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Abstract

Laser desorption/ionization techniques, such as matrix-assisted laser desorption/ionization
(MALDI) and surface-assisted laser desorption/ionization (SALDI), are the basis of modern
mass spectrometry, enabling the analysis of a wide range of chemical compounds, from
small molecules to biopolymers. MALDI uses organic matrices to support ionization,
while SALDI relies on inorganic surfaces or nanomaterials, which reduce background and
improve measurement sensitivity. This review focuses on the potential of using silver
nanoparticles (AgNPs) in LDI-MS, with particular emphasis on their synthesis from the
gas phase (CVD, Chemical Vapor Deposition). The key role of nanostructures in increas-
ing ionization efficiency and analytical selectivity is emphasized. The CVD technique
enables precise control over the morphology, size, and distribution of nanoparticles, which
translates into better repeatability and sensitivity of nanostructure-assisted laser desorp-
tion/ionization mass spectrometry (NALDI-MS) measurements. The latest achievements
in this field are presented, as well as potential applications of CVD-produced AgNPs in
analytical chemistry, environmental analysis, and the petrochemical industry.

Keywords: silver nanoparticles; CVD; LDI-MS; NALDL; MALDI

1. Introduction

The development of electronics caused a necessity to develop materials with properties
that could satisfy the rising challenges and expectations of the 20th century. Researchers
discovered that coating objects with thin layers of oxides or metals could completely
modify their chemical characteristics. This discovery caused the development of numerous
techniques and methods to create nanomaterials with highly specific properties. Among
these, plasmonic materials demonstrate a remarkable ability to interact with various forms
of radiation (UV, VIS, IR), which improve modern analytical technologies such as laser
desorption/ionization mass spectrometry [1-3].

Laser desorption/ionization mass spectrometry (LDI-MS) techniques, including
matrix-assisted laser desorption/ionization (MALDI-MS) and surface-assisted laser des-
orption/ionization (SALDI-MS), revolutionized mass spectrometric analysis. MALDI-MS
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uses organic matrices to co-crystallize with analytes. These matrices introduce background
noise and complicate spectra. To overcome this limitations in SALDI, ionization and
desorption are enhanced by various surfaces and their specific structures. A specific vari-
ant, nanostructured-assisted laser desorption/ionization, uses nanostructured materials
to enhance sensitivity and selectivity [4]. Special attention is given to metal nanoparti-
cles (particularly silver), due to their outstanding electrical conductivity and chemical
stability and the relative ease with which they can be synthesized [5]. Achieving uniform
and reproducible nanostructures relies heavily on precise control over the synthesis pro-
cess, particularly in terms of composition, structural arrangement, and morphology of
the nanomaterials.

This review focused on the application of nanostructure-assisted LDI techniques
in the analysis of low-molecular-weight compounds, with particular emphasis on the
use of silver nanoparticles as functional substrates. It presents and compares various
synthesis methods for nanostructures, highlighting the importance of selecting appropriate
fabrication techniques to ensure reproducibility, sensitivity, and analytical performance.
Among the methods discussed, chemical vapor deposition (CVD) was identified as a
particularly promising approach due to its ability to precisely control nanoparticle growth
and its high reproducibility. The insights provided may support further optimization
of substrate design for NALDI applications and guide researchers in choosing effective
synthesis strategies for silver-based nanomaterials.

2. Organic and Nanomaterial Matrix LDI Platforms

MALDI is an ionization technique most commonly used in connection with a Time-of-
Flight (TOF) analyzer. This technique uses matrix—organic acids that absorb UV radiation
well and sublimate easily. The matrix used in MALDI includes compounds such as alpha-
cyano-4-hydroxycinnamic acid (HCCA) and 2,5-dihydroxybenzoic acid (DHB). There are
several methods of applying the analyte onto the MALDI plate, but two of them are more
employed. The first involves mixing the analyte with the matrix and placing the resulting
mixture directly onto the MALDI plate. The second method includes placing the analyte
solution onto the plate, allowing it to dry, and overlaying it with a matrix layer [6].

The matrix absorbs energy from the laser. After desorption, the matrix delivers large
amounts of the ions needed to ionize the analyte (see Figure 1). A fundamental necessity
for the ionization process in MALDI is the matrix’s ability to absorb laser energy. Optimal
MALDI-MS performance is achieved when the laser wavelength (mostly 337 and 355 nm)
matches the high optical absorption band of the matrix (e.g., CHCA and DHB Apax occurs
at 337 and 353 nm) in the solid phase [7]. Photoabsorption ionization proceeds through a
two-step process: first, matrix ionization and, afterwards, ion-molecule reactions producing
analyte ions. A Time-of-Flight analyzer used in MALDI-TOF measures their transit time,
which is the time that elapses from the moment of ionization of particles in the sample to
the moment of their detection by the detector. This time is directly related to the mass-to-
charge ratio (m/z) of the ions because lighter ions move faster than heavier ones under the
influence of an electric field. To increase the accuracy and resolution of the measurement, a
delayed extraction technique is used, which consists of briefly delaying the application of
the extraction voltage after ionization. This delay allows ions with different initial kinetic
energies to spatially separate before being accelerated. As a result, ions with the same m/z
ratio, regardless of their initial velocities, can reach the detector at the same time [8-10].
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Figure 1. Desorption and ionization processes in matrix-assisted laser desorption/ionization (MALDI).

The function of the laser it to gently heat the surface, allowing some molecules to evapo-
rate smoothly. This process is usually referred to as desorption, but, in practice, it is difficult
to clearly separate it from the ablation phenomenon because both can co-occur depending
on the irradiation conditions [11]. The duration and energy of the radiation pulse signifi-
cantly influence the quality and composition of the mass spectrum [12]. MALDI molecular
dynamics simulations have shown that long, low-energy laser pulses (ns, ~10m]J/cm?)
promote mild desorption but may be insufficient for efficient material release. In contrast,
short, high-energy pulses (ps/fs, hundreds of mJ/cm?) lead to strong ablation; the material
undergoes massive disintegration, forming cold fragments and a dense plasma cloud,
which lowers the resolution and makes ion collection difficult. This highlights the need for
the precise selection of laser parameters to ensure effective desorption without damaging
the sample [13,14].

The ionization mechanism in MALDI remains ambiguous and involves several comple-
mentary physicochemical models. Classical approaches include photochemical ionization
(PI) and cluster ionization (CI). In the PI model proposed by Ehring et al., analyte ions
are formed in the gas phase as a result of an ion—-molecule reaction, where protonation or
deprotonation occurs through collisions with matrix ions. This process is supported by
multiphoton absorption and efficient energy storage in the analyte-matrix system. In the
CI model, it is assumed that the intense photoabsorption of the matrix leads to desorption
of entire charged clusters, from which analyte ions are released during desolvation [15]. An
alternative model of energy-induced disproportionation (EDIT), proposed by Chang et al.,
assumes that hydrogen-bonded dimers of the analyte form in the solid phase with the
participation of the matrix. After absorption of energy from the laser pulse, energy is
transferred to the dimer, leading to the disproportionation and simultaneous formation
of a protonated and deprotonated ion. This model provides a good explanation for the
observed symmetry in the yield of positive and negative ions for large biomolecules [16].
Another established model, the so-called “happy ion survivors”, assumes the presence
of pre-existing but strongly bound matrix and analyte ions in the solid phase. The laser
energy does not ionize them per se but breaks the ion—counterion interactions, allowing
the release of stable ions into the gas phase. This model explains the presence of intact
molecular ions without extensive fragmentation, which distinguishes MALDI from other
ionization techniques such as electron impact (EI) or electrospray impact (ESI) [14].

The presence of an organic matrix causes intense signals in the area of m/z < 1000 Da on
the mass spectrum. These signals affect the sensitivity and make it difficult to analyze other
compounds due to the presence of a chemical background in the low-mass region [9,17,18].
The solution to this problem may be nanomaterial matrix LDI-MS techniques, in which
the organic matrix is replaced with a variety of materials that are applied on the substrate
surface. These types of approaches are gaining popularity in the context of analyzing low-
molecular-weight compounds due to their ability to generate a low background signal in
this m/z range, which in turn results in a larger number of signals with a high signal-to-noise
ratio (5/N). Pavlov and Attygalle demonstrated that LDI, even in a nanomaterial matrix
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form, is a versatile technique for analyzing a broad spectrum of inorganic compounds,
including oxides, salts, and coordination clusters [19].

In the context of SALDI technology, a variety of surfaces are tested for their effec-
tiveness as substrates, with varying degrees of success [20]. By analyzing the elemental
composition, most SALDI substrates can be classified into three main categories: carbon-
based substrates (such as fullerenes and graphene), semiconductor-based substrates (such
as silicon), and metal-based substrates [21-23]. Each of these categories is characterized
by specific physicochemical properties that can affect the efficiency of the desorption and
ionization process and thus the quality and precision of the analytical results. One of the
key factors determining the effectiveness of these substrates is the size and morphology of
the particles present on their surface, as they directly affect the absorption of laser energy
and the efficiency of ion generation. For example, McLean et al. using gold nanoparticles
(AuNPs) in the LDI technique showed that AuNPs with a diameter of 10 nm were charac-
terized by a 10-fold higher efficiency in protein detection than their counterparts with a
diameter of 2 nm [24]. In turn, Gdmez et al., using spherical AuNPs (diameter 30 nm) and
AuNP nanorods (diameter 18 mm, length 50 mm) in the LDI technique, noted a 2.8-fold
lower laser fluence threshold at 355 nm for spherical AuNPs [25].

LDI methods based on metal nanoparticles, especially noble metals, are becoming
increasingly popular in analytical applications. These nanoparticles, composed of metal
cations and free surface electrons, exhibit surface plasmon resonance (SPR), enabling strong
light absorption and scattering at specific wavelengths. In NALDI, the deposition of metal
nanoparticles induces localized surface plasmon resonance (LSPR), which enhances light—
matter interactions by concentrating energy into intense local electromagnetic fields. The
LSPR response depends strongly on nanoparticle size, shape, and composition, with smaller
particles favoring absorption and larger ones favoring scattering [2,4,26]. LSPR involves
both intraband (within sp-band) and interband (d-sp transition) excitations, which together
shape the material’s optical and plasmonic properties [27,28].

In NALDI techniques, the desorption and ionization process is also complex and multi-
stage, involving both thermal and non-thermal mechanisms. Desorption is usually initiated
by the rapid laser-induced heating of the nanostructured substrate (see Figure 2). This
effect leads to a local temperature increase, which allows the evaporation of a wide range
of analytes [29]. Under very rapid heating conditions, so-called explosive evaporation can
also occur, where desorption is driven by density fluctuations in the liquid and not by
heat conduction alone [30]. Noble metal nanoparticles covering the substrate surface are
effective for thermal desorption due to their strong UV-Vis radiation absorption, low heat
capacity, and reduced thermal conductivity [31]. In addition, the desorption process can
be supported by non-thermal mechanisms, such as transient destruction or laser-induced
surface reorganization, which highlights the complexity of this phenomenon [5]. Desorption
is accompanied by the ionization process, which can occur with the participation of high-
energy “hot electrons” generated as a result of light absorption by metallic nanoparticles.
The transfer of these electrons to molecules adsorbed on the surface can lead to their
excitation, dissociation of chemical bonds, or the formation of ions. These effects are
crucial for generating an analytical signal in the NALDI technique, where ionization occurs
without the participation of a classical, organic matrix [32].
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Figure 2. Mechanism of laser desorption/ionization in systems supported by metal nanoparticles.

Among d-electrons metals, gold and silver are the two most investigated plasmonic
nanomaterials due to their unique optoelectronic properties and ability to excite strong
surface plasmon resonances [4,33]. Of the two, silver stands out with its particularly ad-
vantageous features—it has the lowest optical losses in the visible and near-infrared range,
which translates into high efficiency in spectroscopic techniques, imaging, and detection.
Its high electrical conductivity and favorable electronic structure enable intensive local
amplification of the electromagnetic field, while strong light scattering and sharp plas-
mon resonances—especially in the UV-visible range—increase detection sensitivity and
analytical resolution [4]. Silver additionally offers better efficiency per unit mass, enables
the excitation of multipolar resonances, and is more sensitive to changes in the dielectric
environment, making it an exceptionally effective material for advanced optical applica-
tions [34]. Moreover, its relatively low price and the good availability of precursors used in
vapor deposition techniques favor its use on an industrial scale, e.g., in the production of
analytical substrates. Gold, although slightly less effective in terms of plasmonic efficiency,
is much more resistant to oxidation and chemical degradation, which makes it a more
common choice for applications requiring stability [1].

A number of other metals are also considered for the applications, such as aluminum,
copper, palladium, platinum, titanium, cobalt, and nickel. Pangavhane also demonstrated
the usefulness of the deposition of chalcogenideglass (As-S-Se) [35]. Although some of them
show promising features, their plasmonic properties are usually less favorable than those of
silver and gold. Aluminum, for example, enables the excitation of plasmon resonance in the
ultraviolet region, which makes it useful in specific applications, but it suffers from higher
optical losses and susceptibility to corrosion [36]. Copper, although cheap and having good
plasmonic properties, oxidizes quickly, which limits its practical use in stable analytical
systems [37]. On the other hand, metals such as palladium, platinum, titanium, and nickel
have a more complex electronic structure and higher attenuation, which translates into
lower field enhancement and lower efficiency in techniques such as NALDI [38,39].

An important parameter when selecting a metal type for mass spectrometry applica-
tions is also its natural isotopic abundance. Metals with many stable isotopes generate ion
clusters with complex isotopic spectra, creating so-called “isotopic envelopes”—groups of
overlapping peaks that make it difficult to interpret the data unequivocally. In this context,
silver, containing only two stable isotopes (! Ag and 1® Ag), is a better alternative. The
clear mass deficit between these isotopes and their similar percentage share allows easy
identification of Ag;, clusters and their distinction in the mass spectrum [40]. Additionally,
the stability and repeatability of Ag,* cluster signals allow them to be used as internal
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calibration standards for the precise determination of m/z values in the range of up to
1000 Da; as literature reports show, such a solution allows for the simultaneous calibration
and biodetection of small molecules [41,42]. It is worth emphasizing, however, that the
presence of multiple cluster forms, such as [M + Agy]* or [M + Ags]™, is also possible
in the mass spectrum, which increases the number of signals and may complicate the
interpretation of results, especially in the case of samples with a complex composition.
On the other hand, the formation of specific [M + Ag,]* adducts is strictly determined by
the chemical nature of the analyte, which means that it can be an additional identification
parameter supporting the distinction of compounds with a similar mass and even enable
inference about the presence of specific functional groups or molecular structures.

3. Chemical Vapor Deposition as a Method for Synthesizing
Silver Nanoparticles

There are two primary groups of methods that are used in the fabrication of metal nano-
materials: top-down methods and bottom-up methods [43,44]. The top-down approach,
often referred to as “building from top to bottom”, involves reducing the dimensions of
fabricated elements through specialized equipment or etching techniques. This group of
methods is based on advanced lithographic techniques, including nanoprint lithography,
soft lithography, scanning tunneling microscope-based methods, and 3D direct laser writ-
ing [1]. The second group, the bottom-up approach, focuses on constructing materials from
the ground up, atom by atom or particle by particle. This category includes methods such as
self-assembly, direct doping with nanoparticles, vapor-phase deposition techniques, sol-gel
processing, and colloidal synthesis [44,45]. It is generally easier to construct nanoparticles
atom by atom or molecule by molecule, as this approach offers better control over their
structural properties, leading to more uniform, high-purity, and precisely tailored products.

An interesting group of methods for the synthesis of metallic nanoparticles, especially
in terms of applications in advanced analytical techniques such as NALDI, are methods
based on chemical vapor deposition. The most important techniques of this type include
chemical vapor deposition (CVD), atomic layer deposition (ALD), and physical vapor depo-
sition (PVD) [46—48]. In CVD, the deposition of material occurs through chemical reactions
on the substrate surface, which allows for control of the morphology of nanoparticles and
their optical and plasmonic properties. ALD, a specialized type of CVD, uses sequential,
self-limiting surface reactions, thanks to which it is possible to obtain nanoparticles of excep-
tionally uniform size and distribution, which is important for demanding applications such
as the production of precise substrates for NALDI. However, this method is more complex,
time-consuming, and expensive. PVD, on the other hand, relies on physical processes
such as evaporation or sputtering, offering simplicity and ease of scaling, but provides
less precise control over the size and morphology of nanoparticles, which may limit its
use in advanced analyses requiring high homogeneity [49-52]. Due to the balance among
precise control, scalability, and cost-effectiveness, CVD seems to be the most reasonable
choice for the synthesis of metallic nanoparticles for NALDI applications, enabling the
production of materials with tailored properties while ensuring the efficiency of production
at a larger scale.

In chemical vapor deposition, chemical reactions are driven by thermal energy to
deposit material onto a substrate, but alternative energy sources can also be employed
to activate these reactions, resulting in various CVD modalities. For instance, plasma-
enhanced CVD (PECVD) leverages plasma to accelerate reaction kinetics, flame-assisted
CVD (FACVD) uses flame energy for precursor decomposition, and laser-activated CVD
(LCVD) employs laser irradiation for localized heating and reaction facilitation. CVD
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processes can operate under atmospheric pressure (APCVD) or reduced pressure (LPCVD),
with each mode offering distinct advantages tailored to specific applications [50].

The typical CVD process comprises several critical stages that are essential for the
successful deposition of nanomaterials. Figure 3 illustrates the CVD process [43]. Initially,
the substrate undergoes preparation and activation to optimize surface properties for nano-
material adhesion. This step may include cleaning, etching, or applying a specific coating.
Subsequently, the precursor is introduced into the reactor chamber and vaporized through
sublimation or evaporation, ensuring its transformation into a gaseous phase suitable for
transport. The precursor vapors, often mixed with a carrier gas, are then transported to the
deposition zone, where surface reactions occur under controlled conditions. These reactions
involve the formation of reactive intermediates, which are adsorbed onto the substrate sur-
face. At the gas—solid interface, chemical reactions proceed to initiate nucleation, embryo
growth, and ultimately the formation of a continuous material layer. Concurrently, reaction
by-products are desorbed and removed from the reactor to maintain process integrity
and prevent contamination [52]. The deposition process itself requires the prior heating
of the reactor to the appropriate temperature, which—depending on the heating system
and experimental assumptions—may take from 30 min to an hour. The proper deposition
time of metal nanoparticles such as silver depends on the type of precursor used and the
process conditions, usually ranging from several dozen minutes to two hours. The ability
of CVD to accommodate diverse energy sources and pressure conditions, coupled with its
scalability, underscores its robustness and industrial relevance. This versatility positions
CVD as a powerful tool for producing high-quality metal nanoparticles for a broad range
of applications.
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Figure 3. Schematic representation of the CVD process.

3.1. Silver Precursors

In CVD techniques used for the synthesis of silver nanoparticles, the key aspect de-
termining the efficiency of the process and the quality of the obtained layers is the proper
selection of the precursor. The ideal precursor should be characterized by appropriate
volatility, moderate thermal stability (enabling decomposition in the appropriate temper-
ature range), and high chemical purity, which has a direct impact on the purity of the
deposited nanoparticles. Although many chemical compounds can meet basic physico-
chemical requirements, in practice many of them pose significant challenges—too high
thermal stability, low flash points, or too high reactivity may limit their use in conditions
typical for CVD processes [53,54]. Generally, precursors can be divided into inorganic,
organometallic, and metal-organic complexes. An overview of important precursors for
silver nanoparticles is presented in Table 1.
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Table 1. Comprehensive overview of silver-based precursors for chemical vapor deposition

(CVD) applications.
Key Applications in
Precursor Type Characteristics CVD Refs.
High decomposition Atmospheric
Silver nitrate (AgNO3) Inorganic temperature, limited pressure CVD, [54]
volatility flame-assisted CVD
High temperature
. . . required for High-temperature
Silver(I) fluoride (AgF) Inorganic evaporation and CVD [54]
reaction
Volatile, thermall MOCVD, AACVD,
Silver(I) B-diketonates Organometallic ! y plasma-enhanced [55,56]
stable
CVD
) Metal-organic Low volatility, .
Silver(I) carboxylates complex thermally stable Laser-activated CVD [57]
Silver(I) acetate (AgOAc) Metal-organic Low volatility Laser-activated CVD [57]
complex
. . Metal-organic Low volatility, Specialized
Silver(I) trifluoroacetate complex fluorinated techniques [54,57]
Silver(I) Metal—oreanic High volatility, low
pentafluoropropionate com l%x decomposition Low-pressure CVD [54,56,58]
(Ags(O0OCC,Fy)) P temperature
Silver(I) . .
pentafluoropropionate Metal-organic Enhapced stabﬂ%ty at Low-pressure CVD [54,55,58]
. complex ambient conditions
trihydrate
. . Air-stable, polar o
Silver(I)-2-[2-(2- Metal-organic solvent soluble, Thin silver layers, [59]

methoxyethoxy)ethoxylacetate complex multilayer systems

low-cost synthesis

Among the inorganic silver precursors, silver nitrate (AgNO3) is widely used and is
mainly used in APCVD and FACVD. Despite its availability and ease of use, the high evap-
oration temperature of silver nitrate limits its usefulness in some CVD variants, especially
where lower process temperatures or sensitive substrates are required. Silver halides, such
as silver(I) fluoride (AgF), also require high temperatures, which makes them less flexible
in the context of technological applications [54].

Much more promising are organometallic precursors and organometallic complexes,
which, due to the presence of organic ligands, allow for lower decomposition tempera-
tures and increased volatility. In particular, silver(I) complexes with 3-diketonates and
carboxylates—both fluorinated and non-fluorinated—are being studied. These variants
are suitable for techniques such as MOCVD, AACVD, or PECVD, where control over
the growth parameters and structure of layers is required. Complexes with ligands
such as trimethylphosphine (PMe3), triethylphosphine (PEt;3), vinyltriethoxysilane (VTES),
bis(trimethylsilyl)acetylene (BTMSA), and bis(trimethylsilyl)ethyne (BTMSE) show better
thermal stability and lower decomposition temperatures than their counterparts without
these ligands. This enables the efficient and controlled deposition of silver nanoparticles of
uniform size and shape [48,55-57].

Some carboxylates, such as silver acetate (AgOAc) or silver(I) trifluoroacetate, de-
spite their limited volatility, can be effectively used in techniques requiring a local and
intensive source of energy, e.g., in laser-activated CVD (LCVD), where they enable the
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selective and precise deposition of metal layers. During the process, these compounds
decompose thermally, releasing silver atoms, which condense on the substrate in the form
of a nanostructured layer [57].

Among the more modern precursors, silver(I) pentafluoropropionate draws special
attention, which, thanks to its high volatility and low decomposition temperature under
LPCVD (CVD under reduced pressure) conditions, enables the rapid deposition of silver
layers. Continuous, smooth layers can be obtained after 30 min of deposition. This
compound is distinguished not only by its chemical parameters but also by its simplicity of
synthesis and relatively low costs. Its trihydrate form ([Ags(OOCC;F;)5(H,0)3]) shows
additional chemical and photochemical stability, which facilitates its storage and use under
standard conditions [54,56,58].

Another example of a promising precursor is silver(I)-2-[2-(2-methoxyethoxy)ethoxy]
acetate, which is characterized by good solubility in common polar solvents and stability
in air. Its structure allows for the deposition of thin silver layers of a controlled thickness
(from 5 to 30 min of the process) as well as obtaining multilayer systems [59].

The properties of the obtained layers—such as morphology, purity, homogeneity, or
density of nanoparticles—depend directly on the thermal decomposition mechanism of
a given precursor, the type of ligand, and the process conditions (pressure, temperature,
composition of the reaction atmosphere). Therefore, the careful selection and engineering
of precursors play a fundamental role in the optimization of CVD processes aimed at the
synthesis of silver nanoparticles for highly specialized applications, such as matrices for
NALDI-MS mass spectrometry [54].

3.2. Oxidation of Silver

Studies on multinuclear silver precursors, mostly those that contain polyfluorinated
or phosphine ligands, demonstrated advancements in controlling the oxidation of silver
layers and enhancing their deposition properties. For instance, silver complexes with
perfluorinated carboxylates exhibited high thermal stability and uniform layer formation
due to the strong Ag-ligand interactions [57,60]. Similarly, polynuclear silver(l) complexes
with diphosphine ligands enabled controlled structural diversity, which is crucial for
forming dense, smooth layers with minimal defects during chemical vapor deposition [61].
Complexes with tri-n-butylphosphine exhibited low susceptibility to decomposition during
evaporation, resulting in smooth surface layers with high electrical conductivity [62].
Sibiniska et al. obtained a uniform layer of silver nanoparticles (AgNPs) on a steel substrate
via CVD using the precursor [Ags(O,CCyF5)5(H0)3]. Although oxygen and carbon from
atmospheric O, and CO, were adsorbed onto the surface, promoting slight oxidation, the
silver oxide content remained low—around 1% after one month [42].

3.3. Functional Applications and Characterization Techniques of Silver Nanoparticles

Silver nanoparticles synthesized by CVD are useful in implantology and biomedicine.
Studies showed their cytotoxicity toward various cell models [63,64]. Radtke et al. high-
lighted the microbiocidal and biocompatible properties of AgNPs on titanium- coated
alloys [65]. Another study examined the deposition of AgNPs onto titanium modified with
TiO; nanotubes, analyzing surface roughness, wettability, mechanical properties, and silver
ion release. Also, Piszczek and Radtke provided a comprehensive review of the fabrication,
properties, and biomedical applications of AgNPs produced via CVD and atomic layer
deposition techniques [48]. These studies collectively highlight the versatile properties of
AgNPs synthesized through CVD, ranging from enhanced SERS activity and optoelectronic
functionalities to antimicrobial and biocompatible characteristics, making them valuable
across multiple scientific and technological domains.



Nanomaterials 2025, 15, 973

10 of 18

In nanotechnology and materials engineering, silver nanoparticles obtained by CVD
are used to modify carbon structures, such as multi-walled carbon nanotubes (MWCNTs).
Their decoration with AgNP leads to the creation of composites with improved mechanical
properties, electrical conductivity, and thermal stability. The uniform dispersion of silver in
the nanotube structure also affects the enhancement of plasmonic effects, which broadens
the range of applications of such materials, including in optical devices, catalysis, and
energy storage systems [66].

At the same time, CVD-produced AgNPs exhibit unique optoelectronic features that
are crucial in advanced analytical techniques. Silver nanoparticles are used in surface-
enhanced Raman scattering applications, where the localized electromagnetic fields around
AgNPs significantly amplify the Raman signals of adjacent molecules, thereby enabling
highly sensitive and accurate detection [67]. In sensing, AgNPs can enhance the sensitivity
of sensors, enabling the detection of minute quantities of analytes. In catalysis, their large
surface area and unique electronic properties improve the efficiency and selectivity of
catalytic reactions. The use of AgNPs in NALDI-TOF MS enhances ionization efficiency
and reduces matrix effects, resulting in the improved sensitivity and accuracy of mass
spectrometric analyses [52,67] (see Figure 4).
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Figure 4. Scheme of CVD synthesis, characterization of the AgNP layer, and its application in the
LDI technique.

The characterization of thin layers, including silver nanoparticles, necessitates the use
of advanced analytical techniques capable of precisely evaluating their thickness, chemical
composition, structural properties, and surface characteristics. Primarily, microscopic and
spectroscopic techniques are employed for this purpose. Microscopic techniques, including
Scanning Electron Microscopy (SEM, High Resolution-SEM) and (Atomic Force Microscope)
AFM, are utilized to evaluate the topography, thickness, and roughness of the layer as well
as to determine the shape, size, and distribution of nanoparticles comprising the layer. In
turn, valuable information about the properties and composition of nanoparticles can be
obtained through spectroscopic methods, which analyze various interactions of electromag-
netic radiation with matter, such as absorption, emission, and scattering. These techniques
provide critical insights into the characteristics of thin layers and nanoparticles, including
energy dispersive spectroscopy (EDS) for elemental composition analysis; X-ray diffraction
(XRD) for determining crystal structure, phase identification, and lattice parameters; X-ray
photoelectron spectroscopy (XPS) for analyzing electronic structure, elemental composition,
chemical bonding, and oxidation states; Fourier transform infrared spectroscopy (FI-IR)
for investigating chemical compositions, functional groups, and chemical bonding; Ra-
man spectroscopy for investigating vibrational modes, molecular interactions, and the
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structural properties of nanoparticles UV-Vis spectroscopy (UV-VIS) for characterizing
absorption spectra and functional group transitions; and ultraviolet photoelectron spec-
troscopy (UPS) for examining electronic band structure, chemical composition, and surface
sensitivity [47,68].

4. Application of LDI-MS Techniques

Laser desorption/ionization techniques, such MALDI and SALDI, offer plenty of
advantages over other analytical methods in various contexts due to their unique character-
istics. Their high sensitivity enables the detection of trace compounds in quantities as small
as the femtomole to attomole range, making them ideal for applications in biological, envi-
ronmental, and chemical analyses. LDI techniques also stand out for their minimal sample
preparation requirements. These methods are versatile, capable of analyzing diverse com-
pounds ranging from small molecules to biomolecules like proteins and nucleic acids, and
are relatively non-destructive, allowing for subsequent analyses if needed. LDI techniques
are renowned for their speed, with analysis times ranging from seconds to minutes, and
their suitability for high-throughput applications, especially when automated [29]. The
analysis time in the LDI technique using AgNPs remains comparable to the time typical
for methods based on traditional organic matrices. However, the key advantage of this
approach is the simplification of the sample preparation procedure—the analyte can be
directly applied to the plate surface without the need for co-crystallization with the matrix,
which simplifies and speeds up the entire process.

LDI techniques are widely applied in various analytical fields, with MALDI being the
most commonly utilized method. This technique is extensively used in science and industry,
particularly in microbiology for rapid bacterial and fungal identification as well as antibiotic
resistance testing [69]. It has clinical applications, such as analyzing microorganisms in dia-
betic foot wounds [70] and is also employed in medicine to identify disease biomarkers [71],
analyze drugs [72,73], and monitor therapies [17]. MALDI enables the study of biological
samples like serum, urine, and cerebrospinal fluid and supports drug research by analyz-
ing drug—protein interactions, pharmacokinetics, and metabolites [74]. In the food and
agrochemical industries, it is used for contaminant detection, quality control, and chemical
composition analysis [75]. Nevertheless, the analysis of low-molecular-weight compounds,
such as lipids, carbohydrates, peptides, and drugs, remains a significant challenge.

LDI techniques can also be used as analytical tools in the analysis of petrochemical
compounds. The ability of MALDI to quickly identify and characterize impurities in
petrochemical products allows for improve the monitoring of product quality and pro-
duction processes, analyzing complex hydrocarbon mixtures, detecting contaminants, and
ensuring fuel quality [76-79]. MALDI has been extensively utilized for the characteriza-
tion of asphaltenes, high-molecular-weight components in crude oil that impact refining
processes. Studies demonstrated that MALDI can effectively analyze asphaltenes without
extensive sample preparation. It offers the rapid assessment of their molecular weight
distribution and compositional information [80]. This capability is critical for optimizing
refining processes and ensuring the efficient conversion of crude oil into valuable products.
MALDI-MS is also used in identifying various compounds, such as aromatic hydrocarbons
and nitrogen-containing molecules, important for understanding the physicochemical prop-
erties of crude oil [81]. A noteworthy application of MALDI was in the study conducted
by researchers from Austria. They investigated the chemical and structural changes in
oil and its additives during exploitation using MALDI. The analysis, performed in both
positive and negative ion modes, employed matrices like CHCA and DHT (dithranol). The
study revealed that the DHT matrix provided better results in the negative ion mode, while
HCCA was more effective in the positive ion mode [82]. This differentiation in matrix
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performance highlights the need for careful matrix selection to optimize analysis outcomes.
Recent studies also highlighted the utility of LDI in petrochemical justification, including
the elimination of biosurfactants consumed by hydrocarbon-degrading bacteria, which
supports the bioremediation of oil-contaminated environments [83].

Despite its advantages, MALDI-MS faces several limitations, particularly in the analy-
sis of low-molecular-weight compounds, which are prevalent in samples like petroleum.
The technique’s reliance on a suitable matrix can sometimes interfere with the analysis of
hydrocarbons by introducing additional peaks and complicating spectra interpretation.
This matrix effect can obscure the analyte signals, making it challenging to obtain clear
and accurate results. Additionally, the ionization efficiency for non-polar hydrocarbons
is relatively low, limiting the technique’s applicability for certain types of analyses. Ad-
dressing these limitations requires the development of improved matrices or alternative
ionization methods to enhance LDI performance [9]. This approach can be extended to
NALDI-TOF MS for the rapid screening and analysis of contaminants in diesel and other
fuels, ensuring high-quality standards and compliance with environmental regulations.
The use of nanoparticles synthesized by the CVD method offers additional possibilities,
enabling greater control over their size, shape, and uniformity, which can further enhance
the sensitivity and precision of the analysis.

While the applications of LDI-MS in the petrochemical industry show significant
promise, several challenges remain. The variability in diesel composition across different
regions and the presence of diverse additives can complicate the analysis. Moreover, the
high sensitivity of LDI-MS techniques, while advantageous, can sometimes lead to the
detection of background noise, necessitating further refinement in sample preparation and
data analysis methods.

Role of Silver Nanoparticles in LDI Techniques

Metal nanoparticles are increasingly being recognized in the scientific literature as
an alternative nanomaterial matrix that effectively facilitates the ionization of diverse
types of samples. The most commonly used methods of synthesizing nanoparticles (e.g.,
silver, gold) for LDI are based on the chemical reduction in salts [84,85] or electrochemical
growth on the cathode surface [86]. For instance, Arendowski et al. demonstrated the use
of electrochemically deposited monoisotopic cationic % Ag nanoparticles in LDI-MS for
detecting and quantifying amino acids, highlighting the method’s high sensitivity and
rapid measurement capabilities [87]. A study by Prysiazhnyi et al. emphasized the utility
of gas-aggregated Ag nanoparticles in detecting small molecules (amino acids, sugars
and derivatives, vitamins, antibiotics, lipids, and PAH hydrocarbons), highlighting their
potential to replace traditional matrices in LDI [88]. Furthermore, Kolodziej et al. presented
an innovative approach using infrared pulsed fiber laser-produced AgNPs for LDI-MS of
carboxylic acids [89]. This method employed a pulsed fiber laser (PFL) with a galvo-scanner
for laser ablation synthesis in solution (LASIS) to produce high-resolution LDI-MS and mass
spectrometry imaging (MSI) of carboxylic acids. The study quantified six test acids under
varying concentrations and tested the method on spiked human blood serum samples,
demonstrating its potential for high-sensitivity analysis [89]. Silver nanoparticles can be
also used for the selective ionization of specific groups of compounds, such as olefins,
estrogens, and antibiotics. AgNPs enable the efficient ionization of olefinic compounds
(e.g., cholesterol, carotenoids) even without sample cleanup. They are also effective for
detecting estrogens and sulfur-containing drugs because of van der Waals and electrostatic
interactions [90]. However, these methods require further refinement in terms of the
amount of silver deposition, nanometric layer control, and reproducibility. Moreover, the
size of the AgNPs plays a critical role in their performance in LDI-MS.
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Achieving precise control over these parameters is critical for ensuring the reliabil-
ity and efficiency of LDI-MS analyses. Here, CVD offers a robust solution by enabling
meticulous control over the deposition conditions, ensuring consistent and high-quality
nanolayer formation on various substrates [5,91]. Sagandykova et al. investigated the
fabrication of silver nanostructured substrates via CVD and demonstrated their effective-
ness in enhancing laser desorption/ionization mass spectrometry sensitivity for various
low-molecular-weight biomolecules. The study revealed that the controlled deposition
of silver nanoparticles on substrates, specifically NALDI targets on stainless steel 316L,
significantly improved signal intensity in mass spectrometric analysis, facilitating the detec-
tion of minute quantities of biomolecules [92]. The versatility of CVD in handling diverse
materials and the ability to fine-tune critical parameters such as precursor concentration,
growth temperature, and deposition rate renders it a robust and adaptable method for
synthesizing high-quality AgNPs’ nanoparticles. The produced NALDI plates with CVD-
derived AgNPs were also utilized in the metabolic profiling of bacterial extracts obtained
using the Bligh and Dyer method. These substrates proved effective in differentiating
between Gram-positive (G+) and Gram-negative (G—) species and in clustering analysis
across all eight bacterial species studied [93]. Furthermore, Sibiriska et. al. presented a
study on the use of AgNPs, synthesized via CVD, to improve the performance of laser des-
orption/ionization mass spectrometry. The AgNPs produced were uniformly distributed,
offering the more sensitive detection of LMW biomolecules, such as amino acids, lipids,
and metabolites. This technique enhances ionization efficiency while reducing background
noise, critical for improving signal clarity in LDI applications [42]. Also, Maslak et al. high-
lighted the application of CVD-produced AgNPs in bacterial lipidome analysis, showing
their potential in antibiotic susceptibility testing. The study showed the low background
noise in nanostructure-assisted LDI compared to matrix-assisted LDI, which enhances the
detection sensitivity and accuracy. This reduced background noise is important for clear
signal detection, making AgNPs a good choice for LDI applications [94].

5. Conclusions

In NALDI MS, AgNPs improve ionization efficiency, enhancing the sensitivity and
precision of mass spectrometric analyses. This is important for detecting low-molecular-
weight analytes and targets fabrication and complex biological samples, making NALDI
an invaluable tool in analytical chemistry and environmental monitoring. The method of
nanoparticle deposition onto the surface appears to be a critical determinant in achieving
optimal performance. The AgNPs produced by CVD are highly versatile and effective in
a wide range of applications. The CVD method offers precise control over nanoparticle
structure and properties. It is achieved through the careful manipulation of reactor design,
precursor selection, and deposition conditions. This precision makes CVD-synthesized
AgNPs valuable in fields such as laser desorption/ionization mass spectrometry.

Moreover, LDI-MS techniques employing AgNPs are gaining attention in the petro-
chemical industry. These methods enable the detailed analysis of petrochemical matrices,
such as diesel, by accurately identifying hydrocarbons and contaminants. Such analyses are
essential for ensuring fuel quality, maintaining engine performance, and meeting stringent
environmental regulations. The ability to monitor fuel composition and impurities swiftly
and accurately helps optimize fuel performance and reduce environmental impact. The
integration of AgNPs synthesized by CVD into advanced analytical techniques underscores
the synergy between material science and practical applications. The ongoing development
and refinement of these technologies promise further enhancements in efficiency, sensitivity,
and accuracy, driving innovation across both scientific research and industrial practices.
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Future research should focus on enhancing the robustness of LDI-MS techniques for
routine petrochemical analysis. This includes developing more efficient sample preparation
protocols, improving matrix and nanoparticle substrates, and integrating advanced data
analysis tools. Additionally, the environmental impact of using nanoparticles and other
materials in LDI-MS should be carefully considered, promoting sustainable practices in
analytical chemistry.

Author Contributions: Conceptualization P.P.P. and P.P.,; writing original draft: K.R., E.S., JW.-S,,
T.Z., PP, AR. and PPP; writing and editing review: PR, K.R., A.R. and PPP, supervision, PP.P;
project administration, PP.P; funding acquisition, T.Z. and P.P.P. All authors have read and agreed to
the published version of the manuscript.

Funding: The project was funded by the Ministry of Science and Higher Education under the title
“Factors Affecting the Formation of Sediment Interferents in Diesel Oil at Various Stages of Production
and Distribution”, contract number DWD/5/0039/2021.

Data Availability Statement: The data presented in this study are available in this article.

Acknowledgments: Justyna Walczak-Skierska, Ewelina Sibiriska, and Pawel Piotr Pomastowski are
members of the University Center of Excellence “Towards personalized medicine” (NCU in Torun).
Kinga Robotnik is a member of the Emerging Fields initiative “Cells as Experimental Platforms and
bioFACTories (CExFact)”.

Conlflicts of Interest: Author Tomasz Zieliriski was employed by the company Orlen. The remaining
authors declare that the research was conducted in the absence of any commercial or financial
relationships that could be construed as potential conflicts of interest.

References

1.  Korzeb, K.; Gajc, M.; Pawlak, D. Przeglad Metod Otrzymywania Materiatéw Plazmonicznych Oraz Wybranych Alternatywnych
Materialéw. Available online: https://rcin.org.pl/itme/Content/53503 /PDF /Korzeb.pdf (accessed on 10 February 2025).

2. Loiseau, A.; Asila, V.; Boitel-Aullen, G.; Lam, M.; Salmain, M.; Boujday, S. Silver-Based Plasmonic Nanoparticles for and Their
Use in Biosensing. Biosensors 2019, 9, 78. [CrossRef]

3. Mutalik, C,; Sharma, S.; Yougbaré, S.; Chen, C.-Y.; Kuo, T.-R. Nanoplasmonic Biosensors: A Comprehensive Overview and Future
Prospects. Int. J. Nanomed. 2025, 20, 5817-5836. [CrossRef]

4. Cournut, A.; Hosu, L.S.; Braud, F.; Moustiez, P.; Coffinier, Y.; Enjalbal, C.; Bich, C. Development of nanomaterial enabling highly
sensitive surface-assisted laser desorption/ionization mass spectrometry peptide analysis. Rapid Commun. Mass Spectrom. 2023,
37,€9476. [CrossRef]

5. Kang, H,; Buchman, ].T; Rodriguez, R.S.; Ring, H.L.; He, J.; Bantz, K.C.; Haynes, C.L. Stabilization of Silver and Gold Nanoparti-
cles: Preservation and Improvement of Plasmonic Functionalities. Chem. Rev. 2018, 119, 664-699. [CrossRef] [PubMed]

6. Pomastowski, P.; Buszewski, B. Complementarity of Matrix- and Nanostructure-Assisted Laser Desorption/Ionization Ap-
proaches. Nanomaterials 2019, 9, 260. [CrossRef] [PubMed]

7. de Hoffmann, E.; Stroobant, V. Mass Spectrometry: Principles and Applications, 3rd ed.; John Wiley & Sons: West Sussex, UK, 2007.

8.  Kuzema, P.A. Small-molecule analysis by surface-assisted laser desorption/ionization mass spectrometry. J. Anal. Chem. 2011, 66,
1227-1242. [CrossRef]

9. Fuchs, B.; Sti3, R.; Schiller, J. An update of MALDI-TOF mass spectrometry in lipid research. Prog. Lipid Res. 2010, 49, 450-475.
[CrossRef] [PubMed]

10. Hillenkamp, F,; Karas, M.; Beavis, R.C.; Chait, B.T. Matrix-assisted laser desorption/ionization mass spectrometry of biopolymers.
Anal. Chem. 1991, 63, 1193A-1203A. [CrossRef]

11. Knochenmuss, R. Chapter 1. An Introduction to MALDI Ionization Mechanisms for Users of Mass Spectrometry Imaging. In
MALDI Mass Spectrometry Imaging: From Fundamentals to Spatial Omics; The Royal Society of Chemistry: London, UK, 2021.
[CrossRef]

12.  Paltauf, G.; Dyer, P.E. Photomechanical Processes and Effects in Ablation. Chem. Rev. 2003, 103, 487-518. [CrossRef]

13. Hosseini, S.; Martinez-Chapa, S.O. Principles and Mechanism of MALDI-ToF-MS Analysis. In Fundamentals of MALDI-ToF-MS
Analysis; Springer: Singapore, 2017. [CrossRef]

14. Lai, Y.-H.; Wang, Y.-S. Matrix-Assisted Laser Desorption/Ionization Mass Spectrometry: Mechanistic Studies and Methods for

Improving the Structural Identification of Carbohydrates. Mass Spectrom. 2017, 6, S0072. [CrossRef]


https://rcin.org.pl/itme/Content/53503/PDF/Korzeb.pdf
https://doi.org/10.3390/bios9020078
https://doi.org/10.2147/IJN.S521442
https://doi.org/10.1002/rcm.9476
https://doi.org/10.1021/acs.chemrev.8b00341
https://www.ncbi.nlm.nih.gov/pubmed/30346757
https://doi.org/10.3390/nano9020260
https://www.ncbi.nlm.nih.gov/pubmed/30769830
https://doi.org/10.1134/S1061934811130065
https://doi.org/10.1016/j.plipres.2010.07.001
https://www.ncbi.nlm.nih.gov/pubmed/20643161
https://doi.org/10.1021/ac00024a716
https://doi.org/10.1039/9781839165191-00001
https://doi.org/10.1021/cr010436c
https://doi.org/10.1007/978-981-10-2356-9_1
https://doi.org/10.5702/massspectrometry.S0072

Nanomaterials 2025, 15, 973 15 of 18

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Ehring, H.; Karas, M.; Hillenkamp, F. Role of photoionization and photochemistry in ionization processes of organic molecules
and relevance for matrix-assisted laser desorption lonization mass spectrometry. J. Mass Spectrom. 1992, 27, 472-480. [CrossRef]
Chang, W.C.; Huang, L.C.L.; Wang, Y.-S.; Peng, W.-P.; Chang, H.C.; Hsu, N.Y.; Bin Yang, W.; Chen, C.H. Matrix-assisted laser
desorption/ionization (MALDI) mechanism revisited. Anal. Chim. Acta 2007, 582, 1-9. [CrossRef]

Croxatto, A.; Prod’hom, G.; Greub, G. Applications of MALDI-TOF Mass Spectrometry in Clinical Diagnostic Microbiology.
FEMS Microbiol. Rev. 2012, 36, 380-407. [CrossRef]

Calvano, C.D.; Monopoli, A.; Cataldi, T.R.I.; Palmisano, F. MALDI matrices for low molecular weight compounds: An endless
story? Anal. Bioanal. Chem. 2018, 410, 4015-4038. [CrossRef]

Pavlov, J.; Attygalle, A.B. Chapter 50: Laser Ionization Mass Spectrometry of Inorganic Ions. In Mass Spectrometry Handbook; John
Wiley & Sons: Hoboken, NJ, USA, 2012. [CrossRef]

Duan, H.; Wang, T.; Su, Z.; Pang, H.; Chen, C. Recent progress and challenges in plasmonic nanomaterials. Nanotechnol. Rev. 2022,
11, 846-873. [CrossRef]

Wei, J.; Buriak, ].M.; Siuzdak, G. Desorption-ionization mass spectrometry on porous silicon. Nature 1999, 399, 243-246. [CrossRef]
Dong, X.; Cheng, J.; Li, ].; Wang, Y. Graphene as a Novel Matrix for the Analysis of Small Molecules by MALDI-TOF MS. Anal.
Chem. 2010, 82, 6208-6214. [CrossRef]

Sunner, J.; Dratz, E.; Chen, Y.-C. Graphite surface-assisted laser desorption/ionization time-of-flight mass spectrometry of
peptides and proteins from liquid solutions. Anal. Chem. 1995, 67, 4335-4342. [CrossRef]

McLean, J.A.; Stumpo, K.A.; Russell, D.H. Size-Selected (2—10 nm) Gold Nanoparticles for Matrix Assisted Laser Desorption
Ionization of Peptides. J. Am. Chem. Soc. 2005, 127, 5304-5305. [CrossRef]

Gamez, F; Hurtado, P; Castillo, PM.; Caro, C.; Hortal, A.R.; Zaderenko, P.; Martinez-Haya, B. UV-Vis-NIR Laser Desorp-
tion/Ionization of Synthetic Polymers Assisted by Gold Nanospheres, Nanorods and Nanostars. Plasmonics 2010, 5, 125-133.
[CrossRef]

Zhang, Y.; He, S.; Guo, W.; Hu, Y.; Huang, J.; Mulcahy, J.R.; Wei, W.D. Surface-Plasmon-Driven Hot Electron Photochemistry.
Chem. Rev. 2018, 118, 2927-2954. [CrossRef] [PubMed]

Khurgin, ].B. How to deal with the loss in plasmonics and metamaterials. Nat. Nanotechnol. 2015, 10, 2—6. [CrossRef]

Clavero, C. Plasmon-induced hot-electron generation at nanoparticle/metal-oxide interfaces for photovoltaic and photocatalytic
devices. Nat. Photonics 2014, 8, 95-103. [CrossRef]

Miiller, WH.; Verdin, A.; De Pauw, E.; Malherbe, C.; Eppe, G. Surface-assisted laser desorption/ionization mass spectrometry
imaging: A review. Mass Spectrom. Rev. 2020, 41, 373-420. [CrossRef]

Law, K.P; Larkin, J.R. Recent advances in SALDI-MS techniques and their chemical and bioanalytical applications. Anal. Bioanal.
Chem. 2010, 399, 2597-2622. [CrossRef] [PubMed]

Chu, H.-W.; Unnikrishnan, B.; Anand, A.; Mao, J.-Y.; Huang, C.-C. Nanoparticle-based laser desorption/ionization mass
spectrometric analysis of drugs and metabolites. J. Food Drug Anal. 2018, 26, 1215-1228. [CrossRef] [PubMed]

Jiang, W.; Low, B.Q.L,; Long, R.; Low, J.; Loh, H.; Tang, K.Y.; Chai, CH.T.; Zhu, H.; Zhu, H.; Li, Z.; et al. Active Site Engineering
on Plasmonic Nanostructures for Efficient Photocatalysis. ACS Nano 2023, 17, 4193-4229. [CrossRef]

West, P; Ishii, S.; Naik, G.; Emani, N.; Shalaev, V.; Boltasseva, A. Searching for better plasmonic materials. Laser Photon- Rev. 2010,
4,795-808. [CrossRef]

Khlebtsov, N.G.; Dykman, L.A. Optical properties and biomedical applications of plasmonic nanoparticles. . Quant. Spectrosc.
Radiat. Transf. 2010, 111, 1-35. [CrossRef]

Pangavhane, S.D.; Némec, P.; Wagner, T.; Janca, J.; Havel, J. Laser desorption ionization time-of-flight mass spectrometric study of
binary As-Se glasses. Rapid Commun. Mass Spectrom. 2010, 24, 2000-2008. [CrossRef]

Cui, Y.; Gao, Y.; Qin, Y.; Shi, X; Yang, C. The Effect of Ultraviolet Wavelength on Corrosion Behavior of 7075 Aluminum Alloy in
the Marine Atmospheric Environment. Int. . Chem. Eng. 2021, 2021, 1-9. [CrossRef]

Stiedl, J.; Green, S.; Chasse, T.; Rebner, K. Characterization of Oxide Layers on Technical Copper Material Using Ultraviolet
Visible (UV-Vis) Spectroscopy as a Rapid On-Line Analysis Tool. Appl. Spectrosc. 2019, 73, 59-66. [CrossRef] [PubMed]

Cueto, M.,; Sanz, M.; Oujja, M.; Gamez, F.; Martinez—Haya, B.; Castillejo, M. Platinum Nanoparticles Prepared by Laser Ablation
in Aqueous Solutions: Fabrication and Application to Laser Desorption Ionization. J. Phys. Chem. C 2011, 115, 22217-22224.
[CrossRef]

Silina, Y.E.; Koch, M.; Volmer, D.A. Influence of surface melting effects and availability of reagent ions on LDI-MS efficiency after
UV laser irradiation of Pd nanostructures. J. Mass Spectrom. 2015, 50, 578-585. [CrossRef] [PubMed]

Schnapp, A.; Niehoff, A.-C.; Koch, A.; Dreisewerd, K. Laser desorption/ionization mass spectrometry of lipids using etched
silver substrates. Methods 2016, 104, 194-203. [CrossRef]

Sekuta, J.; Niziot, J.; Rode, W.; Ruman, T. Silver nanostructures in laser desorption/ionization mass spectrometry and mass
spectrometry imaging. Anal. 2015, 140, 6195-6209. [CrossRef]


https://doi.org/10.1002/oms.1210270419
https://doi.org/10.1016/j.aca.2006.08.062
https://doi.org/10.1111/j.1574-6976.2011.00298.x
https://doi.org/10.1007/s00216-018-1014-x
https://doi.org/10.1002/9781118180730.ch50
https://doi.org/10.1515/ntrev-2022-0039
https://doi.org/10.1038/20400
https://doi.org/10.1021/ac101022m
https://doi.org/10.1021/ac00119a021
https://doi.org/10.1021/ja043907w
https://doi.org/10.1007/s11468-010-9125-z
https://doi.org/10.1021/acs.chemrev.7b00430
https://www.ncbi.nlm.nih.gov/pubmed/29190069
https://doi.org/10.1038/nnano.2014.310
https://doi.org/10.1038/nphoton.2013.238
https://doi.org/10.1002/mas.21670
https://doi.org/10.1007/s00216-010-4063-3
https://www.ncbi.nlm.nih.gov/pubmed/20730529
https://doi.org/10.1016/j.jfda.2018.07.001
https://www.ncbi.nlm.nih.gov/pubmed/30249320
https://doi.org/10.1021/acsnano.2c12314
https://doi.org/10.1002/lpor.200900055
https://doi.org/10.1016/j.jqsrt.2009.07.012
https://doi.org/10.1002/rcm.4607
https://doi.org/10.1155/2021/5520448
https://doi.org/10.1364/AS.73.000059
https://www.ncbi.nlm.nih.gov/pubmed/30307327
https://doi.org/10.1021/jp207324h
https://doi.org/10.1002/jms.3564
https://www.ncbi.nlm.nih.gov/pubmed/25800194
https://doi.org/10.1016/j.ymeth.2016.01.014
https://doi.org/10.1039/C5AN00943J

Nanomaterials 2025, 15, 973 16 of 18

42.

43.

44.

45.

46.

47.

48.

49.

50.
51.

52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

Sibiniska, E.; Walczak-Skierska, J.; Arendowski, A.; Ludwiczak, A.; Radtke, A.; Piszczek, P.; Gabrys, D.; Robotnik, K.; Pomastowski,
P. Advances in LDI-MS Analysis: The Role of Chemical Vapor Deposition-Synthesized Silver Nanoparticles in Enhancing
Detection of Low-Molecular-Weight Biomolecules. . Am. Soc. Mass Spectrom. 2024, 35, 2041-2055. [CrossRef]

Liu, N.; Guo, H,; Fu, L.; Kaiser, S.; Schweizer, H.; Giessen, H. Three-dimensional photonic metamaterials at optical frequencies.
Nat. Mater. 2008, 7, 31-37. [CrossRef] [PubMed]

Nagpal, P; Lindquist, N.C.; Oh, S.-H.; Norris, D.J. Ultrasmooth Patterned Metals for Plasmonics and Metamaterials. Scierice 2009,
325,594-597. [CrossRef]

Gajc, M.; Surma, H.B.; Klos, A.; Sadecka, K.; Orlinski, K.; Nikolaenko, A.E.; Zdunek, K.; Pawlak, D.A. Nanoparticle Direct Doping:
Novel Method for Manufacturing Three-Dimensional Bulk Plasmonic Nanocomposites. Adv. Funct. Mater. 2013, 23, 3443-3451.
[CrossRef]

Shahidi, S.; Moazzenchi, B.; Ghoranneviss, M. A review-application of physical vapor deposition (PVD) and related methods in
the textile industry. Eur. Phys. J. Appl. Phys. 2015, 71, 31302. [CrossRef]

Pryshchepa, O.; Pomastowski, P.; Buszewski, B. Silver nanoparticles: Synthesis, investigation techniques, and properties. Adv.
Colloid Interface Sci. 2020, 284, 102246. [CrossRef]

Piszczek, P.; Radtke, A. Silver Nanoparticles Fabricated Using Chemical Vapor Deposition and Atomic Layer Deposition
Techniques: Properties, Applications and Perspectives: Review. In Noble and Precious Metals—Properties, Nanoscale Effects and
Applications; IntechOpen: London, UK, 2018. [CrossRef]

Khurana, K.; Rathee, N.; Jaggi, N. Deposition of uniform plasmonic Ag nanoparticles by in-situ substrate heating using thermal
evaporator. AIP Conf. Proc. 2020, 2220, 090006. [CrossRef]

Choy, K.L. Chemical vapor deposition of coatings. Prog. Mater. Sci. 2003, 48, 57-170. [CrossRef]

Sun, L.; Yuan, G.; Gao, L.; Yang, J.; Chhowalla, M.; Gharahcheshmeh, M.H.; Gleason, K.K.; Choi, Y.S.; Hong, B.H.; Liu, Z. Chemical
vapour deposition. Nat. Rev. Methods Prim. 2021, 1, 1-20. [CrossRef]

Choy, K.L. Chemical Vapour Deposition (CVD): Advances, Technology, and Applications; CRC Press: Boca Raton, FL, USA, 2019.
Johnson, R.W.; Hultqvist, A.; Bent, S.F. A brief review of atomic layer deposition: From fundamentals to applications. Mater.
Today 2014, 17, 236-246. [CrossRef]

Piszczek, P. Zwiqzki Koordynacyjne Srebra i Tytanu z Ligandami Karboksylowymi Jako Prekursory Chemicznego Osadzania z Fazy Gazowej;
Wydawnictwo Naukowe Uniwersytetu Mikotaja Kopernika: Torun, Poland, 2009.

Vikulova, E.S.; Dorovskikh, S.I.; Basova, T.V.; Zheravin, A.A.; Morozova, N.B. Silver CVD and ALD Precursors: Synthesis,
Properties, and Application in Deposition Processes. Molecules 2024, 29, 5705. [CrossRef]

Gao, L.; Hérter, P,; Linsmeier, C.; Wiltner, A.; Emling, R.; Schmitt-Landsiedel, D. Silver metal organic chemical vapor deposition
for advanced silver metallization. Microelectron. Eng. 2005, 82, 296-300. [CrossRef]

Sztyk, E.; Piszczek, P.; Chaberski, M.; Golinski, A. Studies of thermal decomposition process of Ag(I) perfluorinated carboxylates
with temperature variable IR and MS. Polyhedron 2001, 20, 2853-2861. [CrossRef]

Radtke, A.; Grodzicka, M.; Ehlert, M.; Jedrzejewski, T.; Wypij, M.; Goliriska, P. “To Be Microbiocidal and Not to Be Cytotoxic at
the Same Time. . .”—Silver Nanoparticles and Their Main Role on the Surface of Titanium Alloy Implants. J. Clin. Med. 2019,
8, 334. [CrossRef]

Struppert, T.; Jakob, A.; Heft, A.; Griinler, B.; Lang, H. The use of silver(I)-2-[2-(2-methoxyethoxy)ethoxy]acetate as precursor in
the deposition of thin silver layers on float glass by the atmospheric pressure combustion chemical vapor deposition process.
Thin Solid Films 2010, 518, 5741-5744. [CrossRef]

Piani, R.; Beele, B.B.; Rust, J.; Lehmann, C.W.; Mohr, F. Coinage Metal Complexes Containing Perfluorinated Carboxylates.
Chemistry 2023, 5, 813-833. [CrossRef]

Jin, Q.-H.; Yuan, Y.; Yang, Y.-P; Qiu, Q.-M.; Liu, M.; Li, Z.-F; Zhang, Z.-W.; Zhang, C.-L. Polynuclear silver(I) complexes of
diphosphine ligands and isoquinoline: Synthesis, structural characterization and spectroscopic properties. Polyhedron 2015, 101,
56-64. [CrossRef]

Haase, T.; Kohse-Hoinghaus, K.; Bahlawane, N.; Djiele, P; Jakob, A.; Lang, H. CVD with Tri-"butylphosphine Silver(I) Complexes:
Mass Spectrometric Investigations and Depositions. Chem. Vap. Depos. 2005, 11, 195-205. [CrossRef]

Liu, H.; Gao, X,; Xu, C.; Liu, D. SERS Tags for Biomedical Detection and Bioimaging. Theranostics 2022, 12, 1870-1903. [CrossRef]
Krishna, S.B.N.; Adam, ].K.; Govender, P. Biomedical applications and toxicity of Nanosilver: A Review. J. Med. Lab. Sci. Technol.
S. Afr. 2015, 29, 13-19.

Radtke, A.; Grodzicka, M.; Ehlert, M.; Muziotl, T.M.; Szkodo, M.; Bartmariski, M.; Piszczek, P. Studies on Silver Ions Releasing
Processes and Mechanical Properties of Surface-Modified Titanium Alloy Implants. Int. ]. Mol. Sci. 2018, 19, 3962. [CrossRef]
Hoyos-Palacio, L.M.; Castro, D.P.C.; Ortiz-Trujillo, I.C.; Palacio, L.E.B.; Upegui, B.].G.; Mora, N.J.E.; Cornelio, ].A.C. Compounds
of carbon nanotubes decorated with silver nanoparticles via in-situ by chemical vapor deposition (CVD). J. Mater. Res. Technol.
2019, 8, 5893-5898. [CrossRef]


https://doi.org/10.1021/jasms.4c00071
https://doi.org/10.1038/nmat2072
https://www.ncbi.nlm.nih.gov/pubmed/18059275
https://doi.org/10.1126/science.1174655
https://doi.org/10.1002/adfm.201203116
https://doi.org/10.1051/epjap/2015140439
https://doi.org/10.1016/j.cis.2020.102246
https://doi.org/10.5772/intechopen.71571
https://doi.org/10.1063/5.0001691
https://doi.org/10.1016/S0079-6425(01)00009-3
https://doi.org/10.1038/s43586-020-00005-y
https://doi.org/10.1016/j.mattod.2014.04.026
https://doi.org/10.3390/molecules29235705
https://doi.org/10.1016/j.mee.2005.07.078
https://doi.org/10.1016/S0277-5387(01)00898-1
https://doi.org/10.3390/jcm8030334
https://doi.org/10.1016/j.tsf.2010.05.082
https://doi.org/10.3390/chemistry5020058
https://doi.org/10.1016/j.poly.2015.07.026
https://doi.org/10.1002/cvde.200406339
https://doi.org/10.7150/thno.66859
https://doi.org/10.3390/ijms19123962
https://doi.org/10.1016/j.jmrt.2019.09.062

Nanomaterials 2025, 15, 973 17 of 18

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Liu, H.; Ouyang, D.; Wang, J.; Lei, C.; Shi, W.; Gilliam, T.; Liu, J.; Li, Y.; Chopra, N. Chemical Vapor Deposition Mechanism
of Graphene-Encapsulated Au Nanoparticle Heterostructures and Their Plasmonics. ACS Appl. Mater. Interfaces 2021, 13,
58134-58143. [CrossRef]

Altammar, K.A. A review on nanoparticles: Characteristics, synthesis, applications, and challenges. Front. Microbiol. 2023, 14.
[CrossRef]

Ashfaq, M.Y.; Da’NA, D.A.; Al-Ghouti, M.A. Application of MALDI-TOF MS for identification of environmental bacteria: A
review. J. Environ. Manag. 2022, 305, 114359. [CrossRef]

Walczak-Skierska, J.; Monedeiro, F.; Maslak, E.; Ztoch, M. Lipidomics Characterization of the Microbiome in People with Diabetic
Foot Infection Using MALDI-TOF MS. Anal. Chem. 2023, 95, 16251-16262. [CrossRef] [PubMed]

Arendowski, A. Matrix- and Surface-Assisted Laser Desorption/Ionization Mass Spectrometry Methods for Urological Cancer
Biomarker Discovery—Metabolomics and Lipidomics Approaches. Metabolites 2024, 14, 173. [CrossRef]

Zloch, M.; Maslak, E.; Kupczyk, W.; Pomastowski, P. Multi-Instrumental Analysis Toward Exploring the Diabetic Foot Infection
Microbiota. Curr. Microbiol. 2023, 80, 1-15. [CrossRef] [PubMed]

Granborg, J.R.; Handler, AM.; Janfelt, C. Mass spectrometry imaging in drug distribution and drug metabolism
studies—Principles, applications and perspectives. TrAC Trends Anal. Chem. 2022, 146. [CrossRef]

Kafka, A.P; Kleffmann, T.; Rades, T.; McDowell, A. The application of MALDI TOF MS in biopharmaceutical research. Int. .
Pharm. 2011, 417, 70-82. [CrossRef] [PubMed]

Akimowicz, M.; Bucka-Kolendo, J. MALDI-TOF MS—application in food microbiology. Acta Biochim. Pol. 2020, 67, 327-332.
[CrossRef]

International Agency for Research on Cancer. Occupational Exposures in Petroleum Refining; Crude Oil and Major Petroleum
Fuels. In IARC Monographs on the Evaluation of Carcinogenic Risks to Humans; International Agency for Research on Cancer: Lyon,
France, 1989; Volume 45.

Zvirin, Y.; Gutman, M.; Tartakovsky, L. Fuel Effects on Emissions. In Handbook of Air Pollution From Internal Combustion Engines;
Academic Press: Cambridge, MA, USA, 1998. [CrossRef]

Suchecki, A.; Knefel, T.; Nowakowski, J]. Wptyw zanieczyszczen w oleju napedowym na funkcjonalnosé pracy wtryskiwaczy
paliwa w systemie Common Rail. AUTOBUSY 2016, 17, 143-148.

Millan, M.; Behrouzi, M.; Karaca, F.; Morgan, T.J.; Herod, A.A.; Kandiyoti, R. Characterising high mass materials in heavy oil
fractions by size exclusion chromatography and MALDI-mass spectrometry. Catal. Today 2005, 109, 154-161. [CrossRef]
Pantoja, P.A.; Mendes, M.A.; Nascimento, C.A.O. Contribution of mass spectrometry in assessing quality of petroleum fractions.
J. Pet. Sci. Eng. 2013, 109, 198-205. [CrossRef]

Rudyk, S.; Ongarbayev, Y.; Spirov, P. Feature selection in GC-MS, NMR and MALDI-TOF spectra of tar sand bitumen. Unconv.
Resour. 2023, 3, 61-71. [CrossRef]

Ramopoulou, L.; Widder, L.; Brenner, J.; Ristic, A.; Allmaier, G. Atmospheric pressure matrix-assisted laser desorption/ionization
mass spectrometry of engine oil additive components. Rapid Commun. Mass Spectrom. 2022, 36, €9271. [CrossRef]

Alsayegh, S.Y.; Al Disi, Z.; Al-Ghouti, M.A.; Zouari, N. Evaluation by MALDI-TOF MS and PCA of the diversity of biosurfactants
and their producing bacteria, as adaption to weathered oil components. Biotechnol. Rep. 2021, 31, €00660. [CrossRef]
Sagandykova, G.; Pryshchepa, O.; Rafiriska, K.; Mametov, R.; Madajski, P.; Pomastowski, P. LDI-MS performance of gold nanostars
as an inorganic matrix for low molecular weight analytes. Int. |. Mass Spectrom. 2022, 478. [CrossRef]

Inuta, M.; Arakawa, R.; Kawasaki, H. Protein-modified silver nanoplates for the complementary analytical method of localised
surface plasmon resonance and matrix assisted laser desorption/ionisation mass spectrometry. Anal. Methods 2013, 5, 5031-5036.
[CrossRef]

Arendowski, A.; Sagandykova, G.; Mametov, R.; Rafifiska, K.; Pryshchepa, O.; Pomastowski, P. Nanostructured Layer of Silver
for Detection of Small Biomolecules in Surface-Assisted Laser Desorption Ionization Mass Spectrometry. Materials 2022, 15, 4076.
[CrossRef] [PubMed]

Arendowski, A.; Niziot, ].; Ruman, T. Silver-109-based laser desorption/ionization mass spectrometry method for detection and
quantification of amino acids. J. Mass Spectrom. 2018, 53, 369-378. [CrossRef]

Prysiazhnyi, V.; Dycka, F.; Kratochvil, ].; Sterba, J.; Stranak, V. Gas-aggregated Ag nanoparticles for detection of small molecules
using LDI MS. Anal. Bioanal. Chem. 2020, 412, 1037-1047. [CrossRef] [PubMed]

Kotodziej, A.; Plaza-Altamer, A.; Niziol, J.; Ruman, T. Infrared pulsed fiber laser-produced silver-109 nanoparticles for laser
desorption/ionization mass spectrometry of 3-hydroxycarboxylic acids. Rapid Commun. Mass Spectrom. 2022, 36, €9375. [CrossRef]
Arakawa, R.; Kawasaki, H. Functionalized Nanoparticles and Nanostructured Surfaces for Surface-Assisted Laser Desorp-
tion/lonization Mass Spectrometry. Anal. Sci. 2010, 26, 1229-1240. [CrossRef]

Prysiazhnyi, V.; Dycka, E; Kratochvil, J.; Stranak, V.; Popok, V.N. Effect of Ag Nanoparticle Size on Ion Formation in Nanoparticle
Assisted LDI MS. Appl. Nano 2020, 1, 3-13. [CrossRef]


https://doi.org/10.1021/acsami.1c16608
https://doi.org/10.3389/fmicb.2023.1155622
https://doi.org/10.1016/j.jenvman.2021.114359
https://doi.org/10.1021/acs.analchem.3c03071
https://www.ncbi.nlm.nih.gov/pubmed/37877781
https://doi.org/10.3390/metabo14030173
https://doi.org/10.1007/s00284-023-03384-z
https://www.ncbi.nlm.nih.gov/pubmed/37405539
https://doi.org/10.1016/j.trac.2021.116482
https://doi.org/10.1016/j.ijpharm.2010.12.010
https://www.ncbi.nlm.nih.gov/pubmed/21147205
https://doi.org/10.18388/abp.2020_5380
https://doi.org/10.1016/B978-012639855-7/50055-7
https://doi.org/10.1016/j.cattod.2005.08.017
https://doi.org/10.1016/j.petrol.2013.08.008
https://doi.org/10.1016/j.uncres.2022.12.005
https://doi.org/10.1002/rcm.9271
https://doi.org/10.1016/j.btre.2021.e00660
https://doi.org/10.1016/j.ijms.2022.116872
https://doi.org/10.1039/c3ay40708j
https://doi.org/10.3390/ma15124076
https://www.ncbi.nlm.nih.gov/pubmed/35744134
https://doi.org/10.1002/jms.4068
https://doi.org/10.1007/s00216-019-02329-5
https://www.ncbi.nlm.nih.gov/pubmed/31848667
https://doi.org/10.1002/rcm.9375
https://doi.org/10.2116/analsci.26.1229
https://doi.org/10.3390/applnano1010002

Nanomaterials 2025, 15, 973 18 of 18

92. Sagandykova, G.; Piszczek, P.; Radtke, A.; Mametov, R.; Pryshchepa, O.; Gabrys, D.; Kolankowski, M.; Pomastowski, P. Silver
Nanostructured Substrates in LDI-MS of Low Molecular Weight Compounds. Materials 2022, 15, 4660. [CrossRef] [PubMed]

93. Mametov, R.; Sagandykova, G.; Monedeiro, F.; Florkiewicz, A.; Piszczek, P.; Radtke, A.; Pomastowski, P. Metabolic profiling of
bacteria with the application of polypyrrole-MOF SPME fibers and plasmonic nanostructured LDI-MS substrates. Sci. Rep. 2024,
14, 1-13. [CrossRef] [PubMed]

94. Maslak, E.; Arendowski, A.; Ztoch, M.; Walczak-Skierska, J.; Radtke, A.; Piszczek, P.; Pomastowski, P. Silver Nanoparticle
Targets Fabricated Using Chemical Vapor Deposition Method for Differentiation of Bacteria Based on Lipidomic Profiles in Laser
Desorption/Ionization Mass Spectrometry. Antibiotics 2023, 12, 874. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/ma15134660
https://www.ncbi.nlm.nih.gov/pubmed/35806787
https://doi.org/10.1038/s41598-024-56107-0
https://www.ncbi.nlm.nih.gov/pubmed/38448652
https://doi.org/10.3390/antibiotics12050874

	Introduction 
	Organic and Nanomaterial Matrix LDI Platforms 
	Chemical Vapor Deposition as a Method for Synthesizing Silver Nanoparticles 
	Silver Precursors 
	Oxidation of Silver 
	Functional Applications and Characterization Techniques of Silver Nanoparticles 

	Application of LDI-MS Techniques 
	Conclusions 
	References

