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I Abstract 

 

The aim of this work is to develop novel approaches to improve signal reproducibility and 

sensitivity in matrix-assisted laser desorption/ionization (MALDI) and surface-assisted laser 

desorption/ionization (SALDI) mass spectrometry (MS), for quantitative analysis of small 

biomolecules including endogenous metabolites and small lipids. Firstly, regular channels 

were designed in the target plate to inhibit the inhomogeneous deposition of the samples 

during solvent evaporation, to improve the signal reproducibility in MALDI-MS. Secondly, a 

series of ultra-thin and homogeneous AuNP substrates ([AuNP]n) were prepared at the 

air/water interface by using a Langmuir-Blodgett inspired approach. The optimized [AuNP]n 

substrates exhibited not only high SALDI-MS signal intensity but also excellent signal 

reproducibility, both of which benefits the quantitative analyses in SALDI-MS. Thirdly, 

influences of gold core size and surface ligands on the MS signal were systematically studied 

to further improve the function of AuNP substrates in SALDI-MS. The results indicated that 

the AuNPs with bigger core size and hydrophobic surface ligands showed higher signal 

intensity. Moreover, removing the organic ligand of the as-deposited AuNP substrates could 

further increase the signal intensity. 
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II Zusammenfassung 

 

Ziel dieser Arbeit war es, neue Methoden zur Verbesserung der Signalreproduzierbarkeit und 

-empfindlichkeit bei der matrix-unterstützten Laser Desorption/Ionisation (MALDI)- und der 

oberflächen-unterstützten Laser Desorption/Ionisation (SALDI)-Massenspektrometrie (MS) 

zur quantitativen Analyse kleiner Biomoleküle einschließlich endogener Metaboliten und 

kleine Lipide zu entwickeln. Im ersten Teil haben wir regelmäßige Kanäle in der Probenplatte 

eingebracht, um die inhomogene Ablagerung der Probe während der 

Lösungsmittelverdampfung zu verhindern und die Signalreproduzierbarkeit bei MALDI-MS 

zu verbessern. In Anbetracht der Tatsache, eine Reihe ultradünner und homogener AuNP-

Substrate ([AuNP]n) wurde unter Verwendung eines einfachen Luft/Wasser-

Grenzflächenansatzes für SALDI-MS-Substrate hergestellt. Die optimierten [AuNP]n-

Substrate zeigten nicht nur eine hohe SALDI-MS-Signalintensität, sondern auch eine 

hervorragende Reproduzierbarkeit der Analytsignale, was eine quantitative Analyse von 

Fettsäuren ermöglichte. Um die Qualität des AuNP-Substrats für die quantitative Analyse bei 

SALDI-MS weiter zu verbessern, führten wir eine systematische Untersuchung des Einflusses 

der Goldkorngröße und der Oberflächenliganden auf das MS-Signal durch. 
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III Abbreviations 

MALDI matrix-assisted laser desorption/ionization  

SALDI surface-assisted laser desorption/ionization 

SELDI surface-selected laser desorption/ionization 

NALDI  nano-assisted laser desorption/ionization 

MS mass spectrometry 

MSI mass spectrometry imaging 

MS/MS tandem mass spectrometry 

ESI electrospray ionization 

TOF time of flight 

FTICR fourier-transform ion cyclotron resonance 

qqq triple-quadrupole 

AP atmospheric pressure 

GC gas chromatography 

LC liquid chromatography 

m/z mass to charge ratio 

DIE desorption/ionization efficiency 

IS internal standard 

RSD relative standard deviation 

CV  coefficient of variation 

LOD limit of detection 

LOQ limit of quantification 

CHCA  α-cyano-4-hydroxycinnamic acid 
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DHB 2,5-dihydroxybenzoic acid 

SA sinapic acid 

DIOS desorption/ionization on silicon 

NAPA nanopost arrays 

NIMS nanostructure-initiator mass spectrometry 

ESD electrospray deposition 

LBL layer by layer 

NPs nanoparticles 
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IV Introduction  

 

Mass Spectrometry (MS) is considered as a powerful technique to analyze complex bio-

mixtures, which can provide details about molecular weight as well as chemical structures of 

analytes. This techinique is not used to detect molecular weight directly, but to detect mass-

to-charge (m/z) ratio of a molecule, where m is the moleuclar weight in Daltons (Da), and z is 

the charge of the molecule. In the bioanalysis with MS, the generation of molecule ions is 

obligatory. For electron ionization (EI) and chemical ioniztion (CI), they always require the 

analytes to be transfered into the gas phase and generate fragments, which are only suitable 

for volatile and stable small moleucles. Therefore, they fail to ionize the biomolecules which 

are non-volatile and with large molecular weight, such as proteins. The invention of „soft 

ionization“ methods, particularly matrix assisted laser desopriotn ionization (MALDI) and 

electrospray ionization (ESI), are milestones in the development of bioanalysis. MALDI 

enbales the generation of intact molecular ions without fragments for lager molecules, which 

revolutionizes the application of MS in bioanalysis [1]. In the following part, more details 

about MALDI-MS will be described. 

 

4.1 MALDI-MS 

The laser desorption/ionization mass spectrometry was introduced in 1960s. However, the 

potential of this technique was not discovered until the event that Hillenkamp et al. applied it 

to analyze peptides and proteins with organic matrix in 1980s [2–4], with the term of 

MALDI-MS. As demonstrated in the previous reports, the MALDI-MS has the following 

advantages: sensitive and rapid detection, small amount of sample consumption, in-situ and 

soft ionizaiton and suitable for non-volatile samples. MALDI is known as a soft ionization 

method which usually generates singly charged molecular ions as 1
+
 or 1

-
 without fragments, 

which is good with analyzing complex mixtures. Therefore, MALDI-MS was considered as a 

powerful tool to analyze many kinds of biomolecules, including proteins, peptides, lipids, as 

well as small metabolites [2, 3, 5–9]. 

The MALDI process usually includes three steps: firstly, a mixture of a highly concentrated 

matrix solution and a dilute analyte solution is dropped on target plate. The solvent vaporizes, 

leaving the matrix recrystallizted with the analytes embedded into it. This process is also 
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called co-crystallization. Secondly, a pulsed laser is fired on the sample, subsequently causing 

ablation and desorption of matrix. Finally, the analytes are ionized by ablated species in hot 

plume as protonated or deprotonated ions and then they are transferred to the analyzer of a 

mass spectrometer [10]. 

 

4.1.3 Ion formation in MALDI-MS 

When the laser irradiates on the surface of samples, the matrix absorbs the laser energy and is 

primarilly desorbed and ionized, generating the hot plume (Figure 4.1). In the hot plume, 

there are a lot of species including matrix clusters and nanodroplets, neutral and ionized 

matrix molecules, protonated and deprotonated matrix molecules. The ablated species may 

participate in the ionization process of analytes, though the desorption/ionization process is 

still not clearly [10, 30]. Then analytes are desorbed and ionized via a complex energy 

transfer from matrix. The ions generated from this process consist the neutral molecules (M) 

with ions added or removed, which is called molecular ions, e.g. [M+H]
+
 and [M+Na]

+
 in the 

case of adding a proton or sodium. In a MALDI mass spectra, there are many ion signals, 

including matrix and analyte ions, major monocharged molecular ions and little multicharged 

ions and fragment ions. 

 

Figure 4.1 Schematic illustration of desorption/ionization process in MALDI.  
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The ion formation process is very complex in MALDI, and several different theoretical modes 

have been proposed to explain the ion-generation process, including gas phase proton transfer 

model, lucky survivor model, thermal model and so on [10, 11, 31]. Although many scientific 

work have been done, the meahanism is still on debate. One of the major reasons is that no 

single mechanism could explain all ions observed in MALDI-MS. 

 

4.1.1 Matrix used in MALDI-MS 

MALDI matrix are small organic crystalline solids, which have low vapor pressure in order 

not to be vaporized during sample preparation or standing in a mass spectrometer. The 

function of the matrix is to isolate analyte molecules and absorb energy from the pulsed laser 

[11]. Therefore, they ussally have a chmical struture with conjugated double bonds, which 

enable them to have strong optical absorption in either UV or IR range. Over the last several 

decades, a large number of matrices have been developed in MALDI-MS [12, 13]. However, 

only a few of them are widely used (Figure 4.2), including α-cyano-4-hydroxycinnamic acid 

(CHCA), 5-dihydroxybenzoic acid (DHB), sinapic acid (SA), 9-aminoacridine (9-AA), 

diiodotyrosine (DIT) and 2,4,6-trihydroxyacetophenone (THAP). During experiment, the 

matrix solution is usually made in a mixture of water and organic solvent, such as methanol 

and acetonitrile. Meanwhile, a counter ion source is usually added to help the ion formation 

process. For example, trifluoroacetic acid is always added for positive mode measurements.  

 

Figure 4.2 Molecular structures of the popular matrices in MALDI-MS.  

 

https://en.wikipedia.org/wiki/2,5-dihydroxybenzoic_acid
https://en.wikipedia.org/wiki/Sinapinic_acid
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According to previous report, the desorption/ionization efficiency (DIE) in MALDI-MS was 

affected by several aspects of matrix, such as choice of matrix and the co-crystallization 

process of matrix and analytes [14–16]. Then many scientific researches were focused on 

these aspects to increase signal intensity and detection sensitivity in MALDI-MS. Choosing a 

right matrix is very important for MALDI-MS and sometimes may show magic effect. As a 

thumb role, polar matrices are used to ionize polar analytes, and nonpolar matrices are applied 

for nonpolar analytes. Besides, the acidity of matrix is also a judgement to predict the 

protonating or deprotonating effect of analytes [17, 18]. Moreover, according to the previous 

experimental results: DHB is usually applied to analyze low molecular weight compounds 

such as carbohydrates and lipids; CHCA is often used for detection of middle molecular 

weight compounds such as peptides and lipids; SA is a common matrix for high molecular 

weight compounds such as proteins with molecular weight larger than 5000 Da. In addition, 

binary mixture of the standard matrices could achieve significant improvements in signal 

identification and detection limit [19, 20]. For example, DHB and CHCA were mixed as an 

optimized matrix for the detection of phospholipids distribution in tissues, which provided 

unprecedented detail in imaging mass spectrometry (IMS) [19]. By adding trifluoroacetic acid 

and piperidine, more than 100 peaks of phospholipids were detected in both positive and 

negative ion modes. Furthermore, the co-crystallization process of matrix and analyte is also 

very important for achieving a higher DIE in MALDI-MS. Many methods have been 

developed to tune and improve the co-crystallization process of matrix and analytes [8, 21–

24]. The results showed that small and homogeneous crystal formation would be favorable to 

get stable signals and higher DIE values. Recently, novel matrices, such as ion liquid, have 

demonstrated the capabilities to serve as a powerful toolkit in MALDI-MS [25, 26]. For 

example, the ion liquid matrix of 1,1,3,3-tetramethylguanidium (TMG) salt of p-coumaric 

acid (G3CA) was reported as a magic matrix for the detection of sulfated/sialylated/neutral 

oligosaccharides and glycopeptides without fragmentation in both positive and negative ion 

extraction modes [25]. The dissociation of sulfate head groups was effectively suppressed due 

to soft ionization character of G3CA and the detection sensitivity of sulfated/sialylated/neutral 

oligosaccharides was improved to be as high as 1 fmol. 

 

4.1.2 Laser used in MALDI-MS 

Only pulsed laser works for MALDI-MS. Because the required energy for 

desorption/ionization must be transferred to sample in the time that is shorter than the thermal 
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diffusion time [27]. A MALDI source usually employs an ultraviolet (UV) laser or an infrared 

(IR) lasers (Figure 4.3). For UV laser, there are nitrogen laser with a wavelength of 337 nm 

and frequency-tripled and quadrupled Nd:YAG laser with wavelength of 355 nm and 266 nm, 

respectively. For IR laser, Er:YAG laser with a wavelength of 2.94 μm, optical parametric 

oscillator (OPO) lasers with wavelength range from 1.7 to 2.5 μm and carbon dioxide laser 

with a wavelength of 10.6 μm are usually used. Although there are both UV and IR lasers 

available in the market, the majority of commercial MALDI instruments are equipped with 

UV laser, because most matrices have the absorption in the UV range. Laser irradiation 

conditions including laser wavelength, laser beam size and laser pulse duration have been 

investigated to clarify desorption/ionization process of MALDI-MS [28, 29]. It was found that 

sufficient energy absorption by matrix at irradiated laser wavelength was most important for a 

high DIE.  

 

Figure 4.3 Wavelength and photon energy of frequently used laser. Reproduced with 

permission from reference [27].  

 

4.1.4 Application in MALDI-MS 

During the development of MALDI-MS, it has been applied in many areas including 

chemistry, biology, medicine, pharmacy and forensic [1, 13, 32–34]. Nowadays, scientists 

have more interest in applying it in the clinical laboratory for fingerprinting analytes in quite 

complex samples [35]. As reported by Brulina et al., it is convenient to use MALDI-TOF-MS 

to study the cell-penetrating peptides (CPP) in eukaryote cells [36]. MALDI-MS enables 

direct peptide detection, which improves the distinction between membrane-bound and 

internalized species, leading to accurate measurements. In addition, MALDI-MS have been 

used to directly evaluate and identify bacteria successfully from urine and blood samples, 



Introduction 

10 

 

allowing real-time diagnosis [37–39]. 1325 anaerobes were analyzed by Scola et al. with 

MALDI-MS and 92.5 % of them were correctly identified at species‟ level, demonstrating 

routine identification methods for anaerobes could reply on MALDI-MS [40]. 

It should be noted that MALDI-MS is usually coupled with a TOF analyzer which has merits 

in large molecule detection in the present commercial applications. Until now, large 

compounds up to 1.5 million Da could be detected by MALDI-TOF-MS [41]. However, 

MALDI-MS is not suitable for small molecules (smaller than 500 m/z) analysis due to the 

matrix signals in low mass range and the resulting signal supersession. To overcome this 

obstacle, many protocols have been reported. For example, Cohen et al. [7] have summarized 

the methods to analyze small molecules (≤ 1500 m/z) by minimizing interference through 

sample preparation and matrix selection using MALDI-MS technology. However, these 

methods were not universally applicable. Meanwhile, some reports have demonstrated the 

capabilities of detecting small molecules by replacing the organic matrix in MALDI-MS with 

inorganic materials. This updated technique is called surface assisted laser 

desorption/ionization (SALDI) MS [42], which will be introduced in the following section. 

  

4.2 SALDI-MS  

Almost at the samet time of MALDI-MS, Tanaka et al. published cobalt nanoparticels (NPs) 

(around 30 nm diameter) with glycerol to successfully analyze large proteins (with molecular 

weight of 35 KDa) [43]. This was considered as the first report in SALDI-MS. After the 

pioneerwork, SALDI-MS was introduced as promising method with great potential 

application in bioanalysis. In 2002, Tanaka and his co-workers were awarded Noble Prize in 

Chemistry for developing a soft desorption/ionization method for mass spectrometric analyses 

of biological macromolecules.  

As mentioned above, SALDI-MS is developed on the basis of MALDI-MS by replacing the 

organic matrix with inorganic materials. Thus, SALDI-MS is an organic matrix-free 

technology, using inorganic materials to assist desorption/ionization of analytes by 

transferring the absorbed energy to analyte molecules. The matrix signals in low mass range 

could be significantly eliminated and the noisy background could be reduced, which are 

crucial for small molecule analysis. Compared with MALDI-MS, SALDI-MS has been 

recognized with the following advantages: (a) simple and flexible sample preparation; (b) 

reduced background signals in the low m/z region owing to decreased chemical noise; (c) 
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possibility to selectively capture and preconcentrate analytes by particles modification; (d) 

application in a wide wavelength range with different laser types. Until now, many kinds of 

micro- and nano- structured materials have been used in SALDI-MS, including metal 

materials (for example, Au, Ag, Pa and Pt), metallic oxides, carbon materials, silicon 

materials, and the others [44–50]. According to previous reports, both the chemical 

composition and structure of the materials have great effects on the DIE of analytes in 

SALDI-MS. In the following, applications of these materials in SALDI-MS will be described. 

 

4.2.1 Metal nanomaterials 

Metal nanomaterials are well-known matrices in SALDI-MS for biological analysis because 

of their unique optical, thermal and electrical properties. Owing to the ease of preparation and 

good biocompatibility, Au nanomaterials are widely applied in SALDI-MS [51, 52]. As 

reported in recent studies, Au nanomaterials have been used for analysis of a wide range of 

small molecules, including amino acids, peptides, synthetic polymers, aminothiols, drugs, 

oligosaccharides and chinese herbal medicine granules [53–59]. Au nanomaterials exhibit 

strong interactions with thiol and amino groups. Thus, they can capture biomolecules with 

thiol and amino groups via the thiol-gold and amine-gold interactions, which can concentrate 

the analytes from sample solutions to achieve a lower detection limit for biomolecules. Nile 

red-adsorbed AuNPs (NR-AuNPs) were reported as selective probes for analysis of 

aminothiols in SALDI-MS [57] (Figure 4.4). Three aminothiols including glutathione (GSH), 

cysteine (Cys) and homocysteine (HCys) and a non-thiol amino acid (arginine) were used in 

this work. The aminothiols could induce aggregation of AuNPs, indicated by the sample 

precipitation. With pre-concentration, the LOD for three aminothiols in SALDI-MS were 

improved to 40, 20, and 30-fold lower, respectively.  
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Figure 4.4 Schematic illustration of workflow of SALDI-MS with AuNPs as matrix for 

analysis of aminothiols. Reproduced with permission from reference [57]. Copyright (2006) 

American Chemical Society.  

 

The size, structure and the surface chemistry of nanoparticles are crucial parameters for 

detection sensitivity, selectivity and high DIE in SALDI-MS. Mixed AuNPs with two 

different diameters of 3 and 14 nm were used in SALDI-MS to detect amino-thiol compounds 

[60]. The authors found that larger AuNPs could selectively capture amino-thiol on the 

AuNPs‟ surface and smaller AuNPs could improve the signal sensitivity. With this protocol, 

glutathione, cysteine, and homocysteine were detected with limit of detection (LOD) of 2, 20 

and 44 nM, respectively. As reported in the recent studies, gold nanoclusters, nanowires, 

nanorods and nanoflowers have been successfully used in SALDI-MS, for analysis of 

biomolecules within a wide range of molecular weight and different polarities [44, 60–63]. 

For example, flower-like AuNPs were applied as matrix to enhance ionization of peptides 

[44]. The author illustrated that the peak intensities of peptides were improved up to 7.5 times 

higher by using gold nanoflowers as matrix over the classical CHCA matrix.  

Gold nanomaterials are usually synthesized with surface ligands which are unfavorable for 

desorption/ionization of analytes. Eliminating of ligands would help to increase the quality of 

mass spectra and detection sensitivity in SALDI-MS. Chemical-free AuNPs were synthesized 

by using a laser ablation method and used as matrix in SALDI-MS[61]. Contrary to citrate 

stabilized AuNPs (citrate-AuNPs) as matrix, these chemical-free AuNPs generate reduced 

background in the low-mass region (<500 Da). This allowed better quality of mass spectra 

and lower LOD for analytes including arginine, fructose, atrazine, anthracene and paclitaxel 
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in picomole detection. By designing the ligands, AuNPs could be used to detect some special 

compounds in SALDI-MS. For example, 4-mercaptophenylboronic acid functionalized 

AuNPs (4-MPBA-AuNPs) were synthesized and successfully used for enrichment and 

detection of glycopeptides [64]. The boronic acid group on the surface of 4-MPBA could 

react with cis-1,2-diols groups of glycopeptides and form reversible covalent bonds, which 

facilitates the successful isolation and selection of the analyte molecules.  

As mentioned above, the gold nanomaterials have shown good performance as matrices in 

SALDI-MS, especially in detecting small molecules. Meanwhile, it is realized that such 

materials have limits in analysis of large molecules such as large peptides and proteins. Take 

proteins as an example, the interactions between gold nanomaterials and thiols are so strong 

that the molecules could not be desorbed from AuNPs with laser agitation. One exception is 

the binary mixture of AuNPs and organic matrix that was reported as the matrices of detecting 

large proteins in SALDI-MS [65, 66]. For example, hybrid materials of AuNPs and organic 

matrix molecule, like AuNCS@SA (gold nanocluster as core and sinapic acid as ligand), were 

synthesized and used to analyse large proteins such as myoglobin [66].  

Like the gold nanomaterials, silver nanomaterials are also widely used matrices in SALDI-MS 

[67]. They have been successfully used for analysis of different kinds of analytes, including 

fatty acids, amino acids, oligosaccharides, oestrogens, peptides, olefins, drugs and imaging 

lipids in animal tissues [68–77]. By choosing a suitable composite partner, a binary mixture of 

Ag nanomaterials would show special characters in SALDI-MS. For example, AgNPs 

covered with zeolite were developed as matrix in SALDI-MS for analysis of low molecular 

weight analytes including acetylsalicylic acid, l-histidine, glucose, urea, cholesterol, and those 

in human serum [78]. The introduction of zeolite prevents the destruction of AgNPs after the 

photoexcitation, which permits Ag to work as efficient, long-living and stable ion supply. Ag–

Au alloy NPs were prepared and used for imaging of latent fingerprints (LFPs) in SALDI-

MSI [79]. With this Ag-Au hybrid nanoparticle, several endogenous fatty acids were detected 

unambiguously. Compared with pure AgNPs or AuNPs, these Ag–Au alloy NPs have better 

performance in stability and image contrast. In addition, it has been illustrated that the Ag–Au 

alloy NPs with certain composition of 60:40 wt % have the best SALDI-MS performance. 

Similar with AuNPs, AgNPs could also be used to concentrate analytes in solution and get 

better sensitivity in SALDI-MS, by careful designing of the ligands [80–83].  

Except for the coinage metals mentioned above, the platinum (Pt) and palladium (Pd) 

nanomaterials have also been used in the SALDI-MS. For example, with Pt nanoparticles 
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(PtNPs) as substrates, peptides and proteins with molecular weights from 1200 to 25000 Da 

could be detected effectively [84]. PtNPs were reported as matrix as well as probe in SALDI-

MS for analysis of natural and denatured (microwave-digested) proteins (lysozyme and 

bovine serum albumin) [85]. High quality mass spectra of target molecules were obtained in 

optimized condition and higher numbers of peptides sequence were obtained for digested 

lysozyme protein. Except for analyzing large molecules, PdNPs are also used as matrix in 

SALDI-MS for analysis of small molecules, such as free acids and triacylglycerides (TAG) 

from vegetable oil [86]. 

 

4.2.2 Metallic oxide nanomaterials 

Among all the metallic oxides, TiO2 nanomaterials attracted most interest and were 

considered as one category of the most promising candidate matrices in SALDI-MS, because 

of their special optical properties, i.e., strong absorption in the UV range. In the previous 

studies, different crystalline types of TiO2 (i.e., anatase, rutile and brookite) were investigated 

as matrix in SALDI-MS for analysis of low molecular weight compounds [83]. The results 

showed that neat anatase or rutile TiO2 nanomaterial showed better SALDI-MS performance 

than a commercial TiO2 with mixed anatase/rutile structure, indicating the crystalline form 

played an important role in the application of TiO2 as matrix. TiO2 nanocrystals with different 

shapes and sizes were used as substrates in SALDI-MS for analysis of physiologically 

relevant small molecules such as steroid hormones, amino acids and carbohydrates [87]. The 

results showed that all TiO2 nanocrystals, regardless of their shape and size, had great 

potential in detection of small molecules. However, the quality of mass spectra, repeatability 

and sensitivity varied greatly. Popović et al. reported that size and shape of nanocrystals 

influenced the packing way of carbohydrates onto the sample plate [88], which later affected 

the homogeneity and reproducibility of analytes. Larger TiO2 nanocrystals generated higher 

reproducible signals of analytes.  

For most SALDI-MS matrices, they are one-time used, causing the waste of the materials. 

Preparing re-useable matrices always have promising future. A 50 nm thick TiO2 layer was 

coated directly on surface of steel target plates and was used as matrix in SALDI-MS for 

analysis of amino acids, sugars, poly (ethylene glycol) (PEG) 200, and real sample of extracts 

from Cynara scolymus leaves [89]. Compared with TiO2 nanopowder as matrix, the TiO2 

nanolayer showed a better performance for PEG 200, with around 30-fold improvement in 

signal intensity. Besides, this kind of TiO2 nanolayer could be reused for many times, 
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promising for the scalable detection. Moreover, the hybrid nanomaterials of TiO2 are also 

good candidates for SALDI-MS materials. For example, core/shell nanoparticles of 

Fe3O4/TiO2 (Fe3O4/TiO2 NPs) were synthesized and used as affinity probes for the analysis of 

phosphor peptide in SALDI-MS [90] (Figure 4.5). Compared with micro TiO2 materials that 

have no well-designed nanostructure, Fe3O4/TiO2 NPs have a higher surface area ratio and 

better trapping capacities for phosphopeptides. In addition, by employing a magnetic field, 

Fe3O4/TiO2 NPs could be isolated from samples because of the magnetic property of Fe3O4 

core. These NPs were used to selectively pre-concentrate phosphor peptide from protein 

digests and the detection limit was as low as 500 pM for a digest solution of beta-casein (100 

µL).  

 

 

 

Figure 4.5 Schematic illustration of workflow of SALDI-MS with Fe3O4/TiO2 NPs as the 

trapping adsorbents as well as matrix for analysis of aminothiols. Reproduced with 

permission from reference [90]. Copyright (2005) American Chemical Society. 

 

Except for TiO2, some other metal oxides have also been used as SALDI-MS matrix and 

showed that the structure (e.g., surface porosity and shape) of the metal oxides has strong 

influence on the DIE in SALDI-MS. For example, mesostructured tungsten titanium oxides 

(MTTO) were synthesized and applied as matrices in SALDI-MS [91]. With the as-prepared 

porous MTTO, the signal intensity of peptide, i.e., gramicidin S, was improved about 100 

https://www.sciencedirect.com/topics/materials-science/tungsten
https://www.sciencedirect.com/topics/materials-science/titanium-oxide
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times in comparison with nonporous MTTO. The intensity improvement may be attributed to 

the coupling effect of porous structure and the strong ultraviolet absorption of MTTO. In 

addition, zinc oxide nanoparticles (ZnO NPs) with anisotropic shapes were prepared and used 

in SALDI-MS for analysis of polypropylene glycol (PPG) (average molecular weight 400) 

[92]. The results showed that ZnO NPs had high sensitivity to synthetic polymers, which is 

comparable to MALDI with DHB as matrix.  

 

4.2.3 Carbon nanomaterials 

Carbon materials consist a large family of carbon based materials, including fullerenes, 

carbon NPs, carbon nanotubes (CNTs), graphene, graphite oxide (GO) and carbon nanodots 

(C dots). These materials have strong optical absorption at wavelength range of 250-350 nm 

[93, 94], which are ideal materials for several lasers widely used in SALDI including N2 (337 

nm) laser and Nd:YAG lasers (266 and 355 nm). Because of such superior optical absorption 

as well as good thermal and electrical conductivity, these materials attracted great interests of 

scientists and are widely applied in SALDI-MS to analyze both small and large molecules 

[42, 95–98]. Fullerene C60 [99] was first used as SALDI-MS matrix in 1994 to analyze 

phosphotungstic acid. In 1995, graphite particles with size ranging from 2 to 150 µm 

dispersed in glycerol were applied in SALDI-MS for analysis of peptides and proteins, as well 

as the other low molecular weight analytes [42]. The results showed that best spectra of the 

larger molecules were observed under dry condition and a sensitivity in the pico- to nano-

mole range, which was as good as that in conventional MALDI. Because of the high surface 

area ratio and thermal conductivity, CNTs have been considered as excellent matrices for 

SALDI-MS. For example, CNTs were used as matrices in SALDI-MS for analysis of low 

molecular weight compounds [100]. The results showed that CNTs could reduce background 

interference and improve sensitivity and reproducibility of analyte signals, because the 

analytes such as peptides, organic compounds and beta-cyclodextrin could be trapped and 

enriched by CNTs. Moreover, CNTs could lower the laser threshold for desorption/ionizaiton 

and avoid the fragmentation of the analytes. However, poor solubility of CNTs in both water 

and organic solvent make them aggregate easily which greatly suppresses the DIE of analytes 

in SALDI-MS. To overcome the obstacle, several strategies have been developed mainly by 

well-design of the chemcial structure towards as-demand synthesis. For example, water-

dispersible multiwall carbon nanotubes (MWCNTs) @polydopamine core–shell composites 

were synthesized and used as matrix for SALDI-MS for analysis of various water-soluble 
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small molecules [101]. The SALDI-MS results showed high peak intensities and good 

detection sensitivity could be obtained with LOD at 1 ng/mL for histidine. 

Except for high surface area and thermal conductivity, graphene materials have excellent 

absorb ability in extraction and enrichment for a wide range of analytes, which make them 

particularly suitable as probes of analytes in SALDI-MS [102–108]. For example, Tang et al. 

[107] reported that graphene was an ultrahighly efficient platform for preconcentration and 

detection of single-standed DNA (Figure 4.6). DNA-adsorbed graphene could be used directly 

for surface selected laser desorption/ionization (SELDI) TOF MS. The binding force of 

graphene with biomolecules (DNA and proteins) improved the extraction efficiency and 

detection sensitivity. Like the CNTs, pristine graphene also has the water soluble problem. 

Meanwhile, chemical oxidation of graphene (graphite oxide, GO) has improved water 

dispersibility and avoids the self-agglomeration. A lot of literatures have reported that GO 

could be good matrix for SALDI and SELDI-MS [102–104, 106, 108]. For example, GO was 

utilized as a dual-platform to enrich and detect tetracyclines (TCs) in SALDI-MS with free 

background interference in low mass range [108]. Due to the large surface area and strong 

interaction with TCs, GO served as an excellent matrix in SALDI-MS and the LOD of TCs 

was as low as 2 nM.  

 

 

Figure 4.6 Schematic illustration of workflow of SELDI-MS with graphene as matrix for 

analysis of DNA. Reproduced with permission from reference [107]. Copyright (2010) 

American Chemical Society. 
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Recently emerged C dots are new family members in carbon nanomaterial. They have 

ultrafine dimensions, isotropic shapes and tunable surface functionalities and good 

biocompatibility. C dots were reported as matrix for the analysis of small molecules  such as 

amino acids and beta-agonists by SALDI-TOF MS in both positive and negative ion modes 

[109]. The LOD of octadecanoic acid could be as low as 0.2 fmol. 

 

4.2.4 Silicon nanomaterials 

Silicon materials have high UV absorptivity and good thermal conductivity that fit well with 

the demanding of SALDI-MS matrix. In 1999, desorption/ionization on silicon (DIOS) was 

first reported for analysis of small molecules by Siuzdak and his co-workers [110], which 

opened a new era in detection of small molecules. Since then, silicon nanomaterials including 

silicon NPs, porous silicon, silicon films, silicon nanoarrays, silicon nanowires and silicon 

nanocomposites, were used as matrices for SALDI-MS to analyze all kinds of biomolecules 

[111–120].  

Silicon materials are easy to be treated to get porous structures, providing great surface area 

of contact. Surface porosity could reduce the required thermal energy for effective analytes 

desorption by confining the heat and laser energy in the porous structure [121]. Therefore, by 

increasing porosity of silicon could increase surface roughness and ion yield [122]. 

Nanostructure-initiator mass spectrometry (NIMS) is one of the silicon porous structure 

substrates in SALDI-MS, which is very popular in recent studies [123–125]. NIMS uses a 

nanostructured or „clathrate‟ surface to trap liquid („initiator‟) compounds which will be 

subsequently released by laser irradiation for mass analysis. With NIMS, small molecules, 

drugs, lipids, carbohydrates and peptides could be adsorbed on its surface and then detected 

with low background and high sensitivity. Moreover, NIMS could also be used to analyze 

complex samples such as cells and bio fluids [125]. A study of the relationship between 

NIMS surface morphology and analyte selectivity was reported by Siuzdak et al. [124] 

(Figure 4.7). The results showed that the sensitivity of NIMS was affected by surface 

morphology significantly. The sensitivity of small molecules increased with porosity, whereas 

higher sensitivity for large molecules could be obtained with the NIMS with low surface 

porosity and small pore size. It is estimated that this transition occured when the pore size is 3 

times smaller than the maximum of molecular dimensions.  
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Figure 4.7 Schematic illustration of the relationship between NIMS surface morphology and 

analyte selectivity. Reproduced with permission from reference [124]. Copyright (2017) 

American Chemical Society.  

 

In addition, surface modification could further improve the DIE of porous silicon in SALDI-

MS. There are plenty of works focusing on the surface functionalization of silica materials to 

help the extraction of analytes for better selectivity and sensitivity [126, 127]. For example, 

through layer-by-layer assembly, hyaluronic acid functionalized Fe3O4@SiO2 nanoparticles 

(Fe3O4@SiO2@HA) with different sizes have been synthesized for facile extraction, detection 

and profiling serum biomarkers via ligand-protein interactions in SALDI-MS [126]. HA is 

easy to be bonded with silica shell, which is otherwise difficult to be functionalized directly 

on Fe3O4. With this method, HA-CD44 binding was achieved in both standard solutions and 

diluted serum samples; in the latter case, a detection limit of 0.6 ng/mL was reported.  

Except for porous structure, silicon is easy to be fabricated to a lot of other nanostructures. 

Nanofabricated silicon nanopost arrays (NAPAs) were reported as effective matrix in SALDI-

MS for analysis of metabolite extracts, peptides, drugs, explosives and tissue imaging [128–

132]. Compared to other nanostructures, NAPAs offered dramatic increase of the ion yield, 

high reproducibility and controllable fabrication [133]. Under optimized condition, the LOD 

of verapamil from the NAPAs in SALDI-MS was as low as 6 amol. Moreover, after a long 
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period storage such as 1.5 years, the NAPA structures will not change their performance in 

mass spectra, indicating the potential for reusability of these structures. 

Silicon materials have the advantages of cheap, stable and easy to modify. Therefore, it is 

convenient to make them into commercial substrates for SALDI-MS. In 2003, Waters Corp. 

released a commercial DIOS
TM

 chip based on porous silicon. Modification of DIOS leads 

these substrates more functionalities for special analysis with low limit of detection. In a 

recent work [134], the detection limit of des-Arg9-bradykinin with 480 molecules (800 ymol) 

was obtained with pentafluorophenyl-functionalized DIOS chip. In 2007, the SiNWs 

substrates were made commercially available under the name NALDI
TM

 from Nanosys, Inc. 

and Brucker Daltonics, Inc.. This substrate was specially designed for instruments of Bruker 

Daltonics FlexTM series and for the detection of low molecular weight compounds with m/z 

from 50 to 1500. A comparison between NALDI™ MS and conventional MALDI-MS for 

detection of small molecules was made, about 10 times more sensitivity was achieved with 

NALDI™ MS [135].  

 

4.3 Quantitative analysis in MALDI-MS and SALDI-MS  

New discoveries in fundamental, industrial and clinical researches always demand 

quantitative data of the target molecules, either relatively or absolutely. In some sub-fields of 

biochemistry, such as proteomics, the project cannot move on without quantitative molecular 

analysis. It is a pity that many MS methods are not suitable or available for quantitative 

analysis. To address this issue, many efforts have been made on technological and 

methodological improvements. Currently, liquid chromatography with electrospray (LC-ESI) 

and gas chromatography (GC) are the best choices for quantitative analysis in MS. However, 

there are many limitations for these methods; for example, the procedure is complex and time-

consuming, and not suitable for throughput measurements. While MALDI has the merits of 

high throughput, simple sample preparation and sensitive analysis, which attract many 

scientists. Although it still has some problems in quantitative analysis, including ion 

suppression and signal fluctuation, these problems tend to be less burdensome with the 

development of MALDI.  
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 4.3.1 Quantitative analysis in MALDI-MS  

MALDI-MS is notoriously known for its poor shot-to-shot and sample-to-sample signal 

reproducibility, limiting its application in quantitative analysis. The main reason for the poor 

signal reproducibility is the inhomogeneous recrystallization of matrix and analyte molecules, 

generating “sweet spot” and coffee-ring like structure during sample deposition and solvent 

evaporation [136]. Because of this drawback, MALDI-MS is usually used as a semi-

quantitative analysis technique. To make MALDI to be suitable for reliable quantitative 

analysis, great endeavour has been made in the past decades. For example, the signal 

reproducibility could be improved by using a fourier transform ion cyclotron resonance 

(FTICR) or a triple-quadrupole (qqq) mass spectrometer in a multi reaction monitoring 

(MRM) or a selected reaction monitoring (SRM) mode [137, 138]. In addition, the use of 

internal standard (IS) could also overcome some part of this limitation. For example, Emilia 

Szajli et al. [139] investigated the reliability of MALDI for quantitative analysis by using a 

statistical calculation of the inverse confidence limit. They reported that the use of isotope-

labeled IS led to dramatic increase in precision. However, the isotope-labelled IS are quite 

expensive and not available for common use. Therefore, the compounds which have similar 

structure with that of analytes were proposed as IS. Volmer et al. [140] assessed the 

performance of different small molecules as IS in quantitative analysis in MALDI-MS. The 

results showed that closely matched molecular weight and structural similarities between 

analyte and IS are essential parameters for acceptable quantitative analysis data. Moreover, 

signal reproducibility could also be improved by using high frequency laser to create massive 

data and doing data average [141, 142]. A high repetition rate laser, with a 100 fold increase 

of the pulse frequency as compared to the standard one, was  introduced in MALDI source 

which created massive accumulated data [141]. By increasing the reproducibility and 

intensity, the RSD of sample signal was greatly decreased to be lower than 5% after taking 

into account of the area ratio of analyte to IS. The magnitude of the dynamic range of the 

calibration curves was increased at least two and three orders by using a qqTOF and qqq 

platforms, respectively. 

By introducing some other designs, such as novel matrix or special target plate [143–147], the 

signal reproducibility in MALDI could also be improved. However, most significant 

improvements in quantitative analysis in MALDI-MS were from modified sample 

preparation. Some strategies, including fast solvent evaporation [21], electrospray techniques 

[22, 148], seed layer approaches [149, 150], hydrophobic target coatings [23, 24], and so on 

[151–153], have been employed to improve the sample preparation and most of which 
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showed improvement in the signal reproducibility. For example, Avinash Patil et al. [153] 

produced homogeneous layer of samples for MALDI with a simple forced dried droplet 

method. The author found that signal reproducibility was improved with RSD of 16%, which 

is acceptable for quantitative analysis. Russell Hensal et al. [148] used electrospray method to 

deposit samples on surface of target plate that have significantly improved the sample 

homogeneity. The improved homogeneity in electrosprayed samples decreased not only the 

short-to-short but also the sample-to-sample variability, in which lead to a decrease in 

coefficient of variation (CV) of MS signal (15.1% or better as compared to 49.6% for the 

drop-dried samples). Onnerfjord et al. [149] prepared homogeneous samples for MALDI-MS 

with a seed layer method which is also called a two-layer method. With this method, the 

surface homogeneity and sample-to-sample reproducibility were highly improved with 

variations within-sample and between-sample at a 95% confidence level. A linear calibration 

curve of human insulin was obtained within one order of magnitude using bovine insulin as IS 

(R
2
>0.996). Martin Pabst et al. developed a platform based on microarray for mass 

spectrometry (MAMS) technology and the parallel lanes of hydrophilic reservoirs to prepare 

homogeneous sample for MALDI-MS [154] (Figure 4.8). Due to the interplay of 

hydrophobic/hydrophilic interaction, the samples were rapidly and automatically aliquoted 

into sample spot. With this device, a few microliters of sample could be aliquoted up to 40 

replicates within seconds, and each aliquot contains only 10 nL. The evaporation of the 

solvent was very fast and sample was dispersed quite homogeneously. The quantitative 

analysis of [Glu
1
]-fibrin peptide B with CHCA as matrix was successfully achieved with 

calibration range of 0.2–2 μg/mL and R
2
 higher than 0.99.  

 

Figure 4.8 Schematic illustration of workflow with a self-aliquoting microarray plate for 

quantitative analysis. Reproduced with permission from reference [154]. Copyright (2013) 

American Chemical Society. 
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Except for the method mentioned above, adjusting solution pH and solvent composition can 

also alter the crystallization behaviour and then improve the sample homogeneity [8, 155, 

156]. However, the sweet spot issue remains. To overcome this problem more effectively, 

liquid matrix such as ionic liquids have been used. Ionic liquids have showed great potential 

to make homogeneous sample for quantitative analysis of biomolecules with higher 

sensitivity [25, 26, 157, 158]. Li et al. tested several CHCA-based ionic liquids (1-methyl 

imidazolium-CHCA, diethyl ammonium-CHCA and pyridinium-CHCA) as matrices in 

MALDI for quantitative analysis of different molecules including peptides, small proteins and 

oligodeoxynucleotides [26]. With homogeneous sample preparation, high signal 

reproducibility was obtained with RSD from 2% to 6% and good calibration cure were 

achieved with R
2
 from 0.992 to 0.998 for Tyr-bradykinin. The authors found that the slopes of 

the calibration curves had an inverse relation with the peptide molecular weights, which could 

be used to predict the relative sensitivities for similar analytes. 

 

4.3.2 Quantitative analysis in SALDI-MS 

In SALDI-MS, there is no co-crystallization of analytes and inorganic nanomaterials. 

Therefore, the homogeneity of inorganic nanomaterials and analytes would be improved in 

some level. The increased homogeneity of samples would increase signal reproducibility of 

analytes in SALDI-MS [55, 60, 71, 159–163]. For example, Shoji Okuno et al. made a 

comparison about quantitative analysis of polypropylene glycol (PPG) mixtures between 

MALDI (using DHB and CHCA as matrices) and SALDI (using DIOS as matrix) [159]. By a 

systematic study of the factors influencing signal reproducibility, the authors found that DIOS 

was more suitable for quantitative analysis. Furthermore, the sample homogeneity could be 

improved by using nanomaterials with smaller size. Ultrathin graphitic carbon nitride (g-

C3N4) nanosheets were used as novel matrices for negative ion mode in SALDI-MS for 

detection of small molecules [163]. The homogeneity of sample dispersion was improved 

because of the small size of this g-C3N4 nanosheets. By analysing histidine, good 

reproducibility was achieved with RSD of shot-to-shot variation less than 19.3% (n=5) and 

sample-to-sample variation less than 13.3% (n=10).  

Selective absorption of analytes on nanomaterials surface could increase the signal 

reproducibility in SALDI-MS [55, 57, 164, 165]. Using ligands of inorganic materials as IS 

has been developed for quantitative analysis of analytes with high accuracy and precision in 

SALDI-MS [166, 167]. As mentioned in the previous section, due to the special Au-S 
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interaction, AuNPs were used to selectively capture amino thiols to achieve a sensitive and 

reproducible detection [57]. For example, N-2-mercaptopropionylglycine capped AuNPs were 

designed as extractor, IS as well as matrix in SALDI-MS to detect amino thiols like cysteine, 

GSH and homocysteine [167]. The results showed that this approach provided good 

quantitative linearity with R
2
 around 0.99 and reproducibility with RSD less than 10 %. In 

addition, CdS quantum dots (QD) were synthesized as matrix for SALDI-MS to quantify 

carbohydrates [164]. The carbohydrates could be selectively absorbed on surface of CdS due 

to hydrogen bond, which leads to the sensitivity and reproducibility of SALDI-MS 

measurements greatly improved. The relative error for eight individual measurements was 

less than 4% for measurement of glucose in human serum. 

To achieve quantitative analysis in SALDI-MS, some other designs have been developed. 

Ordered nanostructures of inorganic materials were taken as superior matrix for quantitative 

analysis in SALDI-MS. For example, vertically aligned silicon nanopillar arrays were 

fabricated as matrix for SALDI-MS to detect methadone and peptides [168]. Under optimized 

condition, good calibration curve with R
2
 > 0.99 and linear rang of 20–2000 ng/mL were 

obtained. As a real sample application, the quantitative analysis of methadone in Milli-Q 

water was achieved with a high sensitivity of 32 ng/mL. Controlling sample size to be smaller 

than the diameter of laser spot enables all analytes to be desorbed/ionized in one laser shot, 

which minimizes the signal variation in SALDI-MS [117, 169]. The ordered hydrophobic 

silicon nanocone arrays with hydrophilic spot of 50 µm was designed as matrix in SALDI to 

increase signal reproducibility[169] (Figure 4.9). All the analytes were concentrated in the 

hydrophilic spot which is smaller than the laser spot, making it possible to desorb and ionize 

all the analytes in one spot. Good reproducibility was obtained with RSD lower than 12.6 %. 

Quantitative analysis of R6G was achieved with good linear dependence (R
2
 > 0.98), in a 

wide concentration range from 1nM to 1 μM and low LOD of 1 fmol. 
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Figure 4.9 Schematic illustration of SALDI-MS with silicon nanocone array as matrix for 

quantitative analysis. Reproduced with permission from reference [169]. 

 

Recent studies showed that homogeneous distribution of nanomaterials to form continuous 

film-like substrates decreased sweet spot formation and increased signal reproducibility in 

SALDI-MS [9, 170–176]. For example, multilayer thin films of alternating reduced graphene 

oxide (rGO) and AuNP [LBL rGO/AuNP] were fabricated by spin coating method and 

applied as platform for effective quantitative analysis in SALDI-MS [174]. By optimizing the 

layer number of rGO and AuNPs, the signal stability and reproducibility were highly 

improved as compared to standard single layer sample. The RSD for glutathione signal in 

SALDI-MS was less than 15%. Multi-layered AuNP thin films (MTF-AuNPs) were 

fabricated and used in SALDI-MS to detect a bone biomarkers for assessment of osteoporosis 

at the early stage [170]. The MTF-AuNPs had highly ordered and homogeneous structure, 

which allowed the detection of hydroxyproline (HYP) with high sensitivity and excellent 

reproducibility, i.e., with RSD of 9.3%. Choi et al. used a large area graphene film as 

interacting target surface, on which matrix and analytes were drop-casted and an optically 

uniform sample layer spontaneously formed [172]. The mass measurements showed that 

signal reproducibility over the entire sample was highly improved (RSD <10%) and the sweet 

spots were effectively suppressed. With this method, good linear responses of ion intensity of 

small peptides (angiotensin II and glu-fibrinopeptide B) were achieved. Electrospray 

deposition (ESD) technique was used to deposit analytes on DIOS in SALDI-MS for 

quantitative analysis of amino acids and peptide [177]. With this technique, the analytes were 

homogeneously dispersed on surface of porous silicon. Compared with traditional drop-dried 

method, the ESD prepared samples exhibited significantly improved sample to sample 

reproducibility, with typical RSD values less than 7%. A homogeneous and highly oriented 
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cuboctahedra AgNPs films were prepared with a Langmuir-Blodgett (LB) method and used as 

effective sample plate for SALDI-MS to analyze glucose [76] (Figure 4.10). Moreover, the 

sweet spot issue was eliminated that benefited the quantitative analysis. In comparison with 

traditional MALDI matrices like CHCA, the absolute ion intensities, signal-to-noise ratios, 

background noise and reproducibility were highly improved by using LB films as sample 

plate. For the signal of [glucose + Na]
+
, the RSD was only 5.7% because of the improved 

homogeneity of the sample. Au-nanobowl arrays were prepared as matrix for SALDI-MS to 

improve signal reproducibility, and enabled quantitative analysis of oligonucleotides and 

polypeptides [171]. The RSD for measurements of oligonucleotide (6.6µM) was as low as 3.3 

%. For this kind of substrates, it is not necessary to select measurement location because of 

homogeneous distribution of the sample.  

 

 

Figure 4.10 Scanning electron microscopy data of silver cuboctahedra film (left) prepared 

with Langmuir-Blodgett (LB) method and reproducibility of glucose with the as-prepared LB 

film as matrix in SALDI-MS (right). Reproduced with permission from reference [76].  

 

4.4 Objective 

MALDI and SALDI are powerful techniques in bioanalytical analysis and attract lots of 

attention in the past decades. As indicated by the closely related studies mentioned above, the 

signal fluctuation and bad signal reproducibility caused by inhomogeneous deposition have 

been taken as the main obstacles in restricting their applications in quantitative analysis. The 

aim of this work is to develop novel methods that are easy-to-operate, low-cost, and high-

throughput to prepare samples with well-controlled structure for quantitative analysis of small 

biomolecules including lipids and endogenous metabolites in MALDI-MS and SALDI-MS. 
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To achieve this goal, a channel target plate has been designed for MALDI-MS measurements, 

to inhibit the inhomogeneity issue of organic matrices trigged by coffee-ring effect during 

solvent evaporation. Moreover, AuNP layers with well-controlled layer thickness and 

homogeneity, prepared with a home-made device inspired by Langmuir-Blodgett trough, have 

been used as the SALDI-MS substrates to improve the analytes‟ signal reproducibility. 

Besides, to further improve the sensitivity and availability, the AuNPs with well-designed 

structure, including capping ligand and particles‟ size, have been systematically used as the 

matrix in SALDI-MS to study the affecting parameters on DIE. 

The simplicity, sensitivity and real sample application, which are common criteria to judge 

the quality of the MS method, are employed in this thesis for evaluating the methods 

mentioned above. Moreover, important factors influencing desorption/ionization efficiency 

(DIE) and signal reproducibility of analytes have been investigated to improve detection 

sensitivity and reliability. We believe that our new methods contribute to quantitative analysis 

of biomolecules with MALDI-MS and SALDI-MS, because of their simplicity, low detection 

limit and also improved signal reproducibility. 
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Figure S1. TEM images of single layers of AuNP films from 4 different batches along with 

corresponding size distributions of the AuNP.  
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Figure S2. UV/Vis spectra of single layers of AuNP films from four different batches.  
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Figure S3. (a) Visual image of [AuNP]n substrates and (b) corresponding UV/Vis absorption 

spectra. 
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Figure S4. UV/Vis absorption of [AuNP]n films at 355 nm.  
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Figure S5. Contact angle of multilayer AuNP films.  
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Figure S6. SEM images of [AuNP]n films: n = (a) 0, (b) 1, (c) 2, (d) 3 and (e) 4 layers.   
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Figure S7. (a) MALDI-MS and (b) MS/MS spectrum of erythromycin A using CHCA as 

matrix (CHCA, 10 mg/mL; erythromycin A, 100 M). 
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Figure S8. SALDI mass spectrum of 4-amino-1-benzylpyridinium (ABP) ions from an 

[AuNP]1 substrate. 
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Figure S9. Panels (a) and (b) show mass spectra of linoleic acid under positive and negative 

ionization from AP-SALDI analysis; (c) and (d) illustrate mass spectra in positive and 

negative ion mode from vacuum MALDI analysis (concentration of linoleic acid, 100 µM; M 

denotes the monoisotopic mass of linoleic acid).  
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Figure S10. Waterfall diagrams of the small angle X-scattering patterns of [AuNP]n films on 

cover glass: (a) neat glass substrate, (b) [AuNP]1 film, (c) [AuNP]3 film, and (d) [AuNP]4 film 

along x-axis. 
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Figure S11. Panels (a), (b), (c) and (d) show SEM images of linoleic acid, erythromycin A, 

phenylalanine and fructose spotted onto an [AuNP]2 substrate. The concentrations of linoleic 

acid, erythromycin A, phenylalanine and fructose were 100 µM each. The scale bar is 1.0 mm 

long. 
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Figure S12. Stability of SALDI signal intensities of linoleic acid from different batches of 

[AuNP]2 films (linoleic acid, 100 µM). 
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Figure S13.  Signal-to-noise ratios near the the limit of detection for (a) palmitic acid, (b) 

stearic acid, (c) oleic acid and (d) linoleic acid on [AuNP]2 substrates. The concentration of 

palmitic acid, stearic acid, oleic acid and linoleic acid were 2.0, 2.0, 0.5 µM and 0.5 µM, 

respectively. 
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Calculation of the relative ratio of oleyamine to thiol-containing ligands 

To compare the ratioof oleyamine (OAm) to the thiol-containing ligands, we simply use the 

precursor materials in the nanoparticle synthesis. In the typical synthesis of OAm-stabilized 

AuNP, 0.25 mmol Au was mixed with 11 mL OAm [179]. The molar amount of OAm then 

was 0.033 mol (=11×0.813/267.493). We obtain the molar ratio of OAm/Au as 132 by 

dividing 33 with 0.25. For thiol-containing stabilized AuNP, a 10-fold higher molar amount 

of gold was used in the typical sample preparation [180]. Thus, the OAm used in AuNP 

synthesis was around one order of magnitude higher than for thiol-containing reagent.  
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Figure S1. Concentration of AuNP (radius, 1.2 nm) and its effect on signal intensity of 

linoleic acid (concentration of nanoparticles increased from 0.04 to 2 mg/mL; concentration 

of linoleic acid, 100 µM; AuNP ligand, decanethiol). 
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Figure S2. AuNP[H-4-H]-assisted LDI mass spectra of linoleic acid at different concentration 

levels of the analyte down to the limit of detection (LOD). 
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 Table S1. Suggested assignments for lipids in crude brain extract. 

  m/z
1
 Lipid species in SALDI-

MS 

   

 293 [FFA 16:1 + K]
+
 

295 [FFA 16:0 + K]
+
 

319 [FFA 18:2 + K]
+
 

321 [FFA 18:1 + K]
+
 

322 [FFA 18:0 + K]
+
 

341 [FFA 20:5 + K]
+
 

343 [FFA 20:4 + K]
+
 

367 [FFA 22:6 + K]
+
 

   

 756 [PE 34:1 + K]
+
 

768 [PC 32:2 + K]
+
 

772 [PC 32:0 + K]
+
 

782 [PE 36:2 + K]
+
 

784 [PE 36:1 + K]
+
 

786 [PE 36:0 + K]
+
 

798 [PC 34:1 + K]
 +

 

806 [PE 38:4 + K]
+
 

808 [PE 38:3 + K]
+
 

810 [PE 38:2 + K]
+
 

812 [PE 38:1 + K]
+
 

830 [PE 40:6 + K]
+
  

848 [PC 38:4 + K]
 +

 

852 [PC 38:2 + K]
 +

  

874 [PC 40:5 + K]
 +

  
 

1
These m/z values are nominal mass-to-charge ratios; As shown in our experiments, the background levels 

in the mass spectra from the AuNP materials were extremely low and peaks in the sample spectra were 

clearly generated from the brain extracts. Our tentative structure assignments focused on PC and PE 

compounds as these are major lipids in brain. We performed tentative peak assignment mainly based on 

previously reported identifications or MS/MS experiments [68]. Obviously, these are merely suggestions at 

this stage, as multiple species, isobars and isomers will likely be present at many m/z ratios. For examples, 

the peak at m/z 782 could also be assigned to [PC 36:1 + Na]
+
; however we tentatively assigned the signal 

to [PE 36:2 + K]
+
, because virtually all signals in our SALDI experiments were potassiated species. 

Obviously, unambiguous identification would only be possible by combined use of high resolution mass 

spectrometry and collision-induced dissociation, ideally in combination with ion mobility separations. 
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VI Conclusion and outlook 

Conclusion  

Matrix assisted laser desorption/ionization (MALDI) and surface assisted laser 

desorption/ionization (SALDI) mass spectrometry (MS) are powerful tools for rapid analysis 

of biomolecules. However, the inhomogeneous distribution of the sample in the dried patch 

resulting from coffee-ring effect and sweet spot issue leads to poor signal reproducibility, 

which limits their applications in quantitative analysis. In the thesis, we designed several 

novel methods, with the analyte and matrix distributed homogeneously on the target plate, to 

achieve quantitative analysis of the biomolecules. The main findings of the thesis are 

summarized in the following. 

Firstly, a simple method to distribute the matrix and analyte homogeneously in the target plate 

was developed by introducing regular channels into the plate for MALDI-MS. The 

dimensions of the channel was designed with 3.0 mm in length, 0.35 mm in width and 0.40 

mm in depth, of which the width is a little smaller than the diameter of the implemented laser 

beam. These designed channels helped the mixture of matrix and analyte distribute 

homogeneously in the channels under the function of capillary interaction and ensured all the 

samples in the channel were irradiated efficiently by the laser. With these target plates, a 

quantitative study of the acetyl-L-carnitine (ALC) in human plasma was successfully 

achieved. The results showed that the reproducibility of ALC was greatly improved with RSD 

value of <5.9%, in comparison to a conventional MALDI value of 15.6%. Moreover, with 

these target plate, the LOQ of ALC was around 2 times lower compared with that obtained 

from a conventional MALDI. Furthermore, the matrix effects were assessed which showed 

that it was not negligible. At last, the developed method was applied to quantitative analysis 

of ALC in real sample of human plasma with reliable results. It is worth to mention that the 

new method does not need complex and expensive design of the target plate and is compatible 

with the standard sample deposition procedure, which can be scaled up easily. Therefore we 

expect that the new method has good potential for full automation and high throughput 

quantitative analysis of biomolecules.  

Secondly, [AuNP]n films, with n indicates the number of AuNP layer, were used as the 

SLADI-MS matrix. The design of the AuNP monolayer was inspired by the well-known 

Langmuir-Blodgett method in physical chemistry and layer thickness of the [AuNP]n film was 

adjusted by layer-by-layer packing of the AuNP monolayers. The as-prepared [AuNP]n films 
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showed good structural homogeneity that was confirmed by the transmission electron 

microscopy (TEM) and small angle X-ray scattering (SAXS) results. From the TEM image, it 

could be obviously seen that the as-prepared AuNPs had uniform distribution in terms of 

nanoparticle packing. By evaluating the peak intensity of Au in SAXS, it could be deduced 

that the structures of [AuNP]n substrates were quite homogeneous, which was in accordance 

with the TEM results. To study the performance of the [AuNP]n films as SALDI-MS matrix, 

we have studied several small molecules including fatty acids, drugs, amino acids, small 

peptides and saccharides. The ion current of analytes generated from the [AuNP]1 films was 

much higher than that from other AuNP morphologies, indicating that packing homogeneity 

of the [AuNP]n substrates played a vital role in the desorption/ionization process in SALDI. 

Moreover, the intensity of the SALDI-MS signal could be optimized by varying layer number 

(n) of the [AuNP]n films and reached a saturation point when n is 2 or 3. Using 4-amino-1-

benzylpyridinium bromide (ABP) as thermometer, the desorption/ionization process of 

analytes from [AuNP]n substrates was further investigated. The results showed that 

desorption/ionization of ABP increased as a function of the layer number and reached a 

plateau with [AuNP]2, which has a close relation with the saturation of AuNP on the surface 

of the substrates. By analyzing the fragments of erythromycin A, we demonstrated that 

[AuNP]n films provided soft ionization abilities during SALDI, which was much softer than 

MALDI with CHCA as matrix. The signal reproducibility of linoleic acid was assessed using 

linoleic acid with RSD < 8% and the LOD was 0.5 µM. The [AuNP]n substrates exhibited no 

distinct sweet spots and the generated signals under SALDI-MS conditions were very stable 

with clean background, readily allowing for quantitative analyses of fatty acids. 

Thirdly, we did a systematic study of how the structural parameters of the AuNP influence the 

performance of AuNP in SALDI-MS. To achieve that, a series of AuNPs with different core 

size and capping ligands were prepared for SALDI-MS and the desorption/ionization 

efficiency (DIE) of analytes was used to evaluate the performance of the matrix. The results 

indicated that core size, capping ligands and concentration of AuNPs had strong influence on 

the DIE of the tested analytes. Higher DIE values were found in the matrix with bigger AuNP 

core size, high AuNP concentration and AuNPs capped with hydrophobic ligands. DIE was 

also influenced by UV/Vis absorption of AuNPs and chemical interactions between ligands 

and analytes. Compared with UV/Vis absorption, surface chemistry of the AuNPs had a 

stronger influence on the DIE. However, for the AuNPs with similar surface chemistry, a 

higher UV/Vis absorption would affect more on DIE. Moreover, it was found that laser 

ablation of the organic ligands could further increase the DIE, for example, 20 times higher 
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DIE was found after ligand removal for high concentration AuNPs. With the optimized 

structure of AuNP matrix, we have successfully analyzed a wide arrange of biomolecules as 

well as complex sample like pig brain extractions.  

We believe that the MALDI-MS and SALDI-MS technique combined with the novel methods 

described in this thesis would be particularly useful for quantitative analysis of small 

biological molecules. Moreover, if the novel methods can be combined with high resolution 

mass spectrometer, a molecular weight readout platform suitable for metabolome analyses is 

expected. 

 

Outlook  

It is quite important and useful to get reliable data from quantitative analysis of biomolecules 

with MALDI-MS and SALDI-MS. From our experience, there are many factors affecting 

signal reproducibility in MALDI-MS and SALDI-MS, among which, homogenous 

distribution of matrix and analyte and reproducible sample preparation process are two of the 

most important ones which should be addressed in the following studies. It is necessary to 

further develop novel easy-to-operate methods to prepare homogenous sample with simple 

and reliable protocol. The work in the dissertation and the referred reports have made 

significant progress and we believe these new methods would promote the quantitative 

analysis in a broad field of bioanalysis and bioanalytical chemistry. Meanwhile, the further 

development of mass spectroscopy has intertwined with the closely-related research fields like 

nano chemistry and nano characterization. For example, exploring the fundamentals of 

desorption/ionization process in SALDI-MS needs in situ study of the structural evolution 

with nanoparticles of well-designed and clearly-defined structure. The group of prof. 

Francesco Stellacci at EPFL, Switzerland and their collaborators with broad scientific 

backgrounds recently have done some nice work by unifying the knowledge of MS, 

nanochemistry and theoretical simulation for solving complex issues in bioanalysis. 

In addition, high-resolution mass analyzer (e.g., FTICR) also plays important roles in the 

development of MALDI-MS and SALDI-MS, and they are especially important for the 

practical analysis of the complex bioanalysis, such as disease detection and proteomics. 

 

  



Reference 

83 

 

VII Reference 

 

 

 



Reference 

84 

 

 

 



Reference 

85 

 

 

 



Reference 

86 

 

 



Reference 

87 

 

 



Reference 

88 

 

 



Reference 

89 

 

 



Reference 

90 

 

 



Reference 

91 

 

 



Reference 

92 

 

 



Reference 

93 

 

 



Reference 

94 

 

 

 



Reference 

95 

 

 

 

  



Curriculum vitae 

96 

 

VIII Curriculum vitae 

 

Education 

09.2016 – 10.2019 

 

 

 

 

09.2008 – 06.2011 

 

Ph.D. in Analytical Chemistry 

Saarland University, Institute of Bioanalytical Chemistry, Germany 

Thesis: Novel approaches for quantitative analysis of small biomolecules in 

MALDI-MS and SALDI-MS  

  

Master in Analytical Chemistry 

Sichuan University, Department of Chemistry  

Thesis: Preparation of Ru(bpy)3
2+

/Nafion and AuNPs/PAN composite 

nanofibers and its application in the electrochemiluminescence sensor 

 

09.2004 – 06.2008 

 

Bachelor in Chemistry  

Henan University, College of Chemistry and Chemical Engineering  

 

 

Professional positions  

07.2011 – 01.2013 

 

 

 

Laboratory assistant  

Chinese Academy of Science, Changchun Institute of Applied 

Chemistry, Engineering Laboratory of Polymer Composites, China 

 Work topic: Morphology evolution of the light-responsive Azo-

labeled-PS/PMMA blend thin film  

 

 

Awards 

2016 Chinese Scholarship Council (CSC)  

 

2009 Scholarship of “Longsheng”, 

 

2008 Scholarship of Bank of China,  

 

2006 Second Prize Scholarship of Henan University 

 

2006 “Three Good” Student of Henan University 

 



Scientific contribution 

97 

 

IX Scientific contribution 

 

Publications: 

1. Zhen Liu, Peng Zhang, Andrea Pyttlik, Tobias Kraus, Dietrich A.Volmer，Influence of 

core size and capping ligand of gold nanoparticles on the desorption/ionization efficiency 

of small biomolecules in AP-SALDI-MS, Analytical Science Advance, 2020, in press. 

2. Zhen Liu, Peng Zhang, Thomas Kister, Tobias Kraus, Dietrich A. Volmer, Ultra-thin 

homogenous AuNP monolayers as tunable functional substrates for surface-assisted laser 

desorption/ionization of small biomolecules, Journal of American society for mass 

spectrometry. 2020, 31, 1, 47-57. 

3. Zhen Liu, Peng Zhang, Lars Kaestner, Dietrich A Volmer, A simple MALDI target plate 

with channel design to improve detection sensitivity and reproducibility for quantitative 

analysis of biomolecules. Journal of mass spectrometry, 2019, 54, 878–884. 

4. Zhen Liu, Baozhan Zheng, Cuisong Zhou, Lei Qian and Dan Xiao*, In-situ Synthesis of 

Gold Nanoparticles on Porous Polyacrylonitrile Nanofibers for Sensing Application, 

Analyst, 2011,136, 4545-4551. 

5. Cuisong Zhou, Zhen Liu, Jianyuan Dai and Dan Xiao*, Electrospun Ru(bpy)32+ -doped 

nafion nanofibers for electrochemiluminescence sensing, Analyst, 2010, 135, 1004–1009. 

6. Lei Qian, Zhen Liu, Yan Mo, Hongyan Yuan, Dan Xiao, Large scale preparation of urchin 

like Li doped ZnO using simple radio frequency chemical vapor synthesis, Materials 

Letters, 2013, 100, 124-126. 

 

Projects 

1. National Natural Science Foundation of China (No. 20775050, No.20927007); 

2. Youth Foundation of Sichuan University (No.2010SCU11048); 

3. Specialized Research Fund for the Doctoral Program of Education Ministry of China 

(No.20070610030)； 

4. Research on on-line quality control system and key technologies of food physical and 

chemical analysis (2010-2011). 

 

Conferences 

2018 Zhen Liu, Thomas Kister, Dietrich A. Volmer. Homogenous Langmuir-

Blodgett films of gold nanoparticles for quantification in surface-assisted 

laser desorption/ionization mass spectrometry, poster presentation 

PhD Students Day of UdS 2018, Saarbrücken, Germany 

https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=K%C3%A4stner%2C+Lars
http://www.sciencedirect.com/science/journal/0167577X
http://www.sciencedirect.com/science/journal/0167577X


Scientific contribution 

98 

 

 

2018 Zhen Liu, Thomas Kister, Dietrich A. Volmer. Homogenous Langmuir-

Blodgett films of gold nanoparticles for quantification in surface-assisted 

laser desorption/ionization mass spectrometry, poster presentation  

European Mass Spectrometry Conference (EMSC 2018), Saarbrücken, 

Germany 

 

2011 Bilateral exchanges with cigarette factory (Chuanyu Zhongyan), Chengdu, 

China 

 

2010 Instrumental seminar (HITACHI) in southwest of China, Chengdu, China 

 

 

 


