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ABSTRACT: Live single-cell metabolomics is a rapidly growing
area of research, which offers the potential to provide unique
insights into cellular function and heterogeneity. Single-cell
isolation approaches based on capillary sampling are in principle
compatible with either nano-electrospray ionization-mass spec-
trometry (nano-ESI-MS), where the cell is lysed and sprayed
directly into a mass spectrometer, or liquid chromatography−mass
spectrometry (LC-MS) for metabolomics analysis. However, there
are no data indicating which approach can provide the best
performance (metabolite coverage, reproducibility and sensitivity)
for single-cell metabolomics. In this work, we have developed and
then compared two semitargeted metabolomics methods (direct nano-ESI-MS and LC-MS) for detecting amino acids and other
hydrophilic metabolites in single macrophages. Interestingly, our results show that, even when using analytical-flow LC-MS, the
coverage of metabolites is superior to the nano-ESI-MS method. We applied both methodologies to single THP-1 macrophages
infected with fluorescent Mycobacterium bovis bacillus Calmette-Gueŕin (BCG), the vaccine strain of Mycobacterium tuberculosis.
Infected cells were identified under a microscope and sampled into glass capillaries. Our results show that the LC-MS approach
provides a much clearer distinction between infected and control cells than using nano-ESI-MS. LC-MS detected enrichment of
several compounds in infected cells, including methionine, cysteine and taurine, highlighting reprogramming of sulfur metabolism
during mycobacterial infection. These findings establish a robust analytical framework for spatially resolved single-cell metabolomics
and underscore its potential for uncovering infection-driven metabolic heterogeneity, with broad applications in infectious disease
research, drug discovery, and clinical diagnostics.

Metabolomics and single-cell isolation represent two
cutting-edge approaches in modern biology, and their

integration unlocks unprecedented insights into cellular
heterogeneity and processes. Through profiling of small
molecules, metabolomics provides a direct snapshot of
biochemical activity that reflects real-time cellular processes.
Specifically, it reveals the functional outcomes of gene
expression, enzyme activity, and environmental interactions.1,2

Traditional bulk analyses average signals across thousands to
millions of cells, masking variation between individuals.3 In
contrast, single-cell analysis is essential for resolving the
variability hidden in bulk populations, enabling the study of
different cell types and their dynamic responses to environ-
mental or therapeutic stimuli.4 Single-cell metabolomics offers
the potential to reveal how distinct cells, even from the same
cell line, exhibit cell-to-cell biochemical heterogeneity, enabling
the dissection of metabolic variation in disease, to pave the way
for precision diagnostics and personalized therapies.5−7

Both the performance and interpretability of single-cell
metabolomics are shaped by the sampling strategy. Recent

advances have seen several single-cell isolation methods evolve,
each with their own application-specific advantages and
limitations.8 Mass spectrometry imaging (MSI) has emerged
as a powerful entry point into single-cell metabolomics,
offering label-free, spatially resolved molecular data. MSI
techniques such as matrix-assisted laser desorption ionization
(MALDI), desorption electrospray ionization (DESI) and
secondary ion mass spectrometry (SIMS) can now attain
single-cell resolution, enabling spatial mapping of cellular
populations of lipids and metabolites.9−11 These techniques
have the disadvantage that cells cannot be sampled live and
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lack chemical depth and quantitation offered by chromato-
graphic methods.5

By contrast, flow cytometry or droplet microfluidics enable
high-throughput sorting of individual eukaryotic or prokaryotic
cells, which can then be lysed and directed into electrospray
ionization (ESI) compatible platforms such as liquid
chromatography (LC)-MS or capillary electrophoresis (CE)-
MS. These sampling methods excel in scalability and statistical
power but lack any spatial resolution, meaning that
information on cellular interactions and microenvironments
is not captured.12,13

Live-cell capillary-based sampling uses micro or nano glass
capillaries to aspirate individual cells or subcellular compart-
ments directly from living systems.14 This enables spatially
resolved live-cell sampling, which facilitates further biological
understanding of cells in their native state. This technique is
ideally suited for direct nano-electrospray ionization-mass
spectrometry (nano-ESI-MS) as the sampling capillary can be
utilized as a nano-ESI emitter to spray the sample directly into
the mass spectrometer.9,15 While most capillary-based cell
sampling has utilized home-built micromanipulators or manual
aspiration,16−19 an automated system was commercialized in
2022, which will improve standardization across laboratories
and reduce the human errors involved.5,20

Nano-ESI-MS enables rapid, low-volume analysis with
minimal sample preparation, making it attractive for high-
throughput and spatial metabolomics. However, a limitation of
nano-ESI-MS is poor reproducibility, ion suppression and
limited openly available data analysis software.21,22 We have
previously demonstrated that lipids can be detected and
annotated in single cells using LC-MS;20,23−25 this offers
chromatographic separation to reduce ion suppression and
enables accurate quantification, as well as untargeted
compound annotation using many open-access data analysis
solutions.26−28 However, these workflows suffer from transfer
losses from the capillary tip to the LC-MS vial, sample dilution,
and low throughput due to chromatographic separation
steps.24 It is therefore timely to compare the performance of
LC-MS and nano-ESI-MS methods for single-cell analysis.

This work describes the development and optimization of
nano-ESI-MS and LC-MS methods for the analysis of
hydrophilic metabolites in live single cells. The two analysis
methods are compared in terms of their sensitivity, precision,
linearity to targeted amino acids, and their coverage of
metabolite features in cell extracts. The methodologies are then
applied to determine single-cell metabolic signatures of a
tuberculosis macrophage model of infection.

Tuberculosis (TB) is the leading cause of human death from
a single infectious agent. The causative agent of TB,
Mycobacterium tuberculosis (Mtb), spends much of its life
cycle living within macrophages, therefore understanding the
interactions between this pathogen and its human host cell is a
key focus of TB research.29,30 Recent studies have revealed
metabolic crosstalk between host and pathogen play a key role
in the disease process.31,32 Indeed, bulk metabolomics
measurements have enabled new insights into the host-
pathogen interaction, however, these only provide population
averages when cells are highly heterogeneous.33−35 By
combining these host-pathogen models with single-cell
approaches, deeper insights into tuberculosis pathogenesis
and host immunity can be uncovered.

Here we apply the developed nano-ESI- and LC-MS
methods to infected and unexposed control cells, before

comparing their ability to detect metabolic perturbations that
arise as a consequence of infection. To our knowledge, this is
the first comparison of nano-ESI-MS and LC-MS for single-cell
metabolomics and provides a practical framework for the
selection of analysis method.

■ EXPERIMENTAL SECTION

Chemicals and Reagents
THP-1 and Mycobacterium bovis bacillus Calmette-Gueŕin (BCG)
cells were obtained from ATCC, USA. Roswell Park Memorial
Institute (RPMI) 1640 media and fetal bovine serum (FBS) were
acquired from Merck, UK and Thermo Fisher Scientific, UK
respectively. Middlebrook 7H9 medium was purchased from Sigma-
Aldrich, UK and supplemented with glycerol (Thermo Scientific,
UK), Tween80 (Sigma-Aldrich, UK) and Albumin Dextrose Catalase
(ADC) (Remel, USA). Dulbecco’s Phosphate Buffered Saline
(DPBS) with calcium (Ca2+) and magnesium (Mg2+) was purchased
from Gibco, USA.

Solvents including acetonitrile (ACN), water (H2O), methanol
(MeOH) and formic acid (FA) were Optima LC-MS grade from
Fisher Scientific, UK. For method development, Honeywell, UK and
Romil, UK brands were also analyzed. Both mixed nonlabeled amino
acid (aa) standard and mixed deuterated amino acid (D-aa) standard
were purchased from Merck, UK.

THP-1 Macrophage Differentiation and Infection
To study the Mtb host-pathogen interaction safely, THP-1 monocytes
were derived into macrophage-like cells and infected with attenuated
M. bovis BCG. These accessible category 2 models are ideal for
simulating infection while minimizing biosafety risks.36−40 For this
work, we used an mCherry strain of BCG containing an episomal
plasmid encoding the monomeric red fluorescent protein mCherry,
under the control of the smyc constitutive promoter, so that the
bacteria could be easily visualized by fluorescence microscopy.41,42

An estimated 1 × 106 THP-1 cells were seeded into two 35 mm
glass bottom μ-dishes (ibidi GmbH, Germany) along with complete
RPMI, supplemented with 50 ng/mL phorbol 12-myristate 13-acetate
(PMA). The dishes were incubated at 37 °C and 5% CO2 for 72 h for
PMA-induced macrophage differentiation to take place. Meanwhile,
mCherry BCG cultured in Middlebrook 7H9 supplemented with
0.5% glycerol, 0.2% (v/v) TWEEN 80, and 5% (v/v) Albumin
Dextrose Catalase (ADC), incubated at 37 °C and 90 rpm. One dish
of THP-1 macrophages was dosed with mCherry BCG at a
multiplicity of infection (MOI) of 10:1 and incubated for 4 h. This
was the infected dish. The extracellular bacteria were removed by
washing with media and DPBS before adding 2 mL DPBS with Ca2+

and Mg2+ prior to single-cell isolation. The second dish, used as a
control, underwent the same process without addition of BCG, named
control unexposed dish.

Single-Cell Imaging and Isolation
Capillary single-cell sampling was completed using the Single Cellome
SS2000 (Yokogawa Corporation, Japan). The incubator was set to
37.5 °C, with 5% CO2 and humidity on. The cells were imaged under
confocal microscopy pre and post sampling, utilizing fluorescence
imaging to locate mCherry BCG (Ex 561 nm, Em 617/73 nm).

Capillary tips with an internal diameter of 10 μm (Yokogawa,
Japan) with filament (for nano-ESI-MS) and without filament (for
LC-MS) were used to aspirate single THP-1 macrophages using
presampling, sampling and postsampling pressures of 1.00, −15.90
and 0.00 kPa, respectively. 40 single macrophages containing
mCherry BCG were sampled from the infected dish. 40 control
macrophages were also collected from the unexposed dish. Each tip
was placed on dry ice immediately after sampling. Once sampling was
complete, the capillaries were transferred to a −80 °C freezer until
mass spectrometry analysis. Blank samples were collected by sampling
from a dish containing only DPBS with Ca2+ and Mg2+ at random
positions and stored as described for single cells.
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Sample Preparation
THP-1 Metabolite Extract. A cell metabolite extract was

generated using the following protocol to enable method
optimization. PMA induced THP-1 derived macrophages were
deadhered using a cell scraper and subsequently centrifuged at 300
× g for 5 min. The supernatant was discarded, then cells were
resuspended in RPMI for cell counting. Once counted, the cells were
centrifuged again, and the pellet was resuspended in 1 mL of 2:2:1
MeOH:ACN:H2O with D-aa internal standard (Supporting Informa-
tion Table S1) and transferred to a 2 mL autosampler vial. The
resuspension underwent three freeze-thaw cycles in liquid nitrogen,
then centrifuged at 20,000 × g for 5 min in an Eppendorf tube. The
supernatant was passed through a 0.22 μm Spin-X centrifuge filtration
tube (Corning Incorporated, USA) at 15,000 × g. The eluent was
transferred to a 2 mL autosampler vial and frozen at −80 °C for future
use.
Standards and Single Cells
For method development, nonlabeled aa standard was diluted to
1:5000 (Supporting Information Tables S2 and S3) in 1:1 H2O:ACN
+ 0.1% FA. THP-1 metabolite extracts were diluted to the 50-, 10-,
and 1-cell levels, in 1:1 H2O:ACN + 0.1% FA. Blanks were 1:1
H2O:ACN + 0.1% FA. All samples were mixed in equal parts with
1:25 mixed D-aa internal standard in 1:1 H2O:ACN + 0.1% FA, with
a second blank left pure to assess the background throughout each
analysis. All standards, cell extracts and blanks were added to 0.3 mL
QSert vials (Supelco, UK) for LC-MS and to 10 μm nanospray
emitters with filament for nano-ESI-MS.

An equally spaced 9-point calibration line (2.8−500 pM) of aa
standard was prepared with the addition of D-aa internal standard,
which was diluted 1:50. The same calibration standard stocks were
used in both LC-MS and nano-ESI-MS analyses.

Single cells and blank DPBS in 10 μm capillary tips, with filament,
were thawed for nano-ESI-MS analysis. The capillaries were then
backfilled with 5 μL 1:50 D-aa internal standard in 1:1 H2O:ACN +
0.1% FA using GELoader pipet tips (Calibre Scientific, UK). Each tip
was centrifuged at 1000 × g for 1 min to remove air bubbles prior to
analysis using 3D printed capillary holders (University of Leiden,
Netherlands).

For LC-MS, single cells and blank DPBS were prepared in the same
way as for nano-ESI-MS, with the exception of the internal standard,
which was 1:16.7 mixed D-aa. The contents of the tips were then
eluted into QSert autosampler vials using a 10 mL gas syringe
(Hamilton, UK) and syringe driver (KD Scientific Incorporated,
USA)24 before the addition of 10 μL 1:1 H2O:ACN + 0.1% FA,
diluting the D-aa internal standard to 1:50.
Nano-ESI-MS
A nanospray ionization source (IonMax, Thermo Fisher Scientific,
USA) was fitted onto the front of a Q-Exactive Plus Orbitrap
(Thermo Fisher Scientific, USA). Cameras were fitted into the source
to ensure each tip was inserted correctly, repeatably and the end of
each tip was 2 mm away from the source inlet. Each capillary tip was
manually loaded into the source and the xyz coordinates of the tip
were set to 15, 17, and 32 mm, respectively. Each acquisition was
operated in positive mode with a scan range of 50−750 m/z at a
resolution setting of 140,000 at 200 m/z. The AGC target was 1e6

ions and maximum injection time of 256 ms. The spray voltage was 2
kV, and the capillary temperature was set to 275 °C. Finally, the S-
lens radiofrequency value was set to 50 au. The contents of the
nanospray emitter were sprayed into the mass spectrometer for 2 min,
with a 0.1 min voltage delay.
LC-MS
Ultrahigh performance liquid chromatography was carried out using
an UltiMate 3000 (Thermo Fisher Scientific, USA) instrument.
Chromatographic separation was achieved using a BEH amide (150 ×
2.1 mm, 1.7 μm) column (Waters, USA). The HILIC separation
method was adapted from previous work in bulk metabolomics.43 The
mobile phases were A: H2O with 0.1% FA, and B: ACN with 0.1% FA.
A simple gradient elution over 15 min started with 99% B for 0.5 min

which then linearly decreased to 30% over 7 min before restoring 99%
at 7.6 min allowing the column to re-equilibrate for 7.4 min. The flow
rate was 0.4 mL/min.

The Q-Exactive Plus Orbitrap was equipped with a heated
electrospray ionization (HESI) source (Thermo Fisher Scientific,
USA) and was operated in positive mode. A scan range of 50−750 m/
z at a resolution setting of 140,000 at 200 m/z was used. The AGC
target was 1e6 ions and maximum injection time of 256 ms. The spray
voltage was 4 kV, and the capillary temperature was set to 275 °C.
The sheath, auxiliary and sweep gas flow rates were 60, 8, and 0 au,
respectively. The S-lens radiofrequency value was set to 50 au and
auxiliary gas heater to 250 °C.
Data Analysis
For targeted analysis of amino acids, nano-ESI-MS and LC-MS data
were preprocessed through TraceFinder (Thermo Fisher Scientific,
USA). Amino acid peak areas and intensities for LC- and nano-ESI-
MS respectively were blank corrected using PBS with Ca2+/Mg2+ and
normalized to the corresponding internal standard analyte.

For untargeted analysis, both data sets were analyzed through MS-
DIAL 5.3 (RIKEN, Japan). The features were annotated using a
reference library of endogenous metabolites from the Human
Metabolome Database (HMDB, https://hmdb.ca/) and MS-
FINDER 3.7 (RIKEN, Japan) was used for formula prediction.

Both data sets were imported to RStudio 2025.05.1 + 513 (R 4.3,
Posit, USA), Prism10 (GraphPad Software Incorporated, USA) and
MetaboAnalyst 6.0 (https://www.metaboanalyst.ca/home.xhtml) for
statistical analysis and figure production. The data sets were log10
transformed and auto scaled for analysis in MetaboAnalyst. For
statistical testing, either a nonparametric Wilcoxon matched-pairs
signed rank t test or multiple nonparametric Mann-Whitney U tests,
with Holm-Šid́aḱ correction for multiple comparisons, were used to
assess differences between the analytical replicates.44−47

■ RESULTS

Development of an Analytical Flow LC-MS Method for
Targeted and Untargeted Single-Cell Metabolomics
We combined two bulk metabolomics application notes from
Waters43 and Thermo Fisher Scientific48 as a starting method
for single-cell HILIC-LC-MS (Base Method). First, the
sensitivity of the method to low concentration amino acids
was optimized by adjusting the HESI source parameters (spray
voltage, capillary temperature, sheath, auxiliary and sweep gas
flow rates, S-lens radiofrequency and auxiliary gas) using 0.5
nM aa standard (Optimized Method). The Base and
Optimized methods were assessed using THP-1 metabolite
extracts diluted to 50-, 10- and 1-cell concentrations analyzed
in triplicate. The Optimized Method provided better signal-to-
noise ratio (S/N), reduced variability of amino acid standards,
and a greater number of untargeted features detected in the
cell extract when compared to Base Method (Supplementary
Figures S1 and S2). The Optimized Method was therefore
applied for subsequent analyses.

Detecting such low concentration analytes (pM-nM) within
single cells requires all background interferences to be
minimized, and so the effect of three different solvent brands
was assessed. We compared the S/N of amino acids in 0.5 nM
aa standard in triplicate (Supplementary Figure S3). Brand 3
solvents gave superior sensitivity compared to Brands 1 and 2
and so was used in subsequent analyses.

To transfer the sampled cell from the capillary tip to the LC-
MS system, the contents must first be eluted onto the inner
wall of the LC-MS vial. This step introduces potential analyte
loss due to adsorption to the vial surface and residual retention
within the capillary. To evaluate and minimize this loss, two
elution strategies were compared: (1) a “Wash” method, in
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which 5 μL of a 1:50 D-aa standard was eluted into an empty
vial followed by a 10 μL mobile phase rinse; and (2) a “No
Wash” method, where 5 μL D-aa standard was eluted directly
into a vial preloaded with 10 μL mobile phase. In both cases,
recovery was assessed relative to the reference standard
introduced directly into the vial by pipet. The Wash method
yielded a higher average recovery (93%) compared to the No
Wash method (85%) and was therefore adopted for all
subsequent experiments (see Supplementary Figure S4).

Finally, we aimed to exploit the high mass resolution of the
Orbitrap to detect a greater number of metabolite features.
However, because the Orbitrap analysis time increases with the
mass resolution, there is a trade-off between resolution and
gaining sufficient scans across a chromatographic peak. The
peak areas of amino acids in single-cell-level THP-1 extract
analyzed at 70,000 and 140,000 resolutions at 200 m/z are
compared in Supplementary Figure S5. A Mann-Witney U t
test revealed no significant difference in the normalized peak
areas between the two methods. However, there was a
significant increase in the number of features detected when
using a resolution of 140,000 compared to 70,000 (Supple-
mentary Figures S6 and S7), therefore 140,000 was used for
future analyses.
Development of a Nano-ESI-MS Method for Targeted and
Untargeted Metabolomics

We used the mass spectrometer parameters optimized for LC-
MS analysis as a starting point for nano-ESI-MS method
development. The nanospray source parameters (x,y,z position,
spray voltage, S-lens radiofrequency, and capillary temper-
ature) were optimized by analysis of a 0.5 nM aa standard and
assessing the total ion chromatogram (TIC) and amino acid
intensities. Supplementary Figure S8 displays the change in
TIC intensity when the position of the emitter is moved in
x,y,z directions.

Three resolutions (70,000, 140,000 and 280,000 at 200 m/
z) were assessed for their ability to detect both amino acids
and untargeted metabolites using a single-cell level THP-1
metabolite extract. Supplementary Figures S9 and S10 show
that, while the mass resolution setting had no impact on the
peak intensities of each amino acid, 140,000 produced the
greatest number of total feature hits, with no significance on
the average number of features (Supplementary Figure S11).
Resolution was therefore set to 140,000 for subsequent
comparison of nano-ESI- and LC-MS methods.

Comparison of nano-ESI-MS and LC-MS methodology
applied to standards and dilute cell extracts

Standard calibration curves for each amino acid were used to
assess method sensitivity, precision and linearity of the LC-MS
and NSI methods. Supplementary Table S4 demonstrates that
LC-MS was the superior method for each of these criteria.

A THP-1 metabolite extract was diluted to the single-cell-
level and analyzed using both nano-ESI- and LC-MS methods.
Supplementary Figure S12 shows that more features were
detected in the single-cell-level metabolite extract by LC-MS
than by nano-ESI-MS. A greater number of features were
detected in capillary sampled single cells compared to diluted
cell extract in both methods. Similar observations were found
by von Gerichten et al. when comparing dilute lipid extracts
and single cells.20 Supporting Information S13 shows a
significant increase in the average number of features detected
in single cells in comparison to single-cell-level metabolite
extract when analyzed by LC-MS. There was no significant

difference between the two matrices when analyzed by nano-
ESI-MS.
Comparison of Nano-ESI-MS and LC-MS Methodology
Applied to Standards and Dilute Cell Extracts
Standard calibration curves for each amino acid were used to
assess method sensitivity, precision and linearity of the LC-MS
and NSI methods. Supplementary Table S4 demonstrates that
LC-MS was the superior method for each of these criteria.

A THP-1 metabolite extract was diluted to the single-cell-
level and analyzed using both nano-ESI- and LC-MS methods.
Supplementary Figure S12 shows that more features were
detected in the single-cell-level metabolite extract by LC-MS
than by nano-ESI-MS. A greater number of features were
detected in capillary sampled single cells compared to diluted
cell extract in both methods. Similar observations were found
by von Gerichten et al. when comparing dilute lipid extracts
and single cells.20 Supporting Information S13 shows a
significant increase in the average number of features detected
in single cells in comparison to single-cell-level metabolite
extract when analyzed by LC-MS. There was no significant
difference between the two matrices when analyzed by nano-
ESI-MS.
Single-Cell Sampling and Analysis
To compare the ability of the nano-ESI- and LC-MS methods
to analyze metabolites from a BCG macrophage infection
model, 20 infected cells and 20 unexposed control cells were
sampled for each method using the SS2000. To confirm that
individual cells were successfully sampled, video footage was
captured during sampling and Z-stack imaging was performed
before and after cell aspiration (Figure 1). Infected cells were
identified by observing mCherry fluorescent BCG using
confocal microscopy, as seen in Figure 1C.

Of the 80 cells sampled, 20 BCG infected and 18 unexposed
control macrophages were successfully analyzed using nano-
ESI- and LC-MS respectively. Labeled internal standard and
unlabeled amino acids were monitored in single cells and PBS
blanks to confirm the sample had eluted from the capillary tip
(Supplementary Figures S14 and S15). Figure 2 compares the
untargeted analysis data for both methods, focusing on the
total number of features detected. The figure shows that nano-
ESI-MS detected fewer m/z values, annotated formulas, and
named compounds than LC-MS in single-cells (Figure 2A).
We propose that this may be due to ion suppression, reducing

Figure 1. Unexposed control THP-1 macrophages before (A) and
after (B) sampling. Red-fluorescent BCG infected cell before (C) and
after (D) sampling.
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the intensities of ions below the limit of detection. 203
annotated compounds were detected using both LC- and
nano-ESI-MS (Figure 2B). This accounts for the majority
(59%) of annotated compounds detected using nano-ESI-MS,
with 141 compounds (41%) identified as unique annotations.
In contrast, a greater proportion of annotations detected by
LC-MS were unique (74%). Nevertheless, nano-ESI- and LC-
MS were able to detect a broad spectrum of metabolite classes
from the HMDB, with LC-MS consistently detecting more
compounds in each class in the single cells measured (Figure
2C). The overlapping classes detected in the two methods
indicate they are both able to capture a wide metabolic profile.
LC-MS is more suited to detecting larger, more complex
metabolites in single cells, such as fatty acyls, while nano-ESI-
MS is superior at detecting smaller molecules, such as diazines
and azoles. This additional biochemical context aids in
interpreting metabolite detection and guides the choice of

analytical method best suited for specific single-cell biological
questions.

To screen for differences in features detected in infected and
unexposed control macrophages, multivariate analysis was
carried out. Figure 3A,D shows partial least-squares-discrim-
inant analysis (PLS-DA) for nano-ESI-MS and LC-MS data.
PBS blanks, infected macrophages and control-unexposed cells
are more clearly separated using the LC-MS method. While the
two models differed substantially in the proportion of class-
associated variance explained (Figure 3A, R2 = 0.09; Figure
3D, R2 = 0.75), both exhibited limited predictive performance
(nano-ESI-MS Q2=-0.06; LC-MS Q2=0.05), assessed by leave
one out cross validation (LOOCV), Supplementary Tables S5
and S6. This is consistent with the use of PLS-DA as an
exploratory tool to visualize multivariate trends in heteroge-
neous single-cell data classification. The heatmaps in Figure
3B,E show the intensity of the top 50 features (those
determined by ANOVA to be significantly different between

Figure 2. Summary of features detected in single BCG infected and unexposed control THP-1 macrophages by nano-ESI- and LC-MS. (A)
Number of total features subcategorized into those that can be annotated with formulas and/or compound names. (B) Overlap of number of
annotated named compounds detected by each method. (C) Top 15 HMDB classes in which the greatest number of annotated named compounds
were detected.

Figure 3. Nano-ESI- and LC-MS untargeted analysis results including named compound and formula annotations and m/z features. PLS-DA of all
features for nano-ESI (A) and LC-MS (D). Heatmaps of top 50 ANOVA significant features detected in unexposed control and infected single
macrophages compared to PBS blanks for nano-ESI (B) and LC-MS (E). Clustering of samples was supervised. Volcano plot comparing Wilcoxon t
test significant features in infected/unexposed control single macrophages for nano-ESI (C) and LC-MS (F).
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the sample groups). The features detected using nano-ESI-MS
(Figure 3B) show considerable variability compared to those
detected by LC-MS (Figure 3E) and the delineation between
blanks, control and infected cells is less clear. In contrast, the
LC-MS data shows a cluster of metabolite features which are
enriched in infected cells, and there is a clear distinction
between cells and blanks. Figure 3C,F display volcano plots for
control and infected cells by nano-ESI-MS and LC-MS. For
nano-ESI-MS, the majority of significant features were
enriched in BCG-infected macrophages, whereas LC-MS
detected a more balanced distribution of enriched and
depleted features between the two cellular groups, overall
detecting a greater number of features.

Taurine and cystine were both significantly enriched in BCG
infected macrophages detected by LC-MS (Figure 3E and F).
It is well-documented that taurine, a sulfonic acid, plays a role
in modulating inflammatory mediators and controlling macro-
phage M1 polarization.49−52 Taurine is metabolically linked to
cysteine and other sulfur-containing compounds, such as
methionine, which play a crucial role in mycobacterial
infection.53−55 The parallel enrichment of cystine, the oxidized
disulfide of cysteine, is indicative of increased cystine import
and intracellular reduction, consistent with redox adaptation of
macrophages to infection-induced oxidative stress.56

Figure 4A shows the structural formulas of methionine,
cysteine, cystine and taurine. The enrichment of sulfur
metabolism associated genes has been consistently linked to
oxidative stress within the macrophage upon Mtb infec-
tion.55,57 In concordance with this, BCG infected single
macrophages analyzed by LC-MS exhibited significantly
elevated levels of methionine, cysteine, cystine, and taurine,
features which are consistent with redox buffering and

antioxidant defense mechanisms (Figure 4C).58,59 However,
taurine was not detected by nano-ESI-MS and, after multiple
Mann-Whitney U t tests, methionine, cysteine and cystine were
found to be insignificant (Figure 4B).

Supplementary Table S7 lists the named compound
annotations that were both detected above 10x S/N by the
two methods in untargeted analysis and varied significantly
(Wilcoxon t test) between unexposed control and infected
single cells. The LC-MS method revealed 95 metabolite
features that varied between control and infected cells, while
the nano-ESI-MS method found 35, with little overlap between
the two methods. This is presumably due to the differences in
sensitivity and precision between the two methods to various
analyte classes, as displayed in Figure 2C. Only one feature was
determined by both methods to be significantly enriched in
infected cells. This low concordance in directional metabolic
changes at the single-cell level suggests that the techniques are
more complementary rather than interchangeable.

The ability to spatially sample macrophages containing a
pathogen removes the possibility of uninfected cells con-
tributing to these results and potentially diluting the true
metabolite profile. This also provides the capability for future
work to distinguish between direct pathogen-host interaction
and so-called ‘bystander’ immune effects, in which adjacent
infected and uninfected cells affect each other’s metabolism.

Single THP-1 macrophages were isolated using the
Yokogawa SS2000, a newly commercialized instrument that
enables capillary-based sampling of live cells under controlled
temperature, CO2, and humidity, with confocal microscopy
visualization. This approach allows spatial analysis of living
cells to address important unresolved questions in cell biology,
such as whether bystander effects protect cells from microbial

Figure 4. A) Structural formulas of methionine, cysteine, cystine and taurine. Transfer efficiency normalized peak area of methionine, cysteine,
cystine and taurine in unexposed control (green) and BCG infected (purple) single THP-1 derived macrophages for nano-ESI (B) and LC-MS
(C). Multiple Mann-Whitney U t tests with Holm-Šid́aḱ correction for multiple comparisons were performed for each analyte.
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infection. In principle, cell sampling can be preprogrammed,
with each single cell taking approximately 5 min to sample and
so, although the cell sampling is not as fast as microfluidics
methods, the rate-limiting step is currently the mass
spectrometry.

Direct, offline nano-ESI-MS offers clear advantages in terms
of reduction in time and costs as there are no transfer steps and
each sample can be analyzed within 2 min. However, these
advantages are offset by the lack of automation (each tip must
be manually loaded to be analyzed) and the capillary tips
frequently clogging, which leads to failed sample analysis.
Approaches are available to automate nano-ESI-MS data
acquisition, however, our results have demonstrated that only
limited metabolite profiles at the single-cell level are achieved
compared with LC-MS. While dedicated processing pipelines
for direct-infusion data are emerging, robust open-access
workflows remain limited, which presently constrains routine
implementation. Consequently, nano-ESI-MS is currently best
positioned as a shotgun technique to quickly screen capillary-
sampled single cells.

LC-MS is often criticized in single-cell work for requiring
dilution associated with chromatographic separation, which
many assume will compromise sensitivity to low abundant
analytes. Additionally, the cell must be transferred from the
capillary to a vial, with the potential for analyte loss in transfer.
In contrast, our results show that even with the dilution of
analytical flow rates, separation enhances sensitivity by
reducing ion suppression and improving metabolite coverage,
and permits isomeric resolution essential for confident
metabolite annotation. The limitations include longer analysis
times and higher cost per sample compared to nano-ESI-MS.
Additionally, the process of transferring the cell from the tip to
the vial is not automated. Nevertheless, LC-MS delivers high
quality data, making it well suited for comprehensive metabolic
profiling of single cells. A further advantage is that the LC-MS
data analysis workflows are far more well-established and
routine, with many open-access tools available to support both
untargeted and targeted metabolomics. Development of fully
validated targeted methods suitable for clinical or regulatory
use, automation of transferring cells from tips to vials and using
nano flow rates to boost sensitivity in the LC-MS method are
scope for future studies in this area. Table 1. compares the
advantages and disadvantages of nano-ESI-MS and LC-MS
techniques. Taken together, both nano-ESI-MS and LC-MS
offer distinct strengths, making them well suited to different
experimental contexts. Nano-ESI-MS provides speed and
minimal handling, making it ideal for exploratory or high-
throughput single-cell screening, whereas LC-MS delivers
higher sensitivity and greater metabolite coverage, supporting
comprehensive single-cell metabolomics.

■ CONCLUSION
In this study, we reported the first single-cell comparison of
nano-ESI-MS and LC-MS for metabolomics, providing
complementary strategies for the detection of amino acids
and hydrophilic metabolites. LC-MS offered the broadest
metabolite coverage and superior detection limits, likely due to
reduced ion suppression, despite significant dilution. Nano-
ESI-MS required minimal sample handling and achieved ∼7.5-
fold faster analysis, making it a cost-effective shotgun approach
for rapid profiling. These distinct platforms support strategic
experimental design, enabling analysts to balance speed, depth,
and practicality.

The LC-MS approach uncovered infection-driven reprog-
ramming of sulfur metabolism, characterized by the increased
levels of methionine, cysteine, cystine, and taurine. These
findings establish single-cell metabolomics as a powerful means
of resolving infection-driven heterogeneity, with future work
aimed at distinguishing direct host-pathogen interactions from
bystander immune effects. The spatial component of this
framework provides a foundation for advancing disease
biology, accelerating drug discovery, and improving clinical
diagnostics.
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Microbiol. 2024, 24 (1), 130.
(35) Delannoy, C.; Huang, C.; Coddeville, B.; Chen, J.-Y.; Mouajjah,

D.; Groux-Degroote, S.; Harduin-Lepers, A.; Khoo, K.-H.; Guerardel,
Y.; Elass-Rochard, E. Mycobacterium bovis BCG Infection Alters the
Macrophage N-Glycome. Mol. Omics 2020, 16 (4), 345−354.
(36) Beste, D. J. V.; Peters, J.; Hooper, T.; Avignone-Rossa, C.;

Bushell, M. E.; McFadden, J. Compiling a Molecular Inventory for
Mycobacterium Bovis BCG at Two Growth Rates: Evidence for
Growth Rate-Mediated Regulation of Ribosome Biosynthesis and
Lipid Metabolism. J. Bacteriol. 2005, 187 (5), 1677−1684.
(37) Chanput, W.; Mes, J. J.; Wichers, H. J. THP-1 Cell Line: An in

Vitro Cell Model for Immune Modulation Approach. Int.
Immunopharmacol. 2014, 23 (1), 37−45.
(38) Altaf, M.; Miller, C. H.; Bellows, D. S.; O’Toole, R. Evaluation

of the Mycobacterium Smegmatis and BCG Models for the Discovery
of Mycobacterium Tuberculosis Inhibitors. Tuberculosis 2010, 90 (6),
333−337.
(39) Genin, M.; Clement, F.; Fattaccioli, A.; Raes, M.; Michiels, C.

M1 and M2Macrophages Derived from THP-1 Cells Differentially
Modulate the Response of Cancer Cells to Etoposide. BMC Cancer
2015, 15 (1), 1−14.

(40) Approved List of Biological Agents, 2023. www.nationalarchives.
gov.uk/doc/.
(41) Davison, C.; Pascoe, J.; Bailey, M.; Beste, D. J. V.; Felipe-

Sotelo, M. Single Cell−Inductively Coupled Plasma−Mass Spectrom-
etry (SC-ICP-MS) Reveals Metallic Heterogeneity in a Macrophage
Model of Infectious Diseases. Anal. Bioanal. Chem. 2024, 416 (29),
6945−6955.
(42) Kolbe, K.; Bell, A. C.; Prosser, G. A.; Assmann, M.; Yang, H.-J.;

Forbes, H. E.; Gallucci, S.; Mayer-Barber, K. D.; Boshoff, H. I.; Barry
III, C. E. Development and Optimization of Chromosomally-
Integrated Fluorescent Mycobacterium Tuberculosis Reporter Con-
structs. Front. Microbiol. 2020, 11, No. 591866.
(43) Paglia, G.; Langridge, J.; Astarita, G. Development of a
Metabolomic Assay for the Analysis of Polar Metabolites Using HILIC
UPLC/QTof MS, Waters Application Note; 2013.
(44) Wilcoxon, F. Individual Comparisons by Ranking Methods.
Biometrics Bulletin 1945, 1 (6), 80.
(45) Sidak, Z. Rectangular Confidence Regions for the Means of

Multivariate Normal Distributions. J. Am. Stat. Assoc. 1967, 62 (318),
626.
(46) Holm, S. A Simple Sequentially Rejective Multiple Test Procedure,

1979; Vol. 6; https://www.jstor.org/stable/4615733 (accessed 2025-
09-16).
(47) Mann, H. B.; Whitney, D. R. On a Test of Whether One of

Two Random Variables Is Stochastically Larger than the Other.
Annals of Mathematical Statistics 1947, 18 (1), 50−60.
(48) Izumi, Y.; Bamba, T. Targeted Metabolomics Method IC Orbitrap
with High Resolution Spectrometry,Thermo Scientific Application Note;
2020.
(49) Xie, K.; Zhang, Y.; Ou, X.; Xiao, Y.; Luo, J.; Tan, S. Taurine

Ameliorates Liver Fibrosis by Repressing Fpr2-Regulated Macrophage
M1 Polarization. Eur. J. Pharmacol. 2025, 997, No. 177614.
(50) Meng, L.; Lu, C.; Wu, B.; Lan, C.; Mo, L.; Chen, C.; Wang, X.;

Zhang, N.; Lan, L.; Wang, Q.; Zeng, X.; Li, X.; Tang, S. Taurine
Antagonizes Macrophages M1 Polarization by Mitophagy-Glycolysis
Switch Blockage via Dragging SAM-PP2Ac Transmethylation. Front.
Immunol. 2021, 12, No. 648913.
(51) Kim, C.; Chung, J.-K.; Jeong, J. M.; Chang, Y. S.; Lee, Y. J.;

Kim, Y. J.; Lee, M. C.; Koh, C.-S.; Kim, B.-K. Uptake of Taurine and
Taurine Chloramine in Murine Macrophages and Their Distribution
in Mice with Experimental Inflammation. Advances in Experimental
Medicine and Biology 1998, 442, 169−176.
(52) Barua, M.; Liu, Y.; Quinn, M. R. Taurine Chloramine Inhibits

Inducible Nitric Oxide Synthase and TNF-α Gene Expression in
Activated Alveolar Macrophages: Decreased NF-ΚB Activation and
IκB Kinase Activity. J. Immunol. 2001, 167 (4), 2275−2281.
(53) Rossi-Smith, P.; Kim, J.; Skirlo, K.; Ferris, T.; Green, J. P.; Stek,

C.; Huse, K. K.; Mortimer, P. M.; Olona, A.; Wieder, C.; Moseki, R.;
Silva dos Santos, M.; MacRae, J. I.; Sriskandan, S.; Ebbels, T. M. D.;
Wilkinson, R. J.; Denton, A. E.; Matheson, N. J.; Anand, P. K.;
Meintjes, G.; Thomas, D. C.; Lai, R. P. J. Taurine Transport Is a
Critical Modulator of Ionic Fluxes during NLRP3 Inflammasome
Activation. Cell Rep. 2025, 44 (10), No. 116317.
(54) Matye, D.; Gunewardena, S.; Chen, J.; Wang, H.; Wang, Y.;

Hasan, M. N.; Gu, L.; Clayton, Y. D.; Du, Y.; Chen, C.; Friedman, J.
E.; Lu, S. C.; Ding, W.-X.; Li, T. TFEB Regulates Sulfur Amino Acid
and Coenzyme A Metabolism to Support Hepatic Metabolic
Adaptation and Redox Homeostasis. Nat. Commun. 2022, 13 (1),
5696.
(55) Hatzios, S. K.; Bertozzi, C. R. The Regulation of Sulfur

Metabolism in Mycobacterium Tuberculosis. PLoS Pathog. 2011, 7
(7), No. e1002036.
(56) Dagah, O. M. A.; Silaa, B. B.; Zhu, M.; Pan, Q.; Qi, L.; Liu, X.;

Liu, Y.; Peng, W.; Ullah, Z.; Yudas, A. F.; Muhammad, A.; Zhang, X.;
Lu, J. Exploring Immune Redox Modulation in Bacterial Infections:
Insights into Thioredoxin-Mediated Interactions and Implications for
Understanding Host−Pathogen Dynamics. Antioxidants 2024, 13 (5),
545.

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.5c06318
Anal. Chem. 2026, 98, 8956−8965

8964

https://doi.org/10.1021/acs.analchem.3c02854?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.3c02854?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.3c02854?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D5AN00851D
https://doi.org/10.1039/D5AN00851D
https://doi.org/10.1021/acs.jnatprod.9b00176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jnatprod.9b00176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jnatprod.9b00176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1515/tjb-2023-0095
https://doi.org/10.1515/tjb-2023-0095
https://doi.org/10.1515/tjb-2023-0095
https://doi.org/10.1016/j.aca.2021.338551
https://doi.org/10.1016/j.aca.2021.338551
https://doi.org/10.1016/j.ijid.2022.03.011
https://doi.org/10.1016/j.ijid.2022.03.011
https://doi.org/10.1128/aac.01613-24
https://doi.org/10.1128/aac.01613-24
https://doi.org/10.1128/aac.01613-24
https://doi.org/10.1038/nrmicro1211
https://doi.org/10.1038/nrmicro1211
https://doi.org/10.3390/vaccines10122127
https://doi.org/10.3390/vaccines10122127
https://doi.org/10.3390/vaccines10122127
https://doi.org/10.1590/0074-02760140420
https://doi.org/10.1590/0074-02760140420
https://doi.org/10.1590/0074-02760140420
https://doi.org/10.1590/0074-02760140420
https://doi.org/10.1186/s12866-024-03191-x
https://doi.org/10.1186/s12866-024-03191-x
https://doi.org/10.1039/C9MO00173E
https://doi.org/10.1039/C9MO00173E
https://doi.org/10.1128/JB.187.5.1677-1684.2005
https://doi.org/10.1128/JB.187.5.1677-1684.2005
https://doi.org/10.1128/JB.187.5.1677-1684.2005
https://doi.org/10.1128/JB.187.5.1677-1684.2005
https://doi.org/10.1016/j.intimp.2014.08.002
https://doi.org/10.1016/j.intimp.2014.08.002
https://doi.org/10.1016/j.tube.2010.09.002
https://doi.org/10.1016/j.tube.2010.09.002
https://doi.org/10.1016/j.tube.2010.09.002
https://doi.org/10.1186/s12885-015-1546-9
https://doi.org/10.1186/s12885-015-1546-9
http://www.nationalarchives.gov.uk/doc/
http://www.nationalarchives.gov.uk/doc/
https://doi.org/10.1007/s00216-024-05592-3
https://doi.org/10.1007/s00216-024-05592-3
https://doi.org/10.1007/s00216-024-05592-3
https://doi.org/10.3389/fmicb.2020.591866
https://doi.org/10.3389/fmicb.2020.591866
https://doi.org/10.3389/fmicb.2020.591866
https://doi.org/10.2307/3001968
https://doi.org/10.2307/2283989
https://doi.org/10.2307/2283989
https://www.jstor.org/stable/4615733
https://doi.org/10.1214/aoms/1177730491
https://doi.org/10.1214/aoms/1177730491
https://doi.org/10.1016/j.ejphar.2025.177614
https://doi.org/10.1016/j.ejphar.2025.177614
https://doi.org/10.1016/j.ejphar.2025.177614
https://doi.org/10.3389/fimmu.2021.648913
https://doi.org/10.3389/fimmu.2021.648913
https://doi.org/10.3389/fimmu.2021.648913
https://doi.org/10.1007/978-1-4899-0117-0_22
https://doi.org/10.1007/978-1-4899-0117-0_22
https://doi.org/10.1007/978-1-4899-0117-0_22
https://doi.org/10.4049/jimmunol.167.4.2275
https://doi.org/10.4049/jimmunol.167.4.2275
https://doi.org/10.4049/jimmunol.167.4.2275
https://doi.org/10.4049/jimmunol.167.4.2275
https://doi.org/10.1016/j.celrep.2025.116317
https://doi.org/10.1016/j.celrep.2025.116317
https://doi.org/10.1016/j.celrep.2025.116317
https://doi.org/10.1038/s41467-022-33465-9
https://doi.org/10.1038/s41467-022-33465-9
https://doi.org/10.1038/s41467-022-33465-9
https://doi.org/10.1371/journal.ppat.1002036
https://doi.org/10.1371/journal.ppat.1002036
https://doi.org/10.3390/antiox13050545
https://doi.org/10.3390/antiox13050545
https://doi.org/10.3390/antiox13050545
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.5c06318?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(57) Bhave, D. P.; Muse, W. B., III; Carroll, K. S. Drug Targets in
Mycobacterial Sulfur Metabolism. Infect. Disord. Drug Targets 2007, 7
(2), 140−158.
(58) Surai, P. F.; Earle-Payne, K.; Kidd, M. T. Taurine as a Natural

Antioxidant: From Direct Antioxidant Effects to Protective Action in
Various Toxicological Models. Antioxidants 2021, 10 (12), 1876.
(59) Amalia, F.; Syamsunarno, M. R. A. A.; Triatin, R. D.; Fatimah,

S. N.; Chaidir, L.; Achmad, T. H. The Role of Amino Acids in
Tuberculosis Infection: A Literature Review. Metabolites 2022, 12
(10), 933.

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.5c06318
Anal. Chem. 2026, 98, 8956−8965

8965

https://doi.org/10.2174/187152607781001772
https://doi.org/10.2174/187152607781001772
https://doi.org/10.3390/antiox10121876
https://doi.org/10.3390/antiox10121876
https://doi.org/10.3390/antiox10121876
https://doi.org/10.3390/metabo12100933
https://doi.org/10.3390/metabo12100933
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.5c06318?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

