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Abstract

Existing single cell mass spectrometry (SCMS) sampling platforms are largely designed to work 

only with immobilized cells and not the suspended cells isolated from patient samples. Here, we 

present a novel method that integrates a commercially available cell manipulation system 

commonly used for in vitro fertilization with the Single-probe SCMS sampling technology. The 

combined Single-probe SCMS/cell manipulating platform is capable of rapidly analyzing 

intracellular species in real time from a suspension leukemia cell line. A broad range of molecular 

species was detected, and species of interest were verified using tandem MS (MS/MS). 

Experimental results were analyzed utilizing statistical analyses such as principle component 

analysis (PCA) and t-tests. The developed SCMS/cell manipulation system is a versatile tool to 

provide rapid single cell analysis of broad types of patient cell samples.
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Liquid biopsy samples from patients, such as blood plasma, saliva, urine, or fine needle 

aspiration, are a complex milieu of different types of individual cells, and therefore any 

bioanalysis of the multicellular patient sample would likely be extremely heterogeneous.1 

Moreover, patient-derived cells are typically converted into lysate and then analyzed using a 

bulk sampling technique, such as liquid chromatography mass spectrometry (LCMS). 

However, bulk analysis masks cellular heterogeneity, and the cellular characteristics, 

metabolites, and responses to drug administration in an abnormal subpopulation would be 

mixed with signals from healthy cells.2,3 A better approach would be to focus the 

bioanalysis on the individual patient cell levels, but the limited volume of an individual cell 

(i.e., ~1–3 pL),4 along with spectral interferences from the sampling medium make analysis 

on the single-cell level extremely challenging. Additionally, many cellular bioanalytical 

methods, including some single cell methods, require complex sample preparation prior to 

measurement.5 Extensive sample preparation, including cell attachment and detachment, 

centrifugation, and changes to the cellular environment can alter cellular metabolites and 

morphologies.6 Therefore, rapid, real-time analysis is necessary to study cells in a near-

native state.2,3 Advancements in instrumentation over the past decade have allowed single 

cell analysis (SCA) to become increasingly popular as a means to characterize heterogeneity 

that is unable to be accounted for using bulk sampling techniques. Current methods of SCA 

include flow cytometry,7–10 microfluidics,11,12 RNA sequencing,13,14 and mass 

spectrometry (MS) methods of analysis.10,15–17

Single cell mass spectrometry (SCMS) is becoming popular due to its label-free approach 

and ability to detect broad ranges of analytes, including lipids, peptides, and metabolites.
17,18 SCMS can be characterized into two groups, ambient and nonambient analysis, 

according to their sampling and ionization environment. Nonambient techniques are 

vacuum-based and require sample pretreatment, while ambient techniques are often 

performed in a near-native environment with minimal sample preparation. A pitfall of 

nonambient SCMS techniques is the inability to study live cells in real time in native cellular 

environments. Changes to the cellular environment could alter cellular metabolites. Thus, a 
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number of ambient SCMS techniques have been developed for the measurement of live 

mammalian cells. These techniques analyze cellular contents obtained from individual cells 

using microprobe extraction11,19–34 or laser desorption/ionization.18,35–48 Among these 

ambient SCMS techniques, the Single-probe SCMS technique allows for real-time, in situ 
analysis of live cells, including mammalian and plant cells.49–55 Microscale separation 

methods, such as capillary electrophoresis (CE), and postionization methods, such as ion 

mobility (IM),17 have been coupled to MS to minimize spectral interferences during single 

cell analysis.56,57 A prerequisite of many nonambient SCMS techniques is the need for an 

immobilized substrate to secure cells, such as preparing a frozen, hydrated sample or 

utilizing micropatterned polystencil film.17 Because cellular metabolites are sensitive to the 

microenvironment, any perturbation, including cell attachment and changing culture 

medium, may potentially affect the molecular composition inside cells. A bioanalytical 

method capable of rapidly measuring drug pharmacology on single cells isolated from 

patients under ambient conditions could be used to develop personalized drug therapeutic 

regimens tailored to the individual’s response to a drug.58

SCMS techniques are often limited by the amount of content available from an individual 

cell. Single cells have a much smaller sample volume than bulk samples used in traditional 

analytical techniques but still maintain extremely complex compositions without extensive 

sample pretreatment. For example, typical cultured mammalian cells contain only a few 

picoliters of solution (individual cell size ~10–20 μm in diameter), but it is estimated that 

more than 109 proteins and 1010 lipids are present in one single cell.59 Limited amount and 

complex composition of cellular contents from individual cells lead to challenges generally 

present in SCMS studies, particularly for cancer cells with small sizes (e.g., ~10–13 μm).
29,60–66

Despite the small sampling size of cultured cells, the Singleprobe SCMS technique has 

demonstrated its success qualitatively with metabolic profiling in individual mammalian 

cancer cell lines. In addition, this technique has been used for other applications, including 

MS tissue imaging28,30 and analysis of extracellular molecules inside live multicellular 

spheroids.56,57 There are a number of advantageous features unique to the Single-probe 

SCMS technique, including versatile selection and composition of the sampling solvent, 

capabilities for real-time and in situ analysis, and potential compatibility with broad types of 

mass spectrometers. However, this technique was previously used only for analysis of cells 

on an immobilized substrate (e.g., on glass coverslips).

In this work, we report the development of an integrated cell manipulation platform (ICMP), 

which combines the Single-probe SCMS method with a single cell manipulation platform, to 

analyze individual, suspended cancer cells in real time in a near-native environment with 

minimal sample pretreatment. This new instrumental setup allows for the direct selection 

and analysis of individual cells present in their original complex matrixes. Because matrix 

molecules in the sample solution are generally eliminated upon analysis, the matrix effect, 

which results in reduced ionization efficiency and detection sensitivity, is minimized.

To conduct SCMS of suspended cells, this ICMP setup is coupled to a high-resolution 

Thermo LTQ Orbitrap XL mass spectrometer, and a Single-probe is used as the sampling 
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and ionization device. This multifunctional cell manipulation system (Figure 1) consists of 

two Eppendorf TransferMan cell micromanipulation devices (to control spatial movements 

of both the glass cell-selection device and Single-probe), a Nikon Eclipse TE300 inverted 

microscope (for cell monitoring), and a Tokai Hit ThermoPlate system (to mimic the 

temperature of the cells’ natural environment). A cell-selection probe, which is a glass 

tubing with a small tip size, is connected to a microinjector and coupled with one of the 

Eppendorf manipulation systems to capture target cells. The other Eppendorf manipulation 

system is modified to allow a Single-probe interface with the mass spectrometer via an 

extended ion transfer tube, which is used to replace the standard one. Cells are randomly 

selected with the cell- selection device using a digital stereomicroscope and then transferred 

to the Single-probe tip for real-time microscale lysis followed by MS analysis (Figure S1). 

Detailed experimental information can be found in the Supporting Information.

K562 cells in both control and drug-treated groups were subjected to the SCMS 

measurement. Three abundant cellular lipid(phosphatidylcholine (PC)) peaks (PC(34:4), 

PC(36:4), and PC(38:5) at m/z 754.536, 782.567, and 808.583, respectively (Figure 2)) were 

monitored throughout the experiment to ensure cells were transferred and analyzed.49,67,68 

These common species have been observed in our previous studies using adherent cell lines.
49,50,69

K562 cells were subjected to treatment with various anticancer drug compounds 

(gemcitabine, Taxol, and OSW-1) to demonstrate the versatility of analyte that could be 

extracted from individual suspended cells. Gemcitabine (1 μM) and Taxol (1 μM) were 

incubated with cells for 1 h. OSW-1 (100 nM and 1 μM) was incubated with cells for 4 and 2 

h, respectively. In addition to a large number of cellular metabolites, all three drug 

compounds were detected from individual cells (Figure S2, Table S1). The drug compounds 

were unable to be detected in the PBS in which the K562 cells were suspended, indicating 

that they were released from cells during cell lysis and not from the sampling solution.

The ICMP coupled to the Single-probe SCMS was also utilized for the analysis of global 

metabolic changes in K562 cells following a 24-h treatment with Taxol (100 nM). The 

SCMS data were subjected to pretreatment, including background removal, noise reduction, 

peak alignment, and intensity normalization using Geena2 prior to analysis using 

MetaboAnalyst.70,71 Under our experimental conditions, the physiological profiles of cells 

were not significantly changed by drug treatment; however, their molecular compositions 

were drastically changed (Figure S4). Principle component analysis (PCA) was performed to 

illustrate the differences of molecular profiles of cells between control and treatment groups 

(Figure 3). In addition, the within-group spread of SCMS data points in the PCA plot 

reflects the heterogeneity of cells in the same group.72 In total, the abundances of 78 

metabolites were significantly changed (p < 0.05 from t-test) upon drug treatment. For 

further identification of compounds of interest determined from SCMS experiments, cell 

lysates were prepared using drug treated cells (100 nM Taxol for 24 h) and subjected to the 

complementary MS/MS analysis. Monoglycerides (MG) and diglycerides (DG) comprised 

many of the significantly changed metabolites. For example, upon treatment with Taxol, 

DG(44:6) is significantly down-regulated, while MG(16:0) and MG(18:0) are significantly 

up-regulated (Figure S5). These results illustrate a stark difference between these two 
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groups, including multiple significantly up/down-regulated metabolites, which demonstrates 

the capability of this technology to identify global metabolic changes within individual, live 

suspension cells.

In summary, the Single-probe SCMS technique has successfully been coupled with an 

integrated cell manipulation platform for the analysis of suspended cells (K562) in solution. 

This integrated system allows us to observe and select individual cells suspended in solution. 

The selected cell is transported to the Single-probe tip, where a rapid single cell lysis occurs 

in an acetonitrile droplet. Released cellular contents are then immediately analyzed by a 

high-resolution mass spectrometer. More than 30 total cells were analyzed using this 

integrated SCMS system, and different cellular metabolites were found between treated and 

control cell groups. Complementary MS analysis of cell lysate can be performed for 

identification of species of interest obtained from the SCMS experiments.

This integrated system is suitable for the analysis of cells present in solutions, such as bodily 

fluids, with minimum sample preparation. The complex matrix is largely excluded from MS 

analysis by selecting a cell of interest for analysis with a probe not utilized for analysis, so 

minimal or no solution is extracted. With the ability to analyze small sampling volumes, it is 

feasible that the integrated cell manipulation platform can be used for rapid analysis of 

individual cells derived from patients in situ, which could allow for unprecedented 

personalization of drug administration.

Safety Considerations.

Both glass and silica capillaries pose a needle-stick hazard, so these items must be handled 

with caution. Standard safety protocols were enforced for the handling of chemicals and 

culturing and treating of cell lines.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Experimental setup for suspension single cell MS experiments: (A) integrated cell 

manipulation platform (ICMP) coupled with a mass spectrometer, (B) schematic for analysis 

of suspended cells, and (C) experimental view of K562 cells to be selected using the cell-

selection probe.
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Figure 2. 
Zoomed-in mass spectrum from a single cell showing the representative species (m/z 750–

850). Structure confirmation of the labeled ions were performed through MS/MS analysis 

(Figure S3).
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Figure 3. 
PCA showing the overall difference of metabolomic compositions of single K562 cells in 

the control and drug treatment (100 nM Taxol for 24 h) groups.
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