Fisher Scientific). Peptides were delivered to a trap column (ReprosSil-pur C18-

AQ, 5 μm, 20 mm x 75 μm, Dr. Maisch, Ammerbuch) and washed with 2 % solvent B (0.1 

% formic acid, 5 % DMSO in acetonitrile) in solvent A (0.1 % formic acid, 5 % DMSO in 

HPLC grade water) at a flowrate of 5 μL/min for 10 min. Peptides were then separated on an 

analytical column (75 μm x 40 cm, packed in house with Reprosil-Gold C18 3 μm resin, Dr. 

Maisch, Ammerbuch) using a 50 min linear gradient ranging from 4-32 % solvent B with a 

flowrate of 300 nL/min.

The mass spectrometer was operated in positive ionization and data dependent acquisition 

mode, automatically switching between MS1 and MS2 spectra. MS1 spectra were acquired 

over a mass-to-charge (m/z) range of 360-1300 m/z at a resolution of 60,000 (at m/z 200) 
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in the Orbitrap using a maximum injection time of 45 ms and an automatic gain control 

(AGC) target value of 3e6. Up to 18 peptide precursors were selected for fragmentation 

with an isolation width of 1.3 m/z, maximum injection time of 25 ms and an AGC value 

of 1e5, fragmented by HCD using 26 % normalized collision energy (NCE) and analysed 

in the Orbitrap at a resolution of 15,000 (at m/z 200). The dynamic exclusion duration of 

fragmented precursor ions was set to 25 s.

nLC-(FAIMS)-MS/MS analyses—Prior to measurement on the Evosep LC-system 

(Evosep), the desired amount of peptides was loaded onto Evotips (i. e. a single-use 

disposable trap column). The general loading procedure was according to manufacturer’s 

instructions with minor changes. All washing/loading volumes were increased from 20 to 

100 μl such that Evotips were equilibrated in three steps: i) 0.1% FA in acetonitrile (EvoB); 

ii) 30 % EvoB in EvoA and iii) 0.1% FA in water (EvoA). Prepared tips are best stored in 

EvoA at 4 °C, preventing them from running dry. Peptides were eluted from Evotips into a 

long capillary using predefined low pressure gradient methods of 22 min (60 samples per 

day, SPD), 44 min (30 SPD) and 88 min (15 SPD) and flowrates of 1000, 500 and 220 

nl/min, respectively. Using the high pressure pump, peptides were refocused and separated 

on an Evosep C18 analytical column (8 cm, 3 μm particle size, 100 μm ID for the 22 min 

and 15 cm, 1.9 μm particle size, 150 μm ID for the 44 and 88 min gradients).

The Orbitrap Exploris 480 mass spectrometer (Thermo Fisher Scientific) was operated in 

positive ionization mode (spray voltage of 2100 V and 2300 V without and with FAIMS, 

respectively) and data dependent acquisition mode, automatically switching between MS1 

and MS2 spectra with a fixed cycle time. The cycle times chosen for different gradients with 

and without FAIMS are shown in Table 1. Briefly, cycle times for the three used gradients 

(1, 2 and 3 sec for the 21, 44 and 88 min gradient, respectively) was chosen based on the 

median respective chromatographic peak widths to ensure a sufficient number of data points 

(>10) across each peak for robust MS1 based label-free quantification. When more than one 

CV was used within an nLC-FAIMS-MS/MS run, the above cycle times were adjusted (by 

the number of internal CV values used) to keep the number of data points across the LC 

peak stable. We note that 0.4 sec is the minimum allowed cycle time. All actual CV values 

used in respective experiments are annotated in the figures, tabulated in Supplemental Table 

S1 and part of the raw file names.

For all experiments, MS1 spectra were acquired over a mass-to-charge (m/z) range of 

360-1300 m/z at a resolution of 60,000 (at m/z 200) in the Orbitrap using a maximum 

injection time (maxIT) of 45 ms and a normalized automatic gain control (AGC) target value 

of 100% (1e6). The Monoisotopic Precursor Selection (MIPS) filter was activated and set 

to peptide mode. The charge state filter was set to 2-6. For MS2, precursors were isolated 

with a width of 1.3 Th, collected using a standard maxIT of 25 ms and a normalized AGC 

value of 100 % (1e5), fragmented by HCD at 28 % normalized collision energy (NCE) and 

spectra were acquired in the Orbitrap at a standard resolution of 15,000 (at m/z 200). For 

the dilution series of HeLa digests (Fig. S3E), MS2 resolution was ramped along with its 

matching maxIT (15k, 22 ms; 30k, 54 ms; 45k, 86 ms; 60k, 118 ms; 120k, 246 ms, each 

resolution at m/z 200). All other parameters were kept the same as specified above. The 

dynamic exclusion duration of fragmented precursor ions was set to 30, 45 and 90 s for the 
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21, 44 and 88 min gradient, respectively. The dynamic exclusion list was set to be shared 

across different experiments.

FFPE tissue material was analyzed as follows: 600 ng of each sample was measured twice 

(total: 1.2 μg) using an 88 min gradient (total: 176 min) with different sets of CVs per 

injection (Set1; - 30|-40|-50|-60|-70 V, Set2: -35|-45|-55|-65|-75 V). All other settings were 

the same as described above.

Database searching and data analysis—Raw MS data files were processed with 

MaxQuant (MQ) v1.6.17.015 using the integrated Andromeda Search engine and searched 

against a canonical human reference database (downloaded from Uniprot 15/03/2021; 75776 

entries). Raw files with multiple internal FAIMS CVs were split into separate files based 

on the CV values of acquisition prior to MQ searches. These separated files were specified 

as different fractions, as for the bRP fractions, of the same experiment name in MQ. 

Multiple injections of the same sample were specified as the same experiment. Default 

MQ search parameters were used. Trypsin/P was specified as protease, allowing for up 

to a maximum of 2 missed cleavages. Carbamidomethylation of cysteine was specified as 

fixed modification, while oxidation of methionine and protein N-terminal acetylation were 

considered as variable modifications. The label free quantification (LFQ) algorithm, with 

a standard LFQ min. ratio count setting of 2, as well as the iBAQ algorithm, with log fit, 

was switched on where needed. Where used, the Match-Between-Runs (MBR) algorithm 

was switched on with default settings (0.7 min and 5 min for matching and retention time 

alignment window, respectively). The false discovery rate (FDR) was set to 1 % on protein 

and peptide-spectrum matches PSM level. For Prosit rescoring16, the MQ searches were 

reprocessed (partial processing from: “reading search engine results“) with a 100 % FDR 

cut-off at protein and PSM level. The respective MQ msms.txt files were rescored by Prosit. 

Peptides with q-values ≤ 0.01 were retained and proteins were grouped based on the picked 

FDR method. For both MQ and Prosit outputs, proteins for which no unique peptide was 

found were aggregated into protein groups. For simplicity, we refer to these only as proteins 

in throughput the manuscript. Data analysis and visualization was performed using R (v 

4.1.0) in RStudio and Python.

Data repository—The mass spectrometry proteomics raw data and MaxQuant and Prosit 

search results have been deposited to the ProteomeXchange Consortium via the PRIDE 

partner repository with the data set identifier PXD028136.

Results and Discussion

Workflow for the proteomic analysis of FFPE tissue

Figure 1 schematically shows the steps in the overall workflow and that are detailed in 

subsequent sections below. Briefly, archived FFPE tissue blocks are cut into slices using 

a microtome, deparaffinized and the area of interest is micro-dissected with a scalpel. For 

protein extraction and de-crosslinking, the tissue is boiled in SDS at alkaline pH, followed 

by detergent removal and protein digestion using the SP3 method. Tryptic peptides are 

loaded onto single-use disposable Evotips for desalting and interfacing to the nanoLC 

system. Each sample is analysed twice to accommodate extensive gas-phase fractionation by 
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FAIMS prior to tandem mass spectrometry. Finally, peptide and protein identification and 

quantification are performed by MaxQuant15 and Prosit rescoring16.

Evaluation of protein extraction and de-crosslinking

We briefly revisited an established sample preparation protocol that uses 10 μm tissue slices 

and extracts proteins from FFPE material in 100 mM Tris (pH 8) 17. Three human tissue 

types were selected for this evaluation, each having different characteristics. The lymph 

node is a dense and homogeneous tissue while prostate is more heterogeneous and lung has 

a looser texture. We observed that samples extracted at a higher ionic strength resulted in 

higher numbers of identified peptides for lymph node tissue (Fig. 2A; mean of 16,694 vs. 

12,415 peptides at 500 mM vs. 100 mM Tris respectively). Similarly, raising the pH from 8 

to 9 showed a benefit for lymph node and prostate tissue (Fig. 2B; mean of 11,787 vs 17,291 

peptides at pH 8 and pH 9 respectively for lymph node). In contrast, slice thickness did 

not appear to have a strong influence (Fig. 2C). These results are in line with prior reports 

suggesting the use of higher Tris concentrations and more alkaline conditions18–20. The 

former may be explained by more efficient scavenging of the aldehydes that are liberated 

during de-crosslinking18 and the latter by more efficient hydrolysis of the formaldehyde 

cross links. Results obtained at the peptide level were mirrored at the protein level (Fig. S1) 

and thus, we settled on the use of 10 μm FFPE tissue slices and 500 mM Tris at pH 9 for all 

subsequent experiments.

Evaluation of the disposable trap nanoLC system

To characterize the nanoLC system, increasing amounts of peptides (HeLa cell line digest; 

3 - 3,000 ng) were loaded onto Evotips and separated using 44 min and 88 min LC 

methods. The authors note that the Evosep One only supports certain LC methods and 

column dimensions corresponding to e. g. 30 and 15 samples per day for the 44 and 88 min 

method respectively. While the total ion current (TIC) of MS1 scans increased as a function 

of sample loading (Fig. 3A), the number of peptides and proteins that could be identified 

saturated at loadings of 600 ng or higher (Fig. 3B, 3C). As one would expect, using the 

longer LC gradient identified more peptides (+19 %) and proteins (+29 %). Because 600 

ng of peptide yield is easily obtained from a single slice of micro-dissected tissue (4.8 μg 

median peptide yield from a 5x5 mm area of one 10 μm slice) and this loading is also 

in the linear range of the mass spectrometric signal, we used 600 ng for the subsequent 

experiments. The authors note that at low loadings (100 ng or less), a substantial loss of 

hydrophobic peptides was observed (Fig. S2), indicating that the workflow presented here 

may have to be adjusted (e. g. using smaller bed volumes of the disposable trap column or 

direct injection onto a conventional nanoLC system) to support the analysis of laser-capture 

micro-dissected tissue.

Characterization and optimization of FAIMS parameters

In order to characterize the gas phase fractionation of peptides by FAIMS, we investigated 

how many peptides can be identified from a complex digest as a function of the applied 

compensation voltage (CV), ranging from -100 V to - 20 V in 5 V intervals. The results 

showed a rather broad and skewed distribution which was independent of which LC gradient 

time was used (Fig. 4A; Fig. S3A-B). We next sought to estimate the separation power of 
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FAIMS using the peptide identifications from the 88 min gradient. About 31% of all peptide 

features (n=63,297) were detected at a single CV only, another 29 % at 2 CVs, 25 % at 3 

CVs and 15 % at more than 3 CVs (Fig. S3C). When analyzing the intensity distributions 

of these peptides across all CVs at which they were detected showed that, on average, 50 % 

of the intensity was contained within 7.3 V and 90 % within 18.7 V (Fig. 4B). These results 

indicate that multiple CVs should be used to maximize peptide coverage and quantitative 

information. Furthermore, multiple CVs should be spaced by at least 7.3 V to minimize 

redundant peptide identifications when combined in a single nLC-FAIMS-MS/MS run (see 

also below).

The total number of unique peptides identified from the 17 single CV experiments was 

51,174 (5,239 proteins; 88 min gradients). Because performing that many runs is neither 

feasible nor desirable - particularly when sample quantities are limited -, we asked how 

many and which CVs should be fitted into a single nLC-FAIMS-MS/MS run to maximize 

peptide and protein coverage. To this end, we first simulated the number of unique peptides 

that may be detectable by combining results obtained from the single CV experiments in 
silico (Fig. 4C). The analysis showed that the best combination of two CVs (-40 and -55 

V) may allow the identification of up to 30,218 peptides with less than 13 % overlap. 

Computing peptide identifications for combinations of 2-17 CVs showed that the relative 

gains become smaller the more CVs are combined. In addition, there is a substantial 

influence of which exact CVs are combined, this effect becomes smaller when many CVs 

are combined (Fig. 4D; Supplemental Table S1).

Next, we tested to which extent the above simulations may translate into practice. 

Combining 17 CVs into a single nLC-FAIMS-MS/MS run is not useful because switching 

CVs requires about 25 ms of time. This is about the same time as needed to record 

one MS/MS spectrum. Hence, a balance has to be found between using as many CVs 

as possible for peptide separation and recording as many MS/MS spectra as possible for 

peptide identification. The number of CV values that can be accommodated in a single run 

also depends on the available time which is determined by the chromatographic peak width. 

In other words, long gradients (i. e. wider LC peaks) should benefit more from combining 

multiple CVs than short gradients (i. e. sharp LC peaks). Using a gradient of 88 min and 

combining five CVs into a single run as an example, we found that only about 28,000 of 

the ~42,000 peptides expected from the simulation could actually be observed indicating 

that there was not enough time to sample all the peptides entering the mass spectrometer. 

As a result, there was also no noticeable difference between the five best combinations 

of five CVs (Fig. S3D). We note that these experiments already used the shortest tested 

MS2 scan time (15k resolution) as this provided the highest numbers of peptide and protein 

identifications for the sample loading of 600 ng used in this study. However, when less 

sample is available, higher resolution MS2 scans can be advantageous (Fig. S3E).

Next, we empirically tested the benefit of combining multiple CVs into nLC-FAIMS-

MS/MS runs using different LC gradient times of 21, 44 and 88 min (Fig. 4E). At the 

peptide level, FAIMS with a single CV value invariably reduced the number of identified 

peptides but still improved the number of protein identifications (Fig. S3F). This has been 

observed for FAIMS before13 and is a typical fractionation effect also observed in the 
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analysis of off-line HPLC separations, where different peptides of the same protein are 

distributed across fractions21. When analyzing just a single fraction (for FAIMS a single CV 

value), the mass spectrometer does not ‘see’ all of the most intense peptides at the same 

time. This allows the MS to also sample peptides of lower abundant proteins, thus sampling 

over a bigger dynamic range of the sample. Combining two CVs outperformed the number 

of peptide and protein identifications without FAIMS for all three gradients and the overall 

characteristics suggest that one, two and five CV values provide best results for 21, 44 and 

88 min gradients respectively.

Peptide and protein quantification in nLC-FAIMS-MS/MS

As for any ion mobility system, an important parameter for peptide ion separation by 

FAIMS is their charge state. As tryptic peptides predominantly produce multiply charged 

ions, FAIMS is also an effective way to prevent singly charged background ions to enter the 

mass spectrometer. This keeps the instrument clean for longer times and can also facilitate 

the detection of low abundant multiply charged ions. However, the fact that the FAIMS 

device effectively blocks the entrance to the mass spectrometer, there is also the chance of 

losing ions produced by the electrospray source. In addition, and as shown above, only a 

part of the peptide ion signal is transmitted at a single CV. Both effects reduce the number 

of detectable ions and may negatively affect quantitative performance. This is illustrated in 

Fig. 4F where the intensities of identified peptides are shown as a function of their charge 

state and comparing their intensities without and with FAIMS (single CV of -45V). It is 

apparent, that the intensities of doubly and triply charged peptides (the vast majority of 

tryptic peptides) are substantially lower with FAIMS. When comparing the intensities of 

individual peptides measured with and without FAIMS, we observed a drop in Pearson 

correlation coefficient from 0.89 (two replicates without FAIMS) to 0.73 (no FAIMS vs. 

FAIMS with 1 CV) (Fig 2G-H, Fig. S4A). This is due to the aforementioned effect that a 

single CV is not optimal for many peptides. Even if it is, that single CV typically does not 

transmit the entire signal. Hence, the correlation improves to r=0.83 when three or more 

CVs are combined because more of the total signal of a given peptide can be detected. Still, 

this does not fully compensate for the absolute loss of ions by the FAIMS device. When 

rolling up peptide into protein intensities, the correlations between FAIMS and no FAIMS 

are much better (r=0.90) particularly when at least two CV values are included. Not only 

does this capture more of the signal of a particular peptide, it also increases the number of 

identified peptides per protein (Fig. 4H, Fig. S4B, S5).

Gas-phase vs basic pH reversed-phase fractionation

One popular approach to obtain deeper proteome coverage from a given sample is 

fractionation by basic pH reversed-phase (bRP) chromatography on ‘StageTips’ because 

this is partially orthogonal to online coupled low pH chromatography14, 22. Although this 

step may be automated on liquid handling platforms to compensate for the additional 

time needed, a disadvantage is that some sample loss is inevitably incurred. Therefore, 

nLC-FAIMS-MS/MS may be an attractive alternative as it does not require the laboratory 

step and sample losses may be minimized at the same time. To test this hypothesis, a 

series of experiments was performed as outlined in Fig. 5A (more details in Fig. S6A). 

To remove the influence of sample losses during bRP, a large quantity (20 μg) of HeLa 
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digest was separated on StageTips into four fractions. 600 ng peptides per fraction were 

loaded on Evotips and each fraction was measured using the 44 min gradient with or 

without FAIMS (2 CVs). This led to the identification of, on average, 5,247 and 5,821 

proteins respectively (n=3). To analyse the same digest without fractionation but using 

the same amount of nLC-MS/MS time, 600 ng of peptides were loaded onto Evotips and 

analysed twice using an 88 min gradient with or without FAIMS (2 sets of 5 CVs per run; 

total of 10 different CVs). On average, this led to the identification of, 3,799 and 5,368 

proteins respectively (n=3) showing that nLC-FAIMS-MS/MS can reach a similar proteomic 

depth as bRP fractionation but using half of the amount of sample and not requiring 

additional laboratory steps. Replicate analysis of the above experiments (n=3) showed that 

nLC-FAIMS-MS/MS was similarly reproducible as bRP fractionation nLC-MS/MS, both 

achieving a coefficient of variation (CoV) of less than 15 % for more than 90 % of the 

quantified proteins (Pearson correlation coefficient r>0.95 for intensities of replicates) and 

performing substantially better than the analysis without any fractionation (Fig. 5B; Fig. 

S6B). Finally, applying the ‘match-between-run’ feature of MaxQuant/Andromeda and/or 

Prosit rescoring of database search engine results16, 23 led to nearly 5,900 proteins that can 

be detected from 1.2 μg of HeLa peptides within 3 hours of nLC-FAIMS-MS/MS time (Fig. 

5C).

Application of nLC-FAIMS-MS/MS to the analysis of FFPE tissue material

In light of the above technical evaluation, we conclude that nLC-FAIMS-MS/MS can yield 

good quantitative performance for a large number of proteins from a limited amount of 

FFPE sample and using an acceptable amount of time per sample. This makes it a viable 

option for the analysis of clinical FFPE material. To show that this is indeed the case, 

we deployed the workflow shown in Fig. 1 to the proteomic profiling of three exemplary 

FFPE tissues (n=3 each). Combining the results of each individual tissue, a total number 

of 6,395, 5,463 and 5,704 proteins could be identified from lymph node, lung and prostate, 

respectively (Fig. 5A, Fig. S7). The dynamic range of protein abundance as measured by 

the iBAQ approach24 spanned nearly 7 orders of magnitude for all three tissues (Fig. 6B). 

Transforming this data into a cumulative abundance plot, confirmed yet again that the vast 

majority of the total protein content of a tissue is comprised of few proteins and that this 

characteristic is tissue-dependent. For example, prostatic acid phosphatase (ACP3) is highly 

abundant in prostate but positioned at the lower end of the abundance distribution in the 

other two tissues. Similarly, caveolae-associated protein 2 (CAVIN2) is highly expressed 

in the lung, moderately expressed in prostate and of low abundance in lymph node. In 

contrast, protein tyrosine phosphatase receptor type C-associated protein (PTPRCAP), a 

CD-45 associated protein, is high the lymph node but low in the other two tissues.

Conclusions

The results obtained above for the analysis of FFPE tissue proteomes compare well to 

published work in this area. For instance, Coscia et al.3 analysed several tumor entities 

and identified ~5,000 proteins without fractionation in two hours of LC-MS/MS or ~7,000 

proteins in the same time when using data independent analysis (DIA). Pozniak et al.25 

analysed a cohort of breast cancer patients and quantified ~1700-7,700 proteins per patient 

from 12 FFPE slices followed by chromatographic fractionation and requiring ~24 hours 

Eckert et al. Page 10

J Proteome Res. Author manuscript; available in PMC 2022 December 03.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



of time per sample. Buczak et al.26 used tandem mass tags27 for sample multiplexing and 

basic pH off-line fractionation and report the identification of 5,000-6,000 proteins from 

single FFPE slices of hepatocellular carcinoma patients requiring the equivalent of 4 hours 

of time per patient. All these approaches clearly have merit. Some are rather laborious, 

some require expensive stable isotope reagents and some consume larger amounts of sample 

and/or time. The workflow advocated in this study aimed to balance many of these aspects 

to enable the measurement of large sample cohorts. This is important to ensure that e. g. 

biomarker identification campaigns are statistically well powered. Experience from work 

in the authors’ laboratory (>1,000 FFPE samples from different tumor entities) suggests 

that disposable trap column nLC-FAIMS-MS/MS provides the necessary throughput and 

robustness to achieve this. The workflow also offers substantial potential for downscaling 

e. g. to samples obtained by laser-capture micro-dissection. Given that disposable trap 

nanoLCs and FAIMS are becoming more widely available, we anticipate that the workflow 

presented in this study will find ample application in the field.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic representation of the proteomic workflow for FFPE material evaluated in this 

study (created using BioRender). Drawing of the Evosep One LC courtesy of Evosep 

Biosystems. Drawing of the FAIMS Pro™ interface and Orbitrap Exploris™ 480 mass 

spectrometer courtesy of Thermo Fisher Scientific.
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Figure 2. Influence of selected sample preparation parameters on the number of peptides 
identified from FFPE material.
(A) Ionic strength of the extraction buffer, (B) pH of the extraction buffer and (C) thickness 

of tissue slices. For each analysis, 50 ng of peptide digest were analysed by a 60 min 

nLC-MS/MS run. Error bars indicate the standard error of mean (SEM). For numbers of 

replicates see Supplemental Table S1.
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Figure 3. Results of the analysis of dilution series of Hela cell line digests using an Evosep One 
nLC system that operates at fixed gradients of either 44 or 88 min.
(A) Summed total ion current (TIC) for all MS1 scans, (B) number of identified protein 

groups and (C) number of identified peptides as a function of sample loading onto Evotips.
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Figure 4. Characterization of FAIMS parameters.
(A) Distribution of peptide identification at different compensation voltages (CV) and 

gradient lengths. (B) Approximation of FAIMS resolution by analysing the intensities of 

peptides detected at different CVs relative to the intensity at their optimal CV (88 min 

gradient data shown). Arrows and values indicate the full width at half maximum (dark blue) 

or the width of the distribution at 10% maximal intensity (purple). (C) Absolute number of 

identified peptides (blue scale) and relative number of overlapping peptides (purple scale) 

for any two combined CVs (88 min gradient data shown). (D) In-silico analysis of the 
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number of unique peptides that may be identified by combing between 2-17 CV values 

(based 88 min gradient data). (E) Number of actually identified peptides when combining 

several CVs within an nLC-MS/MS run of different gradient lengths. (F) Precursor ion 

intensity distributions of peptides detected in different charge states with or without FAIMS 

(CV=-45 V). (G) Scatterplot of peptide precursor ion intensities with or without FAIMS 

(CV=-45 V). The dashed line marks the diagonal and the purple line depicts the linear 

regression (r=Pearson correlation coefficient). (H) Correlation of peptide and protein group 

intensities of nLC-MS/MS runs applying the indicated number of internal CVs to the 

nLC-MS/MS run without FAIMS (For 0, another replicate without FAIMS was used).
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Figure 5. Comparison of proteomic depth obtained by FAIMS or off-line fractionation.
(A) Peptides identified (with SEM) with or without FAIMS and with or without basic pH 

reversed-phase fractionation (bRP; four fractions). Two sets of five CVs were combined for 

88 min separations and 2 CVs were used for 44 min separations. (B) Empirical cumulative 

distribution function (ECDF) of the quantitative reproducibility described by the coefficient 

of variation (CoV) based on protein group intensities of three replicates (same data as for 

A). (C) Effect of using the ‘match between runs’ (MBR) feature of MaxQuant and/or Prosit 
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rescoring on the number of identified proteins (with SEM, 88 min gradient with double 

injection using FAIMS with two sets of 5 CVs).
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Figure 6. 
Analysis of three exemplary human FFPE tissues (A) Number of proteins identified from 

lymph node, lung and prostate (n=3 each) by standard database searching, match-between-

runs enabled and re-scored by Prosit. Horizontal lines depict the total number of proteins 

identified in each tissue. (B) Cumulative protein abundance distributions of the three human 

tissues. The inset shows a density plot of protein abundance measured by the iBAQ approach 

(intensity-based absolute protein quantification). Tissues are color coded and examples for 

proteins detected in all three tissues but in very different quantities are marked.
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Table 1
Cycle times set for different gradients and different numbers of internal CVs

cycle time per experiment [sec]

number of internal CVs 21 min 44 min 88 min

0 (FAIMS not mounted) 1 2 3

1 1 2 3

2 0.5 1 1.5

3 0.4 0.66 1

4 - 0.5 0.75

5 - - 0.6

6 - - 0.5

7 - - 0.42
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