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The Single-probe is a multifunctional device that can be coupled to mass spectrometry (MS) for
molecular analysis of microscale samples, such as single cells, tissue slices, and multicellular
spheroids, under ambient conditions. In Single-probe single cell MS (SCMS) studies, this
technique leverages direct sampling and nanoelectrospray ionization (nanoESI), enabling the
analysis of cells in their native environments without the need for extensive sample preparation.
The Single-probe SCMS techniques have been used for a variety of different studies at the single-
cell level, including semiquantitative profiling of metabolites, quantification of target molecules,
cell-cell interactions, and incorporated chemical reactions for extended molecular analysis. Due to
its miniaturized design and versatility, the Single-probe has been utilized for MS imaging (MSI)
of tissue sections and investigation of extracellular molecules in live single spheroids. This review
summarizes recent advancements in Single-probe-based techniques and their applications, with a
focus on SCMS studies, emphasizing their potential utility in advancing MS methodologies in
microscale bioanalysis.

1. Introduction

In recent years, single-cell analysis has emerged as a transformative approach in analytical
chemistry, offering unprecedented insights into cellular heterogeneity and enabling the study of
intricate biological processes at the cellular level. Cellular heterogeneity is a common feature in
almost all biological systems. Beyond genetic differences, it can also arise from non-genetic
mechanisms, where cells with similar genotypes exhibit distinct morphological and phenotypical
traits'> 2. This heterogeneity may stem from diverse factors such as the cell cycle, stochastic
variations in gene expression, and interactions with the surrounding microenvironment®-. In
addition to studies of cell heterogeneity, single-cell analysis is needed for other applications,
including research of rare cells (e.g., cancer stem cells)®®, development biology (e.g., cell changes
during embryonic development)’!!, and personalized medicine (e.g., analyzing individual cells
from a patient for personalized treatment)'?"!°.

Owing to its multiple advantages (e.g., high sensitivity, high accuracy, and broad molecular
coverage), mass spectrometry (MS) is regarded as one of the most important techniques for
molecular analysis. With the recent advancement, a variety of different single-cell MS (SCMS)
methods have been established as powerful tools to analyze large (e.g., proteins) and small (e.g.,
metabolites) within individual cells'” ¥, Metabolomics is the study of metabolites, which are
broadly defined small molecules with molecular weight <1,500 amu such as lipids, fatty acids,
peptides, amino acids, nucleic acids, sugars and organic acids'®?°. The Single-probe, a microscale
sampling and ionization device, can be coupled to a mass spectrometer for SCMS metabolomics
studies of live single cells without complex sample preparation or labeling. The interest in the
Single-probe SCMS stems from its potential to deepen our understanding of single-cell
metabolism, driving both fundamental research and clinical applications forward. Notable
innovations include integration with microscopy methods (e.g., fluorescence microscopy) and
combination with chemical reactions, greatly extending the application of this technique. As a
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multifunctional device, the Single-probe can be coupled to mass spectrometry for studies in
multiple different areas, including single-cell metabolomics®!: 22, MS imaging (MSI) of tissue
slices®*?’, and the analysis of extracellular molecules in live single spheroids,?® within ambient
conditions. Additionally, we have developed other techniques, such as the T-probe?” ** and
micropipette capillary’!, to facilitate SCMS measurements. As a robust technique, the Single-probe
SCMS method has been used in a variety of fundamental studies such as analysis of cellular
heterogeneity*2*, investigation of cell-cell interactions, detection of signaling molecules® *°and
environmental influences on cell metabolism.>” 3 In addition, the Single-probe SCMS technique
has promising clinical applications, as it has been implemented to detecting and quantifying drug
molecules in single cells,>*3%#? characterizing cancer stem cells,® investigating drug resistance and
metabolic responses to drugs***°, and studying human diseases®® *’. In addition to mammalian
cells, the Single-probe SCMS technique has been used to study plant cells*® *° This review aims
to explore recent advancements and applications of the Single-probe SCMS techniques,
underscoring its growing significance in analytical chemistry. As this technology continues to
evolve, it promises to usher in a new era in microscale bioanalysis, enabling unprecedented
insights into complex biological systems at the cellular and tissue levels.

2. Overview of current SCMS techniques
The current SCMS techniques can broadly be classified into two categories based on their

sampling and ionization environments: vacuum-based and ambient methods.'® 331

2.1 Vacuum-based lonization Techniques

These methods are known for their high sensitivity and spatial resolution, are well-suited for
single-cell analysis®?. However, these experiments require complex sample preparation, such as
dehydration and matrix application, to facilitate ion generation through lasers or ion beams>2. Key
single-cell MS technologies in this category include secondary ion mass spectrometry (SIMS), gas
cluster ion beam (GCIB), matrix-assisted laser desorption/ionization (MALDI), and matrix-free
laser desorption/ionization (LDI).

1. SIMS-based methods. SIMS, originally demonstrated by Herzog and Biehbock in 194933,
evolved for single-cell analysis in the 1960s>* 3. SIMS provides sensitive analysis of
surface compositions by sputtering analytes with a focused primary ion beam (e.g., 1°O-,
160,*, and “°Ar*), which generates secondary ions from surface molecules. The established
SIMS methods for single-cell analysis include TOF-SIMS*6-8, nanoSIMS>* °, and the
newer GCIB-SIMS®!-¢2, These techniques render high spatial resolution (e.g., 50 nm spatial
resolution can be achieved using nanoSIMS); however, challenges remain for analyzing
small biological samples like single cells®. These challenges include the high vacuum
requirement, low ionization efficiency for biomolecules, and complex data analysis due to

t°!. Advances in the ion beam
61,62

extensive fragmentation from high-energy ion bombardmen
source, such as the GCIB, have been introduced to mitigate fragmentation
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2. Laser desorption/ionization (LDI)-based methods. These techniques employ laser beams
at specific wavelengths to irradiate the sample surface, desorbing and ionizing specific
molecules. Although laser technology emerged in 1960 with Maiman’s invention, the
potential of LDI for MS was only realized in the 1980s, as early LDI methods could ionize
only molecules absorbing specific laser wavelengths®®. Key LDI approaches include
matrix-assisted laser desorption/ionization (MALDI-MS) and matrix-free LDI. MALDI, a
soft ionization method, significantly enhances the ionization efficiency of large
biomolecules, such as proteins and polymers® %, In a MALDI experiment, an organic
matrix compound with strong UV absorption assists in laser absorption, enabling efficient
energy transfer to the analytes. Ionization occurs through the interactions between the
analyte and ionized matrix molecules, but the high vacuum environment required to
prevent atmospheric interference may lead to molecular delocalization and other sample
alterations. Additionally, matrix compounds often interfere with detection of low-
molecular-weight compounds (<1000 m/z), complicating studies on small molecules like
metabolites and drug compounds®”-%’. To minimize interference with matrix molecules,
alternative MS techniques, such as matrix-free laser desorption/ionization MS (LDI-MS)""
"I and label-assisted laser desorption/ionization MS (LALDI-MS)’* 73, have been
developed. These methods are particularly useful for analyzing relatively large cells,
including plant” and algae cells’*. In LALDI-MS, specific functional groups (e.g.,

fluorophores or polyaromatic structures) are used to label target molecules (e.g., peptides)
to enable their desorption and ionization when exposed to soft lasers operating at visible
wavelengths. While some LDI-based methods are described as matrix-free, it is often
challenging to completely avoid the use of assistive molecules (e.g., 1,5-
Diaminonaphthalene) when studying biological samples. This is largely due to the
complexity of biomolecules, which often demand varied levels of desorption and ionization
energy®. While these vacuum-based SCMS methods minimize interference from
experimental contaminants, allowing for enhanced detection sensitivity and high
throughput analysis, they requires nontrivial sample preparation as well as precludes the
analysis of live cells due to the extensive pretreatments involved>> 7>,

2.2 Ambient-based Sampling and Ionization Techniques

Compared with vacuum-based techniques, ambient SCMS methods offer greater flexibility,
enabling in situ analysis of cells within their native or near-native environments. This capability
makes ambient SCMS more suitable for live cell studies. However, the sensitivity of ambient
techniques is typically lower than that of vacuum-based methods, due to ionization efficiency
caused by interference from matrix molecules’®. Additionally, the throughput of most ambient-
based methods tends to be lower, limiting their applicability for studies requiring a large number
of cells. Despite these challenges, significant advancements have been made to improve the
throughput of ambient SCMS techniques, making them a valuable tool for minimally invasive live-
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cell analysis’®. Many ambient SCMS techniques typically employ physical probes, lasers, or
charged solvent droplets to facilitate analyte sampling and ionization.

According to the methods used for sampling contents from single cells, we classified ambient
SCMS techniques into three categories: direct suction by microprobes, microextraction by probe
with solid or liquid phase, and direct desorption and ionization** 7. The first two categories
primarily use probe-based approaches. Due to the small size of single cells, often only a few
micrometers, traditional sampling and preparation techniques from bulk analyses are not
applicable. Microprobes were introduced to meet the specific requirements of single-cell
analysis’®.

1. Direct suction by microprobes. The concept of the microprobe was initially proposed by
Masujima in 199977, leading to the first SCMS experiment in 2008 using live single-cell
video mass spectrometry (Video-MS)’®. In these early experiments, cells were monitored
using a video microscope, and a gold-coated capillary nano-electrospray ionization
(nanoESI) emitter (tip size is about 1-2 um) was employed as a micropipette to extract cell
contents’®. The same nanoESI emitter was then used for ionization in MS analysis. This
technique has been applied to study plant cells, quantify analytes in live SCMS, and
integrate with fluorescence imaging, laser microscopy, and microdroplet array systems’®"
81 Vertes et al. integrated the capillary microsampling system®? with ion mobility MS to
identify metabolites in single human hepatocytes®’. Additionally, this system has been
applied to analyze neurons of the mollusk Lymnaea stagnalis®*. When combined with
fluorescence microscopy, specific subcellular components (e.g., cytoplasm and nucleus)
can be selected for analysis. The pressure probes® facilitated direct sample injection using
an internal electrode capillary®®, reduced the need for extensive sample preparation. High
voltage ionization capabilities enabled these probes to operate efficiently under ambient
conditions. Other direct-suction methods, including nanopipettes®’, micropipettes®!, and T-
probes®” 7, have also been adapted for ambient single-cell analysis.

2. Microextraction by probe with solid or liquid phase. These methods for single-cell analysis
are divided into solid-liquid and liquid-liquid microextractions’. In solid-liquid
microextraction®®, a surface-treated metal needle is introduced into a single cell to extract
and enrich analytes, which are subsequently analyzed by mass spectrometry under ambient
conditions. Techniques such as probe electrospray ionization®’, direct sampling probes’®
91 and surface-coated probe nanoESI-MS®>®° are examples of solid-liquid microextraction
developed for single-cell analysis. On the other hand, liquid-liquid microextraction
employs organic solvents (e.g., methanol and acetonitrile) for extraction. These methods
generally do not require additional solvents for MS analysis, leading to a higher throughput
compared to solid-liquid techniques. In liquid-liquid extraction, a capillary is typically used
to introduce the solvent, which then carries dissolved analytes to the mass spectrometer.
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Major liquid-liquid microextraction methods include nanomanipulation, nano-DESI, and
the Single-probe MS. In nanomanipulation coupled nanospray MS, introduced by Phelps
et al.”?, a quartz probe punctures the cell membrane, and a nanoESI emitter is used to
extract analytes. Nano-DESI, developed by the Laskin group in 2012°, utilizes a primary
capillary to deliver solvent to the sample and a secondary capillary for solution extraction
and ionization. Originally designed for MS imaging, nano-DESI was later adapted by
Lanekoff et al. for single-cell analysis®’. In the subsequent sections of this review, we will
provide a detailed discussion on the applications of the Single-probe techniques in single-
cell analysis.

3. Direct desorption and ionization. These techniques involve the application of laser energy,
charged particles, or high electric fields to facilitate analyte desorption/ionization from
individual cells, producing gas-phase ions suitable for MS detection under ambient and
open-air conditions. Approaches include desorption electrospray ionization (DESI)-MS®®
%, easy ambient sonic-spray ionization, drop-on-demand inkjet printing with probe
electrospray ionization (PESI)-MS, and laser-based methods such as laser ablation
electrospray ionization (LAESI)'% 191 Jaser desorption/ionization droplet delivery
(LDIDD)'?2, and atmospheric-pressure MALDI (AP-MALDI)!*,

4. Single-probe SCMS techniques

The Single-probe is a sophisticated analytical tool composed of several integral components that
work together to facilitate microscale bioanalysis. Here, we provide a review of its fabrication as
well as applications in SCMS analysis of small molecules (i.e., semi-quantitative analysis,
quantitative analysis, integration with chemical reactions, evaluation of single cell sample
preparation, and combined advanced data analysis), MSI of biological tissues, MS analysis of
extracellular molecules in live spheroids, and other studies performed using the Single-probe-
based techniques.

4.1 Single-probe Fabrication

The fabrication of the Single-probe (Figure 1a-c) has been thoroughly described in our previous
studies?! 2534 3% 104 Thijs assembly includes three key elements: a laser-pulled dual-bore quartz
needle, a solvent providing silica capillary, and a nano-electrospray ionization (nano-ESI) emitter
that efficiently ionizes extracted metabolite. The fabrication of the Single-probe begins with the
precise shaping of a dual-bore quartz needle (outer diameter (OD) 500 um; inner diameter (ID)
127 pum, Friedrich & Dimmock, Inc., Millville, NJ, USA)) using a laser pipette puller (Model P-
2000, Sutter Instrument CO., Novato, CA). This pulling process creates a fine, tapered structure
in the quartz needle. Following this step, a fused silica capillary (outer diameter 105 um, inner
diameter 40 um, Polymicro Technologies, Phoenix, AZ) is embedded into one bore of the pulled
quartz needle to serve as the solvent delivery channel. Additionally, a nano-ESI emitter is
positioned within the other bore. The nano-ESI emitter is formed by heating a similar fused silica
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capillary with a butane micro torch to achieve a sharp, functional tip for effective ionization. To
secure both the capillary and the nano-ESI emitter within the dual-bore needle, UV-curing epoxy
(Prime Dental, item No. 006.030, Chicago, IL) is applied to the glued sections and cured under a
UV LED lamp.

To ensure the ease of use and stability of the device during sampling, the Single-probe is mounted
on a microscope glass slide using standard epoxy adhesive (Part No. 20945, ITW Devcon, Inc.,
Danvers, MA) (Figure 1b). A Conductive MicroTight Union (M-539, IDEX Health & Science,
LLC) connects the fused silica capillary (ID: 50 pm, OD: 150 pum) to the solvent-providing
capillary. A PEEK tubing (F-181 and F-380, IDEX Health & Science, LLC) is used as the sleeve
of the fused silica capillary to ensure a tight connection. The ionization voltage is applied to the
union instead of the nano-ESI emitter, enabling efficient solvent delivery and ionization. To
construct a functioning setup, the Single-probe is combined with other components, including a
motorized XYZ-stage (CONEX- MFACC, Newport Corp., Irvine, CA), a manual XYZ-translation
stage (Compact Dovetail XYZ Linear Stage, New- port Corp., Irvine, CA), a stereomicroscope
(Supereyes T004 Digital Microscope, Shenzhen D&F Co., Ltd., Shenzhen, China), and a flexible
connector (MXB-3 h, Siskiyou Corp., Grants Pass, OR), integrated on an optical board (Thorlabs
Inc., Newton, NJ, US), which is integrated to mass spectrometers (Thermo LTQ Orbitrap XL mass
spectrometer, Thermo Fisher Scientific, Inc., Waltham, MA and ) through an interface (Labview)
(Figure 1d).
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Figure 1. Single-probe SCMS. (a) Fabrication steps of the Single-probe; (b) photograph of a Single-probe;
(c) zoomed-in view (40x magnification) of the Single-probe tip with measurements from a calibrated digital
microscope; (d) schematic of the Single-probe setup for SCMS analysis. [Reproduced with the permission
Pan, N.; Rao, W.; Kothapalli, N. R.; Liu, R.; Burgett, A. W.; Yang, Z. The single-probe: a miniaturized
multifunctional device for single cell mass spectrometry analysis. Analytical Chemistry 2014, 86.19, 9376-
9380. (ref 21) Copyright © 2014, American Chemical Society]

4.2 Single-probe SCMS studies

4.2.1 Single-probe SCMS in semi-quantitative studies

https://doi.org/10.26434/chemrxiv-2024-31h5b ORCID: https://orcid.org/0000-0003-0370-7450 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-31h5b
https://orcid.org/0000-0003-0370-7450
https://creativecommons.org/licenses/by/4.0/

The Single-probe SCMS technique has been used to characterize cellular metabolites through
semi-quantitative analysis, in which ion intensities of metabolites are normalized to the total ion
current (TIC) as commonly performed in MS studies. The Single-probe semi-quantitative
approaches have been used for uncovering molecular diversity and cellular heterogeneity® 34 35 3%
41-43, 46, 47, 49, 105 This section outlines the progression of semi-quantitative applications of the
Single-probe SCMS technique in single-cell metabolomics, highlighting its evolution across
diverse biological contexts.

One of the earliest qualitative applications was demonstrated by Sun et al. (2018), who employed
the Single-probe SCMS to investigate intracellular metabolite changes in Scrippsiella trochoidea,
a marine dinoflagellate, under various environmental conditions®. Bulk filtration techniques are
predominantly used to assess the physiological responses of microbial populations to
environmental changes. The Single-probe SCMS technique provided profiles of intracellular
metabolites in these single marine algae cells altered by different conditions such as light variation
and nitrogen limitation. This work is a showcase of the potential applications of single-cell
metabolomics studies of marine algae cells’ responses to environmental stressors without extensive
sample manipulation.

In fact, the Single-probe SCMS techniques are primarily used for live mammalian cell studies. Sun
et al. compared the metabolic profiles of cancer stem cells (CSCs) with non-stem cancer cells
(NSCCs). This study revealed distinct metabolic features in CSCs, particularly elevated
tricarboxylic acid (TCA) cycle metabolites and unsaturated lipids. These metabolites, regulated by
key enzymes such as stearoyl-CoA desaturase-1 (SCD1), were linked to the stemness and drug
resistance of CSCs. This work demonstrated the ability of SCMS to reveal unique metabolic
pathways in CSCs, which could serve as potential therapeutic targets. This application of SCMS
illustrated its effectiveness in real-time, live-cell metabolomics, advancing our understanding of
cancer biology at the single-cell level.

To further extend the scope of SCMS, a novel platform integrating a commercially available cell
manipulation system with the Single-probe technique was developed, allowing for the analysis of
suspended cells such as leukemia cells®* !9, This Integrated Cell Manipulation Platform (ICMP)
coupled with a high-resolution mass spectrometer was further used for quantitative analysis of
intracellular metabolites from patient-derived suspension cells such as those in urine from bladder
cancer patients (as detailed in Section 4.2.2)*. This system not only expanded the range of cell
types that could be analyzed with minimal sample preparation but also enhanced specificity and
sensitivity in distinguishing cellular features. The versatility of this approach highlighted its
potential for personalized medicine, offering a rapid, real-time method to analyze live patient cells
and tailor therapeutic strategies.
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The semi-quantitative applications of the Single-probe SCMS methods have been extended to
studying drug-resistant cancer cells. The colorectal cancer cells with Irinotecan (Iri) resistance®’
possess elevated unsaturated lipids and cancer stem cell markers, pointing to the upregulation of
SCD1 as a key factor in resistance. The findings suggested that inhibiting SCD1 could enhance Iri
sensitivity, offering a potential approach to overcoming drug resistance in clinical treatment. More
recently, Chen et al. applied SCMS to evaluate the synergistic effects of combining Iri with
metformin, an anti-diabetic medicine, in Iri-resistant colorectal cancer cells*. The study revealed
that metformin could downregulate lipids and fatty acids, suppressing cancer cell metabolism.
Combining metformin with Iri further enhanced the suppression of glycosylated ceramide
production, a critical component of cancer cell metabolism. These studies demonstrated the utility
of SCMS in investigating drug resistance mechanisms and underscored its potential for broader
applications in cancer therapy.

The Single-probe SCMS has coupled with fluorescence microscopy to investigate cell-cell
interactions. Chen et al. employed the technique in a co-culture system, which included drug-
resistant and drug-sensitive cancer cells, to study metabolism affected by cell-cell interactions>?
(Figure 2 a-c). Two types of co-culture systems were studied, including indirect (two different
types of cells were cultured in the same well but separated by Transwell) and direct (two different
types of cells were directly cultured in the same well without separation) co-culture systems. In
the direct co-culture experiments, one type of cells was labeled with GFP (green fluorescence
protein), and fluorescence microscopy was combined with the Single-probe SCMS to analyze
metabolites of single cells in each group. The study revealed that drug-sensitive cells exhibited
increased resistance and altered metabolic profiles when co-cultured with drug-resistant cells,
shedding light on the role of cellular communication in the development of chemotherapy
resistance. This application demonstrated the integration of SCMS, and microscopy techniques
could provide unique insights into the metabolic shifts driven by cell-cell interactions, paving the
way for future studies on the metabolic responses of heterogeneous cell populations.

ﬁlngle-

robe t|p
LW

200 : . - . L
- - IRI ResistantCells : ~ ~ J{ : 4 '#/\/,

Figure 2: Coupling the Single-probe SCMS with fluorescence microscopy to study cell-cell interactions in
a direct coculture system. Coordinates of single cells in each group were determined by comparing (A)
bright-field and (B) fluorescence images of the same coverslip. (C) Metabolites in single cells were
measured using the Single-probe SCMS technique. [Reproduced from Chen, X.; Peng, Z.; Yang, Z. Chem
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Sci 2022, 13 (22), 6687-6695. DOI: 10.1039/d2sc02298b (ref. 35) with permission from the Royal Society
of Chemistry.]

The Single-probe SCMS has also been coupled with bright field microscopy to study cell
heterogeneity. Nguyen et al. extended the application of SCMS to infectious diseases by
investigating host cell heterogeneity during Trypanosoma cruzi (T cruzi) infection, the causative
agent of Chagas disease (CD)®. The study revealed significant metabolic differences between
infected cells, which contain stained parasites, and uninfected cells as well as the presence of
bystander effect, which indicates uninfected cells adjacent to infected ones displaying altered
metabolism. The bystander effect suggested a novel mechanism for lesion development in parasite-
free areas, offering crucial insights into the pathogenesis of CD. This work represents the first use
of SCMS in studying mammalian-infectious diseases, showcasing the technique’s broad
applicability beyond cancer research.

The Single-probe SCMS technique has significantly advanced semi-quantitative single-cell
metabolomics by enabling precise, real-time analysis of individual cells across diverse biological
systems. Its applications cover multiple areas such as marine microorganisms, human diseases,
and cell-cell communication, offering unprecedented insight into cellular heterogeneity and
metabolic dynamics. As the technique continues to evolve, it holds immense potential for
furthering our understanding of complex biological processes and driving innovations in
personalized medicine.

4.2.2 Single-probe SCMS in quantitative studies

The Single-probe SCMS technique has been used for quantification of anticancer drugs (both
amounts and concentrations) in live individual cells under ambient conditions®!. Due to its unique
design, the internal standard can be added into the sampling solvent (e.g., acetonitrile) at a known
concentration. The internal standard can be an isotopically labeled compound or species with the
structure highly similar to the target compound.'® 26 1% When performing quantitative SCMS
measurements of drug-treated cells, the Single-probe tip is inserted into a single living cell to
extract intracellular chemicals (including drug molecules). Both the internal standard and drug
molecules are simultaneously delivered to the nanoESI emitter for ionization and detected by MS.
Multiple factors (e.g., the ion intensities of the drug and internal standard, internal standard's
concentration and flow rate, and data acquisition time) needed to be considered for the
quantification. If the isotopically labeled analog is not available, the internal standard can be
selected from the species with a structure similar to the target compound, whereas a calibration
curve needs to be established. The quantitative SCMS technique makes it possible to accurately
estimate the amounts of drugs in individual cells, offering insights into how individual cells
metabolize and retain therapeutic agents.
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This method was first employed to rapidly quantify the absolute amounts of the anticancer drug in
individual adherent cancer cells under ambient conditions*®. Pan et. al. performed the measurement
of anticancer drug amounts within live cells (Figure 3). In this study, both HCT-116 and HeLa cell
lines were employed to investigate the intracellular uptake of irinotecan under various treatment
durations and concentrations. To minimize the diffusion loss of cellular contents and internal
standard (irinotecan-d10), glass chips containing microwells (diameter: 55 um, depth: 25 pm) were
used during cell incubation and treatment. Single cells in individual cells were selected for
measurements. The amount of irinotecan within single cells was obtained. When comparing these
single cell results with those obtained through traditional LC/MS techniques, it was found that the
LC/MS approach yielded lower intracellular drug levels. This discrepancy was attributed to drug
losses during the sample preparation process in LC/MS, highlighting the advantage of single-cell
mass spectrometry in preserving and detecting accurate drug concentrations within cells. This
method offers a more direct and precise approach to understanding drug uptake dynamics.
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Figure 3: Quantitative Single-probe SCMS experimental setup with individual cells and microwells on
glass chip shown in the microscopic image. [Reproduced from Pan, N.; Standke, S. J.; Kothapalli, N. R.;
Sun, M.; Bensen, R. C.; Burgett, A. W. G.; Yang, Z. Quantification of Drug Molecules in Live Single Cells
Using the Single-Probe Mass Spectrometry Technique. Anal. Chem. 2019, 91, 14, 9018-9024. Copyright
© 2019, American Chemical Society]

Recent advancements have integrated the Single-probe with a cell manipulation system, enabling
analysis of suspension cells and patient-isolated cells from body fluids (Figure 4 a-c)**. To extend
quantitative SCMS techniques to suspended cells, the Single-probe system was coupled with an
integrated cell manipulation platform (ICMP), which consists of an Eppendorf TransferMan cell
micro manipulation system, a Nikon Eclipse TE300 inverted microscope, and a Tokai Hit
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ThermoPlate system. A single cell was selected by the cell selection probe, and the cell diameter
was measured using the inverted microscope. In fact, the microscope enables the discrimination
between cancerous and non-cancerous cells based on their morphological characteristics. The cell
was then transferred to the Single-probe tip, where the cell was immediately lysed when contacting
the solvent (e.g., acetonitrile containing the internal standard). The single cell lysate and the
internal standard were simultaneously detected by MS. Bensen et. al accurately measured
intracellular amounts and concentrations of the chemotherapy drug gemcitabine in individual
bladder cancer cells, including both K562 cell lines and bladder cancer cells isolated from patients
undergoing chemotherapy>®. Comparisons with traditional LC/MS results of K562 cells yielded
comparable intracellular drug concentrations. This study demonstrates the system's capacity for
real-time, precise quantification of anticancer drug levels in single cells, highlighting its potential
for improving personalized chemotherapy regimens.
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Figure 4: Experimental setup for MS measurement of suspension single cells. (a) The integrated cell
manipulation platform (ICMP) coupled with a mass spectrometer. (b) Schematic for analysis of suspended
single cells. (¢) Microscopic view of K562 cells to be selected using the cell-selection probe. [Reproduced
from Standke, S. J.; Colby, D. H.; Bensen, R. C.; Burgett, A. W. G.; Yang, Z. Mass Spectrometry
Measurement of Single Suspended Cells Using a Combined Cell Manipulation System and a Single-Probe
Device. Anal. Chem. 2019, 91, 3, 1738-1742. Copyright © 2019, American Chemical Society].

4.2.3 Combing Single-probe SCMS with chemical reactions

1. Reaction through noncovalent interactions. In the quest to improve the detection
coverage of ionizable cellular metabolites, experiments are often conducted in both
positive and negative ionization modes. However, this is particularly challenging in SCMS
due to the extremely limited cellular content available (~1 pL/cell)’, which makes repeated
analyses impractical. Addressing this limitation, Pan and Rao et al. (2016) introduced a
unique MS method that facilitates the detection of negatively charged species in single
cells using positive ionization mode®®. This approach leverages dicationic ion-pairing
reagents in conjunction with the Single-probe for real-time reactive SCMS experiments. In
their studies, two dicationic compounds, 1,5-pentanediyl-bis(1-butylpyrrolidinium)
difluoride (Cs(bpyr)2F2) and 1,3-propanediyl-bis-(tripropylphosphonium) difluoride
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(Cs(triprp)2F2), were added into the sampling solvent and introduced into single cells
(Figure 5 a-b). These dicationic reagents (2+) formed stable ion-pairs with negatively
charged (1-) cellular metabolites, transforming them into positively charged (1+) adducts,
thus enabling their detection in positive ionization mode with enhanced sensitivity. In three
separate SCMS experiments, 192 and 70 negatively charged metabolites were detected as
adducts with Cs(bpyr)2F2 and Cs(triprp)2F2, respectively, along with the detection of other
positively charged metabolites, highlighting the capability of this approach to detect a
broad spectrum of metabolites. A key advantage of these dicationic compounds lies in their
selectivity for complex formation, allowing the discrimination of low-abundance ions with
nearly identical m/z values. Additionally, MS/MS was employed for molecular
identification of selected adduct ions. This reactive SCMS method represents a significant
advancement by enabling the simultaneous detection of negatively and positively charged
metabolites in a single experiment. Most notably, many of the negatively charged
metabolites identified using dicationic reagents were undetectable in negative ionization
mode alone, demonstrating the enhanced sensitivity offered by this technique. Future
studies could explore other compounds to further refine the sensitivity and scope of
metabolite detection in single-cell analysis.
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Figure 5: Molecular structures of dicationic compounds (a) C5(bpyr)2F2 and (b) C3(triprp)2F2. (c)
Schematic drawing of the single-probe SCMS setup. The inset indicates the insertion of a single-probe tip
into a cell. [Reproduced Pan, N.; Rao, W.; Standke, S. J.; Yang, Z. Using Dicationic Ion-Pairing Compounds
To Enhance the Single Cell Mass Spectrometry Analysis Using the Single-Probe: A Microscale Sampling
and lonization Device. Anal. Chem. 2016, 88, 13, 6812-6819. (ref 33) Copyright © 2016, American
Chemical Society]

2. Reaction through covalent interactions. Lan et al. introduced a novel method for indirect
quantifying intracellular nitric oxide (NO) by means of chemical reactions at the single-
cell level (Figure 6 a-b) 3. NO, a reactive and short-lived molecule (with a half-life of less
than one second), plays a critical role in various biological processes, including
angiogenesis in tumors. Quantifying NO at the single-cell level remains challenging due to
the small size of cells and NO’s reactive nature. There are two main pathways for NO
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production: exogenous (provided by NO donor compounds) and endogenous (produced by
cells). Clinically, NO donors are used in the treatment of conditions like high blood
pressure and heart disease. Additionally, the anticancer drug doxorubicin (DOX) can
increase endogenous NO levels via the catalytic activity of nitric oxide synthase (NOSs).
Given NO's crucial biological functions, developing a method to accurately quantify NO
at the single-cell level is highly significant. Lan et al. proposed a method based on a
quantitative reaction between NO and amlodipine (AML), a compound containing the
Hantzsch ester group. The reaction between NO and AML yields dehydroamlodipine
(DAM), which can then be detected and quantified using the Single-probe SCMS
technique. Importantly, AML reacts selectively with NO, exhibiting 100% efficiency
without interference from other reactive species within the cell. In their study, individual
cells were adhered to glass chips containing microwells and were subsequently treated with
AML under different experimental conditions. To induce NO production, two compounds
were used: sodium nitroprusside (SNP) (to generate exogenous NO) and doxorubicin
(DOX) (to stimulate production of endogenous NO). The Single-probe SCMS system was
employed for NO quantification, with acetonitrile (ACN) containing 0.1% formic acid
(FA) and 1.0 uM OXEF (as an internal standard) used as the sampling solution. Results from
the SCMS studies demonstrated that intracellular NO levels exhibited heterogeneous
distributions across the treated cells under all experimental conditions. This method
provides a robust approach for the quantification of NO at the single-cell level, offering
insights into the complex biological roles of NO in cellular systems.
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Figure 6: Quantification of NO in single cells. (a) Reaction of AML and NO producing DAM. (b) Using
the quantitative Single-probe SCMS cell setup to quantify NO in single cells. A Glass chip containing
microwells is used for cell culture and the SCMS experiment. [Reproduced from Lan, Y.; Chen, X.; Yang,
Z. Quantification of Nitric Oxide in Single Cells Using the Single-Probe Mass Spectrometry Technique.
Anal. Chem. 2023, 95, 51, 18871-18879. (ref 36) Copyright © 2023, American Chemical Society]
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4.2.4 TImproving Cell Sample Preparation for Robust Single-probe SCMS Analysis

Maintaining the metabolic integrity of live cells during sample transport, storage, or extended
measurements is critical, particularly given the rapid turnover rate of metabolites and low
throughput of most ambient-based SCMS techniques, which require substantial time to manually
select and analyze a statistically significant number of cells. A recent study developed a robust
methodology to preserve cellular metabolomic profiles for SCMS experiments, addressing the
challenge in most ambient SCMS metabolomics studies (Figure 7)!%”. This study introduced a cell
preparation protocol combining washing by volatile salt solution, rapid quenching in liquid
nitrogen (LN>), vacuum freeze-drying, and storage at -80 °C to stabilize cell metabolites for SCMS
analysis. Experimental findings demonstrated that LN> quenching effectively preserved the overall
metabolome, while storage at -80 °C for 48 hours caused minor changes in metabolite profiles of
quenched cells. In contrast, unquenched cells exhibited significant metabolic alterations despite
low-temperature storage. Further investigation revealed the necessity of quenching to maintain
metabolic integrity and emphasized minimizing low-temperature storage duration to limit
metabolic perturbations. The proposed method is readily applicable to SCMS workflows, ensuring
metabolite stability during extended studies while maintaining the fidelity of metabolic profiles.
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Figure 7: Overall workflow of SCMS studies of the impact of LN, quenching and -80°C storage (48h) on
metabolites’ profiles in single cells. (a) Cell seeding and washing by AF solution. (b) Four groups of cells
were used in experiments. Group 1 — Cells were washed, quenched, and freeze dried (no storage); Group 2
— Cells were washed and dried at room temperature RT) (no quenching and storage); Group 3 — Cells were
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quenched, freeze dried, and stored; Group 4 — Cells were dried at RT and stored (no quenching).
[Reproduced from Wije Munige, S.; Bhusal, D.; Peng, Z.; Chen, D. Developing Cell Quenching Method to
Facilitate Single Cell Mass Spectrometry Metabolomics Studies. Chemrxiv, 2024. (ref 107)].

4.2.5 Combining Advanced Data Analysis Methodologies with Single-probe SCMS
Experiments

The integration of SCMS methods with innovative data analysis techniques has significantly
advanced the field of single-cell metabolomics. A variety of data processing and analysis methods
have been employed to extract meaningful insights from the complex data generated from the
Single-probe  SCMS experiments, extending the applications of the Single-probe SCMS
techniques 323831 108,

1. SCMS data pretreatment. Liu et al. reported a generalized data analysis workflow to
pretreat the Single-probe SCMS data®’. This data preprocessing workflow includes
multiple key steps for data refinement: (1) removal of exogenous ion signals from culture
medium and sampling solvent, (2) filtering of instrument noise, which typically comprises
20-40% of detected peaks, through low-intensity ion exclusion, and (3) normalization of
metabolite ion intensities to the total ion count. These steps were shown to effectively
reduce data dimensionality while retaining crucial metabolite information, though
challenges remain in distinguishing true metabolite signals from low-abundance noise’’.
This generalized data analysis workflow can be seamlessly integrated with raw datasets,
enabling thorough metabolomic analyses across different experimental conditions.

The introduction of MassLite by Zhu et. al marks a notable advancement in the
pretreatment of metabolomics data. This software package is an integrated Python platform
with a user-friendly graphical interface for processing data in standard .mzML format. This
tool is suitable to handle data from intermittent acquisition processes, enabling efficient
segmentation of ion signals from individual cells. MassLite also retains low-intensity
metabolite signals within complex single-cell data, broadening the scope of detectable
molecular species from limited analyte content. Additionally, this tool incorporates
functions for void scan filtering, dynamic grouping, and advanced background removal, all
of which enhance data quality and processing efficiency. Further, MassLite automates cell
region selection, replacing the manual process to enhance processing throughput. Overall,
MassLite serves as a vital tool for advancing SCMS research, streamlining data
preprocessing, and facilitating more accurate metabolomic analyses.

2. SCMS Data Analysis by Machine Learning. While significant progress has been made
in understanding drug resistance mechanisms, predicting a drug-resistant phenotype before
starting chemotherapy remains underexplored, which can result in ineffective treatments
and unwanted toxicity for patients. For the first time, the integration of the Single-probe
SCMS with machine learning techniques was performed by Liu et. al to quickly and
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accurately predict the phenotypes of unknown single cells. This innovative approach,
facilitated by the Single-probe, offers a solution for the rapid and reliable prediction of
drug-resistant cancer cell phenotypes such as those associated with chemoresistance
mechanisms (e.g. cell adhesion-mediated drug resistance (CAM-DR))*. Advanced data
analysis, incorporating machine learning algorithms, was subsequently used to process
complex metabolomic data. Specifically, random forest (RF), penalized logistic regression
(LR), and artificial neural networks (ANN) were used for analyzing pre-treated single cell
metabolomic datasets. By integrating a diverse range of cellular metabolites, the models
achieved significantly improved predictive accuracy (p-value < 0.05) compared to other
approaches that relied solely on metabolic biomarkers identified through two-sample t-
tests or PCA loading plots. This highlights the effectiveness of our methodology in
enhancing model performance.

Yao et al.'”” developed MetaPhenotype, a meta-learning-based model designed to address
limitations in adaptability and transferability often encountered in machine learning models
for SCMS data analysis. SCMS is a powerful tool for investigating cellular heterogeneity,
such as phenotypes, through the variation of molecular species in individual cells.
However, its application to rare cell populations is often constrained by the limited
availability of cell samples. To overcome these challenges, two pairs of isogenic melanoma
cancer cell lines (each has primary and metastatic phenotypes) were analyzed using the
Single-probe SCMS technique. Both control and drug treated cells were analyzed. The
SCMS metabolomics data of one cell pair (no drug treatment) served as the training and
evaluation datasets for MetaPhenotype, which was subsequently applied to classify the
remaining data. The MetaPhenotype model demonstrated rapid adaptation and exceptional
transferability, achieving high prediction accuracy of over 90% with minimal new training
samples. Moreover, it enabled the identification of a small subset of critical molecular
species essential for phenotype classification. This work highlights the potential of
MetaPhenotype to lower the demand for extensive sample acquisition, facilitating accurate
cell phenotype classification even with limited SCMS datasets. The applicability of
MetaPhenotype extends beyond melanoma cell lines and the specific SCMS platform
employed in this study, offering potential for broader use in metabolomics studies across
diverse SCMS platforms and cell systems.

3. SCMS Data Analysis by Biostatistics. A notable study by Liu et. al illustrates the
application of the Single-probe SCMS experiment combined with SinCHet-MS (Single
Cell Heterogeneity for Mass Spectrometry) software to investigate tumor cell
heterogeneity and cellular subpopulations®?. They analyzed the metabolomic profiles of
drug-sensitive and drug-resistant melanoma cells (WM115 and WM266-4) treated with
vemurafenib. The data was subjected to batch effect correction, subpopulation analysis,
and biomarker prioritization. Notably, the findings showed that drug-sensitive cells
developed a new subpopulation after treatment, while drug-resistant cells only showed
changes in existing subpopulation proportions. There are a few highlights of this work.
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First, for the first time, effect correction in SCMS studies was performed using SinCHet-
MS. Second, the subpopulations of cells can be quantified using this bioinformatics tool.
Third, new algorithms used in this software allow for prioritizing biomarkers of
subpopulations of cells.

These contributions underscore the transformative impact of combining Single-probe SCMS
experiments with sophisticated data analysis techniques, paving the way for improved
understanding of cellular behaviors and therapeutic responses.

4.3 The Single-probe MS Imaging (MSI)

As a microscale sampling and ionization device, the Single-probe can be coupled to MS for other
studies. The Single-probe MS imaging (MSI) technique, first introduced in 2015, is a novel tool
for analyzing biological tissues with high spatial under ambient conditions''%!'2, During the MSI
experiment, the Single-probe tip is placed closely above the tissue slice, and the solvent junction
at the tip performs in-situ surface micro-extraction, and the extracted molecules are immediately
analyzed by MS (Figure 8 a-c). Using programmed stage control system, the Single-probe tip
perform continuous raster sampling of the region of interest on tissue. MS images of ions of interest
can be constructed using a visualization tool. The Single-probe is capable of producing MSI
images with a spatial resolution as fine as 8.5 pm (Figure 8 d-e), making it one of the highest
resolutions among ambient MSI methods available.
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Figure 8: The Single-probe MSI of tissue slices. Photos of (a) the Single-probe and (b) setup of the Single-
probe during MSI measurement. (c¢) Schematic of the Single-probe MSI system. (d) Optical image of the
mouse kidney section showing the region of MSI measurement. (¢) MS images of selected metabolites
(8.5 x 20 um pixel size). [Reproduced from Rao, W.; Pan, N.; Yang, Z. High Resolution Tissue Imaging
Using the Single-probe Mass Spectrometry under Ambient Conditions. J. Am. Soc. Mass Spectrom. 2015,
26, 6, 986-993. (ref 110) Copyright © 2015, American Chemical Society]

4.3.1 Combining the Single-probe MSI with chemical reactions.

Due its unique design, the sampling solvent of the Single-probe can be flexibly selected. Similar
to the relevant application in SCMS studies**, the use of dicationic compounds (i.e., [Cs(bpyr)2F2]
and [Cs(triprp)2F2]) (Figure 5) in MSI experiments enabled the detection of negatively charged
species in the positive ion mode?S. Particularly, detection of metabolites in the m/z range of 600-
900 was improved with enhanced ion intensities compared to regular negative ionization modes.
This technique also allowed the detection of metabolites that were previously undetectable under
standard conditions.

4.3.2 Combining advanced data analysis with Single-probe MSI experiments.
Due to their high dimensionality, high complexity, and large size, extracting essential biological
information from MSI data is generally challenging. To facilitate the relevant studies, advanced
data analysis methods have been developed and combined with the Single-probe MSI

experiments,?- 2427 112
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Tian et. al.,* developed a data analysis method using Multivariant Curve Resolution (MCR) and
Machine Learning (ML) approaches, which were then used to analyze the MSI data from mouse
kidney slice. This method involved four main steps: data pre-processing, MCR- Alternating Least
Squares (ALS), supervised ML (e.g., Random Forest), and unsupervised ML (e.g., Clustering
Large Applications (CLARA) and Density-based Spatial Clustering of Applications with Noise
(DBSCAN)). A key step was using t-SNE, a dimensionality reduction tool, to process and visualize
the complex datasets. For supervised ML methods, predefined histological regions identified
through MCR-ALS were used to train the models. In unsupervised methods, t-SNE prepared the
data for clustering. The combination of these approaches provided a more thorough understanding
of chemical and spatial features in the data. Other machine learning methods were then developed
to improve the MSI data analysis. In a study involving cancer spheroids, the Single-probe was
used to examine the effects of the anticancer drug Irinotecan on colorectal cancer (HCT-116)
spheroids®®. By obtaining spatially resolved metabolomic profiles, the technique revealed how the
drug affected the abundance of metabolites in different regions of the 3D tumor model. ML
techniques, such as Random Forest and CLARA, were employed to analyze the MSI data,
improving the identification and classification of metabolomic features.

The MS images obtained from the Single-probe MSI experiments can be integrated with
fluorescence microscopy images through image fusion (Figure 9 A-C). In Alzheimer's disease
(AD) research, the Single-probe was used to investigate the spatial distribution of metabolites
around amyloid-beta (AB) plaques in an AD mouse brain®’. Image fusion allowed researchers to
correlate histological markers (detected through fluorescence microscopy) with metabolomic
features (observed through MSI). This combined approach improved spatial resolution (~5 pum)
and provided insights into abnormal metabolite expressions, such as lysophospholipids, malic acid,
and glutamine, that are linked to the progression of AD.

Microscope Image

Figure 9: Fusion of fluorescence microscopy image and MS image. (a) Fluorescence microscopy image of
a 5XFAD mouse brain slice stained using Thioflavin S. (b) Original MS images of metabolites ([PC(34:1)
+ H]" (m/z760.5851) (top), [PC(38:6) + H] (m/z844.5218) (middle), and [LPC(18:0) +
H]" (m/z 524.3693) (bottom)) and (c) their fused images. All metabolites were identified using MS? from
the tissue slice, and the results were compared with METLIN. [Reproduced from Tian, X.; Xie, B. E.; Zou,
Z.; Jiao, Y.; Lin, L. E.; Chen, C. L.; Hsu, C. C.; Peng, J. M.; Yang, Z. B. Multimodal Imaging of Amyloid
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Plaques: Fusion of the Single-Probe Mass Spectrometry Image and Fluorescence Microscopy Image. Anal.
Chem. 2019, 91 (20), 12882-12889. (ref 27) Copyright © 2019, American Chemical Society].

4.4 Single-probe Mass Spectrometry in Live Multicellular Tumor Spheroids

The Single-probe can be used as microscale sampling device to extract analytes for direct MS
analysis. In a study by Sun et. al, the integration of the Micro-funnel, which was implanted into a
spheroid, with the Single-probe provided an innovative approach to analyze extracellular
metabolites in live multicellular tumor spheroids (Figure 10). This work focused on understanding
the effects of anticancer drug treatments in the tumor microenvironment®®. This technique is
particularly valuable for capturing undiluted extracellular compounds inside single spheroids, a
critical area due to its unique microenvironment and potential for harboring drug-resistant cells.
To carry out this work, the researchers first developed the Micro-funnel from biocompatible fused
silica capillary with a fine tip (~25 pm), enabling precise implantation into the spheroid to collect
extracellular compounds. The spheroids, cultured using a colon carcinoma cell line (HCT-116),
were treated with the anticancer drug irinotecan under various concentrations and durations. The
Micro-funnel allowed for targeted sampling, isolating metabolites in a microscale environment
that would otherwise be challenging to access without dilution or selection bias. Once metabolites
were collected, the Single-probe was inserted into the opening of the Micro-funnel to extract these
metabolites and analyzed by MS. The changes in the spheroid’s extracellular lipid profile were
observed, particularly in phospholipids and glycerides, with increased lipid abundance as treatment
concentration and exposure time increased. These results indicated that irinotecan prompted
significant shifts in lipid metabolites, which could contribute to drug resistance mechanisms within
central tumor cells. This study’s workflow demonstrates an effective methodology for profiling
the extracellular environment of live spheroids, making it a valuable tool for investigating drug
response, cellular communication, and resistance mechanisms in three-dimensional (3D) cancer
models.
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Figure 10: Combined the Micro-funnel and Single-probe technique for MS analysis of extracellular
compounds in live spheroids. (a) A photo of a Single-probe device. (b) A photo of a Micro-funnel before
and after being implanted into a spheroid. (c) Coupled Micro-funnel and Single-probe device. (d) Real-time
MS analysis of extracellular compounds in a live spheroid using the coupled Micro-funnel and Single-probe
device. [Reproduced from Sun, M.; Tian, X.; Yang, Z. Microscale Mass Spectrometry Analysis of
Extracellular Metabolites in Live Multicellular Tumor Spheroids. Analytical Chemistry 2017, 89, 17, 9069—
9076. (ref 28) Copyright © 2017, American Chemical Society]

5. Studies performed using other Single-probe-based designs

The general design of the Single-probe device has been adopted and modified by other researchers
for a variety of different studies.

5.1 Quantitative MSI studies.

In 2021, Wu et al. applied the Single-probe technique for per-pixel absolute quantification of
endogenous lipidomes through model prediction of mass transfer kinetics''>. This method enabled
ambient liquid extraction MSI in rat cerebellum, utilizing phosphatidylcholine (PC) and
cerebroside (CB) standards doped in the extraction solvent. By studying the extraction kinetics of
endogenous lipids during the probe's stationary phase in each tissue pixel, the team could gather
detailed kinetic data.

https://doi.org/10.26434/chemrxiv-2024-31h5b ORCID: https://orcid.org/0000-0003-0370-7450 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-31h5b
https://orcid.org/0000-0003-0370-7450
https://creativecommons.org/licenses/by/4.0/

5.2 Enrichment of low-abundance analytes on biological tissue slices.

Wang et al. in 2021 further leveraged the Single-probe fabrication to create a microprobe with a
larger tip size, suitable for ambient liquid extraction MSI but not single-cell analysis'!*. This study
aimed to address the limited imaging coverage of low-abundance or low-polarity lipids, such as
glycerolipids and sphingolipids, in complex tissues. To do so, they applied a porous graphitic
carbon (PGC) material to selectively imprint brain tissue sections, enriching neutral lipids while
removing polar phospholipids. Subsequent scanning of the PGC-imprinted tissue with the ambient
liquid extraction MSI system revealed that hydrophobic interactions dominate in protic solvents
on the PGC surface, while polar interactions dominate in aprotic solvents. A recent study
performed by this group presents a novel MSI approach that enhances spatial lipidomics analysis
using a graphene oxide/titanium dioxide (GO/TiO2) nanocomposite as a mixed-mode adsorptive
material''>. By combining the chelation affinity of TiO, with the hydrophobic interaction of GO,
the material facilitates selective enrichment of poorly ionizable glycolipids and glycerides while
reducing ion suppression and peak interference from high-abundance polar lipids. Optimized
solvent systems enabled on-plate separation of lipid classes and efficient two-step ambient liquid
extraction MSI. This method significantly improved lipid coverage, detecting a greater variety of
glycolipids, glycerides, and phospholipids compared to traditional MSI techniques. Application to
rat cerebellum tissue demonstrated higher imaging quality and comprehensive lipid profiling,
advancing the depth and scope of spatial lipidomics studies. Their future work will focus on scaling
the nanocomposite coating for single-cell MSI.

In 2024, Wu et al. advanced the Single-probe for ambient liquid extraction MSI studies aimed at
enhancing the detection of poorly ionizable lipids in brain tissue using a Lewis acidic metal-
organic framework (MOF)!'S. In this study, the sample was placed on a triaxial platform, with the
Single-probe affixed in a perpendicular orientation relative to the sample surface. The team
employed 1% FA-MeOH as the extraction solvent at a flow rate of 5 pL-min™', delivered via a
syringe pump. A vacuum pump was used to draw the solvent into the probe, creating a stable liquid
junction with a precise 10 pum distance between the probe tip and sample surface. This approach
effectively mitigated ion suppression by phospholipids in MSI, significantly improving the
detection coverage of low-abundance, poorly ionizable lipids.

5.3 Using chemical reactions to improve the detection of low-abundance analytes with low
ionization efficiencies.

In 2024, Lu et al. developed a novel method to address challenges in lipidomics, specifically for
glycosphingolipids (GSLs), which are difficult to ionize and analyze'!’. This method introduces a
photoinduced enrichment and deglycosylation approach, implemented in an ambient liquid
extraction MS system, to improve GSL detection coverage and structural elucidation in single-cell
analysis. Using TiO: in ammonia-based protic solvents, GSL standards were selectively adsorbed.
Under UV irradiation, GSLs underwent deglycosylation (losing one hexosyl group) with a high
conversion efficiency (>70%), then desorbed from TiO.. Coating the TiO: onto a capillary probe
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enabled selective GSL enrichment while separating them from high-abundance phospholipids,
reducing ion suppression. UV exposure triggered rapid photodesorption without solvent changes,
achieving six-fold GSL enrichment. This enhanced GSL detection nine-fold compared to
traditional methods, allowing for detailed fatty acyl and sphingosine chain elucidation through
increased MS/MS fragmentation. The method was applied to analyze nerve cells with improved
identifications of lipids, including GSLs and hexosylceramides, after neuron injury. This
innovative TiO2-coated probe provided low limit of detection (3.7 ng/mL), high linearity (r> 0.99),
and repeatability (RSD < 20%). In brain tissue analysis, this technique identified 38 more lipids
than using conventional methods. Overall, this approach significantly advances single cell
lipidomics by enhancing GSL detection and structural analysis, providing valuable insights for
biomedical and photooxidation research.

6. Future Aspects

Since it was first introduced in 2014, the Single-probe-based methods have demonstrated their
capabilities in various studies of microscale bioanalyses, such as single cells, tissue slices, and 3D
tumor models, in ambient conditions. Implemented with other techniques in instrumentation (e.g.,
microscopy and precise manipulation), chemical reactions, and surface functionalization,
applications of these methods have been largely extended. The advancement in data analysis tools
(e.g., multivariate analysis and machine learning) enables extraction of essential information from
complex data. Regardless of their advantages, broad applications of the Single-probe-based
methods still face multiple challenges. In Single-probe SCMS studies, cell sampling needs to be
manually performed using the XYZ-stage system guided by a microscope. Although this is
beneficial for studies of target cells, which can be labeled by dyes or fluorescent proteins, among
heterogenous populations, these manual procedures largely limit the analysis throughput. In fact,
microfluidics techniques have been implemented to SCMS metabolomics studies''®1?2. Similar
strategies can be potentially adopted by the Single-probe SCMS setup to improve its analysis
throughput. In Single-probe MSI studies, maintaining the robustness of the experimental setup for
stable data acquisition (e.g., several hours) has been challenging. These issues can be mitigated by
fabricating robust probes with carefully adjusted tip sizes and shapes. In fact, taking advantage of
modern microfabrication techniques (e.g., micromachining, microinjection, and 3D printing), the
fabrication of high-quality Single-probe devices can be automated and standardized, promoting
their widespread adoption with high consistency and reliability across laboratories. In addition,
enclosed, environmentally controlled setups can further enhance reproducibility by mitigating
external influences such as temperature and humidity variations. In principle, the Single-probe
setup can be customized and coupled with any model of mass spectrometer with a suitable
interface. Its open design allows for flexible customization of translation stage system, microscope,
and solvent and reagent selection and delivery. Similar to all other MS studies, the Single-probe
MS techniques can reap the benefit of rapid advancements in modern mass spectrometers (e.g.,
improved detection sensitivity, mass resolution, data acquisition speed). Collectively, these

https://doi.org/10.26434/chemrxiv-2024-31h5b ORCID: https://orcid.org/0000-0003-0370-7450 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-31h5b
https://orcid.org/0000-0003-0370-7450
https://creativecommons.org/licenses/by/4.0/

technology innovations and advancements will broaden the utility of Single-probe MS methods,
solidifying their roles in advancing cutting-edge biological research.
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