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Abstract

Conventional metabolomic methods include extensive sample preparation steps and long 

analytical run times, increasing the likelihood of processing artifacts and limiting high throughput 

applications. We present here in vitro liquid extraction surface analysis mass spectrometry 

(ivLESA-MS), a variation on LESA-MS, performed directly on adherent cells grown in 96-well 

cell culture plates. To accomplish this, culture medium was aspirated immediately prior to 

analysis, and metabolites were extracted using LESA from the cell monolayer surface, followed by 

nano-electrospray ionization and MS analysis in negative ion mode. We applied this platform to 

characterize and compare lipidomic profiles of multiple breast cancer cell lines growing in culture 
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(MCF-7, ZR-75–1, MDA-MB-453, and MDA-MB-231) and revealed distinct and reproducible 

lipidomic signatures between the cell lines. Additionally, we demonstrated time-dependent 

processing artifacts, underscoring the importance of immediate analysis. ivLESA-MS represents a 

rapid in vitro metabolomic method, which precludes the need for quenching, cell harvesting, 

sample preparation, and chromatography, significantly shortening preparation and analysis time 

while minimizing processing artifacts. This method could be further adapted to test drugs in vitro 

in a high throughput manner.

Graphical Abstract

Altered cellular metabolism is a well-known hallmark of cancer1 and a subject area that has 

received renewed interest as a target for cancer therapy.2 Accordingly, robust in vitro 

platforms to quickly and reproducibly assess cellular metabolism are strongly desired. 

Unfortunately, conventional metabolic analysis of adherent cells can be both time and labor 

intensive and often involves extensive sample preparation steps, chemical derivatization, as 

well as liquid or gas chromatography prior to mass spectral (MS) analysis. Although these 

steps improve the sensitivity and specificity for many analytes, they can hamper applications 

that require high throughput or rapid analysis. Additionally, it has been shown that 

processing steps such as washing, scraping, and trypsinization can quickly lead to metabolic 

changes, thereby introducing processing artifacts.3,4

To minimize sample preparation and accelerate analysis, a variety of ambient ionization 

platforms have been developed, including a number of techniques involving spray desorption 

and liquid microjunction-based interfaces.5 One robust liquid microjunction-based platform 

is liquid extraction surface analysis (LESA),6 in which the extraction solvent is applied 

directly to the sample of interest, and the extracted analytes are subsequently introduced into 

the mass spectrometer using nano-electrospray ionization (nanoESI). The sensitivity, 

automated interface, solvent flexibility, and negligible carryover makes LESA particularly 

well suited for translational and clinical applications.

The majority of LESA applications published to date have analyzed biological samples 

affixed to glass slides.7 Although glass slides are ideal for tissue sections, they are not the 

optimal surface for cell culture analysis, as they would require either harvesting and 

transferring cells to slides or growing the cells on the slides themselves. In the former, each 

additional processing step increases the likelihood of introducing processing artifacts arising 

from metabolic perturbation or analyte instability. As far as growing cells on glass slides, 
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this presents scale-up and reproducibility challenges, and not all cells grow well on glass 

surfaces. Therefore, an optimal platform would involve direct analysis of cells in culture, 

with as few processing steps as possible.

Here, we present in vitro LESA-MS (ivLESA-MS), an adaptation of LESA-MS, in which 

direct metabolic analysis is performed on adherent cells grown on standard 96-well cell 

culture plates, precluding the need for cell harvesting, protracted processing steps, or 

chromatographic separation. The primary benefits include decreasing processing and 

analysis time as well as minimizing metabolic artifacts that can be generated during sample 

processing.

EXPERIMENTAL SECTION

Chemicals and Materials.

Ammonium acetate, methanol, and isopropanol (HPLC grade or higher) were obtained from 

Fisher Scientific (Pittsburgh, PA), and chloroform was obtained from Sigma-Aldrich (St. 

Louis, MO). Dulbecco’s minimum essential media (DMEM) with high glucose (4.5 g/L), 

Roswell Park Memorial Institute (RPMI) 1640 media, fetal bovine serum (FBS), penicillin, 

and streptomycin were obtained from Thermo Fisher Scientific (Carlsbad, CA).

Cell Culture.

We performed our cell culture experiments using the following breast cancer cell lines: 

MCF-7, ZR-75–1, MDA-MB-453, and MDA-MB-231 (kindly provided to us by the 

laboratory of Dr. Joan Brugge, Harvard Medical School, Boston, MA). Characteristics of 

these cells are described in Table 1. MCF-7, MDA-MB-231, and MDA-MB-453 cells were 

grown in DMEM media, supplemented with 10% heat inactivated FBS, 100 units per/mL 

penicillin, and 100 μg/mL streptomycin. ZR-75–1 cells were maintained in RPMI media, 

containing the same additives. Cells were maintained and subcultured in T-25 flasks and 

plated in standard 96-well flat bottom polystyrene cell culture treated plates (Corning 

Costar, #3599). Metabolic analysis was performed when cells were approximately 90% 

confluent.

ivLESA.

To perform ivLESA, we used a TriVersa NanoMate (Advion, Ithaca, NY) equipped with a 

nanoESI source. Analyte extraction was accomplished using a solvent system containing 

15:35:50 (v/v/v) chloroform/methanol/isopropanol with 7.5 mM ammonium acetate. To 

allow direct analysis on the adherent cell monolayer surface, we elevated the plate using 

three spacers, each made up of three stacked standard glass slides and measuring 3 mm in 

total height. Immediately prior to analysis, culture medium was aspirated from the wells 

being analyzed. LESA sample parameters were as follows: solvent volume (4 μL), dispense 

volume (1.7 μL), postdispense delay (1.0 s), aspiration volume (2.0 μL), repeat mix (×2), 

postaspiration delay (1.0 s), dispensation height (−9.4 mm), aspiration height (−9.6 mm). 

Delivery parameters included gas pressure (0.3 psi), voltage (1.4 kV), and negative 

electrospray mode.
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MS Analysis.

For MS analysis, the NanoMate was coupled to an ion trap mass spectrometer (amaZon 

speed, Bruker Daltonics, Billerica, MA) using a nanoESI source. MS acquisition was 

performed using trapControl software with the following parameters: negative ion polarity, 

end plate offset (200 V), target ions (70 000), accumulation time (50 ms), mass scan range 

(m/z 100−1100), and enhanced mass resolution mode. Total injection time was 1 min per 

sample. Spectra were analyzed using Data Analysis software (Bruker Daltonics, version 

4.2), and individual ions were quantified and represented as a percentage of the total ion 

count (TIC).

RESULTS AND DISCUSSION

Adapting LESA to ivLESA.

To adapt LESA to ivLESA, we elected to use 96-well cell culture plates, due in part to their 

capacity for high throughput applications. Additionally, the LESA TriVersa NanoMate 

system is already adapted for direct infusion mass spectrometry (DIMS), in which liquid 

samples are analyzed from 96-well round-bottom plates.8 Since the 96-well round-bottom 

plates have the same physical dimensions as the 96-well flat bottom cell culture plates, the 

only modification needed was to raise the culture plates to facilitate solvent dispensation and 

aspiration on the cell monolayer surface (for visualization of plate setup, see Supplemental 

Figure 1 in Supporting Information). Although this was effective for 96-well plates, other 

plate formats such as 6-, 12-, and 24-well plates were too tall to allow stage movement, so 

additional modifications to either the plates or the tray holder would be required to 

accommodate these plates. Prior to ivLESA-MS analysis, cells were grown to near 

confluency, and the culture medium was manually aspirated. To extract fatty acids and 

lipids, 1.7 μL of organic solvent was dispensed directly onto the cell monolayer surface, and 

this was repeated a second time for more complete extraction. The solvent was then 

aspirated and injected into the MS using nanoESI. By using a lower aspiration height (−9.6 

mm) compared to the dispensation height (−9.4 mm), we achieved a more reliable signal 

with fewer missed samples resulting from instability of the liquid microjunction and 

associated solvent spread. This is of particular importance for solvents that have low 

viscosity and surface tension, such as those used in this study. A schematic of the ivLESA is 

provided in Figure 1.

Optimization and Analytical Characteristics of ivLESA.

One of the primary difficulties of conventional metabolic analyses is the generation of 

processing artifacts, often introduced by improper quenching, washing, scraping, or 

trypsinizing.4 By using ivLESA, these steps were essentially eliminated since analyte 

extraction was performed directly on the adherent cells. Nevertheless, in each cell line 

tested, we found temporal changes in the relative signal intensity of certain metabolites if 

there was a significant delay between media aspiration and ivLESA-MS analysis. For 

example, within 15–30 min after aspiration, we reproducibly observed a 7–30 fold increase 

in the relative signal intensity of m/z 281.2 (oleic acid), with a 50–90% decrease in the 

signal intensity for 885.5 (PI 38:4) among the cell lines (Figure 2). However, we did not see 

similar changes at early time points. It should be noted that although similar trends in time-
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dependent changes were seen in all tested cell lines, some of the relative signal intensity 

changes could be due to ion suppression effects, which are not uncommon in surface 

sampling ionization techniques. Nonetheless, subsequent ivLESA-MS analyses were 

performed immediately after media aspiration. Moreover, future in vitro and ex vivo 

analyses should consider and account for such metabolic changes that may occur in the 

analysis of fresh specimens.

In addition to minimizing metabolic changes during processing, reducing analytical time 

was another critical goal of this approach. As such, we wanted to determine the minimum 

run time needed for an individual well. The total preanalytical LESA interval (including tip 

and solvent acquisition, as well as solvent dispensation, aspiration, and nanoESI introduction 

of extract) was approximately 45 s per sample. The aspirated solvent was subsequently 

injected and analyzed by MS for 1 min, providing a combined preparation and analysis time 

of under 2 min. Therefore, using this approach, a full 96-well plate could be analyzed in just 

over 3 h. For comparison, a more traditional lipidomics approach using liquid 

chromatography/tandem mass spectrometry (LC-MS/MS) analysis of adherent cells would 

require metabolic quenching, cell harvesting, centrifugation, lysis, solid-phase or liquid

−liquid extraction, solvent drying, and resuspension prior to LC-MS/MS analysis, the latter 

of which alone could take 30 min per sample. Therefore, using conventional methods, a 96-

well plate could take more than 24 h to fully analyze, not to mention the significant labor, 

supply, and reagent costs.

Finally, to assess the precision of ivLESA-MS, we performed analysis on multiple wells (n = 

4) of MDA-MD-231 breast cancer cells and demonstrated highly reproducible lipidomic 

signatures (see Supplemental Figure 2 in Supporting Information for full spectra). 

Quantitatively, the relative signal intensity, as a percent of TIC, for each of the 10 most 

abundant ions demonstrated a CV less than 20%, with the majority under 10% (Table 2). 

Moreover, the fatty acid and phospholipid profiles were similar to those we have seen in 

specimens analyzed in the operating room.9−11 Taken together, ivLESAMS provides a rapid, 

sensitive, and precise platform to characterize metabolites extracted from adherent cells in 

culture, minimizing artifacts and reducing processing and analytical time.

Lipidomic Differences between Breast Cancer Cell Lines.

Compared to the extensive literature describing genomic and proteomic differences observed 

between different types of breast cancers and breast cancer cell lines, there are considerably 

fewer delineating metabolomic differences, and specifically, lipidomic differences between 

these cells.12 As a proof of concept, we applied ivLESA-MS to characterize lipidomic 

differences between four commonly studied breast cancer cell lines, namely, MCF-7,13 

ZR-75–1,14 MDA-MB-453,15 and MDA-MB-231,16 which include a range of breast cancer 

subtypes, from the less aggressive and more targetable MCF-7 cells, which express both an 

estrogen receptor (ER) and progesterone receptor (PR), to MDA-MB-231, a more aggressive 

triple negative breast cancer line17,18 (Table 1).

Although we anticipated minor lipidomic differences between cell lines, we found the cell 

lines to have significantly different lipid signatures (Figure 3). Most notably, while the triple 

negative MDA-MB-231 cells demonstrated similar or lower relative signal intensities for 
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more common glycerophospholipid ions with m/z values of 742.5 (PE 36:2), 766.5 (PE 

38:4), and 885.5 (PI 38:4), these cells exhibited multiple peaks (including 572.5, 682.5, and 

684.5 m/z) at much higher relative signal intensities than other cell lines, as demonstrated in 

Figure 4. Further characterization of these three ions using Fourier transform ion cyclotron 

resonance high resolution mass spectrometry (FTICR-HRMS) identified these molecules as 

the chloride adducts [M + Cl]− of three different ceramide species, most likely 

Cer(d18:1/16:0), Cer(d18:1/24:1), and Cer(d18:1/24:0), respectively (see Supporting 

Information for details). The corresponding [M − H]− adducts for these molecules (536.5, 

646.5, and 648.5 m/z) were also seen in much higher relative abundance in the MDA-

MB-231 cells, albeit at lower signal intensities than their corresponding chloride adducts. 

The predominance of chloride ceramide adducts over deprotonated ions can be attributed to 

the presence of chloroform in the extraction solvent and has been previously reported in the 

literature.19,20 The finding of elevated ceramides is significant, as ceramides not only 

represent a major structural lipid class but also have been associated with lipid rafts,21 

increased during apoptosis,22,23 elevated in several cancers including breast cancer,24,25 and 

play a central role in cell signaling.26 Therefore, by using ivLESA-MS, we demonstrate a 

distinguishable metabolic feature in these cells, which could aid in tumor classification as 

well as targeted therapy.27,28

Limitations and Areas for Improvement.

Since this report was intended to provide a proof-of-principle for ivLESA-MS, there are 

predictably areas for improvement. For one, improved metabolite identification could be 

accomplished by connecting the ivLESA to a high resolution mass spectrometer, as has been 

described in the literature for LESA,29 though bearing in mind that fragmentation and/or 

chromatography would still be needed to differentiate isobaric compounds. Additionally, the 

method presented here involved manual aspiration of the culture media prior to analysis. An 

instrument that could first aspirate the media and then perform LESA would be ideal. To our 

knowledge, such an interface is not currently commercially available. Finally, there are 

likely metabolic changes that occurred due to changes in the media temperature, as these 

cells are normally maintained at 37 °C. Therefore, to mitigate temperature-associated 

metabolic artifacts, a heated platform would be ideal, though we did not have this feature on 

our system.

CONCLUSIONS

We present here ivLESA-MS, a novel application to perform direct metabolic analysis on 

adherent cells in cell culture plates. By performing analysis in 96-well cell culture plates, we 

provide a platform that could be used for a wide variety of applications, including testing of 

single or combination drug therapies, functional metabolic analysis using13C-isotopic 

tracers, and potentially ex vivo metabolic analysis on primary cells. Additionally, we found 

distinct and reproducible lipid signatures among commonly studied breast cancer cell lines, 

which has both diagnostic and therapeutic implications. Future directions include optimizing 

the platform for monitoring organic acids, carbohydrates, proteins, and other endogenous 

molecules.
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Figure 1. 
Schematic of in vitro liquid extraction surface analysis (ivLESA).
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Figure 2. 
Time-dependent changes in lipid profile after culture media aspiration. (A) Representative 

mass spectra using ivLESA-MS on MCF-7 cells analyzed either immediately after media 

aspiration or 30 min after culture medium was removed. Time course demonstrating changes 

in relative signal intensity of (B) 885.5 and (C) 281.2 m/z ions at different time intervals 

postaspiration on different breast cancer cell lines.
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Figure 3. 
ivLESA-MS spectra from four different breast cancer cell lines: (A) MCF-7, (B) ZR-75–1, 

(C) MDA-MB-453, (D) MDA-MB-231, demonstrating divergent lipidomic profiles.
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Figure 4. 
Relative signal intensity of selected prominent ions in different breast cancer cell lines (n = 4 

for each cell line). Error bars represent standard error of the mean (SEM).
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Table 1.

Characteristics of Breast Cancer Cell Lines Used in This Study
a

cell line classification ER PR Her-2 p53 Mut

MCF-7 Luminal A + + − ±

ZR-75-1 Luminal B + − − −

MDA-MB-453 HER2 − − + −

MDA-MB-231 Claudin-low − − − ++

a
ER: estrogen receptor; PR: progesterone receptor.
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Table 2.

Precision Analysis of ivLESA-MS Method
a

(replicate) (1) (2) (3) (4) RSD

m/z signal intensity (% of TIC) %CV

215.0 4.08 3.95 4.33 4.64 7.2

572.5 1.82 1.78 2.03 2.31 12.3

684.5 1.35 1.20 1.34 1.49 8.8

682.5 1.27 1.32 1.31 1.48 6.9

574.5 1.00 0.91 1.03 1.14 9.2

735.5 0.58 0.73 0.78 0.67 12.8

656.5 0.75 0.72 0.73 0.87 9.0

766.5 0.46 0.40 0.41 0.38 7.8

885.5 0.42 0.39 0.40 0.29 15.7

788.5 0.48 0.45 0.47 0.39 9.4

a
Top 10 MS peaks acquired by MDA-MB-231 cells grown on 96-well plates. RSD: relative standard deviation, CV: coefficient of variation, m/z: 

mass to charge ratio, TIC: total ion count.
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