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Pioneering Metabolomic Mass Spectrometry: 
From Nanomaterials to Clinical Diagnosis in Oncology
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Ultra-sensitive detection of metabolites at extreme trace levels within complex sys-

tems remains a major challenge in physiology and biomedicine. Ultra-sensitive 

mass spectrometry (MS) has become the preferred analytical tool in metabolomic 

research, among these platforms, matrix-assisted laser desorption/ionization (MALDI) 

MS offers high-speed (30 s/sample) and high-throughput (>300 samples/run) analy-

sis. This study addresses limitations in MALDI-MS by developing a Fe-metal-

organic framework heterojunction via gradient pyrolysis (350-500°C). The optimized 

Fe3O4@Fe-MOF material (FM-450) enhances LDI performance, achieving 1,000-fold 

signal amplification versus conventional matrices. Integrated with machine learning, 

it demonstrates superior diagnostic performance for thymic epithelial tumors 

(AUC=0.960) and risk stratification (AUC=0.856), outperforming current clinical 

methods. This work advances material design for LDI MS and establishes a trans-

formative approach for precision oncology through metabolic-driven diagnostics.

Introduction

Metabolites represent the ultimate downstream products 
of cellular regulation, offering direct snapshots of physio-
logical and pathological states. Comprehensive profiling 
of low-molecular-weight (LMW) metabolites is therefore 
essential for understanding biological mechanisms, dis-
secting metabolic pathways, decoding signaling networks, 
and discovering biomarkers for disease diagnosis and 
therapeutic monitoring[1]. Conventional platforms such as 
nuclear magnetic resonance (NMR) and liquid/gas chro-
matography mass spectrometry (LC/GC-MS) are capable 

of performing these analyses[2]. However, NMR suffers 
from signal overlap and inherently low sensitivity (μmol 
L-1 range) typically restrict confident identification to 
<100 metabolites in complex matrices[3]. LC-MS and 
GC-MS, although sensitive to the nmol L-1 level, require 
laborious and chemically specific pre-treatment work-
flows (e.g., protein precipitation, liquid extraction, and 
derivatization) that progressively accumulate processing 
time, reduce overall sample throughput and ultimately 
hinder the scalability required for large-scale, high-
throughput metabolomics. Consequently, the development 
of a facile yet ultrasensitive approach for LMW metabolite 
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detection remains an urgent and enduring challenge[4].

Matrix-assisted laser desorption/ionization mass spec-
trometry (MALDI-MS) achieves high-throughput screen-
ing (~384 samples per run) and rapid data acquisition (~30 
s per sample) with minimal or no sample pretreatment 
(Figure 1a)[5]. Theoretical considerations predict that 
selecting a high-performance matrix should afford ultra-
sensitive detection, because the matrix both absorbs laser 
energy and mediates soft desorption/ionization of analytes 
with negligible fragmentation. However, conventional 
organic matrices generate intense background noise in the 
low-m/z region and suffer from poor energy/electron-
transfer efficiency, which collectively compromise sensi-
tivity, shot-to-shot stability and metabolite coverage[6]. As 
a result, MALDI-MS still falls short of the low-level 
reproducibility required for demanding applications such 
as the discovery of low-abundance early-disease biomark-
ers[7].

Recent advances in nanoscale matrices address these limi-
tations through engineered material interfaces (Figure 1b, 
c). Two-dimensional metal-organic framework nanosheets 
(2D MOF NSs)[8], for instance, exhibit self-decomposition 
under laser ablation, thereby reducing the generation of 
background interference peaks. In addition, carboxyl 
groups in aromatic acid ligands within MOFs further 
enhance cation adduction efficiency through proton trans-

fer mediation. Nevertheless, pristine MOFs still face prac-
tical constraints from rapid electron-hole recombination 
and suboptimal energy dissipation during LDI process. 
Current strategies primarily aim to construct noble metal/
metal oxide heterostructures through extrinsic metallo-
philic functional group modifications or conventional 
thermal agitation methods to establish synergistic host-
guest interfaces. However, these approaches are con-
strained by either complex multi-step procedures or weak 
interfacial coupling, hindering the efficient design of 
robust heterojunction architectures with precise interfacial 
control. A particularly promising approach involves the 
controlled partial pyrolysis of MOFs to engineer interfa-
cial heterojunctions and defects, a method that enhances 
photogenerated charge carrier separation and may signifi-
cantly improve LDI performance for precision medical 
applications[9].

In this work, we developed a gradient pyrolysis protocol 
(350-500℃) to construct Fe MOF NSs (denoted as 
Fe-MOF) derived heterojunction. These heterostructures 
incorporate magnetite nanoparticles (Fe3O4 NPs) with 
high photothermal conversion efficiency, enhancing inter-
facial ionization performance. The optimized Fe3O4@
Fe-MOF heterojunction demonstrated a maximum 1,000-
fold signal amplification in metabolite detection, enabling 
direct acquisition of serum metabolic fingerprints (SMFs) 
with ultralow sample consumption (1 μL). Through 

Figure 1   �High-sensitivity metabolomics process and innovation of nanomaterials (a) Clinical sample acquisition and data processing procedure. (b) 
The adsorption of metabolites by porous materials enables molecular-specific detection. (c) Affinity probe materials enable the detection 
of target metabolites.
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machine learning of SMF patterns, we constructed a 
robust diagnostic platform for distinguishing thymic epi-
thelial tumors (TETs) from benign control (BC) with an 
area under the curve (AUC) of 0.960. Furthermore, a 
panel comprising 12 metabolites was identified for hierar-
chical risk stratification with AUC of 0.856. This work not 
only advances the rational design of advanced materials 
for LDI MS but also establishes a transformative platform 
for clinical metabolomics toward precision oncology.

Result

Design and Characterization of Materials
The strategic design of the Fe-MOF-derived heterojunc-
tion involved optimizing the pyrolysis conditions to create 
an ideal interface between the MOF framework and Fe3O4 
nanoparticles (Figure 2a)[10]. Thermal analysis revealed 
that the MOF structure remained stable up to 350℃, with 
decomposition occurring between 350-500℃. At 450℃ 
(FM-450), the material achieved an optimal balance, with 
well-dispersed Fe3O4 nanoparticles (size 5-20 nm) embed-
ded within a partially preserved MOF matrix[11]. This 
unique architecture created numerous heterointerfaces 
that enhanced light absorption and charge separation effi-
ciency. The structural evolution during pyrolysis was 

characterized by multiple techniques. Firstly, the TEM 
images clearly showed the progressive formation of 
nanoparticles on the MOF surface, with FM-450 exhibit-
ing uniform distribution without aggregation (Figure 2b). 
In addition, XRD patterns confirmed the coexistence of 
MOF and Fe3O4 crystal phases, while FTIR spectroscopy 
tracked the gradual decomposition of organic ligands. 
XPS analysis provided crucial insights into the chemical 
state changes, revealing an increase in oxygen vacancies 
and mixed valence states that contribute to the material’s 
enhanced performance. Furthermore, the superiority of 
the heterojunction design over single-component materi-
als was demonstrated through comparative studies with 
conventional MOFs (Fe-MIL-101, Fe-MOF-74). The 
FM-450 composite showed significantly improved photo-
current response and thermal conversion efficiency, 
attributed to the synergistic interaction between the com-
ponents. This carefully engineered material architecture 
addresses fundamental limitations of previous matrices, 
providing a robust platform for metabolic analysis[12].

The FM-450 matrix demonstrated exceptional perfor-
mance in LDI MS analysis, achieving up to 1,000-fold 
signal enhancement compared to conventional organic 
matrices (CHCA, DHB). This improvement was consistent 

Figure 2   �Preparation and characterization of MALDI-MS platform. (a) Schematic illustration of the prepara-
tion of Fe-MOF and its partial pyrolysis to form Fe3O4@Fe-MOF. (b) TEM of FM-450. (c) Intra-
batch and inter-batch CVs of Na-adducted signals from five metabolites using FM-450 as the 
matrix. (d) FM-450 preload loading (i) and random sampling was performed in the inexperienced 
population (ii).
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across multiple metabolite classes, including amino acids 
(alanine, lysine, arginine), sugars (glucose, sucrose), and 
organic acids, with detection limits reaching picomolar 
levels. The enhanced sensitivity enables detection of low-
abundance metabolites that are often missed by conven-
tional approaches, expanding the analytical coverage of 
the metabolome[13].

The matrix’s performance was particularly notable in 
challenging analytical conditions. In high-salt environ-
ments (0.5 M NaCl) and protein-rich matrices (5 mg/mL 
BSA), FM-450 maintained excellent detection capability, 
whereas conventional matrices showed significant inter-
ference. This robustness stems from the material’s meso-
porous structure (pore size ≈2 nm), which selectively 
absorbs metabolites while excluding larger proteins and 
salts. The reproducibility of FM-450 was exceptional, 
with intra-batch and inter-batch coefficients of variation 
below 15%, compared to 30-97% for organic matrices 
(Figure 2c). This consistency is crucial for clinical appli-
cations where reliable quantitative data is essential for 
diagnostic decisions.

The practical advantages of the FM-450 platform extend 
beyond analytical performance (Figure 2d). The simpli-
fied sample preparation (no extraction or derivatization), 
minimal sample requirement (1 μL serum), and rapid 
analysis time (30 seconds per sample) make it suitable for 
high-throughput clinical screening. Additionally, the 
matrix’s stability—maintaining performance for 6 months 

at room temperature and withstanding 10,000 laser irradi-
ations—ensures operational reliability in routine labora-
tory use.

Mechanistic Insights into Enhanced Ionization

The exceptional performance of FM-450 originates from 
the synergistic combination of photothermal and photo-
electric effects enhanced by the heterojunction structure. 
UV-vis spectroscopy confirmed strong absorption in the 
300-400 nm range, matching the 355 nm laser wavelength 
used in LDI MS (Figure 3a). Photocurrent measurements 
demonstrated a twofold increase in charge carrier genera-
tion compared to pristine Fe-MOF, attributed to improved 
charge separation at the heterointerface (Figure 3b)[14].

Thermal imaging revealed rapid temperature increase 
under laser irradiation, with FM-450 showing the fastest 
heating rate among the tested materials. This efficient 
photothermal conversion facilitates analyte desorption, 
while the heterojunction structure promotes charge sepa-
ration, increasing ionization efficiency. The material’s 
band structure was characterized using Mott-Schottky 
analysis, revealing an S-scheme heterojunction that drives 
electrons from Fe3O4 to Fe-MOF, creating a built-in elec-
tric field that enhances charge separation (Figure 3c).

Scavenger experiments provided further mechanistic 
insights. The addition of juglone (electron scavenger) 
increased metabolite signals, while EDTA (hole scavenger) 

Figure 3   �Mechanistic investigation of FM-450 in metabolite detection. (a) Ultraviolet-visible 
absorption spectra and (b) photocurrent-time curves of Fe-MOF and FM-X (X = 350, 
400, 450, 500). (c) Schematic illustration of charge transfer route in FM-450 via the 
S-scheme heterojunction.
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decreased signals, confirming that holes are the primary 
charge carriers in positive ion mode. This understanding 
of the fundamental mechanisms guides future material 
optimization and application to different analyte classes.

The heterojunction design represents a significant 
advancement over conventional matrices, addressing 
long-standing challenges in LDI MS. While organic 
matrices suffer from background interference and inor-
ganic materials often show poor reproducibility, the 
FM-450 composite combines the advantages of both the 
excellent ionization efficiency from the heterojunction and 
consistent performance from the stable framework. This 
mechanistic understanding provides a foundation for 
rational design of next-generation matrices for metabolic 
analysis[15].

Clinical Application in TETs Diagnosis and 
Stratification

The clinical utility of the FM-450 platform was evaluated 
through a comprehensive study involving 243 partici-
pants. SMFs containing 698 features were acquired from 
each sample, covering mass range m/z 80-500[16]. 
Unsupervised analysis using principal component analysis 
(PCA) showed partial separation between benign controls 
and TETs patients, but significant overlap persisted, 
necessitating advanced machine learning approaches for 
accurate classification[17].

The LASSO regression algorithm demonstrated superior 
performance in distinguishing TETs from benign con-
trols, achieving an AUC of 0.975 in the discovery cohort 
(n=172) and maintaining robust performance in the vali-
dation cohort (AUC=0.960, n=71; Figure 4a). A panel of 
10 metabolites (Panel-10M) was identified through rigor-
ous feature selection, showing consistent dysregulation in 
TETs patients (Figure 4b, c)[18]. These metabolites, involved 
in key pathways such as pyruvate metabolism, glycero-

lipid metabolism, and amino acid metabolism, provide 
biological insights into TETs pathophysiology[19].

For risk stratification, a more refined approach was neces-
sary. The initial Panel-10M showed moderate performance 
in distinguishing LR from HR TETs (AUC=0.700), 
prompting the development of a specialized 12-metabolite 
panel (Panel-12M) through a two-stage feature selection 
process (Figure 5a). This panel integrated six metabolites 
with high sensitivity for risk differentiation (Panel-6M) 
and six metabolites showing distinct expression patterns 
between risk groups (Panel-6SM). The integrated Panel-
12M achieved an AUC of 0.856, significantly outperform-
ing imaging-based assessment (AUC=0.627) and 
providing a powerful tool for clinical decision-making 
(Figure 5b).

The metabolic alterations observed in TETs patients 
reflect fundamental changes in cellular metabolism. 
Downregulation of pyruvate and lactate suggests altered 
energy metabolism, while changes in glycerolipid and 
fatty acid metabolites indicate membrane remodeling and 
signaling alterations (Figure 5c). These metabolic signa-
tures not only serve as biomarkers but also provide 
insights into the molecular mechanisms driving TETs 
progression, potentially revealing new therapeutic targets.

The clinical implementation of this platform offers numer-
ous advantages over current standards. The non-invasive 
nature of blood sampling enables repeated monitoring, 
facilitating treatment response assessment and disease 
surveillance. The rapid analysis time (minutes versus days 
for pathology) supports timely clinical decisions, while 
the minimal sample requirement makes it suitable for 
patients with limited venous access. Most importantly, the 
metabolic information provides functional insights com-
plementary to anatomical imaging, creating a more com-
prehensive diagnostic picture[20].

Figure 4   �Diagnosis of TET-associated serum metabolic fingerprints. (a) Performance evaluation of different machine learning algorithms in distinguishing 
between benign control and TETs patients. (b) Venn diagram of 10 m/z features selected as diagnosis biomarker panel following multiple screen-
ing rounds. (c) Diagnostic model constructed using Panel-10M for discovery and validation cohorts.
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Conclusion and Future Perspectives

The development of the Fe-MOF-derived heterojunction 
platform represents a significant advancement in meta-
bolic diagnostics, addressing critical limitations in current 
TETs management. The integration of materials science, 
analytical chemistry, and machine learning has created a 
powerful tool that combines high sensitivity, specificity, 
and clinical practicality. The 1,000-fold improvement in 
detection sensitivity compared to conventional matrices 
enables identification of metabolic alterations at earlier 
disease stages, while the robust classification algorithms 
ensure reliable diagnostic decisions.

The clinical validation across 243 participants demon-
strates the real-world utility of this approach. The consis-

tent performance across discovery and validation cohorts, 
with AUC values exceeding 0.95 for diagnosis and 0.85 
for risk stratification, meets the rigorous standards 
required for clinical implementation. The metabolic 
panels identified through rigorous feature selection pro-
vide biological insights while maintaining analytical sim-
plicity, balancing depth of information with practical 
applicability.

Several aspects of this platform are particularly notewor-
thy for future development. The modular design allows 
adaptation to other cancer types by adjusting the meta-
bolic panels, while the minimal sample requirement 
enables application in pediatric and critically ill patients. 
The cost‑effectiveness (approximately US $0.03 per test 
compared to approximately US $4 per test for LC‑MS/

Figure 5   �Serum metabolic fingerprint-based risk stratification of TETs. (a) Schematic workflow for classifier construction. Feature selection (green): Stages 
I identifying key metabolites to form the Panel-6M that met statistical criteria of P < 0.001, FC > 1.5, and LASSO score > 0.3 in the comparison of 
LR-TET vs HR-TET; and II identifying metabolites from the Panel-10M to form the 6 score metabolites panel (Panel-6SM) with a ratio (LASSO 
score from BC vs LR-TET divided by LASSO score from BC vs HR-TET) greater than 4. Classifier building (blue): The 12 metabolites from stages 
I and II are integrated into the final classifier of Panel-12M using a random forest algorithm. (b) Relative importance of specific metabolic pathways 
in TET progression, ranked by their contribution. 1: Glycerolipid metabolism; 2: Gluconeogenesis; 3: Pyruvate metabolism; 4: De novo triacylglyc-
erol biosynthesis; 5: Warburg effect; 6: Pyruvaldehyde degradation; 7: Glycerol phosphate shuttle; 8: Cardiolipin biosynthesis; 9: Glucose-alanine 
cycle; 10: Alpha linolenic acid and linoleic acid; 11: Alanine metabolism; 12: Mitochondrial electron transport chain; 13: Glutathione metabolism; 
14: Transfer of acetyl groups; 15: Glycolysis; 16: Cysteine metabolism; 17: Urea cycle; 18: Phospholipid biosynthesis; 19: Ammonia recycling; 20: 
Citric acid cycle; 21: Amino sugar metabolism; 22: Beta-alanine metabolism; 23: Galactose metabolism; 24: Glutamate metabolism; 25: Pyrimidine 
metabolism.
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MS) makes it suitable for widespread screening programs, 
potentially transforming cancer detection in resource-
limited settings.

Future research directions should focus on several key 
areas. Multi-center validation across diverse populations 
will establish generalizability, while longitudinal studies 
can assess utility for monitoring treatment response and 
disease recurrence. Technical enhancements could include 
integration with other omics technologies and develop-
ment of point-of-care devices. Additionally, exploration of 
the identified metabolic pathways may reveal new thera-
peutic targets and mechanistic insights into TETs biology.

The implications of this work extend beyond TETs diag-
nostics. The material design principles, creating hetero-
junctions through controlled pyrolysis, can be applied to 
other analytical challenges, while the computational 
framework for metabolic feature selection and model 
building can be adapted to various disease states. This 
interdisciplinary approach serves as a blueprint for devel-
oping next-generation diagnostic platforms that leverage 
advances in multiple scientific fields.
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