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Metabolic analysis of tumor cells is crucial for understanding tumor metabolic reprogramming, and single-
cell metabolic accumulation studies provide precise insights into tumor biology. In this work, we established
a microfluidic assay for single-cell metabolic accumulation analysis by combining droplet-generated
hydrogel microspheres for single-cell encapsulation with a microchamber culture chip for microsphere
isolation and 3D cultivation. This system enables efficient accumulation of secreted metabolites from
individual cells for downstream analysis. Coupled with mass spectrometry, this system revealed
metabolic accumulation heterogeneity among individual cells of the same tumor type. Moreover,
metabolic profiling of different tumor types, including A549, HepG2, and HCT116, demonstrated distinct
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eceived 15th July 2025 metabolic patterns, enabling cell classification based on accumulation differences. The method supports
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high-throughput, multiplexed, and dynamic metabolic analysis in a 3D single-cell context, offering
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Introduction

Cancer is a complex genetic disorder characterized by the
uncontrolled growth of abnormal cells, primarily driven by
intricate genomic alterations involving mutations in oncogenes
and tumor suppressor genes." These genetic mutations insti-
gate metabolic reprogramming in cancer cells, leading to
distinct metabolic pathways compared to normal cells.” A well-
known phenomenon in this context is the “Warburg effect”,
wherein tumor cells, even in the presence of sufficient oxygen,
prominently convert a substantial amount of glucose into
lactate. Metabolic reprogramming is a pivotal process that
governs the survival, metastasis, and resistance activities of
cancer cells.*® Understanding these intricate processes not only
contributes to a comprehensive comprehension of cancer cells
but also provides a crucial avenue for therapeutic interventions.

Investigating the metabolism of tumor cells provides a direct
avenue for understanding tumor reprogramming. However, the
predominant approach in studying human tumor metabolism
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a scalable strategy for decoding tumor
characterization and advancing oncology research.

heterogeneity with potential application in cell-state

involves collective measurements obtained from bulk tumors.
Nevertheless, heterogeneity arises within the same tumor mass
due to diverse external microenvironments at different loca-
tions and hierarchical levels. As a result, each tumor cell may
exhibit unique metabolic states.”® Thus, it is crucial to examine
tumor cell metabolism at the single-cell level.

Methods for studying single-cell metabolism typically
involve the initial isolation of individual cells. Researchers have
developed various techniques for single-cell isolation, including
laser capture microdissection,”* flow cytometry,"'> micro-
fluidic chips,”™* and others.'>"” Among these, microfluidics-
based single-cell analysis for various applications, including
single-cell proteomics,'® transcriptomics,"” metabolomics,*
lipidomics,” multiomics® and post-translational modifica-
tions.”® And droplet microfluidic methods, due to their inte-
gration of the high operability and the throughput advantages
of flow cytometry, have found widespread applications in single-
cell genomics,>* transcriptomics,”®*” proteomics,**** and
other fields. They also hold significant potential for single-cell
metabolomics research.’ In particular, the recent develop-
ment of microfluidic hydrogel microspheres has emerged as
a valuable tool for constructing three-dimensional (3D) culture
systems. Compared with traditional 2D culture systems,
hydrogel microspheres with 3D porous structure can maintain
cell morphology and activity for a long time and can conduct
bidirectional interactions with the extracellular microenviron-
ment. This advancement allows for better simulation of the 3D
extracellular matrix environment surrounding cells.**
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Approaches for single-cell metabolism analysis encompass
Raman spectroscopy,*® fluorescence spectroscopy,*® mass spec-
trometry,’”*® and other detection methods. However, these
techniques commonly provide information on the metabolic
state of cells at particular time points rather than offering
insights into metabolic accumulation.®® The substances
measured often constitute intracellular components rather
than metabolites released by the cells. The cumulative
measurement of metabolites from single cells over time could
facilitate the quantification of single-cell metabolism, providing
more comprehensive information than that obtained from
analysis at specific time points.

Here, we present a microfluidic method for analyzing single-
cell metabolic accumulation by integrating a droplet micro-
fluidic device with a hydrogel microsphere manipulation chip
(Fig. 1a). Single-cell encapsulated hydrogel microspheres were
generated using droplet microfluidics and subsequently iso-
lated on a dedicated single-microsphere culture chip. This
system enables downstream mass spectrometry analysis of
metabolites, allowing in-depth investigation of metabolic
accumulation at the single-cell level. The duration of each
operational step for single-cell analysis is illustrated in Fig. 1b.
This microfluidic hydrogel assisted mass spectrometry method
was applied to analyze the tumor cell metabolism in 3D culture,
revealing heterogeneity in single-cell metabolic accumulation.
Expanding upon previous studies,**** we applied our method to
various tumor cell types, including A549, HepG2 and HCT116
(form National Infrastructure of Cell Line Resource, Beijing,
China), and classified the cells based on distinct metabolic
profiles. Our device supports multiplexed analysis of metabo-
lites in individual cells, offering new insights into the dynamic
metabolic states of single cells. This method holds significant
promise for tumor analysis and stem cell research, highlighting
the importance and versatility of our approach.
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Results and discussion

Single-cell hydrogel microspheres generation by droplet
microfluidics

It is crucial to examine tumor cell metabolism at the single-cell
level because each tumor cell may exhibit unique metabolic
states. The microfluidic hydrogel microspheres can maintain
cell morphology and activity for a long time, realizing 3D cell
culture.*>** In addition, the 3D porous network structure of the
hydrogel microspheres allows for the free diffusion of water
molecules, ions, oxygen, and small molecule nutrients, without
hindering the transport of cellular metabolites into the culture
media.**** Therefore, we use microfluidic hydrogel micro-
spheres to encapsulate single cells and investigate the metab-
olism of single cells. The hydrogel microspheres containing
individual cells were generated using a droplet microfluidic
chip (Fig. S1a and b), which was fabricated according to our
previous work.**** To optimize encapsulation rates and achieve
uniform cell distribution, we employed a pinched flow setup in
a co-flow arrangement (left structure in Fig. 2a). Here, a cell-
containing hydrogel (Inlet 1, 5, 10, 20 and 40 pL h™') was
introduced, flanked by sheath flows of cell-free hydrogel solu-
tion (Inlet 2, 55, 50, 40 and 20 uL h™"), creating a laminar flow
that aligned single cells into a single column. At these relatively
low flow rates, the shear stress exerted on cells is negligible.*
The hydrogel in Inlet 1 and Inlet 2 was the mixture of sodium
alginate and EDTA-Ca solution, acting as the dispersed phase
for droplet generation. The sodium alginate, with the advantage
of acid-triggered crosslinking properties, encapsulates cells into
sodium alginate microcapsules that allow for free diffusion of
metabolites and nutrients, simulating the extracellular
matrix.*>*” The continuous phase, consisting of a fluorinated oil
with surfactant (Inlet 3) and acetic acid (Inlet 4), enabled
droplet detachment. The acetic acid can release calcium ions to
complete alginate cross-linking. The hydrogel microspheres,
whose size can be adjusted over a wide range, are suitable for
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Fig. 1 Overview of single-cell metabolic accumulation analysis of microfluidic hydrogel microspheres. (a) Illustration of single-cell metabolic
accumulation analysis of microfluidic hydrogel microspheres, including cell preparation, single-cell microsphere generation and culture, and
single-cell metabolism spectrometry. (b) Timeline for each handling step.
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Fig.2 Generation of single-cell hydrogel microspheres. (a) Illustration
of the different types of pinched and non-pinched flow. (b) Micrograph
of hydrogel microspheres generated by pinched and non-pinched
flow (scale bar = 100 um). (c) Proportion of the number of cells in
hydrogel microspheres generated by pinched and non-pinched flow
(n = 3, the number of microspheres was 100 for each experiment).

cell cultivation and facilitate the manipulation of cells for
metabolic analysis using mass spectrometry methods,**** and
their size can be adjusted over a wide range. The size of the
hydrogel microspheres can be adjusted by modulating the
continuous-to-dispersed phase flow rate ratio. By increasing the
flow rate of the continuous phase from 200 to 400 uL h™* while
maintaining a constant dispersed phase flow rate (from
Fig. S1c-g). The smallest size (approximately 140 um) was ach-
ieved at a flow rate of 350 uL h™'. Beyond this flow rate, the
uniformity of hydrogel microspheres began to decline
(Fig. S1h). Therefore, we set the optimal continuous phase flow
rate at 350 puL h™' to ensure consistent microsphere size and
quality.

The pinched flow method of droplet generating, compared
with direct cutting (right structure in Fig. 2a), minimized cell
number dispersion and enhanced the rate of single-cell
encapsulation in the microfluidic hydrogel microspheres. As
shown in Fig. 2b, there are more single-cell microspheres
generated by the pinched flow method when the flow rate ratio
between the inner and outer phases was 1:2 at the same cell
concentration (1 x 10°). Lower cell concentrations made it
easier to obtain single-cell microspheres (Fig. S2). The
percentages of single-cell microspheres were calculated under
a microscope at a cell concentration of 1 x 10° according to the
two droplet generation methods. As shown in Fig. 2c, the
pinched flow was better for single-cell encapsulation with
higher single-cell encapsulation efficiency (approaching 40%).
Furthermore, this structure allowed for precise control over cell
encapsulation and the production of hydrogel microspheres
containing different numbers of cells.

Single-cell microsphere cultivation in the culture chip

The single-microsphere culture chip was designed to isolate
and culture single-cell microspheres (Fig. S3). Here, we

© 2026 The Author(s). Published by the Royal Society of Chemistry
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designed 7 chambers on the chip for representative cell analysis
(Fig. 3a). Furthermore, the number of chambers can be
expanded on a single chip or connecting multiple chips in
series to increase the throughput (Fig. S4). When the culture
medium containing the single-cell microspheres was injected
into the culture chip channel, microspheres (approximately 140
pm in diameter) flowed smoothly through side channels
(Fig. 3b) into the chambers. Notably, due to their size, these
microspheres could not pass through the 50 um high extraction
channels, leading to their retention at the end of the chambers
(Fig. 3c). This retention also sealed the channel to prevent the
medium containing the single-cell microspheres from flowing
into the current and subsequent chambers, achieving isolation
of individual microspheres. Reducing microsphere concentra-
tion, decreasing the injection flow rate, and gently shaking the
culture chip can prevent multiple microspheres from entering
a single chamber. After all chambers were loaded, paraffin oil
was introduced into the inlet channels to partition them. The
entire process can be observed under the microscope (Fig. S5).

The loaded culture chip was then placed in a culture dish
with PBS, creating a saturated vapor environment to prevent the
evaporation of the aqueous phase inside the chambers, and
incubated in a CO, incubator. After 24 h incubation, the cell
viability was evaluated after live/dead staining of cells. The
staining reagents (Calcein AM/PI) were injected into the culture
chip and then permeated in the chamber within 20 min
(Fig. S6). The cell viability was confirmed for both single-cell
and multiple cells without cell division (Fig. 3d), demon-
strating robust biological compatibility of our approach. In
addition, the single-cell viability rate was statistically calculated
to be over 95% (Fig. S7). By combining droplet microfluidics
with microscopes, the single cells were accurately encapsulated
and cultured in the culture chip, suitable for further studies on
single-cell metabolic activity.

Mass spectrometry detection of single-cell metabolism

The proposed single-microsphere culture chip enables the
accumulation of metabolites from individual cells in
a controlled 1.5 uL chamber volume over 24 h, allowing these
metabolites to concentrate for mass spectrometry analysis,
which is more suitable compared with oil-water droplets for cell
analysis with high cell activity. After 24 h of cultivation, the
culture medium from each chamber was extracted and adjusted
to 10 pL for subsequent mass spectrometry testing. All tests
were conducted under the same conditions, ensuring that any
potential metabolite adsorption or degradation would be
consistent across samples. For metabolic profiling, all metab-
olites of cells can be determined by our method through
establishing separate mass spectrometry detection methods for
each metabolite. As a proof of concept, we selected 10 key
metabolites from common tumor cell metabolic pathways,
including glucose from glycolysis, glutamate and glutamine
from amino acid metabolism, arginine, ornithine, and citrul-
line from guanidino metabolism, arachidonic acid from
arachidonic acid metabolism, and stearic acid and palmitic acid
from fatty acid metabolism.**** These key metabolites were
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc05261k

Open Access Article. Published on 28 November 2025. Downloaded on 6/21/2026 11:57:23 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

View Article Online

Edge Article

a) _b)

Microsphere =2

Microsphere loading

Paraffin oil

Paraffin oil sealing

d) Single-cell

Bright feild

Multi-cell

Bright feild - PI

Fig. 3 Structure of single-microsphere culture chip and the activity of single and multiple cells therein. (a) Loading and culturing of single
microspheres on the culture chip. (b) Micrograph of loading single microsphere into the culture chip. (c) Process of microspheres loading into the
single-microsphere culture chip. (d) Activity of single and multiple cells in hydrogel microspheres after cultivation on the culture chip. (scale bar =

100 pm).

selected, based on previous reports, from representative meta-
bolic pathways of common tumor cells to validate our single-cell
analysis method.>*** Mass spectrometry methods for each
metabolite were validated with pre-experimental checks con-
firming the feasibility of the assays (Fig. S8, S9 and Table S1). To
this end, hydrogel microsphere concentrations in the Petri dish
were controlled to match those within the chip chambers (one
microsphere per 1.5 pL), and culture medium samples were
collected at 0 h and 24 h (Fig. S10). Also, the arachidonic acid
metabolism form single A549 cells cultured on the chip was
analyzed (Fig. S11). Furthermore, the glutamic acid metabolism
of microspheres encapsulating one or two A549 cells cultured
on the chip was analyzed (Fig. S12). The 24 h variations in
metabolite levels revealed detectable heterogeneity in single-cell
metabolic activity.

Subsequently, metabolic accumulation analysis was con-
ducted on individual A549 cells using our method, which
revealed significant metabolic differences within the same cell
line (Fig. 4). As shown in Fig. 4a, certain cells (cell 1 and cell 11)
exhibited higher glutamate metabolism, while others showed
increased fatty acid metabolism (cell 7 and cell 10). Addition-
ally, some cells displayed substantial citrulline cycling (cell 15
and cell 22), while others demonstrated higher overall meta-
bolic activity (cell 4) or generally lower activity (cell 14). These
findings highlight the metabolic heterogeneity among single
cells. Analysis of single-cell metabolic distribution revealed
distinct patterns (Fig. 4b). Some metabolites, such as arginine,

902 | Chem. Sci., 2026, 17, 899-905

ornithine, and citrulline, showed single-peaked distributions,
indicating that most cells shared similar metabolic levels.
Others, like arachidonic acid and lactate, displayed bimodal
distributions, indicating heterogeneity across the cell pop-
ulation. These results illustrate the diversity in metabolic
characteristics among individual cells, highlighting the signif-
icance of single-cell analysis in decoding the intricacies of
cellular biology. This metabolic diversity forms a solid scientific
foundation for forthcoming research on cellular states, func-
tions, and potential applications in personalized medicine.
Notably, the system enables repeated metabolite collections.
Following an initial extraction, the chambers can be refilled
with culture media or therapeutic compounds for subsequent
treatment, thereby facilitating analysis of the real-time meta-
bolic effects of treatments (Fig. S13).

Metabolic accumulation differences across different cell types

Single-cell variability in parameters like cell size, migration
capacity, protein expression, and metabolic function is
commonly used for cell sorting,* including the isolating of
circulating tumor cells.*® While metabolic distinctions between
normal and tumor cells have been well investigated,* research
on metabolic differences among different tumor cell types often
focuses on functional proteins and specific metabolites. Using
our microfluidic hydrogel microspheres combined with mass
spectrometry method, we analyzed single-cell metabolic

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Single-cell metabolic accumulation analysis of A549 in single-
microsphere culture chip (n = 23). (a) Heatmap of metabolic accu-
mulation differences between different A549 cells. (b) Heterogeneity
of metabolic accumulation of A549 cells for different metabolites
(dashed lines: quartiles; solid lines: the median) (the intensity of all MS
peaks was processed by standardization by logarithmic transformation
and normalization).

accumulation across several cancer cell types to probe the
cellular heterogeneity in the following experiment.

The single-microsphere culture chip enabled single-cell
metabolic accumulation studies across human lung cancer
A549 cells, human colon cancer HCT116 cells, and human
hepatocellular carcinoma HepG2 cells. Ten compounds were
analyzed after logarithmic transformation and normalization,
followed by Partial Least Squares-Discriminant Analysis (PLS-
DA). The results showed that component I accounted for
37.5% and component II for 24.1%, suggesting distinct meta-
bolic accumulation among the three tumor cell types (Fig. 5a).
However, partial overlap of plots indicated that metabolic
accumulation alone may not fully discriminate the cell types.
The heatmap (Fig. S14) indicated that the metabolic accumu-
lation alone partially discriminated the cell types. Importantly,
further analysis of individual metabolites revealed distinct
distributional features. For example, heptadecanoic acid accu-
mulation in HepG2 cells displayed a unimodal profile, while
A549 cells showed a bimodal distribution (Fig. 5b). Arginine
accumulation showed cell type-dependent variation, with
HepG2 cells exhibiting a wider distribution range (6.3-7.0)
compared with the narrower range observed in HCT116 cells

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Tryptophan metabolism results analyzed by LC-MS. (a) PLS-DA
plot of metabolic accumulation differences between different cells in
single microsphere culture microarrays. Differential metabolic accu-
mulation plots of different cells in single microsphere culture micro-
fluidic chips corresponding to (b) heptadecanoic acid, (c) arginine and
(d) lactate (red: A549 (n = 47), green: HCT116 (n = 41), blue: HepG2 (n
= 35)). The intensity of all MS peaks was processed by logarithmic
transformation and normalization.

(6.4-6.8) (Fig. 5c). Lactate accumulation also differed in distri-
butional shape, with HepG2 cells exhibiting a broader, multi-
modal distribution (Fig. 5d). Overall, while metabolic
differences among various tumor cell types were observed, they
were less pronounced than those between normal and tumor
cells. These results emphasize that classifying tumor cells by
common metabolite accumulation alone may require addi-
tional data for a more comprehensive analysis.

Conclusions

In conclusion, we developed an integrated system that
combines droplet microfluidics with a cell culture chip to
enable the generation, isolation, and subsequent collection of
metabolic products, facilitating detailed metabolic accumula-
tion analysis at the single-cell level. By using the proposed
method, we reveal metabolic heterogeneity, providing insights
into cellular metabolic processes and regulatory mechanisms.
Through the analysis of multiple tumor cell types, our system
not only uncovered metabolic diversity among individual tumor
cells but also established a versatile experimental framework for
studying metabolic distinctions across different tumor types.
With the increasing more types of cellular metabolites analysis,
this system is poised for advanced 3D single-cell metabolomic
analysis across diverse cell types and may be extended to other
single-cell omics applications, including those related to ther-
apeutic research. Furthermore, this system can be used for

Chem. Sci., 2026, 17, 899-905 | 903
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probing the interfering factors of cellular heterogeneity. When
combined with microscopic imaging, it establishes the corre-
lation between heterogeneity and key factors such as cell cycle
or size. In future iterations, a cell screening module can be
integrated into the droplet generation chip to improve the
efficiency of single-cell encapsulation. Analytical throughput
can also be expanded by increasing the number of culture
chambers on a single chip or linking multiple chips in series.
Moreover, incorporating microfluidic structures for real-time
metabolite collection and continuous flow culture will enable
dynamic monitoring of single-cell metabolic accumulation,
providing a robust foundation for studying cellular dynamics
and developing personalized medical strategies.
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