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Hexafluoropropylene oxide-dimer acid (HFPO-DA) is widely used in food packaging bags, surfactants,
lubricants, etc. As a new substitute for the persistent organic pollutant perfluorooctanoic acid (PFOA), it
has been proven to have potential health and environmental risks similar to other perfluorinated
compounds. However, studies based on the average levels of many cells or tissues cannot accurately
reflect the toxic mechanism of HFPO-DA. Here, we construct a high-throughput exposure single-cell
metabolomics mass spectrometry analysis platform based on intact living-cell electrolaunching
jonization MS analysis, optimize the detection conditions of the platform, and use it to investigate the
effects of a wide range of HFPO-DA concentrations on the metabolism of mouse embryonic stem cells
(E14TG2a cells). We evaluate the effect of HFPO-DA exposure on the viability of E14TG2a cells using the
CCK8 method. The results showed that exposure to HFPO-DA at a concentration below 1 mmol L™t
within 24 hours had no significant effect on the viability of E14TG2a cells, while exposure above 1 mmol
L~! led to significant differences in cell viability. Comprehensive single-cell metabolic analysis revealed
that even environmental concentrations of HFPO-DA exposure that did not affect cell viability could
affect cellular metabolic changes, and the levels of some metabolites showed a non-monotonic dose—
response relationship with HFPO-DA. HFPO-DA exposure interfered with metabolic pathways such as
nitrogen metabolism, arginine biosynthesis, and arginine and proline metabolism, thereby affecting the
homeostasis of basic biological metabolic processes such as nucleotide metabolism and amino acid
metabolism in E14TG2a cells. This study indicates that although HFPO-DA has relatively low cytotoxicity,
it can still interfere with the metabolic processes of E14TG2a cells, suggesting that the safety of HFPO-
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distributed in various environmental media such as water and
soil.**? In 2024, Jensen et al. detected HFPO-DA concentrations

Introduction

Hexafluoropropylene oxide dimer acid (HFPO-DA) is an indus-
trial alternative to the persistent organic pollutant per-
fluorooctanoic acid (PFOA), and is widely used in lubricants,
food packaging, fluorinated polymers, and -electroplating
applications.™ As a per- and polyfluoroalkyl substance (PFAS),
the structural properties make it resistant to degradation,
enable long-distance transmissibility, and contribute to its
chemical stability, raising concerns about potential environ-
mental and health risks.*” HFPO-DA has become widely

“State Key Laboratory of Materials Low-Carbon Recycling, Center of Excellence for
Environmental Safety and Biological Effects, Department of Chemistry, College of
Chemistry and Life Science, Beijing University of Technology, Beijing 100124, China.
E-mail: xiayanwang@bjut.edu.cn

*Key Laboratory of Beijing on Regional Air Pollution Control, Department of
Environmental Science, Beijing University of Technology, Beijing 100124, China
‘Guangzhou National Laboratory, Guangzhou 510005, China. E-mail: jing naihe@
gzlab.ac.cn

t Y. L. and W. Z. contributed equally to this work.

© 2026 The Author(s). Published by the Royal Society of Chemistry

as high as 229 ng L' in groundwater near the Cape Fear River
in North Carolina.’ Additionally, studies have identified PFAS
contamination in agricultural soils of China's Fuxin region,
with concentrations ranging from 57.36 to 1271.06 pg g ',
where HFPO-DA emerged as the predominant pollutant.’
Moreover, 35 air samples from Huantai County, China, showed
higher indoor dust concentrations of PFOA, HFPO-DA, and
HFPO-TA than other PFASs."

Pollutants spread through environmental media (water, soil,
and air) and are directly contacted or absorbed by organisms.
Subsequently, they are gradually enriched through the food
chain and finally accumulate in organisms, causing harm.">**
For example, the concentration of PFAS in fish in the northern
Bohai Sea reached 262.92 ng ¢~ '. Among them, the concentra-
tion of HAPO-DA increased significantly with the increase of
individual fish size and lipid content, further increasing the
health risk.' Furthermore, toxicological studies have confirmed

that HFPO-DA possesses various toxicities, including
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hepatotoxicity, neurotoxicity, and reproductive and develop-
mental toxicity.'*"” For example, exposure to PFOA and its
alternatives (such as HFPO-DA and HFPO-TA) at concentrations
of 5-500 ug L * disrupted embryonic development in zebrafish,
leading to altered heart rate, changes in enzyme activity, and
differential gene expression. Specifically, HFPO-DA was found
to impair neurodevelopment and lipid homeostasis, suggesting
that these alternatives may pose risks comparable to or even
distinct from those of PFOA." However, these studies are based
on the average levels of a large number of cells or tissues and do
not accurately reflect the distribution characteristics and effects
of HFPO-DA at the cellular level. Additionally, because of the
averaging of rare-cell information in population-based analyses,
and issues with the sensitivity of detection techniques, most
endpoints of HFPO-DA exposure studies show changes in cell
morphology or function after such exposure occurs.*** On the
other hand, current exposure studies on HFPO-DA are mostly
conducted at concentrations higher than environmental levels,
and for low-dose, long-term exposure scenarios, changes at the
population level may be overlooked, which poses a challenge to
the comprehensive assessment of the potential risk of envi-
ronmental pollutants.

Single-cell analysis provides in-depth resolution of cellular
characteristics, enabling the investigation of cellular heteroge-
neity, tracking of cell lineages, identification of rare cell types,
and understanding of dynamic changes of cells under specific
conditions.”** However, the sensitivity requirements for
metabolite detection are elevated due to the vast number of
metabolites within single cells, their extremely low concentra-
tions, significant differences in component levels, and the
inability to use amplification techniques for detection.”® Mass
spectrometry (MS) has become a preferred method for detecting
trace substances in complex biological samples in recent years,
not only providing molecular weight information and chemical
or biological information of metabolites, but also achieving
high-sensitivity, simultaneous multi-component detection, and
superior qualitative capabilities in single-cell metabolic
analysis.”**® Various single-cell metabolite detection methods
based on mass spectrometry have been developed, including
single-probe mass spectrometry, single-cell analysis with probe
ESI-MS for the detection of metabolites at cellular and subcel-
lular levels,” label-free mass cytometry,***" organic mass
cytometry,” and intact living-cell electrolaunching ionization
MS (ILCEI-MS).** Additionally, some studies have assessed the
accumulation of environmental pollutants in organisms and
single-cell heterogeneities on a single-cell level.>*** For example,
Li et al. constructed a chemo-selective single-cell metabolomics
analysis platform for quantitative, in-depth, and minimally
destructive characterization of cis-diol metabolites during
embryo development from the single oocyte level to the tailbud-
stage embryos, and to evaluate their spatiotemporal behavior.*®
Deng et al. constructed a single-cell mass cytometry system to
employ the accumulation behaviors and heterogeneities of
perfluorooctanesulfonic acid (PFOS) in zebrafish primary organ
cells.*® Nevertheless, these studies focus on the detection of
trace pollutants in cells, and few reports exist on the
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toxicological mechanisms of environmental dose pollutants
and their molecular-level impacts.

In this study, we constructed a high-throughput exposure
single-cell metabolomics mass spectrometry platform based on
intact living-cell electrolaunching ionization MS analysis
(ILCEI-MS) to investigate the metabolic effects of the environ-
mental pollutant HFPO-DA on embryonic stem cells (E14TG2a
cells) across a wide concentration range (including environ-
mentally relevant levels). After optimizing parameters such as
single-cell detection time, mass spectrometry detection voltage,
ion transfer tube temperature, and cell driving pressure, we
detected the metabolites of E14TG2a cells exposed to different
concentrations of HFPO-DA (0-10 mmol L ™) and analyzed their
metabolic changes. We also used the CCK8 method to evaluate
the inhibitory effects of various concentrations of HFPO-DA on
the proliferation of E14TG2a cells. Based on metabolic analysis,
we assessed the metabolic pathways involved in different
concentration levels of differential metabolites and found that
the pyrimidine metabolism, purine metabolism, nitrogen
metabolism, arginine biosynthesis, and arginine and proline
metabolism pathways were associated with HFPO-DA exposure.

Results and discussion

Exposure single-cell metabolomics mass spectrometry
platform

ILCEI-MS is a technology capable of simultaneously achieving
online dispersion and undiluted mass spectrometric sampling
of single cells, offering high sensitivity and throughput.*> We
constructed an exposure single-cell metabolomics mass spec-
trometry analysis platform based on the established ILCEI-MS
technology (Fig. 1) to explore the mechanism of HFPO-DA
exposure through metabolomics at the single-cell level. To
ensure compatibility of solvents with mass spectrometric
detection while maintaining the osmotic pressure and physio-
logical state of the cells to the greatest extent, we resuspended
the cells in a 40 mmol L' ammonium formate solution. The
cells were injected into a capillary with an inner diameter of 16
um using high-purity nitrogen, and were electrolaunching-
ionized at the emitter tip after being dispersed and requeued in
the capillary. The obtained single-cell MS data were processed
through a single-cell metabolomics analysis platform developed
by our group. Ion information from the samples was obtained
through background subtraction, normalization, and peak
alignment. Further, nonlinear dimension reduction analysis
was employed to visualize the distribution of metabolite
molecular features in a two-dimensional space. The distribu-
tion of metabolite molecular features in the two-dimensional
space reveals the differences in the overall metabolic profile of
E14TG2a cells upon exposure. Differences between two or
multiple groups of data are assessed using t-tests or variance
analysis to screen for significantly altered characteristic
metabolite ions. Subsequently, the small molecule metabolome
database is confirmed by non-targeted scanning DIA for
differential metabolites. Finally, pathway enrichment analysis
and topological analysis were conducted to study the metabolic

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic of an exposure single-cell metabolomics mass spectrometry platform. Cells exposed to HFPO-DA were injected into
a narrow-bore constant-inner-diameter capillary driven by nitrogen to achieve single-cell dispersion and orderly arrangement. The cells were
introduced into the mass spectrometry ion transport tube at the tip of the equal-diameter capillary, where they were broken down in the ion
transfer tube, and then entered the analyzer for cell metabolite detection.

pathways affected by significantly different metabolites, with
changes in metabolites depicted using violin plots.

Effect of ion transfer tube temperature

We investigated the impact of the ion transfer tube temperature
on the single-cell detection of E14TG2a cells. The results are
shown in Fig. 2. When the temperature was between 200 °C and
250 °C, the ion intensity was significantly higher than that of
other groups (Fig. 2a), and the number of ions detected from
a single cell differed slightly (Fig. 2b). This is because of the low
temperature, which makes it difficult for the ammonium formate
solution carried by the cell to evaporate quickly when it enters the
ion transport tube, and the cell fragmentation is incomplete,
resulting in low ionization efficiency of the cell fragments. Fig. 2c
shows the extracted ion chromatogram (EIC) of single-cell
detection of E14TG12a at different temperatures. When the
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Fig.2 Effect of the ion transport tube temperature on the detection of
E14TG2a cells (total number of cells: 37 795). Violin plots of single cell
ion signal intensity (a) and ion number (b) at different temperatures; (c)
EIC diagram (m/z: 760.58) of single cell detection of E14TG2a at
different temperatures; (d) Radar chart of the number distribution of
detected ions in different m/z regions.
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temperature was lower than 300 °C, the number of detected
single cells and the signal intensity were significantly lower. The
radar chart shows that when the ion transfer tube temperature
was 300 °C (green line) and 350 °C (purple line), the number of
ions detected in different segments was relatively high (Fig. 2d).
To obtain as much ion information as possible while the cells
remain in good condition, both 300 °C and 350 °C are good
choices. Considering both the ion intensity and the number of
ions from a single cell, 350 °C was finally selected as the experi-
mental condition for subsequent experiments in this study.

Effect of ion source voltage

Avoltage was applied to the tip of the mass emitter and the port
of the ion transfer tube, forming a stable electric field, and then
realizing the electric emission of living single cells. However,
the voltage can affect the ionization efficiency and ion beam
stability of mass spectrometry detection. Therefore, we evalu-
ated the influence of different voltages (1.5-2.5 kV) on the
single-cell detection of E14TG2a cells, as shown in Fig. S1.
When the voltage was 1.75 kV, the ion intensity (Fig. S1a), the
number of detected ions (Fig. S1b), and the cell detection signal
(Fig. Sic) were all higher than those under other voltage
conditions. The radar chart (Fig. S1d) shows that ion detection
in different m/z ranges can be selectively achieved by adjusting
the voltage. Among them, the number of ions in each m/z ratio
segment at 1.75 kV was better than that under other conditions.
Therefore, in this study, an injection voltage of 1.75 kV was
finally selected as the experimental condition for subsequent
experiments.

Effect of driving pressure

Single cells were injected into the capillary using high-purity
nitrogen, so the driving pressure affected the injection speed
of the cells. We evaluated the influence of different driving
pressures on single-cell detection, as shown in Fig. S2. There
were no differences in the single-cell ion signal intensity
(Fig. S2a) and the number of ions (Fig. S2b) under different
driving conditions, indicating that they were less affected by the
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driving pressure. The EIC (Fig. S2c) compared the effects of
samples with the same volume and density under different
driving pressures. It was found that the lower the driving
pressure, the better the single-cell detection signal and the
greater the number of detected cells. However, we evaluated cell
availability at different pressures (Table S1) and found that the
higher the driving pressure, the higher the cell collection rate.
In addition, by comparing the number of ion distributions in
different m/z ranges (Fig. S2d), it was found that when the
driving pressure was 400 psi, the number of ions obtained in
each m/z range was more evenly distributed. Therefore, 400 psi
was selected as the driving pressure for the samples in this
study.

Effect of mass spectrometry detection time

We evaluated the clustering, the ion signal intensity, and the
ion detection number of single cells for 180 min continuous
detection using 30 min as a time detection unit. The UMAP plot
(Fig. S3a) shows that there were relatively small overall differ-
ences among the cells detected within 180 minutes, which is
reflected in the smaller coordinate range of the two dimensions.
It was found that the clustering of the cells was more concen-
trated within 60 min of continuous detection. After 60 min, the
differences gradually increased and were positively correlated
with the detection time. This difference might be due to meta-
bolic changes caused by the cells being continuously immersed
in ammonium formate. In addition, there was no significant
difference in the signal intensity of ions detected continuously
for 180 min (Fig. S3b). In comparison, the number of ions
detected for more than 90 min (Fig. S3c) increased significantly.
This could be because continuous cell injection led to the
accumulation of un-ionized cell debris in the instrument,
increasing background ions. Therefore, we kept the detection
duration within 60 min in subsequent experiments.

Effect of HFPO-DA on cell activity

We used the CCK-8 method to evaluate the impact of different
concentrations of HFPO-DA on the viability of E14TG2a cells
after 24 hours of exposure, with the results shown in Fig. S4.
Compared to the control group, the cell viability of the exposure
groups showed a decrease, with lower cell viability at higher
exposure concentrations. When the concentration of HFPO-DA
was below 1 mmol L, there was little effect on cell viability and
no significant difference, and the cell survival rate was higher
than 90%. There was a significant difference in cell viability at
a concentration of 1 mmol L~ of HFPO-DA (p < 0.05). For
exposure concentrations higher than 1 mmol L%, the cell
survival rate was less than 50%, and the difference in viability
was significant (p < 0.01). Furthermore, the concentration of
HFPO-DA in the environment varies depending on the envi-
ronmental medium. Surface water or groundwater is usually at
the ng L™" level, soil is at the pg g * to ng g " level, and in
organisms it can reach the ng g™ ' to ug g * level.>'*% It has
been reported that the concentrations of HFPO-DA in environ-
mental and biological samples range from 48.59 to 5850 ng
L~ ,>¥738 which corresponds to 0.14 nmol L™ " to 17.7 nmol L.
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Here, we simulate the environmental concentration exposure
with 10 nmol L™ HFPO-DA, and the result shows that there is
no toxicity on E14TG2a at the environmental concentration of
HFPO-DA.

Visual analysis of E14TG2a cells exposed to HFPO-DA

To intuitively demonstrate the effect of different concentrations
of HFPO-DA exposure on the metabolism of E14TG2a cells, we
performed a UMAP clustering analysis on all detected metabolite-
related ions, as shown in Fig. 3a. The UMAP analysis revealed
distinct metabolic profiles between the exposure and the control
group, with clear clustering and separation observed between
groups along the UMAP1 or UMAP2 dimensions. The separation
from the control group became more pronounced as the expo-
sure concentration increased. The clustering of exposure to
environmental concentrations of HFPO-DA also showed
a dispersion relative to the control group in both dimensions.
Additionally, there were significant differences between and
within groups at different exposure concentrations, indicating
that HFPO-DA exposure led to significant metabolic disorders in
E14TG2a cells, which are difficult to detect in population-level
cell analyses. This highlights the value of studying the exposure
mechanisms of environmental pollutants at the single-cell level.

We performed UMAP analysis to cluster E14TG2a cells
exposed to different concentrations of HFPO-DA (Fig. S5). The
results clearly demonstrate distinct distribution patterns in the
metabolic profiles between the exposed groups and the control
group. Notably, even the unexposed control cells formed
multiple subpopulations, which can be attributed to the
inherent heterogeneity of the E14TG2a cell line. Rather than
being a completely uniform population, E14TG2a consists of
a mixture of undifferentiated pluripotent stem cells, early
differentiated cells, and cells at various stages of pluripotency.
HFPO-DA-exposed cells exhibited additional subpopulation
structures, suggesting that HFPO-DA exposure may induce
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number (c) at different concentrations of HFPO-DA.
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distinct metabolic states. Furthermore, cells exposed to
different concentrations of HFPO-DA showed multiple distri-
bution trends, indicating that the E14TG2a cell population does
not respond synchronously to HFPO-DA exposure. Instead,
there exists a metabolically highly altered state, which may hold
significant implications for understanding the compound's
toxicity mechanisms.

To further evaluate ILCEI-MS for single-cell metabolic
profiling, the signals from E14TG2a cells are displayed in Fig. S6.
The average number of detected cells was 32 per minute,
featuring a high throughput for single-cell MS detection. More-
over, we used violin plots to compare the ion intensity informa-
tion detected in different samples (Fig. 3b) and the number of
ions detected in individual cells (Fig. 3c). Under different expo-
sure concentrations, the average total ion intensity in individual
cells remained relatively stable, and the differences in the
number of ions detected in individual cells were also minor.

Differential analysis of E14TG2a cells exposed to HFPO-DA

The mass spectra of E14TG2a cells before and after exposure to
HFPO-DA are shown in Fig. S7. Compared with unexposed cells,
there were multiple differences in ionic strength after HFPO-DA
exposure, such as m/z 311.16 and m/z 219.03, which were at
high levels in E14TG2a cells that were not exposed to HFPO-DA.
To better understand the metabolic changes in E14TG2a cells
exposed to HFPO-DA, we used the ANOVA method to compare the
ion expression in different HFPO-DA exposure groups (Fig. 4a). As
the exposure concentration increased, the number of differen-
tially expressed ions significantly increased, and the significance
of these differences became more pronounced. By comparing the
differential ions with the m/z (mass deviation < 5 ppm) and MS2
information of standardized compounds from the mzCloud and
HMDB databases, we identified 168 significantly differentially
expressed metabolites (Table S2). The MS2 information of the
differential metabolites was obtained by analyzing the lysate of
population cells using traditional metabolomics methods. The
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heatmap depicts the expression of some differentially expressed
metabolites in all detected single cells exposed to HFPO-DA (Fig.
S8), with the color key indicating the expression levels.

Based on the identified significantly differentially expressed
metabolites, we utilized MetaboAnalyst and the MetWare
Metabolism Cloud Platform to investigate the impact of HFPO-
DA exposure on the metabolic pathways of E14TG2a cells. It was
revealed that HFPO-DA exposure primarily disrupted 17 meta-
bolic pathways, including pyrimidine metabolism, purine
metabolism, nitrogen metabolism, arginine biosynthesis, and
arginine and proline metabolism (Fig. 4b). Among 17 metabolic
pathways, glycine, serine, and threonine metabolism, arginine
biosynthesis, arginine and proline metabolism, alanine,
aspartate, and glutamate metabolism are part of amino acid
metabolism, nitrogen metabolism, and glyoxylate and di-
carboxylate metabolism, which are supplementary to amino
acid metabolism. Purine metabolism and pyrimidine metabo-
lism are part of nucleotide metabolic pathways. Even under
concentrations of HFPO-DA exposure with no apparent cyto-
toxicity (<1 mmol L"), we observed significant changes in
E14TG2a cellular metabolism. Among them, environmental
concentration (10 nmol L") exposure mainly interfered with
five metabolic pathways, including beta-alanine metabolism,
starch and sucrose metabolism, and pyrimidine metabolism.
These pathways are all related to the supply of energy for cells.
Compared to the environmental concentration of HFPO-DA
exposure, higher HFPO-DA concentration exposure disrupted
even more metabolic pathways, primarily including purine
metabolism, nitrogen metabolism, and arginine biosynthesis.
The significance of metabolic differences in purine metabolism
and nitrogen metabolism was similar across different groups.
Arginine biosynthesis showed more pronounced significant
differences at lower exposure concentrations. Additionally, the
significance of differences in arginine and proline metabolism
increased with higher exposure concentrations, indicating that
the metabolic pathway was significantly affected by HFPO-DA.
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Fig. 4 Differential analysis of E14TG2a cells exposed to HFPO-DA. (a) Differential ion level showing up- and down-regulated ions in all 9 classes.
P-value <0.05 is shown in red, and the P-value =0.05 is shown in black. (b) Bubble map of metabolic pathways disturbances induced by HFPO-

DA exposure in E14TG2a cells.
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Metabolic pathway analysis of E14TG2a cells exposed to
HFPO-DA

According to the KEGG database, we drew the metabolic
pathway maps related to nucleotides and amino acids in
E14TG2a cells exposed to HFPO-DA. Fig. 5a depicts the impact
of HFPO-DA exposure on nucleotide metabolism in E14TG2a
cells. It mainly affects the purine and pyrimidine metabolic
pathways by interfering with ADP, AMP, adenosine, uracil, and
thymine levels. Fig. 5b-e are violin plots showing the content
levels of characteristic metabolites in different exposure groups.
The difference analysis results (Table S3) show that E14TG2a
cells were exposed to HFPO-DA, and the details are shown in
Table S4 to Table S12. The screening criteria for differential
metabolites were a P-value <0.05 and a Fold Change >1.5. ADP,
AMP, and adenosine exhibit increased levels. The level of
thymine is significantly reduced only when exposed to 10-500
pmol L' of HFPO-DA, and the level of uracil shows a non-
monotonic change. Nucleotides are the basic building blocks
of nucleic acids, and nucleotide metabolism is central to all
living systems and plays an important role in the transmission
of genetic information and energy.** ADP, AMP, and adenosine
are metabolites of adenine nucleotides and play an important
role in energy metabolism, nucleotide synthesis, and signal
transduction. They maintain cellular energy homeostasis and
normal functions through mutual transformation and syner-
gistic effects, serving as indispensable molecules for life activ-
ities. Uracil and thymine are important nucleic acid bases. In
addition, uracil can be converted to thymine by metabolic
pathways;**** this process is necessary to maintain DNA
synthesis and repair. Exposure to HFPO-DA causes changes in
the levels of those metabolites that may affect signaling, energy
regulation, and proliferation of E14TG2a cells.

HFPO-DA mainly interferes with the pathways related to
arginine biosynthesis, arginine and proline metabolism,
alanine, aspartate and glutamate metabolism, glycine, serine
and threonine metabolism, glyoxylate and dicarboxylate
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Fig. 5 Effects of HFPO-DA exposure on nucleotide metabolism in
E14TG2a cells. (a) Effect of HFPO-DA on nucleotide metabolism
pathways in E14TG2a cells. The red, blue, and green markers represent
significant increases, decreases, and non-monotonic trend changes of
metabolites in the treatment groups compared with the control group,
respectively. Violin plots of ADP (b), AMP (c), adenosine (d), and
thymine (e) in groups exposed to different concentrations of HFPO-
DA.
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metabolism, and nitrogen metabolism in E14TG2a cells by
affecting creatine, choline, proline, and glutamine (Fig. 6a).
Violin plots show the levels of relevant metabolites in different
exposure groups (Fig. 6b). It was found that there was a non-
monotonic change trend between the content of some metab-
olites and the HFPO-DA concentration. For example, both
creatine and glutamine showed a trend of first decrease and
then increase. Compared with the control group, the contents of
creatine and glutamine were down-regulated when the HFPO-
DA exposure concentration was less than 10 umol L™, and
gradually up-regulated when the exposure concentration was
higher than 10 umol L™*

Amino acids play important roles in protein synthesis,
maintenance of cellular redox balance, and signal transduction,
and amino acid metabolism is the basis for maintaining normal
growth, development, and tissue repair of the organism, and
relates to physiological processes such as energy metabolism
and neurotransmitter synthesis.**** Proline and glutamine play
roles in protein synthesis, energy metabolism, and antioxidant
defense. Furthermore, glutamine is a vital amino acid in the
body and plays a crucial regulatory role at both gene and protein
levels, influencing various cell-specific processes. It is integral
to metabolism, serving as an oxidative fuel, a precursor for
gluconeogenesis, and a substrate for lipogenesis. Additionally,
glutamine supports cell integrity by promoting cell survival and
proliferation, highlighting its multifaceted importance in
cellular function and homeostasis.***” Creatine and choline are
derivatives of amino acids and play important roles in energy
metabolism and nerve conduction.**** Exposure to HFPO-DA
interferes with the levels of amino acids and their derivatives
in E14TG2a cells, affecting the cellular amino acid metabolic
homeostasis, energy status, and stability of the cells.

Vandenberg noted that non-monotonic dose responses are
widely observed across multiple levels—from cells to humans—
and can be triggered by various substances such as nutrients,
pharmaceuticals, and vitamins. The intensity of these
responses may be influenced by the substance's mechanism of
action, the specific biological system under study, and internal
feedback mechanisms.*® In this study, it was found that
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Fig. 6 Effects of HFPO-DA exposure on amino acid metabolism in
E14TG2a cells. (a) Effect of HFPO-DA on amino acid metabolic path-
ways in E14TG2a cells. The red and green markers represent significant
increases and non-monotonic trend changes of metabolites in the
treatment groups compared with the control group, respectively. (b)
Violin plots of creatine, choline, proline, and glutamine in groups
exposed to different concentrations of HFPO-DA.
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metabolites such as uracil and glutamine have non-monotonic
dose responses, which play a significant role in the synthesis of
DNA and proteins, as well as in cell proliferation and energy
metabolism, highlighting the complexity of the toxic effect of
HFPO-DA on E14TG2a cells. Our findings suggest that non-
monotonic dose responses may be a common feature of per-
fluoroalkyl substances (PFAS). This is exemplified by studies
showing sex-specific non-monotonic dose responses to HFPO-
DA in locomotion and brain gene expression over the lifespan
of Drosophila melanogaster,”* as well as by the non-monotonic
cytotoxic effects of PFOA and PFOS in prostate cancer cells.>

Conclusion

In summary, we constructed a high-throughput exposed single-
cell metabolomics mass spectrometry analysis platform and
optimized the detection conditions. It was determined that
better detection information could be obtained when the ion
transfer tube temperature was 350 °C, the detection voltage was
1.75 kv, the cell driving pressure was 400 psi, and the detection
time was within 60 min. This platform was used to study the
effects of HFPO-DA, a substitute for the persistent organic
pollutant PFOA, on the metabolism of embryonic stem cells
(E14TG2a cells). The results of the CCKS8 assay showed that
exposure to HFPO-DA at concentrations below 1 mmol L™,
including environmentally relevant levels, did not affect the
viability of E14TG2a cells. In contrast, exposure above 1 mmol
L' had a significant difference. Comprehensive single-cell
metabolic analysis revealed that even non-cytotoxic HFPO-DA
exposure could affect cellular metabolic changes. HFPO-DA
exposure interfered with 17 metabolic pathways, including
nitrogen metabolism, arginine biosynthesis, and arginine and
proline metabolism, thereby affecting the homeostasis of basic
biological metabolic processes such as nucleotide metabolism
and amino acid metabolism in E14TG2a cells. In addition, the
levels of some metabolites showed non-monotonic dose
responses to HFPO-DA. The result indicates that low-dose
HFPO-DA can still interfere with the biological processes of
E14TG2a cells without obvious cytotoxicity, suggesting that the
safety of HFPO-DA needs further evaluation. This study
demonstrates the potential of single-cell metabolic analysis in
pollutant exposure studies and provides new ideas and research
schemes for the safety assessment of pollutants.

Experimental
Cell line, reagents, and materials

Mouse embryonic stem cells (ES-E14TG2a) were a kind gift from
Jinsong Li's laboratory. Mouse embryonic stem cells complete
growth medium (SCSP-603) was purchased from the Cell Bank
of the Chinese Academy of Sciences (Shanghai, China). Sodium
pyruvate, Dulbecco's Modified Eagle's Medium (DMEM),
penicillin-streptomycin (PS), 0.05% trypsin-EDTA, dimethyl
sulfoxide (DMSO), and phosphate-buffered saline (PBS) were
purchased from Gibco. Mass spectrometry grade water, meth-
anol, formic acid, ammonium formate, ammonia solution,
acetonitrile, isopropanol, and ion calibration solution were all

© 2026 The Author(s). Published by the Royal Society of Chemistry
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purchased from Thermo Fisher Scientific (USA). MEK inhibitor
(Mirdametinib) and GSK-3o/B inhibitor (Laduviglusib) were
purchased from MedChemExpress (USA). HFPO-DA (purity >
97%) was purchased from Titan Scientific Co., Ltd (Shanghai,
China). Hydrofluoric acid (HF) was purchased from Tianjin
Fuchen Chemical Reagent Factory (China). The cell counting
kit-8 (CCK-8) was purchased from Dojindo Beijing Co., Ltd
(China). Polyimide-coated quartz capillaries were purchased
from Yongnian Ruifeng Chromatography Devices Co., Ltd. The
EC-C18 chromatographic column was purchased from Agilent
(USA).

Cell culture and treatment

Cell culture. E14TG2a cells were cultured in a complete
medium with 1% sodium pyruvate, 1 pmol L™ Mirdametinib, 1
pmol L™ Laduviglusib, and 1% penicillin-streptomycin at 37 °C
in a humidified atmosphere containing 5% CO,. When the cell
coverage reached 80-90%, the cells were digested with 0.05%
trypsin EDTA and subsequently passaged for continued culture.

Cell exposure. E14TG2a cells were seeded at a density of 5000
cells per well in 96-well culture plates or at a density of 4 x 10°
cells per well in 6-well culture plates and incubated for 24 h.
Subsequently, the cells were treated with medium containing
varying concentrations of HFPO-DA for another 24 h for
analysis.

Cell viability assay. We used the CCK-8 method to assess cell
viability. After exposure, cells in 96-well plates were incubated
for 24 h, then the medium was replaced with one containing
10% CCK-8 and incubated for an additional 30 min. The
absorbance at 450 nm in each well was detected using a micro-
plate reader (Spectra Max M5, Molecular Devices, LLC., USA).
The control group was set with an HFPO-DA concentration of
0 mol L™, and cell viability in each group was calculated.

Single-cell suspension preparation. The cells exposed to
HFPO-DA were digested with trypsin and dispersed in the
medium without HFPO-DA, followed by centrifugation
(1000 rpm, 5 min) to remove the medium. The cells were
washed once with 150 mmol L™" ammonium formate solution
(pH = 7.3) and resuspended in 40 mmol L~ ammonium
formate solution (pH = 7.3).

Cell lysate preparation. At least 1 x 10’ cells were collected
and washed three times with pre-chilled PBS. After removing
the supernatant, the cells were resuspended in 50 pL —80 °C
pre-cooled 80% (v/v) methanol and lysed by the repeated freeze-
thawing method. The lysate sample was centrifuged (4 °C, 17
000 g, 20 min) to obtain the supernatant and dried in a vacuum
centrifugal concentrator (CV600, Beijing JM Technology Co.,
Ltd). The dried sample was redissolved in 5% (v/v) methanol-
water and stored for use.

Narrow-bore constant-inner-diameter emitter preparation

A capillary with an outer diameter (O.D.) of 360 um, an inner
diameter (I.D.) of 16 um, and a total length of 40 cm was
intercepted to prepare an emitter. One end of the capillary was
etched to form a narrow-bore tip with a constant inner diameter
using the method of gravity-assisted sleeving etching
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established by our group.* The prepared emitters were stored
in a dust-free environment for use.

Intact living-cell electrolaunching ionization MS analysis

The ILCEI-MS system consists of three parts: single-cell injec-
tion, dispersion, and MS detection. Cell injection is composed
of a pressure chamber and a high-purity nitrogen cylinder. The
cell suspension was loaded into 200 pL centrifuge tubes and
placed in a pressure chamber. Nitrogen with a pressure of 400
psi drove the cell suspension into the sampling end of the
capillary for injection. The etched capillary end is installed at
the front of the mass spectrometer with a tip of approximately
5 mm from the entrance of the ion transfer tube. A DC voltage is
applied to the solution, and the cells are electrolaunching-
ionized at the emitter tip after being dispersed and requeued
in a capillary. Single-cell signal detection was performed using
a high-resolution mass spectrometer (LTQ Orbitrap XL, Thermo
Fisher Scientific, San Jose, CA, USA). In addition, to reduce the
detection error of the instrument, the instrument was cali-
brated before the experiment. The MS parameters were set as
follows: in the positive ion full MS scan, the AGC target was 1 x
10°, the resolution was 30 000, the maximum inject time was 50
ms, the temperature of the ion transport tube was 350 °C, the m/
z scan range was 100-1000, and the voltage was 1.75 kV.

LC-MS/MS analysis

The analysis was performed using an ultra-high performance
liquid chromatography (UHPLC) system (Ultimate 3000,
Thermo Fisher Scientific) equipped with an Eclipse Plus C18
(150 x 2.1 mm, 1.8 pm) column; column thermostat was set at
40 °C. Mobile phase “C” consists of water containing 0.01%
formic acid, and mobile phase “D” consists of methanol con-
taining 0.1% formic acid. The chromatographic separation was
performed by the following gradient: 0-3 min isocratic 5% “D”,
3-10 min linear gradient 5-95% “D”, 10-14 min isocratic 95%
“D”, 14-15 min linear gradient 95-5% “D”, 15-18 min isocratic
5% “D”. The flow rate was 300 uL min ' and the injection
volume was 3 pL. The LC system was coupled with a high-
resolution mass spectrometer (Orbitrap Eclipse, Thermo
Scientific). Mass spectrometry data acquisition was conducted
using the Xcalibur software, and the source and mass spectrum
parameters are as follows: Spray voltage 3.4 kv for positive
polarity, the ion transfer tube temperature was 350 °C, resolu-
tion was 30000, the m/z scan range was 100-1000, the AGC
Target was set to standard, and the MIT was 22 ms. For MS2
scans, the AGC target was 5 x 10%, the MIT was 45 ms, and the
collision energy for high-energy collision-induced dissociation
(HCD) ranged from 10 to 90 eV.

Single-cell metabolomics data analysis

Single-cell signal screening and analysis were performed on
a single-cell analysis platform developed by our research group.
We took the cell membrane's main component of phosphati-
dylcholine (PC 34 : 1, m/z 760.58) as the screening criteria for the
single-cell signal, subtracting the same batch of cell-free back-
ground solution signal, and the cell intensities at least 3 x 10*
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after subtracting the background solution signals of the same
batch without cells. In addition, ions with a signal-to-noise ratio
greater than 3 times and occurrence frequency greater than 10%
were extracted. Uniform Manifold Approximation and Projec-
tion (UMAP) clustering analysis was conducted using R
language-based programs to study the overall differences in
metabolic profiles between the HFPO-DA exposure group and
the control group. Differential analysis of cells was performed
using the MetWare Cloud platform (https://cloud.metware.cn),
and significantly different metabolite ions were screened and
displayed in a volcano plot. We used the online mzCloud
database (https://www.mzcloud.org), the Human Metabolome
Database (HMDB), and Compound Discoverer 3.3
(ThermoFisher Scientific) software to qualitatively identify the
metabolite ions through accurate m/z and fragmentation
information to mark characteristic ions. Then, we used the
MetWare Cloud platform, the online metabolomics analysis
tool MetaboAnalyst 6.0 (http://www.metaboanalyst.ca), and the
Kyoto Encyclopedia of Genes and Genomes (KEGG) to
investigate the metabolic pathways involved in differential
metabolites, and then analyzed the molecular mechanism of
the effect of HFPO-DA on E14TG2a cells.
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