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Abstract

In this work, we pioneered a combination of ultralow flow (ULF) high-efficiency ultranarrow bore 

monolithic LC columns coupled to MS via a high-field asymmetric waveform ion mobility 

spectrometry (FAIMS) interface to evaluate the potential applicability for high sensitivity, robust, 

and reproducible proteomic profiling of low nano-gram-level complex biological samples. As a 

result, ULF LC-FAIMS-MS brought unprecedented sensitivity levels and high reproducibility in 

bottom-up proteomic profiling. In addition, FAIMS improved the dynamic range, signal-to-noise 

ratios, and detection limits in ULF LC–MS-based measurements by significantly reducing 

chemical noise in comparison to the conventional nanoESI interface used with the same ULF LC–

MS setup. Two, three, or four compensation voltages separated by at least 15 V were tested within 

a single LC–MS run using the FAIMS interface. The optimized ULF LC-ESI-FAIMS-MS/MS 

conditions resulted in identification of 2,348 ± 42 protein groups, 10,062 ± 285 peptide groups, 

and 15,734 ± 350 peptide-spectrum matches for 1 ng of a HeLa digest, using a 1 h gradient at the 

flow rate of 12 nL/min, which represents an increase by 38%, 91%, and 131% in respective 

identifications, as compared to the control experiment (without FAIMS). To evaluate the practical 

utility of the ULF LC-ESI-FAIMS-MS platform in proteomic profiling of limited samples, 

approximately 100, 1,000, and 10,000 U937 myeloid leukemia cells were processed, and a one-

tenth of each sample was analyzed. Using the optimized conditions, we were able to reliably 

identify 251 ± 54, 1,135 ± 80, and 2,234 ± 25 protein groups from injected aliquots corresponding 

to ~10, 100, and 1,000 processed cells.
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Deep proteomic profiling (i.e., at the level of thousands of characterized proteins) of scarce 

biological and clinical samples is still a major challenge. The ability to qualitatively and 

quantitatively characterize numerous proteins and their post-translational modifications 

(PTM) present in limited samples (e.g., microneedle biopsies, microsampled liquid biopsies, 

populations of rare cells, and even individual single cells) is highly important for acquiring 

new knowledge in fundamental biology research and enabling novel diagnostic and 

prognostic studies.1–4 In bottom-up proteomic approaches, proteins of highly complex 

samples are enzymatically cleaved into numerous peptides of vastly different structures, 

concentration levels (i.e., the wide dynamic range), and physicochemical properties, 

including peptide length, polarity, hydrophobicity, ionization efficiency, and chemical 

stability, which collectively pose a significant challenge for in-depth LC–MS-based 

proteomic profiling. Therefore, high-efficiency separation, e.g., capillary electrophoresis1,5–7 

or LC,8 is needed to increase the detection sensitivity by ESI-MS. In the past decades, 

significant efforts were devoted to improving the detection sensitivity, separation 

performance, and throughput of LC–MS analysis by decreasing the flow rate, downscaling 

the column diameter, and increasing the column length.9–13 With an increased need for the 

improved separation efficiency and, therefore, the depth of profiling sensitivity in LC–MS-

based proteomics,14,15 the development of nanoLC columns has been rapid, and sub-2-μm 

bead-packed,16,17 monolithic2,11,18–20 and open-tubular2,21–25 capillary columns, as well as 

pillar array columns,26 have been developed, as overviewed in several recent reviews.27–30

Currently, conventional nanoLC separations are carried out in packed fused-silica capillary 

columns with internal diameters (IDs) between 50 and 100 μm, typically operated at a flow 

rate between 100 and 400 nL/min, as the process of high quality packing in nanoLC 

columns with IDs below 50 μm is reportedly challenging.17,29,31 Monolithic stationary 

phases have been an attractive alternative for high complexity samples in proteomics 

applications as a result of their high permeability, low backpressure, ease of preparation, 

diverse surface chemistries, significant control on the porosity and structure of the stationary 

phase, high separation efficiency, and broad selectivity.11,18,27,28,32–34 While in the past, 

monolithic columns posed issues with inconsistent reproducibility, more recent reports show 

reasonable reproducibility of column preparation and performance; moreover, there are 

examples of monolithic columns that were commercialized.11,29,35 Rapid and highly 
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efficient separation of complex peptide, protein, metabolite, oligonucleotide, and other small 

or large molecule mixtures can be routinely achieved using monolithic columns.28,32,36 

When connected to MS, high-efficiency ultranarrow bore monolithic LC columns (≤20 μm 

ID) operated at ultralow flow (ULF) rates (≤20 nL/min) significantly increase the sensitivity 

of nanoESI-MS, resulting in an improved depth of qualitative and quantitative molecular 

profiling of limited clinical and biological samples.11,18 Smaller eluent droplets generated 

by the nanoESI emitter with ULF LC–MS result in higher ionization efficiency of analyte 

species, lower ion suppression, and a miniaturized nanoESI plume, leading to higher ion 

transfer efficiency and improved MS sensitivity. The performance of ULF columns has been 

effectively demonstrated in high sensitivity LC–MS-based bottom-up and top-down 

proteomics applications and has also established the potential of ULF LC–MS for reaching 

the sensitivity levels required for proteomic profiling of individual cells.2,22,31,37 Despite the 

reported attractive advantages, the current implementations of the ULF LC–MS technology 

still lack the sufficient robustness and reproducibility required to become commercialized 

and widespread.

During the last 15 years, mass spectrometric technologies have undergone a substantial 

evolution, as evident from the improvements in the speed of data acquisition, detection 

limits, mass range, mass resolution, and mass accuracy.14,38,39 Several key advances were 

made to improve ion sampling in sources of mass spectrometers and interfacing of liquid-

phase separations with MS. One example of such advances is high-field asymmetric 

waveform ion mobility spectrometry (FAIMS), which is an atmospheric pressure ion 

mobility technology that separates gas-phase ions by their characteristic differences in 

mobility in an asymmetric electric field.40,41 Over the past several years, high-resolution 

FAIMS technologies were developed.42 The benefits of the FAIMS interface were 

demonstrated for diverse qualitative and quantitative proteomics applications, including top-

down,43,44 middle-down,45 and bottom-up proteomics39,46–48 and lipidomics.49,50 

Comprehensive overviews of the state-of-the-art FAIMS MS-based proteomics techniques 

can be found in several recent reviews.51–53 FAIMS has shown significant advantages by 

focusing and separating multiply charged peptide ions from interfering singly charged 

background ions, resulting in improved dynamic range and detection limits in MS-based 

measurements.47,54,55 However, it was reported that a fraction of multiply charged ions are 

lost in the interface, and therefore, FAIMS can decrease the ion transmission efficiency and 

the MS signal.47,55–57 The total depth of molecular profiling may be therefore compromised 

if the ion transmission efficiency is decreased by FAIMS, especially when minute amounts 

of starting material are used (i.e., low ng-level). On the basis of our knowledge, there are no 

reports showing a practical utility of the FAIMS technology on proteomic analysis on such 

low amounts of complex biomedical samples.

In this work, for the first time, we demonstrate the combination of high-efficiency ULF 

separation, using ultranarrow bore monolithic nanoLC capillary columns interfaced with MS 

using the FAIMS technology. To the best of our knowledge, this is the first report showing 

the increased depth of proteomic profiling for low-ng proteomic samples and LC columns 

operated at flow rates below 250 nL/min.45 In-house polymerized polystyrene-

divinylbenzene (PS-DVB) monolithic columns, that were operated at a flow rate of 12 nL/

min, and the FAIMS Pro technology interfaced with an Orbitrap Fusion Lumos significantly 
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increased the depth of proteomic profiling for low-ng standard HeLa digest sample as well 

as limited samples containing approximately 10, 100, and 1,000 U937 myeloid leukemia 

cells per LC injection compared to the control experiments (without FAIMS).

MATERIALS AND METHODS

Nano-Liquid Chromatography.

The monolithic column preparation procedure followed a previously published protocol with 

minor changes.2,11,18 In brief, a fused silica capillary was pretreated with 1 M NaOH and the 

inner surface was silanized. The polymerization of the polymerization mixture was initiated 

using elevated temperature. More experimental details are provided in the Supporting 

Information. An Ultimate 3000 nanoLC system (Thermo Fisher Scientific, Waltham, MA) 

was used for nanoLC separations. Several system adjustments to plumbing and connections 

were required to generate flow rates below 50 nL/min (see schematic in Figure 1). The 

monolithic column was connected to a column switching valve via a NanoViper LC Column 

to MS Tubing (20 μm × 360 μm × 1 m, P/N 6041.5293, Thermo) to a microtee (P/N P888, 

IDEX Health & Science, Lake Forest, IL). The end of the monolithic column was connected 

butt-to-butt to the ESI emitter (FS360-10-5-D-20, NewObjective, Woburn, MA) via a Teflon 

union (P/N 161030, Thermo) to achieve a zero dead volume connection. The ESI voltage 

was applied to a distal coated emitter, and a Nanospray Flex Ion Source (Thermo) was used 

to generate stable nanoESI of the eluate. A 15 cm × 10 μm ID capillary connected to the tee 

union served as a restrictor to generate the ULF at 12 nL/min (Figure 1b). During the sample 

loading step, the splitting capillary was connected to a plug through a switching valve; 

otherwise, the restrictor was connected to a waste line to generate the desired flow rate. The 

sample was loaded at 50 nL/min for 1 h using 1% of solvent B. Peptides were eluted at 12 

nL/min from the column with a 1 h linear gradient from 1% B to 15% B, where solvent A 

consisted of 0.1% formic acid (FA) in water and solvent B of 0.1% FA in acetonitrile (ACN). 

The solvent composition was switched from 15% B to 80% B over 2 min and held constant 

for 3 min. Finally, the mobile phase composition was changed from 80% B to 1% B over 0.1 

min and then held constant at 1% B for 45 min. The HeLa protein digest standard (P/N 

88328, Thermo) was resuspended in 1% FA in water (to 1, 10, 50, and 100 ng/μL) and 

analyzed in triplicate.

Mass Spectrometry and FAIMS.

MS experiments were performed using an Orbitrap Fusion Lumos equipped with an 

Ultimate 3000 nanoLC system (both Thermo). LC–MS-based profiling experiments were 

conducted with or without a FAIMS Pro interface (Thermo) mounted to the MS to assess the 

impact on the results of proteomic profiling. These experiments were labeled in the text and 

figures as “FAIMS” or “control,” respectively. The ion transfer tube temperature was set to 

275 °C. The ESI voltage was set to 1.5 kV using a Nanospray Flex Ion Source.

The ULF LC-FAIMS-MS/MS experiments were performed using the following 

experimental settings: the temperatures of the FAIMS inner electrode, outer electrode 1, and 

outer electrode 2 were set to 100 °C (Standard Resolution Mode) and the FAIMS user set 

gas flow of 0 L/min was used. Multiple compensation voltages (CVs) were evaluated within 
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each single stage MS data acquisition method (“internal CV stepping” type of experiment, 

see Table S1) followed by tandem MS data acquisition as described below. An example of 

the MS method where 4 CVs were used within 6 s total MS cycle time is in Figure S1.

Data Analysis.

All raw files were analyzed using Proteome Discoverer (v. 2.3, Thermo) and MaxQuant (v. 

1.6.14.0)58 software using matched parameters wherever possible, and the UniProtKB/

Swiss-Prot human database (Release 2020_01, containing 20,302 reviewed sequences) was 

used. A nonredundant contaminant database was created combining the MaxQuant and the 

common Repository of Adventitious Proteins (cRAP) contaminant fasta databases 

(containing 276 sequences) to filter out common contaminant proteins.59

The MS proteomics data have been deposited to the ProteomeXchange Consortium via the 

PRIDE60 partner repository with the data set identifier PXD020669. Additional 

experimental details about materials, reagents, and methods, including U937 cell culture, on-

micro SPE tip-based sample processing, preparation of monolithic column, mass 

spectrometry, and data analysis are provided in the Supporting Information.

RESULTS AND DISCUSSION

Coupling ULF liquid phase separations to MS proved to be promising for increasing the 

sensitivity and depth of proteomic profiling of limited samples (low-ng), as compared to 

conventional nanoflow techniques.10,13 The FAIMS interface was successfully applied in 

nano- and microflow LC–MS proteomic applications using the flow rate of ~250 nL/min to 

400 μL/min,45,61 and the majority of sample amounts were ranging from microgram to 

milligrams levels of complex proteome-level samples.39,45,47,54,62–65 Examples of the 

analysis of ng-level samples, 5 ng39 and 100 ng47 of tryptic peptides, were recently shown. 

However, the applicability of FAIMS in analysis of limited samples (i.e., low ng-level) and 

in combination with ULF separation techniques, where the ion transmission efficiency and 

the general compatibility of the FAIMS interface with both very low influx of ions and ULF 

of the eluent (sub-20 nL/min) are critical, has not yet been reported, to the best of our 

knowledge.

In order to demonstrate how ULF LC, using polymeric ultranarrow bore (20 μm ID) 

monolithic columns coupled with MS via the FAIMS Pro interface, can enhance the 

proteomic profiling of limited samples, we first analyzed a commercially available digested 

HeLa cell lysate standard as a representative high-complexity sample. Sample aliquots were 

diluted to desired concentration levels corresponding to total amounts of digested protein 

ranging from 1 to 100 ng, which approximately corresponds to 5–500 HeLa cells, 

respectively.31 The specimens were analyzed with and without the FAIMS Pro interface 

placed between the nanoESI emitter of the column outlet and the inlet of the mass 

spectrometer (Figure 1c).

Experimental Setup.

An in-house prepared PS-DVB-based monolithic column (20 μm ID × 35 cm) with 

incorporated C18 moieties to increase the column hydro-phobicity was used in this study 
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(Figure 1a). The zoomed-in SEM image reveals a homogeneous and continuous bed 

structure attached to the capillary wall without any gaps. A conventional nanoLC system 

was used to load the sample at 50 nL/min and to apply the gradient elution at 12 nL/min 

using split flow (Figure 1b). To each FAIMS experiments, replicate control experiments 

(without FAIMS Pro interface incorporated into the workflow) were conducted to assess the 

change in the profiling sensitivity (Figure 1c).

Background Noise Reduction in ULF LC–MS of Low ng Samples Using FAIMS Pro 
Interface.

We assessed if the application of the FAIMS technology to our ULF LC–MS workflow in 

the analysis of low ng samples would benefit from the same reduction in noise level, as 

previously reported, and if the reduced noise level is one of the reasons for the improved 

profiling sensitivity.39,46 We compared LC–MS base peak intensity chromatograms (BICs) 

for 1 ng of the HeLa standard analyzed with and without the FAIMS Pro interface (Figure 

2a–b). To plot BIC traces for the FAIMS experiments, we combined the LC–MS BIC for all 

CVs. The initial examination of the BICs expectedly showed similar patterns in peak 

distribution throughout the elution profile and comparable signal intensity in the FAIMS 

experiments for the same sample amount. Background ion signal was estimated by 

observing the BIC signal during the “empty” retention time (RT) ranges of the 

chromatograms (before or after the elution of sample peaks and during column 

equilibration). When the control experiments are compared to the FAIMS experiments, the 

background chemical noise reduction observed is 3 orders of magnitude lower in the FAIMS 

experiments (Figure 2c–d, Figure S2a–g). The background noise level in the FAIMS 

experiments is in the range of 1.0E3–1.0E4, while in the control experiments, the noise level 

was at much higher values of 1.0E6–1.0E7. Most of the background noise signal in the 

control experiments corresponds to singly charged polysiloxane ions that are partially or 

completely removed by the FAIMS interface depending on the used CV. In fact, the highest 

intensity polysiloxane (m/z 445.12) was ~100% removed with all evaluated CVs (Figure 2e–

f). These results, combined with comparative peptide signal measurements, confirm that the 

FAIMS technology helped substantially decrease the level of chemical noise without a 

corresponding drastic reduction in the signal intensity for peptides (Figure 1c, Figure 2a–b, 

and Figure S3), which collectively led to, on average, improved signal-to-noise (S/N) ratios 

and detection limits in nanoLC- MS-based proteomic profiling. To assess the effect of 

FAIMS on S/N ratios, we randomly selected several (n = 12) multiply charged high 

abundance peptide peaks across the whole gradient elution profile. The representative data 

show an ~1.6-fold improvement in the S/N ratio for most of the selected high abundance 

peaks (Figure S3).

Similar observations regarding the reduction of the background chemical noise, signal 

suppression, and ion interference due to the effective removal of singly charged ions by the 

FAIMS interface versus control experiments, using identical data acquisition parameters 

(e.g., automatic gain control, ion accumulation time), were made after examining the 

generated ULF LC–MS ion density maps for analyses of ng-level HeLa samples (1 and 100 

ng, see Figure 2g–l and Figure S4a–f, and for 10 and 50 ng, data not shown). For example, 

in a representative LC–MS ion density map for the analysis of 1 ng of the HeLa standard, 
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multiple singly charged contaminant ions (e.g., siloxanes, polymers) were detected across 

the wide range of RTs in the control experiments and significantly removed or decreased in 

their intensity levels in the FAIMS experiments (Figure 2g–l). Such ion species with m/z 
values of 445.12, 462.15, 519.14, 536.17, etc. that were predominant in the control 

experiments were substantially diminished in intensity (often to the level below the LOD, 

i.e., completely removed from the experimental data) in the FAIMS experiments, mainly 

correspond to polysiloxanes, common contaminants in LC–MS.66 Thus, there are no 

detected peaks corresponding to polysiloxanes in the described “empty” RT ranges (Figure 

2g–k) that dramatically reduced overall noise. Additionally, numerous singly charged ions at 

the end of the gradient elution (at around 136 min), which most likely correspond to 

polymeric and other hydrophobic contaminants, were significantly reduced in the FAIMS 

experiments (Figure 2g–l). A few low-intensity streaking peaks (e.g., with m/z of 450.77 and 

567.78) that are observed between the retention times of 70 and 80 min (Figure 2g–k) 

correspond to highly hydrophilic peptides, that are poorly retained on the monolithic column 

and elute in broad tailing peaks. Ion density maps plotted for different CVs show distinct 

peptide patterns (Figure 2h–k). Similarly, unique peptide detection patterns and the 

decreased noise level were observed in LC–MS ion density maps, when larger amounts of 

the HeLa standard were analyzed (Figure S4a–f).

Next, we examined BICs for individual CVs, using a normalized intensity scale for 1 ng of 

the standard HeLa digest analyzed at CV steps of −85, −70, −55, and −40 V (Figure 3a). The 

lowest CV (−85 V) showed slightly lower BIC intensity compared to the three remaining 

CV steps, but in general, comparable base peak intensities and numbers of detectable peaks 

were observed. The distribution of peptide-spectrum matches (PSMs) counts for each CV 

value was nonuniform and showed a significant number of PSMs detected across all CV 

steps (Figure 3b). A level of redundancy in PSMs between different CV steps is shown in the 

Venn diagram (Figure 3c). From the total number of 47,003 PSMs identified in the FAIMS 

experiment for 1 ng of the HeLa standard (vs 20,381 in the control experiment under 

optimized conditions), approximately 8%, 14%, 24%, and 33% are unique for −85, −70, 

−55, and −40 V, respectively. These results support the expectations that MS data acquisition 

using different CVs will result in complementary sets of peptide identifications in ULF LC–

MS.

Optimization of FAIMS Parameters and Total MS Cycle Time.

Traditionally, there are two approaches in conducting ESI-based experiments using a FAIMS 

technology: (i) the external stepping method, when each analysis is conducted using a single 

CV, and (ii) the internal stepping method, when multiple CVs are used within a single 

analysis.47,62 The internal stepping method was used in our study. We initiated our ULF LC-

FAIMS-MS method optimization efforts in the analysis of the HeLa digest standard using 

the reported conditions for a 1 h gradient with minor modifications (single CV, −60 V).47 

However, in our hands, these pilot experiments did not result in an improved depth of 

proteomic profiling in comparison to the control experiments for low-ng HeLa samples (data 

not shown). Next, we evaluated two, three, and four CVs keeping the same total MS data-

dependent acquisition (DDA) cycle time or “cycle time,” as referred below, of 3 s (e.g., two 

CVs: −75 V and −55 V, 1.5 s/CV, see Table S1). It is worth noting that the total number of 
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CVs or total cycle time is not limited. To increase the selectivity of the FAIMS Pro interface 

in the transmission efficiency for various peptide ion species depending on their charge and 

structural features and to decrease an overlap between precursor ion selection for MS/MS 

fragmentation, the used CVs were spaced at least 10–15 V apart.39,47 In the control 

experiments, the same total cycle time of 3 s was used (see Table S1 for additional 

experimental details).

The control experiments (total cycle time 3 s) for 1 ng of the HeLa standard resulted in the 

identification of ~1,700 protein groups and ~5,300 peptide groups (Figure 4a, Table S2). The 

initial experiment, using two CVs, did not outperform the 3 s cycle time control experiment. 

Therefore, we evaluated the impact of the increased number of CVs. Three and four CVs 

were used in the following experiments. Figure 4 shows the positive impact of the increased 

number of CVs, using the same total MS cycle time, on the protein identification results. On 

the basis of this evaluation, four CVs (−85, −70, −55, and −40 V) were selected for all 

subsequent experiments.

As the next step in our method optimization, the total MS cycle time was optimized to allow 

more MS2 scans to be acquired and to further increase the depth of proteomic profiling. The 

time allowed for one CV was increased from 0.75 s/CV up to 1.75 s/CV (Figure 4, Table S1, 

and Table S2). In Figure 4, values between 0.75 and 1.5 s/CV were not included for clarity 

purposes but can be seen in Table S2. These experiments demonstrated an increasing trend 

in the number of identification attributes from 0.75 to 1.5 s/CV followed by a drop at 1.75 

s/CV, indicating that the highest values in protein/peptide identification attributes were 

reached at 1.5 s/CV using the evaluated experimental conditions that included 4 CVs in the 

internal stepping method. The control experiments were conducted using the total cycle time 

varied from 3 s up to 7 s (in 1 s increments), with a maximal protein/peptide identification 

results in most of the evaluated sample loads acquired at or around the cycle time of 3 s 

(Table S2). In the figures presenting the HeLa digest experiments, we show the results for 3 

s cycle time control experiments compared to the results of the 1.5 s/CV, 4 CVs FAIMS 

experiments (Figure 1–3, Figure 5, and Figure S2–S5). The optimized ULF LC-ESI-FAIMS-

MS/MS conditions resulted in the identification of 2,348 ± 42 protein groups, 10,062 ± 285 

peptide groups, and 15,734 ± 350 PSMs from 1 ng of the HeLa digest standard as compared 

to the control experiment, which resulted in 1,697 ± 41 protein groups, 5,271 ± 32 peptide 

groups, and 6,809 ± 77 PSMs), using a 1 h gradient at the flow rate of 12 nL/min (Figure 4a, 

Table S2). This represents an increase of 38%, 91%, and 131% in protein groups, peptide 

groups, and PSMs, respectively. It is worth noting that the number of MS/MS scans 

remained approximately the same across all experiments. The detailed protein, peptide, and 

PSM identification results for all sample loads (1, 10, 50, and 100 ng of the standard HeLa 

sample), and all MS methods (7 FAIMS methods, 5 control methods) are summarized in 

Table S2.

Our results represent a significant increase in protein identifications in comparison to the 

recent reports using state-of-the-art techniques. For example, in a recent study, the sample 

was loaded onto 20 μm ID bead packed nanoLC column that was operated at ~20 nL/min 

using a 120 min long gradient and was coupled to an Orbitrap Fusion Lumos MS and ~1,650 

proteins and ~9,100 peptides were identified using 2 ng of the HeLa digest standard.31 In 
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this study, we used a shorter gradient (1 h) and 1 ng of the HeLa digest standard. Using the 

optimized ULF LC-ESI-FAIMS-MS/MS conditions, we were able to identify +42% and 

11% more protein groups and peptide groups, respectively. We expect that using a longer 

gradient, the depth of proteomic profiling may be further improved with our approach.16

On the basis of our observations, using both monolithic and bead-packed column (data not 

shown), the optimal total cycle time (time per each CV) and the number of CVs are highly 

dependent on the column performance, in particular, the chromatographic peak widths of the 

peptides being separated. The FAIMS settings were optimized for the described ULF LC–

MS/MS conditions, and additional optimization might be required for modified conditions. 

For the monolithic columns we used in this study, the average peak widths at 10% and 50% 

peak height were 30.4 and 13.4 s, respectively, and the peak capacity was ~750 (data for 1 

ng standard HeLa sample).

FAIMS Increases Protein Sequence and Proteome Coverage in ULF LC–MS-Based 
Profiling.

The total number of protein groups identified in the analyses of 1 ng of the HeLa standard 

using the optimized experimental ULF LC–MS conditions for both, the FAIMS (4 CVs, 6 s 

total cycle time), and control (3 s total cycle time) experimental setups, was 2,724 (100%), 

with 603 (22%) unique to FAIMS, 108 (4%) unique to the control experiment, and 2,013 

(74%) were observed in both experiments (Figure 5a–b). A similar trend was observed for 

peptide groups and PSMs. In addition, 28% and 71% more of unique protein and peptide 

groups were detected using FAIMS that were not detected in the control experiments.

The FAIMS Pro interface not only increased the number of identified proteins and peptides 

compared to the control ULF LC–MS experiments but also improved the protein sequence 

coverage (SeqCov) (Figure 5c) as the median SeqCov increased from 8% to 13%. These 

results demonstrate potential improvements to quantitation, PTM analysis, protein 

characterization, and other applications in proteomics, where both the SeqCov and the depth 

of profiling are critical.

FAIMS Improves Isolation Interference in ULF LC–MS-Based Proteomic Profiling.

In a typical bottom-up DDA proteomics workflow, the precursor ion detected in the MS1 

full scan mode is selected for fragmentation with a user-defined ion isolation m/z window. 

This selection step can reduce the chemical noise level, and in the ideal case scenario, only 

one precursor ion species is fragmented in a single MS2 scan. In reality, however, other 

closely eluting precursor ions (singly- or multiply charged) with similar m/z values (or their 

naturally occurring isotopes) are often coisolated and fragmented together within the 

precursor isolation window.67,68 Such coisolation may compromise the reliability and 

sensitivity of peptide/protein identification, as well as the accuracy of MS2-based 

quantitation. In our ULF LC–MS experiments, the FAIMS Pro interface significantly 

reduced the isolation interference for individual CVs and for the combined results (Figure 

5d), resulting in superior spectral quality and lower quality q-values for peptide 

identifications (arithmetic mean: 0.00206 for FAIMS and 0.00248 for control; median: 

0.00091 for FAIMS and 0.00169 for control), which, when combined, can contribute to the 
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improved sensitivity and depth of the proteomic profiling. The reduced coisolation is also 

expected to improve the accuracy of quantification (e.g., iTRAQ or TMT).68

FAIMS’ Selectivity for Charge States of Peptides Improves the Profiling Sensitivity of ULF 
LC–MS.

Next, we evaluated the charge state distributions for MS1 features detected in the FAIMS 

and control experiments for 1 ng of the HeLa standard (Figure 5e) during the time range of 

the effectual elution gradient (70–150 min, see Figure 2, Figure 3, and Figure S4). In our 

DDA ULF LC–MS/MS experiments, singly charged ions were not subjected to MS2 

fragmentation. However, the presence of high abundance singly charged ions could lead to 

detrimental effects decreasing the overall depth and sensitivity of LC–MS-based proteomic 

profiling (e.g., the fill time with a set AGC target, S/N levels for multiply charged ions in the 

same scan, space charging, overlaps in isotope envelopes of multiply charged ions leading to 

an increased isolation interference). Therefore, singly charged ions fill the Orbitrap more 

quickly without FAIMS than with FAIMS applied and some of the multiply charged ions 

might either not be detected in MS1 scans, detected at the levels below the threshold for 

triggering MS/MS acquisition, or may not be selected by the DDA method for MS/MS 

during their elution due to the presence of multiple higher intensity singly charged precursor 

ions. Using a FAIMS Pro interface, the number of detected singly charged ion features was 

significantly reduced in the FAIMS experiments in comparison to the control experiments 

(by ~59%, 3,885 for FAIMS, 9,460 for control, Figure 5e). For specific CVs in the FAIMS 

experiments, the number of doubly charged ions increased with the voltage changing from 

−85 to −40 V (Figure 5e). At the same time, the number of triply charged ions increased by 

364% with the change of CV values from −85 to −55 V and then decreased by 64% with the 

change from −55 to −40 V. The total number of each type of multiply charged ions detected 

using FAIMS (2+, 3+, and ≥4+) exceeded the total number of these ions 1.6–2.6-fold 

compared to the control experiment (Figure 5e).

Protein LFQ in FAIMS and Control ULF LC–MS Experiments.

Next, we evaluated protein LFQ in FAIMS and control experiments (Figure 5f–g). The 

determined dynamic range of the proteome coverage based on LFQ values were 

approximately the same and slightly shifted down in the FAIMS compared to control 

experiments (FAIMS 1.3E4–1.5E8, log2:13.7–27.2 and control 6.8E4–4.5E8, log2:16.1–

28.7), while in the FAIMS experiment, we quantified 364 additional proteins on average 

(Figure 5f). In addition, we observed high reproducibility and high level of correlation in 

log2 protein intensities between technical replicates (n = 3) in both, FAIMS and control 

experiments, with R-squared of R2 = 0.97 and R2 = 0.98 (Figure 5g, Figure S5).

Deep Proteomic Profiling of U937 Myeloid Leukemia Cells at the Level of 10–1,000 Cells.

To evaluate the potential of the ULF LC-ESI-FAIMS-MS/MS platform in the bottom-up 

proteomic analysis of limited samples, approximately 100, 1,000, and 10,000 U937 myeloid 

leukemia cells were processed using in-house prepared microSPE columns.2,69 According to 

our estimates based on the published reports, an individual U937 myeloid leukemia cell 

contains ~200–500 pg of protein per cell.4 One-tenth of each microSPE-processed sample 

was analyzed in each technical replicate. Figure S6a–b shows an ion density map 
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corresponding to an ~10 cell-equivalent from ~100 processed U937 myeloid leukemia cells. 

Similarly to the HeLa experiments described before, the background noise level is 

significantly decreased, and singly charged polysiloxanes ions are getting effectively 

removed when the FAIMS technology is applied compared to the control experiments. The 

high-intensity peaks, at 94 min (m/z 523.29) and 99 min (m/z 421.76, correspond to trypsin 

autocleavage peptides. Singly charged trypsin autocleavage peptides (e.g., m/z 842.51 at 98 

min) were effectively removed by the FAIMS Pro interface (average intensity values from 3 

technical replicates: FAIMS: 5.6E4 vs control: 9.3E6). No high-intensity (>5.0E6) Lys-C 

autocleavage peptides were observed. The overlap in protein identification results and the 

corresponding Venn diagrams generated for protein and peptide groups (identified using the 

optimized experimental ULF LC–MS conditions for the FAIMS (4 CVs, 6 s total cycle time) 

and control (3 s total cycle time) experiments are shown in Figure 6a–b. The total number of 

protein groups identified in both experimental setups was 399 (100%), with 136 (34%) 

unique to FAIMS, 25 (6%) unique to the control experiment, and 238 (60%) were observed 

in both experiments. The protein identification results for all sample loads and blanks are 

shown in Figure 6c–d and Table S3. The optimized ULF LC-ESI-FAIMS-MS/MS conditions 

resulted in the identification of 251 ± 54 protein groups, 578 ± 199 peptide groups, and 931 

± 250 PSMs from the injected sample equivalent to ~10 cells from ~100 processed U937 

myeloid leukemia cells, using a 1 h gradient at the flow rate of 12 nL/min. The control 

experiment resulted in 176 ± 26 protein groups, 381 ± 89 peptide groups, and 448 ± 104 

PSMs (Figure 6c–d, Table S3). This comparison represents an average increase of 43%, 

52%, and 108% in protein groups, peptide groups, and PSMs, respectively. The gain in 

protein identification results is less pronounced for larger sample amounts, e.g., for a 1,000 

cell sample equivalent, the gain in reflected in an increase of 14%, 46% and 67% in protein 

groups, peptide groups, and PSMs, respectively (Table S3).

CONCLUSIONS

In this work, for the first time, we have demonstrated how ULF LC coupled with tandem MS 

via a FAIMS interface can improve the depth and sensitivity of proteomic profiling of 

limited samples. Using commercially available instrumentation and an in-house prepared 

high-efficiency polymeric monolithic column operated at 12 nL/min, we showed 

improvements in proteomic characterization of low-ng samples (HeLa protein digest 

standard and the digested total lysate of U937 myeloid leukemia cells). These advances 

show the potential applicability of the described approach to proteomic analysis of single 

cells. However, further improvements in the efficiency of sample processing and the 

recovery of the processed samples are needed to effectively cope with the deep profiling of 

individual cells.

In this study, we showed that the FAIMS Pro interface decreased the noise level in ULF LC–

MS experiments by 3 orders of magnitude, and comparable peptide signal intensities were 

observed in the FAIMS and control experiments. The number of CVs, their values, and the 

total MS cycle time was optimized to improve protein identification results for applied 

chromatographic parameters. The optimized ULF LC-ESI-FAIMS-MS/MS resulted in the 

identification of ~2,348 protein groups and ~10,062 peptide groups for 1 ng of a HeLa 

digest, and ~215 protein groups and ~578 peptide groups were identified from the analysis 
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of ~10 cell equivalents from ~100 processed U937 myeloid leukemia cells, both using a 1 h 

gradient. These identification results show at least 38% improvement over the control 

experiments.

The field of nanoflow-LC coupled to MS has made incredible advances during the past 

decade. Multiple vendors made a variety of robust nanoLC instrumentation and columns 

commercially available. We envision that ULF columns of the type we described in this 

study together with appropriate pumping and sample delivery systems will be 

commercialized during this decade to enable various novel, exciting biomedical applications 

requiring detection sensitivity levels that the conventional nanoLC-based approaches cannot 

attain. Coupling these ULF LC–MS technologies to commercially available orthogonal 

techniques like FAIMS can further enhance the performance in solving challenging 

biological problems.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Overview of the ULF LC-ESI-FAIMS-MS/MS experimental design and workflow. (a) SEM 

images of the 20 μm ID PS-DVB-based monolithic column show the bed structure, column 

porosity, and the attachment of the stationary phase to the capillary wall. (b) Schematics of 

plumbing and configuration of the ULF LC–MS system during sample loading at 50 nL/min 

and gradient elution at 12 nL/min. (c) The experimental workflows with and without the 

FAIMS Pro interface for in-depth proteomic analysis of HeLa protein digest standard (1–100 

ng injected) and samples derived from 10 to 1,000 cells. Green checkmarks and red × in 

representative MS1 spectra indicate doubly charged and singly charged ions, respectively.
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Figure 2. 
Background noise reduction in ULF LC–MS of 1 ng HeLa protein digest standard samples 

using the FAIMS Pro interface. BICs for both (a) FAIMS and (b) control experiments. The 

FAIMS plot is a result of a combination of 4 CVs (−85, −70, −55, and −40 V) used within 

one internal CV stepping method. BIC background intensity levels within the “peptide-free” 

portion (column equilibration) of the chromatogram is plotted for (c) FAIMS (at CV −55 V) 

and (d) control experiments. (e and f) The representative FAIMS and control MS1 scans for 

the RT range acquired at ~154.7 min. Polysiloxane background ions typical for control 

experiments are indicated by red arrows. Ion density maps for the (g–k) FAIMS and (l) 

control ULF LC–MS experiments at signal intensities are shown normalized to 1.0E6. For 

the FAIMS experiments, (h–k) ion density maps for individual CVs and (g) the total signal 

integrated for all CVs are shown. Red arrows highlight high-intensity streaking lines 

corresponding to polysiloxanes (m/z 445.12, 519.14, 593.16, and 667.18).
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Figure 3. 
Assessment of redundancy in proteomic identification results between CV steps in ULF LC-

FAIMS-MS experiments. (a) BICs for individual CVs, using a normalized intensity scale 

(3.0E7) for 1 ng of the standard HeLa digest analyzed at CV steps of −85 V, −70 V, −55 V 

and −40 V. (b) PSM count for all three technical replicates plotted for each CV value. Blue 

and orange bars represent all and nonredundant PSMs, respectively, identified in each CV 

step and within three technical replicates. (c) Venn diagram shows overlaps in identifications 

and unique PSMs between −85, −70, −55, and −40 V CV steps.

Greguš et al. Page 17

Anal Chem. Author manuscript; available in PMC 2021 March 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Protein identification results for FAIMS and control ULF LC–MS analyses of (a) 1 ng and 

(b) 100 ng HeLa protein digest standard at 1% FDR. Bar charts show average identification 

results and error bars correspond to a standard deviation from 3 technical replicates. The 

control experiments were conducted using 3 s total MS cycle time. Insets are zoomed-in bar 

charts corresponding to the number of protein groups. The blue bars show identification 

results for the control experiments conducted under optimized conditions (3 s); red bars 

show the results of the FAIMS experiments under optimized conditions. Data labels, e.g., “2 

× 1.5 s,” represent conditions of a FAIMS experiment, which in this example correspond to 

two CVs and 1.5 s total MS cycle time/CV. See Table S1, Table S2, and Figure S1 for more 

details.
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Figure 5. 
Comparative assessment of the depth of proteomic profiling with and without FAIMS for 1 

ng HeLa protein digest standard. (a–b) Venn diagrams illustrating common and unique 

identifications for nonredundant protein and peptide groups with FAIMS compared to the 

control experiments. (c) The comparison of protein SeqCov. The highest abundance 1,500 

proteins identified using FAIMS are plotted from high to low SeqCov, and the matched 

SeqCov values for the same proteins identified in the control experiments are plotted against 

FAIMS proteins’ values. Matched protein pairs that were identified in at least two out of 

three replicates and which were detected in both FAIMS and control samples were 

considered. Of the multiple replicate coverage values, the maximum value was chosen for 

each protein for FAIMS and control. Orange and blue horizontal lines represent the median 

SeqCov values. A spline polynomial function was used to fit a smoothed trendline for the 

control data (blue curve). The inset represents the lollipop plot for the top abundance 100 

proteins based on the FAIMS analyses and the corresponding values from the control 

experiments. (d) Ion isolation interference in the selection of precursor ion species for MS2 

fragmentation is shown for 3 technical replicates for the FAIMS (4 individual CVs and 

combined) and control experiments. Box = inner 50%, line = median, whiskers = 10% and 

90%. (e) Distribution of precursor charge states for the individual FAIMS CVs, combined 

FAIMS CVs (total), and control experiments. The results of LFQ are shown as (f) S-curves 

and (g) Box-plot for log2 LFQ intensities. Box = inner 50%, line = median, whiskers = 

Q1−1.5*IQR and Q3 + 1.5*IQR, respectively. Dots = outliers. Q1 = first quartile, Q2 = 

second quartile, and IQR (interquartile range) = Q3-Q1.
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Figure 6. 
Protein identification results for U937 myeloid leukemia cells at the level of 10–1,000 cells. 

(a–b) Venn diagrams illustrate unique and common nonredundant protein and peptide groups 

identified in FAIMS compared to the control experiments. (c–d) Protein identification results 

for ~10, 100, and 1,000 cell equivalents resulted from ~100, 1,000, and 10,000 processed 

U937 myeloid leukemia cells. Bar charts show the average identification results and error 

bars correspond to a standard deviation from 3 replicates. The control experiments were 

conducted using a 3 s total MS cycle time.
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