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Abstract

Multi-omics analysis is a powerful and increasingly utilized approach to gain insight into complex 

biological systems. One major hindrance with multi-omics, however, is the lengthy and wasteful 

sample preparation process. Preparing samples for mass spectrometry (MS)-based multi-omics 

involves extraction of metabolites and lipids with organic solvents, precipitation of proteins, and 

overnight digestion of proteins. These existing workflows are disparate and laborious. Here, we 

present a simple, efficient, and unified approach to prepare lipids, metabolites, and proteins for 

MS analysis. Our approach, termed the Bead-enabled, Accelerated, Monophasic Multi-omics 

(BAMM) method, combines an n-butanol-based monophasic extraction with unmodified magnetic 

beads and accelerated protein digestion. We demonstrate that the BAMM method affords 

comparable depth, quantitative reproducibility, and recovery of biomolecules as state-of-the-art 

multi-omics methods (e.g., Matyash extraction and overnight protein digestion). Yet, the BAMM 

method only requires about 3 hours to perform, which is a savings of 11 steps and 19 hours 

on average compared to published multi-omics methods. Furthermore, we validate the BAMM 

method for multiple sample types and formats (biofluid, culture plate, pellet) and show that in all 

cases it produces high biomolecular coverage and data quality.
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Biological systems contain complex networks of diverse molecules that work together to 

modulate cellular processes. While many technologies interrogate a single biomolecule 

class, substantially more information can be gained from performing multi-omics studies. 

Integrated analysis of biomolecules, once a lofty goal, is now feasible and increasingly 

applied across biological disciplines,1–3 in part due to improvements in mass spectrometry 

(MS) technologies that enable analysis of small molecules, lipids, and proteins. Evolving 

MS data acquisition strategies have increased the number biomolecules surveyed;4–13 yet, 

the demand for faster and more efficient data collection persists. To meet this demand, 

recent advances have focused on improving integration of MS data acquisition and analysis 

strategies;14–18 however, other aspects of the MS multi-omics pipeline, such as sample 

preparation, are still in great need of simplification and consolidation.

Sample preparation for published multi-omics studies generally involved either splitting 

samples into multiple aliquots for different –omes, or relied on extensive multi-step 

processes to isolate multiple compound classes.19–28 These multi-step methods frequently 

require extracting metabolites and lipids with a biphasic organic solvent system, 

precipitating proteins, and digesting proteins with trypsin (Figure S1). Most commonly, 

metabolites and lipids are extracted with the biphasic Matyash29 (methyl tert-butyl ether 

[MTBE], methanol, water) or Folch/Bligh-Dyer30,31 (chloroform, methanol, water) solvent 

systems, which require careful pipetting of the aqueous and organic portions. While these 

methods are robust and reproducible, they require copious pipetting, vortexing, incubating, 

and centrifuging steps. Such steps are low throughput and susceptible to sample loss. After 

lipid and metabolites are extracted, the protein pellet is washed, dried, and resolubilized. 

Protein resolubilization in digestion buffer can be difficult and may require sonication or 

other facilitation methods. Subsequent overnight digestion of proteins adds 12–18 hours to 

the process, which is followed by desalting with solid phase extraction. A more streamlined 

sample preparation would allow for a simpler, faster, and more efficient way to process 

lipids, metabolites, and proteins from a single sample and, when paired with an integrated 

acquisition method (e.g., multi-omic single-shot technology, MOST14), would allow a single 

lab or researcher to produce quality multi-omics data.

Here, we aimed to develop a faster, simpler method to prepare samples for multi-omics 

analysis while permitting high biomolecular coverage and data quality.24–26 To simplify 

the preparation, we explored a monophasic extraction system leveraging n-butanol’s diverse 

miscibility,32 with the goal of efficiently recovering both polar and non-polar metabolites. 

Next, we examined pairing monophasic extraction with paramagnetic bead technology 
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for on-bead protein aggregation. In recent years, functionalized magnetic bead-based 

protocols have been introduced as an effective way to improve scalability, throughput, 

and flexibility for proteomics sample preparation, but to our knowledge they have not 

been tested for compatibility with metabolite and lipid extractions.33–37 Lastly, we propose 

reducing proteomics sample preparation time by implementing a heated, accelerated on-

bead protein digestion with trypsin. Overall, our simplified approach eliminates several 

manual manipulations and reduces sample preparation time from 18+ to ~3 hours. We term 

this approach the Bead-enabled Accelerated Monophasic Multi-omics (BAMM) sample 

preparation for multi-omics analysis.

METHODS

Details regarding sample types, bead preparation, and data acquisition, analysis, and 

availability are given in the Supporting Information.

Biomolecule extractions.

For all metabolite/lipid extraction methods, samples were removed from −80 °C conditions 

and immediately placed on ice to thaw (plasma) or directly extracted from frozen material 

(cells and tissue). All extraction solvents were chilled and of liquid chromatography (LC)-

MS grade.

For monophasic extraction with beads, extraction solvent (3:1:1 n-butanol/ACN/H2O) was 

added to each sample along with washed bead stock to achieve a 10:1 bead-to-protein ratio 

(or as specified, see Figure S3) and a final water percentage of 20 ± 1%. Cultured cells 

were detached using a plastic cell scraper39; all other samples were vortexed for 10 s after 

the addition of solvents and beads. Cells and tissues were also sonicated in a chilled water 

bath (Qsonica) at 10 °C for a total of 5 min in increments of 20 s on/10 s off, with an 

amplitude of 30. Beyond facilitating cell lysis, sonication aided in the shearing of DNA40, 

which resulted in improved proteomics results. Samples were incubated for 5 min on ice (or 

as specified, see Figure S3) then placed on a magnetic rack for 20 s. The resulting unbound 

supernatant containing metabolites and lipids was aliquoted into separate autosampler vials 

and dried with a SpeedVac Vacuum Concentrator (Thermo Scientific).

For extraction without beads, many n-butanol solvent systems were tested (see Figure 2) 

and benchmarked against a common biphasic extraction system (Matyash29; MeOH/MTBE/

H2O, 3:10:2.5 v/v/v) and a monophasic extraction system (MeOH/ACN/H2O, 2:2:1 v/v/v). 

Solvents were added sequentially in the proportion described. Then, samples were vortexed 

for 10 s, sonicated for 5 min at 14°C, incubated for 10 min at 4 °C, centrifuged at 14,000 × 

g for 5 min at 4 °C. The resulting supernatant layers were aliquoted into autosampler vials 

for metabolite and lipid analyses. For biphasic systems, the organic upper layer was used for 

lipid analysis and the aqueous bottom layer was used for metabolite analysis.

Accelerated protein digestion with paramagnetic beads.

For on-bead accelerated protein digestion (Figures 4, S4, 5, S5), after the metabolite and 

lipid supernatant was removed, the bead-protein mixture was reconstituted in digestion 

solution (Rapid Digestion Buffer [Promega] diluted to 75% from stock with spiked-in 5 mM 
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TCEP, 20 mM CAA). Rapid Trypsin (Promega) was added in a 10:1 protein/enzyme ratio. 

The samples were incubated on a thermal mixer (Benchmark Scientific) at 1,000 rpm for 

40 min at 60 °C (or as specified, see Figure S4). Then tubes were placed on the magnetic 

rack, and the supernatant was recovered and acidified with trifluoroacetic acid to pH ~2. The 

resulting peptides were desalted with Strata-X Polymeric Solid Phase Extraction cartridges 

(Phenomenex) and dried as described above.

Overnight protein digestion with paramagnetic beads.

When on-bead overnight protein digestion was performed (Figures 3, S3, 4, S4), 

the metabolite and lipid supernatant was removed, and the bead-protein mixture was 

reconstituted in 50 mM Tris, 10 mM TCEP, 40 mM CAA. Trypsin (Promega) was then 

added in an estimated 50:1 protein/enzyme ratio. The samples were incubated overnight 

at room temperature on a rocker and acidified, desalted, and dried as described above. 

Note that originally, the bead-protein mixture was washed with 100% acetonitrile and 70% 

ethanol immediately following supernatant removal; however, these steps were removed in 

the final workflow as they minimal impact on results (see Figure 4).

Protein digestion without magnetic beads.

For protein digestion without beads, the method was dependent on whether all –omes were 

analyzed (Figure 3) or the tested variables were only relevant for proteomics (Figures 4, S4). 

In the former case, metabolite and lipid extracts were removed from the samples, and the 

protein pellets were washed with acetonitrile. In the latter case, the samples were suspended 

in lysis buffer (6 M guanidinium hydrochloride, 100 mM Tris) after thawing (plasma) or 

direct removal from frozen conditions (cells and tissue). Methanol was then added to each 

sample (90% v/v), and then samples were centrifuged for 5 min at 10,000 × g. Proteins 

were resolubilized in digestion buffer (8 M urea, 10 mM TCEP, 40 mM CAA, 50 mM 

Tris) with 7.5 min of sonication. Before digestion, the samples were diluted to a final urea 

concentration of 1.5 M. Trypsin was added in an estimated 50:1 ratio of protein/enzyme, 

and the samples were placed on a rocker for overnight incubation at room temperature. The 

resulting peptides were acidified, desalted, and dried as described above.

RESULTS AND DISCUSSION

Figure 1 details our simplified BAMM workflow and summarizes the number of steps 

and duration of BAMM compared to several published methodologies.22,23,24,26 Here, 

we consider steps to include the following actions: pipetting, incubation, vortexing, 

centrifugation, sonication, bead beating, and freeze-thaw cycles. The average approach 

required 22 hours and 28 steps, while the BAMM method takes only 3 hours and 17 steps. 

Here, we detail the three major improvements to common multi-omics sample preparation 

workflows that ultimately resulted in the BAMM sample preparation method.

Monophasic solvent system for lipid and polar metabolite extraction.

In biphasic solvent systems like Matyash, Folch, or Bligh-Dyer29–31, lipids partition into 

a strongly lipophilic solvent, while polar metabolites partition into the aqueous phase. 

In contrast, current monophasic extraction methods, tend to preferentially extract either 
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lipophilic or polar metabolites.39,44–48 With the goal of developing a monophasic solvent 

system that recovers both lipids and small molecules with high efficiency, we looked toward 

aqueous n-butanol mixtures, as they have been described32 to contain properties compatible 

with both polar and non-polar compounds.

First, we tested a range of n-butanol formulations (0–80% n-butanol) for suitability to 

extract lipids and polar metabolites. The proportion of water was maintained at 20% (v/v), 

and acetonitrile was used to balance the proportion of n-butanol. From 0–60% n-butanol, 

the solvents remained miscible; however, at 70% and 80% n-butanol, slight to moderate 

phase separation was observed. Using 500 μL of each solvent mixture, we extracted 10 

μL of human plasma, equal volumes of extract were dried by vacuum centrifugation, 

resuspended in either lipid or metabolite-compatible solvents for analysis, and analyzed 

by LC-MS/MS. For the phase-separated n-butanol extracts, the upper layer was used for 

both metabolite and lipid analyses. The n-butanol formulations were compared to a common 

metabolomics monophasic solvent48 (2:2:1 MeOH:ACN:H2O, “MAW”) and the traditional 

biphasic Matyash solvent system29 (10:3:2.5 MTBE:MeOH:H2O, “MTBE”), using the same 

ratio of plasma to solvent.

To evaluate the extraction solvents, we first assessed the number of lipids and metabolites 

identified (Figure 2a–b). For lipids, 60% n-butanol/20% ACN/20% H2O formulation yielded 

the most lipid identifications. For metabolite analysis, the 40–70% n-butanol formulations 

yielded similar numbers of identified metabolites, but the 60% n-butanol extraction had 

slightly higher sum metabolite intensity (Figure S2a). Therefore, 60% n-butanol was the 

best-performing monophasic solvent system when considering both lipids and metabolites. 

In comparison to the MAW control, the 60% n-butanol yielded markedly more lipids 

and a similar number of metabolites. The MTBE control recovered more identifications 

for both lipids and metabolites; however, this difference was due to MTBE being more 

highly concentrated (Figure S2b). When correcting for concentration differences, the 60% 

n-butanol extraction system compared favorably with the MTBE extraction for both lipids 

and metabolites (Figure 2c–d). Likewise, if the entire monophasic extract is used for either 

lipid analysis or metabolite analysis, the resulting number of identified metabolites and 

lipids is not different between MTBE and 60% n-butanol extractions (Figure S2c–d), and 

the sum feature intensities for these analyses closely mirror the dilution corrected values in 

Figure 2c–d (Figure S2e–f). For comparison, overlaid chromatograms of 60% n-butanol and 

both controls are shown in Figure S2g–h.

After determining that 60% n-butanol was optimal, we assessed class distributions of 

extracted lipids and metabolites (Figure 2e–f). The MTBE organic phase (MTBEor) and 

60% n-butanol recovered the various lipid classes in similar proportions. Notably, the 60% 

n-butanol successfully extracted both hydrophilic lipids, such as lyso-phospholipids, and 

hydrophobic lipids, such as triglyceride lipid species. For metabolomics, we compared 60% 

n-butanol to MAW and the MTBE aqueous phase (MTBEaq). The distribution of metabolite 

classes recovered by MAW and 60% n-butanol were similar, but MAW recovered a larger 

percentage of purines and purine derivatives, while 60% n-butanol recovered more fatty 

acyls. Comparing the distribution of metabolite classes recovered between 60% n-butanol 

and MTBEaq (Figure S2i), we observed greater differences in the diversity of compounds 
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extracted, which we believe is due to the difference in metabolite recoveries and affinities 

between the two solvent phases of the MTBE extraction system (Figure S2j). Calculating 

extraction recoveries revealed not only high overall recovery of both lipid (mean 85 ± 6%) 

and amino acid (mean 99 ± 8%) standards with 60% n-butanol, but also that the mean 

recovery by 60% n-butanol was higher than MTBEaq for all amino acids. Hydrophobic 

amino acids are disadvantageously split between the aqueous and organic layers in the 

biphasic system. For example, recovery of tryptophan is 51% higher with 60% n-butanol 

compared to MTBEaq.

Finally, we examined quantitative correlation (relative log2(peak area) across samples) 

between 60% n-butanol and MTBEor for lipids (Figure 2g), 60% n-butanol and MTBEaq 

for metabolites (Figure 2h), and 60% n-butanol and MAW for metabolites (Figure 2i). 

Strong correlations were observed for all, indicating that 60% n-butanol recovers lipid 

and metabolite species in similar proportions as the respective controls. Overall, the 60% 

n-butanol/20% acetonitrile/20% water monophasic system proved to efficiently recover 

both lipids and polar metabolites. And compared to biphasic systems, the monophasic 

system is simpler and does not require careful attention to the phase layers when pipetting 

extracts. After successfully streamlining this portion of multi-omics sample preparation, we 

progressed to further aspects of the workflow.

Magnetic beads to facilitate integrated sample preparation.

Expanding on the simplicity of the monophasic solvent for metabolomics and lipidomics 

sample preparation, we sought to integrate this extraction with paramagnetic bead 

technology to expedite proteomics preparation. The use of magnetic beads for proteomics 

(termed the SP3 approach33–36) was introduced in recent years as a streamlined sample 

preparation platform. The SP3 protocol uses carboxylate-coated hydrophilic magnetic 

beads in the presence of high organic solvent to induce protein-bead aggregation. Once 

proteins are immobilized on the surface of the beads, they can be rinsed of contaminants 

(e.g. chaotropes, detergents), released, and digested. Here, we envisioned a modified SP3 

approach that would be amenable to multi-omics. First, magnetic beads would be added 

to monophasic solvent and sample, and proteins would be allowed to aggregate around the 

beads during a short incubation period. Unbound metabolites and lipids would be removed 

for further analysis, and bead-bound proteins would be rinsed, digested, and desalted. 

Overall, our goal was to eliminate centrifugation and protein resolubilization by combining 

a bead-based protocol with our monophasic solvent extraction. However, because this SP3 

method has not been demonstrated for compatibility with metabolite or lipid analyses, we 

hypothesized that different functional groups on the beads may influence extractions of 

metabolites and/or lipids.

We obtained four different types of magnetic beads to test with multi-omics extractions: 1 

μm hydrophilic carboxylate, functionalized beads (Cytiva), 1 μm hydrophobic carboxylate 

functionalized beads (Cytiva), 3 μm unmodified silica beads (G-Biosciences), and 700 nm 

unmodified silica beads (Cytiva). Even though the SP3 protocol is typically performed 

with carboxylate functionalized beads, it has been shown33 that proteins are not influenced 

by specific bead properties and thus aggregate on any available surface upon conditions 
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known to induce aggregation. To examine the performance of the four bead types, we 

extracted metabolites, lipids, and proteins from plasma with each bead and without beads. 

We compared the fold changes in intensity between each bead type and the no-bead 

control for common metabolites, lipid classes, and peptide GRAVY (grand average of 

hydropathicity index; a measure of hydrophobicity) score range49 (Figure 3). Lipid and 

peptide identifications were thoroughly unaffected by the type of bead used, as their fold 

changes for each bead type displayed only minimal fluctuations. Metabolites, on the other 

hand, were quite affected by the type of bead used; recovery of the most polar metabolites 

was hindered with the functionalized beads. Recovery improved somewhat with the 3 

μm unmodified beads, but the best-performing type was the 700 nm unmodified beads. 

Extracting metabolites in the presence of the 700 nm unmodified beads led to similar 

recovery as without beads for all metabolites. Similar results were observed when these 

experiments were performed with mouse brain for lipids, metabolites, and peptides (data 

available in repository).

The reduction in the recovery of certain metabolites when using functionalized beads is 

likely due to inadvertent capture of those metabolites by the bead surface. Interestingly, the 

700 nm nonfunctionalized beads avoid this problem, but the 3 μm nonfunctionalized beads 

avoid it only partially. Some metabolites likely still have a partial interaction with the silica 

surface50 of the 3 μm beads, and size may potentially play a role. Regardless, the 700 nm 

unmodified beads were clearly optimal over the other bead types for metabolites; therefore, 

these beads were chosen for subsequent experiments and our final multi-omics workflow. 

After establishing the bead type, we verified that bead surface interaction with biomolecules 

was not time-dependent, as we saw little to no difference in metabolite, lipid, and peptide 

recovery from plasma when varying the incubation period of the beads with the sample from 

5 to 60 min (Figure S3a). We also confirmed that the ratio of bead-to-protein had minimal 

effect on plasma peptide yields; bead-to-protein ratios of 1:1, 5:1, 10:1, and 20:1 yielded 

similar results (Figure S3b; identical results in yeast not shown). SP3 protocols recommend 

a 10:1 bead-to-protein ratio36; therefore, we used this ratio for our final workflow.

These experiments confirmed that the SP3 method for proteomics can be expanded for 

multi-omics with a nonfunctionalized bead. A bead-based multi-omics workflow not only 

consolidates the preparation but also eliminates the need for centrifugation and protein 

resolubilization, as aggregated proteins are digested directly on-bead.

Reducing overall preparation time by accelerating proteomics preparation.

As a final simplification to the multi-omics workflow, we looked for opportunities to reduce 

the overall time taken for proteomics sample preparation, which is the lengthiest portion of 

the process. First, we aimed to remove any unnecessary steps, such as wash steps between 

removal of the metabolite and lipid supernatant and addition of digestion buffer. In current 

SP3 protocols, it is typical to perform 2–3 wash steps (often with acetonitrile and/or ethanol) 

before digestion.36,37 The intent of the washes is to remove detergents and contaminants; 

however, detergents are largely incompatible with MS-based metabolomics and lipidomics, 

and therefore we reasoned that wash steps are not as necessary with multi-omics samples. 

We performed the experiments in Figure 3 and Figure S3 with a 100% acetonitrile wash 
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followed by a 70% ethanol wash. However, as shown in Figure 4a, removing both wash 

steps for a mouse brain digest resulted in only 3% fewer protein identifications (identical 

result in plasma, not shown). Therefore, the washes did not appear to be necessary and were 

removed for the final workflow.

Second, we were interested in enabling same-day analysis of all three –omes. Metabolite and 

lipid samples can typically be prepared and analyzed on the instrument within the same day; 

however, the typical overnight digestion of proteins stalls peptide analysis until at least the 

following day. To expedite digestion, we looked to integrate Promega Rapid Trypsin with 

on-bead protein digestion. The Rapid Trypsin platform reduces protein digestion time to one 

hour or less by heating samples up to 70 °C, which requires a specialized non-urea buffer 

and thermostable trypsin.51 We optimized the Rapid Trypsin protocol to be compatible with 

magnetic beads, which required the sample to be shaken throughout the digestion period 

(~35% increase vs. not shaken) and the temperature to be lowered to 60 °C from 70 °C 

(Figure S4a). With these modifications, we reduced the digestion step from 12+ hours to 

40 min without loss of depth or quality as compared to both a no-bead and bead overnight 

digestion (Figure 4b, Figure S4b). Despite this reduced duration, for both the rapid bead 

and overnight no-bead workflows, semi-tryptic cleavage rates and sequence coverage were 

comparable (<1% and ~30%, respectively). About 10–20% fewer missed cleavages were 

observed with the rapid bead workflow compared to the no-bead overnight digestion (which 

has previously been shown37 for SP3 carboxylate bead workflows).

Interestingly, while the peptide GRAVY score distributions of the rapid bead and overnight 

no-bead workflows were similar, the bead workflow appears to extract hydrophilic peptides 

to a greater extent than without beads (Figure S4b). This difference is due to the presence 

of beads and is not resulting from the n-butanol extraction, as we observed similar 

increases in hydrophilic peptide intensities when comparing n-butanol extractions with and 

without beads (data available in repository). The difference appears to be largely driven 

by the unique peptides identified in the bead workflow versus the non-bead workflow: 

peptides solely identified with SP3 tended to be more hydrophilic, while those solely 

identified with in-solution digestion tended to be more hydrophobic. However, the overlap 

in protein identifications was high (~80% between two replicates without match-between-

runs and ~95% with match-between-runs). Previous SP3 datasets33,37 display this bias 

toward hydrophilicity when using the traditional carboxylate-coated beads, and our data 

demonstrate that this is also true with unmodified beads. Notably, all bead types that were 

tested showed similar bias toward hydrophilic peptides.

Final streamlined multi-omics workflow for mass spectrometry analysis. Overall, these three 

improvements led to a significantly streamlined multi-omics sample preparation workflow 

(Figure 1). The first step of our streamlined workflow is adding an n-butanol-based 

monophasic extraction solvent with unmodified magnetic beads to sample. After a brief 

vortex, samples are sonicated and then incubated on ice for 5 min. The incubation period 

allows proteins to aggregate onto the beads, while metabolites and lipids remain in the 

supernatant. The unbound metabolites and lipids are then removed for further analysis. 

Buffer and trypsin are subsequently added for protein digestion at 60 °C for 40 min, and 

the resulting peptides are acidified, desalted, and dried. At the conclusion of the workflow, 
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all three –omes can be analyzed by the instruments within the same day as preparation. Our 

method, termed the BAMM sample preparation method, is simpler and more consolidated 

than classic methodologies, saving an average of 11 steps and 19 hours when compared to 

published workflows.

After developing the simplified and consolidated BAMM method, we validated it for 

multiple sample types and formats (cell pellets, biofluids, cell culture plates) for widespread 

use (Figure 5, Figure S5). Regardless of the sample type, the BAMM method generates 

metabolomics, lipidomics, and proteomics data of comparable depth as published multi-

omics studies, but at a fraction of the required effort (Figure 5). For plasma, yeast, mouse 

adipocytes from culture plates, mouse brain, and human cell line pellets, we identified (on 

average, three technical replicates) 67, 152, 61, 90, 51 metabolites (respectively), 260, 139, 

412, 430, 445 lipids (respectively), and 515, 3578, 4322, 5197, 5552 proteins (respectively). 

Though the metabolite yields achieved with the BAMM method may appear somewhat 

lower than can be achieved with other methods, our applied filters were strict in confident 

identification of metabolites (e.g., threshold of 80 for cosine similarity score).

Overall, our approach is highly versatile and will generate quality multi-omics data from any 

biological system or sample type.

CONCLUSION

Here, we describe a simple and consolidated method to prepare metabolites, lipids, and 

proteins from a single sample—BAMM. BAMM combines an n-butanol-based monophasic 

extraction with paramagnetic bead technology, expediting small molecule extraction and 

protein digestion. Our new strategy produces quality multi-omics data comparable to classic 

methodologies at a fraction of the time and effort. Prepared metabolites, lipids, and peptides 

are ready for MS analysis in about 3 hours, compared to about a day on average for current 

workflows. We also note that due to the use of magnetic beads, BAMM is potentially more 

amenable to robotic automation and multi-well plate formats for increased throughput.

As with all analytical methods, sample preparation, data acquisition, and data processing 

will inherently introduce bias, and the resuspension solvents and concentrations would need 

to be tailored for each analysis (based on solvent compatibility, method sensitivity, etc.). 

The BAMM sample preparation has been optimized for LC-MS analysis and would likely 

need to be further tailored for other methods such as gas chromatography or direct infusion 

MS. However, given widespread use of LC-MS for –omics analyses,18–29 we anticipate the 

BAMM preparation offers significant advantages over more laborious methods.

Furthermore, the components of this workflow can also be adapted as necessary and used 

individually. For example, after validating our monophasic solvent extraction, we applied 

it to a large-scale COVID-19 study for fast lipidomics sample preparation.25 We envision 

that this expedient method or its individual components may be particularly beneficial for 

specific applications wherein turnaround time is an important consideration, such as clinical 

screening, iterative process optimization, rapid process analytics, and large sample screens. 
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These benefits could be amplified even further when pairing this streamlined multi-omics 

sample preparation with an integrated acquisition method such as MOST.14

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Workflow for BAMM preparation method and comparison to published workflows.
a) To perform the BAMM workflow, n-butanol-based monophasic solvent and magnetic 

beads are first added to sample (1). After a brief vortex, the sample is incubated on ice for 

5 min (2). Unbound metabolites and lipids are then removed (3), and protein is digested 

for 40 min at 60 °C (4). Metabolites, lipids, and peptides are then prepared for analysis 

(5–6). Comparison of the estimated number of steps (b) and hours (c) necessary to prepare 

metabolites, lipids, and proteins with the BAMM method and various published methods.
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Figure 2. Development of a monophasic solvent system for metabolite and lipid extraction.
Number of identified a) lipids and b) metabolites in human plasma for the monophasic 

n-butanol formulations compared to MAW, MTBEaq, and MTBEor controls. The percentage 

of n-butanol was balanced with H2O (constant 20%) and ACN (0–80%). Sum peak areas 

of c) lipid features and d) metabolite features before and after dilution correction for MAW, 

MTBE, and 60% n-butanol/20% H2O/20% ACN (“60% n-butanol”) extractions. Data are 

presented as mean ± standard deviation. Class distributions for identified e) lipids and f) 

metabolites extracted with MAW, MTBE, and 60% n-butanol. Relative quantification in 

log2(peak area) correlation plots for g) lipids extracted with MTBEor and 60% n-butanol; 

h) metabolites extracted with MTBEaq and 60% n-butanol; and i) metabolites extracted with 

MAW and 60% n-butanol.
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Figure 3. Determining the optimal type of magnetic bead for bead-based multi-omics sample 
preparation.
Fold change in intensity of common metabolites, lipid classes (summed), and peptide 

GRAVY score between each bead type and no beads (MTBE extraction) from human 

plasma. Each bar represents the average of three technical replicates. Bead types and 

venders are referenced in the text. The abbreviations used for the metabolites are as follows: 

cytidine 5’-diphosphocholine (CDP-choline), lysine (Lys), glycine (Gly), arginine (Arg), 

ornithine (Orn), 2-aminoadipic acid (2-AAA), aspartic acid (Asp), glutamic acid (Glu), 

glutathione (GSH), serine (Ser), nicotinamide (NAM), pantothenic acid (PA), and uridine 

monophosphate (UMP).
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Figure 4. Reducing overall time for proteomics sample preparation.
a) Number of identified proteins from a mouse brain digest when using beads and 

performing both the 100% acetonitrile wash and 70% ethanol wash, only the 70% ethanol 

wash, only the 100% acetonitrile wash, and neither wash. b) Number of identified proteins 

from mouse brain digested overnight without beads, overnight with beads, and at 60 °C with 

beads. The beads used were SeraSil-Mag 700 nm beads.
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Figure 5. Versatility and performance of BAMM Prep method.
The four lefthand columns (“Published Data”) show the number of proteins, lipids, 

and metabolites identified from published multi-omic sample preparation workflows. All 

numbers were taken as reported in the results sections of the publications; however, the 

reported number of metabolites in Kang et al. was reduced to only those that matched the 

criteria for metabolite identifications used in this manuscript. The five righthand columns 

(“Data from BAMM Prep”) show the number of identified proteins, lipids, and metabolites 

from our streamlined multi-omic sample preparation (numbers are the average of three 

replicates). The specific samples are as follows: A. thaliana (Kang), S. cerevisiae (Stefely), 

Calu-3 cells (Nakayasu), mesenchymal stem cells (Coman), and NIST 1950 plasma, S. 

cerevisiae, cultured mouse adipocytes, C57BL/6J mouse brain, HEK293 (BAMM Prep)
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