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Nowe podejście do analizy związków o niskiej masie cząsteczkowej przy użyciu 

spektrometrii masowej z jonizacją laserową i desorpcją (Laser Desorption/Ionization Mass 

Spectrometry) wspomaganej nanomateriałami oraz mikroekstrakcji na stałej fazie (Solid-

Phase Microextraction). 
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Analytical techniques involved for the realization of the aims of the study: 

1. Gas chromatography – mass spectrometry 

2. Gas chromatography with flame ionization detector  

3. Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometry 

4. Surface-Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometry 

5. Fourier Transform Infrared Spectroscopy 

6. Thermogravimetry 

7. Scanning Electron Microscopy 

8. Transmission Electron Microscopy 

9. X-ray Diffraction 

10. UV-Vis spectroscopy 

11. Dynamic Light Scattering 
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1. Introduction 

Low-molecular-weight compounds (LMW) represent a diverse array of chemical substances 

characterized by their relatively low molecular weights, typically falling below 1500 Daltons. 

Within this category, LMW compounds encompass a broad range of molecules, including 

amino acids, sugars, VOCs, lipids, fatty acids, and hormones, among others. Their significance 

in chemistry and analytical chemistry stems from their fundamental roles in biological 

systems, their abundance in natural and synthetic materials, and their utility as building blocks 

for more complex structures.  

In chemistry, LMW compounds serve as essential components in numerous chemical 

reactions and processes. Their small size and simple molecular structures make them versatile 

and highly reactive, allowing them to participate in various chemical transformations, such as 

synthesis, degradation, and modification reactions. Furthermore, LMW compounds often act 

as precursors or intermediates in the synthesis of larger molecules, including polymers, 

natural products, and pharmaceutical compounds, making them indispensable in organic 

chemistry and material science. 

In analytical chemistry, LMW compounds are of paramount importance due to their 

abundance, diversity, and biological significance. Analytical techniques such as 

chromatography, mass spectrometry, and spectroscopy are routinely employed to detect, 

quantify, and characterize LMW compounds in complex samples. Their analysis provides 

valuable information about chemical composition, molecular structure, and functional 

properties, facilitating research in fields such as environmental science, pharmaceuticals, food 

science, and biotechnology. 

Moreover, LMW organic compounds are mostly represented as metabolites of living 

organisms including bacteria. Considering modern medicine and allied science’ pursuit of 

personalized medicine, the study of low-molecular-weight compounds is paramount. The 

main principle of personalized medicine, from an analytical chemistry perspective, involves 

tailoring medical treatments based on individual characteristics. This involves the use of 

advanced analytical techniques such as mass spectrometry, chromatography, and 

spectroscopy to analyze biological samples and identify specific molecules associated with 

disease states, drug responses, and patient outcomes. By integrating analytical data with 

clinical information and patient characteristics, personalized medicine aims to optimize 
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therapeutic outcomes, minimize adverse effects, and improve overall healthcare outcomes on 

an individualized basis. 

Analytical chemistry plays a critical role by providing precise measurements of biomarkers and 

molecules, enabling tailored diagnosis and treatment for each patient.  

There are a lot of analytical techniques for analyses of LMW compounds. Techniques such as 

gas chromatography-mass spectrometry (GC-MS), liquid chromatography-mass spectrometry 

(LC-MS), laser/desorption ionization mass-spectrometry (LDI-MS) and nuclear magnetic 

resonance spectroscopy (NMR) can analyze a broad spectrum of compounds, including polar, 

nonpolar, volatile, and nonvolatile substances. All mentioned techniques have advantages and 

disadvantages. The dissertation summarizes four publications aimed at addressing existing 

limitations and developing new approaches to contribute to research problems related to the 

analysis of LWM compounds. The articles have been published in journals belonging to Journal 

Citation Report (JCR) list: 

[P1] Mametov R.; Sagandykova G.; Monedeiro-Milanowski M.; Gabryś D.; Pomastowski P. 

‘Electropolymerized Polypyrrole-MOF Composite as a Coating Material for SPME Fiber for 

Extraction VOCs Liberated by Bacteria’. Scientific Reports. 2023, 13 (1), 1–10. IF = 4.6 MP = 

140. 

[P2] Sagandykova G., Pryshchepa O., Rafinska K., Mametov R., Madajski P., Pomastowski P. 

‘LDI-MS performance of gold nanostars as an inorganic matrix for low molecular weight 

analytes’ International Journal of Mass Spectrometry, 478, 116872 (2022). IF = 1.934 MP = 70. 

[P3] Sagandykova G.; Piszczek P.; Radtke A.; Mametov R.; Pryshchepa O.; Gabryś D.; 

Kolankowski M.; Pomastowski P. ‘Silver Nanostructured Substrates in LDI-MS of Low Molecular 

Weight Compounds’. Materials (Basel). 2022, 15 (13). IF = 3.748 MP = 140.  

[P4] Mametov R.; Sagandykova G.; Monedeiro F.;  Florkiewicz A.; Piszczek P.; Radtke A. and 

Pomastowski P. ‘Metabolic Profiling of Bacteria with the Application of Polypyrrole-MOF SPME 

fibers and Plasmonic Nanostructured LDI-MS Substrates’ Scientific Reports. 2024, 14, 5562.  IF 

= 4.6 MP = 140.  

 

The cumulative impact factor of the publications included in the thesis: 14.882. 
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1.1. Low molecular weight compounds  

Low molecular weight (LMW) compounds, also referred to as ‘small molecules’, are 

compounds with the molecular weight less than 1500 Da. Due to lack of the common 

definition, the cutoff limit varies depending on the field, and in some cases can be defined to 

the value of 1000 Da. LMW compounds include lipids, monosaccharides, second messengers, 

other natural products and metabolites, drugs and other xenobiotics [1].  

In some cases, low molecular weight compounds are volatile. According to definition 

introduced by European communities [2], the term ‘volatile organic compound’ (VOC) is any 

organic compound having, at 293.15 K, a vapor pressure of 0.01 kPa or more, or having 

corresponding volatility under the particular condition of use’. 

Analysis of LMW compounds, their distribution and interactions are of interest in various 

disciplines, such as chemical biology [3], drug discovery [4], metabolomics [3], food [5] and 

environmental research [6]. This requires sensitive analytical techniques, since in some cases, 

they can be found at extremely low concentrations. Additionally, rich chemical composition 

of the real sample may interfere their analysis via the effect of the matrix. In analytical 

chemistry, IUPAC defined the matrix effect as ‘combined effect of all components of sample 

other than analyte on the measurement of the quantity. If a specific component can be 

identified as causing an effect then this is referred to as interference’ [7].  

Furthermore, since composition of complex real samples include volatile and non-volatile 

compounds, researchers in various disciplines have to address analysis of both groups. 

Besides, diversity of structures of low molecular weight compounds may create challenges in 

their detection by single analytical technique [8]. Therefore, complementary use of analytical 

techniques is essential for comprehensive characterization of low molecular weight 

compounds in the real sample of interest.  

1.2. Advanced analytical techniques for analysis of LMW compounds: solid-phase 

microextraction and laser desorption/ionization mass spectrometry assisted with 

nanomaterials.  

1.2.1. Solid-phase microextraction 

In addition to importance of sensitive detection, emergence of sample preparation techniques 

should not be underestimated, especially for overcoming the matrix effect. Traditional sample 
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pretreatment techniques such as liquid-liquid, Soxhlet, distillation, centrifugation, filtration 

have multiple limitations such as elevated use of organic solvents, low selectivity. Moreover, 

they are time- and labor-consuming.  

Solid phase microextraction (SPME) – is a sampling technique, used for the extraction and 

preconcentration mostly of volatile and semi-volatile organic compounds. The method was 

developed and introduced by Pawliszyn in 1990 [9]. The basic principle of SPME involves the 

use of a fiber coated with an extracting phase, typically a polymer or a sorbent material, which 

selectively absorbs the target analytes from the sample matrix. The basic principles of SPME 

rely on the partition coefficient (K) between the sample matrix and the extracting phase, 

which is based on Henry’s Law: 

K=Cf/Cs 

where Cf  is the concentration of the analyte in the fiber coating and  Cs   is the concatenation 

of the analyte in the sample matrix. The partition coefficient is affected by factors such as the 

analyte’s nature, the sample matrix composition, and the extraction phase properties. The 

amount of extracted analyte by SPME fiber may be described by the following equation:  

Q=K⋅V⋅Cs 

where Q is the amount of analyte extracted (in mass or moles), V – volume of the sample 

matrix, Cs is the concentration of the analytes in the sample matrix.  

Typical commercially available SPME fiber consists of a septum-piercing needle (protective 

needle), sealing septum, ferrule, fiber-attachment needle, screw-hub, and coated SPME fused 

silica fiber.   Nowadays, a few types of coatings are available on the market such as 

polydimethylsiloxane (PDMS), divinylbenzene (DVB), polyacrylate (PA), polyethylene glycol 

(PEG), Carboxen (Car), and combination of them. In addition, each type of fiber has several 

basic coating thicknesses up to 100 micrometers [10]. Commercially produced fibers have 

some limitations as well. Stability, including thermal and mechanical, compatibility with some 

matrix types, limited selectivity, and reusability after numbers of cycle sorption/desorption. 

Moreover, certain types of SPME fibers may be less readily available or more expensive, 

limiting access for some users or applications. 
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To evade these limitations, laboratories are developing new coating materials for the 

production of custom-made SPME fibers. In the last decades, a number of materials were 

proposed, characterized, and tested [11].  

Conductive polymers [12,13], metal-organic frameworks (MOFs) [14,15], ionic liquids [16], 

nanomaterials, and nanoparticles [17] are the most widespread and used for SPME fibers 

preparation.  

 

Figure 1. Working principle of Solid-Phase Microextraction 
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1.2.2. Laser desorption/ionization mass spectrometry 

Laser desorption/ionization mass spectrometry (LDI-MS) is a family of analytical techniques 

used in combination with mass spectrometry. It involves desorbing molecules from a solid or 

liquid sample by irradiating it with a laser beam, resulting in the formation of ions that a mass 

spectrometer can analyze. The principle of LDI-MS involve the use of laser energy to vaporize 

and ionize molecules without significant fragmentation, allowing for the detection and 

characterization of compounds based on their mass-to-charge ratio (m/z). This technique is 

particularly useful for the analysis of large biomolecules such as proteins, peptides, and 

polymers, as well as small organic compounds. LDI was introduced by Hillenkamp and Karas, 

and independently by Koichi Tanaka, who was awarded the Nobel Prize in 2002 [18].  

Nowadays, there are two analytical techniques in LDI-MS field: Matrix-Assisted Laser 

Desorption/Ionization and Surface-Assisted Laser Desorption/Ionization mass spectrometry. 

In the case of MALDI, organic matrix absorbs laser energy facilitating desorption and ionization 

of analytes in the sample by absorption of laser energy. The matrix absorbs the laser energy 

and facilitates the desorption and ionization of the analyte molecules. MALDI matrices are 

typically organic compounds such as widely used α-cyano-4-hydroxycinnamic acid (CHCA) or 

2,5-dihydroxybenzoic acid (DHB). 

In the case of SALDI, rather than relying on organic matrices, desorption and ionization occur 

through direct interaction with the surface of the target plate. SALDI involves utilization 

surfaces with specific properties. These surfaces can be metallic [19], metal oxides, MOFs [20], 

nano- and microstructures with a different sizes and shapes [21,22]. SALDI terminology was 

proposed by Sunner et al. in 1995 to underscore the significance of the nano substrate in the 

laser desorption/ionization mechanism [23]. Another fundamental work in the field is 

development of desorption/ionization on porous silicon (DIOS) introduced by Wei [24]. Due 

to numerous abbreviations introduced by authors developing LDI-MS methods based on 

various nanomaterials, there is a need in application of one abbreviation to avoid 

misunderstanding in the literature since name of the technique is expected to reflect the 

mechanism of desorption/ionization. Definitions of DIOS and SALDI proposed by IUPAC: ‘DIOS 

is soft ionization technique alternative to matrix-assisted desorption/ionization involving laser 

desorption/ionization of a sample deposited on a porous silicon surface’; ‘SALDI is class of 

matrix-free laser desorption/ionization techniques for biological macromolecules’ [25]. Since 
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DIOS is a specific case of SALDI, inclusion of those definitions appears unnecessary [26]. 

However, the use of unified abbreviation, which includes techniques that are cases of SALDI, 

is paramount. Nevertheless, application of term NALDI in the presented work is necessary 

since NALDI is LDI technique assisted with nanomaterials, while SALDI include also 

microstructures. Since nanostructured materials were utilized in the current work, the term 

NALDI was applied. 

Special attention is drawn to metallic nanoparticles of noble metals, such as gold and silver, 

due to their unique surface plasmon resonance (SPR) properties [22,27]. When metallic 

nanoparticles are exposed to light, the free electrons on their surface collectively oscillate, 

leading to localized surface plasmon resonances (LSPRs) [28]. These excited electrons undergo 

ultrafast relaxation processes, generating a significant amount of heat. This surface-generated 

heat plays a key role in the desorption process by activating analyte molecules to break bonds 

in the gas phase and increase analyte desorption efficiency. At the same time, surface 

electrons above the Fermi level are excited and become hot electrons, which freely transfer 

to the lowest unoccupied molecular orbital of the absorbed analyte molecule. This process 

promotes the formation and release of [M-H]- (neutral hydrogen free radicals), which can 

enhance analyte ionization efficiency. 

 

 

Figure 2. Laser desorption/ionization mass spectrometry 
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2. Aims and tasks 

The main aim of presented research was to fabricate innovative analytical devices for analysis 

of volatile and non-volatile low molecular weight compounds and investigate potential of their 

complementary application for metabolic profiling of bacterial strains.  

To achieve the aim of research, the following tasks were accomplished:  

1.  Synthesis, characterization and fabrication of SPME fibers based on modification of the 

polypyrrole coating material with metal organic frameworks (ZIF-8) for analysis of low 

molecular weight volatile organic compounds;  

2.  Synthesis, characterization and investigation of LDI-MS performance of gold anisotropic 

nanoparticles for analysis of low molecular weight analytes;  

3.  Synthesis, characterization and fabrication of silver nanostructured LDI-MS substrates for 

analysis of low molecular weight analytes;  

4.  Application of polypyrrole@ZIF-8 SPME fibers and silver nanostructured LDI-MS substrates 

for metabolic profiling of bacterial strains.  

 

 

Figure 3. Schematic representation of the workflow of the study. 
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3. Research problems  

3.1. Investigation of the effect of modification of polypyrrole coating material for SPME 

fibers by metal organic frameworks (ZIF-8) on the efficiency of extraction of low molecular 

weight compounds;  

According to classification, conductive polymers (CP) are materials with a highly π-conjugated 

polymeric chain, which has the mechanical properties of organic polymers and both electronic 

properties of metals [29]. Due to the multifunctionality of conductive polymers and their 

stability, they become more attractive as efficient sorbents for sample preparation purposes. 

Despite high specific surface areas and the other advantages offered by the commercially 

available hydrophobic sorbents, they suffer from a basic drawback. Mostly due to their 

hydrophobic nature, they have poor interaction and retention in the extraction of polar 

compounds. A wise alternative can be proposed for preparing hydrophilic sorbents by 

copolymerizing monomers containing suitable functional groups or by introducing a 

functional group to the existing hydrophobic polymers. This was the basic ideology behind the 

application of the CPs as a robust sorbent for SPME. CP-based SPME coatings can be 

categorized into four groups: polypyrrole, polyaniline, polythiophene, and their composites 

with other materials.  

There are a few methods of synthesis of CP, and electrochemical polymerization offer 

advantages such as relative simplicity and opportunity for synthesis of simultaneously doped 

conductive polymers, which has an effect on morphology of the coating. Additionally, 

extended array of cations and anions as dopant ions is available for electropolymerization. 

Different techniques, such as potentiostatic (constant potential), galvanostatic (constant 

current), and potentiodynamic (i.e., cyclic voltammetry) methods, can be used for 

electrochemical polymerization of CPs. Electrochemical synthesis usually results in the 

deposition of films of conductive polymers to the surface of the supporting electrode by 

anode oxidation (electropolymerization) of the corresponding monomer. When a positive 

potential is applied to the working electrode, oxidation begins with the formation of a radical 

cation. Delocalized cation-radicals induce a radical-radical connection, forming first dimmers 

during deprotonation at ɑ-position. The expanded polymer coupling results in a reduction in 

the oxidative potential compared to the monomer. The process of electrochemical oxidation 

and radical binding is repeated continuously, and finally, the CP film is deposited on the 
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working electrode. The polymer is usually alloyed at the same time by incorporating an 

alloying anion into the polymer to ensure the electrical neutrality of the film [30]. 

In my previous work, I have synthesized, characterized and applied polypyrrole-based coating 

material for SPME. The obtained fibers exhibited sufficient stability for their utilization in 

combination with a gas chromatographic system, where the fibers are required to be 

thermally stable at temperatures > 250 °C. This is particularly important due to the thermal 

desorption in the GC injector, which operates at high temperatures. Furthermore, the 

introduction of two counter ions simultaneously enables the production of a stable film with 

high adhesion to the metallic substrate and a non-homogeneous surface with a surface area 

of about 220 m2/g [13].  

Given that CP, especially polypyrrole, offers an elevated capacity for modification during one-

step synthesis, we selected it as the polymer for subsequent modification with a metal-organic 

framework in our study. 

Metal-organic frameworks (MOFs) are structured three-dimensional polymers formed by the 

self-assembly of metal clusters or centers with organic ligands using coordinative bonds. These 

substances possess enduring porosity and retain their crystalline structure even after the 

removal of solvent molecules, demonstrating thermal stability > 500°C. Due to their crystalline 

nature, the constituent molecules are organized, ensuring that the pores and cavities maintain 

uniform diameters within the framework. This is accomplished through a reticular synthesis 

approach, where metal clusters act as secondary building units (SBUs) that can be linked via 

suitable organic spacers to create a distinct topology of the coordination network. 

Consequently, MOFs are customizable materials capable of being tailored to exhibit specific 

pore sizes and surface environments [31,32]. 

It is supposed that it is feasible to synthesize an almost unlimited variety of MOF types. For 

my study, commercially available ZIF-8 was selected for modification of polypyrrole. ZIF-8, or 

Zeolitic Imidazolate Framework-8, is a type of metal-organic framework known for its unique 

structure and properties. It is composed of tetrahedral zinc ions (Zn²⁺) coordinated with 

imidazolate linkers to form a three-dimensional porous framework. The structure of ZIF-8 

resembles zeolites, which are crystalline aluminosilicate materials widely used in industrial 

applications for their high surface area and porosity. One of the key properties of ZIF-8 is its 

high surface area (up to 2000 m2/g), which results from its porous structure. This high surface 

area makes ZIF-8 suitable for various applications, including separation, catalysis, drug 
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delivery, and extractions. Additionally, ZIF-8 exhibits exceptional thermal and chemical 

stability, making it resistant to harsh conditions such as high temperatures and acidic or basic 

environments [33]. 

To the best of our knowledge, modification of polypyrrole with MOFs with applications for 

SPME was not reported previously. Therefore, this research gap was addressed by 

investigation of the effect of parameters of synthesis (mass of MOF, electropolymerization 

time) on the analytes’ responses aiming at development one-step copolymerization approach 

for fabrication of SPME fibers. Additionally, after investigation of extraction performance using 

standard solutions of analytes, polypyrrole-MOF SPME fibers were applied for extraction of 

VOCs emitted by bacteria. The results were published in a form of research paper entitled 

‘Electropolymerized polypyrrole-MOF composite as a coating material for SPME fiber for 

extraction VOCs liberated by bacteria’. 
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3.2. Investigation of performance of gold anisotropic nanoparticles in laser 

desorption/ionization mass spectrometry of low molecular weight compounds;  

Various nanomaterials, assisting laser desorption/ionization, such as nanoparticles of noble 

metals [34,35] and their alloys [36], metal oxides [37], carbon nanoparticles [38] (diamond, 

colloidal graphite, graphene oxide), core-shell [39], silicon-based [40], metal-organic 

frameworks and their composites [41] were introduced for analysis of low molecular weight 

compounds.  

Plasmonic nanomaterials such as noble metals nanoparticles, demonstrate optical resonances 

under the light irradiation, and has attracted much attention as inorganic matrices for LDI-MS. 

Despite plethora of research papers on the LDI-MS efficiency of nanoparticles of noble metals, 

the aspect of plasmonic properties has not been addressed.  

Occurrence of LSPRs is determined by various factors, such as size, shape, the wavelength of 

the incident light. Previously, it was suggested that silver is more favorable for demonstrating 

optical resonances in LDI-MS due to the closeness of resonant wavelength to the UV-laser of 

the commercially available LDI instruments. In contrast, gold of the nearly spherical shape was 

suggested to demonstrate the resonant wavelength in the NIR region, which was suggested 

not to be compatible with the LDI instruments. Plasmonic gold nanoparticles has been 

investigated only with application of IR-wavelength of the laser [42], not widely available in 

laboratories, and is considered rather sophisticated. However, tuning of the shape of gold 

nanostructures may create opportunities for occurrence of LSPRs. According to the theory of 

Mie, isotropic metal nanoparticles possess a single plasmonic band, while the extinction 

spectra is dependent on diameter, composition and dielectric environment [43]. Anisotropic 

metal nanoparticles, which are nanostructures with the shape other than nearly spherical, 

possess two distinct plasmon bands at longitudinal and transverse directions. Reduced 

symmetry may provide a plasmonic nanostructure with multiple plasmon bands [44], which 

potentially extend the window of wavelength to promote oscillation of the valence electrons. 

However, this particular aspect has not been addressed in the literature. Therefore, presented 

research was aimed to fill the gap concerning the LDI-MS performance of gold anisotropic 

nanoparticles for analysis of low molecular weight compounds. For the first time, gold 

anisotropic nanoparticles, namely gold nanostars, has been investigated as an inorganic 

matrix assisting LDI of low molecular weight compounds such as biologically active adonitol 

and lipids. Lipids included 18:0/20:3 phosphatidylinositol, 18:0 lyso-
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phosphatidylethanolamine and 18:3/20:3 phosphatidylcholine at nanomolar concentrations. 

Gold nanostars, were synthesized with wet chemical method, and characterized using SEM, 

TEM, DLS and XRD. Application of gold nanostars showed high sensitivity towards low 

molecular weight analytes. The results were published in a form of research paper entitled 

‘LDI-MS performance of gold nanostars as an inorganic matrix for low molecular weight 

analytes’.  
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3.3. Investigation of the effect of mass of precursor on performance of silver 

nanostructured substrates in laser desorption/ionization mass spectrometry of low-

molecular-weight compounds;  

In laser desorption/ionization mass spectrometry assisted with nanomaterials, the fabrication 

technique also has a crucial role in performance. In case of fabrication of inorganic matrix in 

a form of a solid substrate, synthesis of the nanomaterial is carried out in-situ on the target. 

Inorganic matrix in a form of colloidal nanoparticles suffer from the following drawbacks: (i) 

reducing and stabilizing agents used in the synthesis may create background interference in 

the low mass region; (ii) ‘coffee-ring’ effect may result in inconsistent analytical signal.  

Chemical vapor deposition has proven to serve as a versatile technique for synthesis of 

nanomaterials with defined morphology. In case of fabrication of LDI-MS nanostructured 

substrates, CVD may bring numerous advantages. First of all, CVD does not require application 

of additional chemical compounds except for the precursor, which results in its clean 

decomposition and reduced chemical background not interfering the analysis of low 

molecular weight compounds.  Furthermore, CVD may prevent high costs of substrates’ 

fabrication as compared to nanolithography and sputtering techniques, while not 

compromising the performance of synthesis. Besides, engineering of substrates with desired 

morphology and investigation of their LDI-MS performance open new horizons for further 

development of the research field, different from the ‘trial-and-error’ approach.  

LDI-MS substrates based on silver nanostructures with various size and morphology of particle 

were largely investigated in the field. Plasmonic properties of silver nanostructures were also 

addressed, although not receiving as much attention as other groups of inorganic matrices. 

However, synthesis and fabrication of silver nanostructured substrates using CVD, was not 

addressed in the literature.  

Therefore, this research gap has been addressed in a form of the research paper entitled 

‘Silver nanostructured substrates in LDI-MS of low molecular weight compounds’. The results 

showed that variation in the mass of silver precursor allowed for fabrication of LDI-MS 

nanostructured substrates with tunable size and morphology. The variation in size and 

morphology of silver nanostructures resulted in tunable LDI-MS activity. The substrates were 

characterized using SEM and XRD analyses. The most sensitive substrate resulted from 

synthesis using 5 mg of silver precursor, resulting in deposition of nanostructures with size 50 



22 
 

 10 nm and nearly homogeneous distribution on the surface of substrate. Besides high 

sensitivity towards various biologically active low molecular weight compounds, interesting 

empirical evidence has been collected. All substrates showed fragmentation of polar lipids 

(phospholipids) as compared to enhanced sensitivity towards non-polar triacylglycerols. On 

one hand, such fragmentation could be a result of photocatalytic activity of silver, but on the 

other hand, interaction between non-polar lipids and hydrophobic silver nanostructures also 

could be a reason. Interaction between the solid LDI-MS substrate and analytes play crucial 

role [26] in its MS performance, however this aspect is often underestimated. Such 

performance could be valuable in analysis of real samples, with non-polar lipids, since their 

analysis represents an analytical challenge and, in many cases, only fractions of polar lipids 

are characterized.  
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3.4.   Investigation of the potential of polypyrrole@ZIF-8 SPME fibers and silver 

nanostructured LDI-MS substrates for differentiation of bacterial species and gaining insights 

into their metabolism with their complementary application.  

Metabolomics is a field within the ‘-omics’ sciences that focuses on studying small-molecule 

metabolites. The complete set of metabolite molecules in a biological sample (cells, tissues, 

organs, organisms) is known as the metabolome. The metabolome is characterized by a 

diverse range of chemical structures and varying abundance of small molecules. Due to the 

dynamic nature of the metabolome, which reflects the continuous flow of metabolic and 

signaling pathways, multiple analytical platforms are required. Mass spectrometry is the 

primary technology used in metabolomic research, allowing for determining metabolite 

spatial distribution in tissues [45]. Nowadays, investigation of bacteria metabolome is one of 

the promising approaches for identification and differentiation between species, study of 

antibacterial resistance. Moreover, it may benefit to diagnosis and treatment of numerous 

diseases caused by pathogenic bacteria. 

The metabolites produced by bacteria can be broadly categorized into two groups: volatile 

and non-volatile. Non-volatile metabolites encompass a diverse range of compounds 

produced by bacteria that do not readily evaporate into the gas phase under typical analytical 

conditions. These metabolites play integral roles in various bacterial functions, including 

energy production, cell growth, communication, and environmental adaptation. They include 

amino acids, nucleotides, carbohydrates, exopolysaccharides, and lipids, which are commonly 

analyzed using techniques like liquid chromatography-mass spectrometry (LC-MS) or nuclear 

magnetic resonance (NMR) spectroscopy. Notably, LDI techniques are finding applications in 

the analysis of non-volatile bacterial metabolites, promising a streamlined and efficient 

approach. Among these metabolites, lipids are promising compounds for the investigation of 

bacteria metabolism. To the best of our knowledge, bacteria contain lipids in their structure, 

which serve as essential components of their cell membranes, stabilizing the cell membrane, 

providing cell surface rigidity, participating in metabolic and signaling pathways, and acting as 

an energy and storage material. Furthermore, besides their passive functions, bacterial lipids 

also support various cellular functions such as targeted protein transport, DNA replication, 

and signal transduction [46].  

Traditional lipid analysis methods are based on chromatographic techniques, primarily liquid 

(LC) and thin-layer chromatography (TLC). However, both these widely used techniques 
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require expertise (LC) or are limited by low resolution (TLC) [47]. Another method used to 

determine the chemical composition of phospholipid mixtures is nuclear magnetic resonance, 

which provides information about both composition and structure [48]. Given that the 

extraction process of lipids is inevitable [49], elimination of the separation step can minimize 

time and costs of analysis with application of LDI techniques. Besides, due to extreme diversity 

of lipids’ molecules, lipidomic characterization of the sample requires application of several 

complementary analytical techniques. Furthermore, usually techniques may be limited based 

on polarity of lipids, for e.g., one of the most widely used techniques such as electrospray 

ionization mass spectrometry is mostly suitable for polar lipids. Characterization of membrane 

lipids of bacterial species is relatively new research field, and due to this reason and 

complexity of the sample matrix, diversity of bacterial species, mostly polar lipids were 

characterized. In addition, lipidomic characterization has been carried out only for few 

bacterial species. 

Volatile metabolites, conversely, are released into the environment, and their detection and 

analysis offer valuable insights into bacterial physiology, metabolism, and interactions. 

Bacteria emit a diverse range of volatile organic compounds, including hydrocarbons, ketones, 

aldehydes, and esters. These compounds serve various purposes, such as signaling molecules, 

defense mechanisms, and metabolic byproducts. The study of volatile metabolites paints a 

vivid picture of bacterial metabolic activity, their interactions with other organisms, and 

adaptation to ever-changing environments [50]. For the analysis of these metabolites, the 

following  techniques can be employed: solid-phase micro-extraction (SPME), thermal 

desorption with sorbent tubes (TDTs), and needle trap devices (NTDs). SPME plays a crucial 

role in in-vitro analysis of bacterial VOCs, while TDTs are more commonly used for in-vivo 

applications, including breath analysis to detect bacterial infections [51]. Each of these 

techniques offers flexibility in selectivity and sensitivity, making it crucial to adapt them to the 

specific requirements of the study. By exploring these diverse aspects of bacteria 

identification, metabolomics, and the intricacies of bacterial metabolism, scientists can gain a 

more holistic understanding of bacterial behavior and its far-reaching implications on human 

health and disease management. 

In my latest publication, the main focus was on demonstrating the potential of complementary 

application of LDI plates and PPy@ZIF-8 SPME fibers for differentiation and characterization 

of eight strains of bacteria. This involved metabolic profiling of both volatile and non-volatile 
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low molecular weight compounds for eight bacterial species and employing data processing 

techniques such as principal component analysis (PCA), random forest (RF), hierarchical 

cluster analysis (HCA), and canonical correlation analysis (CCA). Devices demonstrated their 

potential for differentiation of species of bacteria and complementary use for gaining insights 

into metabolism. To the best of our knowledge, complete characterization of both volatile and 

non-volatile metabolites of bacteria has been carried out for the first time. Additionally, 

application of innovative devices such as silver nanostructured substrates and PPy@ZIF-8 

fibers was not reported in the literature beforehand.   

The results of investigation were published in a form of research paper entitled ‘Metabolic 

profiling of bacteria with the application of polypyrrole-MOF SPME fibers and plasmonic 

nanostructured LDI-MS substrates’.  
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Table S1. The complete list of volatile organic compounds liberated by Enterococcus 

faecalis 

# Compound RT, min Area 

1 Carbon dioxide 1.178 29161134 
2 Acetic acid ethenyl ester 1.525 43362.78 
3 Acetic acid 1.69 304000.4 
4 unknown 2.066 2081327 
5 1-Butanol 2.196 169935.3 
6 4-Fluorohistamine 2.584 13022.96 
7 Ethanol, 2-(vinyloxy)- 2.825 150875.8 
8 Propanedioic acid 3.114 33640.5 
9 Dextroamphetamine 3.831 30346 

10 4-Fluorohistamine 3.908 26884.6 
11 unknown 4.002 32725.73 
12 unknown 4.443 33749.66 
13 Propanedioic acid, propyl- 4.608 18519.68 
14 2-Hexanamine, 4-methyl- 4.749 10720.93 
15 Cyclotrisiloxane, hexamethyl- 5.449 245736.3 
16 Cyclotrisiloxane, hexamethyl- 5.672 60856.85 
17 Propanedioic acid, propyl-   6.007 98621.59 
18 Propanedioic acid, propyl- 6.166 66512.75 
19 Butanoic acid, 2-methyl- 6.278 62352.25 
20 Ethylbenzene 6.425 106199.3 
21 p-Xylene 6.684 101417.6 
22 Cyclobutanol  7.666 21150.53 
23 Oxime-, methoxy-phenyl- 7.913 374213.8 
24 p-Bromofluorobenzene 8.207 211543.2 
25 unknown 8.472 4799.06 
26 unknown 9.101 12439.67 
27 Benzaldehyde 9.225 367384.2 
28 Dimethyl trisulfide 9.425 69062.53 
29 Norpseudoephedrine 9.607 9738.16 
30 Phenol 9.907 273315.6 
31 Cyclotetrasiloxane, octamethyl- 10.407 202931.7 
32 Amphetamine 11.395 50521.98 
33 Cathinone 11.966 19642.11 
34 Cyclotrisiloxane, hexamethyl- 12.342 338050.5 
35 2-Hexanamine, 4-methyl- 12.589 20441.72 
36 unknown 12.872 27296.15 
37 unknown 13.095 14798.06 

38 
2,4-Dihydroxybenzaldehyde, 2TMS 
derivative 13.195 26162.09 

39 Benzeneethanamine, N-methyl- 13.936 12360.14 
40 Cyclopentasiloxane, decamethyl- 14.095 158207.7 
41 1-Octanamine, N-methyl- 14.378 19088.77 
42 2-Hexanamine, 4-methyl-  14.825 6835.65 
43 Piperazine, 2-methyl- 15.001 35131.62 
44 unknown 15.125 29181.77 
45 unknown 15.336 56443.19 
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46 
2-Pyrrolidinone, 4-hydroxy-5-methyl- 
(isomer 1) 15.466 25624.03 

47 Cyclotetrasiloxane, octamethyl- 15.678 96311.66 
48 unknown 16.136 23473.91 
49 D-Alanine 16.489 17278.31 
50 unknown 16.672 12023.46 
51 R-(-)-Cyclohexylethylamine 16.777 13133.77 
52 unknown 16.942 40786.19 
53 1-Octanamine, N-methyl- 17.066 22490.58 
54 2-Hexanamine, 4-methyl-  17.213 9221.67 
55 Cyclohexasiloxane, dodecamethyl- 17.648 194395.5 
56 unknown 18.689 24895.21 
57 (+)-2-Aminoheptane 18.971 9842.74 
58 Carbamic acid, monoammonium salt 19.148 21915.87 

59 
Imidazole, 2-amino-5-[(2-
carboxy)vinyl]- 20.313 151372.8 

60 R-(-)-Cyclohexylethylamine 20.595 14830.48 
61 Phenethylamine, p,α-dimethyl- 20.748 20108 
62 1-Octadecanamine, N-methyl- 20.83 54771.64 

63 
Cycloheptasiloxane, 
tetradecamethyl- 20.966 164018.6 

64 2,4-Di-tert-butylphenol 21.183 165678.2 

65 
Cycloheptasiloxane, 
tetradecamethyl- 22.189 15622.62 

66 Ethyne, fluoro- 23.148 10694.75 
67 unknown 24.071 22670.02 
68 Cyclooctasiloxane, hexadecamethyl- 24.471 951955.5 
69 1-Octadecanamine, N-methyl- 24.901 51689.36 
70 N-dl-Alanylglycine 25.083 24888.63 
71 unknown 25.324 19467.15 
72 unknown 25.718 30994.18 
73 unknown 25.777 21091.79 
74 unknown 26.048 11778.77 
75 unknown 26.348 5859.37 
76 Cyclononasiloxane, octadecamethyl- 26.789 298096.8 
77 unknown 26.953 15714.04 
78 unknown 26.989 8679.1 
79 unknown 27.253 13150.25 
80 unknown 27.383 23925.87 
81 unknown 27.518 23147.88 
82 Heptacosane 27.906 126643.2 
83 unknown 28 5689 

84 
Benzeneethanamine, 2,5-difluoro-
β,3,4-trihydroxy-N-methyl- 28.265 87941.69 

85 Pterin-6-carboxylic acid 28.377 118690.3 

86 
Octasiloxane, 
1,1,3,3,5,5,7,7,9,9,11,11,13,13,15,15-
hexadecamethyl- 28.583 58191.11 

87 unknown 28.718 11829.61 
88 Cyclic octaatomic sulfur 29.183 78684.46 
89 unknown 29.459 4502.86 
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90 unknown 30.124 39304.5 
91 unknown 31.477 35453.79 
92 unknown 34.535 388527.5 

 

 

Figure S1. GC-MS chromatogram of VOCs liberated by Hafnia alvei extracted with the 

utilization of PPy@ZIF-8 coating 

 
Figure S2. GC-MS chromatogram of VOCs liberated by Proteus mirabilis extracted with the 

utilization of PPy@ZIF-8 coating 
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Figure S3. GC-MS chromatogram of VOCs liberated by Morganella morgani extracted with 

the utilization of PPy@ZIF-8 coating 
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Supplementary material for manuscript entitled ‘LDI-MS performance of gold nanostars as an 

inorganic matrix for low molecular weight analytes’ 

 

by Gulyaim Sagandykova§, Oleksandra Pryshchepa, Katarzyna Rafińska, Radik Mametov, Piotr 

Madajski and Paweł Pomastowski 

 

 

Figure S1. LDI-TOF-MS spectra of adonitol with application of gold nanostars: (a) classical 

commercial ground steel target; (b) lab-made target from stainless steel 

 

 

Figure S2. Color accents of three portions of gold nanostars after 48 hours of dialysis  
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Figure S3. Comparison of ionization of gold nanostars: (a) freshly synthesized nanoparticles, (b) 

dialyzed for 24 hours and (c) dialyzed for 48 hours.  
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Figure S4. LDI-TOF-MS spectra of phospatidylcholine at concentrations 0.1, 0.01, 0.02, 0.04, 0.1 and 

1 nmol 
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same trend was not observed. Firstly, this can be probably explained by different tendency for 

fragmentation depending on the structure. In addition, such differences could be provided by different 
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study shows the performance of gold nanostars without control of the assembly on the plate, it seems 

that depending on the analytes, the assembly of analytes on the surface of nanoparticles is also an 

important aspect. Due to irregular shape, it could be interesting to study the adsorption of different 
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analyte and nanoparticles (1:1) prior to deposition. Data (Fig. S5) showed that the response of adonitol 

by spotting method (iii) was the highest and the lowest response was obtained for spotting method (ii). 

Interesting thing is that application of metal nanoparticles instead of matrix generally involved pre-

mixing of the sample with nanoparticles before deposition to the plate. It was suggested that in this case 

transfer of thermal energy can be more efficient, which may contribute to more efficient analyte 

desorption[52]. Since mechanisms of desorption and ionization may also depend on physico-chemical 

properties of the analyte, for different analytes such mechanisms can differ significantly. Therefore, it 

is interesting whether this is an indicator of non-thermal signal enhancement for cyclitols with 

utilization of gold nanostars as a matrix. On the other hand, this also can be explained by higher 

concentration of deposited nanostars with spotting method (iii), since this parameter was not controlled 

in this study.  

 

Figure S5. LDI-TOF-MS spectra of adonitol using different spotting techniques: i) sample (1 ul) 

allowed to dry with further deposition of nanoparticles (1 ul), (ii) nanoparticles allowed to dry with 

100 200 300 400 500

0

5000

10000

15000

20000

(iv)(iii)

(ii)

In
te

n
s
it
y
 (

a
. 

u
.)

m/z

(i)

100 200 300 400 500

0

5000

10000

15000

20000

25000

30000

35000

In
te

n
s
it
y
 (

a
. 

u
.)

m/z

100 200 300 400 500

0

10000

20000

30000

40000

50000

In
te

n
s
it
y
 (

a
. 

u
.)

m/z

100 200 300 400 500

0

5000

10000

15000

20000

25000

30000

In
te

n
s
it
y
 (

a
. 

u
.)

m/z

174.99

174.99

175.01

175.02

[M+Na]+

[M+Na]+

[M+Na]+

[M+Na]+



58 
 

further deposition of sample, (iii) nanoparticles allowed to dry with further deposition of sample and 

nanoparticles, (iv) mixing of the analyte and nanoparticles (1:1) prior to deposition 

 

Figure S6. TEM-EDX spectra of gold nanostars; A, B and C – TEM pictures with corresponding EDX 

spectra for portions 1, 2 and 3, respectively; D, E and F – SAED images for portions 1, 2 and 3, 

respectively 
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Figure S7. UV-Vis spectra and size distribution of gold nanostars: a – UV-Vis spectrum of freshly 

synthesized portion I, b and c – UV-Vis spectrum of freshly synthesized portions II and III, 

respectively; d, e and f – size distribution of freshly synthesized portions I, II and III, respectively; g, 

h and k – size distribution of portions I, II and III after storage during 2 months and 12 days at 4 ºC. 
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Figure S8. UV-Vis spectra of freshly synthesized gold nanostars as compared to dialyzed for 24 and 

48 h 
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Figure S1. NALDI (dilution 1:10) and MALDI-TOF-MS (stock solution) spectra of the 

chloroform phase of the Bligh & Dyer extract of Morganella morganii collected by 

application of silver nanostructured substrates (NALDI), DHB and HCCA matrices (MALDI) 
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Figure S2. NALDI (dilution 1:10) and MALDI-TOF-MS (stock solution) spectra of the 

chloroform phase of the Bligh & Dyer extract of Staphylococcus warneri collected by 

application of silver nanostructured substrates (NALDI), DHB and HCCA matrices (MALDI) 
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Figure S3. NALDI (dilution 1:10) and MALDI-TOF-MS (stock solution) spectra of the 

chloroform phase of the Bligh & Dyer extract of Lactobacillus plantarum collected by 

application of silver nanostructured substrates (NALDI), DHB and HCCA matrices (MALDI) 
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Figure S4. NALDI (stock solution) and MALDI-TOF-MS (stock solution) spectra of the 

chloroform phase of the Bligh & Dyer extract of Enterococcus faecium collected by 

application of silver nanostructured substrates (NALDI), DHB and HCCA matrices (MALDI) 
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Figure S5. NALDI (dilution 1:10) and MALDI-TOF-MS (stock solution) spectra of the 

chloroform phase of the Bligh & Dyer extract of Enterococcus durans collected by 

application of silver nanostructured substrates (NALDI), DHB and HCCA matrices (MALDI) 
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Figure S6. NALDI (dilution 1:10) and MALDI-TOF-MS (stock solution) spectra of the 

chloroform phase of the Bligh & Dyer extract of Lactococcus garvieae collected by 

application of silver nanostructured substrates (NALDI), DHB and HCCA matrices (MALDI) 
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Figure S7. NALDI (dilution 1:10) and MALDI-TOF-MS (stock solution) spectra of the 

chloroform phase of the Bligh & Dyer extract of Staphylococcus epidermidis collected by 

application of silver nanostructured substrates (NALDI), DHB and HCCA matrices (MALDI) 
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Figure S8. NALDI (dilution 1:10) and MALDI-TOF-MS (stock solution) spectra of the 

chloroform phase of the Bligh & Dyer extract of Escherichia coli collected by application of 

silver nanostructured substrates (NALDI), DHB and HCCA matrices (MALDI) 
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Figure S9. NALDI and MALDI-TOF-MS (stock solution) spectra of the methanol fraction of the 

Bligh & Dyer extract of Morganella morganii collected by application of silver 

nanostructured substrates (NALDI), DHB and HCCA matrices (MALDI) 
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Figure S10. NALDI and MALDI-TOF-MS (stock solution) spectra of the methanol fraction of 

the Bligh & Dyer extract of Staphylococcus warneri collected by application of silver 

nanostructured substrates (NALDI), DHB and HCCA matrices (MALDI) 
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Figure S11. NALDI and MALDI-TOF-MS (stock solution) spectra of the methanol fraction of 

the Bligh & Dyer extract of Lactobacillus plantarum collected by application of silver 

nanostructured substrates (NALDI), DHB and HCCA matrices (MALDI) 
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Figure S12. NALDI and MALDI-TOF-MS (stock solution) spectra of the methanol phase of the 

Bligh & Dyer extract of Enterococcus faecium collected by application of silver 

nanostructured substrates (NALDI), DHB and HCCA matrices (MALDI) 
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Figure S13. NALDI and MALDI-TOF-MS (stock solution) spectra of the methanol fraction of 

the Bligh & Dyer extract of Enterococcus durans collected by application of silver 

nanostructured substrates (NALDI), DHB and HCCA matrices (MALDI) 
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Figure S14. NALDI and MALDI-TOF-MS (stock solution) spectra of the methanolic fraction of 

the Bligh & Dyer extract of Lactococcus garvieae collected by application of silver 

nanostructured substrates (NALDI), DHB and HCCA matrices (MALDI) 
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Figure S15. NALDI and MALDI-TOF-MS (stock solution) spectra of the methanolic fraction of 

the Bligh & Dyer extract of Staphylococcus epidermidis collected by application of silver 

nanostructured substrates (NALDI), DHB and HCCA matrices (MALDI) 
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Figure S16. NALDI and MALDI-TOF-MS (stock solution) spectra of the methanol fraction of 

the Bligh & Dyer extract of Escherichia coli collected by application of silver nanostructured 

substrates (NALDI), DHB and HCCA matrices (MALDI 
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FigureS17. Microbial growth curves of bacteria grown at 37°C for 32h represented by optical 

density (OD) values: (a) Escherichia coli, (b) Lactobacillus plantarum, (c) Morganella 

morganii, (d) Enterococcus durans, (d) Control, Mueller Hinton Broth medium, (f) 

Staphylococcus epidermidis, (g) Enterococcus faecium, (h) Lactococcus garvieae, (i) 

Staphylococcus warneri 
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Table S1. Detected bacterial VOCs (after medium blanks subtraction) and their respective values of peak area. Missing values refer to 

undetected peaks and SE is Staphylococcus epidermidis, ED is Enterococcus durans, LP is Lactobacillus plantarum, SW is Staphylococcus 

Warneri, LG is Lactococcus garvieae, MM is Morganella morganii, EC is Escherichia coli, EF is Enterococcus Faecium  

Retention 
time (min) 

Compound SE ED LP SW LG MM EC EF 

2,33 1,2-Propanediamine  1138662,92 390867,33      

3,31 Dimethylamine   4855489,4 1088816,2     

3,34 Nitro-ethane    41586791   1509158,59  
3,83 Methylamine       2426092 30346 

6,28 2-Butanone  426949,28     4014983,44 62352,25 

7,04 Ethyl acetate    131275,2   183678,6  
9,14 Acetic acid      1080942,21  12439,67 

9,99 Hexanal 487786,08 436133,74 408817,52 1113320,7   415073,3  
10,25 Propanedioic acid 388358,4 624676,71 290123,04 502056,79 819970,11  1381876,29  
10,63 Dimethyl disulfide      72750645,8 350740,77  
11,17 3-Methyl-1-butanol     77276,77 5859607,22   

11,88 Oxalic acid  179483,75   71725,44  431193,4  
14,31 5-Hexen-2-ol  578370,51     1659721,05  
15,34 3-Hydroxybutanal  150429,81      56443,19 

15,42 3-Nitropropanoic acid     44366,93  1453394,23  
16,14 p-Xylene      1980426,01 1400289,51 101417,57 

16,45 Acetamide  84658,63   137588,83    

16,94 Styrene  461185,66     425513,91 40786,19 

17,52 Heptanal     46680,89 33875190,9 119406,99  
17,72 2,5-Dimethylpyrazine 514852,74 393744,84 407965,28 959628,14 407882,64  439793,8 194395,47 

19,45 1-Hexanamine    96361,21 23677,82    

20,08 Benzaldehyde 2349810,49 5568495,91 1707124,6 2487775,7 879167,45 704530,63 514533,83  
20,62 Octanal 181531,24 97809,01  102107,05    14830,48 

21,21 Benzonitrile 461082,24    127407,61    
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22,48 Phenol 486944,16 1076807,43 151849,19 2827457 2159439,09 117645838 8157424,19 273315,59 

23,26 Acetophenone 174246,25 225291,87 144635,22 543144,99     

23,47 Nonanal 336589,78 194583,36   244331,51   22670,02 

24,85 Benzothiazole       2830557,79 51689,36 

24,98 
Methyl-1-
octadecanamine     113586,18   24888,63 

26,57 Decanal 503386,37 100028,04   124050,86    

27,35 Succinimide 534652,17 2069917,2 516344,89 820908,3 1933478,72 87490432,8   

28,94 2-Undecanone  121503,92   317947,24 2354230,33   

30,69 Indole 1893334,03 7784875,4 1834404,49      

30,71 2-Dodecanone     3081101,15  272264116,4  
32,35 2-Tridecanone     12423808 2525640,08   

33,72 2-Tetradecanone 433722,21   642101,14 2618168,27 2300326,35   

34,34 Tetracosane     135990452 8308808,66   

34,56 Vinyl myristate 604992,9     28315923,5   

35,64 Heptacosane    426786,84   118562426,6  
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Table S2. The list of m/z values and corresponding intensities for detected signals in 

chloroform fraction of B & D extract of Morganella morganii collected with NALDI-MS 

rep 1 rep 2 rep 3 rep 4 rep 5 

m/z Intensity m/z Intensity m/z Intensity m/z Intensity m/z Intensity 

409 15255 409 12141 409 14759 409 20372 409 15242 

425 22637 425 15145 425 23259 425 23622 425 23126 

437 8747 437 8497 437 11115 437 13248 437 15301 

439 5544 439 7472 439 7976 439 13024 439 10704 

465 7812 465 6517 465 8030 465 14084 465 11359 

467 6081 467 5188 467 8052 467 12302 467 11078 

493 8740 493 5093 493 11448 493 15177 493 12111 

495 7604 495 4161 495 8555 495 13766 495 9767 

523 5709 549 4193 549 9421 549 11271 549 7297 

549 11782 563 11873 563 28975 563 40410 563 29237 

563 40012 669 5030 655 5961 655 8881 613 5232 

655 5933 671 4372 657 6737 669 10859 655 7387 

657 5717 685 16009 669 9174 671 10455 657 6013 

669 8706 701 13495 671 8051 685 24510 669 9839 

671 9162 702 5142 685 15130 701 20257 671 10341 

685 15697 714 4714 700 5735 702 10532 674 5650 

691 6196 726 9355 701 12558 707 9171 685 16915 

701 19997 728 10466 702 6650 726 18653 701 19287 

702 9686 730 5305 707 8795 728 22783 702 11579 

707 9999 734 5235 714 6452 730 7977 707 8573 

712 6136 742 40962 726 17056 734 8847 714 6283 

714 6208 764 22338 728 19290 742 60788 726 16232 

724 6956 769 8942 730 5672 744 6881 728 21379 

726 17548 771 8772 734 5542 764 38854 730 8065 

728 19471 773 4212 742 56239 769 18517 734 6076 

730 7360 780 13391 744 7760 771 16852 742 67184 

734 8518 795 4739 764 39588 773 6835 744 10205 

742 71815   766 8615 780 23252 764 38814 

764 45663   769 13290 782 6208 769 21426 

769 10381   771 13019 795 6739 771 16489 

771 10473   773 8195 811 6168 773 7463 

773 6977   780 26557 832 6412 780 26105 

778 5914   795 7965   795 6188 

780 26214   811 5617   811 6002 

795 7799   848 5374   834 5179 

811 7556       848 5156 

834 5119       850 5563 

848 6058         
850 6195         

 

Table S3. The list of m/z values and corresponding intensities for detected signals in 

chloroform fraction of B & D extract of Staphylococcus warneri collected with NALDI-MS 
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rep 1 rep 2 rep 3 rep 4 rep 5 

m/z Intensity m/z Intensity m/z Intensity m/z Intensity m/z Intensity 

409 72446 409 29859 409 31183 409 9771 409 43267 
425 95707 425 44113 425 44400 425 10419 425 79895 
437 7981 437 4144 437 11167 437 11030 437 7991 
439 6265 467 5167 439 10312 439 9082 439 7047 
465 8182 487 5402 444 5118 465 7527 444 6757 
467 7655 493 10251 446 6089 467 8439 446 7309 
487 8826 495 10418 465 12891 487 6057 465 7077 
493 17652 551 4795 467 12033 493 11244 467 7803 
495 14289 591 16006 487 5058 493 10258 487 5024 
551 6375 607 5085 493 11082 495 9777 493 21858 
563 11507 619 4757 495 14144 498 2728 495 18270 
591 32218 675 5175 563 7072 551 10795 498 5760 
605 9643 685 28658 591 25815 563 15064 551 5302 
607 9271 701 32287 605 5930 591 15248 563 5969 
619 11744 755 5210 607 6535 619 15784 591 19480 
633 6067 761 11421 619 7434 685 15909 605 5734 
675 8250 767 5610 675 8103 701 17186 607 8294 
685 55548 769 9066 677 5803 761 14842 619 8496 
701 61499 771 11505 685 57823 767 10646 675 6777 
703 7566 783 10578 701 61379 769 16727 685 38706 
733 9833 799 6315 733 6490 771 11945 701 53462 
755 11238 887 10412 761 12905 783 16753 703 7773 
761 21041 901 5374 767 5714 799 18454 733 5410 
767 13788 903 8350 769 30658 887 20886 755 7136 
769 12191 915 44051 771 28838 901 18010 761 14968 
771 11987 929 7829 783 13513 903 22687 767 6712 
783 24283 931 35419 799 9013 915 19117 769 19820 
799 14423 943 6437 887 10037 929 22347 771 16938 
887 16840 945 6483 903 10133 931 21091 783 18650 
901 8030 957 3799 915 46170 943 11837 799 10473 
903 14988 959 5666 929 7034 945 21045 887 10776 
915 80565 999 3620 931 42577 959 20437 903 10533 
929 14404   943 7246 1001 21770 915 49650 
931 65983   945 7511   929 8602 
943 13916   957 4237   931 48408 
945 10479   959 6505   943 8738 
957 8623   999 4775   945 8117 
959 9148   1001 5057   957 4925 
999 4748       959 8299 

1199 4237       999 4145 
 

Table S4. The list of m/z values and corresponding intensities for detected signals in 

chloroform fraction of B & D extract of Lactobacillus plantarum collected with NALDI-MS 
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rep 1 rep 2 rep 3 rep 4 rep 5 

m/z Intensity m/z Intensity m/z Intensity m/z Intensity m/z Intensity 
409 55343 409 49483 409 46184 409 33846 409 11372 
425 93785 425 101912 425 87453 425 71481 425 9476 
437 13380 437 12567 437 15497 437 10205 437 4934 
439 12932 439 11415 439 14127 439 11436 439 73343 
444 8004 465 13141 465 17844 465 13742 465 11158 
446 7477 467 11749 467 15961 467 11603 467 5567 
465 14614 493 25814 493 25704 493 15484 493 9016 
467 12278 495 22788 493 9171 493 5872 495 31007 
493 19111 495 6393 495 23032 495 12264 495 5455 
495 17392 591 6402 495 7409 495 5966 591 24641 
563 7339 631 6529 617 10010 617 8738 617 6866 
589 8711 685 65188 655 8494 685 51486 631 5225 
591 9812 701 79142 685 56783 701 69291 655 51923 
617 17993 769 34148 701 84156 703 8432 685 10770 
631 11556 771 32726 769 43186 769 28276 701 90103 
655 7960 885 26563 771 41130 771 27512 769 81802 
657 6863 887 64274 785 7439 885 24005 771 11198 
685 85184 901 20736 787 9324 887 50257 785 5322 
701 105700 903 50440 885 26871 901 22896 805 5703 
769 37255 911 19779 887 59983 903 43035 807 8715 
771 34991 913 74046 901 21908 911 14329 885 6394 
885 32810 915 28069 903 52112 913 60524 887 5461 
887 64646 927 33636 911 19755 915 24305 901 6872 
901 23559 929 52354 913 70745 927 26222 903 9331 
903 49199 931 23320 915 27945 929 53230 911 11338 
911 23997 937 6631 927 30686 931 19164 913 7163 
913 78290 939 30106 929 57135 937 6807 915 10916 
915 31321 941 59542 931 24948 939 26414 927 5992 
927 38396 943 26507 939 33048 941 49601 929 14565 
929 57816 945 6507 941 59701 943 22698 931 6402 
931 25940 953 15040 943 27965 955 25551 937 90426 
939 37515 955 27360 955 29122 957 43456 939 165590 
941 66678 957 49723 957 54400 959 9988 941 81159 
943 27373 959 11008 959 7657 960 7511 943 6080 
955 32382 983 11597 983 9761 999 7927 953 8897 
957 53621 985 7400 985 7104 1025 7029 955 9454 
959 12630 997 7366 997 5962   957 6268 
981 8028 999 7513 1025 8922   960 41620 
983 12417 1025 7547     981 94935 
985 8111 1027 6259     983 10129 
997 7960       985 87934 
999 7060       999 24008 

        1025 7545 
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Table S5. The list of m/z values and corresponding intensities for detected signals in 

chloroform fraction of B & D extract of Enterococcus faecium collected with NALDI-MS 

rep 1 rep 2 rep 3 rep 4 rep 5 

m/z Intensity m/z Intensity m/z Intensity m/z Intensity m/z Intensity 

409 18202 409 24039 409 30148 409 24386 409 33268 
425 25499 425 35438 425 53131 425 30908 425 52911 
437 26904 437 30985 437 27620 437 28908 437 31737 
439 24822 439 26994 439 20826 439 26003 439 30395 
444 8135 444 9074 465 25963 465 29446 446 9624 
446 7986 465 29097 467 26518 467 23808 465 32623 
465 28315 467 26324 493 13366 493 12133 467 31026 
467 24832 493 13973 493 16154 493 16032 493 14505 
493 10606 493 17479 495 13732 495 12281 493 19541 
493 16626 495 15704 495 14749 495 15568 495 16212 
495 15748 571 10937 611 7652 569 8032 495 18484 
569 8064 573 7907 613 12836 611 9229 571 9167 
571 8315 611 8170 615 9883 613 18503 611 11105 
597 7101 613 15722 655 14866 615 13414 613 16584 
611 10501 615 12420 657 11550 631 8756 615 10631 
613 14255 655 18974 685 67652 639 8703 631 13658 
631 7723 657 11491 697 11712 655 20720 655 20703 
655 17520 685 62282 701 84838 657 14840 657 15188 
657 11357 697 14859 739 11989 685 68564 685 89291 
685 54792 699 9969 769 57533 697 17155 697 17792 
697 15437 701 65527 771 54630 701 64037 699 13993 
699 10453 703 9558 779 16830 703 9354 701 93276 
701 50949 739 15309 783 7772 739 13718 739 13426 
739 10452 769 59900 785 8956 741 10204 741 10280 
741 7800 771 58411 793 9715 769 67395 769 81050 
769 55185 779 13119 839 9997 771 67462 771 74076 
771 47748 785 12211 873 11961 779 13255 779 16100 
779 8799 787 10124 875 10371 785 12355 785 12317 
781 7658 823 8933 887 7621 787 10289 787 14275 
785 6698 873 12672 901 7151 823 9718 839 9164 
873 12319 875 11176 903 7294 839 7957 873 15866 
875 9212 911 9997 911 14034 873 12504 875 14597 
911 7070 913 30558 913 42864 875 11705 885 8014 
913 22881 915 10978 915 17867 887 7637 887 9571 
915 8355 927 12570 927 17120 911 12193 911 16126 
927 9109 929 24434 929 39262 913 35781 913 47839 
929 18041 931 12081 931 21563 915 16539 915 22190 
931 9143 939 33427 939 44461 927 15189 927 19228 
939 25388 941 64549 941 80980 929 24744 929 41671 
941 50894 955 31428 943 21057 931 14054 931 20332 
953 10610 957 52490 955 42344 939 42022 939 51801 
955 21829 959 14312 957 78142 941 72026 941 98775 
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957 39743 983 9918 959 18282 943 16206 955 46752 
959 9306 1025 11433 983 14959 955 30821 957 87830 
983 9244 1027 8483 1025 11841 957 51704 959 20469 

1023 5303   1027 9947 959 13457 983 15671 
1025 7143   1085 5875 983 11574 1025 13792 
1027 6576     1025 10415 1027 12440 

      1027 8419 1069 6879 
 

Table S6. The list of m/z values and corresponding intensities for detected signals in 

chloroform fraction of B & D extract of Enterococcus durans collected with NALDI-MS 

 

rep 1 rep 2 rep 3 rep 4 rep 5 

m/z Intensity m/z Intensity m/z Intensity m/z Intensity m/z Intensity 

409 13145 409 11066 409 9765 409 11793 409 8536 
425 31201 425 21843 425 17177 425 29774 425 21807 
437 43713 437 36393 437 25985 437 34577 437 36523 
439 38908 439 31829 439 22678 439 29001 439 33127 
444 10415 444 7789 444 7060 444 8823 444 9569 
446 10049 465 32420 465 23060 446 8060 446 8357 
465 39331 467 29893 467 22724 465 30726 465 32744 
467 39376 493 8915 493 7100 467 27612 467 31108 
493 10587 493 10155 495 6317 493 10644 493 8879 
493 10922 495 8042 685 31058 493 7570 493 9331 
495 11896 495 9024 701 47587 495 9459 495 8487 
495 9345 685 44091 768 28512 495 7831 495 10223 
685 48605 701 69987 770 27792 685 46593 685 35794 
701 83153 703 10468 779 7105 701 86565 701 56940 
768 55069 768 57492 912 20586 768 56118 703 9359 
770 52832 770 52747 914 8410 770 49942 768 51293 
779 12365 784 11570 926 7031 779 12467 770 46961 
784 12720 786 11745 928 14537 784 12002 779 7527 
786 9711 822 12204 930 7136 786 12186 784 9527 
838 8090 838 8148 938 22605 822 11196 786 9532 
872 12902 872 10146 940 46913 838 11911 822 7044 
874 11663 874 7298 952 8353 872 10686 872 14165 
910 8140 910 10509 954 19927 874 8573 874 13255 
912 35910 912 40182 956 38335 910 10245 912 24836 
914 14634 914 13823 958 7891 912 36566 914 9846 
926 11521 926 10496 982 8987 914 14305 926 8191 
928 34620 928 33869 1023 9348 926 10314 928 23785 
930 16129 930 13697 1025 7217 928 33238 930 11149 
938 37389 936 7980   930 15760 938 27113 
940 83356 938 40108   938 39581 940 61325 
952 12980 940 87612   940 82242 952 9455 
954 39724 942 18310   954 38101 954 29394 
956 78210 954 39976   956 82317 956 56595 
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958 18211 956 77141   958 18735 958 15530 
982 16630 958 18608   982 18094 982 12700 
997 7832 982 16110   1021 8207 997 6465 

1021 8340 995 7756   1023 17901 1021 6173 
1023 16446 997 7509   1025 13466 1023 15428 
1025 13637 1021 10516     1025 10400 

  1023 19271       

  1025 16517       
 

Table S7. The list of m/z values and corresponding intensities for detected signals in 

chloroform fraction of B & D extract of Lactococcus garvieae collected with NALDI-MS 

rep 1 rep 2 rep 3 rep 4 rep 5 

m/z Intensity m/z Intensity m/z Intensity m/z Intensity m/z Intensity 

409 11552 409 11900 409 8151 409 9071 409 6515 
425 21053 425 30948 425 21085 425 16161 425 16572 
437 27676 437 29283 437 26121 437 18753 437 19774 
439 25846 439 26183 439 21511 439 16736 439 16434 
465 28761 465 28489 465 25839 465 20049 465 19171 
467 25440 467 27883 467 24464 467 16905 467 16580 
493 8273 493 12070 493 7436 493 5417 493 4267 
493 8547 495 9682 493 5476 493 4846 493 4603 
495 7586 495 6022 495 6659 495 5249 495 5027 
685 40074 685 43576 495 5266 685 39805 685 23765 
701 52958 701 81846 685 39685 701 55734 701 40429 
768 44001 703 9325 701 63205 768 31186 768 25214 
770 41311 768 59432 768 48140 770 28038 770 24249 
784 10767 770 52723 770 43356 784 7160 784 5574 
786 8779 784 13064 784 10729 786 5566 786 5533 
804 7288 786 11006 786 10753 804 8678 804 8263 
806 9170 804 17579 804 13514 806 10579 806 9789 
884 13111 806 16035 806 16194 822 5036 884 4729 
886 37204 822 7756 822 5888 884 7389 886 18898 
900 8451 838 6823 884 9801 886 23261 900 5970 
902 26828 884 12919 886 32727 900 6410 902 17539 
910 9613 886 35938 900 7849 902 22444 910 4863 
912 39979 900 11406 902 26110 910 7365 912 17280 
914 23976 902 41060 910 7388 912 25841 914 11078 
924 7030 910 10264 912 31452 914 16129 926 14862 
926 28614 912 38861 914 19987 926 19033 928 19301 
928 30237 914 25480 926 25894 928 22345 930 11249 
930 19765 926 32277 928 26436 930 12959 938 9280 
938 18762 928 43440 930 18222 938 11798 940 25166 
940 54711 930 27791 938 14375 940 35391 942 14402 
942 24527 938 19014 940 43320 942 19690 952 4637 
952 10381 940 54212 942 22628 952 7257 954 17612 
954 32525 942 34484 952 7241 954 21002 956 26173 
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956 36493 952 8399 954 25552 956 29145 958 5931 
958 8257 954 33283 956 37183 958 6801 980 7227 
980 10453 956 55520 958 7345 980 8454 995 4223 
982 9326 958 11141 980 9745 982 5505 1023 6050 
984 6986 980 11209 982 6535 984 4599   

995 6180 982 10872 983 5054 996 4707   

997 6974 984 9309 985 5043 1023 5618   

1023 7858 995 8786 995 6702     

1025 6690 997 8616 997 8044     

  1023 11933 1023 9788     

  1025 10078 1025 7538     

    1037 4749     

 
Table S8. The list of m/z values and corresponding intensities for detected signals in 

chloroform fraction of B & D extract of Staphylococcus epidermidis collected with NALDI-MS 

rep 1 rep 2 rep 3 rep 4 rep 5 

m/z Intensity m/z Intensity m/z Intensity m/z Intensity m/z Intensity 

409 33803 409 25940 409 27726 409 27032 409 23137 
423 10297 425 41367 425 46072 425 43915 425 40448 
425 46453 437 43853 437 32913 437 47914 437 45458 
437 49745 439 38782 439 33495 439 44722 439 41038 
439 49477 465 48768 451 7442 465 50378 465 48616 
465 54800 467 40993 465 41986 467 52671 467 47238 
467 49937 487 14993 467 34785 487 15740 487 12468 
487 13769 493 14035 487 15293 493 18738 493 15309 
493 17260 493 17062 493 15104 493 18111 493 14553 
493 18678 495 14360 495 12147 495 16059 495 14280 
495 16103 495 13394 498 15576 498 16824 495 13950 
495 17751 498 16047 546 11374 546 12547 498 16262 
498 14998 546 10309 551 12839 551 15815 546 9053 
546 10421 551 16222 591 46355 565 10792 551 14556 
551 16771 565 9443 605 26333 591 38237 565 8433 
577 10481 591 34500 607 19903 605 21348 591 32596 
591 56700 605 18487 619 21992 607 20503 605 18575 
605 31726 607 13688 621 11721 619 21505 607 16467 
607 23949 619 20917 633 14146 621 9183 619 18733 
619 33639 633 12836 635 9249 633 14090 633 12044 
621 11747 635 8563 675 13821 635 9586 675 14847 
633 20437 675 14064 677 9924 675 15677 677 12702 
635 11022 677 10458 685 82618 677 12016 685 74827 
675 18509 685 75712 691 8900 685 77113 689 10749 
677 16176 689 8692 701 92152 689 11425 701 89913 
685 107484 701 88936 766 19630 701 91230 768 73610 
689 12411 703 13598 768 51635 766 20260 770 66677 
701 118949 766 17643 770 48368 768 68803 774 16128 
703 18728 768 64215 774 17816 770 64997 782 31283 
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766 23418 770 64242 782 42068 774 19655 786 13984 
768 71592 774 14888 788 11819 782 39661 788 13139 
770 68483 782 34498 794 10576 786 13760 794 9742 
774 20012 786 13515 796 24431 788 14785 796 18025 
782 45405 788 10928 798 28695 794 11119 798 17964 
786 14970 794 10359 810 19425 796 23049 810 14635 
788 16021 796 20151 812 14871 798 26539 812 12502 
794 15147 798 20576 824 14274 802 10454 824 12660 
796 25397 810 16770 826 13454 810 18020 826 12103 
798 26859 812 13052 840 8821 812 13224 900 8020 
802 9803 824 12289 914 59723 824 13782 910 7519 
810 19983 826 11556 928 35358 826 13698 914 42628 
812 16855 840 8397 930 47315 840 9544 916 7977 
824 17289 914 45738 942 33146 910 9197 928 29196 
826 13966 916 8114 944 31458 914 55247 930 40365 
840 11369 928 29670 956 29474 928 35771 942 25834 
914 69207 930 43164 958 30464 930 54004 944 25969 
916 10239 942 26314   942 33962 956 23483 
928 47328 944 25655   944 36995 958 27490 
930 59173 956 26661   956 27880 997 8210 
942 46735 958 26964   958 29046   

944 40303 997 6972   997 7930   

956 35665 999 6549       

958 38320         

997 8689         
 

Table S9. The list of m/z values and corresponding intensities for detected signals in 

chloroform fraction of B & D extract of Escherichia coli collected with NALDI-MS 

rep 1 rep 2 rep 3 rep 4 rep 5 

m/z Intensity m/z Intensity m/z Intensity m/z Intensity m/z Intensity 

437 20902 405 7428 405 5603 405 5646 403 5399 
439 18634 409 9589 425 6981 437 27078 405 6173 
465 20706 425 8878 437 29361 439 22976 425 5536 
467 18168 437 39529 439 27902 465 23280 437 30394 
563 22613 439 34406 444 5438 467 20886 439 28020 
591 6221 465 35304 465 28273 563 21997 465 29316 
669 6900 467 33374 467 28215 591 5265 467 24572 
671 6830 538 7926 495 5533 669 8302 549 4945 
685 6604 549 7665 563 24677 671 7959 563 24667 
726 7662 563 41509 591 7780 726 5880 591 8508 
728 5307 591 12373 669 10871 728 5432 655 5050 
742 39200 669 17315 671 8144 742 25028 669 9464 
763 21403 671 15503 685 10150 763 15194 671 7846 
768 8138 685 20049 701 8178 768 9874 685 6963 
770 10767 701 16841 706 6906 769 5723 701 6332 
772 4570 706 12533 726 11115 770 9553 726 7080 
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779 15000 726 21328 728 10080 779 11999 728 6574 
791 6033 728 15975 742 55196 791 4879 742 41768 
807 4879 742 87468 763 35862 832 7636 763 28984 
832 8623 744 9570 768 11354 834 9657 768 8825 
834 11160 763 66641 769 13591   769 10069 
847 5575 765 12227 770 12865   770 9006 
849 4773 768 13240 777 6641   777 5056 

  770 24112 779 28476   779 24923 

  772 9876 791 9148   791 6883 

  775 11610 793 6852   793 6751 

  777 14854 807 8383   807 6513 

  779 48884 832 13846   832 10473 

  791 20629 834 17472   833 4562 

  794 9285 847 7037   834 11216 

  803 9062 849 7843   847 6382 

  807 15121     849 4807 

  810 10150       

  832 11976       

  834 16669       

  847 13883       

  849 12294       
 

Table S10. The list of m/z values and corresponding intensities for detected signals in 

methanol fraction of B & D extract of Morganella morganii collected with NALDI-MS 

rep 1 rep 2 rep 3 rep 4 rep 5 

m/z Intensity m/z Intensity m/z Intensity m/z Intensity m/z Intensity 

409 35907 409 19983 409 54679 409 60802 409 51714 
425 24723 425 21636 425 35760 425 57328 425 46491 
437 12147 437 8928 437 15463 437 17701 437 18175 
439 9919 439 6205 439 12724 439 16219 439 15946 
465 12316 465 9226 465 18678 465 21616 465 16216 
467 9820 467 8457 467 14414 467 17914 467 16483 
493 15867 493 9084 493 25399 493 25281 493 22667 
495 15687 495 7821 495 23442 495 26891 495 23232 
764 7221 711 2898 708 7753 690 6203 674 6402 
780 3712 764 4163 764 6727 708 7028 690 6718 

  779 3061 780 5899 764 13184 764 12203 

  795 2998 795 8277 779 7689 779 5133 

    811 5849 795 10835 780 6703 

      911 5987 795 8352 

        811 5887 
 

Table S11. The list of m/z values and corresponding intensities for detected signals in 

methanol fraction of B & D extract of Staphylococcus warneri collected with NALDI-MS 

rep 1 rep 2 rep 3 rep 4 rep 5 



130 
 

m/z Intensity m/z Intensity m/z Intensity m/z Intensity m/z Intensity 

409 51409 409 78883 409 53079 409 88017 409 74160 
425 28831 425 44236 425 35921 425 52326 425 40805 
465 8007 493 20103 437 7243 465 10245 437 9286 
493 21171 495 17342 439 6746 467 9094 465 11758 
495 19377 661 11804 465 9006 493 24039 467 11887 
510 6694 689 8378 467 8940 495 23870 492 29864 
512 8002 739 16392 493 19412 510 7637 494 26744 
661 8877 745 11909 495 20419 605 8076 510 8339 
689 6540 753 5275 605 5173 633 12111 512 6729 
717 6484 755 14426 633 5786 661 27211 633 6788 
739 7580 761 11855 661 15023 677 10770 661 14776 
745 5334 767 40865 675 4556 689 19397 675 5301 
755 5550 769 6475 677 5372 690 6444 689 10741 
761 5788 781 5193 689 9942 705 6887 708 5500 
767 17703 783 34634 705 4749 717 14043 710 5401 
773 4476 797 5195 708 4666 733 7398 717 8352 
783 12453 799 9421 717 8611 739 13159 733 7554 
915 12328 887 5424 739 8643 745 9486 739 13167 
931 4323 915 36287 745 7013 747 5540 745 10583 
999 3089 929 7213 755 7364 755 10980 755 10883 

  931 12884 761 10259 761 15222 761 13059 

  943 5341 767 23266 767 37088 767 28749 

    773 4199 773 7802 769 4724 

    783 17715 781 5450 773 5822 

    799 4742 783 29710 783 20188 

    887 3774 799 9299 799 6230 

    915 22743 829 4630 887 5714 

    929 4028 887 6570 915 27506 

    931 8712 915 35863 929 3966 

    943 3114 929 7425 931 9941 

    999 3509 931 17447 999 4222 

    1001 3771 943 6541 1001 4216 

      999 4765   

 
Table S12. The list of m/z values and corresponding intensities for detected signals in 
methanol fraction of B & D extract of Lactobacillus plantarum collected with NALDI-MS 
 

rep 1 rep 2 rep 3 rep 4 rep 5 

m/z Intensity m/z Intensity m/z Intensity m/z Intensity m/z Intensity 

409 106503 409 135851 409 73048 409 110951 409 136141 
425 93073 425 126604 425 61014 425 105792 425 128261 
493 33447 437 13060 492 19413 437 7636 492 41386 
494 33664 439 12015 494 17865 444 8643 494 44776 
527 167557 444 13828 527 200188 446 7648 527 199068 
610 14065 446 14302 610 16989 465 11386 610 19456 
612 11696 465 20450 612 15173 467 7629 612 18746 
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696 7952 467 17999 690 7595 492 54285 708 9900 
710 7509 492 42058 696 8871 494 50467 710 8769 
712 7555 494 40265 712 10840 527 107136 712 6903 
764 19559 527 154273 748 7727 610 13223 734 7395 
780 8944 610 14315 764 10219 612 10330 742 10957 
887 7430 612 13187 780 6178 708 12182 764 33909 
913 9395 675 10108 941 4948 710 9532 780 14713 
927 4213 691 8184   726 4980 795 6238 
939 5066 708 10890   742 7392 887 9096 
941 11798 724 7510   764 22093 913 14273 
955 4333 734 9147   780 10522 915 5564 

  742 14501   885 3911 927 4947 

  764 37789   887 8325 929 5669 

  780 16943   913 10834 939 11466 

  885 7371   939 6483 941 23439 

  887 14064   941 14687 955 7215 

  903 9110   955 5183 957 9658 

  913 20275   957 7025   

  915 7910   1027 3443   

  927 7088       

  929 8362       

  939 13887       

  941 25671       

  957 11396       
 

Table S13. The list of m/z values and corresponding intensities for detected signals in 

methanol fraction of B & D extract of Enterococcus faecium collected with NALDI-MS 

 

rep 1 rep 2 rep 3 rep 4 rep 5 

m/z Intensity m/z Intensity m/z Intensity m/z Intensity m/z Intensity 

457 10271 444 6975 437 46874 437 31195 437 33735 
527 14219 468 7633 444 116545 444 26543 441 13513 
712 5029 685 5170 446 114185 446 23627 444 44497 

  696 5288 453 39281 453 19006 446 39277 

  941 7341 521 11902 527 20929 453 31434 

    527 16115 696 13522 457 12337 

    660 13943 712 10874 527 26273 

    662 13445   712 5731 

    712 8047     

    823 6038     

    913 5684     

    941 11113     

    955 4448     

    1133 3841     

    1199 4320     
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Table S14. The list of m/z values and corresponding intensities for detected signals in 

methanol fraction of B & D extract of Enterococcus durans collected with NALDI-MS 

rep 1 rep 2 rep 3 rep 4 rep 5 

m/z Intensity m/z Intensity m/z Intensity m/z Intensity m/z Intensity 

409 8294 409 6281 409 10595 409 9414 409 9083 
437 7574 437 15237 437 16283 437 16620 437 22544 
465 7825 439 12087 439 15418 439 12626 439 19240 
467 7380 465 16513 465 18776 465 16259 465 22999 
663 8475 467 14806 467 15982 467 17996 467 20035 
679 6814 468 5684 663 8471 468 9971 468 5116 
685 8037 470 5910 679 4438 470 8333 675 4161 
696 6944 663 4602 685 7055 527 7169 680 3913 
701 8288 682 3908 696 4403 663 8812 685 4916 
940 3566 685 5040 701 5194 679 5692 912 1917 

  696 4879 746 4560 685 8435 940 3765 

  701 3870 940 3956 701 5914   

  940 2537       
 

Table S15. The list of m/z values and corresponding intensities for detected signals in 

methanol fraction of B & D extract of Lactococcus garvieae collected with NALDI-MS 

 

rep 1 rep 2 rep 3 rep 4 rep 5 

m/z Intensity m/z Intensity m/z Intensity m/z Intensity m/z Intensity 

437 59208 437 58460 437 6709 437 6932 409 8508 
439 56092 439 55040 441 6789 439 6116 437 13200 
465 48531 465 60752 527 10075 441 7239 439 11419 
467 42619 467 54359 711 4453 457 7133 441 8751 
468 9762 591 11356   527 10252 457 11460 
527 16824 619 10443     465 9949 
652 11344 685 10839     467 7735 
680 8242 711 9206     527 10045 
685 7009 886 12693       

768 6411 902 5412       

770 7008 912 7681       

902 3592 914 10142       

912 3595 926 7907       

940 9124 930 4190       

954 4797 940 20422       

956 3678 954 12638       

  956 8739       

  980 4218       

 

Table S16. The list of m/z values and corresponding intensities for detected signals in 

methanol fraction of B & D extract of Staphylococcus epidermidis collected with NALDI-MS 
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rep 1 rep 2 rep 3 rep 4 rep 5 

m/z Intensity m/z Intensity m/z Intensity m/z Intensity m/z Intensity 

437 32871 437 18819 437 32862 409 11056 409 19538 
439 32627 439 15449 439 27315 437 107283 437 30864 
465 37040 465 22562 465 36662 439 98788 439 29028 
467 32055 467 18296 467 30061 446 9818 465 31370 
682 4829 696 7218 574 8325 465 118675 467 30841 
766 3613 714 6709 696 6258 467 118022 483 23516 

  766 6776 714 6283 468 10541 497 21431 

    766 5919 470 8931 499 20348 

      497 13874 574 23110 

      499 13603 590 14945 

      510 13368 674 11406 

      512 12057 692 15991 

      654 16658 695 17514 

      675 6758 711 11586 

      678 10100 714 21247 

      680 22602   

      682 20760   

      684 8273   

      766 14259   

      780 5900   

      782 8584   

      796 4132   

      914 6021   

 

Table S17. The list of m/z values and corresponding intensities for detected signals in 

methanol fraction of B & D extract of Escherichia coli collected with NALDI-MS 

 

rep 1 rep 2 rep 3 rep 4 rep 5 

m/z Intensity m/z Intensity m/z Intensity m/z Intensity m/z Intensity 

404 20233 404 18550 404 20465 404 25221 404 24673 
409 13787 409 13004 409 14996 409 17244 409 16682 
437 64254 437 58447 437 51238 437 41357 437 47888 
439 61676 439 50801 439 48164 439 35642 439 41877 
465 71448 465 58174 465 58535 465 45660 465 54192 
467 68722 467 52722 467 49930 467 39730 467 50249 
487 12844 487 11445 654 9944 682 9531 680 10209 
654 11429 654 9597 680 13160 696 10500 682 8969 
680 15084 680 14225 682 12904 711 9913 696 10714 
682 14507 682 12488 711 6841 763 15683 711 9636 
711 8208 763 14135 763 16382 764 10416 763 12874 
763 8022 764 8509 778 24609 778 28254 764 8899 
764 7272 772 5831 780 10462 780 11704 778 22547 
778 20175 778 26505 792 8118 792 10674 780 11381 



134 
 

780 7675 780 10802 794 28813 794 35108 791 7123 
794 19792 792 7129 806 6615 806 7537 794 29765 
808 6402 794 26832 808 5935 808 9052 806 6574 
810 7764 806 6729 810 9558 810 11169 808 7627 
822 6916 810 7645 822 7582 822 12310 810 9544 

  822 7226     822 9064 
 

Table S18. Comparison of the extraction performance of PPY@ZIF-8 and CAR/PDMS SPME 

fibers for standard mixture of VOCs by HS-SPME-GC-FID analysis  

 PPy@ZIF-8 75 m  CAR/PDMS 

Compound Intensity (a. u.) SD RSD, % Intensity (a. u.) SD RSD, % 

Methanol 1406.93 127.60 9.07 49.47 1.10 2.22 
Benzene 93.17 10.10 10.84 185.93 10.24 5.51 
Toluene 156.40 7.63 4.88 413.87 3.18 0.77 
Ethylbenzene 262.23 9.94 3.79 576.17 38.32 6.65 
p-xylene 434.30 17.82 4.10 589.23 8.04 1.36 
BFB  377.13 28.15 7.46 1393.90 25.91 1.86 
Phenol 224.40 12.40 5.53 69.63 2.80 4.02 
Dodecane 1431.17 145.93 10.20 42.20 2.07 4.90 
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5. Conclusion and final remarks 

The main aim of the presented research was to fabricate innovative analytical devices for the 

analysis of volatile and non-volatile low-molecular-weight compounds. After fabricating 

innovative analytical devices and characterizing them, this study investigated their potential 

for analyzing low-molecular-weight compounds and their complementary application in 

bacterial strain metabolic profiling.  

The results of presented research can be summarized via the following points:  

5.1. The results of modification of polypyrrole with the metal-organic framework (MOF) 

ZIF-8 demonstrated significantly enhanced extraction performance for selected volatile 

organic compounds (VOCs). Sensitivity has shown to be higher for fabricated PPy@ZIF-8 fiber 

as compared to pure polypyrrole coating, ranging from 5 to 16 times. Utilization of the newly 

fabricated PPy@ZIF-8 fiber with the film thickness ranging from 65 to 72 µm facilitated the 

extraction and identification of over 100 VOCs emitted by three species of bacteria (Hafnia 

alvei, Proteus mirabilis, and Enterococcus faecalis); 

5.2. Anisotropic gold nanostars showed sensitivity towards low-molecular-weight 

compounds, such as adonitol and lipids at the nanomolar level (lyso-

phosphatidylethanolamine, phosphatidylcholine, and lyso-phosphatidylinositol). The results 

showed a bright perspective for the future utilization of gold nanostars as an inorganic matrix 

for LDI-MS analysis of low molecular weight compounds; 

5.3. Variation in the mass of (from 2.5 to 100 mg) [Ag5(O2CC2F5)5(H2O)3] used in chemical 

vapor deposition processes as precursor, yielded variations in the size and morphology of 

deposited silver nanostructures and subsequently, tunable LDI-MS efficiency for low 

molecular weight compounds. Fabricated LDI-MS substrates (stainless steel plates, surface 

modified with silver nanograins) showed enhanced sensitivity towards biologically active 

compounds, including lipids (at nano- and picomolar levels), in both ion-negative and positive 

modes; 

5.4. The differences in the non-volatile profiles collected by silver nanostructures assisted 

LDI-MS substrates fabricated with the utilization of 5 mg of [Ag5(O2CC2F5)5(H2O)3] as a CVD 

precursor resulting in the deposition of silver grains with size 50 ± 10 nm were sufficiently 

enough for the differentiation between eight bacterial species. The differences in volatile 

profiles collected by PPy@ZIF-8 fiber with the film thickness ranging from 65 to 72 µm showed 

clear differentiation between Gram-positive (G+) and Gram-negative (G−) species. The 
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correlation between volatile and non-volatile profiles has also been observed. The obtained 

results potentially indicate on perspectives for utilization of fabricated devices as 

complementary, offering insights into bacterial metabolism and differentiation of bacterial 

species.  
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7. Abstract 

Low-molecular-weight (LMW) compounds play crucial roles in numerous biological, 

chemical, and environmental processes. Given the diverse roles and significance of LMW 

compounds, the development of innovative analytical techniques for their analysis is 

imperative. In this thesis, we present novel approaches for the analysis of LMW compounds, 

focusing on the fabrication of advanced analytical devices to meet the evolving needs of 

various scientific disciplines. 

The primary objective of the research was to fabricate novel analytical devices and explore 

their capabilities in the analysis of volatile and non-volatile LMW compounds.  

Innovative solid-phase microextraction (SPME) fibers were synthesized by modification of 

polypyrrole coating material with metal-organic frameworks (MOFs), specifically ZIF-8, 

enhancing their extraction performance for volatile organic compounds (VOCs).  

For the analysis of non-volatile compounds, two types of LDI-MS targets were fabricated: 

gold nanostars as inorganic matrix and silver nanostructured substrates. Gold nanostars 

were synthesized using seed-mediated approach and characterized using XRD, DLS, SEM and 

TEM, UV-VIS spectroscopy, ICP-MS. At the same time, silver nanostructured substrates were 

synthesized using chemical vapor deposition. The effect of mass of silver precursor on 

particles morphology, size and distribution, and LDI-MS performance was investigated. Both 

LDI-MS targets demonstrated promising sensitivity towards LMW compounds, including 

lipids.  

The potential of devices for differentiation of bacterial species has been investigated on eight 

bacterial strains such as Morganella morganii (MM), Staphylococcus warneri (SW), 

Lactobacillus plantarum (LP), Enterococcus faecium (EF), Enterococcus durans (ED), 

Lactococcus garvieae (LG), Staphylococcus epidermidis (SE), and Escherichia coli (EC). 

Statistical methods of data processing included principal component analysis, hierarchical 

cluster analysis, random forest model, and canonical correlation analysis. The results of the 

research indicated on potential of lab-made innovative devices for differentiation between 

bacterial strains.  

Developed analytical devices demonstrated significant potential for analysis of LMW 

compounds and subsequent applications in various fields, including analytical chemistry, 

forensic sciences, food manufacturing, and environmental monitoring, offering cost-efficient 

alternatives to commercially available analogs. 
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8. Streszczenie 

Związki o niskiej masie cząsteczkowej odgrywają kluczową rolę w licznych procesach 

biologicznych, chemicznych i środowiskowych. Z uwagi na ich różnorodność i znaczenie 

niezbędny jest rozwój innowacyjnych technik analitycznych służących ich analizie. W niniejszej 

pracy przedstawiono nowatorskie podejście do analizy związków niskocząsteczkowych, 

koncentrując się na wytworzeniu nowych, zaawansowanych podłoży analitycznych do 

zastosowania w znanych procedurach analitycznych, wychodząc naprzeciw potrzebom 

różnych dyscyplin naukowych. 

Głównym celem przeprowadzonych badań było skonstruowanie nowatorskich podłoży 

analitycznych i zbadanie ich możliwości w analizie lotnych i nielotnych związków 

niskocząsteczkowych. Pierwsze z nich, innowacyjne włókna mikroekstrakcyjne w fazie stałej 

(SPME), zostały zsyntetyzowane w procesie modyfikacji powłok polipirrolu za pomocą 

złożonych struktur metaloorganicznych (MOF), w szczególności ZIF-8. Wykazały one 

zdecydowanie wyższą wydajność ekstrakcji w stosunku do lotnych związków organicznych 

(VOC). Dla potrzeb analizy związków nielotnych skonstruowano dwa rodzaje podłoży LDI-MS: 

modyfikowane powierzchniowo nanogwieździstymi strukturami złota oraz sferycznymi 

nanostrukturami srebra. Nanogwiazdy złota zostały zsyntetyzowane przy użyciu metodologii 

seed-mediated approach i scharakteryzowane przy użyciu XRD, DLS, SEM, TEM, spektroskopii 

UV-VIS i ICP-MS. Nanostruktury srebra zostały zsyntetyzowane przy użyciu techniki 

chemicznego osadzania z fazy gazowej, wykorzystując perfluorowany karboksylan srebra(I) 

jako prekursor. Zbadano wpływ masy prekursora CVD na morfologię, rozmiar i rozkład cząstek 

srebra na wytwarzanych podłożach, a następnie na wydajność procesów LDI-MS. Obie 

matryce LDI-MS wykazały obiecującą czułość w stosunku do niskocząsteczkowych związków, 

w tym lipidów. 

Możliwości aplikacyjne wytworzonych podłoży (innowacyjnych włókien mikroekstrakcyjnych 

SPME oraz zmodyfikowanych powierzchniowo nanostrukturalnie matryc do analiz LDI -MS) do 

różnicowania gatunków bakteryjnych zostały sprawdzone na ośmiu szczepach bakterii, takich 

jak Morganella morganii (MM), Staphylococcus warneri (SW), Lactobacillus plantarum (LP), 

Enterococcus faecium (EF), Enterococcus durans (ED), Lactococcus garvieae (LG), 

Staphylococcus epidermidis (SE) i Escherichia coli (EC). Wyniki badań, poparte metodami 
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statystycznego przetwarzania danych, wskazały na wysoki potencjał wytworzonych w ramach 

niniejszej pracy innowacyjnych podłoży, do różnicowania szczepów bakteryjnych. 

Wytworzone podłoża analityczne, wykazały znaczące możliwości aplikacyjne w analizie 

związków niskocząsteczkowych, dając tym samym możliwość ich zastosowania w 

różnorodnych dziedzinach, takich jak chemia analityczna, medycyna sądowa, produkcja 

żywności i monitorowanie środowiska i oferując ekonomiczne alternatywy dla komercyjnie 

dostępnych analogów. 
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