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GRAPHICAL ABSTRACT

e A microscale sampling and ionization
device allows for MS analysis of sus-
pended live single cells.

e Entire single cells underwent rapid
online lysis without losing cellular
contents.

e Metabolomic biomarkers and bio-
logical pathways were discovered at
the single cell level.
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Single cell mass spectrometry (SCMS) allows for molecular analysis of individual cells while avoiding the
inevitable drawbacks of using cell lysate prepared from populations of cells. Based on our previous
design of the T-probe, a microscale sampling and ionization device for SCMS analysis, we further
developed the device to perform online, and real time lysis of non-adherent live single cells for mass
spectrometry (MS) analysis at ambient conditions. This redesigned T-probe includes three parts: a
sampling probe with a small tip to withdraw a whole cell, a solvent-providing capillary to deliver lysis
solution (i.e., acetonitrile), and a nano-ESI emitter in which rapid cell lysis and ionization occur followed
by MS analysis. These three components are embedded between two polycarbonate slides and are
jointed through a T-junction to form an integrated device. Colon cancer cells (HCT-116) under control and
treatment (using anticancer drug irinotecan) conditions were analyzed. We detected a variety of intra-
cellular species, and structural identification of selected ions was conducted using tandem MS (MS?). We
further conducted statistical analysis (e.g., PLS-DA and t-test) to gain biological insights of cellular
metabolism. Our results indicate that the influence of anticancer drugs on cellular metabolism of live
non-adherent cells can be obtained using the SCMS experiments combined with statistical data analysis.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

dynamic nature of cells, and to understand their roles in complex
biological systems [1,2]. However, a particular cell is an individual

The basic structural, functional, and biological units of life are unit with unique genomic and phenotypic traits, and thus distin-
cells. Great efforts have been devoted in recent decades to study the guishes itself from other seemingly identical cells that reside in

* Corresponding author.
E-mail address: zhibo.yang@ou.edu (Z. Yang).

https://doi.org/10.1016/j.aca.2019.07.059
0003-2670/© 2019 Elsevier B.V. All rights reserved.

adjacent regions [3]. Such phenomenon termed as cell-to-cell
heterogeneity poses a great challenge for clinical and biological
studies, as a majority of conventional methods are based on cell
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populations, which result in averaged results of the cohort analyzed
[4]. Facing such challenges, single cell based techniques that can
differentiate such cell-to-cell heterogeneity are desired to gain in-
sights into the nature of cells. Currently, a variety of studies at the
single cell level have been conducted, and they have fundamentally
enhanced our understandings of cells through single cell genomics
[5], single cell transcriptomics [6], single cell proteomics [7], and
single cell metabolomics [8]. These studies provide chemical and
biological information of target systems that is otherwise lost in
traditional analyses using samples prepared from bulk populations
of cells [3]. Among those single cell “omics” approaches, single cell
metabolomics focuses on changes of cellular metabolites corre-
sponding to altered microenvironment, and thus provides direct
clues towards cellular metabolism [9].

Mass spectrometry (MS), as a powerful analytical approach,
satisfies prerequisites of single cell metabolomic analysis due to its
abilities to analyze trace amount of samples, resolve cellular me-
tabolites from complex matrix [10], and identify species of interest
[11]. A variety of different single cell MS (SCMS) techniques, which
fall into non-ambient or ambient method (i.e., non-ambient,
ambient), according to their sampling and ionization environ-
ment, have been developed and applied to analyses of a broad
range of cells (plant cells, mammalian cells, yeasts, etc.) [12—14].

Non-ambient SCMS methods are primarily based on two ioni-
zation techniques: secondary ion MS (SIMS) and matrix-assisted
desorption/ionization (MALDI) MS. Techniques based on SIMS and
MALDI MS use high-energy ion beams or UV laser to ablate and
ionize molecules in cells, such as metabolites, lipids, and pharma-
ceuticals, for sensitive and reproducible analysis at the single cell
level [13,15]. In contrast to vacuum-based techniques, ambient
SCMS methods allow for sampling and ionization of cells with little
or no sample preparation [16—18]. A variety of ambient SCMS
techniques, such as live single-cell video-MS [19], laser ablation
electrospray ionization (LAESI) MS [20], nanospray desorption
electrospray ionization (nano-DESI) MS [21], induced nanoESI
(InESI) MS [22], probe electrospray ionization (PESI) [23,24], and
techniques coupled to microfluidic chips [25] and flow cytometry
(i.e.,, mass cytometry) [26,27]. In addition, we have previously
developed the Single-probe [28—31], which was also used for MS
imaging [29,32—34] of tissues and MS analysis of extracellular
molecules in live spheroids [35], and the T-probe [36] to capture
chemical information of live single cells. These approaches hold
promising potentials towards studies of fundamental cell biology
and translational applications in clinical practice [12].

Due to the extremely small amount of contents from a single cell
(e.g., a single cell volume can be as low as a few pLs, with a few
types of cells being smaller than 1 pL) [37,38], sample separation,
which can potentially result in analyte dilution and loss, is not
performed in most SCMS methods. On the other hand, suitable
separation techniques can be coupled to MS techniques to improve
sensitivity and identification. These separation techniques include
micro-separation prior to ionization (e.g., capillary electrophoresis
[39] and microscale liquid chromatography [40,41]) and post-
ionization (i.e., ion mobility separation [42]). These techniques
have been applied to in situ metabolic analysis of single plant cells
[43] and quantifying translational cell heterogeneity in the frog
embryo [44].

Despite great efforts contributed, two major limitations still
exist in most of SCMS techniques mentioned above. First, these
methods require cell immobilization or attachment to a particular
substrate [45]. Second, loss of cellular contents may occur during
sample preparation or sampling processes. The former prevents
sampling from inherently non-adherent cells, whereas the latter
renders a loss of molecular information of cellular contents.

To address the above limitations, we provided a new design of

the T-probe that enables rapid lysis of live non-adherent single cells
followed by immediate MS analysis. This new design was based on
our previously reported T-probe device [36]. They both have three
capillaries (i.e., a solvent-providing capillary, a sampling probe, and
a nano-ESI emitter) that are joint to form a T-shaped junction and
sandwiched by two polycarbonate slides (Fig. 1B). The working
mechanisms of both designs are similar. During the SCMS experi-
ment, the sampling solvent is provided a solvent pump and deliv-
ered to the solvent-providing capillary, which is connected to a
conductive union. A DC ionization voltage is applied on the
conductive union and transmitted through the solvent inside the
capillaries to generate ionization at the nano-ESI emitter. Under
well-tuned conditions (e.g., suitable solvent flowrate and ionization
voltage), a suction force can be generated at the sampling probe.
Although the exact mechanisms are unclear, the generation of the
suction force is likely due to the capillary action in the sampling
probe induced by a continuous consumption of solvent in the nano-
ESI emitter [36].

The novelty of the T-probe used in the current study includes
two major aspects. First, it is designed for the analysis of suspension
cells. Although the majority of existing SCMS techniques, including
the T-probe device, only allow for analyzing cells attached to

|
. {/ a Microscope

\s
=

Fig. 1. (A) Experimental set-up of the redesigned T-probe for SCMS analysis. Two
microscopes were used to provide visual guide during the experiment, and the XYZ-
stage was utilized to precisely target single cells. lonization voltage was applied on
the conductive union, and the MS analysis was conducted using a LTQ Orbitrap XL
mass spectrometer. (B) Photo of a T-probe, in which a solvent-providing capillary, a cell
sampling probe, and a nano-ESI emitter were sandwiched by two polycarbonate slides.
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substrates, methods based on mass cytometry [27], PESI [24] and
microfluid chip devices [46] have been developed to analyze sus-
pension cells. The capability of analyzing suspension cells is
particularly important for clinical investigations, in which suspen-
sion cells, including primary blood cells (e.g., lymphocytes, mac-
rophages, dendritic cells), lymph node cells (T-cells and B-cells),
bone marrow cells, and circulating tumor cells, can be analyzed for
cell-based therapy and diagnostics [47—50]. Our group has recently
reported an integrated cell manipulation platform (ICMP) for MS
analysis of single suspension cells [51]. Compared with this tech-
nique, the redesigned T-probe is a relatively simple device allowing
for higher throughput analysis. Second, the new design allows for
the analysis of an entire cell undergoing an online, rapid lysis. A cell
can be withdrawn from the solution and followed by a rapid lysis
inside the nano-ESI emitter of the device to avoid the loss of cellular
contents, which can potentially occur during the sampling process
of other techniques. Compared with the previously reported T-
probe, the new design accordingly has two major features. First,
because the new design aims to sample an entire non-adherent cell,
its sampling probe has an orifice (~14 pm) slightly larger than that
of the T-probe (~6 um). Second, its nano-ESI emitter (5.5 cm) is
much longer than that of the T-probe (~0.5cm), allowing for
adequate time (~15 s) to induce online cell lysis inside the nano-ESI
emitter upon the cell contacting the solvent (99.9% acetonitrile
with 0.1% formic acid (FA)) at the T-junction.

2. Experimental design and data processing
2.1. Fabrication and test of the T-probe

Although the general fabrication workflows of both designs are
similar [36], the major differences between them include the length
of nano-ESI emitter and tip size of sampling probe. The fabrication
work is illustrated in Fig. S1, and detailed information is provided in
the Support Information. Briefly, three capillaries (a solve-
providing capillary, a cell sampling probe, and a nano-ESI
emitter) were joint at a T-shaped junction and sandwiched by
two polycarbonate slides, which were coated with hydrophobic
material and then bond together through a thermal binding process
to form an integrated device (Fig. 2). We have conducted experi-
ments using a series of tip sizes, and we selected a tip size of ~14 pm
for both the sampling probe and the nano-ESI emitter to achieve
the optimized performance. In addition, the lengths of the
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Fig. 2. Schematic of the T-probe and mechanisms of SCMS analysis. The inset shows
the single cell withdrawn into the cell sampling probe undergoes a rapid (within a few
seconds) lysis. Single cell lysate is immediately ionized through the nano-ESI emitter
for MS analysis.

sampling probe (8 mm) and the nano-ESI emitter (5.5 cm) were
carefully selected. Ideally, the length of the sampling probe should
be short enough to minimize the amount of cell culture medium
drawn along with a cell (i.e., minimized matrix effect) [10], but long
enough to maintain a strong mechanical strength of the poly-
carbonate bond structure. On the other hand, with two major
functions (i.e., online cell lysis and ionization) of the nano-ESI
emitter, its length needs to be long enough to provide space and
time for rapid cell lysis occurring upon the cell entering the T-
junction and mixing with the solvent. However, an excessively long
emitter can reduce the experimental throughput and result in
difficulties of probe fabrication.

The performance of all devices was tested prior to the SCMS
experiments. Simply, a small droplet of a prepared solution con-
taining a standard testing compound (e.g., leucine enkephalin,
1 uM) was added to a vial, followed by immersion of the sampling
probe tip into the solution. A stable ion signal of leucine enkephalin
can be observed shortly (~15 s) after the probe immersion (Fig. S2).
The sampling probe tip was then removed from the prepared so-
lution, and the sampling solvent was continuously delivered to
rinse the probe until the ion signal of the testing compound
completely disappeared. To evaluate the sensitivity of the rede-
signed T-probe, we measured the limit of detection (LOD) of mul-
tiple standard compounds relevant to our studies. As a result, LODs
were 0.1, 0.1, and 10 nM, for irinotecan, leucine enkephalin, and a
phosphatidylcholine (PC (16:0/18:1)), respectively (Fig. S3). These
results indicated that the new design has similar sensitivities
compared with the original T-probe, the Single-probe, and standard
nano-ESI source results [36,52]. (Table S1).

2.2. SCMS experiments

During the SCMS analysis, the redesigned T-probe was coupled
to our in-home developed SCMS platform employed in our previ-
ous SCMS studies using the Single-probe [28,30,35] and the original
T-probe [36]. Briefly, this platform includes an XYZ-translational
stage system, two digital microscopes, and a Thermo LTQ Orbi-
trap XL mass spectrometer (Fig. 1A) [28]. Cells in both control and
drug treatment groups were used for the SCMS experiments
(detailed sample preparation procedures are described in the
Supporting Information). Irinotecan is a common anticancer drug
for the treatment of colon cancer [53] that inhibits the function of
Topoisomerase I, leading to DNA damage and cell apoptosis [53,54].
This drug compound was selected to treat live HCT-116 colorectal
cells in our experiments to demonstrate the change of cellular
metabolites upon the treatment of anticancer agent. Specifically,
cells were first treated using 18 uM irinotecan for 45 min, and then
rinsed and detached using trypsinization. Afterwards, a droplet of
cell suspension solution was placed onto a glass slide, which was
attached to the XYZ-stage system controlled by a LabView software
package (incremental step size =0.1 um) [55]. Using two digital
microscopes as the visual guide, the sampling probe tip initially
located above the sample plate was submerged into the solution
containing cells by lifting the Z-stage. Upon selecting a target cell,
the sampling probe can precisely draw the target cell with visual
guidance (Fig. S4). The XYZ-stage was then immediately lowered
down to free the sampling probe tip from the culture medium and
stop the suction of culture medium. Due to the complex composi-
tion of the cell culture medium that may affect the detection
sensitivity [10], caution should be taken to minimize its amount
withdrawn during cell sampling. This is particularly important for
future analysis of patient cells suspended in complex biological
fluids such as blood, urine, saliva, and cerebrospinal fluid (CSF).
After a single cell was withdrawn, the solvent provided through the
solvent-providing capillary (flowrate = 0.5 uL/min) mixed with the
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cell at the T-junction, and cell lysis rapidly occurred inside the
nano-ESI emitter. In our SCMS analysis, an ionization voltage
(+4 kV) was applied to the conductive union and transmitted
throughout the solution inside the solvent-providing capillary and
the nano-ESI emitter to ionize the cell lysis for MS analysis.

2.3. SCMS data analysis

A comprehensive data analysis procedure was performed
following SCMS analysis to gain biological insights. Specifically,
we conducted data pre-treatment, including removal of back-
ground (i.e., species detected in the sampling solvent, the culture
medium, and any dissolved polycarbonate oligomers), reduction
of instrumental noise, ion signal normalization, and peak align-
ment (see the Supporting Information and Fig. S5 for details) [56].
We performed statistical analyses, including Partial Least Squares-
discriminant Analysis (PLS-DA) and two-sample t-test (herein-
after referred to as t-test), using an online metabolomics analysis
tool, MetaboAnalyst [57]. PLS-DA is a multivariate statistical
method for data analysis and visualization, and it has been widely
applied to classification and regression of metabolomics data [58].
In addition, t-test is generally used to determine if there is a sta-
tistically significant difference between results from two groups of
cells. In our work, we employed both methods to study the change
of cellular metabolomic profiles upon drug treatment. Further-
more, two online metabolome databases, METLIN [59] and HMDB
[60], were used to tentatively assign the detected metabolites
based on their accurate m/z values. More confident identification
of species of interest was performed using MS/MS fragmentation
patterns.

3. Results and discussion
3.1. Sampling solvent selection

A key feature of the new design of the T-probe is to induce a
rapid cell lysis during the transport of a cell from the T-junction to
the tip of the nano-ESI emitter. It is critical to select MS-compatible
solvents with desired composition for the SCMS experiments. To
rapidly screen the solvent composition to be used in the SCMS
analysis for optimal performance, we used a microscope (Micro-
master, Fisher Scientific, MA) to monitor the lysis process of HCT-
116 cells upon adding the lysis solution. A number of solvents
commonly used in MS experiments (e.g., acetonitrile, methanol,
and methanol/water) with a variety of compositions were tested as
the lysis solution (Table 1). Our experiments indicated that cell lysis
rapidly occurred (<15 s) in solution containing high concentrations
of acetonitrile (>80%) (Fig. S6). Considering that a small amount of
culture media would also be drawn along with a cell into the T-
probe and therefore dilute the concentration of cellular contents,
we used a sampling solvent composed of pure acetonitrile (with
0.1% FA to improve ionization efficiency) for our SCMS experiments.

Table 1
Influence of solvent composition (acetonitrile/cell culture medium) on cell lysis
rate.

Percentage of acetonitrile (%) Cell lysis rate (s)

20 >120
40 >60
60 >60
80 10-15
90 <3

95 <3

3.2. Molecular analysis of single cells in the control and drug
treatment groups

During the SCMS analysis, the ion signals of cellular species
were usually observed within 15 s upon the selected cell entering
the sampling probe tip. We analyzed 25 cells in the control group
and 19 cells in the drug treated group, and a total number of ~400
cellular metabolites were detected (Fig. 3). As expected, irinotecan
([C33H38N406 4+ H] T, m/z 587.2881) was only detected in the drug
treated cells. By accomplishing the tentative assignment of detec-
ted species, we found that cellular species detected in the control
group include phosphatidylcholine (PC), metabolites of vitamin Ds,
phosphatidylethanolamide (PE), prostaglandin (PG), and PE-
ceramide (PE-cer). For cells in the drug treated group, PC, PG, and
PE were the major species. The forms of the detected species
include protonated, sodiated, and potassiated species. Furthermore,
the ion signal of one cell usually lasted for 15—20s, which was
adequate to conduct MS/MS analysis of a selected ion with rela-
tively higher abundance (e.g., >10°) at the single cell level. Among
all abundant cellular species (e.g., top 30 most abundant species in
the control and treatment groups), six of them were further iden-
tified by MS/MS analysis at the single cell level (Tables S2 and S3,
Fig. S7 and Fig. S8). However, the signal intensities of the rest
species were inadequate for MS/MS analysis at the single cell level
due to multiple factors, including very limited amount of cellular
contents, the ionization suppression by salts (from cell culture
medium), and pronounced background signals. Therefore, we used
traditional nanoESI-MS/MS to analyze cell lysate samples as a
complimentary method (see the Support Information for detailed
procedures of the lysate preparation and MS analysis). For example,
the identification of irinotecan has been confirmed by MS/MS
analysis in single cells (Fig. S7), cell lysate (Fig. S10), and the stan-
dard irinotecan solution. In addition, five cellular species were
detected in both control and drug treatment groups, and they were
identified as PC(36:5), PC(38:5), PC(34:1), PC(36:1), and TEI 9647
(Fig. S8) from online MS/MS analysis at the single cell level. Using
the cell lysate, 12 species from the control group were further
identified as PC(36:5), PC(34:1), PC(36:3), PC(38:6), PC(38:5),
PC(38:4), PC(40:4), PC(38:7), TEI-9647, Coenzyme Q4, PC(40:6), and
PC(40:7) (Fig. S9). Among them the first seven species were also
detected in the lysate sample prepared using irinotecan treated
cells (Fig. S10).
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Fig. 3. Mass spectra of (A) a cell in the control group, (B) a cell in the drug treatment
groups, and (C) background.
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Interestingly, the antagonist of VDR (vitamin D3 nuclear recep-
tor), TEI-9647 [61—63], was only present in control cells. As previ-
ously reported vitamin D can hinder the progression of colon
cancer [64,65] through its active form 1,25-dihydroxyvitamin D3
(1,25D), which induces growth arrest and apoptosis of cancer cells
[63]. Importantly, activating VDR in cancer cells is needed for the
effective treatment using 1,25D [63,66]. Our experimental results
can likely provide rationales to these observations in previous
studies. Producing TEI-9647 seems to be a protection mechanism of
cancer cells against their undesired chemical environment, and this
antagonist can suppress the activity of VDR to disable the anti-
cancer functions of 1,25D. The absence of TEI-9647 in cancer cells
upon irinotecan treatment likely indicates this anticancer drug may
hinder synthetic pathways of TEI-9647, which can potentially be a
new mechanism in addition to its known inhibition function of
topoisomerase [67]. However, comprehensive studies are still
needed to verify our hypothesis.

3.3. Changes of metabolomic profiles after drug treatment

Lipid metabolism is regulated by several cellular processes
including cell growth, proliferation, apoptosis, chemotherapy
response, and drug resistance [68]. To illustrate the influence of
anticancer drug treatment on cellular metabolism, we conducted
statistical analysis of the SCMS data. Specifically, PLS-DA was con-
ducted to illustrate the difference of overall metabolomic profiles
between two groups of cells [69], followed by the permutation test
to validate the results [70]. We then used t-test to compare me-
tabolites’ abundances before and after treatment. Intuitively, a vi-
sual discrimination of chemical profiles between two groups can be
observed from the PLS-DA score plot (Fig. 4), and the corresponding
permutation test indicates that the difference is statistically sig-
nificant (p-value < 0.001). Through the t-test we discovered that a
few types of lipids, including PC, PG, phosphatidylserine (PS), PE,
and triglycerides (TG), were significantly changed (most of them
were downregulated) due to drug treatment (Table S4). From a
biological perspective, phosphatidic acid (PA) is the precursor for
the biosynthesis of TGs and other phospholipids such as PC, PG, and
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Fig. 4. 3D PLS-DA plot illustrating the metabolomic difference of cells between the
control (red dots) and the treatment (green dots) groups. Each dot represents the
overall metabolomic profile of a single cell. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

PE [71,72]. The suppressed production of PA upon the exposure to
irinotecan, which was also reported in other studies [73], can likely
result in reduced synthesis of down-stream metabolites, such as
TGs and phospholipids.

In addition, a number of abundant species, including PE-
Cer(d40:2) (m/z 781.5588) and SM(d37:1) (m/z 783.5758), were
only detected from single cells rather than cell lysates (Tables S2
and S3), indicating that these cellular species are rapidly altered
due to changes of cell microenvironment, or they are too labile to
survive from multi-step sample preparation procedures. Due to the
minimum sample preparation and rapid analysis, our technology
allows for detection of cellular species reflecting the status of live
cells with minimum perturbation of cell microenvironment.

4. Conclusion

We reported a redesigned T-probe that can be coupled to a mass
spectrometer to conduct rapid, in situ SCMS analysis of entire live
single cells in suspension. HCT-116 cell line was used as the model,
and cells in control and drug treatment groups were subjected to
the SCMS experiments. An individual cell was initially withdrawn
into the probe, subsequently subjected to a rapid online lysis upon
mixing with lysis solvent, and immediately ionized for real-time
MS detection. The major advantage of this new design is that this
device can be used to analyze non-adherent cells without cellular
contents loss, as an entire cell is lysed inside the device. A variety of
cellular species, including PC, PS, PE, PG, and TG, were detected
from control and irinotecan treated single cells, with some of those
further identified through online MS/MS analysis at the single cell
level. Evident changes of metabolomic profiles of single cells after
drug treatment were visualized through PLS-DA, and cellular spe-
cies (i.e.,, PC, PG, PS, PE, and TG) with significant changes were
discovered through t-test. In addition, we detected a number of
species only present in single cells rather than cell lysates, indi-
cating they are likely to be liable metabolites and sensitive to the
change of cellular microenvironment. Our techniques can be
potentially used for future SCMS analysis of broader range of non-
adherent cell types with different sizes such as patient cells sus-
pended in biological fluids.
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