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The detection of small molecules, including metabolites, pollutants, and drugs, is significant for clinical
diagnosis, environmental monitoring, and drug analysis. Surface-assisted laser desorption/ionization
time-of-flight mass spectrometry (SALDI-TOF MS), which integrates sample preparation and detection in
one step, has attracted considerable attention in the analysis of small molecules. In SALDI-TOF MS,
sample preparation is a key step to ensure analytical selectivity and sensitivity; however only a few relevant
reviews summarize sample preparation. This paper reviews the recent progress of research on targeted
and non-targeted enrichment methods for small molecular analytes in complex samples based on the
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SALDI-TOF MS platform, and discusses their applications in pollutant analysis, in vitro diagnosis, and drug
analysis. Finally, the review can potentially inspire researchers to design and select suitable sample prepa-
ration methods to solve the challenges of background interference in complex analytical samples,

rsc.li/analyst thereby facilitating the development of new platforms for high-throughput and high-sensitivity detection.
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1. Introduction

The term ‘small molecules’ is typically employed to denote
molecules with a molecular weight of less than 900 Daltons."
This category encompasses a large number of crucial com-
pounds in the current research area, such as metabolites,*
environmental pollutants,’ and pharmaceutical molecules.”
Metabolites are the end products in biological pathways and
these bio-molecules have become significant for clinical diag-
nosis and monitoring.® Small molecular pollutants, such as
potassium perfluorooctanoic sulfonate, 1-hydroxy-pyrene, and
p-benzenediamine quinones, are broadly distributed in the
environment and threaten the safety of ecological system.’ In
addition, small molecular drugs with their advantages of good
oral absorption, high stability, and controllable costs have
become indispensable therapeutic tools in the treatment of
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cancer, infectious diseases, and chronic diseases.!® Therefore,
the detection of these small molecules is of significance for
clinical diagnostics, environmental monitoring, and drug
analysis.

Among the many analytical techniques, matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry,
with its simple sample preparation, high throughput, and
high sensitivity, is widely used to detect small molecular
analytes.>"" However, the organic matrix can hinder the detec-
tion of small molecules in complex samples due to poor
enrichment ability, non-uniformity of crystallization, and back-
ground interference in the low mass range.'>'* As pioneers,
Tanaka et al. first proposed that inorganic materials could
serve as effective matrices to assist laser desorption/ionization
time-of-flight mass spectrometry in detecting macromolecules.
Similarly, the inorganic materials could also be ideal matrices
in the detection of small molecules due to their stable struc-
ture, high light absorption, high electrical conductivity, and
high surface area to volume ratio.’*'® Currently, various in-
organic materials, including noble metals, metal oxides,
metal-organic frameworks, and carbon-based materials, have
been successfully developed as effective matrices for detecting
small molecules. The new technique has been called surface-
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assisted laser desorption/ionization time-of-flight mass spec-
trometry (SALDI-TOF MS).'®"”

In the SALDI-TOF MS platform, inorganic materials that
have both enrichment and matrix functions are key to the
rapid and sensitive detection of small molecules.'® Inorganic
matrices, through their surface functionalization modification
and porous structure, can directly achieve co-crystallization
with analytes and efficiently in situ enrich target analytes in
complex samples.'®*® Compared with traditional protein pre-
cipitation, liquid-liquid extraction, and solid-phase extraction,
sample preparation time for SALDI-TOF MS has been shor-
tened to minutes, eliminating the need for complex operating
procedures and equipment, thereby greatly simplifying the
enrichment process.>** In real samples, the detection of
small molecules presents challenges due to low concentrations
and strong background interference. Therefore, sample prepa-
ration represents a critical step to ensure the sensitivity and
accuracy of analysis.?>** There have been many reviews on the
discussion of nanomaterials as LDI-TOF MS matrices, but a
systematic investigation of their ability to enrich small mole-
cules in complex samples is still limited.

Herein, this article provides a timely review of the latest
studies on the enrichment and detection of small molecules
using targeted and untargeted enrichment methods based on
SALDI-TOF MS, exploring their applications in pollutant ana-
lysis, in vitro diagnosis, and drug analysis. This review high-
lights the importance of enrichment methods for the detection
of small molecules by SALDI-TOF MS, providing new avenues
for the development of high-throughput detection methods.

2. Enrichment methods for small
molecules in SALDI-TOF MS

Inorganic nanomaterials, as the enrichment carrier and
matrix, are at the core of the detection of small molecular ana-
lytes in SALDI-TOF MS.* Initially, small molecular analytes
are efficiently enriched on the surface/pore structure of in-
organic nanomaterials through physical adsorption,*® chemi-
cal bonding,”” and electrostatic interaction,'® significantly
increasing the local concentration to overcome the sensitivity
limitation for trace substances. After being subjected to laser
irradiation, inorganic nanomaterials rapidly absorb more
energy due to their excellent photo-responsivity, which helps
the enriched analytes desorb and ionize from the surface of
the inorganic nanomaterials.?® This synergistic enrichment-de-
sorption/ionization ~mechanism not only dramatically
improves the detection limit,>® but also enables SALDI-TOF MS
to directly analyze small molecules with low abundance in
complex samples (biological fluids and environmental
samples).”® Therefore, the nanomaterials-based enrichment
process can not only remove the trade-off bottleneck between
interference suppression and sensitivity improvement in the
SALDI-TOF MS analysis of small molecules, but also promote
the development of mass spectrometry technology in the direc-
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tion of high throughput, high sensitivity, and low sample
consumption.

The current enrichment methods can be divided into tar-
geted and untargeted enrichment in order to satisfy a variety
of analytical requirements and objectives.

2.1 Targeted enrichment for small molecules in SALDI-TOF
MS

Targeted enrichment is an effective method for detecting
specific small molecules through specific chemical functional
groups,®® metal coordination,’ hydrophobic interaction,*?
and electrostatic interaction®® (Table 1). Therefore, inorganic
matrices can achieve highly specific trapping of target mole-
cules and significantly improve the detection sensitivity of
trace targets.

The versatility and tunability of chemical functional groups
render them amenable to design for selective adsorption of
target molecules.'® Chemical functional groups can be tuned
to achieve specific recognition of certain small molecular com-
pounds, leading to specific enrichment.** Specific cis-diol
compounds, including sugars, glycoproteins, and nucleosides,
have been shown to possess significant physiological functions
and pharmacological activities.>® These compounds have been
shown to play crucial roles in various biological processes and
clinical medicine.’®*” Research has demonstrated that boric
acid can form stable cyclic esters with cis-diol groups through
covalent interactions. Therefore, a variety of materials with
boric acid have been developed for selective enrichment of cis-
diol-containing compounds.*® Wang et al*® prepared two-
dimensional boron nanosheets (2DBs) that have a boric acid
moiety. Based on the specific affinity between boric acid and
cis-diols, 2DBs can be used as an adsorbent material and pris-
tine matrix for the selective enrichment and direct detection of
cis-diol compounds by SALDI-TOF MS. The results demon-
strated that 2DBs exhibited excellent adsorption capabilities
for cis-diol compounds, achieving a detection limit as low as 1
nM for glucose, lactose, mannose, and fructose. Zhang et al.*
prepared a graphene oxide (GO) material that had been func-
tionalized with 4-vinylphenylboronic acid (GO-VPBA). This
material was then used as a SALDI-TOF MS matrix for the
selective enrichment of small diol-containing bio-molecules
(adenosine, guanosine, and galactose). The results showed
that the novel GO-VPBA can significantly improve the detection
limits (e.g., guanosine: 0.63 pmol mL™") by about 115-fold and
131-fold compared with conventional GO and 2,5-dihydroxy-
benzoic acid (DHB), respectively. Covalent organic frameworks
(COFs) are a class of novel porous polymers. Their superior
enrichment properties are attributed to their larger specific
surface area, enhanced stability, and n-n stacking interactions.
Hu et al*' synthesized boronic acid-functionalized COFs
(BCOFs). The COFs and boric acid moiety have been proved to
enhance the selectivity for capture of cis-diol compounds
(Fig. 1a). The enrichment ability of the BCOF matrix was
achieved through SALDI-TOF MS. Riboflavin and pyrocatechol
were selected as model samples of the cis-diol-containing com-
pound. 4-Nitrophenol was selected as a non-specific com-
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Table 1 The targeted enrichment methods for analysis of small molecules with SALDI-TOF MS

Enrichment

method Matrix Small molecule LOD Application Ref.
Chemical 2D boron nanosheets Glucose, lactose, 1 nM Detection of lactose in milk samples 39

functional groups mannose, and

fructose

GO-VPBA Adenosine, guanosine, Guanosine: 0.63 Urine samples 40

and galactose pmol mL™*

BCOFs cis-Diol compounds fg mL™! Detection of cis-diol compounds in 41
human serum, milk, and Capsicum
samples

Fe;0,@PDA@B-UiO-66 Glucose 58.5 nM Quantitative detection of glucose in 13
complex samples

UiO-66(NH,)-MUMIPs Luteolin 0.5 ng mL™" Detection of luteolin and its 29
metabolites

COFs film PFOS 0.5 ng mL™" Detection of PFOS in zebrafish, rat 42
kidney and liver tissues

BNQDs Bisphenol A 0.05 nM Detection of BPA in environmental 30
water

Metal AuNPs/ZnO NRs Glutathione 150 amol Detection of GSH in medicine and 31
coordination fruits

IBAs-AuNPs/COF Insulin 028 pg L™* Detection of insulin diabetes and 46
healthy serum samples

Hydrophobic 3D monolithic SiO, Desipramine and 10 pg mL ™" and 1 Detection of hydrophobic 44
interaction trimipramine ng mL™" antidepressant drugs

Silane monolayer-modified LysoPC 0.5 ng mL™" Detection of LysoPC in plasma 45

porous silicon

Electrostatic P-AAB/Mxene PPDQs and DAIs 10-70 ng mL™}, Detection of pollutants in beverage 33
adsorption pg m~> and PM, 5 samples

MP-HOFs Paraquat and 0.001 ng mL™"and Detection of pesticides in tap water, 32

chlormequat 0.05 ng mL ™" river water, and soil

pound. The high sensitivity to target analytes in complex
samples with a molar ratio of target analyte to non-specific
compound of 1:100 was also established. In addition, metal-
organic frameworks (MOFs) are porous crystalline materials
via coordination bonds. Boric-acid-modified multifunctional
Zr-based MOFs (denoted as Fe;0,@PDA®@B-UiO-66) were pre-
pared as the adsorbent and matrix for enrichment and analysis
of glucose.'® The large specific surface area, abundant boric-
acid-active sites, porous structure, and superior UV absorption
properties make Fe;O,@PDA@B-UiO-66 an ideal enrichment
matrix. The limit of detection (LOD) of glucose on the
Fe;0,@PDA@B-UiO-66-based LDI MS platform was 58.5 nM.

To effectively improve selectivity, Lu et al>* combined
MOFs with magnetic molecularly imprinted polymers (MIPs)
for the selective enrichment and detection of luteolin. The
MIPs can achieve efficient and selective enrichment of targeted
bio-molecules via a “lock and key” mechanism. The composite
of MOFs and MIPs (MUMIPS) was synthesized using luteolin
as the template molecule. In the absence of the templated
molecule, the composite of the non-molecularly imprinted
polymer with M-UiO-66 (NH,) (MUNIPs) was prepared as the
control matrix. In the presence of structural analogues, the
adsorption capacity of MUMIPS for luteolin (luteolin (Q =
53.8 mg ¢~ ') > myricetin (Q = 25.4 mg ¢~ ")) has a clear advan-
tage over that of MUNIPs. The MUMIPS-SALDI-TOF MS exhibi-
ted high selectivity and sensitivity for simultaneously enrich-
ing and detecting luteolin.

Due to its moderate bond energy and reversibility, hydrogen
bonding exhibits advantages in efficient and selective enrich-
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ment. Zhao et al®® (Fig. 1b) developed a boron nitride
quantum dots (BNQDs)-assisted LDI MS platform. The surface
of BNQDs is abundant in amino and hydroxyl groups, which
selectively enriches bisphenol A (BPA) molecules through
hydrogen bonding interactions (e.g.,, O-H-:--O and N-H---O).
The BNQDs, as an inorganic matrix, can directly facilitate the
quantitative detection of BPA and significantly reduce the
background interference in the low-mass region. To overcome
the limitations of traditional matrix deposition methods in
SALDI-TOF MS imaging, Luo et al.** developed a novel film pre-
pared from COFs by imprinting the sieved powder of COFs onto
the surface of double-sided adhesive tape. The new film com-
prising COFs demonstrated outstanding reproducibility, with a
relative standard deviation (RSD) of 8.37%. In addition, the
hydrogen bond interaction between the -OH of COFs and the
fluorine of potassium perfluorooctanoic sulfonate (PFOS) con-
tributed to the enrichment of PFOS. This excellent enrichment
performance of COFs demonstrated their promising potential
for application in PFOS detection at low concentration levels in
zebrafish, rat kidney, and liver tissues. Lai et al.'* rapidly pre-
pared magnetic graphene oxide (MGO) probes by combining
graphene oxide (GO) with Fe** under microwave heating. The
MGO can specifically capture aflatoxin B1 (6 min) using n-n
interactions. By combining magnetic separation with LDI MS,
aflatoxin B1 was rapidly purified and detected (~10 min). The
LOD of MGO-assisted LDI MS was as low as 1 nM, which is a sig-
nificant improvement in detection efficiency.

Furthermore, physical interactions between the matrix and
the target analyte, including electrostatic adsorption, and

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Targeted enrichment of small molecules in SALDI-TOF MS. (a) Synthesis of B-COFs and enrichment of cis-diol compounds from ref. 41; re-
printed with permission from American Chemical Society. Copyright © 2019, American Chemical Society. (b) Enrichment of BPA compounds by
BNQDs from ref. 30; reprinted with permission from Elsevier. Copyright © 2023 Elsevier. (c) Enrichment and detection of PPD by SNM@Fe;O,4 from
ref. 43; reprinted with permission from Elsevier. Copyright © 2022 Elsevier. (d) Enrichment of small molecules of different polarities by silica-based
monoliths from ref. 44; reprinted with permission from Elsevier. Copyright © 2019 Elsevier.

hydrophilic/hydrophobic and magnetic interactions have also
been established. Zhang et al.** developed p-aminoazobenzene
(p-AAB)-modified MXene composites (p-AAB/MXene) to
efficiently enrich emerging organic pollutants (p-benzenedia-
mine quinones and diamide insecticides) at low concen-
trations in the environment via electrostatic adsorption and
n-n stacking. SALDI-TOF MS was used to directly detect p-ben-
zenediamine quinones and diamide insecticides in real bever-
age and PM, ; samples with LOD of 10-70 ng mL™". Similarly,
Peng et al.*® developed a novel magnetic MXene monolayer
nanomaterial (SNM@Fe;0,). The SNM@Fe;0, was used as a
matrix for rapidly detecting four p-phenylenediamine (PPD)
antioxidants in SALDI-TOF MS (Fig. 1c). The efficient enrich-
ment of trace targets in water was achieved by hydrogen
bonding and van der Waals force interactions between
SNM@Fe;0, and PPD antioxidants. Lv et al>* developed
microporous hydrogen-bonded organic frameworks
(MP-HOFs) for the simultaneous enrichment and detection of
paraquat (PQ) and chlormequat chloride (CQ) using the
SALDI-TOF MS platform. The MP-HOFs, with negatively
charged surfaces, were able to specifically capture positively
charged PQ and CQ through electrostatic interactions and n-=
stacking. After enrichment, the LOD values (0.01 and 0.05 ng
mL™") were 3 and 2 orders of magnitude lower than the LOD

This journal is © The Royal Society of Chemistry 2025

values for unenriched PQ and CQ analytes, respectively. Amin
et al.** developed a 3D monolithic SiO, matrix to achieve selec-
tive enrichment of small molecules by modulating its surface
hydrophilicity (Fig. 1d). Their results showed that hydrophilic
SiO, has stronger adsorption for short-chain fatty acids (C14),
while hydrophobic C18-SiO, has stronger adsorption for long-
chain fatty acids (C20). This observation verified the selectivity
via hydrophilicity and hydrophobicity effects based on the
length of the fatty acid chains. Similarly, Lavigne et al.*® inves-
tigated the effect of silane monolayer-modified porous silicon
on the enrichment and detection of lysophosphatidylcholine
(LysoPC) in SALDI-TOF MS. The porous silicon surface was
modified with short-chain (CH; short) and long-chain (CH;
long) silane molecules. The selective enrichment of small-
molecule LysoPC was achieved by modulating the pore struc-
ture (10 nm pore size, 1 pm depth) of porous silicon. The short
CH; monolayer promoted the enrichment of LysoPC inside the
pore, which significantly increased the sensitivity of LysoPC
detection (LOD = 0.5 ng mL™").

The metal-ligand interaction has been demonstrated to sig-
nificantly enhance the enrichment ability and detection sensi-
tivity through specific binding. Dou et al®' developed a
SALDI-TOF MS chip based on a composite of gold nano-
particles (AuNPs) and zinc oxide nanorods (ZnO NRs) for the
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selective enrichment and detection of glutathione (GSH). The
thiol group modified on the surface of AuNPs can selectively
capture GSH through Au-S bonds. Furthermore, the increased
specific surface area and the vertical alignment of ZnO NRs
provided a platform for the uniform loading of AuNPs, thereby
enhancing the efficiency for GSH enrichment. Ge et al.*® devel-
oped composite aptamer-gold nanoparticle-doped COFs (IBAs-
AuNPs/COFs) for the selective enrichment and highly sensitive
detection of human insulin. Thiolated insulin aptamers (IBAs)
were immobilized on the surface of the AuNPs via Au-S bonds
to achieve specific enrichment of insulin. Furthermore, COFs
with a large specific surface area (1365 m> g~ ') and micro-
porous structure (2.0 nm) can assist in the enrichment. The
sensitivity of the insulin signal remained stable (RSD < 7%)
even in the presence of a 50-fold concentration of interferon.
Transition metal dichalcogenides are suitable materials for
the sensitive detection of therapeutic drugs using LDI MS. Joh
et al.”’ enriched dozens of antiepileptic drugs (AEDs) in
patient serum using six transition metal dichalcogenides as
matrices for LDI-MS. These matrices included molybdenum di-
sulfide, molybdenum diselenide, molybdenum ditelluride,
tungsten disulfide, tungsten diselenide, and tungsten ditellur-
ide. These matrices significantly improved the desorption and
ionization efficiency of the drugs through enhanced coulombic
interactions, with signal intensities increased 10-100-fold
compared with conventional organic substrates. The relatively
low surface electron density of tellurite-containing transition
metal disulfides induces strong coulombic interactions,
thereby enhancing the efficiency of laser desorption and
ionization. Therefore, the molybdenum ditelluride and tung-
sten ditelluride matrices are suitable for the sensitive quantifi-
cation of therapeutic drugs. Earlier, Joh et al*® developed
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tungsten disulfide (WS,) nanosheet-based LDI-MS for the
quantitative analysis of the immunosuppressive drugs cyclos-
porine A and tacrolimus in the blood of organ transplant reci-
pients. This substrate avoided low-mass interfering peaks,
thereby improving the sensitivity of SALDI-TOF MS by 2-20
times.

2.2 Untargeted enrichment of small molecules in SALDI-TOF MS

Another type of enrichment strategy for SALDI-TOF MS is
untargeted enrichment. Untargeted enrichment methods
facilitate comprehensive analysis and non-specific adsorption
of unknown small molecules in complex samples through the
physical adsorption ability of matrix material surfaces (e.g,
porous structures and nanoscale crack structures). This enrich-
ment method is mainly used in the field of omics studies
(Table 2).

The significance of porous structures in sample pretreat-
ment stems from the effect of their unique microscopic mor-
phology.”® These porous materials with pore diameters
ranging from 2 to 50 nm offer abundant active sites for captur-
ing target substances in complex samples through highly
ordered pore networks and large specific surface areas.’® The
pore size of the porous material affects adsorption of mole-
cules of different sizes. Smaller pore sizes are suitable for
small molecular analytes while effectively eliminating large
molecular interferents through the pore size sieving effect.’*
Su et al.> first designed mesoporous trimetallic alloys and elu-
cidated the relationship between their porous structure and
the untargeted metabolic extraction from plasma in
SALDI-TOF MS. A nanogap of ~2 nm was confirmed as the
optimized pore size for trapping small molecules and shield-
ing macromolecules. In addition, suitable pore structures can

Table 2 The untargeted enrichment methods for analysis of small molecules with SALDI-TOF MS

Enrichment
method Matrix Small molecule LOD Application Ref.
Porous Mesoporous Metabolic profiles in — Early diagnosis of GC 52
structures PdPtAu human blood
Au/HPZOMs Metabolic profiles in 8.6 pmol Early diagnosis and surveillance of 54
human serum postmenopausal osteoporosis
Co30,/C Serum metabolic 10-50 pmol L™ Detection of SLE activity for 55
fingerprints pregnant women
hf-COFs Serum metabolic — Early diagnosis of colorectal cancer 57
fingerprints and GC
COF-S@AuNPs Metabolic patterns in ~ pmol level Triclosan exposure 51
serum
Nanoscale rough ~ AuNP arrays Glucose in From 0.2 mM to 1.9 mM Differentiating early-stage lung 70
surface cerebrospinal fluid cancer patients
Vo-Co30, Serum metabolic 1x107°M Screening and prognosis of 18
fingerprints depression
Ferric particles Metabolic patterns in ~ — Disease diagnosis 59-66
biofluids
MO/CMO Serum metabolic 0.9 umol L™* Early diagnosis of ovarian tumor 67
fingerprints
GCM Serum lipid FA17:0:10 ng mL™"; CE Liver cancer diagnosis 69
fingerprints 18:2:1 pgmL™*; TG 51:0:100
ng mL™"
ZMF flowers Serum metabolic — Cardiovascular disease diagnosis 68

fingerprints
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Fig. 2 Untargeted enrichment of small molecules in SALDI-TOF MS. (a) Experimental workflow for the extraction of plasma metabolic fingerprints
by PdPtAu-assisted LDl MS from ref. 52; reprinted with permission from John Wiley and Sons. Copyright © 2021 Wiley. (b) Establishment of hf-
COFs-assisted LDI-MS for high-throughput serum metabolic patterns extraction from ref. 57; reprinted with permission from American Chemical
Society. Copyright © 2024, American Chemical Society. (c) Enrichment and LDI MS analysis of metabolites in serum by FeEOOH@ZIF-8 from ref. 58;
reprinted with permission from John Wiley and Sons. Copyright © 2020 Wiley. (d) Enrichment and detection of small molecule metabolites by MO/
CMO from ref. 67; reprinted with permission from John Wiley and Sons. Copyright © 2023 Wiley.

act as hot spots with enhanced electromagnetic fields to
desorb and ionize trapped metabolites (Fig. 2a). Their group
also designed porous PtAu alloys using a soft-template
method.>® The porous structure featuring pores of ~7 nm can
help capture small metabolites. The porous PtAu alloy-assisted
LDI MS platform can be used to identify metabolic phenotypes
and distinguish diseases in a large cohort of real samples in
30 minutes. Microspheres of AuNP-anchored hierarchically
porous ZrO, (Au/HPZOMs), with pore sizes of 1.6 nm and
2.9 nm, were synthesized by calcination of the hierarchically
porous UiO-66-NH,(Zr).>* The porous structures can increase
the specific surface area of the matrix and provide additional
adsorption sites for analytes. Therefore, the Au/HPZOMs can
improve the enrichment effect, charge transfer capability, and
enhance desorption/ionization for untargeted metabolites of
serum during SALDI-TOF MS analysis. Specifically, the LOD
values for arginine, mannitol, and phenylalanine were 8.6, 8.2,
and 9.1 pmol, respectively. Wang et al> also prepared a
hollow Co;0,/C matrix with a pore size of 1-3 nm for the selec-
tive adsorption of small molecules in the serum sample of sys-
temic Lupus erythematosus. The enrichment process and detec-
tion platform were cost-effective (€0.04 per g) and demon-
strated high-throughput (15 min/384 samples). Similarly,
porous Co30,/CuO nanocages derived from MOFs were syn-
thesized.’® The Co;0,/CuO material exhibits a wide distri-
bution of mesopores ranging in size from 5 to 30 nm, which
enables the LDI MS platform to quickly adsorb small mole-
cules in 0.03 pL samples and detect them with high sensitivity.

This journal is © The Royal Society of Chemistry 2025

Compared with solid materials, porous organic framework
materials are widely used in sample pretreatment due to their
larger specific surface area and porosity. Yang et al.>’ estab-
lished a hollow flower-shaped COF-assisted LDI MS platform
(hf-COFs-LDI-MS) (Fig. 2b). The hf-COFs have a large specific
surface area (1439 m> g™') and a suitable pore size (3.2 nm),
which are beneficial for loading extensive mixtures of small
molecular analytes and excluding macromolecular proteins
and peptides during the LDI-MS process. 473 high-quality
serum metabolic patterns were extracted without any tedious
sample pretreatment. The composite material of sulfur-func-
tionalized COF@Au nanoparticles (COF-S@AuNPs), which
exhibited an average pore size of around 2.92 nm, were utilized
to extract metabolic profiles from mouse serum.”* The LOD
values of the COF-S@AuNPs-based LDI MS platform were as
low as the ~pmol level, highlighting the high sensitivity of
porous COF-S@AuNPs for small-molecule analysis. Besides the
porous structure, the nanogap (3 nm) of the porous ZIF-8 can
synergistically afford the size exclusion for large proteins
(Fig. 2c). The core-satellite FeFOOH@ZIF-8 was designed for
fast, sensitive, and selective SALDI-TOF MS analysis of metab-
olites in serum (circa 1 uL) without any pretreatment.’®
Untargeted enrichment methods rely on the non-specific
adsorption of analytes onto the surface of the matrix upon
incubation with a real sample. The nanoscale crack structure
and nanoscale surface roughness can enrich untargeted
metabolites within the crevices, facilitating the in situ separ-
ation of proteins in bio-samples to achieve selective
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SALDI-TOF MS processes for metabolomics. Qian’s group syn-
thesized ferric particles with rough nanoscale surfaces to con-
struct ferric particle-enhanced LDI MS (FPELDI MS). The
FPELDI MS platform has high throughput, minimal sample
consumption (only 0.1-1.5 pL), high speed (~20 s per sample),
and high reproducibility (coefficient of variation <2%) toward
extracting metabolic fingerprints from serum,’>®® urine,”!
plasma,®® vitreous liquid,*® dried serum spots,'® single-cell
samples,®! cerebrospinal fluid,*® and follicular fluid.®® Their
innovative work provided the pathway for the subsequent
design of a rough nanoscale matrix to support the LDI MS plat-
form for the rapid enrichment and detection of small mole-
cular analytes. Pei et al.®” synthesized an Mn,03/(Co,Mn)(Co,
Mn),0, (MO/CMO) composite matrix with rough surfaces
using a nanoscale combustion and contraction process
(Fig. 2d). Even in the presence of highly concentrated salt (0.5
M KCI or 0.5 M NaCl) and protein (5.00 mg mL™" bovine
serum albumin (BSA)), the signal of the metabolite can be suc-
cessfully detected with the MO/CMO. In order to further vali-
date the size-selective trapping in MO/CMO, histamine (metab-
olites; MW < 900 Da) and bovine serum albumin (macro-
molecules; MW > 900 Da) were selected as representative ana-
lytes, and these were then mixed with nanoparticles to form
nanoparticle-analyte hybrids. Through calculating the ratio of
the signal intensity of carbon on the nanoparticles to that of the
background, the elemental mapping analysis of the nano-
particle-analyte hybrids showed a significantly higher molecular-
selective trapping rate for histamine than for bovine serum
albumin, indicating the ability to enrich untargeted metabolites
in the crevices of rough nanoscale surfaces. Vacancy-engineered
cobalt oxide,'® with its rough nanoscale surface, was selected as
the adsorption agent and matrix and facilitated direct and robust
recording of plasma metabolic fingerprints using the SALDI-TOF
MS platform. Li et al.®® used a simple method to synthesize a 3D
flower-shaped spatially functional nanocage matrix (ZMF flowers)
with multiple interspersed lamellae. The 3D flower structure fea-
tures high-density binding sites, enhancing the adsorption of
small molecular analytes and facilitating energy concentration in
SALDI-TOF MS, thereby contributing to efficient desorption/
ionization of analytes. In complex samples, the ZMF flowers
exhibited superior performance. A graphitized carbon matrix
(GCM) with rough surface was designed for serum lipidomic pro-
filing in SALDI-TOF MS.*® High-throughput lipid fingerprints of
serum could be directly acquired by GCM-assisted LDI MS
without extraction or purification. This work has pushed lipido-
mics in the direction of simplified experimental procedures with
reduced errors.

18

3. Applications

SALDI-TOF MS utilizes inorganic nanomaterials as matrices
and integrates sample preparation and analyte detection into
one step, significantly improving analytical efficiency and
opening a wide range of applications in the analysis of metab-
olites, pollutants, and drugs.
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3.1 Metabolic analysis

SALDI-TOF MS is a widely utilized technique in the analysis of
metabolites. The abnormal fluctuation of metabolite levels in
biofluids may be a sign of disease occurrence and develop-
ment. Wang et al.”® developed a SALDI-TOF MS analytical plat-
form based on self-assembled gold nanoparticle (AuNP) arrays
to enrich metabolites in biofluids (Fig. 3a) successfully. The
analytical platform quantified the dynamic changes of glucose
levels (from 0.2 mM to 1.9 mM) in cerebrospinal fluid during
treatment, thus enabling effective differentiation between
patients with brain infections and healthy controls, permitting
rapid evaluation of the clinical treatment response. The
measurement time is dramatically reduced to 5 minutes,
demonstrating excellent speed and sensitivity for practical
clinical application.

In metabolomics, untargeted enrichment methods are
more widely used to obtain comprehensive data on metab-
olites. Global analysis of all metabolites in real samples is fre-
quently necessary for clinical diagnosis, identifying potential
biomarkers, and studying metabolic pathways. Jiang et al.”*
developed a porous silica-assisted LDI MS (PSALDI-MS) tech-
nique for enriching metabolites in serum. The average pore
size of porous silica particles was 9.86 nm allowing their use
to extract metabolic fingerprints from serum. The PSALDI-MS
platform demonstrated advantages of high throughput (5 min/
96 samples), high sensitivity (LOD = 1 pmol), and reproducibil-
ity (with a coefficient of variation (CV) of less than 15%) in the
detection of untargeted metabolic fingerprints (UMFs). A
cohort, including healthy controls (HC), individuals with
chronic hepatitis B (CHB), patients with liver cirrhosis (LC),
and patients with hepatocellular carcinoma (HCC), was
recruited and 1433 clinical serum samples were provided.
Machine learning model trained on the 1433 UMFs classified
the samples with accuracy values of 91.2% for HC, 71.4% for
CHB, 70.0% for LC, and 95.3% for HCC. Su et al.’* reported
an LDI MS technique based on mesoporous PdPtAu alloys,
which enriched small-molecule metabolites from blood
through the porous structure of 2 nm. Furthermore, the
PdPtAu alloys exhibited excellent desorption and ionization
abilities for adsorbed metabolites, owing to their preferred
charge transfer and enhanced photothermal conversion. The
technique was applied to the diagnosis of early gastric cancer
(GC), and the sensitivity and specificity of early GC detection
reached 92.0% with an area under the curve (AUC) of 0.942,
values that were significantly better than those of traditional
CEA protein markers (AUC = 0.545) (Fig. 3b). The technique
provided a rapid and accurate new method for the early detec-
tion of GC. Similarly, Yang et al.’” developed an LDI MS tech-
nique based on hollow flower-like covalent organic frameworks
(hf-COFs), which achieved the enrichment of metabolites in
serum through a mesoporous structure with a pore diameter
of 3.2 nm and a large specific surface area of 1439 m> g~
Ultimately, they screened 8 specific metabolic markers in 473
clinical samples, establishing an early diagnostic model for
colorectal cancer (CRC) and GC, and achieved early differential
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(a) Interfacial self-assembled AuNPs array-assisted LDI-MS analysis of glucose concentrations in cerebrospinal fluid from ref. 70; reprinted

with permission from American Chemical Society. Copyright © 2021, American Chemical Society. (b) Extraction of plasma metabolic fingerprints for
early diagnosis of GC from ref. 52; reprinted with permission from John Wiley and Sons. Copyright © 2021 Wiley. (c) Sensitive detection and analyti-
cal performance of metabolites from biofluids on AuNP arrays from ref. 72; reprinted with permission from American Chemical Society. Copyright ©

2022, American Chemical Society.

diagnosis of CRC and GC (AUC = 0.966). Their work provided a
new strategy for non-invasive, high-throughput, highly sensi-
tive and highly specific clinical screening for cancer, wherein
the excellent enrichment properties of the porous structure
enabled efficient enrichment of untargeted metabolic finger-
prints in body fluids. Currently, porous PtAu alloys, Au/
HPZOMs, hollow Co0;0,/C, Co030,/CuO hollow polyhedral
nanocages, and FeFOOH®@ZIF-8 are designed as the enrichment
matrices for SALDI-TOF MS to rapidly extract the UMFs from
serum samples, and realize the diagnosis of myocardial infarc-
tion, postmenopausal osteoporosis, systemic Lupus erythemato-
sus, epidural-related maternal fever, and gynecological
cancers, respectively.

In addition, the surface structures of nanomaterials also
enable efficient enrichment of metabolites and are widely used
in disease diagnosis and metabolomics analysis. Without com-
plicated sample pretreatment, the FPELDI MS platforms con-
structed by Qian’s group successfully realized the rapid and
accurate diagnosis of prostate cancer,’® moyamoya disease,>
and diabetic retinopathy.®® Similarly, the UMFs of epithelial
ovarian tumors were obtained using rougher matrix surfaces
in MO/CMO-assisted LDI-MS, where high reproducibility and
direct achieved without

detection were pretreatment.

This journal is © The Royal Society of Chemistry 2025

Moreover, machine learning based on UMFs can be used to
distinguish malignant ovarian tumors from benign controls
with an AUC of 0.987. 7 metabolites related to ovarian tumor
progression being screened from UMFs as potential bio-
markers. Based on the use of matrices with rougher surfaces
and their excellent desorption/ionization capability in untar-
geted metabolite
polystyrene@Fe;0, magnetic beads, vacancy-engineered cobalt
oxide, and 3D flower-shaped Zr-MOF/Au have been prepared as
LDI MS matrices. These matrices were used to extract the
UMFs from the biofluids, enabling diagnosis hepatocellular
carcinoma, depression, and cardiovascular disease, respect-

enrichment, amino-modified

ively. The diagnostic accuracy and specificity using UMFs are
superior to those of traditional biomarkers.

Although SALDI-TOF MS has the advantage of rapidly
enriching metabolites to obtain the UMFs of body fluids, the
reproducibility of the matrix is the biggest challenge. Su
et al.”” developed a SALDI-TOF MS substrate based on gold
nanoparticle (AuNP) arrays placed on a coverslip (Fig. 3c). The
arrays were constructed by controlling the coulombic repulsion
of positively charged AuNPs. The interparticle arrangement of
AuNPs is in the form of covalent bonds with a distance of
16 nm. Compared with self-assembled arrays, the covalently
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bonded AuNP arrays exhibited superior detection repeatability
(RSD < 12%) and were reusable in 10 experiments without sig-
nificant signal degradation (<15%). In in vitro diagnosis, the
AuNP arrays successfully enriched 7 small-molecule metab-
olites from serum, including dopamine and isopalmitic acid.
Combined with machine learning models, the platform
achieved perfect classification results, with an AUC of 1.00 in
the test cohort, accurately discriminating early-stage lung
cancer patients from healthy populations.

3.2 Pollutant analysis

In recent years, SALDI-TOF MS has been extensively used in
environmental monitoring, with the aim of detecting various
pollutants in the environment, including p-phenylenediamine-
quinones (PPDQs), polycyclic aromatic hydrocarbons (PAHs),
and pentachlorophenol. Most of these are present in complex
samples at low concentrations. Zhang et al.>* developed a new
matrix based on p-AAB/MXene to efficiently enrich and detect
PPDQs and diamide insecticides (DAIs) in the environment
(Fig. 4a). The p-AAB/MXene was successfully applied to the
detection of PPDQs and DAIs in beverage and PM, s samples
with a sensitivity of ng mL™" (LOD: 10-70 ng mL™") in bev-
erages and pg m~> in PM, 5 samples, significantly simplifying
the complex pretreatment steps and improving sensitivity. The
magnetic single-layer nano-MXene*® (SNM@Fe;04) was used
as the matrix of SALDI-TOF MS to enrich and detect PPD anti-
oxidants in an aqueous environment. The large surface area
and the abundant active sites (-O, -F, and -OH) of the
SNM@Fe;0, surface were beneficial for the adsorption of PPD
antioxidants. In actual water samples from the north and
south of China, N,N-diphenyl-p-phenylenediamine, N-phenyl-
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N'-cyclohexyl-p-phenylenediamine, 6PPD, and N,N'-di-2-
naphthyl-p-phenylenediamine (DNPD) were successfully

detected, with DNPD being the most prevalent (concentration
values up to the pg m™> level). Verification results from
LC-MS/MS are highly consistent. However, compared with the
LC-MS/MS technique, the SNM@Fe;0,-based LDI MS platform
featured results having a cleaner background and obtained at
a faster speed, eliminating the time-consuming sample pre-
treatment process (enrichment occurs in only 4 min).
Similarly, Zhang and coworkers”® also developed a 3D-printed
target plate (3D-MTP) based on boron, nitrogen, and sulfur-
doped MXene quantum dots (BNS-MQDs). The BNS-MQDs-
based 3D-MTP can be used both as the substrate for
SALDI-TOF MS and also to enrich PPD antioxidants, PPDQs,
and PAHs in the environment. It has demonstrated high sensi-
tivity (with a LOD as low as 0.93 ng mL™"), strong anti-inter-
ference capability, and high throughput (analyzing a single
sample in 30 seconds and 48 samples in 10 minutes) during
environmental monitoring. In addition, the three-dimensional
spatial distribution of DNPD in zebrafish was visualized by
SALDI-TOF MS imaging for the first time, providing an
efficient and cost-effective technological platform for environ-
mental toxicology research.

Gao et al.”* developed an efficient SALDI-TOF MS method
based on 2D TiO, nanosheets for enriching and detecting
toxic small molecules in the environment. The method dra-
matically simplifies the traditional pretreatment steps. The
LOD of malachite green is 10 pg mL™", and its sensitivity far
exceeds the international standard of 2 ng mL ™. It has also
been successfully applied to the detection of small molecules
in biological fluids and industrial wastewater. Moriwaki et al.”®
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(a) Enrichment and detection of pollutants by the matrices of p-AAB and p-AAB/MXene from ref. 33; reprinted with permission from Elsevier.
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developed a SALDI-TOF MS platform based on porous titanium
carbide (TiC) ceramic powders for adsorption and detection of
small molecular contaminants in aqueous environments
(Fig. 4b), including pentachlorophenol, PFOS, 2,4,5-T, imida-
cloprid, sodium dodecyl sulfate-d25, methyl orange, methyl
red, and triclosan, which were adsorbed and detected in the
negative ion mode of TiC-based LDI-MS. Acetamiprid,
benzyldimethyldodecylammonium chloride, methyl red, syme-
tryn, N,N-dimethyl dodecylamine-N-oxide, pyrene, and benzo
(a)pyrene were detected in the positive ion mode. The LOD of
PFOS by TiC-based LDI-MS was 2 nM, almost on a par with
that of solid-phase extraction followed by LC/MS. The method
was also employed in the detection of pollutants in municipal
wastewater, industrial wastewater, and natural water bodies.
This work provided a new strategy for the rapid screening and
untargeted analysis of trace pollutants in environmental water
samples. Zhao et al.*° developed a nitrogen-sulfur-doped 3D
porous carbon (N, S-C) nanosheet as a novel SALDI-TOF MS
matrix. The porous structure and large specific surface area of
the N, S-C nanosheet effectively enriched environmental pollu-
tants (4-nitrocatechol, 1-hydroxy-pyrene, and nitroguaiacol) in
PM, 5. The N, S-C matrices exhibit significantly lower LOD (up
to 0.1 pg mL™") for 1-hydroxypyrene than conventional organic
matrices. He et al’® developed a peptide-modified
C18 microcyclone column and coupled it with SALDI-MS,
achieving specific enrichment and detection of arsenic(u) ions
in environmental waters. The LOD was as low as 0.7 ug L™
The method has been applied to the detection of arsenic con-
tamination in actual water samples from rivers and ponds.

3.3 Drug analysis

Replacing traditional organic matrices with inorganic nano-
materials in SALDI-TOF MS significantly enhances the detec-
tion sensitivity and signal-to-noise ratio for the analysis of
small molecule drugs. A core-shell structured MOFs@COFs
composite (UiO@TapbTp) was developed by Zheng et al.”” The
large surface area and n-n stacking structure effectively
enriched three non-steroidal anti-inflammatory drugs (keto-
profen, naproxen, and aspirin) in complex samples. The LOD
of UiO@TapbTp-assisted LDI MS was 0.001 mg L™, which was
approximately 1000 times lower than that of conventional
methods. The platform was successfully applied to detect all
three non-steroidal anti-inflammatory drugs in complex
samples (saliva, lake water, and tap water), with recovery rates
ranging from 84.8% to 118%, which verified its applicability in
practical applications. Dou et al.’® developed a high-density
silicon nanopillar and silver nano-island chip as a substrate
for SALDI-TOF MS, enabling the sensitive detection of sulfona-
mides. The heterostructure chip exhibited high detection sen-
sitivity, with a LOD for sulfamethazine as low as 3 amol,
making it applicable for the rapid quantification of sulfona-
mides. Moreover, Amin et al.”® developed a SALDI-TOF MS
platform based on carbon black-triiron tetraoxide (CB-Fe;O,)
magnetic nanocomposites for the efficient enrichment and
detection of drugs, amino acids, and fatty acids. The large
specific surface area (115.10 m? g~') and abundance of surface

This journal is © The Royal Society of Chemistry 2025
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functional groups (e.g., C-O, Fe-O) enabled the rapid enrich-
ment of the target analytes, with the adsorption rate of the
drug reaching 27.8%-36.1% within 3 min. The LOD was as low
as 1-1000 pg mL~'. Furthermore, Sun et al®® described a
method combining pipette-tip solid-phase extraction (PT-SPE)
with SALDI-TOF MS for the enrichment and detection of five
antidepressants in rat serum. The technique exhibits good lin-
earity (R* > 0.997), precision (RSD < 7.5%), and low quantifi-
cation limit (0.05 pg mL™"). In addition, the platform does not
require complex pretreatment and can efficiently extract the
target drugs from the serum within just 2 minutes.

Polyphenols with antioxidant properties are significant in
medical and pharmaceutical applications. A 3D-mesoporous
graphene (3D-MG) material was designed as an adsorbent and
matrix for the detection of polyphenols in biological
samples.”® The 3D-MG demonstrated a powerful ability to
enrich polyphenols due to n—n stacking interaction and mole-
cular sieving effects. Resveratrol and baicalein were clearly
detected in plasma and urine samples following their oral
administration. Therefore, the construction of a 3D-MG-based
LDI MS platform was of great significance for studying the
enrichment methods in complex samples, facilitating the
development of new matrices for sample preparation in
SALDI-TOF MS. Ding et al.®' developed a dual platform based
on a platinum-modified nickel-iron-layered double hydroxide
(Pt/NiFe-LDH) for quantification and identification of polyphe-
nols (Fig. 4c). The Pt/NiFe-LDH exhibits peroxidase-like pro-
perties, enabling the rapid quantitative detection of polyphe-
nols within 1 min by colorimetric analysis. Furthermore, the
Pt/NiFe-LDH can also be used as an adsorbent and enhanced
matrix. The Pt/NiFe-LDH-LDI MS platform can accurately
identify the polyphenol fingerprints in different teas and
directly monitor the oxidation-reduction reaction of phenolic
substances. This work provides a reference for the subsequent
expansion of dual-platform and multimodal detection
methods in the quantification and identification of various
substance.

Amin et al.** developed a SALDI-TOF MS method based on
the sequential synthesis of barium ferrite nanoparticles
(BaFe,0, and BaFe;,0,) in a droplet microreactor. The nano-
particles produced using the droplet microreactor exhibited
relatively small particle sizes and greater ability for photo-
responsiveness, demonstrating their superior performance
compared to bulk particles in SALDI-TOF MS. The LOD of anti-
histamine drugs in oral fluid was as low as 1 pg mL™". This
work also provides new ideas and approaches for future
designs of multifunctional matrices for SALDI-TOF MS to
improve the selectivity and sensitivity of detection methods.

4. Conclusion and outlook

Small molecules, including metabolites, drug compounds,
and environmental pollutants, play key roles in the life
sciences and environmental research. The dynamic changes of
these analytes are directly related to the exploration of disease
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mechanisms, the evaluation of drug efficacy, and ecological
risk assessment. In the detection process, efficient sample
preparation techniques (such as separation, enrichment, and
purification) for complex samples are the main prerequisites
to overcome background interference and achieve accurate
quantification, determining directly detection ability and data
reliability in the analysis of trace small molecules. SALDI-TOF
MS has been widely used in the field of small-molecule ana-
lysis due to its high throughput, superior sensitivity, and
reproducibility. By regulating the surface physicochemical
property of the inorganic matrix, SALDI-TOF MS can simul-
taneously achieve targeted and untargeted enrichment of trace
small molecules in complex samples, greatly simplifying
tedious sample pretreatment steps of conventional mass spec-
trometry (with analysis times reduced to minutes). This review
emphasized the recent advances in sample preparation for
small molecular analytes in complex samples, and further
summarized SALDI-TOF MS approaches for the efficient detec-
tion of small molecules in environmental monitoring, metab-
olite analysis, and drug monitoring.

Despite the achievements mentioned above, the challenges
of sample preparation in SALDI-TOF MS still require attention.
The surface modification and functionalization of inorganic
matrices may increase the background interference. The non-
uniform dispersion of nanomaterials can exhibit insufficient
selective enrichment ability for small molecules, resulting in
the omitted detection of low-abundance analytes. These
factors will affect the reproducibility and stability of the
SALDI-TOF MS approach. Multiple processes could be opti-
mized synergistically: (1) preparation of new matrices to opti-
mize the homogeneity; (2) strict control of temperature and
humidity in the crystallization process; (3) optimization of
laser energy and calibration of instrumental parameters; (4)
multi-point signal averaging and intelligent algorithms for
noise reduction; (5) automated sample preparation to reduce
operational errors; (6) systematic quality control through QC
sampling.

By integrating an “enrichment-detection” analysis platform
based on an inorganic matrix, SALDI-TOF MS innovatively inte-
grates sample pretreatment with the detection process. This
method not only significantly simplifies the traditionally cum-
bersome sample-pretreatment process, but also enhances the
detection sensitivity and specificity of trace small-molecular
analytes in complex samples. It provides support for high-
throughput and precise clinical diagnosis, rapid screening of
environmental pollutants, and pharmacokinetics studies,
extensively promoting the application efficiency of trace ana-
lysis in real-time monitoring and large-scale detection
scenarios.
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