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Courage, it would seem, is nothing less than the power to overcome danger, 

misfortune, fear, injustice, while continuing to affirm inwardly that life with all its 

sorrows is good; that everything is meaningful even if in a sense beyond our 

understanding; and that there is always tomorrow. 

 

~ Dorothy Thompson (1893 - 1961) 
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Abstract 

 

This project aimed to develop a high throughput, laser based, matrix-free, mass 

spectrometric technique using nanoporous and nanostructured semiconductor 

substrates for rapid, sensitive, high resolution and accurate mass analytical approach 

for complex biological matrices.  

 

Laser desorption/ionisation (LDI) based on nanostructured semiconductor surfaces is 

a novel matrix-free mass spectrometry approach. This novel LDI strategy is closely 

related to matrix-assisted laser desorption/ionisation (MALDI). However, the 

functions of the matrix are substituted by an active substrate and the mass spectrum 

does not suffer matrix interference at the low mass region (m/z below 700). This 

project aimed to develop this method for pharmaceutical and metabolomic 

applications, specifically metabolite profiling of complex biological matrices. It was 

the first time three rival technologies, DIOS, QuickMass and SALDI substrates were 

evaluated and compared under similar experimental conditions. The study included a 

comprehensive investigation of the physicochemical properties of these matrix-free 

LDI substrates, independently from the manufacturers or research group. It also 

included a comprehensive and detailed mechanistic study and demonstrated the 

suitability of this novel LDI approach in analysing complex biological mixtures 

consisting of a hundred or more small biomolecules. 

 

It is believed that the physicochemical properties of the substrate have a strong 

influence on the LDI efficiency. The nature of the substrates was determined by 

surface analysis and imaging techniques including secondary ion mass spectrometry 

(SIMS), X-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM) 

and scanning electron microscopy (SEM). Surface properties that govern the LDI 

processes were identified. It was found that though pores are not strictly required for 

ion generation, nano-sized porous structure is an important determinant affecting not 

only the ionisation efficiency, but also the detection mass range and the longevity of 

the signal. Although a roughened surface is required for the ion generation, the LDI 

performance does not depend strongly on the surface roughness, but perhaps more on 

the thickness, dimension, and density of the surface nanostructures. Micron-sized 



 iv 

surface structures do not promote ionisation effectively. Both DIOS and SALDI were 

found to be silicon based, but the DIOS substrates had been fluoro-silanised. In 

contrast, the QuickMass substrates were found to be germanium based. The SALDI 

substrates were found to be oxides passivated. Investigation into surface cleaning 

technology and chemical modification was carried out on the SALDI substrates. 

Argon plasma etching followed by fluoro-silane modification was found to be suitable 

and enhanced the SALDI activity. It was found that fluorine and hydroxyl surface 

terminations are advantageous. It was proposed that the surface Si-OH moieties are an 

important proton source and fluorine increases the acidity of the Si-OH moieties.  

 

A wide range of biological and pharmaceutical compounds was analysed to determine 

the compound classes that were amenable to the method. Compounds analysed 

include amines, amides, amino acids, peptides, saccharides, steroids, lipids and small 

organic acids. The chemical properties of the compounds were correlated to the mass 

spectra generated. Laser induced surface reactions were also investigated by SIMS 

and XPS chemical imaging. It was found that the ionisation process is not a simple 

acid-base reaction, but a complicated simultaneous multi-reaction similar to that of 

MALDI. Laser induces further surface oxidation and produces a reduction potential. It 

was proposed that the energy transfer mechanism is closely linked to the excitation 

and relaxation dynamics of the exciton and the special surface state of surfaces’ 

nanocrystallites. It was also proposed that the entropy of the reaction ultimately 

determines the ions observed and the rate of reaction determines the selectivity. This 

proposition departed from the conventional view of aqueous basicities and proton 

affinities dependence. 

 

The analytical characteristics of the DIOS target and MALDI Q-ToF mass 

spectrometer were investigated. A range of complex biological matrices was analysed, 

including blood plasma extract, liver extracts, urine extracts, bacterial cells and 

culture. Extraction methods and the application of principle component analysis (PCA) 

in the interpretation of the mass spectral data were explored. Suitable extraction 

methods were found to be important but generally, simplified approaches were 

sufficient. Even though the RSD value of the ion peaks intensity varied by 10-50%, 

the application of PCA to the DIOS spectral dataset was still possible. 
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1.1 Systems Biology: From Genome to Metabolome – 

Challenges of Biochemical Profiling  

 

With the progress of molecular biology projects that accumulate in-depth knowledge of 

molecular nature of biological systems, the system-level understanding of a biological 

system has now possibly been grounded on the molecular level. These dramatic 

technological advances in the life sciences over the past decades have forged a new era 

of research including the emerging field of systems biology.
1, 2

 Systems biology aims at 

system-level understanding of biological systems, especially the dynamic of an 

organism’s response to a perturbation under the influence of environmental stresses, 

disease states or genetic mutations. Genomics, transcriptomics, proteomics and 

metabolomics become integral parts of systems biology. (Figure 1-1) The development 

of ‘omics technologies is also closely linked to the rapid advancement in computer 

science (bioinformatics), which permits vast amounts of data generated to be analysed, 

organised and stored. Although the development of systems biology is still in its 

infancy, it is evident that comprehensive investigations of the ‘omics technologies will 

play a central role in this new science and bring our understanding of biochemical 

mechanisms in complex systems to the next level.
1
  

 

Even with the promise of systems biology, challenges are presented at each of the 

individual level of ‘omics technologies. One major reason is the complexity and 

diversity of biological systems. For any sequenced organism, there are a vast number of 

genes. It is estimated that there are 20,000 to 25,000 protein-coding genes in the human 

genome.
3
 The genetic factors are very often multifold and interact in the ways that are 

difficult to understand at the gene level alone.
4
 In elucidating of the gene functions, we 

may have to rely on proteomics and metabolomics. Proteomics gets us closer to 

understanding actual changes; nevertheless, it is still not the final answer. The human 

proteome is at least an order of magnitude larger and more complex than the genome.
4
 

Additionally, proteins are much more diverse in structure, function and dynamic range 

than are genes. Their function also needs to be understood in the context of specific 

cells and intracellular compartments.  
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Figure 1-1 Classical view of integrated functional genomics. The effects of gene perturbations are 

evaluated at multiple levels including the transcriptome, proteome and metabolome. A change in 

the metabolome occurs because of those changes in the transcriptome that result in changes in the 

levels or catalytic activities. Therefore, metabolomics represents the final step in understanding 

the gene’s function.
5
  

 

There has been a growing interest in metabolomics. This is because the metabolome 

(the whole set of metabolites in an organism) can be viewed as the end-products of gene 

expression and define the biochemical phenotype of a cell or tissue. Even so, the 

development of metabolomics has lagged behind the other ‘omics technologies. One of 

the reasons is the investigation of metabolites is complicated by its enormous 

complexity and dynamics.
5, 6

 The other ‘omics approaches are either based on four or 

five nucleotides or ~20 primary protein-coding amino acids, and it is perceived that 

they can be handled by a single instrumental platform. The metabolome represents a 

vast number of components that belong to a disparate class of compounds, such as 

amino acids, lipids, fatty acids, carbohydrates, small peptides and nucleic acids. These 

compounds are very diverse in their physical and chemical properties. Metabolite 

distributions are also subjected to high temporal and spatial variability, such as 

circadian fluctuations and diet dependence. Consequently, studying the metabolome is 

a major challenge to analytical chemistry and a metabolomic analysis in its true sense, 

namely comprehensive quantitative analysis of all metabolites, cannot be achieved with 

the current instrumentation. This obstacle is being circumvented using selective 

extraction and parallel analyses using a combination of technologies to obtain the most 

comprehensive visualisation of the metabolome.
5
 (Figure 1-2)  
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Figure 1-2 Strategies for metabolomic investigations. Currently, two complementary approaches 

are used for metabolomic investigations: metabolic profiling and metabolic fingerprinting. 

Meta-data refers to specific experimental conditions and protocols used for sample preparations.
1
  

 

Generally, the selection of an analytical approach is a compromise between speed, 

selectivity, sensitivity, and sometimes, economic factors. The current principal 

analytical methods for metabolomics are nuclear magnetic resonance (NMR) 

spectroscopy and mass spectrometry (MS). (Table 1-1) NMR has produced some 

success but has a relatively low sensitivity. Hyphenated mass spectrometry methods 

such as GC/MS and LC/MS offer good sensitivity and selectivity, but require a lengthy 

analysis time. LC also consumes a large volume of solvents and GC requires the analyte 

to be volatile and thermally stable. Other methods such as capillary electrophoresis 

coupled to laser induced fluorescence (CE/LIF) detection are highly sensitive, but lack 

selectivity. Therefore, it is imperative to develop new tools for comprehensive 

examination of the metabolome and such a platform is not compromised to throughput 

and sensitivity. The emerged approaches include direct-injection electrospray mass 

spectrometry (DiMS),
7
 desorption electrospray ionisation (DESI),

8-11
 direct analysis in 

real time (DART),
12, 13

 plasma-assisted desorption/ionization (PADI)
14

 and 

desorption/ionisation on silicon (DIOS).
15

  

 

Of all emerging MS technologies, DIOS appears to be a very promising one. DIOS is a 

laser surface mass spectrometric technique closely related to matrix-assisted laser 
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desorption/ionisation (MALDI). It does not require a special interface or modification 

to existing MALDI instruments and is capable of analysing complex biological 

matrices, but does not suffer signal suppression effect as much as DiMS. Compared to 

MALDI and other conventional mass spectrometric techniques, DIOS is still in an early 

stage of development and its true potential is still waiting to be discovered. In this thesis, 

the method is further developed and optimised, its nature is investigated and potential 

applications in metabolite profiling are explored.  

 

Table 1-1 Common analytical protocols used in metabolomics investigations, advantages and 

disadvantages.
16

 

 LC/MS DiMS GC/MS NMR 

Sample 

preparation 

Extracted into 

suitable solvent 

Extracted into 

suitable solvent 

Extraction and 

chemical 

modification 

Typically none 

Chromatographic 

separation 

Medium-resolution 

separation 

No separation High-resolution 

separation 

No separation 

Sensitivity millimolar to 

nanomolar 

millimolar to 

micromolar 

millimolar to 

nanomolar 

millimolar to high 

micromolar 

Dynamic range 10
6
 10

4
 10

6
 10

3
 

Speed slow (5 to 90 min) rapid (1 to 5 min) slow (~30 min) rapid (1 to 5 min) 

Quantitative 

accuracy 

± 10% ± 10% ± 10% ± 10% 

Significant 

advantages 

Soft ionisation; 

large mass 

range 

Data in one 

spectrum; 

Fast 

High resolution; 

EI-MS library 

available 

No sample 

preparation. 

Highly 

reproducible. 

Significant 

disadvantages 

Speed of analyses Signal suppression 

from multiple 

components. 

Significant sample 

preparation with 

chemical 

modification, slow 

analysis time, 

harsh ionisation 

and limited 

number of 

molecules can be 

analysed. 

Poor sensitivity 

and dynamic 

range; some 

chemical classes 

not detected. High 

instrument cost. 
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1.2 Laser Desorption/Ionisation Mass Spectrometry  

 

Although the technique of laser desorption/ionisation mass spectrometry (LDMS) was 

introduced in the late 1960s,
17-19

 the applications of LDMS were very limited until the 

introduction of light-absorbing compounds called matrices in the late 1980s and hence 

named matrix-assisted laser desorption/ionisation (MALDI).
20

 MALDI has since 

revolutionised biochemical mass spectrometry and is an indispensable tool in 

proteomics. One of the inventors, Tanaka, was awarded the Noble Prize in Chemistry 

2002 for his achievement in developing the MALDI technique.
21

 

 

In a MALDI experiment, analyte molecules are mixed with a large molar excess of the 

matrix material, the analyte molecules are embedded throughout the matrix and 

separated from one another, forming analyte-doped matrix crystals after the mixture is 

dried onto a probe (steel plate) for the irradiation by laser radiation. This solvation 

effect of the matrix prevents the formation of sample clusters.
22

 A laser then impinges 

on the matrix-analyte mixture. The laser energy, instead of causing a thermal spike to 

the analytes, is absorbed by the matrix and induces rapid heating and excitation of the 

matrix molecules. The rapid heating causes localised sublimation of the matrix crystal 

and evaporative ejection of material into the gas phase, entraining intact analyte in the 

expanding matrix plume. Photo-activated reactions lead to ionisation of both matrix 

and analyte molecules.
23

 (Figure 1-3) 

 

MALDI offers a number of advantages over conventional mass spectrometric 

approaches.
24

 Due to the use of pulse laser, data acquisition is fast. MALDI is a soft 

ionisation technique and high ion yields of the intact analyte molecules with minimal 

fragmentation are normally obtained. MALDI is very sensitive; typical sample amounts 

range from 100 fmol to 2 pmol. The use of the matrix increases the efficiency of energy 

transfer from pulse laser to the analyte, and thus enhances the ionisation efficiency. The 

desorption of analyte molecules is assisted by the matrix, and analysis of compounds 

with a molecular weight in excess of 300,000 Da is possible. MALDI also has a higher 

tolerance to salts and buffers relative to ESI. The operation of a MALDI mass 

spectrometer is relatively uncomplicated.  
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Figure 1-3 The principle of MALDI. A MALDI sample is in a state where it is evenly mixed with a 

matrix. The matrix absorbs the laser energy and converts it into thermal energy. At the same time, 

a minute amount of the matrix (uppermost surface of the analyte in the diagram) rapidly heats 

(within several nanoseconds) and vaporises with the sample.
25

  

 

Despite the success of MALDI, the technique frequently encounters three major 

problems associated with the use of organic matrices: 

1. matrix optimisation,  

2. uneven distribution of analyte, and 

3. matrix interferences 

 

The selection of a suitable matrix is complicated but an important step in the 

optimisation of the MALDI performance (ionisation efficiency, mass resolution, matrix 

interference, etc). The choice of matrix is based on the laser wavelength used and the 

class of compound analysed. Some general guidance exists but the procedure is still 

empirical.
22

 Numerous matrix candidates have been inspected and their ability to 

function as a MALDI matrix has been exemplified, but few are found to be good 

matrices.
22

 (Table 1-2) 

 

Secondly, the conventional MALDI technique suffers from poor shot-to-shot 

reproducibility because crystallisation of the matrix often leads to heterogeneous 

distribution of matrix-analyte deposits. This issue can be partly addressed by different 

sample preparation techniques, such as the use of liquid matrix,
26

 spin-coating and 

electrospray deposition.
27
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Furthermore, the MALDI mass spectra have a high chemical background due to the 

formation of clusters of matrix ions or are the degradation products of the matrix. 

Generally, for organic matrices (Table 1-2), the matrix background occurs at the low 

mass region (m/z 700 and below) and thus the method is normally applied for 

macromolecules molecules such as protein and oligonucleotide analysis.  

 

Table 1-2 Common UV-MALDI matrices and their major applications. 

MATRIX STRUCTURE WAVELENGTH MAJOR 

APPLICATIONS 

2,5-dihydroxybenzoic acid 

(plus 10% 2-hydroxy-5- 

methoxybenzoic acid)  

UV 

337 nm, 355 nm 

Proteins, peptides, 

carbohydrates, 

synthetic polymers 

Sinapinic acid 

 

UV 

337 nm, 355 nm 

Proteins, peptides 

α-cyano-4-hydroxy-cinnamic 

acid 

 

UV 

337 nm, 355 nm 

Peptides  

3-hydroxy-picolinic acid 

 

UV 

337 nm 

Nucleic acids 

 

1.3 The Development of SALDI-MS  

 

In advancing the MALDI technique, approaches that employ a non-conventional 

matrix have emerged and these methods are generally referred to as surface assisted 

laser desorption/ionisation (SALDI).
28-31

 Examples of materials that can serve as 

SALDI matrices include graphite,
32

 activated carbon films,
33

 and inorganic metallic 

particles.
34

 More recently, nano-materials have been used, examples include carbon 

nanotubes (CNTs),
35

 gold nanorods,
36

 and nano-porous silicon.
15

 One of the most 

important features of SALDI-MS is its absence of matrix interferences in the low mass 

region where matrix cluster ions suppress the desorption of analyte and obscure the 

interpretation of MALDI mass spectra in this region. SALDI stands in contrast to 
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MALDI in this aspect and hence extends the observable mass range to small 

biomolecules below m/z 700.  

 

The SALDI technique was originally developed by Sunner and Chen at Montana State 

University (U.S.) as early as 1995.
32

 Carbon powder glycerol mixture was initially the 

substrate of choice because carbon was thought to be an inert SALDI matrix and a 

blackbody in absorbing radiation. This technique was originally inspired by the early 

work of Tanaka, et al.,
37

 which used cobalt particles in a glycerol matrix. Particles used 

for SALDI were in the same size range and were constituted by activated carbon 

powder. Conventional direct laser desorption is less reproducible than SALDI and 

usually gives rise to fragmentation, which often confuse the mass spectra. Interfacing 

with thin layer chromatography (TLC) and combining with solid phase extraction (SPE) 

with SALDI was also investigated.
38-44

  

 

In graphite SALDI-MS, cationisation by sodium and potassium is the dominant process 

in positive mode.
45

 The extent of protonated species is related to the gas-phase 

thermochemical properties (e.g. proton affinity) of the analyte. Graphite SALDI is 

characterised in practice by a relatively low sensitivity and leads to ion source 

contamination due to the use of carbon particles. A thin layer of carbon particles was 

developed in order to avoid such problems. This technique is known as graphite plate 

laser desorption/ionisation (GPLDI). A low volume of analyte solution is directly 

deposited onto the surface. To improve peak resolution, an electrical contact between 

the activated carbon layer and aluminium foil target has to be ensured. Sunner, et al.
33

 

successfully studied different compounds like lysine, caffeine, glucose and bradykinin 

using this method. These bioorganic compounds appeared mainly as protonated species, 

and were observed together with a few background ions constituted by alkali cations 

and various cationised forms of glycerol. Later Kim, et al. demonstrated that direct 

analysis of low molecular weight compounds, like small synthetic polymers,
46

 small 

macromolecules
47

 and fatty acids
48

 by GPLDI was possible.  

 

Despite SALDI being a promising alternative to MALDI, SALDI did not become a 

routine research tool for biologists and protein chemists. It has only been a research 

interest for a small group of scientists in the early 1990s. This was mainly because of a 



 

 

 

 

10 

limited mass range and unsatisfactory detection sensitivity.
49

 Nevertheless, owing to 

the increasing interest in metabolomics and the successful development of DIOS, 

SALDI has attracted a lot of attention lately. (Figure 1-4)  
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Figure 1-4 The distribution of research or review articles in which the central concept was 

nanostructured or amorphous semiconductor surface as MALDI substrate in the last 8 years: (A) 

pie chart showing the international effort and (B) line chart showing the trend of publications each 

year. Over 75% of literature in total was published in or after 2004. These statistics exclude 

conference abstracts, patent applications and Ph.D./Master theses. [Up-to-date Oct 2007] 

 

1.4 Development of DIOS-MS 

  

DIOS was first reported by Wei, et al. in 1999 and was developed at Scripps Research 

Institute, US.
15

 The method uses pulsed laser desorption/ionisation on porous silicon 

(PSi) (Figure 1-5) The development of DIOS aims to provide a versatile platform for 

biomedical applications, principally in proteomics
50

 and metabolomics.
51

 Recently, PSi 

has also been utilised as a solid support for MALDI using conventional matrices.
52, 53

 

Comparing porous and non-porous substrates in proteolytic and the MALDI 

performance, the porous substrates produced improved ion yield and identification of 

various protein digests, including the prostate cancer biomarker, the prostate-specific 

antigen (PSA) and the human glandular halikrein 2 (hk2).  
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PSi is a UV-absorbing semiconductor comprised of interconnected zero-dimensional 

nanocrystallites and one-dimensional nanowires produced through galvanostatic 

(current-controlled) anodisation, electrochemical or photochemical etching of 

crystalline silicon in the presence of HF.
54

 Depending on the etching conditions and the 

doping of precursor material, PSi generally has a very complex, anisotropic 

nanocrystalline architecture of high surface area, ranging from spongy-like 

morphology typically produced from lightly-doped p-type substrates to a more 

columnar morphology for n-type precursors.
54, 55

 The size of the pores can vary from a 

few nanometers to a few microns depending on the conditions of formation and the 

characteristics of the silicon.  

 

PSi is not a newly discovered material, it was first obtained in around 1956 by Uhlir,
56

 

during studies of the electropolishing of Si in HF-based solutions. Although PSi was 

discovered long ago, its true microstructure (vide ante) and remarkable properties (vide 

infra) were not examined until 1990.
57

 Much of the interest in PSi and its morphology 

derives from its room temperature photoluminescent properties
58

 - visible light 

emission from high porosity structures arises from quantum confinement effect (Figure 

1-6 and Figure 1-7), which make it a useful platform for electronic and optoelectronic 

devices as well as chemical microsensors. Bulk Si, however, emits light only weakly 

(<0.001%) in the IR region owning to its indirect band gap.
55

 

 

1.4.1 Preparation and Physicochemical Properties of DIOS 

Substrates 

 

Shen et al.
59

 studied a series of etching parameters in an effort to produce an optimal 

substrate (judged by qualitative assessments of reproducible S/N levels and the 

appearance of background ions). Two sets of conditions were found to produce “fresh” 

or “underivatised” surfaces suitable for DIOS-MS. One type of surface (the designated 

surface) was prepared from heavily doped n-type silicon wafers (0.008-0.05 Ω·cm 

resistivity), etched at low current densities (4 mA/cm
2
) for 1 min, under short exposure 

to moderate white light (50 mW/cm
2
) in a Teflon cell. (Figure 1-8) 
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PPrriinntteedd  vveerrssiioonn  iinncclluuddeess  ffiigguurree((ss))  eexxttrraacctteedd  

ffrroomm  tthhee  rreeffeerreennccee  ssoouurrccee  ddeessccrriibbiinngg  

tthhee  pprriinncciippllee  ooff  DDIIOOSS--MMSS..  

PPlleeaassee  rreeffeerr  ttoo  tthhee  cciitteedd  rreeffeerreennccee  ffoorr  ddeettaaiill  

 

 

Figure 1-5 Schematic representation of the DIOS mass spectrometry configuration. DIOS chips 

are placed on a modified MALDI plate. The analyte is added on the PSi surface and then 

irradiated UV laser within the MALDI mass spectrometer to induce desorption and ionisation.
15

 

 

 

 

PPrriinntteedd  vveerrssiioonn  iinncclluuddeess  ffiigguurree((ss))  eexxttrraacctteedd  

ffrroomm  tthhee  rreeffeerreennccee  ssoouurrccee  ddeessccrriibbiinngg  

tthhee  eelleeccttrroolluummiinneesscceennccee  aanndd  pphhoottoolluummiinneesscceennccee  pprrooppeerrttiieess  ooff  tthhee  

cchheemmiiccaallllyy  ffuunnccttiioonnaalliisseedd  ppoorroouuss  ssiilliiccoonn..        

PPlleeaassee  rreeffeerr  ttoo  tthhee  cciitteedd  rreeffeerreennccee  ffoorr  ddeettaaiill  

 

 

Figure 1-6 Photographs of porous silicon emitting light. Left: A 1 cm diameter PSi sample in a 

Teflon electrochemical cell, under electroluminescence conditions. Right: A 1 cm diameter porous 

silicon irradiated with UV light which induces photoluminescence emission.
54
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Figure 1-7 Schematic representation of a silicon nanocrystallite. Absorption of a photon with 

energy higher than the band gap results in promotion of an electron from the valence to the 

conduction band. Radiative recombination of the excited electron results in emission of a photon 

of lower energy. 

 



 

 

 

 

13 

The surface produced had a macro-porous surface morphology. The macrosized pores 

spaced ~100 nm apart. The pore sizes were ~70-120 nm in diameter with a depth of up 

to 200 nm. The porosities of these surfaces were ~30% to 40%. Another version, which 

gave a similar LDI performance, was produced from less heavily doped n-type silicon 

wafers (0.5-2 Ω·cm resistivity), etched at larger current densities (20 mA/cm
2
) for 5 

minutes under ambient diffuse light (~0.5 mW/cm
2
). The surface morphology was not 

reported. (See section 2.2) This surface was used for chemical characterisation by 

diffuse reflectance IR spectroscopy. This is because the designated surface was 

prepared by a heavily doped silicon wafer, and was opaque to IR radiation.  

 

The authors stressed that these etching parameters produce a surface very different 

from the surface for photoluminescent applications – relatively, these DIOS-active 

materials had much larger pores, a much thinner porous layer, and lower overall 

porosity. On comparing the LDI performance, those surfaces that were effective for 

photoluminescence were not effective for LDI. It was suggested that the pore size and 

the overall surface porosity are the most important parameters for DIOS performance. 

 

The study also showed that, silicon crystal orientation e.g. 100, 111 types and altering 

the concentration of HF from the standard electrolyte mixture (25%) had no significant 

effect on the DIOS performance. Irreproducible results were associated with the 

lowering of ethanol below 30% due to considerable H2 bubbles being generated at the 

silicon surface at such concentration of ethanol. Photopatterning of the surface could be 

achieved by two methods: lithographical etching (illuminating n
+
-type silicon through 

an optical mask), and by covalent derivatisation before etching.  

 

DIOS performance was also found to decrease with oxidation and on long storage in air 

or brief exposure to oxidising agents. A post-etching procedure, termed double-etching 

(re-etching of oxidised surface in 5% aqueous HF etching solution for 1 min) could 

remove the oxides layer and regenerate a hydride surface. The double-etched surfaces 

showed wider openings and more cylindrical pores, but the pore depths were similar to 

the single-etched precursors. (Figure 1-9) Although, the double-etched surface required 

a higher laser threshold, it gave better DIOS performance toward small molecules and 

tended to have a higher loading capacity than single etched surfaces.  
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PPrriinntteedd  vveerrssiioonn  iinncclluuddeess  ffiigguurree((ss))  eexxttrraacctteedd  

ffrroomm  tthhee  rreeffeerreennccee  ssoouurrccee  ddeessccrriibbiinngg  

aa  ddeessiiggnn  ooff  TTeefflloonn  cceellll  uusseedd  ffoorr  mmaakkiinngg  ppoorroouuss  ssiilliiccoonn..  

PPlleeaassee  rreeffeerr  ttoo  tthhee  cciitteedd  rreeffeerreennccee  ffoorr  ddeettaaiill  

 

 

 

Figure 1-8 The design of the apparatus used to make porous silicon.
60

 

 

 

 

 

PPrriinntteedd  vveerrssiioonn  iinncclluuddeess  ffiigguurree((ss))  eexxttrraacctteedd  

ffrroomm  tthhee  rreeffeerreennccee  ssoouurrccee  ddeessccrriibbiinngg  

tthhee  mmiiccrroossccooppiicc  mmoorrpphhoollooggyy  aanndd  aann  aarrrraayy  ooff  ssaammppllee  ssppoottss  ooff  tthhee  

ddeessiiggnneedd  DDIIOOSS  ttaarrggeett..    

PPlleeaassee  rreeffeerr  ttoo  tthhee  cciitteedd  rreeffeerreennccee  ffoorr  ddeettaaiill  

 

 

 

Figure 1-9 (Left) A FE-SEM image of an optimal DIOS surface showing nanometer thick porous 

layer with nanocrystalline structure and photopatterned DIOS target. (Right) The appearance of 

lithographically etched DIOS target showing an array of sample wells.
59, 61

 

 

The aforementioned designated DIOS substrate was further optimised after Waters 

Corp. acquired a license to commercialise the DIOS technology and marketed it for 

small molecule applications.
62

 The optimised surface morphology for small molecules 

consists of a 400-700 nm deep pore layer and pore diameters approximately 50-100 nm 

across. The pore morphology of these substrates is more open than that of a substrate 

more amenable for peptide analysis. Similar to Shen’s observations,
59

 strong etching 
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procedures result in a fragile deep porous surface and the MS performance is degraded 

and has more background ions in the mass spectra. The manufacturing process was also 

further improved (surfactant etching additive) and led to a more reproducible and 

homogeneous target.  

 

Lee, et al.
63

 have also carried out a detailed study of the DIOS phenomenon and 

suggested that the LDI process is not only induced by electric perturbations, surface 

morphology plays an essential role in the process. He found that the pertinent pore size 

for efficient desorption/ionisation was approximately from 35 to 40 nm but surfaces 

which had a pore size below 20 nm and low porosity were inefficient surfaces for LDI. 

Surfaces that had a pore depth of about 800 nm gave the best results. Similarly to Shen 

and Credo,
59, 64

 increasing the thickness of the porous layer and pores size further did 

not promote the ionisation efficiently. It was thought that small and shallow pores had 

low energy trapping performance to necessitate the ionisation and desorption of small 

molecules. The double-etched surfaces had higher threshold energy for desorption. 

Tuomikoski et al.
65

 have also demonstrated a modified etching cell design, which 

eliminates the use of the gold Ohmic contact by using backside illumination. It was 

suggested that this method improves the surface homogeneity. Pore size in the range of 

50-200 nm was found to be optimal in that study. 

 

1.4.2 Chemical Derivatisation 

 

Freshly etched PSi produced by chemical anodisation has a high surface concentration 

of Si-H. However, the Si-H surface slowly reacts with the ambient air.
54, 55

 The 

oxidisation level depends not only on the time elapsed, but also on the storage 

conditions. Consequently, the chemical composition of a PSi surface and its properties 

evolve continuously with storage time. The growth of an oxide layer can significantly 

alter the PSi surface structure and generally leads to impairment of DIOS activity.
66

 

One approach to address the instability of PSi is by chemical derivatisation. In fact, the 

first generation DIOS substrates reported were either hydrogen- or 

phenethyl-terminated, though it was reported there are not significant differences in the 
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LDI performance between the derivatised and non-derivatised PSi surfaces.
54

 (see 

Figure 1-5)  

 

The latest development of DIOS substrate adopts self-assembly of silanes on oxidised 

DIOS surfaces to enhance surface stability or selectivity (Figure 1-10) and in some 

cases functionalise the surface for positionally-encoded screening of compounds for 

reactivity toward catalysts or reagents.
67-71

 A comparison of the DIOS performance of 

the derivatised surface with a freshly-etched surface revealed that the derivatised 

surfaces gave S/N values and mass ranges very similar to Si-H surfaces and were far 

superior to oxidised surfaces. In addition, silanised surfaces showed resistant to 

oxidation by air and even ozone and have a much longer shelf-life upon storage in air (> 

9 months) than underivatised surfaces (< 2 weeks). Furthermore, such a surface 

afforded a method of on-target sample clean-up.
67

 The outcome is the commercial 

DIOS target to be studied in this thesis.   

 

 

 

 

PPrriinntteedd  vveerrssiioonn  iinncclluuddeess  ffiigguurree((ss))  eexxttrraacctteedd  

ffrroomm  tthhee  rreeffeerreennccee  ssoouurrccee  ddeessccrriibbiinngg  

tthhrreeee  ppoossssiibbllee  cchheemmiiccaall  mmooddiiffiiccaattiioonnss  ooff  ppoorroouuss  ssiilliiccoonn  tthhaatt  ccaann  bbee  uusseedd  

ffoorr  llaasseerr  mmaassss  ssppeeccttrroommeettrryy  aanndd  eexxaammpplleess  ooff  mmaassss  ssppeeccttrraa  aaccqquuiirreedd  

ffrroomm  tthhoossee  ssuubbssttrraatteess..  

PPlleeaassee  rreeffeerr  ttoo  tthhee  cciitteedd  rreeffeerreennccee  ffoorr  ddeettaaiill  

 

 

 

Figure 1-10 By using different chemical functionalities, PSi surfaces can be tailored to selectively 

adsorb and efficiently ionise analytes: (a) trimethylsilane, (b) aminosilane, (c) perfluoroalkylsilane 

derivatisation and the corresponding DIOS mass spectra of (d) 500 fmol bovine serum albumin 

(BSA) digest, (e) carbohydrate mixture containing sodiated sucrose ([M+Na]
+
, m/z 365) and 

maltotriose ([M+Na]
+
, m/z 527), and (f) small molecular drugs containing midazolam ([M+H]

+
, m/z 

326), propafenone ([M+H]
+
, m/z 342) and verapamil ([M+H]

+ 
, m/z 455).

72
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1.5 The development of Semiconductors Nano-wires and 

Nano-dot Surfaces 

 

Several other types of semiconductor nanostructured LDI substrates have also been 

reported. Methods include thin-film deposition approaches, such as non-porous 

column/void silicon nano-wires surface produced by plasma-enhanced chemical 

vapour deposition (PECVD),
73

 (Figure 1-11) semiconductors nano-wires produced by 

chemical vapour deposition (CVD)
74

 and germanium nano-dots (GeNDs)  deposited on 

a silicon single-crystal surface by molecular beam epitaxy (MBE).
75-78

  (Figure 1-12) 

Currently, germanium columnar/void films prepared by a plasma deposition method 

are commercially available under the trade name of QuickMass™ from NanoHorizons, 

Inc. and Shimadzu, Corp.
79

 These films are reported stable under ambient conditions 

for over one year without observable loss to its LDI-MS activity, providing an archival 

capability that is comparable to the functionalised DIOS chip. 

 

Another approach is the silicon nanowires (SiNWs) surface.
68

 The nanowires are 

synthesised using gold nanoclusters (40 nm diameter) as catalysts deposited on a 

silicon wafer. Nanowires are then grown using silane vapour (SiH4) as a reactant in a 

CVD furnace (480ºC). To achieve the desired polarity, the surface is oxidised and 

fluoro-silane derivatised. The optimal SiNWs substrate has nanowires of 10-40 nm in 

diameter and a few micrometers long with a density of 10-50 wires/µm
2
.
80

 Because of 

the high surface area, SiNWs surface can act as a TLC plate to perform a 

chromatographic separation of complex biological matrices and the plate is then 

analysed according to the location to identify different compounds on the plate.
68

 The 

SiNWs surface exhibits significantly lower ionisation fluence thresholds than DIOS 

surface and common MALDI matrices. The mechanistic reason for the lower energy 

threshold appeared to be related to low laser fluence requirement to reach high surface 

temperatures and consequently achieve desorption.
80

 SEM images revealed that this 

layer of nanowires is easily melted and evaporates upon laser irradiation. (Figure 1-13) 

The SiNWs substrate has also been further optimised and recently commercialised 

under the trade name of NALDI™ chip from Nanosys, Inc. and Bruker Daltonics, Inc.
81
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PPrriinntteedd  vveerrssiioonn  iinncclluuddeess  ffiigguurree((ss))  eexxttrraacctteedd  

ffrroomm  tthhee  rreeffeerreennccee  ssoouurrccee  ddeessccrriibbiinngg  

((AA--DD))  tthhee  mmiiccrroossccooppiicc  mmoorrpphhoollooggyy  ooff    tthhee  nnaannoossttrruuccttuurreedd  ccoolluummnn--vvooiidd  SSii  

ffiillmm  pprroodduucceedd  bbyy  ppllaassmmaa  eennhhaanncceedd  cchheemmiiccaall  vvaappoouurr  ddeeppoossiittiioonn  aanndd  ((EE))  

aann  eexxaammppllee  mmaassss  ssppeeccttrruumm  aaccqquuiirreedd  ffrroomm  tthhee  ssuubbssttrraattee..  

PPlleeaassee  rreeffeerr  ttoo  tthhee  cciitteedd  rreeffeerreennccee  ffoorr  ddeettaaiill  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-11 (A) Cross-sectional SEM view of a nanostructured column–void Si film grown on a 

glass substrate showing nanofibres and their aggregates (columns). (B) Plan SEM view of a 

nanostructured column–void Si film grown on a Si wafer. Process conditions for film growth: 

400W, 10 mTorr, 100 °°°°C. The film thickness is close to 600 nm. (C) Cross-sectional SEM view of a 

nanostructured column–void Si film, where expansion of the columns (fibrous aggregates) occurs 

with increasing film thickness because of fibrous bifurcation. Process conditions for the film 

growth: 300W, 20 mTorr, 100 °°°°C. The film was deposited on Si wafer. (E) Mass spectrum of a 

mixture of peptides spotted on a nanostructured Si film on a plastic substrate (all in the pmol 

range), including des-arg
1
-bradykinin (m/z 905), (m/z 1182), angiotensin I (m/z 1297), 

glu
1
-fibrinopeptide B (m/z 1571) and neurotensin (m/z 1673).

82
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PPrriinntteedd  vveerrssiioonn  iinncclluuddeess  ffiigguurree((ss))  eexxttrraacctteedd  

ffrroomm  tthhee  rreeffeerreennccee  ssoouurrccee  ddeessccrriibbiinngg  

tthhee  mmiiccrroossccooppiicc  mmoorrpphhoollooggyy  ooff    tthhee  GGee--nnaannoo--ddoottss  ssuubbssttrraatteess  pprroodduucceedd  

bbyy  mmoolleeccuullaarr  bbeeaamm  eeppiittaaxxyy..    

PPlleeaassee  rreeffeerr  ttoo  tthhee  cciitteedd  rreeffeerreennccee  ffoorr  ddeettaaiill  

 

 

 

 

 

Figure 1-12 Morphology of GeNDs on the GeND chip C. (a) FE-SEM image. (b) AFM image. (c) 

Three-dimensional image of the same area shown in (b).
78

 The size of the nano-dot ~ 200 nm in 

diameter. 

 

 

 

 

 

PPrriinntteedd  vveerrssiioonn  iinncclluuddeess  ffiigguurree((ss))  eexxttrraacctteedd  

ffrroomm  tthhee  rreeffeerreennccee  ssoouurrccee  ddeessccrriibbiinngg  

tthhee  mmiiccrroossccooppiicc  mmoorrpphhoollooggyy  ooff    tthhee  ssiilliiccoonn  nnaannoowwiirreess  ssuubbssttrraattee  bbeeffoorree  

aanndd  aafftteerr  llaasseerr  mmooddiiffiiccaattiioonn..    

PPlleeaassee  rreeffeerr  ttoo  tthhee  cciitteedd  rreeffeerreennccee  ffoorr  ddeettaaiill  

 

 

 

Figure 1-13 SEM images of non-patterned nanowires substrate, before (A) and after (B) laser 

illumination.
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1.6 Development of SALDI Substrates and Gas-phase SALDI 

Mass Spectrometer at the General Physical Institute 

 

The SALDI substrate development is closely linked to the investigation of ionisation 

mechanism and gas-phase SALDI mass spectrometer development. Several different 

substrate materials have been employed, such as graphite and ice,
84, 85

 but 

semiconductor materials such as silicon, germanium and gallium arsenide have now 

become the substrate material of choice.
86-88

 These SALDI substrates and the 

instrument are designed for the detection of illicit drugs (e.g. amphetamines, cocaine 

and heroine), nerve gases, missile fuels (e.g. hydrazines) and explosives (e.g. DNT, 

TNT).
89, 90

   

 

In the early work, the silicon substrates were prepared by conventional electrochemical 

etching or anodisation in ethanoic HF solution.
91, 92

 Addition of HCl etching additive 

was used.
93

 This preparation method produced a PSi surface that had up to 50 times 

higher photoluminescence and resistance to oxidation relative to the porous silicon 

prepared by anodisation. Other additives, such as H3PO4 and H2O2 were also 

investigated.
94-96

  

 

More recently, the substrates have been prepared with iodine-containing electrolyte 

additives. The iodine additive includes iodine and iodine-containing compounds, which 

dissociate into iodine-ions during chemical etching.
87

 The proportion of HF, ethanol 

and iodine additive was found to be important. The thickness of the porous layer and 

porosity depends on the iodine concentration and the etching time. Increasing the 

concentration of iodine additive generally reduces surface roughness. The addition of 

iodine greatly influences the process of PSi formation. The surface becomes more 

chemically homogeneous than those prepared by the standard anodisation method does 

and the surface structure becomes smaller. Iodine, like bromine, acts as an oxidising 

agent. Comparatively, iodine is a very weak oxidiser, and consequently the iodine in 

ethanol solution leads to little direct chemical etching. It is believed that iodine most 

probably acts as a catalyst. Such preparation also leads to a long-term stabilisation of 

both the photoluminescent properties and the surface states.
97, 98

 (Figure 1-14)  
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PPrriinntteedd  vveerrssiioonn  iinncclluuddeess  ffiigguurree((ss))  eexxttrraacctteedd  

ffrroomm  tthhee  rreeffeerreennccee  ssoouurrccee  ddeessccrriibbiinngg  

((AA))  aanndd  ((BB))  tthhee  mmiiccrroossccooppiicc  mmoorrpphhoollooggyy  ooff  tthhee  SSAALLDDII  ssuubbssttrraatteess,,  oonnee  wwaass  

pprreeppaarreedd  bbyy  ccoonnvveennttiioonnaall  eelleeccttrroocchheemmiiccaall  ooff  ssiilliiccoonn  iinn  HHFF  aanndd  tthhee  ootthheerr  

pprreeppaarreedd  bbyy  iiooddiinnee  ccoonnttaaiinniinngg  eelleeccttrroollyyttee  iinn  HHFF,,    tthhee  vveerrttiiccaall  ssccaallee  ooff  tthhee  AAFFMM  

iimmaaggeess  aarree  3355  nnmm  aanndd  1133  nnmm,,  rreessppeeccttiivveellyy,,  ((CC))  aanndd  ((DD))  cchheemmiiccaall  cchhaarraacctteerriissaattiioonn  

ooff  tthheessee  ssuubbssttrraatteess  bbyy  FFTTIIRR,,    ((EE))  iioonn  iinntteennssiittyy  ooff  pprroottoonntteedd  ppyyrriiddiinnee    aass  aa  ffuunnccttiioonn  

ooff  llaasseerr  fflluueennccee  oobbttaaiinneedd  ffrroomm  tthheessee  ssuubbssttrraatteess  aanndd  ((FF))  aann  eexxaammppllee  ooff  ggaass--pphhaassee  

SSAALLDDII  mmaassss  ssppeeccttrruumm  aaccqquuiirreedd  tthhee  mmooddiiffiieedd  ssuubbssttrraattee..  

PPlleeaassee  rreeffeerr  ttoo  tthhee  cciitteedd  rreeffeerreennccee  ffoorr  ddeettaaiill  

 

 

 

 

 

 

 

Figure 1-14 AFM images of SALDI substrates, produced by (A) standard anodisation and (B) 

electrochemical etching in iodine containing electrolyte. Standard etching used 70 mA/cm
2
 current 

density and 1 min etching time. Modified etching used 1 mA/cm
2
 current density and 5 mins 

etching time. FTIR spectra of SALDI substrates, produced by (C) standard anodisation and by (D) 

electrochemical etching in iodine containing electrolyte. Tripartite bands at 2100 cm
-1

 (labelled 3) 

and 1000 cm
-1

 (labelled 1) are assigned to the stretching and bending modes of SiH moieties 

respectively. The band at 1100 cm
-1

 is assigned to SiO stretching (labelled 2). (E) The intensity of 

the signal of protonated pyridine obtained from silicon surfaces as a function of the laser fluence, 

produced by electrochemical etching in iodine containing electrolyte (modified etching) and by 

standard anodising etching (standard etching). (F) A representative gas-phase SALDI mass 

spectrum using silicon substrate.
87, 99
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The aforementioned preparation methods are called stain-etching. Stain-etching 

simplifies the preparation procedures by either removing light illumination or electrical 

bias by adding an oxidising agent into the etching solution. In the methods above, only 

indoor diffused light is used. It is interesting to note, although addition of 

iodine-electrolyte into the etchant enhances the photoluminescence efficiency of PSi 

surface; I2, on the other hand, is an effective irreversible photoluminescence queuing 

agent.
100

 Furthermore, there has been a report that iodine matrix additive assists matrix 

MALDI performance.
101

 

 

Most recently, to simplify the preparation procedures even further and to remove an 

electrical contact, the substrates have been prepared using electro-less vapour etching 

in iodine and HF contained vapours on heavily doped (n
++

 and p
++

 type) silicon.
102

 

Compared with anodised luminescent porous silicon prepared by standard method, the 

excitation recombination is two times faster and has higher photoluminescence 

efficiency for the iodine-contained vapour etched surface.  

 

The interface to the mass spectrometer has also been radically altered to permit the use 

of SALDI-MS as an instantaneous highly selective forensic platform. In conventional 

SALDI and MALDI approaches, a liquid sample is deposited onto a surface or a probe 

plate. In the gas phase SALDI approach, the gaseous sample is adsorbed onto the target 

and this method is specially designed for field applications. The surfaces used normally 

are roughened and non-porous. Additional roughness can be obtained either using the 

non-polished side of the silicon wafer or by sanding the wafer with diamond dust before 

etching. It is suggested that the microscopic roughness of the surface strongly facilitates 

the adsorption of organic molecules from the gas phase onto the surface and the 

desorption of the pre-formed analyte ions under pulsed laser irradiation.
89

 It has also 

been suggested that silicon surfaces with lower porosity are less susceptible to surface 

contamination under practical laboratory conditions in comparison to silicon surfaces 

of higher porosity.
103

  

 

The chemically etched surface is not in its final form for SALDI-MS. Further laser 

treatment is carried out on the target surface under a low pressure inside the mass 
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spectrometer.
87

 The laser etching procedure partly removes adsorbates that have 

already been adhered to the surface and alters the surface hydrophilicity. A visual 

alteration to the surface is notable after the substrate is used. The surface is activated 

and highly susceptible to gas-phase organic species adsorption and this property is 

essential for its function here. Sample introduction is then via either a GC instrument or 

a vapour generator.
99, 104

 Because of the acidic nature (native oxides) of the silicon, 

compounds that have high aqueous basicities are selectively adsorbed onto the surface. 

Once the sample is adsorbed onto the surface, it will be ionised and desorbed into gas 

phase by laser irradiation. The applied electric field pulls the ions toward the detector 

through the drill tube. (Figure 1-15) Compounds which have high molecular mass 

cannot be desorbed because of the lack of a matrix to assist the desorption of the analyte 

into vacuum or since they cannot be introduced in gas-phase by a GC. The signal before 

and after the sample introduction is then compared (either by computer or operator) and 

gives either positive or negative result to the target compounds concerned.  

 

The advantages of this design are that it is compact, portable and suitable for field 

applications. Analytes can be accumulated for an extended time and are effectively 

pre-concentrated on the surface to improve sensitivity. Coupling to a GC instrument 

allows a complex mixture to be separated by GC before mass spectrometric analysis. 

(Figure 1-15C) One of the disadvantages is that the spectra are obscured by relative 

intense background interferences in the low mass region, though no silicon clusters are 

observed at the laser energy normally required for analysis. This is circumvented by 

using the online chromatographic technique. The second issue is signal intensity 

reproducibility. Gas-phase introduction improved signal intensity precision over the 

liquid deposition approach, since uneven crystallisation or distribution of the analyte 

onto surface is avoided. However, the signal intensity variation is still large. Newer 

gallium arsenide substrates are reported to have improved spot-to-spot signal 

reproducibility relative to silicon substrates.
88

 The latest development also adopts a 

rotating platform which was originally developed by Murray, et al. to couple CE to 

MALDI.
105

 This design permits the SALDI substrate to be preliminarily exposed to an 

air-current at atmospheric pressure and is then swiftly brought into the vacuum 

chamber of the mass spectrometer. To boost the performance even further, a high 

repetition rate laser (500 Hz) is used.  
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PPrriinntteedd  vveerrssiioonn  iinncclluuddeess  aann  eexxaammppllee  ooff  TTIICC  aaccqquuiirreedd  

ffrroomm  ggaass--pphhaassee  SSAALLDDII  MMSS  ccoouupplleedd  ttoo  aa  GGCC  iinnssttrruummeenntt..    

PPlleeaassee  rreeffeerr  ttoo  tthhee  cciitteedd  rreeffeerreennccee  ffoorr  ddeettaaiill  

 

 

Figure 1-15 (A) Schematic diagram and (B) the setup of a gas-phase SALDI mass spectrometer. A 

substrate is attached onto an end of a steel rod or a rotating ball platform, which is coupled to a 

linear time-of-flight mass analyser. Samples are introduced via a GC instrument, or a vapour 

microflow generator inside the vacuum chamber. Alternatively, the target surface is briefly 

exposed to a micro airflow locked on a rotating platform. (C) A total ion chromatography (TIC) of 

a mixture of benzylamine, ethoxyaniline, triethylamine, N-methylphenethylamine and 

diphenylamine obtained by GC gas-phase SALDI-MS.
88
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1.7 Ionisation Mechanism 

 

While the mechanisms of MALDI are a subject of continuing research, a number of 

models have been already proposed to explain the SALDI or DIOS phenomenon.  

 

Luo, et al.
106

 noted that energy deposition is very efficient in PSi. The authors proposed 

that due to limited dissipation through heat conduction in the thin pore walls 

(quasi-one-dimensional system), the temperature on the wall surfaces of PSi rises more 

rapidly and to a higher value than at the surface of bulk silicon. This confinement of the 

deposited energy in the pore walls means that in PSi a particular surface temperature 

can be achieved at significantly lower laser fluence than in bulk silicon. (Figure 1-16) 

 

 

PPrriinntteedd  vveerrssiioonn  iinncclluuddeess  ffiigguurree((ss))  eexxttrraacctteedd  

ffrroomm  tthhee  rreeffeerreennccee  ssoouurrccee  ddeessccrriibbiinngg  

tthhee  pprrooppoosseedd  llaasseerr  ddeessoorrppttiioonn//iioonniissaattiioonn  mmeecchhaanniissmm    

oonn  ppoorroouuss  ssiilliiccoonn  ssuubbssttrraatteess..        

PPlleeaassee  rreeffeerr  ttoo  tthhee  cciitteedd  rreeffeerreennccee  ffoorr  ddeettaaiill  

 

 

Figure 1-16 Adsorption of thermometer molecular ions (TM
+ 

and Cl
-
) and solvent molecules (S) in 

derivatised silicon nanopores. Derivatisation is depicted as a dashed line that follows the surface. 

Pore walls are sufficiently thin to induce quantum confinement of electrons leading to enhanced 

absorption of laser light. Two possible scenarios exist. The left pore only contains adsorbates and 

it is used to demonstrate the “dry” desorption mechanism. The right pore shows trapped solvent 

as a result of capillary condensation or inefficient pumping through nanopore (gray area) and 

exhibits a “wet” desorption mechanism.
106

 

 

It is proposed that because of energy deposition by the laser pulse, in the dry pores the 

rapid heating of the pore walls results in desorption of the adsorbates. In the confined 

space of the pores, a plume develops that undergoes one-dimensional expansion toward 

the mouth of the pore. During the expansion, the pressure is kept relatively high due to 

the confined space. In the wet pores, the rapidly heated trapped solvent reaches the 

boiling and possibly the spinodal temperature. This gives rise to a high-density solvent 
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plume expanding with the released adsorbate. Ionisation of the adsorbed molecules can 

proceed through charged surface states (e.g. hydrides) or through ion-molecule 

reactions in the plume.
106

 

 

Supporting evidence includes a SEM image performed on a DIOS surface after analysis. 

(Figure 1-17) This surface is covalent cleavable linkers modified and the linker is 

subjected to thermal retro-Diels-Alder fragmentation. The image includes an 

undisturbed region with its regular pore structure, and irradiated region. The latter areas 

appear to have melted and bubbled up, perhaps reflecting the release of volatile 

material trapped in the pores. It is suggested that the 337 nm laser is efficiently 

absorbed by the silicon substrate beneath the porous layer, resulting in very rapid and 

localised heating.
69

 Consequently, explosive vaporisation is proposed as a possible 

mechanism for DIOS.
107

 Explosive vaporisation occurs when a liquid is heated so fast 

that density fluctuations on the liquid become the dominant vaporisation mechanism 

rather than heterogeneous nucleation. Heterogeneous nucleation takes place when the 

temperature of the bulk liquid approaches saturation temperature and thus reaches 

equilibrium with its vapour. In contrast, explosive vaporisation occurs when the liquid 

approaches a region of intrinsic instability because its temperature rises too close to the 

superheat limit.
108
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Figure 1-17 SEM image of a porous silicon surface after DIOS-MS analysis of a deposited analyte. 

(A) Normal region of the PSi wafer, identical in morphology to freshly-etched material. (B) 

Irradiated regions of the surface.
69
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Another model has been proposed on nano-wires surfaces produced by CVD. It is 

believed effective optical coupling leads to thermal desorption of the adsorbed 

analyte.82 (Figure 1-18) Furthermore, Choi, et al. have also suggested the sharp-end of 

the nano-wire can generate an extremely high electric field at the front tips upon 

exposure to laser radiation, which leads to field desorption of the analyte and the 

generation of high local electric field can accelerate the release of ions. In addition, the 

front tips of nano-wires can allow the release of electrons when an electric field is 

applied and this electron release can facilitate the ionisation the analyte.
109
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Figure 1-18 Schematic concept diagram illustrating laser desorption/ionization of analyte 

molecules on nanostructured column/void silicon film.
82

 

 

The SALDI mechanism proposed by Alimpiev, et al is based on field enhancement 

inducing charge separation on the sharp tips at the surface. Adsorbed water plays a vital 

role of ionisation of basic compounds. Ions are emitted from an active layer and surface 

porosity is not required.
103

 It is proposed that the ionisation efficiency of organic 

compounds on SALDI surfaces is strongly dependent on the characteristic size of 

surface structure irregularities, and the formation of gas-phase ions is initiated on the 

surface of sharp crystal tips and edges that protrude from the sample surface. It is 

thought that the electrostatic field is essential in charge separation.
103

 Thus, it was 

suggested that performance enhancement could be achieved by reducing the 

characteristic size of surface roughness or irregularities.
99

 The products are the SALDI 

substrates to be investigated in this study. These SALDI surfaces, perhaps in the 

absence of porous structure, have a higher laser threshold of silicon surface destruction 
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(radiation hardness). In addition, it has been proposed that the SALDI surfaces are 

passivated by hydrogen, fluorine and/or iodine. According to this theory, laser 

irradiation leads to desorption of this passivated layer and the “activation” of silicon 

surface bonds. Water is then dissociatively adsorbed and incorporated onto the surface 

as Si-OH moiety and such reaction requires two adjacent dangling bonds per water 

molecules.
99

 For organic compounds with high aqueous basicities, proton transfer in a 

Si-O····H-M complex results in the formation of protonated molecules [M+H]
+
. 

According to this model, only sufficiently basic molecules will be protonated. and for 

effective ionisation, the aqueous pKa value of the analyte must be higher than 4.
99
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Figure 1-19 Proposed model of the SALDI multi-staged ionisation reaction. The surface is 

activated by laser irradiation, followed by the adsorption of neutral analyte and proton donor 

molecules, the chemical reaction on the surface with proton transfer, production of charged 

complexes bonded with the surface and finally laser desorption of such preformed protonated or 

deprotonated ions.
110

 

 

1.8 Applications in Metabolomics 

 

The potential applications of SALDI-MS are extremely wide. Applications in 

conjunction with nanostructured semiconductor substrates reportedly range from novel 

pharmaceutical and biomedical applications to the polymer science. A selection of 

significant examples in metabolic profiling and related areas are discussed below.  

 

Wide varieties of complex biological matrices have been analysed by the method, 

including urine extract,
59, 111

 human serum and rat plasma extract,
68, 112, 113

 and mouse 

spinal cord tissue extract.
68

 While those studies aimed to demonstrate the potential and 
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capability of the method, Finkel, et al.
114

 used an ordered nanocavity SALDI substrates 

to monitor osmotically induced fluctuation of wide-type and transgenic plants 

(modified with a human inositol polyphosphate-5-phosphatase enzyme) under an 

environmental stress (drought). Root, shoot and leaf extracts of Arabidopsis thaliana 

were studied.
115

 (Figure 1-20) One of the drawbacks of the technique is its poor 

performance toward quantifying saccharides (albeit they could be detected as salt 

adducts). These compounds were hence derivatised with glycidyltrimethyl-ammonium 

(GTMA). Concurrent with previous studies, the result suggested increases in the 

glucose, fructose and inositol concentration were in response to dehydration. 
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Figure 1-20 Metabolite profiling of Arabidopsis thaliana leaves extract using SALDI-MS. (Left) the 

mass spectra of water/methanol fraction and (right) chloroform fraction. The wild-type is 

displaced in black and the transgenic is in red.
115

 

 

Vaidyanathan, et al.
116

 have also demonstrated a remarkable study of metabolic 

footprinting of yeast (Saccharomyces cerevisiae) using DIOS-MS. (Figure 1-21) 

Previously, similar studies have been demonstrated by the same group using DiMS
7
 

and a similar approach was also employed therein.  In that study, principal components 
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analysis (PCA) was performed using non-linear iterative partial least squares (NIPALS) 

algorithm and a selected number of PCs (those contributing to more than 95% of the 

explained variance) was chosen for discriminant function analysis (DFA). Clustering 

on the PC-DFA space was then studied. This approach identified the biomarkers that 

distinguish the wide-types from the mutants. The result could aid the calculation of the 

genes expression under environmental influence or to speculate the possible metabolic 

pathway.
116

 Still, because DIOS is a non-quantitative approach, DiMS was also used at 

the same time to assist data interpretation.  
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Figure 1-21 (A) PC-DFA score plot constructed using the first 60 PCs showing the discrimination 

of mutants g1 and s4 from the rest of the yeast mutants and the wild type strain. The test set is 

marked with an asterisk, and the separating clusters encircled for clarification. (B) The first 

loadings plot of the PC-DFA. Note the prominent peaks at m/z 145 and 146 seen clearly in the 

expanded portion of the loadings. (C) Mean spectra of g1 (gln3∆), g5 (dal80∆) and the wild type 

wh (BY4741) strains showing the differences in the spectra in the region where the prominent 

discriminatory effect is observed. Note the higher peak intensity at m/z 146 (corresponding to 

glutamate, [M-H]
-
) for g1 compared to the rest. (D) Mean spectral response corresponding to 

glutamine (m/z 147) and glutamate (m/z 148) in the positive-ion direct infusion mass spectra of the 

three strains as in (C) (error bars represent one standard deviation about the mean).
116
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In the studies above, biological compounds are extracted into a solution and deposited 

onto the substrate prior to mass spectrometric study. Given that SALDI is a surface 

mass spectrometric technique similar to SIMS and MALDI, direct tissue analysis and 

ion imaging of small molecules is possible. Kruse et al.
117

 were the first to explore the 

use of DIOS-MS for direct tissue analysis. Tissue samples of Aplysia Californica or 

cultured invertebrate neurons were directly added onto the PSi. In the study of 

untreated Aplysia atrial gland, the spectra contained membrane lipids in the range of 

m/z 600-800. A preliminary treatment of methanol-ammonium citrate favoured release 

and relocation of peptides from tissues into the porous silicon. These methods allowed 

the observation of known and unknown peptides, and presented a good correlation with 

the results provided by MALDI-MS. Recently, He, et al.
118

 have applied the DIOS-MS 

method to two-dimensional ion image of mouse liver tissue and human cervical cancer 

cells. (Figure 1-22) Similarly to MALDI tissue imaging, the method provides a visual 

information of spatial distribution of cell membrane and nucleus biomarkers: 

phosphatidylcholine (PC) and propidium iodide (PI), but also enjoys the benefit of the 

reduced laser threshold, simpler sample preparation (no matrix) and lower interferences 

at the low mass region.  
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Figure 1-22 (A) Optical image of human cervical cancer cells, HEK 293, grown on the DIOS 

substrate; (B) the corresponding fluorescence image of the same cell cluster with nucleuses stained 

by PI; (C) a typical DIOS MS spectrum collected from HEK 293 cell detection; both PC and PI 

peaks are labelled with asterisks; (D) the corresponding ion maps of PC (yellow) and PI (orange) 

fragments  overlaid.
118
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1.9 Research Objectives and Scope of Study  

 

Nanostructured semiconductor substrates interfaced with the laser mass spectrometry 

has immense potential in biomedical research. In particular, without the matrix 

dependence and interferences as in MALDI using the conventional organic matrix and 

the possibility of “chip-based” format, this approach permits a robust high-throughput 

mass analysis of pharmaceutical products and biological related small molecules, in 

part addressing the challenges in metabolomics. These beneficial factors have attracted 

the scientific community worldwide. Insofar, about 100 research or review articles 

have been published. Nevertheless, to make SALDI or DIOS a routine research tool, a 

lot of work is still needed.  

 

On the other hand, there has also been somewhat of a controversy in the literature over 

the optimisation of the method, in particular on the structural properties of the 

substrates and their effects on ionisation efficiency. Furthermore, published data that 

has actually investigated the surface chemical properties of the substrate are actually 

rare. In this thesis, a detailed study of this emerging new technology is reported and 

related to the effects of the physicochemical properties of the substrate to laser 

desorption/ionisation performance. This project has since developed to bring new 

evidence or insight to re-examine the propositions and to propose an alternative version 

of the ionisation mechanism. 

 

According to the provisional recommendation on the Standard Definitions of Terms 

Relating to Mass Spectrometry (2007) commented to the IUPAC,
119

 the terminologies 

SALDI and DIOS were not included in the final draft. The opinion on the nomenclature 

of the technique remains divided. In this thesis, MALDI is referred to the use of the 

conventional organic matrices and matrix-free LDI (LDI) is adopted to denote the 

non-conventional laser mass spectrometry approaches. SALDI is referred to the 

substrates provided by the Laser Diagnostics Laboratory and their LDI activity. DIOS 

is referred to the PSi substrates and their LDI activity, and so on. 
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This project described in this thesis is part of a collaboration with the Laser Diagnostics 

Laboratory of the General Physics Institute, Moscow to explore the latest development 

of matrix-free LDI substrates with the aim to develop a sensitive high-throughput laser 

mass spectrometry approach for metabolomic applications using nanostructured 

semiconductor substrates. The initial study has been much influenced by the concept 

developed by the Laser Diagnostics Laboratory and has become the starting point. The 

scope of study follows the current trend of research in matrix-free LDI approaches and 

has three essential elements: (1) substrate development, (2) mechanistic elucidation and 

(3) biological/biomedical application. The subject is developed as follows: 

 

Chapter 1, the introduction (this chapter) reviews the current development of 

matrix-free LDI technologies and explains the motivation for this research. 

 

Chapter 2, summarise the chemistry of porous silicon (the major material being studied 

in this study), the basic principles of the surface techniques involved in the study, the 

materials and the methodologies. 

 

Chapter 3, the rough or porous semiconductor substrates are characterised using a 

number of surface techniques in order to understand the true natures of these substrates. 

Their LDI performance is evaluated and compared, to identify the surface features that 

govern the LDI processes.  

 

Chapter 4, LDI ionic and surface reactions are investigated. A wide range of 

biological-related and pharmaceutical compounds are analysed in order to determine 

the capability of this method. Different analytical conditions are also considered. The 

surface structural and chemical alterations after LDI investigation or laser etching are 

investigated.  

 

Chapter 5, the feasibility of biomedical applications is studied, including instrumental 

and method validation, biological sample preparation, and metabolite profiling. MVDA 

is used in the interpretation of complex mass spectrometric data of complex biological 

matrices, including human blood plasma, urine, animal liver tissue, and bacterial cell 

and culture.  
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2.1 Introduction 

 

The aims of this chapter are a preparation to the study of surface characterisation of 

the matrix-free LDI substrates, including the methodologies and instrumental aspect. 

Some of the physicochemical properties of matrix-free LDI substrates have been 

discussed in Chapter 1. In this chapter, a detailed description of the chemistry of 

porous silicon (the major material used in this study) is provided. Experimental design 

ensures the success of a comprehensive scientific study. The common surface 

techniques used in characterisation of structured silicon surface are reviewed and 

suitable approaches for this study are selected. The principles of the selected surface 

techniques are discussed. Detailed description of materials, chemical modification of 

the LDI substrates, instrumental design and experimental parameters are provided in 

this chapter.  

 

2.2 Chemistry of Porous Silicon 

 

Electrochemical etching of silicon under controlled conditions leads to the formation 

of nanocrystalline silicon where quantum confinement of photoexcited carriers yields 

to a band gap opening and an increased radiative transition‡  rate.1 The resulting 

material is named porous silicon (PSi) due to its morphology composed by a 

disordered web of pores entering into Si. Its structure is like a sponge where quantum 

effects play a fundamental role. These features, being a quantum system and a sponge  

are keys both to the success and failure of PSi.1 In fact, many possible applications 

exploit the quantum confinement (e.g. in light emitting diodes) or the high reactivity 

of its surface (e.g. sensor applications), but to apply PSi to a practical use, one has to 

master its quantum sponge nature and the methods of investigation.  

 

Dissolution Chemistries: 

 

PSi is formed by an electrochemical etching of Si in an HF solution. Following an 

electrochemical reaction occurring at the Si surface a partial dissolution of Si settles 
                                                 
‡ The electronic transition between valance and conduction band, in exchanging photon energy. 
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in. The exact dissolution chemistries of Si are still in question and different 

mechanisms have been proposed. It is generally believed that several different 

reactions are occurring simultaneously during the anodic etching. The reaction 

ultimately leads to oxidation and dissolution of the surface to silicon hexafluoride.2 

(Figure 2-1) Under these conditions, Si-Si bonds are electrochemically activated and 

react with fluoride ions to form soluble, molecular perfluoro species. Solvation of 

these silicon fluorides by the etching medium yields a physically irregular, high area 

PSi matrix.2 The surface of freshly etched PSi is hydride-terminated (with > 99% of 

surface silicon atoms capped with 1-3 hydrogen) and not oxide-terminated, resulting 

in a hydrophobic and chemically homogeneous interface.  
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Overall reaction: Si + 6HF + 2h+ SiF6
2- + H2 + 4H+  

 

 

PPrriinntteedd  vveerrssiioonn  iinncclluuddeess  ffiigguurree((ss))  eexxttrraacctteedd  

ffrroomm  tthhee  rreeffeerreennccee  ssoouurrccee  ddeessccrriibbiinngg  

aa  TTeefflloonn  eettcchhiinngg  cceellll  aanndd  eettcchhiinngg  pprroocceessss..    

PPlleeaassee  rreeffeerr  ttoo  tthhee  cciitteedd  rreeffeerreennccee  ffoorr  ddeettaaiill  

 

 

Figure 2-1 Schematic representation of PSi production. (A) The reaction is initiated by positive 

hole generation (h+), followed by nucleophilic attack of fluoride species with Si and dissolution of 

SiF6
2- resulting a hydrogen passivated Si surface. (B) Etching cell and control unit. (C) Fabry-

Pérot fringes - appearance of colours within the etching solution is a visual indicator for 

anodisation. The colour changes across the sample and each colour corresponds to a different 

optical thickness.2, 3, 4 

 

The etching process is controlled by a number of factors, including the composition of 

the etching solution (electrolyte), the anodic current and potential, wafer type and 

A 
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resistivity, anodisation duration, illumination (n-type mainly), temperature, etching 

time and the design of the etching cell. Although substrate fabrication is not involved 

in this study, the etching parameters directly affect the physicochemical properties of 

the substrates, the significance of which will be seen in Chapter 3. 

 

Electrolyte:  

 

HF is available commercially as an aqueous solution with up to 50% of HF. As for its 

uses for PSi production, it is diluted in deionised or ultra-pure water. Absolute ethanol 

(exceeding 15%) is usually added to the aqueous solution. Adjusting the pH by adding 

acetic acid is also possible. HF/ethanol mixtures are termed aqueous electrolyte. The 

function of ethanol is to reduce the surface tension and hence increase the wettability 

of the PSi surface, ensuring the infiltration of HF solutions within the pores. This is 

very important for the lateral homogeneity and the uniformity of the PSi layer in 

depth. In addition, during the reaction hydrogen evolution occurs. Bubbles form and 

stick on the Si surface in pure aqueous solutions, whereas they are promptly removed 

if ethanol (or some other surfactant) is present.1 Moreover, the temperature and 

electrolyte viscosity also has an influence on the lateral inhomogeneity and surface 

roughness of the PSi produced.5  

 

Addition of an oxidising agent into aqueous HF electrolyte leads to an oxidising 

electrolyte.5 This method is also called stain etching. Nitric acid is an oxidising agent 

commonly used. Other examples include 0.01-0.1 M H3PO4 mixed with 0.001-0.01 M 

HF,6 and diluted HF with some CrO4.
7 Stain-etching is useful if one needs to produce 

a very thin PSi film. In the formula of H3PO4/HF, the mechanism of oxide detachment 

is thought to occur, an anodisation process due to the formation of a thin (50-90) nm 

oxide layer at the sample surface and its subsequent lifting off.6  

 

It is possible to say, the use of aqueous electrolyte and oxidising electrolyte ascribes 

one of the major differences between the DIOS and SALDI substrates in this study.  

 

Apart from aqueous electrolyte of HF, mixing HF with an organic solvent is also 

possible and is termed organic electrolyte.5 Common organic solvents are listed in   

Table 2-1.  
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Table 2-1 Organic electrolytes used in Si electrochemistry and some of their major properties.5  
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Current-Voltage (I-V) Characteristics: 

 

Typical I-V relationships of the electrochemical cell are shown in Figure 2-2 A and B. 

For p-type silicon in aqueous diluted HF solution, the diode like behaviour of the 

Si/HF contact is described by the terms "forward" direction (anodic) and "reverse" 

direction (cathodic) where only a small leakage is flowing. In the forward region, PSi 

is formed only below the current peak iPS. (Morphology C and D) Above this region, 

electro-polishing occurs.  

 

For n-type silicon, the situation is reversed. The cathodic region is the forward biased 

region. The reverse region is anodic and only a small leakage current flows. In order 

to generate the same current voltage behaviour as for p-type Si on n-type samples, the 

electrode has to be illuminated with a high light intensity to generate positive hole. 

The current voltage curve shows exactly the same behaviour under these conditions 

except for a cathodic voltage shift of about 500 mV, which is due to the differences in 

Fermi energies of the different material. PSi is formed below the current peak iPS. Pore 
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morphology depends on the etching potential. (Morphology C, D and E) However, 

one can still obtain PSi in n-type Si in the dark, at a large etching potential. While this 

surface has a similar appearance to n+-mesopores, the pore wall of the PSi is damaged 

(called ‘‘break through’’ pores). (Morphology F) In the discussion of the 

physicochemical properties of DIOS substrate in the section 1.4.1, Shen, et al.8 

prepared an alternative version of substrate in the dark, but the surface morphology 

was not presented. According to the etching parameters, that surface should have a 

porous morphology similar to F.       
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Figure 2-2 Representative I-V characteristics of (A) p-type, (B) n-type Si under aqueous 

electrolyte. Porosification occurs at the regions where i <  iPS (highlighted in red). Depending on 

the etching parameters, four possible porous structure can result: (C) microporous, (D) 

mesoprous, (E) macroporous and (F) damaged pore walls as a result of electrical breakdown. 

Electropolishing occurs at the region with current densities iPS < iox.
9   

 

Effects of Current Density:  

 

For p-type substrates, and for a given HF concentration, the porosity increases with 

increasing current density. However, for a fixed current density, the porosity 

decreases with HF concentration.1 (Figure 2-3a)  
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For heavily doped n-type Si, the porosity as a function of current density is quite 

different from the corresponding curves obtained for p-type doped substrates. The 

porosity exhibits a sharp minimum around 20 mA/cm2. (Figure 2-3b) For higher 

current densities, the behaviour is similar to the p-type doped substrates, but for lower 

current densities the porosity increases sharply.1 This large increase in porosity is not 

explained simply by chemical dissolution but is due to a difference in microstructure. 

In n-type doped Si, the layers obtained at low current density have a finer structure.1 

On the other hand, the reference source did not mention any increase or decrease in 

porosity with respect to the HF concentration. It is because the resulting porosity of 

the substrate does not depend on the concentration of the HF.  
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Figure 2-3 Porosity as a function of current densities for (a) lightly doped p-type and (b) highly 

doped n-type silicon substrate.10 
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Classification of Morphology: 

 

Figure 2-2 presents four possible porous morphologies. According to IUPAC, the size 

of the pores is classified into three categories: 1) micropores – with pore diameters 

and pore distances (or geometries) < 10 nm, mesopores – with geometries in the 10-

50 nm region and macropores – with geometries > 50 nm. However, such 

classification of the geometry of pores does not contain much information about the 

microscopic information on the morphology of the PSi layer. Terminology such as 

porous, nano-dot, or nano-well are used to describe the surface morphology in this 

study.   

 

Chemical Composition of As-prepared PSi: 

 

The internal surface of a PSi layer is very large. Such a large surface contains an 

enormous quantity of impurities coming from the electrolyte used for electrochemical 

etching and from the ambient air. Even the vessels in which the samples are stored 

could contribute to the sample contamination. It is necessary to know the chemical 

composition of PSi because its properties depend on impurity content and surface 

passivation. 

 

The original impurity, which is always found in PSi layers, is hydrogen. Freshly 

etched PSi is almost totally covered by SiHx groups. (x = 1, 2, 3). After formation and 

drying, the Si-Hx groups are still present on the inner surface for weeks and even 

months.1 Hydrogen desorption occurs during annealing. Hydrogen desorbs from SiH3 

groups between 300 and 400ºC, while desorption from SiH2 occurs at 400ºC and from 

SiH around 500ºC.11 

 

The second original impurity found in PSi is fluorine. The form in which fluorine is 

present in PSi is still in question. Desorption experiments demonstrated that SiF3 

groups desorb at the same temperature as SiH3, indicating that SiF3 groups are present 

on the pore walls.11 The content of fluorine decreases with time. It has been proposed 

that SiF bonds are progressively replaced by Si-OH bonds through hydrolysis reaction 

with water vapour in air. On the other hand, only HF and SiF6
2- could be detected by 
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19F NMR.12 According to these results, fluorine comes only from residual electrolyte 

in the pores. 

 

Other impurities are usually incorporated after the anodisation process. These 

impurities include carbon and oxygen. The source of carbon is atmospheric. The 

carbon comes from hydrocarbon molecules present in the ambient air and often also 

in the residual gas in analysis chambers used for SIMS, IR, XPS, etc. Oxygen is 

normally adsorbed in a few minutes after drying in ambient air. The amount of 

oxygen can be as high as 1% after 15 min of air exposure and increases to very high 

percentage values with aging. Dangling bonds are another important feature of PSi. 

They are the paramagnetic defect at the Si/SiO2 interface (Pb centres) and have a 

·Si≡Si3 structure. Another relevant paramagnetic centre is the ·Si≡SO3 defect (E΄ 

centre), which is formed especially in hydrogen depleted oxide layers. The presence 

of dangling bonds are characterised by electron parametric resonance (EPR) and the 

concentration of dangling bonds decreases after water and ethanol adsorption.13, 14 

(Figure 2-4) 
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Figure 2-4 EPR spectra of PSi (A) before and after O2 and H2O adsorption, and (B) after ethanol 

and C2(CN)4 adsorption.14 
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Aging and Surface Modification: 

 

The native hydrides terminated surface is metastable and will oxidise in ambient air. 

This process is referred as aging. While surface oxides passivate the nanocrystalline 

silicon and stabilise the surface, the electrically insulating and structural defective 

character of the oxide layer is normally unwanted.2 Furthermore, excessive or 

uncontrolled oxidation may deleteriously and irreversibly alter the useful, inherent 

properties of nanocrystallites, compromising their integrity and drastically limiting 

their utility.2 Research has been focused on developing methods for the preparation of 

chemically functional interfaces that protect the underlying silicon nanocrystallites 

from degradation without changing or annihilating their intrinsic behaviour and for 

greater control over the interfacial properties. 

 

Two general approaches have been taken. The first involves oxidation of the PSi 

surface and subsequent reaction with alkoxy- or chlorosilanes. A second approach 

utilises the native chemical functionalities on the surface of freshly etched material 

through a series of reactions developed on PSi surfaces. Not only can surface hydrides 

be used as chemical handles through which derivatisation can take place, but the 

weaker Si-Si bonds have also proven themselves to be reactive.15 PSi passivated with 

organic moieties has higher resistance to oxidation and gives some regulation over the 

stability of this material. Additionally, the well-documented silane chemistry opens 

many possibilities in targeted surface tailoring or manipulation, allows the synthesis 

of derivatised surfaces exhibiting distinct chemical activities or increased sensitivity 

toward specific analytes.  

 

2.3 Methods of Surface Characterisation 

 

The physical and chemical properties of PSi can be characterised by a variety of 

analytical techniques. Commonly used methods and their advantages and 

disadvantages are listed in Table 2-2. Not every technique will be employed, but they 

are included for reference. The selection depends on availability and suitability. The 

basic principles of the chosen methods are described in the next section. 

 



 55 

Table 2-2 Comparison of various surface techniques commonly used in characterisation of PSi.1, 2 

Technique Advantages Limitations 

A. Imaging techniques to acquire information about the structural elements of the 

silicon matrix, such as size, shape, and orientation of the nanocrystalline 

Scanning 

electron 

microscopy 

(SEM) 

Provide a pseudo-three-

dimensional perspective of 

the surface topography and 

revel details about the size 

and extent of the porous 

layer. 

For the imaging with SEM, ordinarily 

an ultra-thin layer of carbon or gold is 

used to ensure strong contrast and 

minimise specimen charging. Can 

cause radiation damage to the sample. 

Transmission 

electron 

microscopy 

(TEM) 

Provide a cross-section 

image of the porous layer. 

Particularly suitable to 

investigation multilayer stack 

composition prepared by 

periodic variation of the 

etching parameters.  

Relative to SEM, more specimen 

preparation is needed.  

Imaging with TEM requires 

exceptional caution in the preparation 

of microscopy samples. Ion milling is 

the most successful means of 

preparing exceptional thin specimens 

without inflicting significant damage 

to the nanocrystalline structure. 

Atomic force 

microscopy 

(AFM), and 

scanning 

tunnelling 

microscopy 

(STM)  

 

Both AFM and STM can be 

used to image PSi surface to 

atomic scale lateral 

resolution. Three-

dimensional surface profile. 

Can be operated in ambient 

air or even a liquid 

environment.  

The dimensions of the scanning probe 

tip often exceeded those of the porous 

matrix, resulting in distortion of the 

vertical scale. AFM does not allow to 

image deep pores and only the top end 

of the pores is imaged. STM is limited 

by the high resistivity of the material.  

B. To identify the chemical nature or probe the surface chemical composition 

Energy 

dispersive X-

ray 

spectroscopy 

(EDS) 

Provides rapid qualitative 

analysis of elemental 

composition. Combinable 

with SEM instrument. 

Quantitative analysis requires 

adequate standards 
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Fourier 

Transform 

InfraRed 

(FTIR)  

FTIR signal in PSi is larger 

relative to the bulk silicon 

due to much larger specific 

area. 

High concentration of dopant is 

opaque to IR radiation and obscures 

the analysis.  

Secondary 

ion mass 

spectrometry 

(SIMS) 

High sensitivity. Elemental 

and chemical mapping on a 

sub-micron scale. Able to 

carry out depth profiling.  

Non-quantitative (semi-quantitative at 

best). Destructive method. Matrix 

effects. Charging may be a problem in 

some samples.  

X-ray 

photoelectron 

spectroscopy 

(XPS) 

Quantitative, including 

chemical state differences 

between samples. Able to 

carry out depth profiling with 

an aid of ion gun and oxide 

thickness measurements. 

Detection limits typically ~ 0.1 at%. 

The quantitative accuracy for the weak 

XPS signals is poor.   

Limited specific organic information. 

Long analysis time. 

Sample degradation during analysis. 

C. Measurements on porosity, the specific surface area and interfacial interaction  

Weight 

measurement 

Porosity is defined as the 

fraction of void within the 

PSi layer and can be 

determined by weight 

measurements (before and 

after anodisation) 

No 

Gas 

absorption 

An approximation of the 

specific surface area of PSi 

can be achieved through 

Brunauer-Emmett-Teller 

(BET) analysis. Information 

regarding to the pore size 

distribution can also obtain.  

Very time consuming. Becomes 

complicated when a mixture of pores 

co-exist in the same sample.  

Contact angle 

measurement 

Provide information 

regarding to the interfacial 

interaction with the 

deposited liquid. Low cost 

and fast.  

Surface roughness, surface 

heterogeneity, adsorption of 

contamination, vapour and surfactants, 

all effect to the accurate measurement   
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2.3.1 Principles of SEM 

 

SEM is a type of electron microscopy which produces images by detecting low 

energy secondary electrons (< 50 eV) and so only those formed within the first few 

nanometers of the sample surface have enough energy to escape and be detected. In 

the SEM instrument used in this study, an electron beam is first created by thermal 

exciation of a tungsten hairpin filament and is accelerated toward an anode.16 

Alternatively, electrons can be emitted via field emission and is termed field emission 

scanning electron microscope (FE-SEM). FE-SEM provides an improved spatial 

resolution over conventional SEM. The electron beam is focused by magnetic 

condenser lenses to a very fine beam. The beam then passes through objective lens, 

which deflect the beam so that it scans in a raster fashion over the sample surface. 

When the electrons strike the sample, a variety of signals are generated, including X-

ray, auger electrons, backscattered electrons and secondary electrons. (Figure 2-5) 

The detection of secondary electrons, produced by multiple inelastic scattering 

processes, generates a secondary electron image (SEI) and the contrast in the image is 

determined by the sample topography (with millimetres depth of field).17 
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Figure 2-5 Electron-specimen interactions.18  
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Other specific signals originated from different regions of the sample surface can also 

provide useful information. The emitted X-ray has an energy characteristic of the 

parent element. Detection and measurement of the X-ray energy permits elemental 

analysis and this technique is called EDS. Sampling depth of EDS is 1-2 micrometers. 

Furthermore, the incident primary electrons cause ionisation of atoms. Subsequent 

relaxation of the ionised atoms leads to the emission of Auger electrons characteristic 

of the elements present on the sample surface and is the basis of Auger electron 

spectroscopy (AES) and scanning Auger microscopy (SAM). The technique is surface 

sensitive (within a few nanometres deep in the surface). For direct band gap 

semiconductors, such as GaAs and GaN, the SEM electron beam injection induces 

cathodoluminescence. Cathodoluminescence is a very powerful probe of the 

optoelectronic behaviour of semiconductors, particularly for studying nanoscaled 

features and defects.16, 17, 19, 20 

 

2.3.2 Principles of AFM 

 

The AFM is one of the foremost tools for imaging, measuring and manipulating 

matter at the nanoscale. By using AFM, one cannot only image the surface in atomic 

resolution but also measure the force at nano-newton scale.  

 

In a typical AFM experiment, a sample surface is placed on a piezoelectric stage, 

where an AFM probe is brought into close proximity of a sample surface. An AFM 

probe, typically made of silicon or silicon nitride, consists of a cantilever with a sharp 

tip, of which the radius of curvature is in the order of nanometers. A laser beam is 

directed to the upper end of the cantilever and is reflected to the photodiode detector. 

The weak physical forces, usually less than 10-9 N, between the tip and the sample 

surface lead to an extremely small deflection of cantilever. The deflection is measured, 

via the reflected laser spot, by an array of photodiodes. The physical forces include 

Van der Waals forces, mechanical contact force, capillary forces, electrostatic forces, 

magnetic forces and even chemical forces between the tip and the sample. A constant 

mean distance (to obtain force information) or force (to obtain height information) 

between the tip and the surface is maintained by a feedback mechanism, which 

triggers the z direction movement of the piezoelectric stage. The piezoelectric stage is 
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also responsible for the x and y direction movement, allowing scanning over the 

sample along a continuous sequence of raster lines. Recording this movement forms 

the topographical image.17 (Figure 2-6) 
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Figure 2-6 (A) Schematic of AFM. The deflection of a microfabricated cantilever with a sharp tip 

is measured be reflecting a laser beam off the backside of the cantilever while it is scanning over 

the surface of the sample. (B) A SEI of an integrated silicon cantilever. The tips typically have an 

end radius of curvature 5 to 10 nm.21 

 

Modern AFM instruments can be operated in a number of modes, depending on the 

application, such as imaging with contact, non-contact and tapping mode and force-

distance measurements. Only tapping mode for imaging is used in this study and 

hence will be focused upon in this section.  

 

In the tapping mode, the cantilever is driven to oscillate at or slightly below its 

resonance frequency using a piezoelectric crystal. However, the cantilever is 

oscillated in a way that the tip lightly touches or “taps” the surface briefly in each 

oscillation cycle, and then enough restoring force is provided by the cantilever spring 

to detach the tip from the sample. As the oscillating cantilever begins to contact the 

surface intermittently, the oscillation amplitude or phase is modulated by tip-sample 

interactions and such changes provide the feedback signal for imaging. The changes 

in the phase of oscillation can also be used to discriminate between different types of 
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materials on the surface. This technique allows imaging of sample surfaces that are 

easily damaged, loosely held to their substrate or otherwise difficult to image by other 

conventional AFM techniques because it overcomes major problems associated with 

friction, adhesion, electrostatic forces, and other tip-sample related difficulties that 

can plague other AFM scanning methods.17, 21, 22  

 

2.3.3 Principles of ToF-SIMS 

 

Time-of-Flight Secondary Ion Mass Spectroscopy (ToF-SIMS) uses a pulsed ion 

beam (usually Cs+ or Ga+) of a few keV to sputter molecules from the uppermost 

atomic layers of the sample surface. Most of the emitted species are neutral, but a 

small proportion of the emitted species are ionised (secondary ions). These particles 

are then accelerated into a time-of-flight mass analyser and their mass-to-charge ratio 

is determined by measuring the exact time at which they reach the detector. SIMS is 

the most sensitive of all the commonly employed surface analytical techniques. This 

is because of the inherent sensitivity associated with mass spectrometric-based 

techniques. Analysing the secondary ions with a mass spectrometer provides 

information about the elemental, isotopic and molecular composition of the surface.23  

 

Four operational modes are available using ToF-SIMS:24 

1. Surface 

spectroscopy 

(static SIMS): 

Used for sub-monolayer chemical analysis, where the applied 

primary ions dose density is low enough (< 1013 cm-2) to keep 

the surface quasi non-destructive. 

2. Depth profiling 

(dynamic SIMS) 

SIMS is destructive in nature because particles are removed 

from the surface. This can be used to erode the solid in a 

controlled manner to obtain in-depth profiles of elements. 

3. Ion imaging By rastering a fine-focussed ion beam over the surface, spatially 

resolved secondary ion images (chemical maps) can be 

obtained. 

4. 3D analysis  A variant of combining dynamic and imaging SIMS to produce 

a visualisation of 3D sample structures. Rate of erosion is 

subjected to different chemical composition on the surface. 
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SIMS has several important characteristics:  

- SIMS is a surface specific technique because the emitted particles originate from 

the uppermost one or two monolayers.  

- The ionisation efficiency of elemental species is dependent on the ionisation 

potential (for positive ions) and electron affinity (for negative ions) of the element. 

(Figure 2-7A and B) 

- The secondary ion yields will vary greatly according to the sputtering conditions 

(primary beam effects) and the chemical environment (matrix effects) of the 

surface. (Figure 2-7C) For example, significant enhancement in positive ion yields 

is observed in the presence of highly electronegative elements such as oxygen and 

fluorine in the sample,25, 26 whereas suppression can occur in the presence of an 

analyte of high gas phase basicity.27 This is one of the major problems with 

quantification using SIMS and the technique is considered largely qualitative.  
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Figure 2-7 (A) Positive ion yields plotted as a function of ionisation potential. The ion yields are 

relative to silicon in a silicon matrix with O2
+ sputtering. (B) Negative ion yields plotted against 

electron affinities. The ion yields are relative to silicon for measurements in a silicon matrix with 

Cs+ ion sputtering.28 (C) Useful yield of Si in four matrices (Si, SiC, Si3N4, and SiO2) obtained in 

the Si+ mode under three different PI (Cs+, Ga+, O2
+) bombardments and in the SiCs+ mode. 

Incorporation of Cs into the material and detecting MCs+ clusters circumvent matrix effect.29   
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2.3.4 Principles of XPS 

 

XPS is a surface sensitive (typical detection depth ~10 nm), quantitative chemical 

analysis technique capable of determining the elemental composition, chemical state 

and electronic state of the elements on the surface of a material. XPS is a Nobel Prize 

winning technology. (Physics 1981) The technique relies on irradiation of a material 

with soft X-rays, which leads to expulsion of the inner shell, or lowest energy 

electrons. This photoelectric phenomenon was outlined by Einstein in 1905 in 

equation (0.1).  

 

EB = hν - EK - Φ        (0.1) 

 

Where  

EB is the binding energy (the energy required to release an electron from its 

atomic or molecular orbital, conventionally measured with respect to the 

Fermi-level of the solid);  

hν is the energy of photons impinge upon the surface; 

EK is the kinetic energy of the ejected electron, and  

Φ is the work function - the energy requires to remove an electron from Fermi-

level to vacuum level. Fermi-level is the highest occupied energy level. 

 

In an XPS experiment, a sample is irradiated with monochromatic X-rays of a 

characteristic energy. The photoelectrons of different kinetic energy are resolved with 

a spherical mirror analyser and the flux of electrons leaving the surface is measured. 

By using equation (0.1), the binding energies of the electrons can thus be determined. 

This is because the binding energies are characteristic of each element and can be 

used for elemental identification. Furthermore, there is also a slight variation 

(chemical shift) in the electron binding energies depending on the chemical 

environment of the atom, providing information about the oxidation state and/or 

electronic state of an atom.  
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2.3.5 XPS Imaging (Spectromicroscopy) 

 

Modern XPS instruments are not limited to spectroscopy but also capable of chemical 

imaging because of improved detector and instrument design leading to enhancement 

in spatial resolution and sensitivity. The method employs pulse-counting methods, 

which give high lateral resolution XPS images with quantitative intensities. However, 

in the image processing, the procedures usually involve a complicated mathematical 

calculation. A multivariate analysis of an extremely large dataset is carried out to 

provide chemical state information from the set of images. The PCA procedure can be 

applied either in the spatial domain or in the energy domain. Further detail can be 

seen at the CaseXPS help file and reference 30 and 31. A brief summary is given below. 

 

The first step is to acquire a sequence of images with equal energy steps (typically at 

0.2 to 0.5 eV step sizes) over a predetermined energy range. In the example below, 

the binding energy range over 110 – 95 eV corresponding to the Si 2p region was 

acquired. (Figure 2-8)  

 

 

Figure 2-8 Schematic of imaging dataset. A stack of images acquired from the same location on 

the sample over a range of energies. The S/N of each image is relative poor and many of the 

images are merely noise. 

 

Each image was acquired for 2 minutes, giving a total acquisition time of 2.5 hours 

for Si 2p region. Data acquisition was actually carried out along with C 1s and O 1s 
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regions, meaning that such a procedure is an overnight process. Although a very long 

experimental time is required, each experimental dataset actually contains 256 × 256 

(65,536) spectra, the acquisition time for a spectrum-at-a-pixel is actually ~0.5s and 

the S/N for each spectrum is poor. The Sp 2p image dataset actually contains 256 × 

256 × 75 channel spectra, which is an extremely large group of data. The data 

processing therefore requires multivariate statistical analysis approach to identify the 

chemically significant components of the dataset. Principal component analysis (PCA) 

and a reduced PCA sort are applied to the dataset to create an orthogonal set of 

vectors ordered by information content. Once identified the dataset may be 

reconstructed using only these components, removing the ‘noise’ components.  

 

The PCA maintains orthogonality during its operation on the dataset. This constraint 

leads to intensive calculations. In order to reduce the calculation time, singular value 

decomposition (SVD) is performed to ‘sort’ the principle components of the large 

dataset before performing the PCA.32 The performing of SVD sort before PCA on the 

image data thus reduces the calculation time. The result of the PCA is a set of abstract 

factors (AF) with the first AF showing the average of all the images and the second 

AF showing the main deviation from the average and so on. Higher AF’s are due to 

noise. The final image is calculated by a linear combination of the first few abstract 

factors, essentially removing the noise from the image.  

 

2.3.6 Principles of Contact Angle Measurement 

 

Contact angles are used as a quantitative measure of the wetting interaction between a 

liquid and a solid. It is defined geometrically as the angle formed by a liquid at the 

three-phase boundary where a liquid, gas and solid intersect. (Figure 2-9) It can be 

seen from the figure that if the angle θc is less than 90, the liquid spreads and is said to 

wet the solid. If it is greater than 90, it is said to be non-wetting. A zero contact angle 

is possible and represents complete wetting. Two different approaches are commonly 

used to measure contact angles of surfaces: goniometry and tensiometry. Goniometry 

involves the observation of a sessile drop of test liquid on a solid substrate. 

Tensiometry involves measuring the forces of interaction as a solid is contacted with a 

test liquid. Pure water is one of the most important test liquids.33  
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Figure 2-9 Contact angle, θθθθc, at which a liquid/vapour interface meets the solid surface.  

 

The basic elements of a goniometer include a light source, sample stage, lens and 

image capture. Contact angle can be assessed directly by measuring the angle formed 

between the solid and the tangent to the drop surface. Only the goniometer is used in 

this study. 

 

The origin of the contact angle can be traced to the balance of forces at the line of 

contact between the liquid and the solid. If the solid/gas, solid/liquid, and liquid/gas 

surface tensions (the interfacial free energies) are denoted γSG, γSL and γLG 

respectively, 

 

 

 

 then the forces are in balance (i.e. chemical equilibrium) if  

 

γSG = γSL + γLG cos θc  (Young’s equation)§    (0.2) 

 

This expression solves to  

 

                                                 
§ Young’s equation is only valid in “dry wetting” condition. It also ignores the effects of gravitational 
distortion of the liquid droplet. However, for this study, the surface is dry and only a very small drop of 
water (less than 5 µl) is used, the gravitational effect can be ignored. 

θc < 90 θc = 90 θc > 90 
tangent tangent 

Solid       Liquid        Gas     

tangent 
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LG

SLSG

c
γ

γγ
θ

−
=cos         (0.3) 

 

If 0 < θc < 90° (which occurs when γSL < γSG,), then the liquid “wet” the surface fully. 

In this case, no work is needed to create the solid/liquid interface. If θc > 90° the 

cohesive forces of the liquid dominate over the adhesive forces between the 

liquid/solid interface (e.g. mercury on glass). If θc ≈ 180° (which occurs when γSG = 

0), no work is needed to prepare the gas/solid interface, and a drop of liquid on the 

surface of a solid remains separated from it by a thin film of vapour. Measurement of 

contact angles therefore produces data reflecting the thermodynamics of a liquid/solid 

interaction. 

 

Having said that contact angle is a result of thermodynamic equilibrium, lowering the 

excess surface energy by introducing proper roughness (and chemical termination, e.g. 

via fluoro-chemistry or polymer chemistry) on the surface may yield a high water 

contact angle.  

 

A model to characterise the effect of the surface roughness on the wettability of a 

solid was first proposed by Wenzel.34 In that model, the contact angle, θc, on a rough 

surface can be evaluated by considering a small displacement of the contact line 

parallel to the surface. (Figure 2-10)  

 

PPrriinntteedd  vveerrssiioonn  iinncclluuddeess  ffiigguurree((ss))  eexxttrraacctteedd  

ffrroomm  tthhee  rreeffeerreennccee  ssoouurrccee  ddeessccrriibbiinngg  

tthhee  tthheerrmmooddyynnaammiicc  pprriinncciippllee  ooff  ccoonnttaacctt  aannggllee  oonn  aa  rroouugghh  ssuurrffaaccee  

PPlleeaassee  rreeffeerr  ttoo  tthhee  cciitteedd  rreeffeerreennccee  ffoorr  ddeettaaiill  

 

Figure 2-10 Infinitesimal displacement of a liquid wedge on a rough surface.35 

 

The surface energies per unit contact line are modified by quantity dF, which is given 

as: 

 

dF = - r (γSG –γSL)dx + γLG dx cos θc       (0.4) 
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where r is the surface roughness, defined as the ratio of the real area of a rough surface 

to the geometric projected area. The equilibrium is given by the minimum of F, which 

results in Wenzel’s law: 

 

cos θc = r cos θ         (0.5) 

 

where θ the contact angle on the projected surface.  

 

Since the ratio between the real surface and the projected ones is always greater than 

one (i.e. r > 1), the wettability increases for a hydrophilic situation and decreases for a 

hydrophobic one. (Figure 2-11) 

 

 

 

 

 

PPrriinntteedd  vveerrssiioonn  iinncclluuddeess  ffiigguurree((ss))  eexxttrraacctteedd  

ffrroomm  tthhee  rreeffeerreennccee  ssoouurrccee  ddeessccrriibbiinngg  

tthhee  aappppaarreenntt  ccoonnttaacctt  aannggllee  aass  aa  ffuunnccttiioonn  ooff  tthhee  ssuurrffaaccee  rroouugghhnneessss..    

PPlleeaassee  rreeffeerr  ttoo  tthhee  cciitteedd  rreeffeerreennccee  ffoorr  ddeettaaiill  

 

 

 

 

 

 

Figure 2-11 The apparent contact angle θθθθc as a function of solid surface roughness Γ as described 

by Wenzel’s law.35 

 

This theory is only valid on the condition that the droplet has complete contact with 

the surface over their mutual interface. Wenzel’s theory has to be refined when the 

geometry of the surface is made in such a way that this requirement is not met. An 

example for such a surface is porous, or a very rough surface. In this case, the droplet 
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has interfaces with the air being in the pores of the surface, because the droplet sits on 

the peaks of the surface feature and so bridges the gaps. For this, Cassie and Baxter 

have modified the Wenzel’s equation, considering the solid-air interface of the droplet 

with the air in the pores. The droplet is therefore laid on a composite surface, 

composed of solid and air.36 The equation (0.4) becomes:  

 

dF = - fs (γSG –γSL) dx + (1- fs) γLG dx + γLG dx cos θc    (0.6) 

 

where fs is the fraction of fluid area in contact with the surface, and (1- fs) is the 

fraction of the fluid area in contact with air (assuming total contact area = 100%). At 

equilibrium, F is minimum and Eq. (0.6) results in: 

 

cos θc = fs cos θ +  (1- fs) cosθ      (0.7) 

 

Assuming the water contact angle for air to be 180º, the second term becomes -1, the 

equation is reduced to: 

 

cos θc = fs (cos θ + 1) – 1       (0.8) 

 

The Cassie’s law implies that with a small fs and a large θ it is possible to create 

surfaces with a very large contact angle.  

 

If the substrate is in the Wenzel’s system during the contact with a liquid, the surface 

may exhibit a low contact angle. It indicates that a hydrophobic surface is not 

achieved. However, it is possible to reach a transition from the Wenzel to the 

Cassie/Baxter’s system if an optimum roughness introduced to a hydrophobic 

substrate is optimised.
 

These optimised surface structures can trap air, and has a very 

small contact area with the liquid water (e.g. increasing porosity, and nanowires), the 

surface will then exhibit super- or even ultra-hydrophobic properties necessary to 

achieve the lotus effect.37 The significance of which will be discussed in the 

subsequent chapters.  
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2.4 Materials and Methods 

 

2.4.1 Commercial DIOS Targets 

  

The DIOS targets and holder were purchased from Waters Corp. (Manchester, UK) 

The targets were shipped in a sealed argon-filled anti-electrostatic pouch. (Figure 2-12 

A) The chip and holder were engineered to the same dimensions for Micromass 

MALDI systems. 

 

2.4.2 QuickMass Targets  

 

QuickMass targets, with special coating on a steel target, were obtained from 

NanoHorizons Inc. (Pennsylvania, US) (Figure 2-12 B) and were shipped in a sealed 

container. Detailed information regarding to the surface preparation was not provided 

by the manufacturer. 

 

  

Figure 2-12  (A) DIOS target and (B) a steel MALDI target coated with QuickMass material. 

 

2.4.3 SALDI Surfaces 

 

The SALDI substrates were provided by the Laboratory for Laser Diagnostics for 

these investigations. The samples were classified according to their nature and 

preparation methods, i.e. standard (patented) and experimental (Figure 2-13). The 

A B 
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etching conditions of these SALDI substrates are listed in Table 2-3 and Table 2-4. 

Other non-etched roughened substrates were also studied. (Table 2-5) 

 

1. Standard Silicon SALDI surface  

 

Table 2-3 Etching condition of standard electrochemical etched silicon SALDI surfaces (J is 

etching current density, t is etching time), HF:EtOH denotes HF/ethanolic solution and 

HF:EtOH:I2 denotes iodine in HF/ethanoic solution, respectively. Some surfaces were etched 

twice and are denoted by a slash.  

Batch Oct 2005 (5% iodine etching electrolyte) 

Sample Etching 

solution 

I  / mA 

cm
-2

 

t / 

mins 

Silicon 

type 

Resistivity/ 

Ω·cm  

Crystal 

orientation 

Polished 

side 

s1 HF:EtOH:I2 1 5 n++ 0.010 100 No 

s2 HF:EtOH:I2 1 7 n++ 0.010 100 Yes 

s3 HF:EtOH:I2 1 7 n++ 0.010 100 No 

s4 HF:EtOH:I2 1 5 p+ 0.100 111 Yes 

s5 HF:EtOH:I2 1 5 n++ 0.010 100 Yes 

 

Batch Aug 2006 (0.5% iodine etching electrolyte) 

Sample Etching 

solution 

 I / mA 

cm
-2

 

t / 

mins 

Silicon 

type 

Resistivity/ 

Ω·cm  

Crystal 

orientation 

Polished 

side 

a1 HF:EtOH/ 

HF:EtOH:I2 

20/ 1 2/ 5 n++ 0.010 100  Yes 

a2 HF:EtOH 20 2 n++ 0.010 100  Yes 

a3/ a6 HF:EtOH/ 

HF:EtOH:I2 

5/ 5 1/ 1 n++ 0.010 100  Yes 

a4/ a7 / 

a8 

HF:EtOH:I2 5 1 n++ 0.100 100  Yes 

a5 HF:EtOH 5 1 n++ 0.010 100  Yes 

A47-1/ 

A48-1 

HF:EtOH:I2 1 5 n++ 0.010 111 Yes  

T-1 HF:EtOH:I2 1 5 n++ 0.010 100 Yes 
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2. Experimental Silicon SALDI Surface 

 

Table 2-4 Etching condition of experimental electrochemical etched silicon SALDI surfaces. 

Batch Oct 2005 

Sample Substrate  Preparation method  

s10 Silicon type: p++ 

Resistivity: 0.005 Ω·cm 

Crystal orientation: 111 

Polished side 

Substrate was first strain etched using HNO3 and 

then subsequently re-etched with HF:EtOH:I2 

solution. Etching conditions have not been 

disclosed. 

s11 Silicon type: p+ 

Resistivity: 0.100 Ω·cm 

Crystal orientation: 111 

Non-polished side 

Substrate was first roughened by sanding and then 

subsequently electrochemical etched and oxidised 

by H2O2 and then dipped into HF:EtOH/I2 solution. 

Etching conditions have not been disclosed. 

vefib-2 No information has not 

been provided. 

Vapour-phase etched surfaces, prepared by 

suspending a silicon substrate in a saturated vapour 

of HF/water (1:1) and I2 solution in a stealed 

container for 1 hour at room temperature. 

 

Batch Aug 2006 (0.5% iodine etching electrolyte) 

Sample  Substrate Preparation method Etching 

solution 

I / mA 

cm
-2

 

t / 

mins 

e1 HF:EtOH:I2 1 10 

e2 HF:EtOH 1 10 

e3 

All substrates are 

p++ type silicon 

with resistivity 

0.005 Ω·cm, cut at 

111 orientation. 

The substrate was first 

preliminarily etched by 

stain-etching using 

HNO3 and then 

subsequently re-etched. 

HF:EtOH:I2 20 2 

 

3. Other Substrates  

  

Table 2-5 Other surfaces and their preparations. 

Sample  Treatment or description  

Sanded surface  Sanded with diamond dust and bush 

Graphite surface  Pyrolytic graphite 
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Figure 2-13 SALDI substrates: (A) standard SALDI substrates and (B) experimental SALDI 

substrates.  

 

2.4.4 Solvents and Chemicals  

 

Solvents and acids: Deionised water (18 MΩ) was generated by USF ELGA 

MAXIMA water system. Gradient grade acetonitrile, HPLC grade methanol, 

isopropanol, formic acid and trifluoroacetic acid were all purchased from Fisher. 

Table 2-6 lists the compounds used in this study. All were used without further 

purification.  

 

Table 2-6 List of substances used for mass spectrometric investigation  

Substances  Additional 

information 

Manufacturer 

[Glu1]-Fibrinopeptide B  Sigma  

2-(4-aminophenyl)-6-methylbenzothiazole  Aldrich  

2-Phenylglycine   Aldrich 

3-Hydroxytyramine (Dopamine) Hydrochloride Sigma  

3,4-Dihydroxy-2-heptylquinoline (PQS)   

4-Bromobiphenyl  Aldrich 

4-Hydroxyphenylglycine   Acros 

4-Hydroxy-2-heptylquinoline (HHQ)   

4-Hydroxy-2-nonylquinoline (HNQ)   

4-Nitroimidazole  Sigma  

A B 
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8-Hydroxyquinoline   

Acetylcholine chloride  Sigma  

Adenosine   Sigma  

Alprenolol  Hydrochloride Sigma  

Angiotensin I Human Calbiochem 

Atenolol   MP 

Biomedicals 

Benzamide  Aldrich 

Bradykinin  Acetate salt Sigma  

Caesium iodide  Sigma 

Caffeine  Aldrich 

Cefadroxil  H2O content 1.0 

mol/mol 

Sigma  

Caesium iodide   Sigma  

Cholic acid  Sigma  

Cinoxacin  Sigma 

Copper II acetate monohydrate  Aldrich  

Diflunisal  Sigma  

Diphenhydramine  Hydrochloride Sigma  

D-Raffinose Pentahydrate Aldrich 

Erythromycin H2O content 4.2% Sigma 

ES Tuning mix  Agilent 

Ethylenediamine  Sigma 

Flufenamic acid  MP 132-135 °C Sigma 

Flumequine  Sigma  

Fluorescein  

[C.I. 45350; Acid yellow 73] 

Sodium Salt  

H2O content 7.5% 

Sigma  

Folinic acid  Calcium salt 

H2O content 11% 

Ethanol content 2.6% 

Sigma 

Furfurylamine  Aldrich  

Glyburide   Calbiochem 

Glycine  Sigma  

Heptadecafluoroocatnesulfonic acid Potassium salt Fluka  

Heptafluorobutyric acid Liquid  Aldrich  
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Homovanillic acid  Acros 

HPLC peptide standard mixture  Sigma 

Hydroquinone  Aldrich 

Imidazole  Aldrich 

Insulin (Bovine pancreases)   Sigma-Aldrich 

Iron III chloride   Aldrich  

Ketorolac (Toradol) Tris salt Sigma  

Labetalol Hydrochloride  Sigma  

Lactic acid Li salt Sigma 

L-Alanine   Sigma  

L-Arginine Hydrochloride  Sigma  

L-Ascorbic acid (Vitamin C)  Sigma  

Fisher 

L-Asparagine MP 235 °C Sigma  

L-Aspartic acid   Sigma  

L-Cysteine  Sigma  

Leucine enkephalin Peptide content 88% 

H2O content 2 mol/mol 

Acetate content 

0.5mol/mol  

Sigma  

L-Glutamic acid  Sigma  

L-Glutamine  Sigma 

L-Histidine  Sigma 

Lidocaine  Hydrochloride Sigma  

L-Isoleucine  Sigma  

L-Leucine   Sigma  

L-Lysine   Sigma  

L-Methionine  Sigma  

L-Phenylalanine   Sigma 

L-Proline  Sigma  

L-Serine  Sigma  

L-Threonine  Sigma  

L-Tryptophan  Sigma 

L-Tyrosine  Sigma 

L-Valine  Sigma  
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Magnesium chloride   Sigma  

Malic acid  Sigma 

Metoprolol  Tartrate salt Sigma  

N-(2-Hydroxyethyl)piperazine-1-ethanesulfonic 

acid; (HEPES) 

pKa = 7.5 at 25 °C Sigma  

N,N-Dimethylhexlamine  Acro 

Nadolol   Sigma  

Nalidixic acid  Sigma 

Naproxen  Sigma 

n-Decanoic acid   BOH 

N-Dodecylmethylamine  Lancaster 

Octadecylamine  Sigma  

Octadecyl-trimethylammonium bromide  Aldrich 

Ornidazole  Sigma  

Pentadecafluorooctanoic acid   Aldrich 

Pentafluoropropionic acid Liquid Aldrich 

Peptide sequencing standard   Sigma  

Perfluoroundecanoic acid  Aldrich 

Phenethicillin   Sigma  

Phenyltrimethylammonium chloride   Aldrich  

Polyalanines 

Ala-Ala 

Ala-Ala-Ala 

Ala-Ala-Ala-Ala 

Ala-Ala-Ala-Ala-Ala 

 Sigma 

Polyethylene glycol (PEG) 

- 200 

- 600 

- 1000 

  

Sigma 

BDH 

Sigma 

Polyglycines 

- Gly-Gly 

- Gly-Gly-Gly 

- Gly-Gly-Gly-Gly- 

- Gly-Gly-Gly-Gly-Gly 

- Gly-Gly-Gly-Gly-Gly-Gly 

 Sigma 
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Polyphenylalanine 

- Phe-Phe 

- Phe-Phe-Phe 

- Phe-Phe-Phe-Phe 

- Phe-Phe-Phe-Phe-Phe-Phe 

 Sigma 

Procainamide  Hydrochloride Sigma  

Reserpine  Sigma 

Rubidium iodide  Acros 

Sodium iodide   Sigma  

Sotalol  Hydrochloride Sigma  

Stearic acid   Aldrich  

Tertahexylammonium bromide  Aldrich 

Tetrabutylammonium hydrogen sulfate  Fluka 

Tetrabutylammonium phosphate monobasic  Fluka 

Timolol Maleate salt  Sigma  

Tinidazole   Sigma  

Tolmetin Sodium salt dehydrate  Sigma  

Tridecafluoroheptanoic acid  Aldrich 

Tris(hydroxymethyl)-methylamine  Fisher 

Verapamil  Hydrochloride (USP) Acros 

Vitamin B12  Biochemika 

α-hydroxyisovaleric acid  Sigma 

β-Cyclodextrin  H2O content 11% Sigma 

β-phenyllacetic acid  Sigma 

γ-Amino-n-butyric acid (GABA)  Sigma  

 

2.4.5 Surface Characterisation 

 

Surface analysis and imaging techniques such as Time-of-Flight secondary ion mass 

spectrometry (ToF-SIMS), X-ray photoelectron spectroscopy (XPS), scanning 

electron microscopy (SEM) and atomic force microscopy (AFM), are the methods of 

choice in surface chemistry investigation. Both AFM and SEM provided 

complementary information to the surface morphology. Because SIMS is surface 

specific (1 nm depth) and qualitative, XPS was employed to provide complementary 
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information to that generated by SIMS and provided surface sensitive (~10 nm depth) 

quantitative data. Water contact angle (WCA) was also used to evulate the interfacial 

interactions of the substrates with liquid water.  

 

2.4.5.1 SEM 

 

SEM analysis was carried out in high vacuum mode using a JEOL JSM-6060LV SEM 

instrument. Accelerating voltage was 15-20kV and the objective lens distance was 

~10 mm. The samples were first cleaved into a suitable size and mounted on a steel 

holder prior to SEM analysis. No gold coating was required for the analysis.  

 

2.4.5.2 AFM 

 

AFM investigation was carried out on a MultiMode AFM or Dimension 3100 

Scanning Probe Microscope (SPM) (Veeco, Santa Barbra, CA, USA) operated using a 

single laser beam under tapping-mode with an etched silicon probe tip (TESP). The 

driving frequency was ~300 kHz. The silicon samples were cleaved into a suitable 

size and mounted on a steel plate using double-sided carbon tape before insertion into 

the AFM instrument. Acquired images were analysed using ImageMetrology SPIP 

version 4. 

 

The surface roughness was indicated by the HRMS value, which was calculated using 

equation (0.9) and (1.0). 
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Where H  is the average height and H the relative height and N is the number of 

points. 
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2.4.5.3 ToF-SIMS 

 

The silicon samples were stored in HPLC grade isopropanol or were argon plasma 

etched before analysis. Samples were cleaved to suitable size and mounted under a 

cleaned molybdenum grid before insertion into the vacuum chamber.  

 

TOF-SIMS data acquisition was carried out on an ION-TOF GmbH (Münster, 

Germany) TOF-SIMS IV instrument equipped with a reflectron mass analyser and 

microchannel plate (MCP) detector. The instrument employed a 15 keV 69Ga+ and 10 

keV 133Cs+ liquid metal ion gun (LMIG) with 10kV post-acceleration. The AC 

primary ion (PI) beam was pulsed at 10 kHz frequency using a current between from 

1.06 and 1.17 ρA for Ga+ LMIG and 0.95 ρA for Cs+ LMIG, bombarding an area 100 

× 100 µm2 (for high mass resolution), 300 × 300 µm2, or 500 × 500 µm2 (for high 

sensitivity and imaging) using a 256 × 256 raster. Both positive and negative ion 

spectra were acquired for each analysis area, with an ion dose of 5 × 1011 PI/cm2 per 

polarity. The pressure of the main chamber was kept between 10-7 and 10-9 Torr (1 

Torr = 133.3 Pa). Optical images were taken at the same time.  

 

Calibration of the mass spectra in the positive detection mode was based on the 

following peaks, CH2
+ (14.0157 amu), C2H2

+ (26.0157 amu), C3H2
+ (38.0157 amu), 

and C4H3
+ (51.0235 amu); and in negative detection mode on CH2

-(14.0157 amu), C2
- 

(24.0000 amu), C3
- (36.0000 amu), C4H

- (49.0078 amu). Data acquisition and post-

processing analyses were performed using the IonSpec Version 4.010 and IonImage 

Version 4.0 supplied by the instrument manufacturer. 

 

2.4.5.4 XPS 

 

Samples were either stored in HPLC grade isopropanol or methanol, or argon plasma 

etched before analysis. Samples were cleaved into a suitable size and mounted on a 

steel bar using double-sided tape prior to insertion into vacuum chamber. 
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XPS data was acquired on a Kratos AXIS Ultra instrument, equipped with a delay-

line detector (DLD) with a monochromatic Al Kα X-ray source (1486.6 eV), operated 

at 15 mA emission current and 10 kV anode potential. Survey scan spectra were taken 

using the hemispherical analyser. Fixed analyser transmission (FAT) mode was used, 

with pass energy of 80 eV for survey scans and pass energy 20 eV for high resolution 

scans. The magnetic immersion lens system allowed the area of analysis for to be 

defined by apertures, a ‘slot’ aperture of 300 × 700 µm2 for survey and high resolution 

scans. The magnetic lens also utilises magnetic confinement to minimise charge 

broadening and improves spatial resolution. The photoelectron images were taken 

using the spherical mirror analyser from an area of 800 × 800 µm2 with 256 × 256 

pixels, the multi-spectral datasets being acquired at 40 eV pass energy, with field of 

view at 1, image aperture at 1 and stepping through the chosen energy regions at 0.2 

eV intervals (count time 2 mins). The take off angle for the photoelectron analyser 

was 90°. A charge neutraliser filament above the sample surface gave a flux of low 

energy electrons providing uniform charge neutralisation. A schematic diagram of 

spectroscopy and imaging mode is shown at Figure 2-14. Datafiles were collected 

using the instrument Vision 2 software, converted to the VAMAS format, and 

processed using CasaXPS version 2.3.1.2 with Kratos sensitivity factors and core-

level high-resolution scans were charge corrected using CH peak to 285 eV. 

 

 

 

 

PPrriinntteedd  vveerrssiioonn  iinncclluuddeess  ffiigguurree((ss))  eexxttrraacctteedd  

ffrroomm  tthhee  rreeffeerreennccee  ssoouurrccee  ddeessccrriibbiinngg  

tthhee  ooppeerraattiioonn  ooff  KKrraattooss  AAXXIISS  UUllttrraa  XXPPSS  ssyysstteemm  uunnddeerr  ssppeeccttrroossccooppyy  

mmooddee  aanndd  iimmaaggiinngg  mmooddee..  

PPlleeaassee  rreeffeerr  ttoo  tthhee  cciitteedd  rreeffeerreennccee  ffoorr  ddeettaaiill  

 

 

 

 

 

Figure 2-14 Schematic diagrams of Kratos AXIS Ultra XPS system.38 
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The SiO2 thickness was determined using the equation (1.1):39 

 

2 exp 0sin ln(1 / )oxides SiO td R Rλ θ= +       (1.1) 

 

Where 
2SiOλ is the attenuation length of the Si 2p photoelectrons in SiO2, θ is the angle 

between the sample surface plane and the entrance to the electron analyser. 

 

And  
2exp /t SiO SiR I I= and 

20 /SiO SiR I I
∞ ∞=       (1.2) 

 

Where ISiO2 and ISi are intensities of the Si 2p peak area in the oxide and metallic 

states respectively of unknown film, and 
2SiOI

∞ and 
SiI
∞  are the equivalent intensities for 

the pure bulk materials (“infinitely thick”, >30 nm). Unfortunately, there has been 

considerable disagreement in the XPS literature in the two sample-dependent 

constants: λSiO2 and R0. Reported λSiO2 values vary from 2.4-3.8 nm, while R0 varies 

from 0.6-1.01. For this reason, an attenuation length of 3.488 nm was used for the 

calculation. R0 was 0.833, a value chosen for the closest type of sample, i.e. HF 

etched Si sample.40 

 

2.4.5.5 WCA Measurements 

  

WCA measurements were carried out using a KSV CAM 200 system equipped with 

manual liquid dispenser, and a high-speed digital CCD fire-wire camera and LED 

based stroboscope. Data acquisition and analysis was carried out on the software 

package supplied by the manufacturer, CAM version 2.98. Images were acquired at a 

predefined rate and a predefined period of time. The acquired images were then stored 

in a controlling PC. Once images had been acquired, curve fitting was performed 

automatically using the Young/Laplace equation for contact angle measurements. 

Accuracy of contact angle measurement is within ± 0.5°. 
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2.4.5.6 Argon Plasma Etching  

  

Plasma etching was carried out in a Bio-Rad RF Plasma Barrel Etcher PT7100 

operated using auto reflected power mode. Samples were stored in isopropanol and 

dried on a Perish dish before placing into the etching chamber. Etching was carried 

out using ~3 Pa Argon gas, forward power was ~40 W and reflected power ~3 W. 

Etching time was varied. Samples were immersed immediately in isopropanol after 

etching and stored until analysis.  

 

2.4.5.7 Fluoro-silane Self-assembly Monolayer (SAM) Modification    

  

A target was first cleaned and oxidised using argon plasma etching. Immediately after 

plasma treatment, the target was placed inside a custom built reaction vessel and was 

allowed to react with 2% w/v of 1H,1H,2H,2H-perfluorodecyldimethylchlorosilane 

(Lancaster, Lot #.: LF003528) in analytical reagent grade toluene (Fisher) at 90-

110°C for an hour (Figure 2-15 and Figure 2-16). Afterwards the target was taken out, 

while still hot, rinsed with methanol, and stored in methanol until analysis. Mixing the 

perfluorodecyldimethylchlorosilane reagent with toluene leads to a cloudy solution 

owing to micelle formation but causes no harm to the reaction. The reaction is 

exothermic and the reaction starts once the temperature reaches 90°C. This method 

differs from the method adopted by Norstrom, et al. where ozone was used to oxidise 

the silicon surface, 50-100 µl of the reagent was applied onto the oxidised surface, 

and was incubated in an oven for 15-60 min in a glass Petri dish.41, 42   

 

 

 

Figure 2-15 Fluoro-silane reaction on DIOS target. 

 

  
90-110°C, 1 hour, 
Toluene 
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Figure 2-16 Custom built reaction vessel for silanisation. 

Air condenser 
(allowing 
HCl(g) to be 
removed from 
the reaction 
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2.4.6 LDI Investigations 

 

Surface handling was normally carried out in a laminar flow-hood to minimise 

atmospheric contamination. DIOS target plates were installed on a modified steel 

plate as instructed by the manufacturer. SALDI substrates were cleaved to suitable 

size and mounted onto a modified steel plate using double-sided conductive tape. 

Analyte solution was deposited onto the target surface using a pipette (without matrix). 

The target surfaces were stored in acetonitrile/propan-2-ol before analysis. QuickMass 

targets were used directly from their package. 

 

Positive ion mass spectra were acquired using a Micromass M@LDI-TOF 

(Manchester, UK) mass spectrometer equipped with dual micro-channel plate MCP 

detector, operating in reflectron mode. (Figure 2-17) The MCP voltage was 1800 V 

and the pulse voltage was 3500 V. Delay time extraction was 500 ns. The laser energy 

was set to a constant value. Spectra were acquired at 5 Hz using a nitrogen laser (337 

nm). Laser energy was attenuated by a motorised iris equipped for automated laser 

control. The laser was set to raster a predefined area during data acquisition. Data 

acquisition and post-processing analyses were performed using the MassLynx version 

4.0. The instrument was first mass-calibrated using NaRbCsI/PEGs solution. Standard 

compounds were dissolved in ACN/H2O or with addition of acidic buffer. Unless 

stated otherwise, 1 µL of solution was added on each well and air-dried.  

 

Positive and negative ion mass spectra were also acquired using a Micromass Q-ToF 

Premier (Manchester, UK) mass spectrometer, fitted with a MALDI ion source in 

place of the standard API source. The source housing incorporated a nitrogen laser 

(337 nm). A lens was included in the optical path to focus the laser beam on the target 

plate surface to a spot approximately 25 µm in diameter. The laser was operated at 20 

Hz and was attenuated by a neutral density filter. Samples were introduced on a target 

plate mounted on a probe that was introduced into the ion source via a vacuum lock 

and driven by a stepper motor. The ion source housing also equipped with a capillary 

line and adjustable needle valve to introduce gas into the source to provide collisional 

cooling of the ion beam to the thermal levels in the hexapole ion guide and improve 

ion transferring efficiency. A travelling-wave stacked ring ion guide (SRIG) system 
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propels ions to the collision cell and to the mass analyser.43 Argon was used as 

collision gas. ToF mass analyser equipped with dual micro-channel plate MCP 

detector, operated in “V” (single focusing) or “W” (double focusing) mode. (Figure 

2-18) The MCP voltage was optimised, typical values varied from 1800 V to 2100 V. 

Mass resolution was ~8000 in V mode and ~14000 in W mode. Data acquisition and 

post-processing analyses were performed using the MassLynx version 4.1.  
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Figure 2-17 Schematic diagram of Micromass M@LDI-MS, provided by the manufacturer. 
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Figure 2-18 Schematic diagram of Micromass MALDI Q-ToF-MS, provided by the 

manufacturer. 
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Part of the data was collected using an atmospheric pressure AP-MALDI ion source 

equipped with pulsed dynamic focusing (PDF) (Mass Tech Inc., Burtonsville, MD, 

USA) coupled to Applied Biosystems quadrupole linear ion trap system (qLIT) (4000 

Q TRAP™ LC/MS/MS, Foster City, CA 94404, USA). PDF functions by guiding 

ions into the mass spectrometer by aerodynamic flow by switching off the extraction 

field for a very short period of time (20 µs) and relies on the suction created by the 

mass spectrometer orifice to enhance ion transmission efficiency. (Figure 2-19) An 

extended capillary of 825 µm i.d. was installed on the mass spectrometer inlet. The 

target was attached onto a modified steel plate using conductive double-sided tape. 

The ion source was equipped with a nitrogen laser (337 nm), operating at 10 Hz at 

room temperature. The laser was transmitted from the laser source via an optical cable 

to the ion source and the laser intensity could be attenuated by altering the focus of 

the laser beam onto the receiving end (the end connected to the laser source) of the 

optical cable. The ion source was controlled by Target™ version 5. Data acquisition 

and post-processing analyses were carried out using Analyst™ version 1.41. Mass 

spectrometer settings were optimised before analysis.   
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Figure 2-19 Proposed model of the PDF technique (lines represent ion trajectories): (a) ion 

trajectories in the case of static electric field and (b) the electric field is switched off 20 ms after 

the laser pulse.44 
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3.1 Introduction 

 

Porous silicon (PSi) has been a focus of research since the discovery of its 

photoluminescent properties in the early 1990s.
1
 Moreover, the use of the material in 

electronic devices has accumulated a large amount of knowledge in this area. 

Applications of PSi ranges from solar cells to micro-reactors to biosensors.
2, 3

 The 

surface chemistry of PSi prepared by electrochemical etching in fluorine containing 

electrolyte and methods for its characterisation have been discussed in Chapter 2. 

 

As for its application in laser induced desorption/ionisation mass spectrometry (LDI-

MS), the physicochemical properties of PSi surfaces are crucial to their LDI-MS 

performance.
4, 5

 Although silicon is not a conventional matrix as in MALDI, it is 

believed that the porous structure provides a scaffold for trapping the analyte, and the 

unique optical activity of these nanostructured silicon substrates affords an effective 

mean of transferring the laser energy to the adsorbate.
4
  

 

However, the published data in relation to the surface characteristics of the substrates 

that are actually used for LDI applications is primarily on surface morphology using 

scanning electron microscopy (SEM) or atomic force microscopy (AFM) and 

comparison of substrates prepared by different bulk materials.  

 

For instance, one of the works of Alimpiev, et al. compared nanostructured silicon 

substrates prepared by hyperthermal fluorine atoms etching and PSi substrates 

prepared by galvanostic anodisation in an effort to develop a suitable SALDI 

substrate.
6
 Hyperthermal oxygen atoms etched (O-etched) high orientated pyrolytic 

graphite (HOPG) was also used. The PSi substrate used has a porous layer over 100 

nm thick whereas the F-etched silicon has a non-porous roughened layer less than 10 

nm. Figure 3-1 shows an AFM image of the PSi surface. No data related to the surface 

morphology of HOPG was presented. The authors concluded that the surface must be 

rough to obtain an ion signal and does not need to be porous. The authors considered 

that because surface roughness was the common feature among these three substrates 

investigated and only the polished silicon surface did not produced a mass spectrum. 

Given that though, the mass spectrum of diethylamine obtained from the PSi substrate, 
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which has a thick porous layer, was 50 times more intense than the spectrum obtained 

from F-etched silicon. PSi was the most effective ion emitter in this study, even 

compared to O-etched HOPG. This observation concluded that the porous structure 

plays an important role in re-supplying the surface with analyte after each pulse of 

laser, supporting the unique retaining capability of porous substrates.  
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Figure 3-1 AFM image of PSi substrate produced by galvanostic anodisation.
6
      

 

Okuno, et al. have also carried out a thorough investigation regarding the 

requirements for LDI on submicrometer structures.
7
 It was found that silicon and 

stainless steel surfaces, which had roughened structures introduced by sanding, 

required lower laser energy to generate ions of synthetic polymers relative to the 

respective flat surface. (Figure 3-2a and b) It was concluded that the roughness 

produced by submicrometer irregularities assists direct UV LDI irrespective of the 

materials. This observation was in part consistent with the results of Alimpiev, et al.
6
 

The authors suggested that the scratching gives expansion of the surface area and 

probably renders refraction of laser light, enhancing LDI. Furthermore, the 

exploitation of silicon substrates etched with an array of grooves (Figure 3-2c) also 

revealed that grooves of 200 nm and 300 nm generate more intense signals than 100 

nm grooved substrates. The orientation between the laser light and groove structures 

was also found significant to both the ion yield and the background signals. The 
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authors suggested that macro-sized structure rather than meso- or micro-sized 

structure is essential for desorption/ionisation on nanofabricated structures. 

Investigation of porous alumina was also carried out. (Figure 3-2d) When porous 

alumina or polyethylene was coated with Au or Pt, the analysis of small molecules 

was improved. Since a porous alumina surface, coated or not, does not have a 

dangling bond (see section 1.7), siloxene-like molecules nor is it photoactive, this 

indicates that the surface electro-conductivity plays a key role for direct laser-induced 

desorption/ionisation and argues against the results of previous studies.
†
 Subsequent 

investigation also revealed that the metallic coating melts during LDI and hence may 

serve an additional role.
8
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Figure 3-2 SEIs of (a) silicon wafer scratched with No. 400 sand paper, (b) stainless steel plate 

scratched with No. 400 sandpaper, (c) submicrometer groove arrays on silicon, and (d) Au-coated 

porous alumina.
7
 

 

Sato, et al. have also demonstrated that pyroelectric ceramics, such as lead lanthanum 

zirconate titanate (PLZT), can also be used as a matrix-free soft LDI substrate.
9
 

Substances such as angiotensin I, metallic ion-cycodextrins complex and synthetic 

polymers have been shown to be detectable by using this substrate. The PLZT plate 

employed was an essentially flat surface of which roughness is less than a few 

                                                 
†
 The authors did not specify which studies they were auguring against, but perhaps referring an 

omission in several studies carried out by Siuzdak’s group or Alimpiev’s group that surface electro-

conductivity is an important factor.  
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nanometers. PLZT is also a known pyroelectric material, which absorbs UV radiation 

effectively and generates a strong electric field - a phenomenon known as the photo-

pyroelectric effect. The use of PLZT substrate as an ionisation platform without 

submicro-sized structure implies that the radiation induced polarisation of the 

substrate is fundamental to LDI. However, this single-crystal flat substrate does not 

produce satisfactory results because of its small specific surface area.
10

 Then again, 

another pyroelectric material, porous gallium nitride (PGaN), was not an effective 

LDI substrate and could only generate Ga and related cluster ions.
11

  

 

While the studies presented above were evaluating the suitability of substrate 

prepared by different bulk material for matrix-free LDI, surface morphology also 

plays a vital role in LDI-MS.  

 

Chen, et al. used different silicon substrates prepared by laser etching, either in 

ambient air, in SF6 gas or in liquid water.
12

 (Figure 3-3) Substrate prepared in water 

was the most effective and in air was the least effective for LDI-MS. It was concluded 

the LDI threshold fluence and efficiency are strongly dependent on the surface 

morphology though investigation of the surface chemistry was needed.  

 

Finkel, et al.
13

 used reactive ion etching (RIE) to prepare a series of nanocavity silicon 

substrates of different cavity geometries to examine the possible correlation of surface 

nanocavity features to the observed MS signals. (Figure 3-4) The data suggested that 

there was a general tendency to increased ion yield in LDI-MS correlating with 

increasing surface cavity sizes. Nevertheless, the background noise also became more 

pronounced. The ionisation efficiency on the substrate that had a less than 50 nm thin 

porous layer (surface A) was poor, whereas the substrate, which had a fragile Si 

skeleton, network (surface D), the LDI spectra were severely complicated by the 

background interferences. Relatively, only the substrates (surface B and C) of 

moderate pore size (~100-150 nm) and porosity (~20-40%) produce a good quality 

mass spectrum. Indeed, in their subsequent investigations,
14

 only the substrates of 

which porosity was over 20% could be effectively used for LDI-MS. The laser 

threshold for LDI of glucose was decreased exponentially with increasing porosity. 

The author contributed the observation that this was a consequence of the reduced 

thermal conductivity because of increasing porosity.  
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Figure 3-3 Top (left panels) and side (right panels) views of silicon microcolumn arrays produced 

(A) in ambient air with 1000 laser shots at 1 J/cm
2
, (B) in SF6 gas at 1 atm. pressure with 1200 

laser shots at 0.4 J/cm
2
, and (C) in water with 600 laser shots at 0.13 J/cm

2
.
12
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Surface  Etching time 

(mins) 

Pore width, d 

(nm) 

Pore depth, h 

(nm) 

% porosity % increased 

surface area 

A 0.5 53.8 ± 9.7 48.9 ± 8.9 4.2 6.7 

B 1 104 ± 9 102 ± 21 15.6 27.9 

C 1.5 157 ± 9 124 ± 12 35.6 43.2 

D 5 180 ± 24 218 ± 53 46.8 116.8 

Figure 3-4 Nanocavity Si surfaces produced by RIE: (top) Top-down FE-SEM images of the 

surface, etched for (A) 0.5, (B) 1, (C) 1.5, and (D) 5 min, (middle) mass spectra generated by the 

corresponding surface using a mixture of Val-Met (M1) and Ala-Leu-Ala-Leu (M2) under similar 

MS condition, and (bottom) calculated surface parameters of the nanocavity surfaces.
13
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Insofar as the data in the literature shows that enhanced surface area promotes LDI 

activity, irrespective of the bulk material, and yet the properties of the material itself 

are influential. Surface morphology plays a critical role. The roughened or porous 

layer should not be too thin (≤ 50 nm), where the ionisation efficiency is low. The 

skeleton of nanostructures should not be too fragile, which leads to background 

interferences complicating the mass spectra.  

 

Although the data on relating surface morphology, or bulk material and LDI 

performance is available, rarely do those studies extend to the chemical nature of the 

surface using surface techniques and correlating that to the LDI performance. The 

purpose of this chapter is dedicated to answering these questions. On the other hand, 

where other surface techniques are employed, the data are rarely presented. For 

instance, Shen, et al. employed both secondary ion mass spectrometry (SIMS) and X-

ray photoelectron spectrometry (XPS) in analysing a series of PSi substrates in an 

effort to find optimised systems that are suitable for LDI applications and yet no 

SIMS or XPS data was reported.
4
 Published information relating the surface 

chemistry of the substrates to the LDI activity has rarely been reported. Reported data 

is only seen in two Ph.D. theses
15, 16

 from the University of Florida, US and from 

Tuomikoski, et al.
17

 The lack of such information encouraged us to undertake a 

detailed study in relating the surface characteristics to the LDI performance. 

 

3.2 Literature Data of Surface Characteristics and LDI-MS 

Relationship 

 

One of the early works in this subject was carried out by Cuiffi, et al. using silicon 

columnar/void-network substrate prepared by plasma enhanced chemical vapour 

deposition (PECVD).
18

 Silicon was deposited on either glass or poly(ethylene 

terephthalate) (PET). Varying the thickness of oxides of the surface and relating that 

to the laser energy required for LDI led to a conclusion that laser coupling efficiency 

is an important factor for LDI-MS using this deposited nanostructured silicon film. 

(Figure 3-5)  
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PPrriinntteedd  vveerrssiioonn  iinncclluuddeess  ffiigguurree((ss))  eexxttrraacctteedd  

ffrroomm  tthhee  rreeffeerreennccee  ssoouurrccee  ddeessccrriibbiinngg  

tthhee  ooppttiiccaall  ccoouupplliinngg  eeffffiicciieennccyy  ooff  tthhrreeee  ddiiffffeerreenntt  vvooiidd--ccoolluummnn  ssiilliiccoonn  ffiillmm  

iinn  tteerrmmss  ooff  tthheeiirr  LLDDII  eeffffeeccttiivveenneessss  aanndd  rreefflleeccttaannccee..    

PPlleeaassee  rreeffeerr  ttoo  tthhee  cciitteedd  rreeffeerreennccee  ffoorr  ddeettaaiill  

 

 

Figure 3-5 The minimum laser power per pulse required to detect des-pro
3
,[ala

2,6
]-bradykinin for 

three void-column Si films with different laser coupling, A. A was derived from the reflectance, R, 

as A = 1−R. The inset represents the control of reflectance (at 337 nm) by varying the deposition 

power.
18, 19

 

 

Anderson also studied the optical properties of the silicon substrates and related them 

to the surface morphology and the level of oxides on the surface. The substrates were 

prepared by H2O2-metal-HF (HOME-HF) etching. It was found a high optical 

absorbance occurs on a substrate of high porosity. The substrate of low porosity 

exhibits lower optical absorbance. The oxidised substrate exhibits absorbance similar 

to that of a flat silicon surface.
15

 (Figure 3-6)  

 

 

 

PPrriinntteedd  vveerrssiioonn  iinncclluuddeess  ffiigguurree((ss))  eexxttrraacctteedd  

ffrroomm  tthhee  rreeffeerreennccee  ssoouurrccee  ddeessccrriibbiinngg  

tthhee  ooppttiiccaall  aabbssoorrbbaannccee  pprrooffiillee  ooff  ffoouurr  ddiiffffeerreenntt  ssiilliiccoonn  ssuubbssttrraatteess..  

PPlleeaassee  rreeffeerr  ttoo  tthhee  cciitteedd  rreeffeerreennccee  ffoorr  ddeettaaiill  

 

 

 

 

Figure 3-6 Absorbance profile of porous and crystalline silicon. × denotes a surface with 

relatively high surface porosity, ▲denotes a surface with moderate surface porosity, ■ denotes an 

oxidised porous silicon surface and ♦ denotes flat silicon.
15
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Given that the optical absorbance (or effectively the laser coupling or energy 

deposition efficiency) is an important factor for LDI, photoluminescence of PSi is not 

a relevant surface characteristic for LDI. Kruse, et al. used silicon substrates prepared 

by H2O2-metal-HF (HOME-HF) etching to demonstrate that both luminescent and 

non-luminescent areas can both generate analyte signals in DIOS-MS.
11

 (Figure 3-7) 

Although the photoluminescence of PSi is not a relevant factor, when varying laser 

wavelength from 266, 337 to 532 nm, the mass spectral quality was consistent. It was 

suggested that the lack of wavelength dependent signal generation is because in 

MALDI, the excitation laser must match a strong absorption from the matrix, whereas 

in DIOS, the PSi only needs to absorb a photon that exceeds the band gap of 

crystalline silicon (1.1 eV). Given that the photon energy used has not only exceeded 

the band gap energy and it has also exceeded the energy of the luminescence band 

observed (590 nm), the authors concluded that though there is not any correlation 

between the DIOS activity to the photoluminescence of the PSi, a common optical 

absorption event is necessary for both processes.  

 

In the same report, contact angle measurement was employed to study the storage 

solvent effect and the effects of surface aging.
11

 (Figure 3-8) The surfaces subjected to 

extended storage were significantly more hydrophilic than the days-old surfaces, as 

indicated by smaller contract angles with ultrapure water. However, though the water 

contact angle was not significantly different for the surfaces stored in dry air and in 

menthol for six days (highlighted in a red square in Figure 3-8A), only limited signal 

could be obtained from the surface stored in dry air for six days. (Figure 3-8B) The 

authors considered that post-etching solvent storage was necessary in preserving the 

DIOS activity of the etched PSi surface. Since oxidation by oxygen was likely in dry 

air storage and the oxidation interposed a thin SiOx layer between the adsorbed 

analyte and the Si. Because the phonon density of states, which ultimately determines 

the thermal conductivity, is drastically altered in silicon oxide, and the transfer of 

thermal energy is hence affected by the surface oxidation. Given this observation, the 

authors suggested that the thermal contact has to be an important property 

determining the efficacy of the DIOS ion generation process. 
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PPrriinntteedd  vveerrssiioonn  iinncclluuddeess  ffiigguurree((ss))  eexxttrraacctteedd  

ffrroomm  tthhee  rreeffeerreennccee  ssoouurrccee  ddeessccrriibbiinngg  

tthhee  rreellaattiioonnsshhiipp  ooff  pphhoottoolluummiinneesscceenntt  pprrooppeerrttiieess  ooff  tthhee  ppoorroouuss  ssiilliiccoonn  

aanndd  tthhee  uusseeffuullnneessss  aass  aa  DDIIOOSS  ssuubbssttrraattee..  NNoo  ddiirreecctt  rreellaattiioonnsshhiipp  wwaass  

ffoouunndd..      

PPlleeaassee  rreeffeerr  ttoo  tthhee  cciitteedd  rreeffeerreennccee  ffoorr  ddeettaaiill  

 

Figure 3-7 (A) Photoluminescence images from Pt-patterned p
+
- and p

-
-PSi, with the concave side 

of the arc corresponding to the Pt-patterned spots. (B) Mass spectra generated from a 1.5-pmol 

mix of des-Arg
1
 bradykinin (1), α-Bag Cell Peptide1-8 (2), and angiotensin I (3) on and off areas of 

luminescence of these same PSi supports indicate that DIOS does not correlate to the 

luminescence of PSi.
11

 

 

 

 

PPrriinntteedd  vveerrssiioonn  iinncclluuddeess  ffiigguurree((ss))  eexxttrraacctteedd  

ffrroomm  tthhee  rreeffeerreennccee  ssoouurrccee  ddeessccrriibbiinngg  

tthhee  rreessuullttss  ooff  ccoonnttaacctt  aannggllee  mmeeaassuurreemmeenntt  aanndd  eexxaammppllee  mmaassss  ssppeeccttrraa..    

TThhee  wwrriitteerr  hhiigghhlliigghhttss  tthhaatt  tthhee  wwaatteerr  ccoonnttaacctt  aannggllee  wwaass  eesssseennttiiaall  iiddeennttiiccaall  

ffoorr  tthhee  ssuubbssttrraatteess  ssttoorreedd  eeiitthheerr  iinn  aaiirr  oorr  iinn  mmeetthhoodd  ffoorr  66  ddaayyss,,  hhoowweevveerr,,  

tthhee  LLDDII  eeffffiicciieennccyy  wwaass  ssiiggnniiffiiccaannttllyy  ddiiffffeerreenntt  aanndd  tthhuuss  hhee  hhaass  aann  

iinntteerrpprreettaattiioonn  ttoo  tthhee  rreessuullttss  ddiiffffeerrss  ffrroomm  tthhee  oorriiggiinnaall  aauutthhoorrss..  

PPlleeaassee  rreeffeerr  ttoo  tthhee  cciitteedd  rreeffeerreennccee  ffoorr  ddeettaaiill  

 

 

Figure 3-8 (A) Plot showing the change in solvent contact angles for wafers subjected to (○) dry 

and (∇∇∇∇) methanol storage for 1 day and (□) dry air and (◊) methanol storage for 6 days. Contact 

angles were measured for ultrapure water containing 0, 25, 50, and 75% methanol on each 

surface. The lower contact angles for the surfaces subjected to extended storage indicate a more 

hydrophilic surface as compared to freshly etched surfaces. (B) Mass spectra generated from a 

1.5-pmol peptide mix of des-Arg
1
 bradykinin (1), α-Bag Cell Peptide1-8 (2), and angiotensin I (3) 

on surfaces under methanol and dry air storage for 6 days indicate that extended storage in 

methanol preserves the surface integrity as compared to dry storage.
11
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Li has also used water contact angle measurement in the study of PSi substrate 

prepared by HOME-HF etching.
16

 Crystalline silicon (c-Si), freshly etched PSi, aged 

PSi (in air 24 hours), and re-etched PSi were investigated. (Figure 3-9) All PSi 

surfaces were found to have a lower wettability than crystalline silicon. Similar to that 

observed by Kruse, et al., the PSi surface becomes more wettable when aged. 

However, the wettability decreases after re-etching. Li explained that the 

hydrophilicity of the PSi surface increased not only due to the formation of the 

oxidised layer but also the adsorbed contaminants. Re-etching removes such an effect. 

However, there is no satisfactory explanation for the fact that the re-etched surface 

exhibited even lower wettability than the freshly etched PSi. In contrast to Kruse, et 

al., Li suggested that the apparent increased hydrophobicity of PSi compared to 

crystalline silicon has to be a combined effect of the surface chemical composition as 

well as the surface roughness.
16

 

 

PPrriinntteedd  vveerrssiioonn  iinncclluuddeess  ffiigguurree((ss))  eexxttrraacctteedd  

ffrroomm  tthhee  rreeffeerreennccee  ssoouurrccee  ddeessccrriibbiinngg  

tthhee  rreessuullttss  ooff  wwaatteerr  ccoonnttaacctt  aannggllee  mmeeaassuurreemmeenntt  aafftteerr  ssttoorriinngg  tthhee  

ssuubbssttrraatteess  aatt  ddiiffffeerreenntt  ccoonnddiittiioonnss..  

PPlleeaassee  rreeffeerr  ttoo  tthhee  cciitteedd  rreeffeerreennccee  ffoorr  ddeettaaiill  

 

Figure 3-9 Water contact angles on four different surfaces.
16

 

 

In the same study, FT-IR and Auger electron spectroscopy (AES) were also used to 

study the surface composition.
16

 In the IR spectrum, (Figure 3-10) the band around 

3000-3500 cm
-1

 is assigned to SiO-H stretch, and 1100-1000 cm
-1

 to Si-OH stretch. 

Although the fresh surface was suggested to be silicon hydride, the Si-H stretch at 

2080-2200 cm
-1

 was not observed. (Figure 3-10) Other peaks were assigned due to 

carbon dioxide adsorbed, and residual water and ethanol remained on the surface: 

3800-3500 cm
-1

 (νO-H of H2O, νO-H of ethanol); 2900 cm
-1

 (νC-H of ethanol); 2370 cm
-1

 

(νC=O of CO2); 1500 cm
-1

, 1600 cm
-1

 (δO-H of H2O); 1400,1200,1080 cm
-1

 (δO-H of 

ethanol). In the Auger electron spectrum, (Figure 3-11) Si, C and O were detected. 

The oxygen signal was contributed to rapid oxidation of the surface, carbon as the 

main contaminant or trapped solvent (ethanol). In addition, potassium was also 

detected.
16
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PPrriinntteedd  vveerrssiioonn  iinncclluuddeess  ffiigguurree((ss))  eexxttrraacctteedd  

ffrroomm  tthhee  rreeffeerreennccee  ssoouurrccee  ddeessccrriibbiinngg  

aa  FFTTIIRR  ssppeeccttrruumm  ooff  aa  ddaayy  oolldd  ppoorroouuss  ssiilliiccoonn..  

PPlleeaassee  rreeffeerr  ttoo  tthhee  cciitteedd  rreeffeerreennccee  ffoorr  ddeettaaiill  

 

 

 

Figure 3-10 FT-IR spectrum of a day old PSi.
16

   

 

 

 

 

PPrriinntteedd  vveerrssiioonn  iinncclluuddeess  ffiigguurree((ss))  eexxttrraacctteedd  

ffrroomm  tthhee  rreeffeerreennccee  ssoouurrccee  ddeessccrriibbiinngg  

aa  AAEESS  ssppeeccttrruumm  ooff  aa  ttwwoo  ddaayyss  oolldd  ppoorroouuss  ssiilliiccoonn  ssttoorreedd  aa  iinn  vvaaccuuuumm  

cchhaammbbeerr..  

PPlleeaassee  rreeffeerr  ttoo  tthhee  cciitteedd  rreeffeerreennccee  ffoorr  ddeettaaiill  

 

 

 

 

Figure 3-11 Auger electron spectrum of a two day old PSi stored in vacuum chamber.
16

  

 

Similarly, Anderson used energy dispersive X-ray spectrometry (EDS) to study the 

surface composition and the effect of surface aging.
15

 EDS spectra obtained 

immediately after surface preparation showed a high level of fluorine and low level of 

oxides. Nevertheless, just after a day, the level of fluorine was significantly decreased 

and the level of oxygen was significantly increased. Storage of freshly prepared PSi in 

nitrogen preserved the level of fluorine. It was concluded that the surface was quickly 

oxidised in air.
15

 (Figure 3-12) 
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PPrriinntteedd  vveerrssiioonn  iinncclluuddeess  ffiigguurree((ss))  eexxttrraacctteedd  

ffrroomm  tthhee  rreeffeerreennccee  ssoouurrccee  ddeessccrriibbiinngg  

EEDDSS  ssppeeccttrraa  ooff  aa  ppoorroouuss  ssiilliiccoonn  iimmmmeeddiiaatteellyy  aafftteerr  eettcchhiinngg  aanndd  aafftteerr  aa  

ddaayy  ssttoorreedd  iinn  aaiirr,,  iilllluussttrraattiinngg  tthhee  rraappiidd  pprroocceessss  ooff  ssuurrffaaccee  aaggiinngg..  

PPlleeaassee  rreeffeerr  ttoo  tthhee  cciitteedd  rreeffeerreennccee  ffoorr  ddeettaaiill  

 

 

 

 

 

 

Figure 3-12 EDS spectra of surface analysed (a) immediate after etching and (b) 24 hours after.  

 

Although limited data from the literature is presented above and largely on the silicon 

substrate prepared by HOME-HF etching, these data do suggest that the rough or 

porous silicon substrates used for the matrix-free LDI approach follow the same trend 

of the general chemistry and possibly the drawbacks of PSi. In this thesis, a range of 

modified substrates has been studied. The true nature of the commercial products 

remains a trade secret. On the other hand, the silicon SALDI substrates have only 

been poorly characterised. These justify our investigation to understand the chemical 

composition of these semiconductor LDI substrates.  
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3.2.1 Aims of This Chapter 

 

In this chapter, the commercial DIOS targets from Waters Corp., the QuickMass 

targets from NanoHorizons, and various SALDI substrates prepared by galvanostic 

anodisation with iodine etching additive manufactured by the Lab. for Laser 

Diagnostics, General Physics Institute (GPI) are studied. Surface imaging techniques 

such as SEM and AFM, surface analysis techniques such as ToF-SIMS and XPS as 

well as water contact angle (WAC) are used. Argon plasma etching and fluoro-silane 

self-assembly monolayer (SAM) modification to the SALDI substrates is carried out. 

This treatment alters the surface chemistry of the substrate and the effects on the LDI 

performance are investigated. The LDI performance of the substrates is examined by 

a reflector ToF instrument. The surface chemistry on these surfaces suitable for 

matrix-free LDI application and any correlation between surface physicochemical 

properties and the LDI performance is to be studied and are the purposes of this 

chapter. 
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3.3 Results on Surface Characterisation 

 

The application of multiple surface analysis techniques in PSi investigation has been 

rarely reported in literature. There has only been one paper from Feng, et al. more 

than 10 years ago.
20

 XPS, SIMS, AES, FTIR, photoluminescence (PL) and Raman 

scattering were used in that study to determine the chemical nature of the PSi surface 

prepared by electrochemical etching in fluorine containing electrolyte. The same 

philosophy applies here, but in this case, the chemical nature and surface 

characteristics of the LDI substrates are studied. 

 

3.3.1 Surface Morphology of the Matrix-free LDI Substrates by 

Surface Imaging Techniques    

 

To investigate the surface morphology of the LDI substrates available, either from the 

commercial sources or provided by the Lab. for Laser Diagnostics, GPI, SEM and 

AFM were employed. These two techniques provide complementary information and 

the data are presented under the same section. Correlation between the surface 

morphology of the substrates and the LDI performance are presented later in this 

chapter.  

 

3.3.2 Commercial DIOS and QuickMass Substrates   

 

Figure 3-13 (a) and (b) show the SEM and AFM images of the commercial DIOS 

substrates. The images show that the DIOS substrates have pore openings varying 

from 20 to 200 nm. Considering that the tip curvature is ~30 nm, the AFM image also 

indicates that a significant number of the pores are smaller than the size of the tip 

curvature. The image of the pores with lateral features comparable to the tip curvature 

appears as a convolution of the tip and pore entrance shapes. The vertical scale of the 

AFM image is larger than 200-250 nm. Given the size of the opening of the pores 

relative to the size of the tip, the thickness of the porous layer may actually be larger 
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than the measured value. The significances behind this porous morphology are to be 

discussed later.  

 

Figure 3-13 (c) and (d) show the SEM and AFM images of the QuickMass substrates. 

In contrast, the QuickMass substrates have a low surface porosity and have columnar-

void surface morphology. The vertical scale of AFM image is about 100 nm. Limited 

information was available on the QuickMass substrates. How these structural 

differences from porous morphology relate to the LDI performance is to be 

investigated. The elemental and molecular nature of the substrate material is to be 

investigated by SIMS.  

 

DIOS QuickMass 

  

  

Surface roughness (R.M.S): 28.5 nm Surface roughness (R.M.S): 8.24 nm 

Figure 3-13 (a) SEI and (b) AFM topography of a DIOS substrate from Waters, and (c) SEI and 

(d) AFM topography of a NanoHorizons QuickMass substrate. These images show that the DIOS 

substrate is porous whereas the QuickMass substrate has a columnar-void surface morphology. 

Calculated surface roughness stated is the root mean square by the same AFM image. The 

images of the QuickMass target were taken on a used target. On the AFM image (d), there 

appears a line in the middle of the image. Since GeO is dissolvable in water. This line forms a 

shape of an edge of an aqueous droplet and may be a drying pattern created by dissolved GeO.  

Dissolved 

germanium 

oxides  

(a)  

(b) 

(c) 

(d) 
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3.3.3 SALDI Substrates  

 

The SALDI substrates prepared at the GPI had a wide range of surface morphologies, 

varying from porous, void-porous, dents of curvatures, roughened, nano-tips and 

nano-dots/wells. Some surfaces were roughened by sanding and some were etched on 

the non-polished side of a silicon wafer to obtain additional surface roughness. 

Different materials such as graphite and silicon were used. Some silicon substrates 

were prepared by chemical etching with addition of iodine etching additive and some 

without. The concentration of iodine-additive also varies from 5% to 0.5%. Different 

etching parameters, such as etching time and current density were used also. Substrate 

electro-resistivity, type of silicon (n-type, p-type) and crystal orientation were varied 

at the same time. Background information of the SALDI substrate and gas-phase 

SALDI-MS development has been given at section 1.6 and 2.2. Etching parameters 

used in surface preparation can be found at section 2.4.3. Given that variety, the 

investigation was very complex and presented a challenge. How those variations 

effect to the LDI performance is to be investigated.  

 

For the ease of presentation and simplicity, different substrates are classified 

according to their surface morphologies or preparation methods, and representative 

samples are presented.  

 

Porous Silicon Substrates  

 

Some of the silicon SALDI surfaces are porous. Figure 3-14 (a) and (b) show the 

SEM and AFM images of substrate A48-1. A48-1 was prepared by electrochemical 

etching with addition of 0.5% w/v iodine electrolyte additive. The pore size measured 

is about 10-20 nm. The vertical scale of the AFM image is 150-160 nm. As mentioned 

previously, AFM only has limited ability in depth profiling and the actual thickness of 

the porous layer is expected to be higher. SEM and AFM images show that the 

substrate looks similar to the DIOS substrate, with the exception that the measured 

surface roughness is only 9.74 nm as oppose to 28.9 nm in DIOS. The average porous 

size is also smaller than that of DIOS.  
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Figure 3-14 (c) and (d) show the SEM and AFM images of the substrate prepared by 

vapour-phase etching in the presence of iodine etching additive. The vertical scale of 

the AFM image is 200-250 nm but the substrate surface morphology is not as uniform 

as A48-1. The roughness calculated varies from 27.7 nm to 37.5 nm. 

 

A48-1 Vapous-phase etched 

  

 

 

 

Surface roughness (R.M.S): 9.74 nm Surface roughness (R.M.S): 32.5 nm 

Figure 3-14 SEI (top) and AFM topography (bottom) of the substrate A48-1 and the substrate 

prepared by vapour-phase etching.  

 

Substrates of Void-porous and Dents of Curvatures 

 

Figure 3-15 shows the SEM and AFM images of substrate s10 and s11. These silicon 

substrates exhibited a non-conventional surface morphology. Additional optical 

images are presented to illustrate the surface morphology at different magnification. 

Substrate s10 was prepared by first stain-etching in HNO3 and then subsequently re-

etched, whereas s11 was prepared by electrochemical etching on the non-polished 

side of a silicon wafer and was oxidised in H2O2. The etching parameters were not 

disclosed. s10 has dents of curvatures whereas s11 has a porous/voids layer. 

  

(a) (c) 

(b) (d) 
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s10 s11 

  

  

  

Surface roughness (R.M.S): 21.6 nm Surface Roughness (R.M.S) : 60.7 nm 

Figure 3-15 Surface morphology of the substrate s10 and s11; (a) optical image, (b) SEI and (c) 

AFM topography. 

 

Non-Porous Silicon Substrates Designed for the Gas-Phase SALDI-MS 

 

Figure 3-16 shows the substrates designed for the gas-phase SALDI-MS approach. 

These substrates were prepared by electrochemical etching with 5% w/v iodine 

etching additive and a low etching current (1 mA/cm
2
). Consequently, theses 

substrates only have a thin nano-structured layer ranging from 10 nm to 50 nm thick. 

The surface roughness measured was in order of few nm. Most of the research effort 

in the SALDI surface chemical analysis was carried out on this type of substrate. The 

effects of this surface morphology and their LDI activities will be discussed.  

(a) 

(b) 

(c) 
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 SEM AFM 
s1

 

 

 

s2
 

 

 

s4
 

 

 

s5
 

 

 

Figure 3-16 SEI and AFM topography of surfaces designed for the gas-phase SALDI-MS 

approach. Surfaces s1, was prepared on the non-polished side of a silicon wafer and s2, s4, s5 

prepared on the polished side. Consequently, s1 surface has a native roughness, which was not 

produced by chemical etching. Blanket indicates the measured surface roughness in R.M.S.  

(Surface Roughness (R.M.S): 17.8 nm) 

(Surface Roughness (R.M.S): 4.09 nm) 

(Surface Roughness (R.M.S): 5.94 nm) 

 

(Surface Roughness (R.M.S): 4.85 nm) 
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Nano-dots and Nano-wells Substrates 

 

Substrates a1 to a5 were prepared by a high etching current densities (5 or 20 mA/cm
2
) 

using low resistivity n-type silicon wafer and 0.5% w/v iodine etching additive. a1 and 

a3 were also re-etched. Etching time was short (1, 2 or 5 mins). The relationship of 

etching current densities and the porosity has been depicted in Chapter 2, figure 2-2 

and 2-3(b). These etching parameters produced no pores but a very thin and fragile 

nano-structured layer. As a result, nano-dots, nano-wells and electro-polished surfaces 

were obtained. (Figure 3-17) Only the AFM images of the substrates are presented. 

This was because these surfaces are relatively smooth and the SEM instrument used 

could not reveal the surface features.   

 

Experimental SALDI Substrates  

 

The experimental SALDI substrates, e1 to e3, were prepared by first stain-etching 

with HNO3 and then subsequently re-etched with and without addition of iodine 

etching additive. Figure 3-18 shows the AFM and SEM images of substrate e1 to e3. 

Substrate e1 has a thick fragile spongy porous structure and the vertical scale of the 

AFM image is over 300 nm, substrate e2 has nano-dot structure, and e3 has dents of 

curvatures. Substrate e1 and e2 were both re-etched for 10 minutes using a low 

etching current but with a different content in etching electrolyte. In the absence of 

light illumination and an oxidising electrolyte in the preparation of e2, very little 

etching occurred. Substrate e2 is thus smoother than e1. In the preparation of e3, the 

etching current used led to non-selective etching and produced a smooth surface.  

 

HOPG Substrate and Sanded Silicon Substrate  

 

Figure 3-19 shows the SEM images of a HOPG and a sanded silicon surface. The 

sanded surfaces were roughened by sanding a crystal surface with diamond dusts. The 

surface structure is in micron size. The relatively large surface structures made AFM 

characterisation difficult and only the SEM images are shown.  
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Substrate a1 Substrate a2 

Surface roughness (R.M.S): 9.41 nm Surface roughness (R.M.S): 2.67 nm 

Substrate a3 

 

Surface roughness (R.M.S): 1.34 nm 

Substrate a4 Substrate a5 

Surface roughness (R.M.S): 3.67 nm Surface roughness (R.M.S): 4.57 nm 

Figure 3-17 AFM topography of the nano-dots/wells the SALDI substrates a1 to a5. a4 exhibits a 

nano-wells structure and a5 exhibits a nano-dots structure.   
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  Surface roughness (R.M.S): 9.45 nm 
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  Surface roughness (R.M.S): 2.44 nm 

Figure 3-18 SEI and AFM topography of the experimental substrates e1 to e3.  
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Figure 3-19 SEI of (A) HOPG, (B) sanded silicon surface. The sanded surface was produced by 

grinding with diamond powder. 
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3.3.4 ToF-SIMS Investigation of the LDI Substrates   

 

3.3.4.1 DIOS and QuickMass Substrate 

 

Representative SIMS spectra of the DIOS substrates are shown in Figure 3-20. The 

positive ion SIMS spectrum (Figure 3-20 A) is dominated by Si
+
 (m/z, 28) and SiH

+
 

(m/z, 29), and SiHO
+
 (m/z, 45) ion peaks. Na

+
 (m/z, 23) and hydrocarbon such as 

C3H3
+
 (m/z, 39), C3H5

+
 (m/z, 41), C2H3O

+
 (m/z, 43) are also observed. 

 

The negative ion SIMS spectrum (Figure 3-20 B) is dominated by H
-
 (m/z, 1), O

-
 (m/z, 

16) and OH
-
 (m/z, 17) peaks as well as the halide ions, such as F

-
 (m/z, 19), and Cl

-
 

(m/z, 35). Various silanol-related clusters were also observed, such as SiHO
-
 (m/z, 45), 

SiO2
-
 (m/z, 60), SiO3

-
 (m/z, 76) SiHO3

-
 (m/z, 77) through SiH

-
 (m/z, 29) and SiH2

-
 (m/z, 

30) are also seen. PO2
-
 (m/z, 63) and PO3

-
 (m/z, 79) are also seen. (Note: peak m/z 79 

is not assigned to 
79

Br
-
 because the 

81
Br

-
 is missing and the difference in accurate 

mass) 

  

On the other hand, the positive ion SIMS spectrum of the QuickMass substrates is 

dominated by Na
+
 (m/z, 23), K

+
 (m/z, 39), Fe

+
 (m/z, 56) and various Ge

+
 isotopes (m/z, 

70-76). (Figure 3-21 A) Various germanium-oxide ions are also observed both in 

positive (m/z, 85-93) and in negative (m/z, 102-109) ion spectrum. (Figure 3-21 B) 

The negative ion spectrum is also dominated by H
-
 (m/z, 1), O

-
 (m/z, 16) and OH

-
 (m/z, 

17) peaks. Other dominant peaks include CN
-
 (m/z, 24) and CNO

-
 (m/z, 42). Halide 

ions, such as F
-
 (m/z, 19), and Cl

-
 (m/z, 35) are seen but are relative minor. PO2

-
 (m/z, 

63) and PO3
-
 (m/z, 79) are also seen. 

 

Based on the SIMS spectra of the DIOS and QuickMass substrates, the elemental 

composition of the QuickMass substrates received is germanium based, whereas the 

DIOS substrates are silicon based. The detection of Fe
+
 on the QuickMass substrates 

is because of the steel basal support. Various oxide ions are also detected on these two 

substrates, indicating an oxide-passivated layer is present on the silicon and 

germanium substrates.  
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Figure 3-20 (A) Positive and (B) negative ion SIMS spectra of a DIOS substrate (inserts show 

selected region). Data acquisition was 8 s long on a 100 x 100 µµµµm
2
 area (for high mass resolution).  

 

B 
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Figure 3-21 (A) Positive and (B) negative ion SIMS spectra of a QuickMass substrate (inserts 

show selected region). The target was first cleaned by DC sputtering using Cs
+ 

ion gun with 10kV 

acceleration voltage to remove the surface contaminants, revealing that the surface was made of 

germanium. The Fe
+
 signal originates from the steel plate on which the germanium film was 

deposited. Data acquisition was 76 s long on a 300 ×××× 300 µµµµm
2
 area (for high sensitivity).  

 

 

A 

B 
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3.3.4.2 SALDI Substrates  

 

The surface of the SALDI substrates contains a wide range of molecular species. The 

SIMS spectra generally show a high level of hydrocarbon clusters and various silicon 

hydrides and oxides signals. The results are presented along with our effort to clean 

these substrates by argon plasma etching.  

 

3.3.4.3 Principle Component Analysis (PCA) of ToF-SIMS Spectral Data of 

SALDI Substrates (Batch 2005) 

 

It is difficult to interpret the SIMS spectral data manually owing to the complexity of 

the SIMS spectra, particularly when there are a large number of spectra to consider. 

Consequently, multivariate data analysis (MVDA) was used. PCA is an important 

MVDA approach and was employed to distinguish the differences between the 

SALDI substrates or to classify (pattern recognition) the ToF-SIMS spectral dataset 

generated by the SALDI substrates here. Except for the vapour-phase etched surface 

(vefib-2), all surfaces were stored in isopropanol (solvent washing) before the ToF-

SIMS analysis. A sanded silicon surface, which has only been roughened, provides a 

reference here. 

 

One approach to PCA-SIMS is to select a relatively small number of ions of interest 

from the spectra. In this study, all ions detected in the selected mass range of SIMS 

spectra were considered. This method is derived from metabolite profiling using 

NMR. A peak set with the corresponding integrated area was created from all spectra. 

The areas of these peaks were then calculated for every spectrum and normalised to 

the total intensity of all peaks in each individual spectrum to correct for differences in 

total secondary ion yield between spectra. The normalised peak set was then imported 

to Umetrics SIMCA-P.  

 

PCA is also sensitive to the choice of scaling technique. Scaling to unit variance is a 

common practice, if there is no prior knowledge about the dataset. Unit scaling 

implies that the “long” variables are shrunk and the “short” variables are stretched, so 
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that all variables will rest on an equal footing. However, it is important to note that 

because of this non-discriminative approach, unit variance scaling is to be avoided as 

this leads to exaggerating the less significant ion peaks to the equal level of important 

ion peaks and masking the PCA plots. Instead, no scaling and mean-centring was used.  

 

Six PCs are generated on positive ion SIMS dataset and the first two PCs account for 

72% of the variability. Four PCs are generated on negative ion SIMS dataset and the 

first two PCs account 87% of the variability. Figure 3-22 and Figure 3-23 show PCA 

PC1/PC2 score and loading plots of positive and negative SIMS spectral dataset, 

respectively.  

 

The SALDI substrates tested can be grouped into three major classes in the PCA score 

plot using the positive ion SIMS dataset (Figure 3-22). The score plot illustrates the 

plasma etched surface is chemically similar to the sanded surface, whereas the as-

received experimental surfaces are distinctive from the rest. However, the score plot 

also indicates that plasma etching produces a relatively large variation (relative to the 

as-received substrates) among the three different SALDI surfaces used despite they 

were plasma etched simultaneously for 100s. The PCA loading plot points out that the 

signal of Si
+
 and SiHO

+
 in the SIMS spectra accounts the biggest variation of the 

plasma etched surfaces from other classes of surfaces, whereas SiH
+
 signal accounts 

for the biggest variation of the as-receive class from the rest of the substrates. Signals 

of hydrocarbon and silicon oxides ions are common in all the spectra and are located 

at the centre of the loading plot.  

 

On the evaluation on the negative ion SIMS dataset, the SALDI substrates tested can 

be grouped into four major classes in the PCA score plot (Figure 3-23). The sanded 

surface is located in between the as-received and the plasma-etched classes in the 

loading plot. The PCA loading plot illustrates the difference between the as-received 

and the plasma-etched surfaces are the OH
-
, O

-
 and various silicon oxides signals. The 

vapour-phase etched surfaces (vbfib-2) which have not been subjected to solvent 

washing produce intense signals of halides ions (Cl
-
, F

-
, and I

-
) in the SIMS spectra, 

and the significance of these ions is highlighted in the loading plot. Other fluorine-

related ions, such as SiF
-
, OF

-
 and CNF

-
 are also observed and they are located in the 

central cluster of the loading plot.  
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Figure 3-22 PCA t1/t2 score (top) and p1/p2 loading plots (bottom) based on the positive ion SIMS 

dataset. The samples can be classified into three classes: (1) as-received, (2) as-received 

experimental, and (3) argon plasma etched (100s) in the score plot. The central cluster of the 

loading plot is mainly composed of hydrocarbon, silicon oxides and metallic ions. 
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Figure 3-23 PCA t1/t2 score (top) and p1/p2 loading plots (bottom) based on the negative ion SIMS 

dataset. The samples can be classified into four classes: (1) as-received, (2) as-received vapour-

phase etched surface without prior solvent washing, (3) as-received experimental substrates and 

(4) argon plasma etched (100s) in the score plot. The central cluster of the loading plot contains 

fluorine, nitrogen, or sulphur-containing species as well as silicon-containing species.  
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Figure 3-24 Score p1/p2 contribution plots of substrate s10 (top) and s11 (bottom). Data is derived 

from Figure 3-23.  
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The as-received experimental substrates also stand out from the rest as shown in the 

score plot. The differences between s10 and s11 are specified by looking to the 

contribution plot. (Figure 3-24) While H
-
 and F

-
 ions are above average in the 

spectrum of s10, H
-
, C

-
, CH

-
, C2H

-
 and I

-
 ions are above average in the spectrum of 

s11. The contribution plots also show that O
-
, SiO2

-
, SiHO2

-
, SiO3

-
 and SiHO3

-
 ions in 

the spectra of both of these surfaces are less intense than the average of the whole 

dataset suggesting they have a lower concentration of oxides than the as-received and 

plasma etched SALDI surfaces.  

 

The classification or cluster analysis presented here is important to our comparison of 

the LDI performance among different SALDI substrates later in this chapter. 

Although the investigation was carried out first, cluster analysis by PCA was not 

necessarily easy to interpret. The realisation of the implications was effective came at 

last and the results must be subjected to further cross-validation by a subset of sample 

surfaces using ToF-SIMS and XPS.  

 

3.3.5 ToF-SIMS Investigation of the Effects of Plasma Etching 

 

Plasma etching is central to many manufacturing processes that employ silicon and 

other thin film devices for electronic, display or related applications.
21

 The uniqueness 

of plasmas for surface processing is due to the fundamental features of non-

equilibrium plasmas. The term “non-equilibrium” here refers to the charged species 

(electrons and ions) which generally have a much higher average kinetic energy than 

the neutral species. Non-equilibrium plasmas are unique surface processing 

environments due to the combination of high fluxes of reactive radicals at low gas 

temperatures and the effects of ion bombardment at surfaces. The effects of the 

plasma on surfaces are that the plasma modifies the chemical nature and behaviour of 

the regions near the surface influenced by ion impact.
21

 Similar arguments apply to 

plasma deposition of thin films. Furthermore, isotropic and anisotropic silicon 

microstructures can also be manufactured by plasma etching using reactive plasmas 

such as SF6-base plasmas or halogen containing plasmas, avoiding a wet chemistry 

etching procedure. This process is termed reactive ion etching (RIE).
13, 22

 Here plasma 

etching is applied for surface cleaning/processing. Less reactive Ar
+
 plasma was used.  
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Figure 3-25 and Figure 3-26 show the positive and negative ion SIMS spectra of the 

SALDI surface s3 before and after 100s of argon plasma treatment, respectively. 

Identical primary ion dose was used to acquire the SIMS spectra. Overall, these 

spectra are very similar to those obtained from the DIOS substrate. (Figure 3-20) Si
+
 

(m/z, 28) and O
-
 (m/z, 16) dominate the positive and the negative spectra, respectively 

and their intensities increase after the plasma etching. The positive ion spectra also 

show that the intensity of SiH
+
 (m/z, 29) is reduced, and yet the intensity of SiHO

+
 

(m/z, 45) is increased after the plasma treatment. These suggest the plasma etching 

procedure has increased the surface concentration or thickness of the oxide layer. On 

the other hand, the intensity of Na
+
 (m/z, 22.99) is higher after the plasma etching. 

The ion intensities of hydrocarbon species e.g. CH3
+
 (m/z, 15) and C2H3

+
 (m/z, 27) are 

diminished. In addition, a high intensity of iodide ion (m/z, 127) is observed in the 

negative spectra but signal of Si-I
-
 is not. Initially it was thought the absence of Si-I

-
 

signal was due to the ion instability. This matter is to be revisited on further 

examination using XPS. 

 

To evaluate the change in surface chemistry due to argon plasma etching, the raw data 

is converted to Figure 3-27 and Figure 3-28 which illustrates the relative change of 

ion intensities in the SIMS spectra before and after argon plasma etching, detected in 

positive and negative mode, respectively.  

 

Before the treatment, a wide range of hydrocarbon related ions are detected in the 

positive ion spectra. Nitrogen, sulphur, and iron related ions are also seen. On 

comparing the positive spectra before and after the plasma treatment, there appears to 

be two main types of contaminants, one is hydrocarbon in nature and was removed by 

the plasma treatment and the others seem to be amines in nature and apparently 

remained after the treatment.
23 

Examples include a number of CxHyNz
+
 ions. It should 

be noted that though the calculated relative change is large, their signal intensities or 

surface concentration are not high in the SIMS spectra. These species could have been 

presented in the deeper layer of the surface and were exposed to the surface, or were 

subsequently adsorbed after the plasma treatment. The negative ion spectra also show 

the hydrocarbon and halide ions, such as F
-
, Cl

-
 and I

-
 were removed after the plasma 

treatment.  
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Figure 3-25 Positive ion SIMS spectra of (A) as-received SALDI surface s3 and (B) after 100s of 

argon plasma etching. Data was acquired by raster scanning a 500 × 500 µm
2 
with 5 × 10

11
 PI/cm

2
.   

 

 

A 
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Figure 3-26 Negative ion SIMS spectrum of (A) as-received SALDI surface s3 and (B) after 100s 

of argon plasma etching. Data was acquired by raster scanning a 500 × 500 µm
2 

with 5 × 10
11

 

PI/cm
2
. 
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Figure 3-27 Relative changes in the secondary ion intensity (positive): lower mass (top) and 

higher mass (bottom). Each peak is first normalised with total ion intensity of all selected ions. 

Relative change is calculated: 

N

N -T
 change Relative =  

Where  T = Normalised secondary ion intensity of treated surface 

N = Normalised secondary ion intensity of untreated surface 
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Figure 3-28 Relative changes in the secondary ion intensity (negative). The data was treated in 

the same way as in positive.  

 

The result shows that the removal of organic species was achievable by argon plasma 

etching. Furthermore, the surface was oxidised as the secondary ions of various 

oxides had a relatively higher intensity. Alternatively, this could also be due to the 

elimination of contamination and thus the oxides, which might have been previously 

covered by the hydrocarbon, were exposed to the surface after the treatment. This still 

needs verification by other technique, such as XPS.  

 

Although the SIMS technique provides excellent sensitivity, one of its major 

limitations lies in quantification. This is because the ionisation yield of a given 

sputtered species may vary considerably depending on the composition of the matrix 

in which it is located (known as matrix effect). Secondly, it has also been reported 

that PSi can effectively adsorb water vapour and hydrocarbon in vacuum, especially 

under ion beam irradiation, and the concentration of O, C and H can be altered during 

the analysis.
24

 For that reason, SIMS can only provide qualitative information. To 

assign the true nature of these substrates, the questions are revisited using XPS. 
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3.3.6 XPS Investigation of the Effects of Argon Plasma Etching of 

SALDI Surface  

 

Figure 3-29 and Figure 3-30 show the XPS spectra of SALDI surface s3 before and 

after 100s plasma etching, respectively. The prominent peaks are due to silicon, 

carbon, and oxygen. Small amount of fluorine and iodine are also detected. Table 3-1 

summarises the quantification of the elemental species.  

 

Table 3-1 Atomic concentration of as-received and plasma etched (100s) SALDI surface s3 

determined by XPS survey scan measurement.  

Atomic concentration (at %) on the surface on the SALDI surface 

determined by XPS survey spectra measurements Si sample 

F 1s I 3d O 1s C 1s Si 2s Traces 

As-received surface 0.9 > 0.1 31.4 23.4 44.3  

Plasma treated 

surface 

0.2 ≥ 0.001 54.8 6.0 38.4 Na, Sn 

 

After argon plasma etching, the level of carbon, fluorine, and iodine is significantly 

reduced. However, the level of oxygen is elevated. Sodium and tin on the SALDI 

surface become detectable after plasma etching. The core-level O 1s deconvolution 

suggests both oxides and hydroxides are increased due to plasma etching, but higher 

proportion of hydroxides than oxides in this case. (Figure 3-29 B and Figure 3-30 B) 

The core-level C 1s deconvolution (Figure 3-29 C) shows only the peaks of CH and 

CO. Concurring with the results of SIMS, the carbonaceous species on the surface are 

effectively removed by plasma etching. (Figure 3-30 C)  

 

Significant changes in the Si 2p spectra are observed on the SALDI surface due to 

plasma etching. The spectrum shape changes from largely metallic to oxides. (Figure 

3-29 D and Figure 3-30 D) The high resolution Si 2p spectra is deconvoluted into 

three sets of peaks corresponding to elemental silicon, silicon dioxide and sub-oxides. 

Each pair of peaks corresponds to the lower and the higher spin of a chemical state. 

The literature value of Si 2p spin orbit splitting is 0.617 eV.
25

 This model was created 

taking references to Nesbitt and the references therein.
25
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Figure 3-29 XPS spectra of as-received SALDI surface s3 (solvent washing, no plasma etching). 

(A) Survey scan, (B) synthetic components of O 1s high resolution scan, the FWHM constant is 

constrained to be smaller than 1.5, (C) synthetic components of C 1s high resolution scan, and (D) 

synthetic components of Si 2p high resolution scan. The prominent peaks in the survey spectra 

are due to silicon, carbon and oxygen. Small amount of fluorine and iodine were also detected.  
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Figure 3-30 XPS spectra of argon plasma etched SALDI surface s3 (etched 100s). (A) Survey scan, 

(B) synthetic components of O 1s high-resolution scan, the FWHM constant is constrained to 1.5, 

(C) synthetic components of C 1s high-resolution scan, and (D) synthetic components of Si 2p 

high resolution scan. The survey spectrum is dominated by O 1s peak. Peaks due to silicon or 

carbon are relative minor. A small amount of fluorine, sodium and tin were also detected.  
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3.3.7 XPS Investigation of Fluoro-silane Self Assembly Monolayer 

(SAM) Modification    

 

As-received DIOS substrate (surface 1), as-received and fluoro-silanised (surface 2), 

plasma etched for 60s (surface 3), and plasma etched for 60s then fluoro-silanised 

(surface 4) were chosen for the XPS investigation. Table 3-2 summarises the 

quantification of surface elemental species and carbonaceous species. 

 

Table 3-2 Atomic concentration and surface concentration of carbonaceous species of as-received, 

as-received then silanised, plasma etched for 60s, and plasma etched for 60s then silanised DIOS 

surfaces determined by survey scan and high resolution C 1s core scan respectively. (Surface 

concentration = relative concentration × atomic % concentration of C 1s) 

Atomic concentrations (at.%) on 

the DIOS surface determined by 

XPS survey spectra measurements 

 High-resolution XPS C 1s 

component fits (% C) 
Silicon sample 

F 1s O 1s C 1s Si 2s  CF3 CF2 CO CH 

As-received DIOS surface 18.4 38.0 19.0 24.6  1.2 5.7 6.8 5.3 

As-received and fluoro-

silanised 

41.4 18.8 27.7 12.1  2.9 15.2 5.7 3.9 

Plasma etched for 60s 1.5 58.7 7.8 31.9  0 0.6 4.7 2.5 

Plasma etched for 60s then 

fluoro-silanised 

51.0 11.3 30.6 7.1  3.4 19.2 4.1 3.9 

 

The survey scans of all surfaces are dominated by fluorine, oxygen, silicon and 

carbon. Their peak intensities vary due to different treatment received. No sodium 

was detected and was verified by Na 1s core-level scan. High concentration of 

fluorine is observed in the fluoro-silanised surfaces, while the plasma etched surface 

has a reduced level of fluorine as well as carbon and has an increased level of oxides. 

Surprisingly, a relative high level of fluorine was also observed on the as-received 

DIOS surface. The source of the relative high level of fluorine on the as-received 

surface is revealed when we inspect the high resolution C 1s scan of the as-received 

DIOS and fluoro-silanised surfaces. (Figure 3-31 C and Figure 3-32 C) On inspecting 

the spectra of the as-received DIOS surface, in addition to C-O and CH, a similar 

intensity of CF3 and CF2 were also detected. The peak shape is comparable to that of 
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fluoro-silanised surfaces. The source of these carbonaceous species is not known. The 

fluorocarbons, whether they are active ingredients or contaminants, might have 

already been introduced during the manufacturing process.  

 

A monolayer of 1H,1H,2H,2H-perfluorodecyldimethylsilane group covalently linked 

to the surface was expected on derivatised surfaces. The ratio of CF3:CF2:CH2 in XPS 

C 1s spectra was expected to be in 1:7:4, and yet the ratio of CF3:CF2:CH2 roughly 

1:5:4 and 1:6:1 were obtained on the two derivatised surfaces, respectively. Firstly, C-

O and CH could adsorb from air or were trapped methanol remained on the surface 

and appeared on all 4 surfaces as contaminants. This led to inaccurate quantification 

of CH introduced due to the derivatisation procedures. Secondary, the CH groups 

were buried underneath the CF groups and its signal was attenuated, because the 

photoelectrons were blocked to reach the detector. This also means the quantification 

of the surface species might be inaccurate for the derivatised surfaces.  

 

Using the Si 2p core-level scan, we may also be able to model the surface chemistry 

of the as-received (surface 1) and fluoro-silanised (surface 4) DIOS surfaces in more 

detail. The model assumes that the DIOS surface had been fluoro-silanised and is 

taking references to Nesbitt and the references therein.
25

 The spectra are fitted into 4 

sets of peaks, each represents a chemical state. (Figure 3-31 D and Figure 3-32 D) 

Each pair of peaks is the upper and lower spin of a chemical state. The literature value 

of Si 2p spin orbit splitting is 0.6 eV
25

 and the lower and upper spin states of all 

synthetic components are displaced.  

 

The dominant Si 2p peak is assigned to SiO2, the SiO2 peak is constricted between 

102 to 105 eV according to literature data, and all other peaks are constricted relative 

to SiO2. Elemental silicon and intermediate sub-oxides are detected at the lower 

blinding energy relative to SiO2 peak. The intermediate sub-oxides are assigned to Si-

OH and SiO states. The highest chemical state is assigned to the silicon bonded to 

fluorocarbon and is located at the highest blinding energy. On overlapping the Si 2p 

spectra (result not shown), we can see the overall peak shape shifts to higher binding 

energy from the plasma etched to the as-received to the fluoro-silanised surfaces. This 

is very likely due to the fluoro-silane group and therefore the highest energy synthetic 

peaks are assigned to the fluoro-silane group, i.e. -O-Si-(CH2)2(CF2)7CH3.  
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Figure 3-31 XPS spectra of the as-received DIOS surface. (A) Survey scan, (B) synthetic 

components of O 1s high-resolution scan, (C) synthetic components of C 1s high-resolution scan 

and (D) synthetic components of Si 2p high resolution scan. The survey spectrum is dominated by 

fluorine, oxygen, carbon and silicon. The peak width of core-level O 1s scan is narrower than that 

of SALDI surface. CF2 and CF3 are also detected in core-level C 1s scan. The Si 2p core-level 

spectrum is deconvoluted into 4 sets of peaks. X denotes (CH2)2(CF2)7CF3 group.  
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Figure 3-32 XPS spectra of the derivatised DIOS substrate (surface 4). The substrate was first 

subjected to 60s of plasma etching and then subsequently fluoro-silanised. (A) Survey scan, (B) 

synthetic components of O 1s high-resolution scan, (C) synthetic components of C 1s high-

resolution scan and (D) synthetic components of Si 2p high resolution scan. The survey spectrum 

is dominated by fluorine, oxygen, carbon and silicon. The peak width of O 1s spectrum is further 

reduced to 1.3. The peak located at 536.4 eV detected only in silanised surfaces is assigned to 

oxygen attached to a fluoro-silane group. The Si 2p core-level spectrum is deconvoluted into 4 

sets of peaks. X denotes (CH2)2(CF2)7CF3 group. The intensity of oxides, intermediate sub-oxides 

and elemental silicon is lower relative to as-received surface, and so the core-level O 1s scan. This 

observation is contributed to relative strong fluorocarbons attenuation.  
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3.3.8 Plasmon Loss Lines in XPS  

 

The collection of electrons in a crystal represents plasma of great density. In physics, 

the quantisation of plasma oscillations is the quantum quasi-particle plasmon.
26

 In 

another word, the collective motion of the nearly free electrons in metals and 

semiconductors give rise to plasmon oscillation. Plasmon energy is associated with 

the optical, chemical, and structural properties of nanostructures and can be 

investigated by XPS.
27, 28

 In photoemission spectra, plasmons appear as secondary 

structures (plasmon loss lines) located at higher binding energy than the 

corresponding core-level lines. The loss peaks are associated with inelastic energy-

loss processes to plasmons when the electrons released from the Si 2s or 2p orbitals. 

Plasmon loss feature originated from the surface and from the bulk and hence called 

surface plasmon and bulk plasmon. Bulk is within the depth of inelastic mean free 

path.  

 

The interest of this study lies on a report that localised surface plasmon resonance is 

an important factor and possible an energy deposition and transfer pathway in using 

gold nanorod substrates for LDI.
29

 By using XPS, we can evaluate whether the 

plasmon phenomena also applicable to the nano-structured silicon LDI substrates.          

 

Figure 3-33 (A) shows the XPS survey scan of the SALDI substrate, s3. The plasmon 

loss lines relative to the Si 2s peak are visible at 167 eV, 173 eV and 184 eV. These 

features are of bulk plasmon characteristic. The peak located at 167 eV is thought to 

be plasmon-loss electrons from elemental Si in origin and the peak located at 173 eV 

shouldering to the main plasmon peak is thought to be from silicon oxides in origin. 

The value of the plasmon excitation energy is ~17.1 eV which is lower than that 

measured by Sato
27

 and Mannella
28

 (17.4 eV). Surface plasmons which are expected 

at ~12 eV above the main peak for a clean Si surface are less evident.
30

 It is believed 

that because the surface is chemically passivated by oxides, the surface plasmon 

signal was quenched.  

 

After plasma etching, the secondary structures are broadened and slightly shifted to 

higher blinding energy. The signal intensities are also lower after the plasma etching. 
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These changes could be related to the reduction of surface contamination and metallic 

properties of the surface after prolonged plasma etching. The presence of strong bulk 

plasmon lose line indicates that the SALDI surface is largely metallic in nature. 

 

The plasmon satellite feature observed on the DIOS substrate is very much different 

from what have been observed on the SALDI substrate. Figure 3-33 (B) shows the 

XPS survey spectra of the Si 2s and 2p of an as-received DIOS and a plasma treated 

DIOS surface. The plasmon peak is located at 170.9 eV, whereas for the SALDI 

surface, the peak is located at 167.0 eV. No significant shift to the plasmon loss lines 

due to plasma treatment.  

 

Additionally, due to the removal the fluorocarbons from the surface after the plasma 

treatment, higher Si 2s and 2p intensity is observed on the plasma-etched surface. 

This relates to the reduced attenuation by the fluorocarbons. The Si 2s core line is 

located at 154.9 eV for DIOS surface and plasma etched DIOS surface. The Si 2s 

peak has shifted by ~5 eV due to the fact that DIOS surface is oxides/hydroxides 

surface. The overall low plasmon peaks intensity suggests the DIOS surface is largely 

non-metallic as opposite to the SALDI surface. 

 

The absence of surface plasmon satellite features in the SALDI and the DIOS 

substrates suggests that surface plasmon resonance is less likely an important factor in 

the use of these substrates for LDI application. Furthermore, UV photons have a high 

penetration depth and the photon energy is unlikely deposited in the near surface 

region, though an additional analyte layer has to be considered when these substrates 

are used for LDI applications. Despite bulk plasmon being observed, its influence to 

the analyte deposited on the surface is relatively remote and the laser photon energy 

does not match (and in fact quite far away from) the bulk plasmon energy measured. 

Accordingly, one must question the relevance of plasmon resonance phenomenon as 

an essential factor in SALDI and DIOS in contrast to gold nanorod substrates. While 

plasmon lost line features in XPS highlight one of the significant differences between 

SALDI and DIOS substrates, but for the mechanistic consideration, plasmon or any 

field desorption phenomenon, is unlikely involved in the ion formation process. (See 

section 4.3.5)  
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Figure 3-33 XPS Si 2s and 2p survey spectra and the plasmon satellite peaks of (A) SALDI 

surface s3 and (B) DIOS. 
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3.3.9 Water Contact Angle Measurements 

 

DIOS substrate has been recognised as hydrophobic based on the observation that 

aqueous droplets bead up on the surface.
4
 The WCA measurements give information 

regarding to the wettability of the surface. The surface wettability greatly influences 

the sample droplet aggregation and distribution, and so to the LDI signals intensity 

and reproducibility. Understanding the implications of surface wettability also allows 

us to apply appropriate solvent system for the mass spectrometric analysis. On the 

other hand, the proposed reduction in the characteristic size of microscopic surface 

irregularities on the SALDI substrates may has an effect on the interfacial 

interactions.
31

 Contact angle can also be considered in terms of the thermodynamics 

of the materials involved and provides information related to the interfacial free 

energies, which is in turned influenced by the surface morphology and chemistry. The 

DIOS and SALDI substrates were therefore further characterised using WCA 

measurement. The results are summarised in Table 3-3. Deionised water was used as 

the test liquid. 

 

Table 3-3 WCA measurements of DIOS and SALDI surface A48-1. The data presented are the 

average of at least three measurements. The SALDI substrate was stored in propan-2-ol for two 

months. 

Silicon sample DIOS / degree SALDI / degree 

As-received 132.2 ± 0.7 25.1 ± 0.8 

Plasma etched for 60s 29.3 ± 2.6 14.6 ± 1.4 

Plasma etched for 60s then fluoro-silanised 134.5 ± 1.0 92.3 ± 2.0 

 

The WCA measurement shows that the as-received DIOS surface has approximately 

the same WCA with the fluoro-silanised DIOS surfaces, ~132º. This stands in contrast 

to the as-received SALDI substrate, which only has a WCA ~25º, and fluoro-silanised 

SALDI surfaces, which has a WCA ~92º. Argon plasma etched surfaces (in both 

DIOS and SALDI) are highly hydrophilic and water spread out. In another experiment 

(results not shown) the measured WCA of argon plasma etched surface and plasma 

etched then fluoro-silanised surfaces did not change significantly by extending the 

plasma etching time up to 30 mins.  



 140 

3.4 Summary and Discussion of Surface Characterisation   

 

3.4.1 Surface Chemistry of the DIOS Targets 

 

The DIOS targets have been investigated by SEM, AFM, SIMS and XPS. The SEM 

and AFM images show that the surface is porous and has a thick porous layer. Pore 

size measured by SEM varies from ~20 nm to 200 nm. AFM images show the 

topography of the surface morphology. The surface roughness of the substrate is 28.9 

nm (R.M.S.) measured by AFM. The result of the surface morphology study is 

consistent with the literature data.  

 

However, the XPS results also show that the DIOS surface is passivated by 

fluorocarbon and this explains a high WCA obtained. Additionally, the porous 

morphology affects the WCA. A few percent of fluorine is expected for freshly etched 

porous silicon surface (Figure 3-12) and supposedly in the form of SiFx (x = 1-3). The 

quantification results show the atomic concentration of fluorine is 18.4%. Core-level 

C 1s scan suggests 14.9% of the fluorine is in the form of CFx, indicating only 3.5% 

of fluorine is in the form of SiFx, accounting the low intensity of SiFx peaks in SIMS 

spectra. These results suggest, the commercial DIOS target might have already been 

fluoro-silane modified and the silane coverage is ~15%, identical to that stated in a 

patent application.
32

  

 

These results contradict the proposal of Shen and Credo that DIOS is a hydride 

surface.
4, 33

 Shen did employ XPS in the investigation of DIOS surfaces and only 

commented that oxidation more readily occurs on the singly etched surface than 

doubly etched surface. This may suggest the chemistry of the DIOS substrate 

investigated is not identical to the DIOS substrate developed by Shen. In the case of 

Shen, oxidised surface was re-etched in 5% HF solution and this procedure is efficient 

in partially removing the SiOx species, and restoring the hydrophobicity of an 

oxidised DIOS surface. The results suggest otherwise. It appears there was a shift in 

product design or improvement at around 2005 and this is consistent with the time of 
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the product release and the ongoing development work carrying at the Scripps 

Research Institute.
32, 34-36

  

 

The use of fluoro-silanisation accounts for the success of the DIOS surface design. 

For a high-throughput array format for mass spectrometry analysis, a hydrophobic 

surface is necessary to prevent the sample droplet spreading or cross-contamination 

between sample-wells. On the other hand, a hydride surface, though hydrophobic, is 

unstable for long-term storage. This modification changes a predominantly hydride 

(or silanol) surface to a fluoro-silane surface and stabilises the surface from further 

oxidation. (See section 1.4.2 and 2.2) In the absence of the main proton source (Si-OH 

moiety) on a hydride surface, high LDI performance would not be achievable. The 

ability to retain both hydrophobicity and the main proton source accounts for the 

success of the commercial DIOS surface design. Fluorine on the other hand might 

have another role, such as withdrawing the electron density from the oxygen and 

stabilises the surface hydroxyl groups, increasing the acidity of the surface.  

 

3.4.2 Surface Chemistry of the QuickMass Targets 

   

The surface morphology and chemistry of the QuickMass target has been investigated 

by SEM, AFM and SIMS. SEM and AFM results show the QuickMass surface has a 

very low surface porosity and has columnar-void morphology. The SIMS results 

suggest the QuickMass surface is germanium based as various Ge-related clusters 

were detected.  

 

According to the patent applications and the Ph.D. thesis of the developers,
37-40

 the 

QuickMass thin-film is prepared by physical vapour deposition (PVD) and this 

surface morphology is designed to suppress ambient species adsorption and 

background interferences. Deposition/evaporation is carried out in by in a Kurt Lesker 

e-beam evaporator. The precursor material is 99.999% Ge cubes, evaporated from a 

vitreous carbon crucible. Corning 1737 glass or polished stainless steel substrate 

materials can be used (in this case, it was steel substrate) and the target thickness is 

100 nm. It also appears that this germanium based substrate replaces columnar/void 

network silicon film material prepared by plasma-enhanced chemical vapour 
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deposition (PECVD) previously developed by the same group
18, 41

 as the LDI mass 

spectra below m/z 600 suffers interferences obtained on the silicon thin-film due to 

due to rapid hydrocarbon adsorption.
40

 

 

Earlier in the AFM surface analysis (Figure 3-13 (d)), a drying pattern was observed. 

This is thought to be dissolved germanium oxides. The use of germanium is believed 

to afford a self-cleaning mechanism. For silicon, the thickness of oxides increases 

during the storage and that has been shown to be detrimental to the LDI performance.
4
 

Germanium oxides, on the other hand, are unstable and are dissolvable by water. 

Once the sample solution is deposited onto the target, a fresh surface is exposed for 

the analysis and thus unlike the DIOS target, the QuickMass target does not require 

inert gas sealed packaging and can be stored in air (covered) for a long time.  

 

Furthermore, the patents also suggest that although silicon can absorb UV-radiation 

effective, it may not work effectively for IR laser sources. The use of germanium will 

work for the near IR wavelength because of the differences in their optical band-gap 

structure. This was the first published suggestion relating the optical band gap of the 

semiconductor substrate to the LDI processes.  

 

On the other hand, post-deposition surface modifications are possible.
39

 The methods 

include growth of a thin silicon dioxide layer, light-mediated surface 

functionalisations with 1-hexyne, 5-hexyn-1-ol, 1-decyne, and 9-decen-1-ol, and most 

importantly, amino-silanisation.
18

 The observation of nitrogen-containing clusters in 

SIMS spectra may be the products of amino-silanisation. Further examination requires 

fresh samples and XPS.  

 

In fact, several self assembling silane molecules presenting different terminal 

functional groups have been used.
18, 40

 These modifications alter the surface 

hydrophobicity/ hydrophilicity and acidicity/ basicity and influence the LDI process 

by modifying the surface interaction.
39

 It was suggested, the reduction of van der 

Walls and hydrogen bonding via surface chemistry may enhance LDI.
39

  

 

It should be noted that product development is a continual process, and the sample we 

obtained was coated on a steel plate and may not be identical to the commercial 
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product from Shimadzu, in which the thin-film is coated on a glass slide. For instance, 

laser drilling is employed to generate sample spots on glass substrate,
40

 the effect of 

this pre-treatment on the final surface structure has not been studied. Further 

manufacturing optimisation is expected since the development of this prototype.  

 

3.4.3 Surface Chemistry of the Chemically Etched Silicon SALDI 

Surfaces 

 

The SALDI surfaces have also been investigated by SEM, AFM, SIMS and XPS, and 

modified by argon plasma etching and fluoro-silane. The investigation of SALDI 

substrates have been challenging and involving a wide range of morphology, types of 

substrates, surface chemistry and contamination.  

 

In general, the silicon SALDI substrate is a similar product to the DIOS target. 

Comparatively, the SALDI substrates are not as advanced as the commercial products.  

 

PCA was applied to aid the interpretation of SIMS spectral data and classified 

different SALDI surfaces in terms of their surface chemistry prepared by different 

methods and post-etching treatment. The chemistry is dominated by silicon oxides 

and carbonaceous contamination. It should also be noted though the intensity of I
-
 was 

high in SIMS spectra, the surface concentration of iodine was close to the detection 

limit of XPS. Additionally, no Si-I or related ions were detected by SIMS. Passivation 

by fluorine or iodine as suggested is less evidenced.
31

  

 

It appears that the addition of the mild oxidisation agent (the iodine-etching additive), 

has generated an ultra-thin oxide layer on the surface and the surface is therefore 

hydrophilic and has low WCA. Rapid surface aging could be an additional effect but 

could not be determined given the experimental condition. Compare to the DIOS 

substrate, the SALDI substrates have a higher bulk plasmon activity observed using 

XPS, indicating that the SALDI substrate, though passivated by a thin layer of oxides, 

is still largely metallic.  
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3.4.4 Surface Cleaning: Argon Plasma Etching of the Silicon 

SALDI Surfaces 

 

There are two main complications in the use of the PSi substrates for small molecular 

analysis by LDI-MS: 

 

1. Relatively short shelf-life due to surface aging. 

2. Accumulation of contamination due to the increased surface area.  

 

These complications are common to all surface techniques because surfaces and 

interfaces are highly reactive and high surface potential leads to adsorption of ambient 

species. Previously, Kruse, et al., Zhang, et al., Anderson and Li have all reported the 

surface contamination entirely diminished the application of DIOS to small molecules 

analysis.
11, 15, 16, 42

 Apart from storing the surface in pure alcoholic solvent, or use only 

the freshly prepared surface, there has not been an alternative solution. Re-etched the 

surface is possible but will alter the surface morphology. Unfortunately, we sufferred 

the same problem in the use of the SALDI substrates.  

 

A suitable method was devised to clean up the SALDI substrates before use. Solvent 

washing combined with argon plasma etching was adopted. A method inspired by 

Finkel, et al.,
13

 who demonistrated SALDI active substrate could be generated by 

reactive ion etching (RIE) using a mixture of SF6 and O2 as etching gas and then the 

SiO2 layer was removed by HF. The difference was that argon gas was used here and 

the sample was not immersed into HF after plasma etching. This method was a 

remedy that appeared to be promising to refresh the aged contaminated SALDI 

surface. Additional advantages of argon plasma etching include preserving the surface 

structure
43, 44

 and avoiding hazardous chemicals such as Piranha solution, which may 

result in extensive oxidation of the surface and/or morphological change.  

 

Overall, the SIMS and XPS results show argon plasma etching leads to a clear silanol 

surface. The thickness of oxide layer is increased after the treatment. This, in addition 

to the effects of surface roughness of the SALDI substrates, led to a low WCA 

observed on the plasma-etched surface. 
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Kostishko, et al. have investigated the effect of argon plasma treatment of PSi surface 

using Auger electron spectroscopy (AES),
45

 and our observations concurred with 

theirs. They suggested that low level of oxygen remains in the etching chamber. 

When the surface is sputtered with argon ions, highly reactive Si dangling bonds are 

formed. Radicals of oxygen and desorbed species will therefore react with the silicon. 

Because of plasma etching, the chemical environment was altered and the surface 

concentration of oxides was increased.  

 

Increasing the thickness of oxides generally degrades the LDI performance,
46

 but how 

this may affect the LDI performance could be investigated. If it was the case, possible 

future work is to explore different etching gases, such as hydrogen or argon-hydrogen 

gas, given that hydrogen-plasma etching has been reported to reduce oxidised porous 

silicon to silanols surface and enhance photoluminescence.
47

  

 

3.4.5 Chemical Modification: Fluoro-silane SAM Modification  

 

PSi obtained by electrochemical etching slowly oxidises over time. An insulating 

oxide layer leads to degraded LDI performance. The situation is also true for photo-

electronic applications of PSi. One of the strategies is chemical derivatisation. This 

method stabilises the silicon surface and introduces functional groups that may 

enhance LDI sensitivity or selectivity. The earliest attempt to stabilise DIOS substrate 

used Lewis acid mediated hydrosilylation of freshly prepared hydrogen-terminated 

substrate. Phenethyl-modified and ethyl undecenoate-modified DIOS substrate was 

shown to be promising.
2, 17, 48

 These reactions require freshly-etched H-terminated 

silicon substrate and are carried out in an inert atmosphere.  

 

Equally, silanisation of the oxidised surface is another attractive approach and has 

been explored in the QuickMass
18, 40

 and the DIOS
49

 substrates. The simplicity of the 

reaction and the wide range of reagents available make this method easily accessible 

and very temping to exploit in surface modification. Silanisation normally involves a 

mild chemical oxidation pre-treatment of Si-H surface to form the Si-OH intermediate. 

Ozone oxidation of freshly prepared porous silicon pre-treatment was previously 

demonstrated.
49-51
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Following this research direction, fluoro-silane self-assembly monolayer modification 

to the SALDI substrates was applied. As discussed above, argon plasma etching 

treatment leads to a cleaner and silanol silicon SALDI surface. It is important to note 

that clean surface is required for producing a uniform surface and Si-OH intermediate 

is essential for the reaction. Able to clean the surface at the same time gives an 

advantage because of the surface contamination complication of the SALDI substrates.  

 

After modification, the surface was hydrophobic (WCA > 90°) and water droplet 

beaded up on the surface. Qualitative testes also showed that sample droplets, 

constituted of polar organic solvent systems, such as 50% ACN, 100% ACN, or 100% 

methanol, did not spread out, and was retained on the surface. In contrast, droplet of 

the aforementioned organic solvents would spread out on the as-received surface. This 

has an implication that because some biological extracts, such as phospholipids, do 

not dissolve well in water and some is more stable in organic solvent for long-term 

storage. Sample droplet constituted of organic solvent systems can therefore applied 

directly on modified surface. Conversely, argon plasma etched surfaces have a very 

small WCA, a water droplet would spread out on the treated surface owning to the 

surface roughness and oxides termination. Since the SALDI surfaces were not in an 

array format and were cut into small pieces for use, the spreading did not cause 

practical problem and might actually help the sample distributed evenly on the surface.  

 

3.4.6 Interfacial Interactions: What Else Has WCA Told Us   

 

A smooth fluoro-silanised Si/SiO2 modified surface is reported to have a WCA 

~109º,
52

 because of the hydrophobic nature of fluoro-silanised surfaces, and yet ~132º 

was obtained in DIOS substrate, i.e. ~23º higher. Conversely, fluoro-silane modified 

SALDI surface had a WCA ~ 93°, i.e. ~16º lower. A question is why the DIOS 

surface exhibits a positive derivation whereas the SALDI surface exhibits a negative 

derivation of WCA. Possible reasons have to be related to the surface roughness and 

surface energy since the surface chemistry of the surfaces after modification should be 

similar.  
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Classical works of Wenzel
53

 and Cassie and Baxter
54

 established the relationship 

between the roughness and surface energy to the water wettability of rough or porous 

surface. Their theories have become the theoretical foundation for the development of 

water resisting and wetting material today. The theories of WCA have been given at 

section 2.3.6. The Wenzel’s and Cassie/Baxter models are depicted in Figure 3-34.  

 

    

     Wenzel                Cassie/Baxter 

Figure 3-34 (A) Wenzel’ and (B) Cassie/Baxter’s model of a liquid droplet on a rough surface. 

 

The model proposed by Wenzel describes the water contact angle, θc at rough surfaces:  

 

cos θc = r cos θ    (Wenzel’s law)   (0.1) 

 

where r is a roughness factor defined as the ratio of the actual area of a rough surface 

to the geometric projected area and θ is the thermodynamic contact angle on a smooth 

surface. Since r is always larger than 1, the surface roughness enhances both the 

hydrophilicity of hydrophilic surfaces, as well as the hydrophobicity of hydrophobic 

surfaces.  

 

Cassie and Baxter’s model differs from Wenzel’s in that a porous hydrophobic 

surface traps air in the hollows of the pores. Cassie and Baxter proposed an equation 

describing the water contact angle, θc at a surface composed of solid and air: 

 

cos θc = f1 (cos θ1 + 1) - 1  (Cassie’s law)    (0.2) 

 

where θc and θ1 are the water contact angle of porous surface and smooth surface, 

respectively, and f1 and (1-f1) are the fractions of solid surfaces and air in contact with 

water, respectively.  

 

Firstly, as shown by XPS that a significant proportion of the surface was still 

terminated with oxide moieties and the surface was not fully fluoro-silanised. 

A B 
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Secondly, the surface morphology of the SALDI substrate is explained by the 

Wenzel’s model, and thus during the contact with a droplet of water, the surface 

exhibits a contact angle lower than 109°. However, the porous structure of the DIOS 

substrate permits air trapping, shifting from Wenzel’s to Cassie/Baxter’s system, and 

thus exhibits a contact angle larger than 109°.  

 

By using the Wenzel’s law (equation 0.1), and take θc = 93°, θ1 = 109°, for the 

SALDI system, the calculated value of r = 0.16. This indicates that the increased 

surface area (in contact with water) was ~16 %.  

 

By using the Cassie’s law (equation 0.2), and take θc = 131°, θ1 = 109°, for the DIOS 

system, the calculated value of f1 = 0.51. This indicates that only ~50% of the 

projected area was in contact with water.  

 

The thermodynamic implication is that the enhanced surface area (in this case 16%) 

introduced by the surface roughness in the SALDI system, whether as-received or 

modified, makes the surface acquire an excess free surface energy and therefore the 

surface has strong interactions or adhesion to the adsorbate. The proposed reduction 

to the characteristic size of the surface irregularity for the SALDI surfaces,
6, 31

 

actually shifts the system further away from Cassie/Baxter’s system to an ideal 

Wenzel’s system. The non-porous roughened morphology therefore increases gaseous 

adsorption and diffusion efficiency, which leads to increase in ion current in the gas-

phase SALDI-MS approach and may not have a direct relationship to the 

enhancement in electrostatic field as proposed previously. Accordingly, the enhanced 

adsorption and diffusion apparently is required for the gas-phase SALDI-MS, in 

which the rate of gaseous adsorption of analyte is a significant determining factor.  

 

In contrast, the porous morphology in the DIOS system actually reduces the free 

surface energy, and the cohesive force of the water droplet is thus greater than the 

adhesion force between the droplet and the surface. A water or sample droplet is thus 

confined into a small area and beads up. For the conventional liquid deposition 

approach, the liquid confinement effect ensures the enrichment of analyte molecules 

onto a small area and hence enhances the ion yield in DIOS-MS. 
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3.5 Substrate Characteristics and LDI-MS Performance 

Relationship 

 

Following the investigation of the surface morphology and characteristics, the impact 

of those factors on the LDI performance is now investigated and co-related. In 

particular, how porous surfaces compare to non-porous surfaces, and how the surface 

roughness affects the ion yield and the effect of chemical modification of the surface 

on the LDI performance. The LDI performance is determined by a number of 

parameters, including ion yield, background interferences, signal-to-noise ratio (S/N), 

overall quality of mass spectra, laser energy required for optimal performance and 

sensitivity to detect larger molecules. 

 

3.5.1 Commercial DIOS and QuickMsss Targets: DIOS vs. 

QuickMass  

 

Firstly, the general LDI performance of the DIOS targets as oppose to the QuickMass 

targets is considered. Further investigation of DIOS performance is presented in the 

next chapters.  

 

Although their sensitivity and range of detectable compounds differ, both the DIOS 

and the QuickMass targets can generate good quality mass spectra. (Figure 3-35) 

However, the low surface-to-volume ratio of the QuickMass targets also leads to 

lower performance compared to the porous and high specific surface area DIOS 

targets, and usually the QuickMass targets require a higher concentrated sample for 

successful application (normally for neutral compounds, ~0.1 mg/ml or ~1 mM).
55

 

This possibly explains why there has not been any major publication since the product 

release. An exceptional high sensitivity occurs on the QuickMass target when the 

analyte molecules are a pre-charged ion, such as quaternary amines. This is because 

these molecules have already carry a positive charge and can be desorbed directly 

from the surface (i.e. require no ionisation step). 
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As previously described, the surface morphology of the DIOS surface is porous, 

whereas the QuickMass target is largely rough. This implies that the presence of pores 

is not strictly required for ion generation, but rather affects the ion yield. Moreover, 

the ion signal diminished relatively rapidly on the QuickMass targets and a constant 

movement of the laser spot was required because the materials deposited on the 

surface were quickly consumed or vaporised. However, for DIOS, the ion signal lasts 

for many shots without relocation of the laser spot. It is proposed that an additional 

function of the pores is to provide a confined space to retain the analytes and to lower 

the neutral yield (desorption of analyte molecules by direct vaporisation). This 

observation may relate to a desorption selectivity due to the porous morphology of the 

DIOS system. It is because ions are effectively extracted by the extraction field of the 

mass spectrometer, whereas the neutral molecules are retained on the surface because 

of a higher desorption potential on the porous surface relative to the non-porous 

surface and therefore neutral molecules are not desorbed into gas-phase effectively. 

The proportion of ion yield relative to neutral yield is thus higher on the porous 

substrates and explains the longevity of the signal and the total ion intensity.  

 

 

Figure 3-35 Positive ion mass spectra of lidocaine obtained using (A) DIOS and (B) QuickMass 

target. The spectra are sum of ~1 min scanning, data was acquired manually. Same laser energy 

setting was used. The protonated ion of lidocaine is located at m/z 235. Peaks located at m/z 257 

and 273 are sodium and potassium adducts, respectively. Peak located at m/z 251 may be an 

oxidised product of lidocaine. Other peaks observed are believed be contamination.  

(A) DIOS 

(B) QuickMass 
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3.5.2 SALDI and DIOS Substrates: SALDI vs. DIOS  

 

In optimising the laser energy for maximal ionisation efficiency, an investigation on 

how this might effect to the quality of the DIOS and SALDI spectra was carried out. 

This approach is also suitable approach in comparing the LDI performance of the 

DIOS and the SALDI substrates because of the non-linear laser-to-ion yield response. 

The laser energy is controlled by the diamenter of an optical iris in the MALDI-ToF 

mass spectrometer used and effectively this controls the laser spot size as well. A 

mixture of small molecules (test mix), mimicing a biological matrix, was used in this 

experiment. The test mix contained a small organic acid, several amines, a peptide 

and a cobalt organometallic metabolite (vitamin B12). 

 

The variation of the ion counts of the protonated ions with respect to the laser energy 

setting on DIOS substrate is plotted in Figure 3-36. The result shows that the 

maximum of ion yield (optimum) is obtained at laser energy settintg about 5% and 

then the ion yield drops and flucatuates between ~25% and ~40%. The spectra 

produced by 5% and 40% laser energy settings are consistent. (Figure 3-38 A) The 

variation of the ion counts of the protonated ions with respect to the laser energy 

setting obtained using the as-received SALDI substrate T-1 is plotted to Figure 3-37. 

The study were carried out using the same analyte mixture, ensuring the results are 

compable to that of the DIOS substrate. Conversely, a maximum of ion yield is 

obtained at laser energy about 15% and then the ion yield drops and then rises again. 

Possibily, there is another maximum before the laser threhold of surface destruction. 

The mass spectra generated at 40% laser energy setting was consistent with those 

generated at 10 or 15% laser energy. (Figure 3-38 B)  

 

On comparing the Figure 3-36 and Figure 3-37, laser energy required for DIOS for 

optimal ion yield is lower than that of SALDI, at 5% opposed to 15%, and DIOS 

produced a relative higher ion yield than SALDI at their these laser setting. At the 

laser energy of 40%, the LDI performance of these two substrates is similar, with the 

exception that the peptides are less well detected by using the SALDI substrate. 

(Figure 3-38) These suggest that the SALDI substrate requires a high laser energy to 
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achieve LDI efficiently. These differences must be co-related to the surface 

morphology and the differences in surface chemistry as discussed previously.  

 

DIOS substrate

0

5000

10000

15000

20000

25000

0% 10% 20% 30% 40% 50% 60%

Laser energy

In
te

n
s

it
y

 (
A

.U
.)

Nalidixic acid

Alprenolol

Atenolol

Metoprolol

Nadolol

Timolol

Labetalol

Angiotensin I

Vitamin B12

 

Figure 3-36 The signal of protonated ions obtained on DIOS substrate as a function of laser 

energy setting of the LDI mass spectrometer.  
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Figure 3-37 The signal of protonated ions obtained on the SALDI suface T-1 (as-received) as a 

function of laser energy setting of the LDI mass spectrometer.  
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Figure 3-38 (A) Positive ion DIOS mass spectra acquired at 40% and 5% laser energy setting 

using an analyte mixture containing nalidixic acid ([M+H]
+
 m/z 233), alprenolol ([M+H]

+
 m/z 250), 

atenolol ([M+H]
+
 m/z 250), metoprolol ([M+H]

+
 m/z 268), nadolol ([M+H]

+ 
m/z 310), timolol 

([M+H]
+
 m/z 317), labetalol ([M+H]

+
 m/z 329), angiotensin I ([M+H]

+
 m/z 1296.5), vitamin B12 

([M+H]
+
 m/z 1355.5, fragment m/z 1329.5, and 971.5), folinic acid and erythromycin (each 0.1 

mM, 2 µµµµl droplet). Folinic acid and erythromycin were not detected as protonated ion. (B) 

Positive ion SALDI mass spectra acquired at 40% and 15% laser energy setting using a mixture 

of standard compounds as in the case for DIOS. 

A 

B 
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3.5.3 Inside and Outside of the Etched Spot of SALDI Substrates  

 

A typical SALDI surface received has a chemically etched spot located in the centre 

of a silicon wafer and appears dark. Outside the etched spot is a grey region, located 

at the edge of the etched spot. The etched spot is the area normally used in our study. 

One observation was that the etched area could generate mass spectrum, but on the 

non-etched area, only scattered ions were obtained. (Figure 3-39)  

 

 

 

 

 

 

 

 

 

 

Figure 3-39 Comparison of etched and non-etched area on SALDI surface s3 using AP-MALDI-

QqLIT system. The ions detected on the etched area were sodium adducts of lidocaine and 

hydrocarbon clusters, because the SALDI surfaces were contaminated. The ion-molecular 

reaction most probably occurred at the ion-source led to the observed ions.  

 

It was still possible to obtain SALDI spectra on the non-etched area. One example is 

the bacterial signalling molecules, alkyl quinolones. (Figure 3-40) It is known that the 

quinolones are UV absorbing with the absorption maxima varying from 250 to 350 

nm.
56

 This suggests the difference between the two areas is the effectiveness in 

absorbing UV radiation. The dark area produced by chemical etching acts as an 

Non-etched 

area 

Etched 

area 

Spectrum generated by the 

chemical etched area 

Spectrum generated by 

area outside the etched 

area 
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effective energy receptacle, transferring the photon energy to the analyte and assists 

ion generation,
57

 whereas on the grey non-etched area, the analyte is needed to be UV 

absorbing. Hence, an effective energy disposition is probably a major requirement for 

LDI. 

 

 

Figure 3-40 Positive ion mass spectrum of alkyl quinolones obtained on grey non-etched area of 

SALDI surface. (See Chapter 5 for further discussion of quorum-sensing molecules) 

 

3.5.4 Plasma Etched and As-received SALDI Substrates 

 

A plasma etching approach was developed to tackle the surface contamination 

complications of the SALDI substrates. We have previously seen the changes in 

surface chemistry of the SALDI substrates induced by plasma etching using SIMS 

and XPS. Conversely, neither SIMS nor XPS requires plasma etching as a cleaning 

tool for surface analysis, possibly because sonication and ion sputtering are the 

methods more suitable for SIMS and XPS and avoid the oxidation induced by the 

treatment. 

 

In terms of the SALDI spectra, two distinct features were observed using the treated 

surfaces: 
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1. The level of background was significantly lower. (Figure 3-41) 

2. Mass resolution was improved. (Figure 3-42)  

 

The reason for the higher mass resolution is not clear. It appears the contaminants 

alter the conductivity of the surface and this causes an inhomogeneous electric field of 

the acceleration voltage on the different area of the surface, which results in lowering 

the mass resolution.
58

  

 

However, comparing plasma etched SALDI sample with freshly prepared SALDI 

surface, much higher laser energy was required for the treated surface to operate, 

despite the contaminant peaks being removed and the mass resolution being improved. 

(Figure 3-43)  

 

There are a number of possible reasons. Firstly, after argon plasma etching, the oxide 

thickness was increased and the surface became more reflective to laser light. 

Secondly, the sample droplet would also diffuse out covering a larger area on the 

surface during sample deposition, lowering the surface concentration of the analyte 

and consequently lowering the ion intensity. As discussed previously, the contact 

angle represents the work (energy) required to create the liquid/solid interface. The 

excess surface energy of the liquid/solid interface is a thermodynamic consequence 

due to a combing effect of surface roughness and the chemical nature of the surface. 

For the conventional liquid deposition approach, the sample droplet should ideally be 

confined onto a small area and apparently, in our investigation, a hydrophobic surface 

is preferred over a hydrophilic one. 

 

Furthermore, a thick oxide layer may hinder the electronic process. However, this 

may also enhance the thermal processes (by reducing the thermal conductivity) as a 

counter balancing effect. Consequently, the LDI activity has been maintained or not 

been significantly degraded at the high laser energy setting.  

 

Then again, from these preliminary results, plasma etching of SALDI surface is 

therefore required to clean the surface in order to produce an acceptable quality of 

SALDI mass spectrum because of the contamination issues of the SALDI surfaces.  
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Figure 3-41 Background mass spectra of SALDI surface s3 that has been argon plasma treated 

for 18 mins (top) and an as-received surface (bottom).  

 

 

Figure 3-42 Mass spectra of vitamin B12 obtained on SALDI surface with argon plasma 

treatment for 18 mins (top) and as-received (bottom). Data was acquired by scanning the surface 

for ~1 min and 50% laser energy setting was used to obtain spectra of both Figure 3-41 and 

Figure 3-42. 
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Figure 3-43 Positive ion mass spectra of a mixture containing nalidixic acid ([M+H]
+
 m/z 233), 

alprenolol ([M+H]
+
 m/z 250), atenolol ([M+H]

+
 m/z 250), metoprolol ([M+H]

+ 
m/z 268), nadolol 

([M+H]
+ 

m/z 310), timolol ([M+H]
+
 m/z 317), labetalol ([M+H]

+
 m/z 329), angiotensin I ([M+H]

+
 

m/z 1296.5), vitamin B12 ([M+H]
+
 m/z 1355.5, fragment m/z 972), folinic acid and erythromycin 

(each 0.1 mM, 2 µµµµl droplet) obtained using SALDI surface T-1. (a) Lower mass region, no plasma 

etching, laser setting 15%, (b) lower mass region, plasma etched surface, laser setting 80%, (c) 

higher mass region, no plasma etching, laser setting 15% and (d) higher mass region, plasma 

etched surface, laser setting 80%. Peak at m/z 116, 158 were surface contaminants and were 

removed by plasma etching. The mass resolution, particularly the ion peaks at the higher mass 

region, is improved. 

15% laser 

80% laser 

(c) 

(d) 

15% laser 

80% laser (b) 

(a) 
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3.5.5 SALDI Substrates with Different Surface Roughness and 

Electro-resistivity 

 

It has been proposed that the ion desorption efficiency of SALDI surfaces is strongly 

dependent on surface roughness.
6
 To investigate how the roughness may effect to the 

LDI performance at liquid-deposition approach, the LDI performance of SALDI 

substrates prepared by a number of etching parameters were evaluated. Substrate 

resistivity is considered at the same time, because the SALDI substrates available are 

subjected to multiple variables. 

 

Firstly, we shall consider substrates s10 and s11. Both substrates s10 and s11 were 

prepared using 111 orientated p-type silicon wafers, but s10 (0.005 Ω⋅cm) has a 

higher electro-conductivity than s11 (0.100 Ω⋅cm). Surface s10 was prepared by first 

stain etching and then subsequently re-etched with HF/EtOH. The surface produced is 

non-porous and has dents of curvatures of which can be observed using optical 

microscopy. The results ToF-SIMS investigation suggest that this surface has a 

relatively high concentration of fluorine. s11 was prepared by a method similar to that 

of the double etched DIOS substrate preparation, with the exception that etching was 

performed on the non-polished side of a silicon wafer and thus the surface has a very 

high surface roughness. The etching parameters were not disclosed to us. Both s10 

and s11 were briefly sonicated before mass spectrometric analysis. The SEM and 

AFM images of the surfaces have been presented at Figure 3-15. 

 

Figure 3-44 shows the LDI mass spectra generated by these two surfaces using a 

mixture of small molecules. The surface s11 generates about 10 times higher ion yield 

than s10 in this case, and yet s10 produced a much clearer spectrum. Similar 

observation has been reported by Finkel, et al.
13

 (see Figure 3-4) Nevertheless, s11 

has a poorer performance toward larger molecules such as vitamin B12 and bradykinin 

(Figure 3-45). The observed higher ion yield on the SALDI substrate s11 is believed 

related to increased surface area and/or a 300 nm thick porous layer. The poor 

performance toward larger molecules is believed related to the surface contamination 

and/or the substrate conductivity.  
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Figure 3-44 Positive ion SALDI mass spectra of 8-hydroxyquinoline, 2-(4-aminophenyl)-6-

methylbenzothiazole, alprenolol, atenolol, metoprolol, nadolol, timolol, labetalol, sotalol, 

glyburide and vitamin B12 mixture dissolved in ACN/H2O. Spectrum (A) was acquired on SALDI 

substrate s10 and (B) was acquired on s11. Signals of sotalol and glyburide could not be 

distinguished from the noise.   

 

(A) 

(A) 

(B) 

(B) 
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Figure 3-45 Positive ion SALDI mass spectra of bradykinin (1 mM, 2 µµµµl droplet), dissolved in 

ACN/H2O obtained using substrate s10 and s11.  

 

It appears that a roughened or porous surface morphology is able to retain analyte 

molecules more effectively relative to a smoother surface and enhances the cross-

section area relative to the laser spot for the ionisation. A thick porous layer is thought 

to re-supply the surface with analyte and could generate a pressure gradient relative to 

the vacuum chamber and assists the ion desorption. We have seen previously that the 

sensitivity to large molecules is improved after the surface is cleaned by plasma 

etching. Contamination may also have effects to thermo- and electro-conductivity, as 

we have seen mass resolution of the LDI spectra is improved after plasma etching. 

The substrate s11 was porous and was harder to be cleaned by sonication compared to 

smoother substrate s10 and the spectra were complicated with contamination peaks 

below m/z 200. It is believed this led to poor sensitivity toward larger molecules. 

More examples are shown later to verify these observations.  

 

Another set of substrates, s1, s2, s4, s5 and vapour phase-etched surfaces (vefib-2) are 

now being considered. These substrates differ from the s10 and s11 as they were 

prepared by single-etching method using HF/EtOH solution or vapour with iodine 

etching additive and exhibit a different surface chemistry as shown by ToF-SIMS and 

are therefore considered separately from s10 and s11. Substrate s1, s2, and s5 were 

prepared using 100 n-type silicon wafer (0.010 Ω⋅cm), s4 was prepared using 111 p-

type silicon wafer (0.100 Ω⋅cm). Etching current was 1 mA/cm
2
, etching time varied 

Even contaminant is ~10 times 

higher in ion yield  

s10 

s11 
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from 5 to 7 minutes. Etching time for vapour-phase etched surface was 1 hour. This 

set of surface showed a relative smooth variation of surface roughness. The SEM and 

AFM images of these surfaces can be found at Figure 3-14 and Figure 3-16. 

 

The ion yield of the protonated ion in the LDI mass spectra is plotted against the 

surface roughness measured by AFM. (Figure 3-46) 1 mM bradykinin solution (2 µl 

droplet, dissolved in ACN/H2O) was used in this test because the sensitivity was low, 

as was the QuickMass substrate. Interestingly, substrate s5 stands out from the rest in 

this set of surfaces. The reason is not clear. The same trend was also observed using 

small molecules if the surfaces were first subjected to 30 mins of argon plasma 

etching before analysis. ~1 mM concentration of the analyte was required. The 

substrate conductivity also has an effect toward the SALDI activity, and as a result, 

substrate s4 has a particularly poor LDI performance. It is believed, negative charge 

accumulates on the surface during LDI. Oxides layer or high electro-resistivity 

substrate will therefore screen off the charge neutralisation between laser pluses and 

so the ion desorption process. On these preliminary results, the SALDI activity of 

these substrates does not strongly dependent on the surface roughness but perhaps two 

optimal morphologies exist. 

 

The variation of ion yield with respect to the surface roughness 
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Figure 3-46 Ion yield of bradykinin on as-received SALDI surface and ion yield of atenolol and 

metoprolol on plasma etched SALDI surfaces. The substrates used are annotated on the plot.   
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3.5.6 Graphite and Sanded Silicon Substrates   

 

To understand how Alimpiev, et al. would have come to the view that SALDI activity 

is governed by reducing the surface roughness,
6
 we may have to look into their early 

works in using graphite and other types of substrate. Graphite and sanded silicon, 

substrates were initially introduced as a control in this study. (Figure 3-19) These 

surfaces have micron-size structural features and a large surface roughness but are 

only able to generate low quality mass spectra, or salt adduct ions and the sensitivity 

of these surfaces is very low for general application. The graphite surface requires 

relative high laser energy for LDI and no protonated ion was detected because 

addition of glycerol was not performed (see section 1.3). Comparatively, chemically 

etched silicon surfaces, which have reduced surface roughness and small surface 

features, produce a much better result than these highly roughened surfaces. In spite 

that a roughened structure is helpful and perhaps required for LDI, the writer comes to 

the view that the overall surface roughness is secondary and is an over generalisation 

to the SALDI performance.  

 

  

Figure 3-47 Representative positive mass spectra of graphite and sanded silicon surface. The 

graphite plate was cleaned by using a sharp blade to scrape off the top layers and washed with 

methanol and water. The sanded surface was sonicated in propan-2-ol before use.  

 

Graphite  

Sanded 

silicon  
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3.5.7 The LDI Performance of SALDI Substrates Before and After 

Fluoro-Silane SAM Modification  

 

More often than not, the LDI mass spectra generated by the SALDI substrates are 

complicated with contamination peaks and a cleaning procedure was therefore 

developed as discussed earlier. In all the SALDI substrates tested, substrate A48-1 

seems to give the best performace in all SALDI samples investigated. Figure 3-48A 

shows the SALDI spectra acquired on the as-received substrate A48-1 using the “test 

mix”.  

 

The SEM and AFM images of A48-1 have been shown at Figure 3-14. The substrate 

is porous and and has a thick porous layer. The surface morphology looks similar to 

the DIOS substrate under SEM and AFM with the expection that the nano-structure is 

smaller and has lower surface roughness. Pore opening is ~10-50 nm. Enhanced 

surface area is ~16%, calculated by WCA measurement. The mass spectra generated 

have a reasonable S/N without the need for the post-etching treatments. It is therefore 

reasonable to assume that the presence of pores and enhanced surface area are 

necessary for the best possible SALDI-MS performance. This also relates to the 

slower gaseous adsorption property of porous surface.  

 

It should also be noted that similar substrate T-1, which was also prepared by the 

similar etching parameters but has different crystal orientation, has no significant 

difference in SALDI performance. This is consistent with previous studies that crystal 

orientation is not a relevant factor in affecting the LDI performance.
4
 Nevertheless, 

the face of crystal affects the rate of chemical etching and so the thickness of the 

porous layer.  

 

Given the results of our surface characterisation and modification and knowing that 

the commercial DIOS substrate is manufactured with fluoro-silanisation,
50

 we applied 

the method to the SALDI substrates and evaluated the LDI performance. (Figure 3-48 

B and C). The result suggests that the modification has not only removed 

contamination peaks but also enhanced the SALDI performance, lowering the laser 

energy required for LDI. More examples will be given in the later sections.  
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Figure 3-48 (A) Positive ion mass spectra acquired on an as-received SALDI surface. The high 

mass region of the spectrum generated by non-modified SALDI substrate is magnified by 10. (B) 

Spectra acquired on a modified surface. Substrate was first plasma etched for 40 mins and then 

fluoro-silane modified. The contamination peaks at the lower mass region are removed after the 

treatment. (C) Spectra acquired on a modified surface as (B), but the laser energy setting was 

lowered to 5%. Test  mixture contained nalidixic acid ([M+H]
+
 m/z 233), alprenolol ([M+H]

+
 m/z 

250), atenolol ([M+H]
+
 m/z 250), metoprolol ([M+H]

+ 
m/z

 
268), nadolol ([M+H]

+ 
m/z 310), timolol 

([M+H]
+
 m/z 317), labetalol ([M+H]

+
 m/z 329), angiotensin I ([M+H]

+
 m/z 1296.5), vitamin B12 

([M+H]
+
 m/z 1355.5, fragment m/z 972), folinic acid and erythromycin (each 0.1 mM, 2 µµµµl droplet) 

obtained using SALDI substrate A48-1. Folinic acid and erythromycin were not detected as 

protonated ion. 

 

3.5.8 Fluoro-silane SAM Modified SALDI Substrates to As-

Received Substrates Prepared by High Etching Current 

 

We have seen fluoro-silane modification to the above SALDI surface enhances its 

LDI activity. All the modified substrates were first subjected to 40 minutes argon 

plasma etching and then subsequently silanised in toluene at ~90°C for 1 hour. In this 

test, the same “test mix” of 0.1 mM nalidixic acid, alprenolol, atenolol, metoprolol, 

A 

B 

C 



 166 

nadolol, timolol, labetalol, folinic acid, erythromycin, angiotensin I, and vitamin B12. 

2 µl droplet was deposited onto the surface and 10% laser was used.  

 

The SALDI spectra generated before and after modification are shown at Figure 3-49 

and Figure 3-50, respectively. The AFM images of the surfaces have been presented 

at Figure 3-17. 

 

It was dismaying that the spectra generated were full of interferences at the lower 

mass region and poor performance at the higher mass region before modification. 

Substrate a1 seems to have the best SALDI performance before the surface 

modification in this set of surfaces, as it appears this is co-related to the largest 

structure observed on the surface using AFM in this set of surfaces. 

 

After modification, all substrates showed some degrees of improvement. The larger 

molecules became detected and the level of interference became lower. The largest 

improvement was obtained at a4 substrate. It may be because it has some nano-wells.  

 

In fact, if only the intensity of molecular peaks at low mass region is considered, the 

ion yield is decreased though S/N is improved. It is believed that hydrocarbon 

contamination was acting as a matrix, and bringing the small molecules into vacuum 

or even being a weak proton source when they were non-selectively desorbed at the 

same time. Desorption of contaminant suppressed the LDI of larger molecules and is 

one of the reasons larger molecules could not be detected before modification. The 

second reason is after modification, the optimal laser energy decreases from 15% to 

5%. Since a fixed laser energy setting was used for comparison, the optimal 

performance of the modified surface was not shown.  

 

Although ions can be generated on these non-porous surfaces supporting the 

suggestion that the presence of pores is not strictly required for LDI, none of these 

results substantiates that reducing roughness or the size of surface irregularities 

improves the SALDI activity. In fact, it is the opposite. It can be concluded that in the 

absence of pores and nano-structures of appropriate dimension, the SALDI 

performance is bound to be poor. 
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Figure 3-49 Positive ion SALDI mass spectra of the as-received substrates a1 to a5.  

 

a1 

a3 

a4 

a2 

a5 



 168 

 

 

 

Figure 3-50 Positive ion SALDI mass spectra of the modified substrates a1 to a5. The substrates 

were first argon plasma etched for 40 mins and subsequently silanised at ~90°°°°C for 1 hour. 

a1 

a3 

a4 

a2 

a5 
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3.5.9 Fluoro-Silane SAM Modified Experimental SALDI Substrates 

to As-Received Experimental Substrates  

 

The experimental SALDI substrates were prepared by first stain-etching with HNO3 

and then subsequently re-etched in HF solution with or without addition of iodine 

etching additive.  

 

The same experimental conditions were applied to these substrates as in section 3.5.8. 

Figure 3-51 and Figure 3-52 show mass spectra generated by these substrate before 

and after modification. The SEM and AFM images of substrate e1 to e3 have been 

presented at Figure 3-18.  

 

Substrate e1 has a thick porous structure and it could generate spectra with no 

difficulty. This is consistent with the previous results that thick porous layer and 

nanostructures are crucial in assisting ion generation. Because of the use of an iodine-

etching additive, small and fragile structures were further weakened with thick porous 

layer and a large number of scratches were observed on the surface even without any 

modification. It seemed that the nano-structures were too fragile to stand the vigorous 

post-etching modification (boiling in toluene) and the ion yield was decreased after 

modification.  

 

Substrates e2 and e3 also suffer contamination problem and the quality of the LDI 

mass spectra were quite poor before modification. Substrate e2 has nano-dot structure 

and e3 has dents of curvatures. Both e2 and e3 show improvements after modification. 

This is also consistent with the previous results. This suggests that as well as nano-

pores or nano-tips, although they are not as effective, surface curvatures could assist 

ion generation.  
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Figure 3-51 Positive ion SALDI mass spectra generated by the as-received experimental 

substrates e1 to e3.  

 

 

Figure 3-52 Positive ion SALDI mass spectra generated by the modified experimental substrates 

e1 to e3. The substrates were first argon plasma etched for 40 mins and subsequently silanised at 

~90°°°°C for 1 hour.  

e1 

e2 

e3 

e1 

e2 

e3 
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3.6 Summary and Discussion of Surface Morphology and 

Chemical Modification to LDI Performance   

 

The order of performance between substrates investigated is that DIOS > porous 

SALDI > QuickMass > non-porous SALDI. It should also be noted that a great 

variation of LDI performance was observed among different SALDI substrates and 

this order is given by impression rating.  

 

From the evidence collected, a roughened surface is generally preferred over a smooth 

surface. A nano-sized porous surface is preferred over a non-porous surface. Nano-

sized pores and tips, which enhance the surface area, can generally assist ion 

formation. Substrates that have a thick porous layer (200 to 300 nm) generally 

produce a higher ion yield than substrates that have a thin porous layer (50 nm or less). 

Substrates of low electro-resistivity are preferred as charge accumulated on the 

surface can be neutralised more rapidly than substrate of high electro-resistivity.  

 

From the observations as a whole, the LDI performance of PSi substrates does not 

strongly depend on surface roughness, but perhaps more on the thickness, dimension 

and density of the surface nanostructures. For the special case of PSi substrates, these 

factors could be manifested into pore size and/or porosity. Still, this is a complicated 

multi-factorial issue and a conclusive deduction cannot be made based on the 

experimental results. Undoubtedly, further reducing the surface irregularities or 

roughness is unnecessary and does not improve the SALDI activity nor will it 

generate a higher quality LDI mass spectrum. Even though reducing the surface 

irregularities from micron-size to sub-micron/nano-size does enhance the SALDI 

performance, further reducing the surface irregularities is excessive and in fact, 

reduces the surface area of the substrate required for optical absorption, retaining the 

analyte and laser induced surface reactions. Although it has been shown that a 

roughened surface is required for ion generation, surface roughness alone is a poor 

indicator of the SALDI performance. On the other hand, porous structure can 

potentially encapsulate air or solvent in the porous volume upon sample deposition. 
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The expansion of trapped material during LDI may enhance the desorption/ionisation 

of ions. (See section 4.3.7) 

 

These observations are in fact similar to the general principle laid down by Junner, et 

al., and have been explained in a patent application.
59

 It stated that an optimised 

SALDI surface has roughness values greater than 20 nm (average roughness or root 

mean square roughness) and enhanced surface area (relative to smooth silicon surface 

before etching) between 20% to 40%. Indeed, substrates which have a thick porous 

layer larger than 250 nm generate substantially higher ion yield than non-porous or 

shallow porous substrate and the gaseous adsorption rate is significantly slower.
6, 59

 

These were understood to be due to differences in analyte transport and adsorption 

resulting from the different porosities of the ionisation surfaces.
59

 Although those 

substrate parameters are preferred for effective SALDI activity, only a small 

proportion of silicon SALDI samples received fell into this category.  

 

It appears that the recent development of the SALDI substrates has been taking the 

route to support the novel design of gas-phase sample introduction interface, and thus 

optimised for gaseous adsorption and benefits to the gas-phase SALDI-MS approach. 

Although it is unambiguous that porous or rougher surfaces can produce a higher ion 

yield, non-porous surfaces are actually preferred for gas-phase SALDI-MS. Since the 

gas-phase SALDI-MS is designed to be an instantaneous, highly selective forensic 

platform, let alone the low gaseous adsorption rate is non-ideal for its application. In 

fact, the gas-phase SALDI-MS approach relies on enrichment of the analyte 

continuously adsorbed onto the surface to achieve high sensitivity. Secondly, such a 

thin-layer structure (smaller than 50 nm thick) may be more stable for long term 

storage than highly porous substrate in an unprotected condition.
19, 60

 Thirdly, a 

porous surface also has a low laser threshold of surface destruction. Other reasons 

include contamination control because a porous surface is difficult to be cleaned. 

These issues have been paramount in the gas-phase SALDI-MS development and 

have over-shadowed the factors actually valid for enhancing LDI activity. However, 

the non-porous surfaces seem to be highly specific for the gas-phase SALDI-MS 

approach and explaining why they have not been suitable for the liquid deposition 

approach. On the other hand, the writer cannot see any disadvantage to store any of 
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these substrates in a protected condition and extending the shelf-life from months to 

over a year.  

 

There has been one exception to the general observation. The SALDI substrate s5 has 

a LDI performance outstanding among the non-porous SALDI substrates. This may 

be because it has the right structural dimension and other substrate properties that lead 

to an effective polarisation induced by laser radiation or processes an intrinsic 

electromagnetic or surface resonation (a wavevector overlapping state with the bulk 

states)
61

 that promotes ion formation. This result is not surprising when we compare 

this observation to a report that flat pyroelectric ceramic lead lanthanum zirconate 

titanate (PLZT) can also be used for soft LDI-MS substrate.
9
 This is a matter 

subjected to further investigation and may this be the exception that Alimpiev’s 

SALDI ionisation theory referred to and a system optimised or balancing for both 

gaseous adsorption and SALDI-MS.
31

  

 

Then again, because of the use of iodine etching additive, light illumination is not 

required for the surface preparation and lithographic patterning becomes inpracticable. 

The absence of high throughput array format made these SALDI surfaces an non-ideal 

high-throughput platform for biomedical applications.  

 

Surface chemistry is vital in affecting the LDI performance. Some improvements of 

the SALDI mass spectra can be achieved using argon plasma etching. The removal of 

contaminants enhances the quality of mass spectra and yet a thicker oxide layer 

degrades the SALDI performance and requires elevated laser energy to operate 

compared to the freshly etched SALDI surfaces. Combine solvent washing, plasma 

etching and fluoro-silane modification, the LDI performance of SALDI substrates can 

be significantly improved and lower the laser required for the ion generation and 

remove background interferences. Overall, clean hydrophobic surface chemistry 

generally leads to better quality of SALDI mass spectra. While it have been shown 

chemical modification led to improvements in LDI performance or reduction in 

background in LDI mass spectra of SALDI surface, the modification is still needed to 

be further optimised along with the surface morphology optimisation. 
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However, whether the silicon surface is porous or not, highly roughened or not, 

chemically etched or not, some forms of ion could be produced. This indicates that the 

presence of pores or roughness on the surface is not an absolute requirement for LDI, 

but rather an enhancement or co-factor that assists ion formation and is preferred. The 

same principle should therefore apply so as to whether the surface is etched by 

standard galvanostatic etching or anodisation with addition of iodine etching additive, 

SALDI using gas-phase approach or liquid-disposition approach.
59

 The minimal 

requirement here is nanostructures on semiconductor substrate.   

 

This can possibly be rationalised by quantum physics. It is known when a particle has 

a size approaching or less than 100 nm, it often exhibits quantum properties which 

would be otherwise not observable on micron-size or larger particles. Presumably, the 

same principle applies here because PSi is generally described as an assembly of 

nanocrystallites.
62

 (See section 1.4) It is possible that the nano-sized structures are 

therefore related to the optical coupling or energy deposition due to its quantum 

properties and is fundamental to the LDI activity.
18, 57

 Further discussions are 

summarised into an ionisation mechanism proposed. (See section 4.3.6) 

 

3.7 Conclusions 

 

The DIOS substrate from Waters Corp., the QuickMass germanium thin-films from 

NanoHorizons Inc., and a range of SALDI substrates from the GPI had been 

examined. It is the first time that an independent study has been carried out to 

examine the physicochemical properties of these substrates and evaluate their LDI 

performance. The surface morphology of the substrates was investigated using SEM 

and AFM. To investigate the chemical nature of the surface substrates and the effects 

of plasma etching and fluoro-silane modification, ToF-SIMS, XPS and WCA were 

employed. Using various surface techniques, we were able to investigate which 

surface factors govern the DIOS/SALDI activity and produce information that may 

lead to improved substrate design.  

 

The commercial DIOS substrate is fluoro-silane modified porous silicon. In contrast, 

the QuickMass substrate is a germanium thin-films prepared by PVD method. The 
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germanium thin-film is coated on a steel target, and is not identical to the commercial 

product from Shimadzu, in which the thin-film is coated on a glass slide. The SALDI 

substrates are passivated by a thin layer of oxides. Chemical passivation by Si-I 

proposed is less in evidence. It appears that the use of a weak oxidising agent, leads to 

the formation of an ultra-thin oxide layer. This has been confirmed by XPS and WCA 

studies. Plasma etching can effectively remove the surface contamination but it also 

increases the thickness of the oxide layer. 

 

Surface morphology has a great influence on the LDI performance. Porous substrates 

produce a better ion yield than non-porous surfaces and are the LDI substrate of 

choice for biological mass spectrometry. Although it is arguable that pores are not 

directly involve in ion formation, undoubtedly they are required for enhancing the ion 

yield. Non-porous substrates are not suitable for biological applications.  

 

Surface chemistry is also an important factor in affecting the LDI performance. 

Fluoro-silane modification and argon plasma pre-treatment to the SALDI surface 

significantly improves its performance and reduction of background interferences, 

whether it is porous or non-porous surface. Plasma etching is not required for 

silanisation. However, plasma etching pre-treatment is recommended for the SALDI 

surfaces, because plasma etching is a necessary cleaning step for removal of surface 

contamination before any modification. It is also because after etching, the level of 

hydroxides is higher as shown by XPS and this leads to a denser and possibly uniform 

silanisation. 

 

As a whole this study provides vital information on the surface properties and 

identifies the requirements for successful application of LDI-MS and is sin qua non 

for the subsequent investigations. 
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4.1 Introduction 

 

4.1.1 The DIOS-MS Technique 

 

The development of DIOS-MS has attracted a lot of attention because it is a versatile 

LDI-MS platform offering the potential for high-throughput screening of 

pharmaceutical compounds and metabolites. The uniqueness and attraction of the 

DIOS technique is the characteristic absence of matrix interference in the low mass 

region of the mass spectra, and a wide range of low molecular weight compounds that 

can be detected, (Figure 4-1 and Figure 4-2) while enjoying the robustness and the 

high throughput of the MALDI-MS environment. Even at the early stages of the 

DIOS-MS development, it was foreseeable that combining the speed and automation 

of existing MALDI-MS instrumentation with the DIOS substrate could provide a 

versatile tool for many different applications, without the matrix interferences 

normally associated with MALDI in the low-mass region.1, 2 The method itself is 

simple; sample droplets in a suitable solvent system are directly applied onto the 

substrate and allowed to dry. The DIOS spectra are also uncomplicated, molecular 

and pseudomolecular ions dominate the mass spectra for a variety of pharmaceutical 

compounds, in both positive and negative ionisation modes. Good quality spectra can 

be obtained for a variety of compound classes, over a broad mass range, with minimal 

fragmentation. Resolution and mass accuracy depends on the specific instrument. The 

DIOS method also has a higher salt tolerance than ESI, the method requires little to no 

modifications to the instrumental design and control and data acquisition can be 

automated.1, 2  

 

The DIOS method has some limitations and the application of the method is not as 

straight forward as suggested. Background interferences due to surface 

contaminations and surface aging due to oxidation have been problematical. These 

problems were discussed in Chapter 3. Additionally, the ionisation reaction is not as 

soft or simple as ESI and fragmentation and various ionic reactions occur. Built upon 

the foundation of Chapter 3, a comprehensive assessment of the SALDI/DIOS 

activities is to be ascertained in this chapter.  
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Figure 4-1 DIOS mass spectrum of hytrin (Terazosin HCl).
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Figure 4-2 DIOS mass spectra of pseudoephedrine, codeine, verapamil and vitamin B12 and their 

chemical structures.
3
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The pioneering works in this area include the studies carried out at the University of 

Helsinki, Finland.4, 5 A wide range of pharmaceutical compounds was analysed by 

AP-DIOS. These studies demonstrated the capability of the method and the sensitivity 

for various compound classes. They also correlated the chemical properties of the 

analyte to the ion signals observed in the DIOS mass spectra. For example, it was 

demonstrated that 1-naphthylmethylamine, instead of forming a protonated molecule, 

produces [M+H–2H]+ and [M+H–NH3]
+ ions.4 It has been proposed this may be due 

to dissociation of H2 from the methylamine moiety before ionisation, leading to 

significant additional resonance stabilisation. On the other hand, paracetamol yields a 

water-loss ion [M+H–H2O]+, while ketoprofen loses acetic acid to give [M+H–

CH3COOH]+. A peptide angiotensin II, also yielded sodium adducts [M+Na]+, di-

sodium adducts [M+2Na–H]+, and tri-sodium adducts [M+3Na–2H]+.4  

 

It has also been established that the sensitivity of DIOS is highly dependent on the 

proton affinity of the molecule, in particular the presence of amine groups.4 To verify 

this initial observation, Ostman, et al.
5, 6

 compared the relative sensitivity of various 

pharmaceutical compounds and their thermochemical properties detected by the DIOS 

method under positive ion mode. (Table 4-1) The authors concluded that only 

compounds with relatively high PA values above a threshold value of 920-950 kJ/mol 

could be efficiently ionised as protonated molecules and produce very clean mass 

spectra under AP-DIOS conditions on unmodified PSi substrate. The compounds that 

could not be detected were typically analytes lacking high PA functional groups. 

Moreover, the observation of the radical cation for methyl-9-anthracenecarboxylate 

and the possible radical cation of 9H-carbazole may indicate that if the ionisation 

energy and PA of a compound is low enough (below about 7.5 eV and about 900 

kJ/mol, respectively), formation of the radical cation is possible.5 It should be noted 

that because of the lack of experimental data, the PA values were calculated by ab 

initio and hybrid density functional theory (DFT) calculations.  

 

Conversely, an alternative view proposed by Alimpiev, et al. was that the aqueous 

basicities (pKa-values) of the analyte molecules are to be important,7 because they 

found that the compounds such as acetophenone, dimethylsulfoxide could not be 

detected, despite the high PA values of these compounds. An exception occurred for 

the pyrene due to its relatively low ionisation energy. 
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Table 4-1 Literature and calculated thermochemical values of various compounds.
5
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On the other hand, acidic compounds do not ionise efficiently in positive ion mode, 

but they can be detected in negative ion mode due to their low proton affinities. Then 

again, for straight chain fatty acids, instead of forming predominately deprotonated 

species, metallic aggregates (cationised deprotonated multimers) are seen in the DIOS 

spectra.8 (Figure 4-3) An important aspect of this finding is that the statistical 

distribution of homo- and heteromultimeric species (dimers and trimers) is in 1:2:1 

ratio, reflecting a situation which cannot exist in solution because of the chiral effect 

of the molecules. Essentially, this observation opposes that which has been proposed 

previously that ions are pre-formed in a solvated state, and end up being detected.7 

Furthermore, the relative proportion of deprotonated species and metallic aggregates 

is dependent on the laser intensity as well as extraction delay time.8 (Figure 4-4) 

 

A further observation is that basic compounds like theophylline (a methylxanthine 

drug used in therapy for respiratory diseases such as chronic obstructive pulmonary 

disease or asthma, naturally found in black tea and green tea) and caffeine not only 

can they be detected in positive ion mode, they can also be detected in negative ion 

mode.9 For theophylline in positive mode, [M+H]+, [M+Na]+ and [M+K]+ are 

detected, however the compound displaces a single peak [M]- in negative mode. As 

for the Br-containing caffeine analogue, all analyte signals were suppressed by the 

background peaks in positive mode, and yet a doublet of the molecular ion located at 
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m/z 258 and m/z 260 representing the Br isotopic pattern is obtained in negative ion 

mode.9 Fragmentation due to removal of Br leads to a fragment peak located at m/z 

180. (Figure 4-5) From all of the above, we may able to see that the ionisation 

reactions are not limited to protonation, deprotonation reaction or adduct formation. 
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PPlleeaassee  rreeffeerr  ttoo  tthhee  cciitteedd  rreeffeerreennccee  ffoorr  ddeettaaiill  

 

 

 

Figure 4-3 Negative ion DIOS mass spectrum of the mixture of nonoadecanoic acid (C19H38O2) 

(M) and heneicosanoic acid (C21H42O2) (M’). The mass spectra of organic contain typically 

deprotonated species, sodium dimers and potassium trimers.
8
 

 

 

 

 

PPrriinntteedd  vveerrssiioonn  iinncclluuddeess  ffiigguurree((ss))  eexxttrraacctteedd  

ffrroomm  tthhee  rreeffeerreennccee  ssoouurrccee  ddeessccrriibbiinngg  

tthhee  rreellaattiivvee  iioonn  aabbuunnddaannccee  ooff  tthhee  ffaattttyy  aacciiddss  ccaattiioonniicc  mmuullttiimmeerrss  wwiitthh  

rreessppeecctteedd  ttoo  tthhee  eexxttrraaccttiioonn  ddeellaayy  ttiimmee  ooff  tthhee  mmaassss  ssppeeccttrroommeetteerr..  

PPlleeaassee  rreeffeerr  ttoo  tthhee  cciitteedd  rreeffeerreennccee  ffoorr  ddeettaaiill  

 

 

 

 

Figure 4-4  Plot of Amonomeric species/Adimeric species vs. extraction delay.
8
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PPrriinntteedd  vveerrssiioonn  iinncclluuddeess  ppoossiittiivvee  aanndd  nneeggaattiivvee  iioonn  DDIIOOSS  mmaassss  ssppeeccttrraa    

ooff  tthheeoopphhyylllliinnee  aanndd  BBrr--ccoonnttaaiinniinngg  ccaaffffeeiinnee  eexxttrraacctteedd  

ffrroomm  tthhee  rreeffeerreennccee  ssoouurrccee..  

PPlleeaassee  rreeffeerr  ttoo  tthhee  cciitteedd  rreeffeerreennccee  ffoorr  ddeettaaiill  

 

 

 

 

 

 

 

Figure 4-5 DIOS mass spectra of two compounds in both the positive mode and negative mode: (a) 

and (b) theophylline (C7H8N4O2, molecular weight 180, structure shown); (c) and (d) a Br-

containing caffeine structure analogue (C7H7N4O2Br, molecular weight 259.1, structure 

unknown).
9
  

 

Several studies have also compared DIOS-MS and MALDI-MS techniques and to 

examine their similarities and differences.  

 

Luo, et al.
10 probed the internal energy (IE) of ions produced in MALDI and DIOS 

using a number of thermometer molecules and a concept called survival yield. 

Survival yield is the ratio of total ion intensity of molecular ions to total ion intensity 

of both molecular ions and fragment ions. Comparing the energy deposition in the 

desorption process during MALDI and DIOS revealed that DIOS produced ions with 

higher energy content. (Figure 4-6) The IE depended much less on laser fluence in 

DIOS than in MALDI and the degree of fragmentation, measured by the survival 

yield, was remarkably insensitive to laser fluence variations and to surface 

derivatisation.  
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PPrriinntteedd  vveerrssiioonn  iinncclluuddeess  ffiigguurree((ss))  eexxttrraacctteedd  

ffrroomm  tthhee  rreeffeerreennccee  ssoouurrccee  ddeessccrriibbiinngg  

tthhee  iinntteerrnnaall  eenneerrggyy  ddiissttrriibbuuttiioonn  ooff  tthheerrmmoommeetteerr  iioonnss  ggeenneerraatteedd  bbyy  DDIIOOSS--

MMSS  aanndd  MMAALLDDII--MMSS..  

PPlleeaassee  rreeffeerr  ttoo  tthhee  cciitteedd  rreeffeerreennccee  ffoorr  ddeettaaiill  

 

 

 

 

Figure 4-6 Comparison of internal energy distribution of thermometer ions desorbed from 

trimethylsilane derivatised DIOS surfaces and from CHCA matrix in MALDI, using nitrogen 

nanosecond (ns) laser (solid lines) and Nd:YAG picosecond (ps) laser (dashed lines) excitation. 

MALDI data were obtained at 25.6 and 45.2 mJ/cm
2
 with the ns and ps laser, respectively. 

Corresponding fluences for DIOS were 52.4 mJ/cm
2
 (ns laser) and 55.8 mJ/cm

2
 (ps laser). Kinetic 

shifts are not reflected.
10

 

 

Okuno, et al.
11 used a number of organic dyes, including Methylene Blue, Janus 

Green B, Crystal Violet and Rhodamin B to investigate redox reactions occur in DIOS 

and MALDI. In MALDI, these molecules produced M+ ion peaks whereas in DIOS 

(M•)H+ or (MH•)+ was obtained, corresponding to one-electron reduction product. 

Then again, Cu(II) was reduced to Cu(I),12 and, 1,2-diferrocenylethane and N,N-

dimethylaminomethylferrocene (ferrocene derivatives), are oxidised to M+ as is the 

case of MALDI.13 It should be noted that the latter compound has an amino group (as 

well as a Fc center) and it was believed that it can catch a proton easily and yet a 

protonated ion did not form. The authors believe that the ionisation mechanism of 

DIOS may differ greatly from that of MALDI,13 and may be analogous to SALDI, 

such that formation of gas-phase ions is initiated on the surface of sharp crystal tips 

and edges that protrude out of the sample surface. Such sub-micrometer structures of 

PSi might promote electron transfer.11 
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4.1.2 Matrix MALDI Ionisation Reactions 

 

Given the close relation of the DIOS and MALDI techniques, understanding of the 

MALDI ionisation reactions may assist our study. On the current understanding of the 

MALDI reaction, the locations and processes of ion formation seem to be numerous 

and cannot be explained by a single process.14 According to Knochenmuss,15-17 the 

current model of UV-MALDI ionisation reactions is a two-step process, primary and 

secondary ionisation. Initial (primary) ion formation or separation is the first step that 

occurs during or shortly after the laser pulse (in nanosecond scale). Following the 

generation of primary ions, secondary ion-molecule reactions the desorption plume 

(in microsecond scale) converting the primary ions into the most thermodynamically 

favourable secondary ion products that are those detected. This difference in time 

scales is the origin of the two-step nature of MALDI reactions.17 (Figure 4-7) 

 

Consider the ionisation potential of a typical molecule requires 8-9 eV. The photon 

energy from the 337 nitrogen laser is only 3.68 eV.15 Direct photoionisation requires 

two or more photons arriving at the same site at the same time. This is a less likely 

event and only occurs at the laser intensity beyond that normally required for 

MALDI-MS and does not generally appear to be a major contributor.  

 

An important concept in MALDI ionisation is photoexcitation and energy pooling. 

Energy pooling is one of several energy concentration possibilities imagined in early 

MALDI work. It is a phenomenon in which the electronic excitation energy of two 

nearby molecules is redistributed and higher energy processes become possible.17 A 

pooling event can be considered as when neighbouring molecules are both 

individually excited to S1 state, but none has the sufficient energy leading to 

ionisation. Interaction between excited neighbouring molecules can occur due to 

wavefunction overlapping. Imagine one of them transmits its energy to its neighbour 

and while itself is relaxed to the ground state, promoting its neighbour to a Sn state 

(Figure 4-8A). Sequential event leads to sufficient energy that can lead to ionisation. 

(Figure 4-8B) This proposition is supported by computation simulation and 

experimental data using 2,5-dihydroxybenzoic acid (DHB) matrix. 
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PPrriinntteedd  vveerrssiioonn  iinncclluuddeess  ffiigguurree((ss))  eexxttrraacctteedd  

ffrroomm  tthhee  rreeffeerreennccee  ssoouurrccee  ddeessccrriibbiinngg  

tthhee  ttwwoo--sstteepp  MMAALLDDII  mmooddeell::    tthhee  pprriimmaarryy  iioonniissaattiioonn  aanndd  sseeccoonnddaarryy  

rreeaaccttiioonn  ooff  tthhee  MMAALLDDII    rreeaaccttiioonn..  

PPlleeaassee  rreeffeerr  ttoo  tthhee  cciitteedd  rreeffeerreennccee  ffoorr  ddeettaaiill  

 

 

 

 

 

 

 

 

Figure 4-7 The origin of the two-step model: expansion of the MALDI plume compared to the 

laser pulse and excited state decay. Density is plotted vs. time for a plume expanding as an 

adiabatic free jet. A density of 1 is approximately that of a gas at 1 atm. The expansion stops 

when the gas reaches the environmental background pressure, which may vary in practice from 

1 atm to high vacuum. The inset shows the early behaviour, along with a 3 ns N2 laser pulse (blue 

line) and the typical lifetime of matrix excited states (green line). Only during the time when 

energy and material densities are high can significant ionisation occur. The solid line represents 

the density if the sample vaporises smoothly. The dashed line represents an explosive phase 

change for which a well-defined solid-gas boundary may not exist at short times.
17
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PPrriinntteedd  vveerrssiioonn  iinncclluuddeess  ffiigguurree((ss))  eexxttrraacctteedd  

ffrroomm  tthhee  rreeffeerreennccee  ssoouurrccee  ddeessccrriibbiinngg  

tthhee  ccoonncceepptt  ooff  eenneerrggyy  ppoooolliinngg  iinn  MMAALLDDII  rreeaaccttiioonn..  

PPlleeaassee  rreeffeerr  ttoo  tthhee  cciitteedd  rreeffeerreennccee  ffoorr  ddeettaaiill  

 

 

 

 

 

 

 

Figure 4-8 Unimolecular and bimolecular matrix processes included in the MALDI ionisation 

model. (A) Pooling of two S1 excitations, yielding an iso-energetic system consisting of a Sn and 

ground-state pair. (B) Pooling of one S1 and one Sn excitation, yielding a system consisting of an 

ion and ground-state pair. The excess energy above the ion state is converted to heat. Eventually, 

recombination of an ion (with an electron or negative ion) to yield a ground-state neutral. Pooling 

reactions of matrix excited states are key steps in energy concentration and ionisation.
17, 18
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4.1.3 Aims of the Chapter  

 

In the previous chapter, the commercial DIOS target, the QuickMass target and 

various rough and smooth SALDI surfaces have been investigated. Their surface 

morphology, chemical nature and cleaning and modification methods have been 

discussed. The surface characteristics that are important in affecting or enhancing the 

LDI activity or performance have been determined. There are still questions that 

remain unanswered. For example, how does the LDI approach compare to MALDI, 

what type of compounds can be detected by the matrix-free technique? How are ions 

formed on these LDI substrates? Do physical and/or chemical changes occur to the 

surface after the substrates are used for LDI? How is laser energy transferred to the 

analyte via the substrate and the apparent requirement for nanostructures on a 

semiconductor surface? Can we find out the possible reasons for the inconsistent 

reports in literature? This chapter is dedicated to answering these questions. 

Experiments are designed to verify the propositions reported previously in literature 

with the aim to make an impartial conclusion. 
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4.1.4 Approaches toward Achieving the Objectives:   

 

To achieve the objectives, the questions will be approached from three different 

angles. Typical experimental conditions and instrumental settings have been given in 

section 2.4.  

 

1. By Laser Mass Spectrometry: Unlike previous studies, which focus on a small 

selection of compound classes, mass spectra are acquired using a wide variety of 

biological related compounds, including peptides, amino acids, amines, organic acids, 

polysaccharides, steroids, alkaloids and even inorganic ions. It is the first time in a 

single study, the detection capability of the DIOS approach and so its ionic reaction is 

fully evaluated.  

 

2. At Different Pressures and Ion Optic: In addition, the matrix-free method is 

evaluated under three different MALDI systems. Unless stated otherwise, the LDI 

spectra presented in this chapter are acquired on an ultra-high vacuum (chamber 

pressure 10-7 Torr) MALDI reflector time-of-flight (MALDI-ToF) mass spectrometer 

and is limited to positive ion mode. A newly acquired MALDI quadrupole time-of-

flight (MALDI Q-ToF) system has subsequently replaced the MALDI-ToF position, 

allowing the investigation to be performed in both positive and negative ion mode. 

The vacuum chamber of MALDI interface is operated at low vacuum pressure (10-2-

10-3 Torr). The third system, atmospheric pressure MALDI quadrupole linear ion trap 

(AP-MALDI-QqLIT) has also been employed. The investigation assist us to verify 

whether different MALDI system will lead to different LDI activity, and if so, to 

determine whether this could a possible cause to the inconsistency reported in 

literature.  

 

3. Surface Chemical Imaging Technologies: For the first time, XPS and SIMS 

chemical imaging techniques are employed to investigate the chemical change to the 

SALDI surface due to laser modification or ablation, and for the first time, a complete 

picture will be revealed.  
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4.2 Results  

 

4.2.1 Comparison of MALDI and DIOS 

 

One of the disadvantages of the conventional MALDI technique is its poor 

performance toward molecules smaller than m/z 700 due to the production of a large 

amount of background interferences from the matrix. The effect of which is 

demonstrated in Figure 4-9. Matrix ions suppress the ionisation of small molecules 

and the interferences obscure the detection of small molecules in this region. However, 

the use of DIOS without the admixture of matrix allows efficient detection of the ion 

signals in the low mass region.  

  

Secondly, selection of matrix is critical to the analyte of interest. The use of α-CHCA 

matrix is most commonly used for peptides and proteins analysis in MALDI under 

positive mode and may be less suitable under negative mode. This is demonstrated in 

Figure 4-10. The ion signals compared to that of DIOS were relatively weak and the 

spectrum was dominated by the ion peaks of α-CHCA matrix ([M-H]- at m/z 188 and 

[M-COOH]- at m/z 144) used and a number of matrix clusters. 

 

The above spectra were generated by an electrospray calibrant solution (Agilent 

Technology), which contains a mixture of trimethylaminoacetic acid (betaine) 

perfluoroalkylphosphazenes and trifluoroacetic acid ammonium salt. (Table 4-2) The 

expected (reference masses) and observed mass peaks and their intensities are 

summarised in Table 4-3 and Table 4-4 under positive and negative mode. The 

expected peaks are provided by manufacturers based on data acquired using direct 

injection ESI-MS and has been verified using the Q-ToF system used in this study. 

Under the ESI condition, trimethylaminoacetic acid was detected as [M+H]+, m/z 118 

and trifluoroacetic acid as [M-H]-, m/z 112. Whereas perfluoroalkylphosphazenes 

form predominately adduct ions with acetate and trifluoroacetate were detected as 

either mono-acetate adducts and trifluoroacetate-acetate adducts under positive and 

negative mode, respectively.  
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Figure 4-9 Positive ion mass spectra of ESI tuning mixture: (A) DIOS and (B) MALDI using α-

CHCA matrix. The low mass region was obscured by matrix cluster ions. However, ions in the 

higher mass region are more effectively detected using MALDI. Spectra were acquired on 

MALDI-ToF system.  

 

 

Figure 4-10 Negative ion mass spectra of ESI turning mixture: (A) DIOS and (B) MALDI using 

α-CHCA matrix. Insert displaces the detected peak in the higher mass region – centroid and 

background subtracted to highlight the ion peaks. Spectra were acquired on MALDI Q-ToF 

system. 

(B) MALDI 

(α-CHCA matrix) 

(A) DIOS 

(A) DIOS 

(B) MALDI 

(α-CHCA matrix) 

CHCA [M-H]-  

and [M-COOH]-  
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Table 4-2 List of substances, their chemical formulae and their exact masses in the Agilent ESI 

tuning mix.  

Substance Chemical formula Exact mass (amu) 

trifluoroacetic acid C2HF3O2 113.9929 

betaine C5H11NO2 117.0790 

hexamethoxyphosphazene C6H18NO6P2 262.0609 

hexakis(2,2-difluoroethoxy)phosphazene C12H18F12NO6P2 562.0418 

Hexakis(1H,1H,3H-tetrafluoropropoxy)phosphazene C18H18F24NO6P2 862.0226 

hexakis(1H,1H,5H-octafluoropentoxy)phosphazene C30H18F48NO6P2 1461.9843 

hexakis(1H,1H,7H-dodecafluoroheptoxy)phosphazene C42H18F72NO6P2 2061.9460 

hexakis(1H,1H,9H-perfluorononyloxy)phosphazene C54H18F96NO6P2 2661.9076 

tris(heptafluoropropyl)-S-triazine C12F21N3 584.9757 

 

Table 4-3 Expected and detected mass peaks of electrospray calibrant solution using DIOS and 

MALDI under positive mode, derived from Figure 4-9. 

Mass Expected (ESI) (m/z) DIOS (m/z) Count MALDI (m/z) Count 

1 118.09 118.09 2005 118.19 61858 

2 322.05 322.07 25979 322.24 2581 

3 622.03 622.02 7692 622.31 1469 

4 922.01 921.98 3703 922.39 650 

5 1521.97 1521.92 2204 1522.58 29781 

6 2121.93 2121.74 817 2122.61 35012 

7 2721.89 × - 2722.50 823 

 

Table 4-4 Expected and detected mass peaks of electrospray calibrant solution using DIOS and 

MALDI under negative mode, derived from Figure 4-10. 

Mass Expected (ESI) 

(m/z) 

DIOS MALDI Detected in DIOS 

(m/z) 

Detected in MALDI 

(m/z) 

1 112.99 ���� ���� 

2 431.98 × × 

3 601.98 × × 

4 1033.99 × × 

5 1633.95 × × 

6 2233.91 × × 

7 2833.87 × × 

1305.70 

1805.55 

2305.39 

 

1305.69 

1805.54 

2305.38 
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Under the positive mode (Table 4-3), all the expected ions were obtained both in 

DIOS and MALDI. The intensities of ion peaks below m/z 1000 observed in DIOS 

were generally higher relative to that in MALDI (peaks located at m/z 322, 622 and 

922). On contrary, opposite was true for the ion peaks larger than m/z 1000 (peaks 

located at m/z 1521, 2121 and 2721). Furthermore, the ion peaks obtained in MALDI 

shifted slightly to a higher m/z value when mass calibration was carried out using a 

DIOS substrate. Similarly, when the mass calibration was carried out using MALDI 

with matrix, the ion peaks of DIOS was slightly shifted to a lower m/z value. The 

slightly shift of the m/z value is possibly related to the thickness of the target and this 

causes a mass shift measured by the ToF mass analyser. 

 

Under the negative mode (Table 4-4), almost a completely different set of ions was 

detected in DIOS and MALDI relative to the ESI-MS and the ions observed were 

likely fragment ions. This suggests that in ESI-MS, adduct formation with acetate and 

trifluoroacetate is favourable, whereas fragmentation seems to be the predominating 

process in LDI-MS. This observation implies that the DIOS and MALDI mechanism 

may be more closely similar but is quite different from that of ESI. Peak shifting as 

drastic as in ToF system was not observed because of the decoupling of the ion source 

from the mass analyser in Q-ToF system. 

 

To look into this matter further, alternatively we may have a closer look to the ion 

yield of the peptide in the mid-mass range. The peptide sequencing standard is used as 

an example here. This peptide is often used for instrument testing and is the largest 

peptide standard used in this study because we focus our effort into advancing the 

method into analysing molecules below 1000 Da. Figure 4-11 shows the spectra 

generated by MALDI using α-CHCA matrix and fluoro-silane modified DIOS target. 

The S/N measured using DIOS was ~30, whereas in MALDI the S/N was over 100. 

Without the matrix assistance, similar to the above observations, the S/N obtained in 

DIOS was lower. The laser used has not been optimised for MALDI and a better S/N 

was obtained using higher energy (result not shown). Having said that, though DIOS 

is less sensitive than MALDI in peptides detection, no other matrix-free substrate in 

this study could actually detect the peptide in this given concentration. In this case, 

mass calibration was carried using MALDI. Similarly, the mass peak detected in 

DIOS is also slightly shifted to a lower m/z value.  
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Figure 4-11 Positive ion mass spectra of peptide sequencing standard (Tyr-Ala-Glu-Gly-Asp-Val-

His-Ala-Thr-Ser-Lys-Pro-Ala-Arg-Arg, molecular weight 1657). (A) MALDI using α-CHCA 

matrix and (B) fluoro-silane modified DIOS. Concentration of the sample was in nM.  

 

These observations can be rationalised as follows. The presence of matrix 

interferences suppressed the detection of ion signal of smaller molecules lower than 

m/z 1000. Since no matrix was added in DIOS and the ion suppression effect was 

eliminated and thus the ion peaks intensities were higher in DIOS in this region. 

However, without the matrix bringing the larger molecules into vacuum, the ion yield 

in the mass region higher than m/z 1000 was lower compared to MALDI. Although α-

CHCA matrix can be used in negative mode, due to its acid nature, its use is not 

appropriate in the negative ion mode.19 For comparison purpose, a basic matrix, such 

as 9-aminoacridine (9AA) could be used instead.20, 21  

 

A reviewer has also pointed out that betaine might have caused an additional 

suppression effect. In a separated study carried out by LC-ESI-MS, a high 

concentration of betaine strongly suppresses ion formation of other compounds in a 

complex biological mixture. The suppression effect is because of the increased liquid 

conductivity from the charged species in ESI condition. However, increased 

conductivity would not normally lead to ion suppression in LDI condition, but if it 

were the case, this might be caused by ion-pairing effect.  

(A) MALDI 

(α-CHCA- matrix) 

(B) DIOS (fluoro-silane 

modified) 
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4.2.2 Detection of Peptides Using DIOS Technique  

 

A key use of the MALDI technique in biomedical research is the detection of intact 

proteins or peptides molecules. However, there are some differences in the MALDI 

spectra due to the instrumental factors in terms of ion yield or sensitivity. Examples 

reported in literature include vacuum and atmospheric pressure interface,22 laser 

alignment between MALDI systems,23 and the design of the detector.19 MALDI also 

has strong dependence on the selection of matrix and sample preparation technique 

used. Since the DIOS technique has been applied in proteomics,24, 25 and given that 

the matrix-free technique is matrix independent, it would be interesting to consider 

the use of DIOS in detection for peptides in the low mass range, and to determine any 

significant differences in the DIOS spectra or the LDI performance as a result of 

different MALDI systems. 

 

For a number of peptides, protonated molecules [M+H]+ normally dominate the DIOS 

spectra. Peptides such as bradykinin and angiotensin are detected with good 

sensitivity. (Figure 4-12) However, this does not apply to all peptides studied.  

 

 

Figure 4-12 Positive ion DIOS mass spectrum of 10 µµµµM bradykinin and angiotensin I acquired on 

MALDI Q-ToF system. 
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The spectra of synthetic peptides, polyglycines, polyalanines and polyphenylanines, 

are dominated by their salt adducts and salt-bridged cationised dimers and/or trimers. 

(Figure 4-13) Additionally, it appears that the increasing chain length has an effect 

toward the ion yield of protonated species, correlating to the increasing PA value. 

Addition of acidic modifier, acetic acid, does not improve sensitivity.  

 

 

Figure 4-13 Positive ion DIOS mass spectra of synthetic peptides. (A) Ala4 (no addition of acidic 

buffer), and (B) Gly4 with addition of 1% acetic acid. Addition of acidic buffer reduces sensitivity. 

The dominant salt-bridged cationised dimer is in the form of [2M+Na+K-H]
+
. 

 

The spectra of neuropeptides, leucine enkephalin, are quite interesting. Different 

responses were observed in the three systems used. The protonated molecules and the 

fragment ion at m/z 491 dominate the AP-DIOS mass spectrum (Figure 4-14) and the 

result is similar to that reported previously using gold nanoparticles/CHCA matrix 

obtained on an AP-MALDI system.26 DIOS-ToF spectra are dominated by fragment 

ions at m/z 434 and 491. Protonated ion and sodium and potassium adducts are also 

seen. (Figure 4-15) In Q-ToF DIOS, the spectrum is dominated by fragment ion at m/z 

326. (Figure 4-16) In all the vacuum systems, the peak intensity of the protonated 

molecule is lower than its fragment and its salt adducts. It can be concluded that the 

instrumental factors can significantly affect the relative intensity and distribution of 

the ionic species observed.  

A 

B 
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Figure 4-14 Positive ion DIOS mass spectrum of leucine enkephalin acquired on AP-DIOS-

QqLIT system. 

 

 

Figure 4-15 Positive ion DIOS mass spectra of leucine enkephalin on DIOS target acquired on 

ToF system. (A) Without addition of acidic buffer and (B) with addition of 0.1% formic acid. The 

peptide is weakly detected as protonated species, and the spectra are dominated by its fragment 

peaks and salt adducts peaks. Addition of acid buffer reduces the relative intensity of [M+H]
+ 

peak.  

A 

B 

[M+H]+ 
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Figure 4-16 Positive ion DIOS mass spectrum of leucine enkephalin acquired on Q-ToF system.  

 

4.2.3 Detection of Amino Acids  

 

Amino acids are well-documented metabolites and their physiochemical properties 

are readily available. It is therefore possible to relate their physiochemical properties 

and their DIOS sensitivity to determine which chemical property has the greatest 

influence on the ion yield. Aqueous basicities (pKa), proton affinities (PA) and 

hydrophobicities of 20 common amino acids are listed in Table 4-5. The amino acids 

(all in L-form) were tested both individually and as a mixture under positive ion mode. 

Figure 4-17 shows a DIOS spectrum of a mixture of equal-molar amino acids 

dissolved in ACN/H2O. 

 

As reported by Vaidyanathan, et al.,27 molecular ion of arginine and histidine 

dominated the spectrum and the remaining 18 amino acids were not detected 

effectively. Lysine, glutamine and phenylalanine could also be detected when they 

were analysed individually but the sensitivity was very low and could not be 

distinguished clearly from the background noise. Indeed, the mass region below m/z 
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200 of the mass spectra is often complicated with noise and this is a practical 

difficulty for compounds of low sensitivity.   

 

 

Figure 4-17 Positive ion DIOS mass spectrum of 20 amino acids mixture acquired on MALDI-

ToF system. Molecular ion of arginine and histidine dominates the mass spectrum and the 

remaining 18 amino acids are either not detected as protonated species or difficult to distinguish 

from the noise. Peaks located at m/z 73, 102 and 130 are common contaminants and are believed 

originated from the solvent used. Strong “tailing” is observed with all the major ion peaks.  

 

It has been proposed that for detection of protonated species, the pKa value of the 

analyte has to be larger than 4.7 All amino acids have an amino group of which the 

pKa value is larger than 4 and accordingly all should have been detected. 

Nevertheless, this does not seem to be applicable. Alternatively, if the pKa value of 

the side chain of the amino acid is considered, cysteine and tyrosine in addition to 

lysine, arginine and histidine should be detected in positive ion mode. Then again, this 

does not appear to be the case. The reason is that, although the side chains of cysteine 

and tyrosine, have high pKa values, they do not have a protonation site (nitrogen). In 

fact, it has been reported tyrosine (and phenylanine) could only be well detected if it 

was derivatised to its (butyl) ester form28 and cysteine cannot be detected in negative 

mode either.27, 29 This raises a question whether the pKa value is a relevant factor to 

SALDI or to DIOS. 
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Table 4-5 Aqueous basicities, isoelectric points (pI), proton affinities (PA) and hydrophobicities 

(log P) of 20 most common amino acids.   

Amino acids Exact mass pKa pI PA/ kJmol
-1

 Log P 

 COOH NH3 side chain  

Alanine 89.0477 2.35 9.87 - 6.00 901.6 0.616 

Arginine 174.1117 2.01 9.04 12.48 10.76 1051.0 0 

Asparagine 132.0535 2.02 8.80 - 5.41 929.0 0.236 

Aspartic acid 133.0375 2.10 9.82 3.86 2.77 908.9 0.028 

Cysteine 121.0197 2.05 10.25 8.00 5.07 903.2 0.68 

Glutamic acid 147.0532 2.10 9.47 4.07 3.22 913.0 0.043 

Glutamine 146.0691 2.17 9.13 - 5.65 937.8 0.251 

Glycine 75.0320 2.35 9.78 - 5.97 886.5 0.501 

Histidine 155.0695 1.77 9.18 6.10 7.59 988.0 0.165 

Isoleucine 131.0946 2.32 9.76 - 6.02 917.4 0.943 

Leucine 131.0946 2.33 9.74 - 5.98 914.6 0.943 

Lysine 146.1055 2.18 8.95 10.53 9.74 996.0 0.283 

Methionine 149.0510 2.28 9.21 - 5.74 935.4 0.738 

Phenylalanine 165.0790 2.58 9.24 - 5.48 922.9 1 

Proline 115.0633 2.00 10.60 - 6.30 920.5 0.711 

Serine 105.0426 2.21 9.15 - 5.68 914.6 0.359 

Threonine 119.0582 2.09 9.10 - 5.60 922.5 0.45 

Tryptophan 204.0899 2.38 9.39 - 5.89 948.9 0.878 

Tyrosine 181.0739 2.20 9.11 10.07 5.66 926.0 0.88 

Valine  117.0790 2.29 9.72 - 5.96 910.6 0.825 

− pKa and PI data obtained from the Michigan State University: Amino Acid pKa Values,  

<http://www.cem.msu.edu/~cem252/sp97/ch24/ch24aa.html> and the University of Calgary: Table 

of pKa and pI values, <http://www.chem.ucalgary.ca/courses/351/Carey5th/Ch27/ch27-1-4-

2.html>  

− PA data obtained from NIST Chemistry WebBook <http://webbook.nist.gov/>  

− Hydrophobicity data obtained from the University of Texas:  Hydrophobicity of the Physiological 

L-alpha-Amino Acids, <http://psyche.uthct.edu/shaun/SBlack/aagrease.html>. The 

hydrophobicities given are the "scaled" values from computational log (P) determinations by the 

"Small Fragment Approach". The equation used to scale raw log (P) values to the scaled values 

given is as follows: Scaled Parameters = (Raw Parameters + 2.061)/4.484.  

 

    Cysteine 
    Tyrosine 
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On considering the PA values and LDI sensitivity of amino acids, PA values of 

arginine and histidine are high and explain why they were detected as molecular ions. 

In addition, their ion intensity is reflected by their respective PA value. Then again, 

lysine has a PA value larger than histidine and its protonated peak was not observed. 

It is possible that protonated lysine fragments to lose an NH3 and the fragmented ions 

overlapped with a major contaminant peak at 130. 

 

H2N CHC OH

O

NH3

H2N CHC OH

O

NH3

m/z 130

 

 

The less than satisfactory detection capability of DIOS toward amino acids could be 

improved by using a linear ToF mass analyser. Chen could detect arginine, tryptophan, 

histidine, glutamine and glycine (in the order of sensitivity correlating to the PA 

values of the amino acids) as [M+H]+ ion using graphite, PSi substrates as well as 

smooth silicon wafer cooled to 130K.30  

 

A possible reason is related to the filtering effect of the reflector of the ToF system.31 

This situation happens when metastable decomposition occurs in between the ion 

source and the detector. In linear ToF system, the intensity of a molecular ion signal 

does not reduce because the linear velocity of the fragmenting ion is conserved and 

the fragments formed are therefore detected at the same flight-time as their intact 

precursor.  

 

However, if fragmentation occurs between the ion source and the reflector, the ions 

will be lost by the reflector due to their change in kinetic energy. Only fragments still 

having kinetic energies close to that of the precursor, such as [M+H-NH3]
+ are 

transmitted due to the energy tolerance of the reflector and give rise to a “tailing” of 

the signal. (See Figure 4-17) Should it be the case, it would be an evidence that 

metastable decomposition of excited ionic species occurs during LDI and the design 

of the mass spectrometer or the ion optic has a significant influence to the ion 

distribution of the LDI spectra as discussed previously. 
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4.2.4 Detection of Basic Compounds 

 

Basic compounds such as amines and nucleosides were analysed under positive ion 

mode and generally protonated molecules [M+H]+ dominate the spectra. (Figure 4-18 

to Figure 4-20). However, fragmentation and ion-molecular reactions are common. 

(Figure 4-21 to Figure 4-26) For many compounds tested, the fragmentation reaction 

follows a specific pattern. Fragmentation for amines mostly occurs at C-N bond, 

whereas loss of H2O occurs at hydroxyl group. An exception is indole alkaloid, 

reserpine, which forms quasi-molecular ions [M-H]+ due to its low ionisation energy. 

(Figure 4-26) The fragmentation and ion-molecular reactions cannot be completely 

prevented by using lower laser fluence or chemical modification and is consistent 

with the observation of Luo, et al.32 

 

 

Figure 4-18 Positive ion DIOS mass spectrum of adenosine.  

 

 

Figure 4-19 Positive ion DIOS mass spectrum of atenolol. 
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Figure 4-20 Positive ion DIOS mass spectrum of metoprolol. 

 

 

Figure 4-21 Positive ion DIOS mass spectrum of nadolol and proposed fragmentation pathway. 

Capture of two additional protons of C-N fragment leads to the peak located at m/z 254. 

 

 

Figure 4-22 Positive ion DIOS mass spectrum of timolol and proposed fragmentation pathway. 

Capture of two additional protons of C-N fragment leads to the peak located at m/z 261. 
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Figure 4-23 Positive ion DIOS mass spectrum of sotalol and proposed fragmentation pathway. 

Loss of water leads to the peak located at m/z 255. Fragmentation at C-N bond produces the peak 

located at m/z 213. 

 

 

Figure 4-24 Positive ion DIOS spectrum of labetalol and proposed fragmentation pathway. Loss 

of water leads to the peak located at m/z 311. Loss of two waters lead to the peak located at m/z 

294. Capture of two additional protons of C-N fragment leads to the peak located at m/z 163. 
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Figure 4-25 Positive ion DIOS mass spectrum of procainamide and proposed fragmentation 

pathway. Fragmentation reactions occur at three possible C-N sites. The molecular peak was 

located at m/z 236, and three other dominated fragment ions are located at m/z 163, 120 and 100.  

 

 

Figure 4-26 Positive ion DIOS mass spectrum of reserpine and proposed fragmentation pathway. 

Insert shows the magnified region between m/z 600 and 630. The observation of [M-H]
+
 ions is 

related to its low ionisation energy.  
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4.2.5 Detection of Pre-charged Ions and UV Absorbing Compounds 

 

Pre-charged compounds such as quaternary amines or compounds that absorb UV 

radiation can be directly desorbed or ionised and form M+ and [M+H]+ ion. (Figure 

4-27 and Figure 4-28)  

 

 

Figure 4-27 Positive ion DIOS mass spectrum of octadecyl-trimethylammonium bromide 

acquired on AP-MALDI-QqLIT system. 

 

  

Figure 4-28 Positive ion DIOS mass spectrum of 2-(4-aminophenyl)-6-methyl-benzothiazole 

acquired on AP-MALDI-QqLIT system.  

 

M+ 

[M+H]+ 

M+ 

S

N

H2N

2-(4-aminophenyl)-6-methyl-benzothiazole

Chemical Formula: C14H12N2S
Exact Mass: 240.0721

N+

octadecyl-trimethylammonium

Chemical Formula: C21H46N+

Exact Mass: 312.3625
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4.2.6 Detection of Amides and Saccharides 

 

The DIOS spectra of a sulfonylurea drug, glyburide† are dominated by its sodium and 

potassium adducts and a variety of alkylation products. (Figure 4-29) It should be 

noted that the distribution of ions was irreproducible in this case, where the detection 

of glyburide relied on adducts formation and the control of salt presence in the sample 

solution or on the surface was difficult to control.    

 

 

 

Figure 4-29 Positive ion DIOS mass spectrum of glyburide on (A) fluoro-silane modified DIOS 

target with addition of 0.1% formic acid and (B) on as-received DIOS with no addition of acid. 

Different ionic products were obtained in these cases.  

 

                                                 
† Glyburide is a class of compound called sulponylurea and is used to control hyperglycaemia in type II 

diabetes mellitus. 

A 

B 



 213 

Saccharides and oligosaccharides, as in MALDI, are effectively detected as salt 

adducts in positive mode. (Figure 4-30) Adding diluted sodium iodine solution to a 

saccharide-containing sample is one of the approaches to enhance adduct formation.33 

In this case, sodium hydroxide solution was added and was aimed to minimise ion 

suppression effect of salt. Furthermore, this approach also enhanced fragmentation as 

hydrolysis products (loss of monosaccharide units) and could aid the structural 

elucidation of polysaccharides.  

 

 

 

Figure 4-30 Positive ion DIOS mass spectrum of (A) 1 mM raffinose/sodium hydroxide (1:1) 

mixture and (B) 0.47 mM of β-cyclodextrin/sodium hydroxide (1:4) mixture. Data obtained on 

MALDI Q-ToF system using recycled DIOS target. The sensitivity significantly improved after 

the hydrophilicity of the surface is increased. The molar excess of hydroxide used in β-

cyclodextrin mixture may account for a serious of hydrolysis products observed. 

A 

B 
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4.2.7 Detection of Acidic Compounds 

 

For small acidic compounds in the negative ion mode, the simplest form of ion is the 

deprotonated molecules, [M-H]-. (Figure 4-31) The DIOS spectra of cholic acid ‡ and 

diflunisal have a good S/N and the deprotonated molecules dominate the spectra. 

However, this situation did not apply to every acidic compounds tested. On many 

occasions, the investigation of small acidic molecules in negative ion mode was either 

unsuccessful or the spectra had unsatisfactory S/N. It seems that the small acidic 

compounds that could be effectively detected as deprotonated molecules in negative 

ion mode must have a means of stabilising themselves – for instance, cholic acid has a 

steroid system, and diflunisal has an aromatic system and fluorine functional groups. 

 

Flufenamic acid is an example of this situation. (Figure 4-32) The molecule contains a 

carboxylic acid, a secondary amine and a trifluoromethyl functional group. The 

positive spectrum of flufenamic acid is dominated by its fragment ion at m/z 264. The 

negative spectrum is dominated by the deprotonated molecules and the fragment ion 

at m/z 236. Cationised dimers were also observed at the higher mass range. The 

presence of amine group in flufenamic acid does not lead to protonated ion formation, 

fragment ions and possibly [M-2H]+ ion at m/z 279 were detected in the positive 

spectrum. The formation of the deprotonated molecules observed in the negative ion 

spectrum correlates to the stabilisation effect introduced by the aromatic system and 

the -CF3 group. Loss of a carboxylic acid group leads to the fragment ion observed. 

Indeed, fragmentation occurring by loss of H2O (-OH) and CO2 (-COOH) groups is 

quite common.  

 

Nalidixic acid and naproxen are given here as further examples and they can be 

detected in positive and negative ion mode. (Figure 4-33 and Figure 4-34) Nalidixic 

acid is more effectively detected in negative mode, whereas the spectra of naproxen 

are dominated by its fragment ions in either positive or negative. A proposed scheme 

of the fragmentation pathways of nalidixic acid is given at Figure 4-35.  

                                                 
‡ Cholic acid is a bile acid, metabolite of cholesterol. 
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Figure 4-31 Negative ion DIOS mass spectra of (A) cholic acid (B) diflunisal acquired on MALDI 

Q-ToF system. Fragmentation of diflunisal occurs via loss of carboxylic acid group. Peak m/z 267 

is a phosphate contaminant (determined by MS/MS).  

 

 

Figure 4-32 (A) Positive and (B) negative ion DIOS mass spectrum of flufenamic acid acquired on 

MALDI Q-ToF system. Fragmentation occurs via loss of H2O (M-OH), m/z 264, and CO2 (M-

COOH), m/z 236, in carboxylic acid group.  

A 

B 

A 

B 
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Figure 4-33 (A) Positive and (B) negative ion DIOS mass spectrum of nalidixic acid acquired on 

MALDI Q-ToF system. Anti-bacterial agent nalidixic acid is a quinolone acid and it gives both 

protonated and deprotonated ions and a number of fragment ions under positive and negative 

mode, respectively. The ion yield of fragments is higher than that of molecular ion. 

 

 

Figure 4-34 (A) Positive and (B) negative ion DIOS mass spectrum of naproxen acquired on 

MALDI Q-ToF system. Radical cation was observed in positive ion mode. Fragmentation occurs 

via loss of a carboxylic acid group. Naproxen is a non-steroidal anti-inflammatory drug. 

A 

B 

A 

B 



 217 

 

NN

O O

OH

Nalidixic acid

C12H12N2O3
Exact Mass:

232.0848

NN

O O

OH

reaction 1

reaction 1

reaction 2

NN

O O

Chemical Formula: C12H11N2O2
+

Exact Mass: 215.0815

negative charge resonation stabilisation

positive charge resonation stabilisation

reaction 3

reaction 2

NN

O

Chemical Formula: C11H11N2O•+

Exact Mass: 187.0866

NN

O

H
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Figure 4-35 Proposed fragmentation pathways of nalidixic acid. The positive ions observed are 

believed due to fragmentation reaction occurs via loss of water and carboxylic acid group. The 

negative ions observed are believed due to fragmentation at C-N bond. Such a tendency is 

possibly related to the fragmentation leading to stabilisation by resonation, via the aromatic 

system and is therefore more energetically favourable. Capturing of two hydrogen atoms was 

also observed. 

 

On the other hand, the most likely species observed for small straight chain organic 

acids tested are metallic aggregates (salt-bridged cationised multimers) rather than 

deprotonated species. This unique property is demonstrated by several acidic 

surfactants here. (Figure 4-36) A detailed investigation has been reported by Budimir, 

et al.
8, 34 and has been discussed in the introduction section. A highlight here is that, 

the spectrum of fluorosulphonic acidic surfactant is dominated by deprotonated ion, 
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whereas fluoroacetic acids surfactants are not. Based on these observations, one can 

reasonably expect that the formation of metallic aggregates observed for small fatty 

acid-like molecules is highly likely a consequence of the redistribution of electron 

density to the metallic ion in order to achieve stabilisation. 

 

 

 

Figure 4-36 Negative ion DIOS mass spectrum of (A) heptadecafluorooctanesulfonic acid (PFOS) 

potassium salt solution, (B) perfluoroundecanoic acid (PFUnA), and (C) pentadecafluorooctanoic 

acid (PFOA). Data obtained on MALDI Q-ToF system. 

 

The spectral respond of fluorescein is another interesting example worth highlighting. 

Fluorescein can be detected under positive and negative ion mode. (Figure 4-37) 

However, the ion yield of the protonated form is on average 10 times higher than the 

deprotonated form. It can also be seen from the negative spectrum that the formation 

of potassium adducts is more favourable than the deprotonated form. Fluorescein is 

[M-H]- 

Cationised 

dimer 

Cationised 

trimer 
Cationised 

pentamer 

A 

B 

C 
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slightly acidic and has an absorption maximum at 494 nm. It does not have a high 

pKa value, nor does it have a nitrogen atom, but multiple ionisation equilibria. It is 

proposed that the protonated and deprotonated ions are preformed and the shift of the 

equilibria to favour the protonated form is a result of its high PA value. It also appears 

also that the stabilisation of the deprotonated from is achieved through a redistribution 

of electron density to the metallic ion.  

 

 

Figure 4-37 (A) positive and (B) negative ion DIOS spectra of 0.1 mM fluorescein. Date obtained 

on MALDI Q-ToF system.  

 

A brief summary: A number of biologically related small molecules have been tested 

using DIOS-MS and their trend of spectral responds is highlighted according to their 

chemical nature. Due to limited space, only a selection of spectra has been presented. 

The data collected is summarised in Table 4-6. A note needs to be added here: the 

initial study included the investigation using QqLIT-MS under negative ion mode. 

Unfortunately, the design of the detector is biased toward positive ions detection 

making the data acquired in negative mode invalid. Additionally, dopamine was 

effectively detected by MALDI-ToF (see Figure 4-39), but it could not be effective 

detected by the MALDI Q-ToF system, implying ion stability is more important than 

aqueous basicity or proton affinity of the analyte molecule.5     

A 

B 
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Table 4-6 Selected compounds tested using DIOS-MS. Their chemical structures, molecular weights (MW), ionisation energies (IE), proton affinities (PA) and 

aqueous basicities (pKa values) are presented along with the DIOS spectral responds. The classification is based on the functional group of interest.  

Classification Compound  Structure MW DIOS Spectral respond (m/z) Physical properties 

Amine  Ethylenediamine 
H2N

NH2

 
60 [M+H]+ at 61 

Spectra severally complicated 

with hydrocarbon  

IE 8.6-9.25 

PA 951.6 kJ/mol 

pKa 9.92 

Amine  Furfurylamine 
H2N O  

97 [M-NH2]
+ fragment at 81 pKa 8.89 

Amine  Tris(hydroxymethyl)-

methylamine 

NH2

HO
OH

OH

 

121 [M+H]+ at 122 

[M-OH]+ at 104 

[M+Na]+ at 144 

Cationised multimers 

 

Amine N,N-Dimethylhexylamine 
N

 

129 [M+H]+ at 130 

 

 

Organic acid Malic acid  O

HO

OH

OH

O  

134 [M-H]- at 133 (v. weak) and 

[2M-H+Na]- at 290  

pKa1 3.40 

pKa2 5.05 

Amine  Phenyltrimethylammonium 

bromide 

Br-

N+

 

136 M+ at 136 

C-N fragment at 121 

C-N fragment and capture of 

H at 122 
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Quinoline  8-hydroxyquinoline 

N

OH  

145 [M+H]+ at 146 Absorb 336 nm UV  

pKa 5.02 

Amine  Acetylcholine  

N+

O

O

 

146 M+ at 146 

C-N fragment at 87 

 

Amine  Dopamine 

NH2HO

HO

 

153 MALDI-TOF: 

[M+H]+ at 154 (weakly) 

[M-NH2]
+ fragment at 137 

Could not be detected by 

MALDI Q-ToF system 

pKa 8.93 

 

Organic acid Phenyllactic acid 

OH

O OH

 

166 [M-H]- at 165 (v. weak), [M-

OH-2H]- at 147 in MALDI 

Q-ToF system 

 

Organic acid 4-Nitrobenzoic acid  

O

OH

N+

O

-O

 

167 [M-H]- at 166 

[M-COOH]- at 122 

[2M-2H+Na]- at 355 

[3M-2H+K]- at 537 

[4M-3H+Na+K+Li]- at 733 

pKa 3.44 

IE 10.2 ± 0.2 eV 
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Organic acid Ascorbic Acid 

HO

HO

HO

O
O

OH  

176 [M-H]- at 175 (v. weak) pKa1 4.10 

pKa2 11.79 

Organic acid Hippuric acid 
H
N

O

O

OH

 

179 In positive: 

[M-H+2Na]+ at 224  

[2M-2H+3Na]+ at 425 

[2M-4H+5Na]+ at 469 

 

In negative: 

[M-H]- at 178  

[M-COOH]- at 134 

[2M-2H+Na]- at 379 

 

Organic acid Homovanillic acid 

O

HO
O

OH  

182 Not detected  4.41 

Xanthine 

alkaloid 

Caffeine  

O N

N

N

N

O

 

194 In positive 

Spectra quite noisy  

[M+H]+ at 195 

[M+Na]+ at 217 

[M+H+Na]+ at 218 

[M+K]+ at 233 

IE 7.95-8.5 eV 

pKa 10.4 (40 °C) 



 223 

[M+2Na+K]+ at 279  

 

In negative 

[M-H]- at 193 

C-N fragment at 179 in both 

positive and negative 

Amine  N-dodecylmethylamine H
N  

199 [M+H]+ at 200 

A serious of alkylation 

products 

 

Azole Ornidazole 

N

OHCl

N+

N

O
O-

 

219 [M+H]+ at 220 

[M+Na]+ at 242 

[M+Na+K]+ at 280 

Sensitivity improve with 

addition of formic acid 

 

Organic acid/ 

naphthalene 

Naproxen 

O

OH

O

 

230 In positive: 

M+ at 230  

[M-COOH]+ at 185 

[M-COOH+H]+ at 186 

[M-COOH-CH3+H]+ at 171 

 

In negative: 

pKa 4.15 
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[M-H]- at 229 (weak) 

[M-CH3]
- at 215 (weak) 

[M-CH4COOH]- at 169  

[M-CH3CH2COOH+2H]- at 

158 

Biphenyl  4-Bromobiphenyl 
Br

 

232 [M+H]+ at 233 (weak) 

[M+Na]+ at 256 (weak) 

C-Br fragment, at 153 (weak)  

IE 8.05 ± 0.02 eV 

 

Quinolone/ 

organic acid 

Nalidixic acid 

NN

O O

OH

 

232 In positive: 

[M+H]+ at 233 

[M-OH]+ at 215 

[M-COOH+2H]+ at 189  

 

In negative 

[M-H]- at 231 

C-N fragment at 203  

multimer at 419, 463 and 649 

pKa 8.6 

Amine  Lidocaine  

NH

O

N

 

234 [M+H]+ at 235 

[M+Na]+ at 257 

pKa 8.01 



 225 

Amine  Procainamide 

NH2

N
H

N

O

 

235 [M+H]+ at 236 

[M+Na]+ at 258 

[M+Na-H+Li]+ 264 

C-N fragment at 100, 120, 

163 

pKa 9.32 

 

 

Amine/ 

sulfonic acid 

4-(2-Hydroxyethyl)-1-

piperazineethanesulfonic 

acid (HEPES) 

N N

HO

S OH

O

O

 

238 [M+H]+ at 239 in positive – 

spectrum complicated with 

interferences  

 

[M-H]- at 237 in negative 

pKa 7.5 (data 

provided by 

manufacturer, 

Sigma) 

Azole/ amine 2-(4-aminophenyl)-6-

methylbenzothiazole H2N

N

S  

240 [M+H]+ at 241 

M+ at 240  

 

Amine  Tetrabutylammonium ion 

N+

 

242 M+ at 242  

Amine  Alprenolol  

O

OH

N
H

 

249 

 

[M+H]+ at 250 

[M-OH]+ at 232 

Dimer at 403, 483 

pKa 9.60 



 226 

Organic acid Diflunisal 

OH

F

F

O

OH

 

250 [M-H]- at 249 

[M-2OH]- at 216 

[M-COOH]- at 205 

 

Amine  Diphenhydramine 
N

O

 

255 [M+H]+ at 256 

[M+Na]+ at 278 

C-O fragment at 167 

pKa 8.98 

Organic acid Ketorolac O

N
OH

O  

255 In positive: 

[M+H]+ at 258 (v. weak) 

[M-COOH]+ at 210/212 

[M-CH2COOH]+ at 196 

 

In negative: 

[M-H]- at 254 

[M-COOH]- at 210  

[M-COOH-2H]- at 208 

C-C fragment at 186 

pKa ~4.47 
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Organic acid  Tolmetin O

OH

O

N

 

257 In positive: 

[M+H]+ at 258  

[M-COOH]+ at 212  

[M-CH2COOH] at 198  

 

In negative 

[M-H]- at 256 (weak) 

[M-COOH]- at 212 

[M-COOH-2H]- at 210 

[M-CH2COOH]- at 198 

Cationised multimers (in both 

positive and negative) 

pKa ~4.22 

 

Quinolone/ 

organic acid 

Flumequine 

F

O

N

OH

O

 

261 in positive 

[M+H]+ at 262 

[M-OH]+ at 244  

[M-COOH+2H]+ at  218  

 

In negative: 

[M-H]- at 260  

[M-COOH+3H]- at 219  

[M-C3H2O3]
- at 175  

pKa 6.2 
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Cationised multimers in both 

positive and negative 

Amine  Nortriptyline 

(Nortriptylene)  

N
H  

263 [M+H]+ at 264 

C-N fragment at 233 

C-C fragment at 218, 203 

C=C fragment at 191 

IE 8.39 ± 0.11 eV 

Amine  Atenolol 

O

OH

N
H

NH2

O

 

266 [M+H]+ at 267 

[M-OH]+ at 249 (weakly) 

 

pKa 9.60 

Nucleoside  Adenosine 
OH

OH

HO

O

N
N

H2N

N N

 

267 [M+H]+ at 267 

[M+Na+K]+ at 329 

C-N fragment at 136 

PA 989.3 kJ/mol 

pKa 12.35  

Amine  Metoprolol  O

O

OH

N
H

 

267 [M+H]+ at 268 

[M-OH]+ at 250 (weakly) 

 

pKa 9.70 

Amine  Sotalol 

N
H

S

OH

HN

O O

 

272 [M+H]+ at 273 

[M-OH]+ at 255 

pKa 9.76 
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Amine/ 

organic acid  

Flufenamic acid  

NH

O

HO

F

F

F

 

281 

 

 

 

 

In positive:  

[M-OH]+ at 264 

 

[M-H]- at 280 

[M-2H-OH]- at 262  

[M-COOH]- at 236 

Cationised dimer 

pKa 3.9 

Amine  Nadolol  

O

OH

N
H

OH

OH  

309 [M+H]+ at 310 

[M-OH]+ at 292 (weakly) 

C-N fragment and capture 2H 

at 254 

C-N fragment at 237 

pKa 9.67 

Amine  Timolol 

NH

HO
O

N
S

N

N

O

 

316 [M+H]+ at 317 

C-N fragment at 261 

pKa 9.21 

Amine  Octadecyl-

trimethylammonium ion 
N+

 

321 M+ at 347 
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Amine  Labetalol  

HN

HO

OH

NH2

O

 

328 [M+H]+ at 329 

[M-OH]+ at 311 

[M-OH-OH]+ at 294 

C-N fragment at 161/163 

 

 

pKa 9.40 

Aromatic  Fluorescein O

O

OHHO

O  

332 [M+H]+ at 333 (in positive) 

[M-H]- at 331 (in negative) 

Salt adducts 

pKa 6.4 

Amide  Phenethicillin 

O

OH

N

S

O

HN

O

O

 

346 [M+H+3Na+Li]+ at 441 pKa 2.7 
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Amine  Tertahexylammonium ion 

N+

 

354 M+ at 354  

Amide  Cefadroxil 

N

S

HN

OH2N

HO

O
HO

O

 

363 Not detected pKa1 2.56 

pKa2 7.24 

pKa3 9.67 

pI 4.90 

 

Steroid/ 

organic acid 

Cholic Acid 

HO OH

OH

O

OH

H

H

H

 

408 [M+Na]+ at 431 

[M-H+2Na]+ at 453 

[M-H+Na+K]+ at 469 

[M-H+2K]+ at 485 

[M+2H+acetate]+ at 469 

 

[M-H]- at 407 

pKa 4.98 

Amine  Verapamil  N

N

O

O

O

O

 

454 [M+H]+ at 455 

C-N fragment at 164 

C-C fragment at 303 

 

pKa 8.92 



 232 

Amide  Glyburide 

O

Cl

O

HN

S

O

O

HN

O

N
H

 

494 

 

[M+Na]+ predominate at 615 

 

pKa 5.3  

Saccharine  Raffinose 

O

H

OH

H

OH

H

H

H

HO

O

H

OH

H

OH

OH

H

H

H

O

HO

H

O

O

HO

H

H

OH

HO

OH

 

504 [M+Na]+ at 527 

[M-C6H11O5+Na+H]+ at 365 

 

Indole alkaloid Resperine 

N
H H

N

H

H

O

O

O

O

O

O

O

O

O

 

608 [M-H]+ at 607 in positive  

C-O fragment at 395, 397, 

195 in positive 

 

[M-H]- at 607 in negative 

(weak) 

IE 7.88 eV 

pKa 6.6 
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Saccharine β-Cyclodextrin 

 

1135 [M+Na]+ at 1157 

A serious of fragments losing 

monosaccharide unit  

 

- pka values were taken from various sources include Chemfinder.com and Luan, et al.35 

- Cefadroxil pka values were obtained from Advanced Analytical Technologies, Inc., available at  

<www.aati-us.com/solutions/pharmaceutical/pka_plmeasurement.html>.  

- IE and PA data obtained from NIST web book. 
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4.2.8 Effect of D2O and Acidic Buffers on Small Molecules 

Ionisation 

 

It has been suggested that residual solvents such as water or acids are the proton 

source in DIOS-MS.12 It has also been reported that introduction of water vapour and 

acetic acid vapour in the gas-phase SALDI-MS substantially increases the ion yield of 

protonated species.7 To verify whether water or acid has any effect to the spectral 

quality, mass spectra were acquired using a number of substances prepared with 

addition of D2O or acidic modifiers. Verapamil dissolved in D2O was first compared 

with verapamil dissolved in ACN/H2O; using plasma etched SALDI surface, s3. No 

time was allowed for exchanging hydrogen to take place and the droplet was forced to 

dry off in 1 to 2 minutes at 70°C. If water was a proton source, there should be a shift 

of the molecular ion peak by one m/z unit or a significant different in isotopic 

distribution of the molecular ions. The spectra obtained showed no shift of mass unit 

nor was there any effect to the isotopic distribution of the molecular ion. (Figure 4-38) 

Moreover, all solvent systems used in our studies should have no appreciable 

absorption at 337 nm. It appears, unlike IR-DIOS/MALDI,36 residual solvents are not 

a main proton source, nor a matrix in the vacuum UV-MALDI experimental condition.  

 

 

Figure 4-38 Spectra of verapamil deposited with H2O and D2O on plasma etched SALDI surface. 
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Figure 4-39 and Figure 4-40 show the spectra of dopamine and adenosine with and 

without the addition of acidic modifiers, respectively. These molecules are known to 

have high aqueous basicities. The results show that adding acidic buffer does not 

improve the ion yield and in fact, the intensity of the protonated molecules is lower. 

 

 

Figure 4-39 DIOS spectra of dopamine with and without addition of acidic modifiers. The spectra 

are presented normalised to peak m/z 167. Dopamine is an important neurotransmitter. 

 

 

Figure 4-40 DIOS spectra of adenosine, with or without addition of acidic modifiers. The spectra 

are presented with the same vertical scale. Adenosine is a nucleoside.   
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Figure 4-41 shows the spectra of diphenhydramine prepared with and without the 

addition of different acid modifiers. The spectra are dominated by the major fragment 

ion at m/z 167. It is thought that the fragment is formed by hydrolysis occur at oxygen, 

(Figure 4-42) and yet the presence of acidic buffer did not lead to more intense 

fragment peak and similarly the total ion yield was in fact lower. This suggests 

protonation at oxygen may lead to fragmentation.  

 

 

Figure 4-41 DIOS spectra of diphenhydramine, with or without addition of acidic modifiers. The 

spectra are presented with the same vertical scale. Diphenhydramine is an antihistamine.  
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Figure 4-42 Proposed fragmentation pathways of diphenhydramine. Protonation occurs at the 

oxygen, unlike ESI, is energetically unfavourable and leads to fragmentation. 



 237 

The results presented so far suggest that water or acid are less likely to be a major 

proton source and the presence of organic acid only results in lowering the ion yield 

due to ion-pairing effect. In particular, the addition of H3PO4 strongly suppresses ion 

formation. Exceptions occur if the acid functions to naturalise the excess charge, or to 

minimise the ion-pairing effect of salt, the addition of formic acid but not acetic acid 

or H3PO4 could result in a higher intensity of protonated molecules. (Figure 4-43) 

 

 

Figure 4-43 DIOS spectra of ornidazole with addition of 1% formic acid and no addition of acidic 

buffer. Spectra are presented with the same vertical scale. Ornidazole is an anti-protozoan drug, 

commonly used in poultry industry.  

 

Generally, the highest sensitivity for small molecules is obtained with no addition of 

acidic modifier, but if addition of acidic modifier is required, such as for sample 

preparation, 0.1% of formic acid appears to be the best approach as this should has 

minimal effect toward the signal intensity for small molecules. A similar observation 

has also been report in the thesis of Li,9 where addition 0.1% TFA, to an aged 

angiotensin I solution (i.e. with salt content) enhances the ion yield of [M+H]+ ion, 

but higher amount, 0.5 and 1%, decreases the protonated molecule signal and 

increases background interferences. 
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4.2.9 Reduction of Metallic Ions 

 

It has been reported that copper(II) and iron(III) are reduced to copper(I) and iron(II) 

during LDI,11, 12, 34, 37 and hence mass spectra of these metallic ions were acquired. 

(Figure 4-44) The spectra show that copper(II) is reduced to copper(I) and is desorbed 

as Cu+ and Cu(H2O)+ observed in the positive ion spectrum. This also implies the 

presence of hydrated state of copper ions. Furthermore, a mixture of copper(II) acetate 

and iron(III) chloride gives not only Cu(I/II) ionic clusters but also Fe(II)/(III) clusters 

in the negative ion spectrum.  

 

 

 

Figure 4-44 (A) Positive ion DIOS spectrum of a copper(II) acetate/sodium chloride mixture 

acquired on MALDI-ToF system. (B) Negative ion DIOS spectrum of a copper(II) 

acetate/iron(III) chloride mixture acquired on MALDI Q-ToF system.  

[Cu(I)Cl]Cl
-
 

[Cu(I)Cl]2Cl
-
 

[Cu(I)Cl]3Cl
-
 

[Fe(II)Cl2]Cl
-
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4.2.10 Substrate Structural and Chemical Change After LDI 

Investigation 

 

4.2.10.1 Porous Silicon DIOS Substrate  

 

Observing the DIOS target before and after use for LDI investigation under a 

microscope revealed that a localised porous destruction (formation of bigger pores) 

had occurred on the surface and in an extreme case, the surface had melted. (Figure 

4-45)  

 

The effect was also observed by SEM. Figure 4-46 shows a SEM image of a DIOS 

surface after LDI investigation. Two pores are clearly seen on the images and are 

highlighted by circles. Additionally, in the surrounding area, particles are also 

observed on the surface. Initially, it was though that those were remaining analyte (in 

a form of crystallites) adhered on the surface.  

 

However, Figure 4-47 suggests a different picture. The SEM image on the left shows 

a sample well of DIOS target after LDI investigation. There are two distinct areas on 

the image; one is an area on a spiral burn-mark and the area outside this burn-mark. 

The spiral shape is due to the spiral stage movement of the MALDI instrument, where 

the laser scans different areas during data acquisition. This area shows a higher 

contrast relative to the area that has not been scanned or modified by laser.  

 

The high magnification image (Figure 4-47 B) reveals that there are two types of 

particles, one has higher contrast than the other type (one is grey and the other is 

white). This may suggest the chemical nature of these two types of particles is not 

identical. Conversely, this is less evidenced on the image of the non-modified region 

(Figure 4-47 A). This suggests that these particles were not only the remaining 

deposited analyte but actually created during LDI. This led us to chemical imaging, by 

using XPS and SIMS, to investigate the chemical change due to laser modification or 

ablation.  
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Unused DIOS surface Used for LDI investigation Damaged by laser 

Figure 4-45 Optical image of the surface that has not be used, used for LDI investigation, and 

damaged by laser.  

 

 

Figure 4-46 SEM image of DIOS substrate after use for LDI investigation. The surface had been 

subsequently washed and stored in propan-2-ol to remove deposited analyte after LDI 

investigation. The circles highlight the formation of big pores after the substrate was used for 

LDI investigation. The SEI also shows particles scattered on the surface.  
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Figure 4-47 SEM images of DIOS substrate after LDI investigation. The surface had not been 

washed and stored in sealed container in freezer after use. The SEI on the left shows a lower 

magnification of a sample well. The spiral shape laser “burn mark” was formed as a result of 

spiral stage movement during data acquisition. Two areas were chosen with high magnification: 

(A) area that has not been modified by laser and (B) area that has been laser modified.  

 

4.2.10.2 XPS and SIMS Imaging To Laser Modification of SALDI Substrate 

 

The gas-phase SALDI-MS approach requires a chemical etched surface to be further 

“subjecting… to optical radiation in water [vapour] environment at intensity lower 

than destruction threshold of [the] surface”.
38 This laser etching carried out under 

vacuum inside the mass spectrometer ablates materials that have already been 

adsorbed onto the surface. The surface is said to be activated and highly susceptible to 

organic species adsorption and is essential for the function for gas-phase SALDI-MS. 

A sample solution is then introduced into the vacuum chamber of the mass 

spectrometer via a GC instrument. After laser etching, a visual alternation can be seen. 

Although no laser etching was performed in our LDI investigation, transformation in 

A 

B 

A 

B 
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surface chemistry is thought to occur. One question is what will occur to the surface 

because of laser excitation. The effect of prolonged laser etching on a silicon substrate 

had also been studied by Chen, et al.,39 but was limited to morphological analysis by 

SEM. In here, SIMS and XPS chemical imaging was used to investigate the effects of 

laser etching or ablation of the SALDI substrates.  

 

Some of the SALDI surfaces received had been used for gas-phase SALDI-MS testing 

and hence these surfaces are products of both laser etching and gas-phase SALDI 

processes. Typically, a laser beam is continuously fired onto the substrate inside the 

vacuum chamber of SALDI mass spectrometer, until the analyte signal is diminished. 

The relatively smooth SALDI surface morphology makes it a more suitable choice 

relative to porous surface for chemical imaging by XPS. 

 

A laser modified surface was first investigated by SEM. (Figure 4-48) A ring is 

observed on the image. This ring was due to a circular movement of laser beam 

diverted by a rotating mirror during the gas-phase SALDI-MS investigation. This 

region has thus been laser modified under the gas-phase SALDI-MS condition and the 

surrounding area has not been modified by laser. One distinct difference here 

compared to the DIOS target is that, the laser-modified ring is darker relative to its 

surrounding area. Furthermore, because it was the mirror in rotation instead of the 

target stage transition, the laser incidence angle and spot size varied. Consequently, 

the thickness of the ring circumference varied and so would have been the localised 

laser intensity and temperature during the SALDI experiment. 

 

The surface was further studied by XPS chemical imaging analysis. The applications 

of XPS in chemical mapping of germanium surface have been previously discussed 

by Smith, et al.40 Multi-spectral datasets were acquired at 0.2 eV intervals. Images 

were taken from an area of interest, in this case 800 × 800 µm2. Resolution was 256 × 

256 pixels. The multi-spectral image data was then processed with SVD sorting and 

PCA. The method and instrumental settings have been outlined in Chapter 2, section 

2.3.4.1 and 2.4.5.4. The final images were reconstructed from the first two principle 

components. Four images corresponding to silicon dioxide [Si 2p oxide], silicon 

element [Si 2p metal], carbon [C 1s] and oxygen [O 1s] are displaced. (Figure 4-49) 
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The XPS images of Si 2p oxide and C 1s show a very similar pattern and a higher 

intensity is observed on the right side of the image (laser modified region) than the 

left side of the image (non-modified region). This may suggest silicon dioxide and 

carbide complexes could be by-products created during the SALDI process. The XPS 

images of Si 2p element and O 1s show a higher Si element but lower oxygen signal 

on the laser-modified area relative to non-modified region. On the other hand, the 

pattern of O 1s signal is also a mirror image to that of Si 2p oxide and C 1s. 

 

Si 2p core-level spectra are reconstructed by summing the multi-spectral datasets of 

the selected pixels of the Si 2p image, using the relative intensity of Si (element), 

which is corresponding to the laser modified and non-modified region of the surface. 

(Figure 4-50) The spectra are deconvoluted to elemental Si and silicon oxides. The 

change in elemental Si and oxides intensity between the laser modified and non-

modified region indicate a thinning of oxides/hydroxides layer and the oxide thickness 

can be calculated by:  

 

2 exp 0sin ln(1 / )oxides SiO td R Rλ θ= +  

 

as described in Chapter 2, section 2.4.5.4. The calculated SiO2 thicknesses are 3.3 nm 

and 4.2 nm for modified and non-modified region respectively. The calculated values 

might have been over estimated as the surface roughness also influences the path of  

photoelectron.41 (Figure 4-52) 

 

O 1s core-level spectra are also reconstructed and are deconvoluted to SiO2 and SiOH 

components. (Figure 4-51) The reconstructed O 1s spectra show that the laser-

irradiated region has a higher proportion of SiOH but lower proportion of SiO2. This 

proportional change in the ratio of oxide and hydroxides is similar to that of argon 

plasma etching to the SALDI surface. However, there may be a contradiction to the Si 

2p spectra.  

 

For that reason, it would be an over generalisation to interpret these changes simply as 

thinning of oxides thickness due to laser ablation or surface melting, but a 

combination surface morphological rearrangement and chemical composition change. 
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Figure 4-48 SEM image of the SALDI substrate s2 after SALDI-MS investigation showing a ring 

modified by laser etching. The substrate was stored in propan-2-ol until analysis. 

 

 

 

Figure 4-49 XPS imaging of the SALDI surface, s2, showing the ring that has been laser modified.  
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Figure 4-50 Reconstructed Si 2p spectra for each pixel generated from multi-spectral datasets 

summed for the regions that have been laser modified and without defined by reference to the 

bicolour image.  
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Figure 4-51 Reconstructed O 1s spectra for each pixel generated from multi-spectral datasets 

summed for the regions that has been laser modified and without defined by reference to the 

bicolour image. The deconvolution of SiO2 and SiOH is calculated by constricting the peak width 

being identical.  
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Figure 4-52 2D schematic of (A) smooth and (B) “triangular” rough silicon surface. On a smooth 

surface, the model of a silicon single-crystal substrate composed of an overlayer of silicon dioxide 

of thickness d, a contamination layer, and an intermediate oxides layer at the silicon 

dioxide/silicon interface. The photoelectrons emit at an angle normal to the surface and the 

thickness of dioxide d = 3λλλλ, where λλλλ is the attenuation length. On a simplified model of a rough 

surface, the surface is composed of a number of segments of smooth surface tilted according to 

the magnitude of the localised roughness, by an off-axis angle, θθθθ, which is the angle between the 

central axis of the XPS analyser and the surface normal of the sample. Accordingly, the 

attenuation length measured is larger than the actual thickness of dioxide overlayer.  
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A laser modified SALDI surface was also examined by SIMS ion mapping, in which a 

wide variety of molecular species was accessed with an improved lateral resolution. 

However, SIMS is surface specific and only the topmost oxides layer was detected. 

Ion images were generated by a finely focused primary ion beam produced by Ga+ 

liquid metal ion gun swept the sample in a raster pattern of an area 500 × 500 µm2 and 

software saved secondary ion intensities as a function of beam position. Resolution 

was 512 × 512 pixels. Figure 4-53 shows an optical image of the surface used for 

imaging. Three areas, corresponding to laser modified region (Area A), non-modified 

region (Area B) and a particle (Area C), appeared as a purple dot, are highlighted. The 

SIMS images are shown at Figure 4-54 and the results are summarised in Table 4-7. 

 

 

Figure 4-53 Optical image of SALDI substrate s1 after SALDI-MS investigation showing an arc 

caused by laser etching. The green square indicates the area used for SIMS imaging. The 

substrate was stored in propanol until analysis.   

 

Table 4-7 Comparison of the elemental and molecular ions detected by ToF-SIMS at different 

region of the surface.   

Higher in Area A 

(modified region) 

Higher in Area B 

(non-modified 

region) 

Relative uniform 

between A and B 

Higher in Area C 

(particle region) 

Na+, Na2
+, K+,  

Si+, SiH+, SiF+,  

SiCH2
+, SiCH3

+,  

SiO+, SiHO+, CH4N
+,  

F-, Cl-, I-, O2
-, 

SiO2
-, SiHO2

-, SiO3
-, 

SiHO3
-, SiH3S

- 

SiH2
+, SiH3

+,  

CH3
+, C2H3

+, C3H3
+, 

C3H5
+, C3H7

+, C4H7
+, 

 

H-, C-, CH-, Si-, SiH-, 

SiH2
-, SiHO-,  

H+, CH2
+, CH3

+, 

C2H2
+, CH5N

+, 

C2H3O
+, SiH3O

+, 

C3F
+, C2OF+, Fe+, 

O-, OH-, C2
-,  

C2H
-, C2H

-, CN- 

Na+, Fe+, 

C4H7
+, CH4N

+, 

 

 

C2
-, CN- 

 

 

(A) Laser modified area 

(B) Non-modified area 

(C) A particle  
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Figure 4-54 ToF-SIMS ion images of laser modified SALDI surface s1. Logarithmic scaling and 

Poisson correction is used to scale the contrast of the images. 
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The images of H+, CH2
+, CH3

+, O- and OH- ionic species are intense and are relatively 

uniform on the surface. This suggests they might have been formed from species 

subsequently adsorbed onto the surface after the gas-phase SALDI-MS testing. On the 

other hand, ionic species of silicon oxides (SiO+, SiO2
-, SiO3

-) and hydroxides (SiHO+, 

SiHO2
-, SiHO3

-) are observed on the laser-modified region with higher intensities 

relative to non-modified region. Silicon hydride ions (SiH2
+, SiH3

+, SiH-, SiH2
-) are 

lower on the laser-modified region relative to non-modified region. Similarly, Si+ ion 

is intense and shows a higher intensity on the laser-modified region and yet the 

intensity of Si- is lower on the same area. This observation points to the matrix effects 

caused by silicon oxides,42 and possibly involving other highly electronegative ions 

(F-, Cl-, I-, O2
-), which have a higher intensity on the modified region and favour the 

formation of Si+. In fact, the significant difference of F- ion between these two regions 

is noteworthy. (vide infra) Overall, the surface was oxidised during the SALDI 

process. 

 

Furthermore, conversely to the plasma etching, halogens/halides ion such as fluorides, 

chloride and iodide (F-, Cl-, I-) are higher on the laser-modified area relative to non-

modified area. The same is true for Na+ and K+. This may be because laser has 

removed the surface contaminants and the deeper layer exposed to the surface. Then 

again, is there any relationship between sodium/potassium and halogens/halides signal? 

(See section 4.2.10.3) On the other hand, the particle observed may be an organic salt, 

as species such as Na+, Fe+, CN-, and I- are relatively stronger in its region.  

 

The ion intensity of SiH+ is also higher on the modified region. Even if matrix effects 

have a role in enhancing the intensity of Si+ on the modified region, this still cannot 

explain the observed pattern of SiH+. A possible explanation is that, laser induces a 

further reaction with remaining etchant to the surface. This is supported by SiF+, F- 

and I- images. SIMS spectra are reconstructed using the relative intensity of Si+ 

(positive) and F- (negative), respectively, corresponding to modified and non-

modified region of the surface. (Figure 4-55 and Figure 4-56) H+ and O- are uniform 

throughout the ion image and are chosen as a reference. The intensity ratio of SiH+/H+ 

increases from 17.7 to 20.0 (non-modified to modified region) and the intensity ratio 

of F-/O- also increases from 0.22 to 0.42 (non-modified to modified region). This 

implies that fluorine passivation as proposed may only occurs after laser etching. 
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Figure 4-55 SIMS spectra of (A) modified region and (B) non-modified region under positive mode. The spectra are regenerated by summing the spectra collected 

at the selected region of interest (ROI), insert. Significant differences between the spectra are highlighted by red boxes. 
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Figure 4-56 SIMS spectra of (A) modified region and (B) non-modified region under negative mode. The spectra are regenerated by summing the spectra collected 

at the selected region of interest (ROI), insert. Significant differences between the spectra are highlighted by blue boxes. 
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4.2.10.3 Observing Native Variation of SALDI Substrate by Using SIMS Imaging 

 

According to the SALDI ionisation theory proposed, the SALDI surface is hydride, 

fluorine and/or iodine passivated.43 Iodine on the surface is dissociated during the 

aforementioned laser etching, which then leads to the formation surface dangling 

bonds. Water is then dissociated adsorbed and incorporated onto the surface and 

forms Si-OH, which is believed to be the main proton source. This theory was based 

on the observation that during the laser etching, a high intensity of iodine ions is 

detected by the mass spectrometry under the negative ion mode. Apart from physical 

scratches and/or salt particles, the ToF-SIMS ion-imaging revealed that most of the 

SALDI substrates received are chemically uniform, but a few substrates have areas 

show some variations. This provides us an opportunity to look into the matter from 

another prospective. 

 

Figure 4-57 shows an optical image of SALDI surface s4, which has a distinct upper 

and lower variation native to the surface. There is also a dot in the mid-lower region. 

This surface has also been investigated by SIMS imaging. (Figure 4-58) The SIMS 

images also reveal the presence of salt particles but are not clearly visible by the 

optical image. The results of SIMS imaging are summarised in Table 4-8.  

 

 

Figure 4-57 Optical image of the as-received SALDI substrate s4. The substrate was stored in 

propanol until analysis. 

 

Upper region 

Lower region 
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Ions 

 

 

 

Negative 
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Figure 4-58 ToF-SIMS ion images of the as-received SALDI surface s4. The images suggest the 

SALDI substrates are not iodine passivated. Logarithmic scaling and/or Poisson correction is 

used to scale the contrast of the images. 
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Table 4-8 Comparison of the elemental and molecular ions detected by ToF-SIMS at upper and 

lower region of the surface. 

Higher in the upper 

region 

Higher in the lower 

region 

Relatively uniform   Particles  

Na+, C3F
+, 

C-, C2
-, CH-, CH2

-, 

C2H
-, CN-, 

OH-, F-, Cl-, I-,  

SiHS-, SiHO3
- 

CH3
+, C2H3

+, Si+, 

SiO+, SiHO+, 

O-, SiO2
-, SiO3

- 

SiH+, SiH2
+, SiH3

+, 

SiCH2
+, SiCH3

+, 

SiF+, SiH3O
+,  

Si-, SiH-, SiH2
-, O2

-,  

SiHO- 

Na+, K+, Fe+,  

NH4
+, CH4N

+, 

CH5N
+, C3H8N

+ 

F-, Cl-, SiH3S
- 

 

The highlight here is the pattern of Na+, OH-, Cx
-, CxHy

-, CN-, F-, Cl-, and I- in the 

SIMS ion image shows a clear distinction between the upper part and the lower part of 

the image. The halide ions appear closely correlated to the Na+, water and 

hydrocarbons, but not silicon on this native SALDI surface. This suggests, the iodine 

ion observed by mass spectrometry may be in the form of sodium iodide, and may not 

be in the form of Si-I. Accordingly, iodine does not have any correlation to the 

SALDI ionisation mechanism as proposed and the formation of dangling bond due to 

iodine dissociation from the surface has to be rejected.  

 

Model of Laser Modification of the SALDI Surface  

 

A model is proposed to summarise the effects of laser modification to the SALDI 

surface. (Figure 4-59)  

 

 

 

 

 

 

 

 

Figure 4-59 2D schematic of the effects of laser modification to the SALDI surface in SALDI-MS 

environment. Laser induces oxidation of the surface and leads to formation of Si-OH moiety.  

Reduction of localised surface roughness due 

to ablation and/or melting of the surface   

Non-modified region Laser modified region 

Predominant species: 

SiH  SiH2  SiH3  Si(OH)x  SiO2  

CxHy  CxHyFz  HF/I  Na/KI   

Predominant species: 

SiH  Si(OH)x  SiO2  SiHO2   SiO3  

SiHO3  SiF  SiCxHy   Si-O-CxHy 
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4.3 Summary and Discussion   

 

The simplest forms of ions generated by DIOS-MS are protonated and deprotonated 

ions. Nevertheless, fragment ions and various ionic products were observed in the 

DIOS mass spectra. There were also dissimilarities in spectral response among 

different instruments used. There are questions that arose from the results. The 

questions include the factors that govern the ionisation process, the process of proton 

transfer and the source of proton, the fragmentation reaction, the formation of 

molecular ions, the desorption of ions, the reduction of metallic ion such as copper (II) 

and iron (III), and the tendency of the formation of metallic aggregates of acidic 

compounds, etc. In here, the explanation to the experimental results observed is 

sought and a hypothesis on DIOS/SALDI activity is formulated. 

 

4.3.1 Proton Affinities and Aqueous Basicities of the Analyte  

 

It has been proposed that one of the determinants in gas-phase SALDI-MS is that, for 

the observation of protonated analytes, the pKa-value of the analyte must be larger 

than about 4.7, 43 The SALDI theory assumes that the basic compounds are ionised via 

metathesis reaction and are desorbed as pre-formed ions in a solvated state. An 

alternative view is that the detection of protonated ions depends on the PA value of 

the analyte molecules, as presented in the introduction section. PA is preferred over 

gas-phase basicity (GB) here because GB differs from PA with the inclusion of 

thermal and entropy corrections and yet the temperature of the LDI system is 

undeterminable. 

 

Very early in this study, it was noted that the addition of acidic modifier did not 

improve ion yield, whether on the DIOS or the QuickMass targets, and for peptides or 

small molecules. This has already raised the question of whether pKa is a relevant 

factor, though the ion-pairing effect has to be considered concurrently. Interestingly, 

from our investigation of amino acids, only arginine, histidine and/or lysine could be 

effectively detected under positive ion mode – an observation opposite to that of ESI 

condition. The amino acid side chain functional group or their PA values are 
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important. The investigation of peptides also showed that the peptides which contain 

arginine, histidine and/or lysine residues, such as bradykinin (PA ~ 1025 kJ/mol) and 

angiotensin, could be effectively detected under positive ion mode. In contrast, the 

peak intensity of protonated species of synthetic peptides, such as polyglycine, 

polyalanine and polyphenylalanine, was relatively low, and the formation of salt 

adducts and salt-bridged cationised multimers were favoured. This observation is 

similar to that of organic acids observed under negative ion mode and cannot be 

explained comfortably by aqueous phase chemistry in bulk.44 Increasing the chain 

length of synthetic peptides led to enhanced ionisation and such observation has to co-

relate to the increasing PA values of the peptides. Although the protonated ion of 

pentapeptide leucine enkephalin (PA ~ 998 kJ/mol) was detected under AP-MALDI 

condition, the DIOS spectra acquired under vacuum condition were dominated by its 

fragments and/or salt adducts. This observation may be explained by its amino acid 

chain (Tyr-Gly-Gly-Phe-Leu) lacking a high PA residue.  

 

Insofar the results presented, albeit the pKa value of many basic compounds that can 

be detected under positive ion mode are high. On balancing the influence of the pKa 

and the PA values, the formation of protonated species from neutral molecules and 

their LDI sensitivity, the PA value is more influential than the pKa value by not just 

telling which substance is more likely to be detected as protonated species but also 

their relative sensitivity. Metathesis proton exchange reaction proposed previously 

could only be an ancillary process. Still, we cannot overlook the possibility that ion 

source pressure, temperature, laser beam divergence, ion guide design of the mass 

spectrometer, surface chemistry of the substrate, modifiers or salts and other 

instrumental factors will influence the relative distribution of [M+H]+ ion and the 

ionic products of an analyte.   

 

4.3.2 Formation of Ions 

 

It is possible to rationalise the observations on ion formation in SALDI/DIOS by 

comparing the similarity with the MALDI ionisation mechanism. According to 

Knochenmuss,15-17 several possible ionisation reactions occur in MALDI, including 

multi-photon ionisation, disproportionation reactions, excited-state proton transfer, 
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energy pooling, thermal ionisation, desorption of preformed ions, and fragmentation 

of the sample into charged chunks and cluster, etc. These primary ionisation reactions 

produced the ions usually observed in MALDI mass spectra. Secondary ionisation 

reactions involve ion-molecule reaction, proton transfer, electron transfer, and cation 

attachment or transfer. It should be noted also the MALDI reactions are primarily 

governed by the principles of thermodynamics.16 

 

On close examination of the LDI spectra obtained, there is a very close similarity 

between the MALDI and the matrix-free LDI reactions. For example, direct 

ionisation/desorption of molecules, which have a low IE value or are UV radiation 

sensitive or pre-charged ions. Disproportionation reactions that leads to the formation 

of quasi-molecular [M-H]+ ion as well as protonated molecules [M+H]+. Very often, 

the SALDI/DIOS mass spectra of amines display a tailing region of the molecular ion 

peak. This phenomenon is believed to be the metastable state of desorbed ions and 

such phenomenon is often seen in ToF-SIMS spectra. Metastable peaks are a result of 

fragmentations occurring in the field-free region of the spectrometer and means that 

fragmentation occurs after some initial acceleration (i.e. while passing down the flight 

tube). Indeed, the relatively controlled and specific fragmentation pattern and the 

application for post-source decay (PSD) in DIOS similar to that of MALDI without 

the need of collision induced dissociation (CID), is an usual capability of the DIOS 

technique we need to pay attention to.1, 45  These observations suggest the existence of 

excited-states of desorbed molecules/ions as in MALDI. The differences here is that 

the functions of the matrix are merely substituted by an active substrate. Gas-phase 

secondary ion-molecular reactions can also occur and give raise to products of cation 

attachment and alkylation.  

 

If the observation of the excited states of desorbed ions and the influence of PA values 

of the analyte are correlated, it is possible to see that a fundamental protonation 

reaction is the excited-state proton transfer reaction and the reaction is in effect 

governed by the principles of thermodynamics identically to that of MALDI. This is 

further supported by the observation in relation to the instability of deprotonated 

molecules. How the neutral molecules are promoted to an excited state is not fully 

understood, since most of the compounds investigated do not absorb 337 nm UV 

radiation.  
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From the results we obtained in Chapter 3, the minimal requirement for LDI is the 

nanostructures of the surface. The capability of the surface coupling to laser radiation 

seems to be highly relevant in energy deposition. On the chemically etched surface, 

radiation absorption is highly efficient and the surface looks dark. The ability of 

absorbing UV radiation seems to be a key to the successful use of these substrates for 

the LDI-MS.  

 

One possible scenario is that the laser energy is transferred via the substrate to the 

adsorbed molecules. Another possible scenario when highly concentrated sample 

droplet is added onto the surface, and hydrated micro-crystallites are formed, the laser 

excitation of the micro-crystallites via thermo-vibrational pathways ablates those 

micro-crystallites into gas-phase. Followed by disintegration of the micro-crystallites 

into the desorption plumb, ions are formed entirely in the gas-phase.  

 

4.3.3 Proton Exchange on Silicon Substrates 

 

Presumably, during laser excitation, the analyte molecules on the surface are 

promoted to an excited state, the next question is how the excited molecules obtain a 

proton. A number of possible proton sources have been considered throughout this 

investigation, such as organic contamination, residual water, acidic modified, water 

vapour in the residual gas of the vacuum system and hydroxide moieties on the 

surface.  

 

Because of the high affinity of silicon surfaces to hydrocarbons, the adsorption of 

organic contaminants has been unavoidable in our experimental conditions. However, 

hydrocarbons somewhat provide a function of matrix and the desorption of the 

hydrocarbons carries the analyte molecules into the gas-phase and possibly behave as 

a low efficient proton donor.  

 

On the other hand, though solvent decomposition is possible, the level of the residual 

water remained on the surface in UHV, even tightly bound water, is so low that 

residual water is less likely a major proton source. (Excepted in the AP-MALDI 
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system) As we have seen, the level of water did not contribute to the O 1s peak of the 

XPS spectra, and even if present, the concentration of water was below the detection 

limit of the instrument. Furthermore, the addition of D2O did not produce a significant 

effect to the isotopic distribution of the spectra. Throughout our investigation, organic 

solvent systems have been applied onto the fluoro-silane modified silicon surfaces, 

and there has not been a problem in our laser mass spectrometry investigation. It 

appears that the solvent composition only effects to the aggregation and spreading of 

the sample droplet on the substrate. Similar observation has also been reported by 

Chen.30 Organic acids added could be a proton source. Then again, additional energy 

is required to overcome the ion pairing effect and is energetically unfavourable. 

 

It is very probable that the main proton source comes from the Si-OH moieties native 

on the surface and is partly supported by the results of XPS and SIMS imaging. The 

Si-OH moieties are converted to SiO2 and releasing a proton as proposed by Alimpiev, 

et al. previously.
43 (Figure 1-19). Indeed, the SIMS and XPS spectra and WCA results 

have also shown that the SALDI substrates are passivated by an ultra-thin layer of 

oxides on the surface. The DIOS substrate though has been fluoro-silanised, its 

surface still has a high concentration of Si-OH moieties. Iodine, on the other hand, 

does not seem to have a role in the ionisation process and there is no evidence 

supporting the SALDI substrate has been passivated by iodine. Fluorine passivation to 

the SALDI substrates possibly occurs during the laser etching stage in the gas-phase 

SALDI-MS and no evidence supports that this is produced during the chemical 

etching procedure. Consequently, the formation of dangling bonds due to the iodine 

dissociation and subsequently reaction with adsorbed water as proposed previously 

cannot be considered a viable process and the involvement of Si-I, or its dissociation 

is not required.43 If the proposed hydroxylation reaction occurs, the reaction may well 

be initiated by exciton, and/or thermal accelerated. (Figure 4-60) The availability of 

water vapour is dependent on the ion source pressure, and the proposed scheme may 

provide an insight accounting for the differences of the DIOS spectra obtained from 

AP and vacuum MALDI system. It should also note that the ablation of the oxide 

layer, surface melting and the further reaction of the surface with the remaining 

etchants could also occur as observed by XPS and SIMS imaging.  
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Figure 4-60 Proposed exciton-mediated hydroxylation reaction occurs during SALDI process. R 

= H, OH, or CxHy. An unbound exciton produced by UV absorption leads to a surface-localised 

positive charge. This surface charge can then interact with an oxidising agent, or any nucleophile. 

In this case, where water is the nucleophile, Si-OH is formed. The abstract of an electron from 

exciton produces the final neutral species observed. 

 

4.3.4 Surface Oxides, Halogen and Plasma Etching 

 

If the Si-OH moieties were the main proton source, why would surface oxidation 

degrade the LDI performance since the plasma-etched SALDI surfaces requires 

significantly higher laser energy to obtain mass spectra. Firstly, only the Si-OH 

moieties are candidates for the main proton sources and not SiOx where x = 1-3. 

Secondly, electrons can accumulate on the surface during LDI. (vide infra) The oxide 

layer and high electro-resistivity substrates may hide the charge neutralisation and 

thus an oxidised surface has a lower LDI performance. Furthermore, as Anderson has 

shown previously,29 an oxidised surface is more reflective to UV radiation and hence 

has a much lower absorbance of UV radiation and hence less proportion of the laser 

energy will be deposited and transferred to the analyte molecules. (see Figure 3-6) 

  

Furthermore, from the observations obtained in Chapter 3, the LDI performance can 

be enhanced either via chemical modification or via surface morphology. It is 
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evidenced that the fluoro-silane modified SALDI surfaces have a better SALDI 

performance relative to the as-received SALDI surfaces. The performance difference 

is contributed to the different interfacial reaction because of the fluoro-carbon 

termination on the surface. Halogens, as such fluorine, could well have an effect 

toward the proton exchange and have an important role in neutralisation the charge by 

withdrawing the electron density from the oxygen of the surface Si-OH moieties and 

hence stabilise the excited system and acidify the surface. In a system that halogens 

are absent, such as removing the halogens by plasma etching, it will be less 

energetically favourable for the protonation to occur. Indeed, the super-

hydrophobicity introduced by fluorine not only enhances the desorption in DIOS, but 

also in DESI relative to non-modified silicon surface carried out in our laboratory.  

 

4.3.5 Reducing Power and Electrostatic Field  

 

It is known that the presence of electronic surface states at the surface of a 

semiconductor perturbs the local charge balance and the electronic structure inside the 

semiconductor material, leading to near-surface band bending.46 Consequently, an 

additional negative charge is accumulated at the surface and the near-surface region is 

depleted of electrons and is hence positive. This is the origin of space-charge layer at 

the semiconductor interference.47, 48 (See section 4.3.6)  

 

It is possible that because of the surface electronic configuration of a semiconductor 

surface, upon laser excitation electrons can be transferred from the surface to the 

analyte and this leads to redox reaction of metallic ions, such as copper (II),12 iron 

(III),37 and organ-metallic compounds.49 It should also be noted that this is consistent 

with the reduction potential that can be provided by oxidation of silicon to its oxides. 

The charge accumulation could be amplified on nanostructures with sharp tips and 

lead to a large local electrostatic field and electron release.39, 50, 51 If this is the case, 

the release of electron plasma will undoubtedly lead to the formation of free radical in 

the desorption plumb and could lead to the onset of fragmentation and ion formation.  

 

He, et al. proposed the electrostatic field is an (inverted) lightning-rod phenomenon.52 

It is known that surface irregularities, such as sharp tips, produce a strong electrostatic 



 263 

field upon irradiation with polarised light - an effect often associated with AFM 

technique and surface enhanced Raman spectroscopy (SERS). Nonetheless, while 

qualitatively plausible, quantitative calculation of the local field intensity show that it 

is too low for actual desorption/ionisation of natural molecules to occur.7 Secondly, 

the lightning rod effect, occurring when the particle is off-resonance, provides only a 

very small amplitude enhancement.53 Then again, if the electrostatic effect was a 

resonance phenomenon, surface plasmon resonance was not observed by XPS on the 

substrate studied. The role of the sharp tips electrostatic field remains uncertain, and 

even if it does have a role, the effect is auxiliary or assists disintegration of ionic 

clusters and has to work collectively with the extraction field introduced by the mass 

spectrometer.7 The again, it is proposed that, though electrostatic field is less likely 

significant, electronic transitions are important.  

 

4.3.6 Nanocrystalline Silicon Surfaces as Energy Transferring 

Media 

 

Back to the time before MALDI was introduced, most species that was desorbed from 

the surface by direct laser desorption were neutrals at the laser fluences required to 

preserve molecular integrity (i.e. either fragment ions or no ions were obtained). 

Observations on how neutral molecules are desorbed from a surface concluded there 

are two main processes that contribute to the molecular desorption:  

 

1. laser-induced thermal desorption (LITD)54 and  

2. non-thermal laser desorption induced by electronic transitions (DIET) [or more 

accurately, desorption induced by multiple electronic transition (DIMET)]47 

 

LITD occurs through excitation of the substrate by creation of electron-hole pairs that 

relax and causes phonon excitation. On the other hands, DIET is a non-thermal 

process that occurs by substrate excitation that leads to low energy electron transfer to 

the surface species. This charge-transfer on semiconductor surfaces is mainly 

governed by the band structure due to the presence of a space-charge layer. Indeed, 

the involvement of a thermal and a non-thermal electronic process perfectly fit the 
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experimental results, and the proposed gas-phase SALDI process.7 A question 

remains, what is the electron-hole pairs and space-charge layer? 

 

Instead of forming a highly coordinated lattice structure like metals, semiconductors 

form structures in which the atoms are tetrahedrally coordinated. With these structures, 

the ns and np bands still overlap but the ns/np bands splits into upper and lower 

bands.55 The upper band is the conduction band and the lower band is the valance 

band by analogy with the valence electrons of individual atoms. While in the 

conduction band, the electrons are free of their parent atoms and are conductive. 

There is an energy difference between the upper and lower band and is the band gap. 

The band gap is a forbidden zone and an electron cannot remain within this range of 

energy. In indirect bandgap semiconductors, such as silicon and germanium, the 

available energies for the electron also depend upon k, where k is the wavevector 

(resolved by the Schrödinger equation) and is related to the direction of motion of the 

electron in the crystal. (Figure 4-61) 

 

 

  

Figure 4-61 Schematic of the band structure of indirect bandgap seiconductors: (A) silicon and 

(B) germanium. Eg is the bandgap energy.
56

 In contrast to direct bandgap semiconductors, the 

minimum energy in the conduction band is shifted by a k-vector relative to the valence band. The 

k-vector difference represents a difference in momentum. 

 

The electronic configuration of the atoms at the surface is different. All atoms in the 

bulk of a pure metal or elemental semiconductor are equivalent. The atoms at the 
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surface are different because they do not possess their full complement of bonding 

partners.46 Consequently, a semiconductor surface usually possesses electronic 

surface states and such states are energetically located in the band gap.47 These 

relatively localised states can result from dangling bonds on the surface, surface 

defects and impurities.47 Depending on the type of surface state (donors or acceptors) 

and the position of the Fermi level (the highest energy level in the crystal that can 

remain populated by electrons at 0K) at the surface, the surface states may carry 

charge, which is screened by an opposite charge inside the semiconductor material.47 

Due to the low free-carrier concentration in semiconductors, the screen length is long 

and a space-charge layer is formed, giving rise to band bending.47 (Figure 4-62)  

 

 

 

Figure 4-62 Schematic illustration of band bending near the surface of n-type semiconductor. (A) 

illustrates the disequilibrium between the bulk and the surface. (B) shows band at equilibrium. 

EC and EV are the conduction and valence-band edges, EF the Fermi energy, ED the energy of the 

bulk donor (n-type). QSS = -QSC are the charges accumulated at the surface and in the space 

charge layer.  eVS = ev (z = 0) denotes the band bending. (C) Carrier excitation and transport 

near the surface during photo-excitation that lead to the formation of electron-hole pairs (e
-
 and 

h
+
).

47, 48
 Non-radiative recombination of e

-
 and h

+ 
takes place only at the electronic surface state.  
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In fact, the unique features of charge transfer dynamic on the semiconductor surfaces 

are mainly governed by the band structure, particularly the presence of a space-charge 

layer. When photons with energy larger than the band gap are absorbed by the surface, 

electrons from the lower band can be promoted to the upper band and this creates 

energetic electron-hole pairs or excitons. Within the space-charge layer, electron-hole 

pairs are driven apart by the space charge field. For n-type semiconductors, electrons 

are driven into the bulk, while holes are transported toward the surface. This is 

because the charged carriers (electron and hole) are separated by the surface band 

bending and produce (UV radiation mediated) oxidation on the surface.57 When such 

charge separation or exciton formation creates an electric field and when it is relaxed 

via carrier-phonon scattering, this causes an electronic perturbation and vibrational 

excitation to the surface and adsorbates. The relaxation of excitons eventually 

transfers the laser energy to the adsorbates and leads to a promotion of the adsorbates 

to an excited state. This is possibly followed by energy pooling as in MALDI. 

Without the band bending and the electronic surface state, the photoexcited electrons 

would quickly settle into the energy minimum of the conduction band. Because of the 

momentum difference between the energy minimum of the conduction band and the 

energy maximum of the valance band in indirect band gap semiconductors, non-

radiative recombination of electrons and holes is prohibited and efficient excitation of 

the adsorbates is not happening.   

 

The requirement of roughened or nanostructured surface for LDI appears to enhance 

the aforementioned energy transfer processes and leads to effective ion formation. 

Then again, substrates that consist of different surface morphology or use different 

bulk material may not share an identical excitation pathway and we cannot exclude 

that there are some differences in the ionisation mechanism. Graphite, for example, 

has a negative indirect bandgap, i.e. the energy maximum the valence band is higher 

than the energy minimum of the conduction band in energy, and thus would not share 

an identical excitation pathway.   

 

We may consider a model that assumes only molecular species exist in the system, 

only protonation occurs in cation formation, and only deprotonation and metallic 

aggregates in anion formation. It should be noted that though the model presumes the 

deposited analyte molecules still to be in molecular state, it does not exclude the 
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possibility that the analyte molecules may also exist in hydrated states. Substances, 

which absorb UV radiation or exist as pre-charged ions are not applicable to this 

model.  

 

After sample deposition, a thin film of solvent-analyte mixture is formed on the 

surface. Capillary condensation is believed to occur on porous surface. During the 

LDI, the laser pulses excite the surface, which in turn excites the adsorbed molecules. 

The physical parameter should accordingly be the activation energy (EA). For positive 

ion system, as in MALDI, the excited system tends to lower its energy and return to 

chemical equilibrium that leads to the formation of protonated species (or in some 

cases, salt adducts). The physical parameter that governs the protonation reaction has 

to be another energy term, and that has to be the proton affinity (PA).4, 6 For that 

reason, protonation is therefore a thermodynamic consequence of lowering the energy 

of the system.  

 

For a negative ion system, the analyte molecules are excited and then dissociate into 

M*- ions and proton transfer occurs. The deprotonated species are unstable as they 

contain an extra negative charge and are excited. For larger molecules or molecules 

containing an aromatic system, the charge could be distributed throughout the whole 

molecular structure and would be relatively more stable, but for smaller molecules, 

this situation is unsustainable. One of the consequences is to form metallic aggregate 

where the excess charge could be distributed to the metallic ion. A possible solution to 

enhance the detection of these metastable species is that the ions must leave the ion 

source and reach the detector before its internal energy falls, for example, by using 

linear ToF. Figure 4-63 summaries the reaction profile of this model. Consequently, it 

is the entropy of the reaction ultimately determines which substance is detected by 

LDI and the rate of reaction determines the selectivity. 

 

The level of excited desorbed neutral molecules (neutral yield) may overwhelm the 

proton transfer process if the rate of desorption is higher than the rate of proton 

transfer, and the latter becomes inefficient. The internal energy of the excited 

molecules is redistributed via the intramolecular vibrational energy redistribution 

(IVR).58 The energy randomly distributes over the molecule and becomes 

concentrated in particular fashions which in turn give rise to unimolecular 
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reconfiguration and dissociation in the acceleration and post-acceleration region of the 

mass spectrometer,59 obeying the principles of quasi-equilibrium theory (QET).60 This 

may explain the ordered fragmentation often observed. 
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Figure 4-63 Proposed reaction profile of protonated ion formation (left) and deprotonated ion 

and metallic aggregate formation (right). “*” denotes excited state.  

 

Although limited data has been presented relating PA and LDI sensitivity, to ascertain 

this theory, possibly we can adopt a similar approach of Ostman, et al.
5, 6 by 

comparing the ion yield of many different compounds and with their known 

thermodynamic properties, such as PA values and dissociation constants. 

Unfortunately, very little experimental data is available and the thermodynamic 

properties are normally calculated based on quantum properties of the analyte 

molecules. Gaussian is often employed in the ab initio calculation, and it provides 

good speed and accuracy. However, a super computation power is required for the 

calculation. Although, the LDI spectral response of many compounds has been 

examined, in the absence of the support of computational chemistry, it is difficult to 

pursue further. 
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4.3.7 Possible Roles of the Pores  

 

A consistent observation throughout this study and in data published in the literature 

is that the substrates composed of a thick porous layer, not only produce a higher ion 

yield than the non-porous surfaces in LDI, but also extends the effective detection 

range to larger molecules. Whether it is the rough surfaces such as the QuickMass 

target or the non-porous SALDI surfaces, in comparison to the porous surface, the 

non-porous surfaces are less effective in promoting the LDI activity and thus produce 

lower ion intensity.  

 

In this investigation, structural change was observed after the target surface was used 

for LDI by optical imagining and SEM. One can assume that a sudden but localised 

thermal jump occurs during the laser excitation to the surface. The desorption plume 

cannot expand freely because of the confinement of the porous structure, a large 

pressure gradient relative to the vacuum chamber in the mass spectrometer is 

generated, bringing or ejecting the ions and analyte molecules into the vacuum 

(consider the similarity with gun barrel). The big pores could be formed due to the 

expansion of the desorbed plumb and/or the gas trapped inside the porous layer and 

led to a destruction of the porous structure. This result supports previous studies that 

the confinement introduced by the porous layer leads to explosive vaporisation and 

possibly generates a pressure gradient bringing the ions into vacuum.10, 39 Although 

the pores may not have a direct role in ionisation, but they do have a role in retaining 

the analyte, assisting the desorption process, increasing the sensitivity and extending 

the detection mass range. 

 

Furthermore, it is possible that a thick porous layer increases the optical path length 

and enhances optical absorption and the longevity of analyte signals.61 Additionally, 

the molecules that are present within the pores should experience the strongest 

fluctuation of the electric field and this is an additional reason that surfaces which 

have a thick porous layer, among all the surfaces investigated, give the best LDI 

performance. Moreover, porous structure is an effective mean to increase the surface 

area of the matrix-free LDI substrates relative to roughening and yet pores are less 
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structural fragile than shape tips, and the pores provide a confined space to retain the 

analyte molecules and to enhance the ion yield (Figure 4-64). 

 

When a fluid is confined to a very small cavity near to the size of molecules, such as 

nano-scale pores, its phase behaviour is altered. Long-range fluctuation and thermal-

vibrational effects could be another energy transfer pathway. Unfortunately, 

molecular dynamics and interfacial interactions in a confined space remain less well 

understood and this area is normally studied by neutron scattering.62-65 At this time, 

one can only speculate that the molecules confined into the pores depending on the 

molecular size and shape may orientate themselves relative to the surface in a gel-like 

film and therefore are retained effectively. On the other hand, to investigate the 

desorption process, nanosecond time-resolved imaging and photoacoustic analysis, 

that has been employed in the investigation of the MALDI expanding and desorption 

process by the Laser Mass Spectrometry Group of the University of Münster could be 

of use.66  

 

 

Figure 4-64 A proposed model of laser-induced desorption/ionisation on a porous surface. Two-

dimension adsorbate on the wall of the pore is excited and desorbed into gas-phase. Unlike the 

adsorbate on a rough surface, the resulting plume cannot expand into all directions but into one 

dimension desorbed phase due to the confinement imposed by the porous structure. This 

generates a pressure gradient and ejects the ions into vacuum.  
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4.3.8 Differences to Gas-phase SALDI-MS 

  

There have been inconsistent reports to the determinants of the LDI activity and the 

evidence collected suggests that there are differences between the gas-phase 

deposition approach and the common liquid-deposition approach. It should be noted 

that the first process of the gas-phase approach is gaseous adsorption of the analyte 

molecules onto the adsorbing surface. The proposed factors, such as reduced 

roughness (discussed in Chapter 3), the influence of aqueous basicities (pKa) of the 

analyte, acidifying the residual gas in the vacuum chamber by acetic acid, etc., could 

relate to the rate of adsorption process, and/or the secondary ion-molecular reactions 

in the desorption plumb. Nevertheless, vacuum liquid-deposition approach is not 

positively influenced by those factors. Common processes though include laser 

excitation, thermo- and electronic effects and proton exchange via the surface Si-OH 

moieties.  
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4.4 Conclusions 

 

We employed a wide range of pharmaceutical and biological related compounds, 

three different MALDI systems, and hence three different ion source pressures and 

ion optics to determine the DIOS capability. XPS and SIMS imaging were employed 

to reveal the laser induced surface reaction on the SALDI substrates. Evidence was 

produced and an ionisation theory was proposed based on the unique properties of 

semiconductor surfaces. Still, a lot of work is required to answer the questions fully. 

This study perhaps represents the most comprehensive and concrete understanding of 

the matrix-free LDI activity available to-date. 

 

The matrix-free LDI ionic reaction is similar or identical to that of MALDI. However, 

the functions of the matrix are substituted by an active substrate. Comparison of two 

techniques, MALDI is still more sensitive than DIOS for peptide detection. The 

opposite is true for small molecules because of the removal of matrix-related ion 

suppression. Ion formation is not a simple acid-base reaction, but rather like any 

chemical reactions, is determined by the principle of thermodynamics. As such, the 

ions observed are contributed to the entropy of the reaction (ion stability) and the rate 

of reaction (selectivity), departing from the conventional view of pKa or PA 

dependence. Surface structural and chemical changes due to LDI modification are 

observed. The implications of such change may be significant, and relates to the ion 

formation and desorption. The results of surface chemical imaging using XPS and 

SIMS reinforce the previous investigation that the Si-OH moieties could be a major 

proton source.  

 

The electronic structure of the semiconductor surface is believed to play a crucial role. 

It is believed the use of the nano-structured semiconductor surface affords an effective 

means for transferring laser energy to the adsorbate. The presence of surface hydroxyl 

groups provides an immediate proton source. The nano-sized pores can effectively 

retain the analyte and the confinement effect may produce a pressure gradient during 

LDI, assisting the ions desorption. The success of DIOS-MS is its fortuitous 

combination of its inter-related multi-reaction and leads to an effective ion desorption 

and formation and is different from early attempts of SALDI-MS approaches.  
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5.1 Introduction 

 

5.1.1 Metabolomic Analysis: Emphasis on Biofluids   

 

Metabolomics is a valuable platform for studies of complex diseases and the 

development of new therapies, both in non-clinical disease model characterisation and 

clinical settings.1 The ultimate starting point of a metabolomic experiment is to 

quantify all of the metabolites in a cellular system (i.e. the cell or tissue in a given 

state at a given point in time).2 However, for the past decade, mass spectrometric 

based metabolomic strategies emphasise quantification of a small subset of 

metabolites within representative biological matrices and these strategies are called 

target profiling.3 It is hypothesised that the matrix-free LDI approach can be 

effectively applied to global screening or profiling of metabolites, as is the NMR 

approach and is a focus of this chapter.  

 

In metabolomic studies, the experiments are usually conducted on biological fluids or 

tissue extracts, which contain a rich collection of metabolites. Blood plasma, serum 

and urine are the most commonly encountered mammalian biofluids,4 whether in 

clinical diagnosis for the assessment of patient physiology or in vivo studies. These 

biofluids can be obtained non-invasively or relatively easily, making them easy to 

sample, thus affording opportunities to study the metabolites' change over time.4 

However, intracellular fluids, excretes or secretes such as cerebrospinal fluid, bile, 

seminal fluid, tear and sweat, and other extracellular fluids develop as a result of a 

pathological process such as blister or cyst fluid and sputum can be also used. In 

contrast, the sampling of metabolites from biological tissue is invasive, one (usually 

animals) may have to be biopsied, sacrificed or destroyed. Tissue samples such as 

liver, kidney and brain are also often used in metabolomic studies.5, 6 The selection of 

a biofluid or tissue for metabolite profiling can be linked to anomalies in a particular 

tissue or organ.7 For instance, urine is more likely to reflect renal diseases. Sputum is 

often associated with diseases of the respiratory tract and lungs. Serum or plasma 

analysis gives information relating the homeostatic levels of metabolites throughout 

the organism. Lipid metabolism and drug toxicity studies often involve liver tissue. 



 281 

On the contrary, cells and culture media can be produced controllably or can be 

manipulated in in vitro conditions. Human and animal cell lines and single cell 

organisms, such as bacteria and yeasts,8-11 are relatively easily cultured and the 

analysis involves the whole metabolome of an organism, which is an essential 

element to the development of functional genomics. However, before performing any 

biomedical analysis, a validation process has to be completed. 

 

5.1.2 Validation Process   

 

One of the objectives for any analytical procedure, including any biological and 

biomedical analysis, is to enable consistent and reliable data of the appropriate quality 

to be generated.12 This is a vital step for method development and optimisation of an 

analytical method to ensure the information generated reflects the truth. Hence, an 

analytical procedure, including the analytical instruments used, must be properly 

characterised and validated to its designed specification. According to the US food 

and drug administration’s (FDA) guidelines on General Principles of Validation 

(1987),13 a validation process is to “[establish] documented evidence which provides 

a high degree of assurance that a specific process will consistently produce a product 

meeting its pre-determined specifications and quality attributes.”  

 

A validation process consists of at least four distinct steps (Figure 5-1). 

 

 

 

 

 

Figure 5-1 The validation process. 

 

The first two steps are normally carried out by the equipment vendor (equipment 

qualification) and the process has 4 major steps: design qualification (DQ), 

installation qualification (IQ), operational qualification (OQ) and performance 

qualification (PQ). (Figure 5-2) The latter two are carried out by the instrument 

operators (method validation) and are discussed below. 

Validation  

2. Software validation 

1. Instrumentation qualification 3. Method validation  

 

4. System suitability 
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Defines the functional and operational 

specification 

 

Establishes, that the instrument is received as 

designed and specified, and that it is properly 

installed. 

 

Demonstrates that the instrument will function 

according to the operational specifications 

 

Demonstrates that an instrument will function 

according a specification appropriate to its 

routine use 

 
Figure 5-2 Equipment qualification (4Qs).
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5.1.3 Method Validation  

 

Method validation is the process used to confirm that the analytical procedure 

employed for a specific test is suitable for its intended use. It assumes the analytical 

equipment used to acquire the experimental data is operating correctly and reliably.12 

The International Conference on Harmonisation of Technical Requirements for 

Registration of Pharmaceuticals for Human Use (ICH) divides the validation 

characteristics into nine parameters.15 (Figure 5-3) The definition of each parameter is 

available in the appendices. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-3 ICH method validation parameters.
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It should be noted that while it is ideal to evaluate every analytical performance 

parameter, practically, it is not necessary. The extent and scope of validation is also 

governed by the applicability of the method or “fitness for purpose”.12 An example is 

the “bottom up” (tandem mass spectrometric analysis of fractionated enzymatic 

digested peptide mixtures) and “top down” (intact proteins) validation approaches 

employed in proteomics,16 and is different from the ICH approach.   

 

5.1.4 Literature Data on Method Validation and Application of 

Biological Samples Using DIOS-MS 

 

Analytical precision is probably one of the major concerns in developing DIOS-MS 

into a consistent quantitative analytical approach. It is because of the instability of a 

MALDI system that a relatively large variation of signal intensity is likely to occur. It 

is necessary to examine if DIOS suffers poor precision as in MALDI. To begin with, 

we shall observe the validation protocol and the experimental data reported by the 

manufacturer (Waters Corp.).  

 

By comparing signal intensity of various pure organic compounds, Credo, et al. have 

reported that the DIOS “well-to-well” and “chip-to-chip” reproducibility is usually 

less than 50%.17 (Figure 5-4) Indeed, the precision varies considerably from analyte-

to-analyte. RSD calculated varies from as little as 2% for lidocaine to as high as 73% 

for reserpine. There was also a relatively large chip-to-chip variation. The report has 

also mentioned instrument settings, such as laser power affecting the standard 

deviation (SD) of the intensity. Shion, et al. have also reported the SD of lysergic acid 

diethylamide (LSD), on 110 readings, is approximately ± 10%.18 (Figure 5-5)  

 

The performance issue can be circumvented by using an internal standard. Credo, et 

al. have also reported that the linear response range was instrument-limited to two 

orders of magnitude when no internal standard was used, though LOD and LOQ were 

achieved below 10 ng/ml (17 fmol) for codeine.17 (Figure 5-6A) When a deuterated 

internal standard  was used, the RSD fell below 10% and the linear range extended to 

the lower end of the calibration.17 (Figure 5-6B) Further examples using a similar 

approach are given in Figure 5-7.  
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Figure 5-4 (A) Well-to-well signal intensity of 360 fmol of ranitidine on 16 wells of a DIOS chip. 

RSD = 12% (no internal standard). (B) Chip-to-chip average intensities with standard deviation 

and %RSD. Each colour bar represents an individual DIOS target, three targets per analyte 

using a M@LDI R, Laser = 15% of maximum, 100 shots. Each chip was spotted 16 times with the 

desired analyte (0.5 µL of 250 ng/mL solution except for theophylline which was at 5000 ng/mL 

due to decreased DIOS performance). Procainamide exhibits detector saturation at 25500 counts. 

The SDs tend to be lower above 15000 counts.
17
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Figure 5-5 DIOS-TOF-MS LSD reproducibility. The sample was applied to 96 wells DIOS plate. 

110 data point were collected from those wells. The calculated standard deviation was about 

±10%.
18

  

 

 

 

Figure 5-6 (A) Dynamic range for codeine detection. Insert shows the %RSDs without an internal 

standard. (B) Codeine response compared to deuterated codeine internal standard. Insert shows 

the %RSD with internal standard.
17
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Figure 5-7 (A) DIOS-ToF MS standard calibration curve for choline quantification correlating 

the intensity ratio of choline to the internal standard choline-d9 with the concentration of choline. 

Each data point was run in triplet.
19

 (B) LSD calibration curve from 0.05 to 10.00 g/mL using 

LSD-d3 IS and (C) Fentanyl calibration curve from 0.01 to 10.00 g/mL using Fentanyl-d5 internal 

standard. Each data point was run in quadruplet.
18
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The data presented above is extracted from literature published by the manufacturer 

using reflector MALDI-ToF instruments. These results suggest that good 

reproducibility and linearity of small molecules is achievable by using a deuterated 

internal standard. It may be necessary to mention that even though an internal 

standard is used in the above examples, the improvement to the linear range only 

increases by 1 order of magnitude and does not extent much to the higher end of the 

calibration curve.18, 20 Furthermore, on comparing LC-MS with DIOS method, LC-

MS still yields better accuracy, precision and wider dynamic range.20 

 

The data presented above was acquired in positive mode and on simple mixtures. It is 

questionable whether such a method would also be applicable to negative ions and/or 

complex biological mixtures. Independent studies have also adopted a similar 

approach by applying deuterated internal standard. Shen, et al. have long shown that 

quantitative analysis of small molecules by DIOS requires internal standards similar 

in chemical structure to the molecules of interest.21 Quantitation of sulphated 

pregnenolone in human urine by using a d4 analogue was demonstrated. Comparable 

linearity was obtained with nanoelectrospray and DIOS in negative ion mode. (Figure 

5-8) The authors also mentioned that sample purification was needed in such a case to 

get rid of the salts and other contaminants. The method employed a two-step 

procedure, 100 µl of urine was first extracted with 600 µl of diethyl ether/hexane 

(90:10 v/v). The aqueous phase was then further extracted by adding 600 µl of 

chloroform/butanol (50:50 v/v) and collecting the organic phase.22 The collected 

fraction was dried and reconstituted in 70/30 methanol/water with the addition of the 

testosterone-d9 sulphate internal standard. On the basis that the extraction recovery 

was 83%, the calculated concentration of testosterone sulphate was 487 ng/ml in the 

male urine sample.21  

 

Okuno and Wada have demonstrated that quantitation of salicylate in human serum by 

using deuterium-labelled d6 isomer internal standard, in combing the advantage of 

solid-phase exaction (SPE), is achievable. (Figure 5-9) The serum salicylate level was 

accurately measured: 0.347 ± 0.028 mM (49.6 ± 3.4 mg/L) 2 hours after initial 

ingestion, and 0.645 ± 0.024 mM (92.2 ±3.6 mg/L) 2 hours after the second dose from 

a volunteer. 
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Figure 5-8 (A) Calibration curve for sulphated pregnenolone using DIOS-MS and nano-ESI 

precursor ion scanning. (B and C) DIOS spectra of human urine extracts. The amount of the 

internal standard (pregnenolone-d4) was 316 fmol of pregnenolone. The same amount of the same 

internal standard was used as in the calibration curve, and samples from males and females were 

found to contain different amounts of testosterone sulphate. Other conjugated steroids were 

assigned based upon their known masses or post source decay analysis.
21
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Figure 5-9 Peak intensity versus serum salicylic acid concentration in serum obtained by DIOS-

MS measurements after SPE. (n = 5). Y-axis represents the ratio of unlabeled to deuterium-

labelled species and x represents the mM concentration of salicylic acid. The curve showed a 

linear relationship in a serum range of 0.14 to 4.2 mM (20–600 mg/l).
23
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The relatively high variation of signal intensity is mainly because the sample dried 

droplet method using pipette deposition often produces an inhomogeneous analyte 

distribution giving heterogeneous ion signals. In the conventional MALDI approach, 

the recrystallisation of matrix is a random nucleation process. In DIOS, aggregation in 

the dried droplet is associated with the chemical properties of analytes and the solvent 

used.23 Although using an isotopically labelled internal standard could be an effective 

approach to minimise variability in analyte signal intensities and improve 

experimental reproducibility, deuterated isomer is not only costly and not always 

commercially available, but would not be suitable for global profiling of metabolite. 

 

It has also been suggested that sample homogeneity can be enhanced by a specific 

method such as electrospray sample deposition (ESD). Hensel, et al., have showed 

previously sample homogeneity can be improved in MALDI-MS by using ESD.24 Go, 

et al. have also showed that ESD can be utilised to produce a more homogeneous 

sample spot in DIOS-MS.25 Additionally, the method permits LC coupling.26 

Sensitivity and reproducibility investigation was conducted on DIOS-MS using a 

number of peptides at low µM levels, in which samples were spotted with a pipette 

versus those prepared by ESD. The results showed the RSD for the sample prepared 

by ESD was 1.8 to 7.1%, whereas analysis of the spotted sample ranged from 5.6 to 

20.7%.25 It is suggested this method significantly improves the signal reproductively 

in DIOS and is comparable to other quantitative ionisation techniques such as ESI. 

 

5.1.5 Pseudomonas aeruginosa and Their Secondary Metabolites 

 

Pseudomonas aeruginosa is a Gram-negative, aerobic, rod-shaped bacterium with 

unipolar motility. The bacterium is ubiquitous in soil and water. P. aeruginosa is an 

opportunistic pathogen of humans. The pathogenesis of Pseudomonas infections is 

multifactorial, as suggested by the number and wide array of virulence† determinants 

possessed by the bacterium. Multiple and diverse determinants of virulence are 

expected in the wide range of diseases caused, which include septicaemia, urinary 

                                                 
† Virulence is defined as the ability of a bacterium to cause infection. Virulence factors are molecules 

produced by a pathogen that specifically influence their host's function to allow the pathogen to thrive. 
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tract infections, pneumonia, chronic lung infections, endocarditis, dermatitis, and 

osteochondritis.27  

 

Pseudomonas infections are primary nosocomial.‡ Most Pseudomonas infections are 

both invasive and toxinogenic. The disease process begins with some breakdown or 

circumvention of the host defences. Patients who suffer from cancer, cystic fibrosis, 

AIDS, severe burns or are immuno-compromised are particularly at risk of 

Pseudomonas infection. Traditional antibiotic therapy is usually not sufficient to 

eradicate these infections. One major reason for its resistance to antibiotics relates to 

its outer membrane barrier constituted of lipopolysaccharides (LPS). Moreover, the 

low antibiotic susceptibility is attributable to the multidrug efflux pumps with 

chromosomally-encoded antibiotic resistance genes. P. aeruginosa can easily develop 

acquired resistance either by mutation in chromosomally-encoded genes or by the 

horizontal gene transfer of antibiotic resistance determinants. In addition, mucoid 

strains of P. aeruginosa produce an exopolysaccharide envelope. The mucoid 

exopolysaccharide produced is a copolymer of β-1,4-linked D-mannuronic acid and L-

guluronic acid residues referred to as alginate. Alginate slime forms the matrix of the 

Pseudomonas biofilm. Biofilm is a natural resistance to protect the bacterium from 

adverse environmental factors and aid colonising a surface. In medical situations, it 

protects the bacteria from the host defences such as lymphocytes, phagocytes, the 

ciliary action of the respiratory tract, antibodies and complement. This also makes the 

cells impervious to therapeutic concentrations of antibiotics. Furthermore, P. 

aeruginosa also has the ability to produce extracellular enzymes and toxins that break 

down physical barriers and damage host cells, as well as resistance to phagocytosis 

and the host immune defences. A few antibiotics are effective against Pseudomonas, 

including fluoroquinolones, gentamicin, carbenicillin, imipenem, tobramycin, 

amikacin, and colistin. However, even these antibiotics are not effective against all 

strains and resistant forms have developed.27  

 

A common characteristic of the Pseudomonas is the production of pigments and some 

of these pigments are fluorescent under ultraviolet light (254 nm). These pigments 

                                                 
‡ Pertaining to or originating in the hospital, said of an infection not present or incubating prior to 

admittance to the hospital, but generally occurring 72 hours after admittance. 
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include pyocyanin[e] (blue-green, non-fluorescent), and fluorescein/pyoverdin 

(yellowish-green). Pyocyanin is an important virulence factor.28 It impairs the normal 

function of human nasal cilia, disrupts the respiratory epithelium, and exerts a 

proinflammatory effect on phagocytes.29, 30 A derivative of pyocyanin, pyochelin is a 

siderophore produced under low-iron conditions to sequester iron from the 

environment for growth of the pathogen, and hence, production of these pigments is 

markedly enhanced under conditions of iron deficiency.31-33 No role in virulence is 

known for the fluorescent pigments. Some strains also produce pyorubin (red-brown), 

pyomelanin (brown), two other red pigments (aeruginosin A and B) and various other 

pigments. (Figure 5-10) Fluorescence under ultraviolet light is therefore helpful in 

early identification of P. aeruginosa colonies. Fluorescence is also used to suggest the 

existence of P. aeruginosa in wounds. 
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It has only been recognised in the last decade that single-cell organisms such as 

bacteria also have the ability to coordinate themselves in order to adapt or modulate 

responses that are beneficial to survival.35 In higher organisms, this is achieved by 

releasing a chemical or a pheromone, which triggers a natural response in another 

member. In contrast, the coordinated behaviour in single-cell organisms occurs 

through cell-cell communication or quorum sensing (QS).36 QS is a process by which 

many bacteria coordinate gene expression according to the local density or population 

of bacteria. Regulation of gene expression can be via the production of small 

molecules called the autoinducers (AI) or quorum sensing signalling molecules 

(QSSM). Through this coordination, the bacterium coordinates their growth within a 

host without harming it, until they reach a certain population and their numbers 

become sufficient to overcome the host's immune system. In P. aeruginosa, QS is 

known to control expression of a number of virulence factors, such as biofilm 

development, exopolysaccharide production, and cell aggregation. Quorum-sensing 

systems involve at least two chemically distinct classes of signalling molecules, N-

acyl-L-homoserine lactones (AHL) and alkyl quinolones (AQS). Another important 

QSSM is a boron containing autoinducer, AI-2, that may serve as a “universal” signal 

for communication between different bacterial species.37 By attenuating or disrupting 

the signalling process (quorum quenching), it may be possible to down-regulate the 

genes that control the virulence factors and cause the pathogen to fail to adopt to the 

host environment and be readily cleared by the innate host defences.38-40 One known 

QS antagonists or inhibitors (QSI) are halogenated furanones,41 which are originally 

isolated from the Australian red macro-alga (seaweed), Delisea pulchra. (Figure 5-11)  

 

One the other hand, the QSSM, in particular the N-(3-oxododecanoyl)-L-homoserine 

lactone (3-oxo-C12-HSL) and 2-heptyl-3-hydroxy-4-quinolone (PQS, Pseudomonas 

Quinolone Signal), also have therapeutic value. These molecules suppress T-cell 

proliferation upstream and downstream of interleukin-2 (IL-2) secretion.42 3-oxo-C12-

HSL also inhibits the JAK/STAT§  signalling system and blocks proliferation and 

                                                 
§ STAT proteins are a family of signal transducers that respond to extracellular cytokine signals and 

convert them into altered transcription of specific target genes. The STATs thus are key regulators of 

innate immunity and cell growth. 
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induces apoptosis in human BC cell lines.43 It is possible that further development of 

these chemical entities may lead to new chemical agents for the treatment of 

immunological diseases.44, 45   
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Figure 5-11 QSSMs and QSIs.  
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Figure 5-12 HHQ/PQS dual cell-to-cell communication system. HHQ is synthesised by a bacterial 

cell and released into the extracellular environment. HHQ is then taken up by neighbouring cells 

and converted by the action of PqsH into PQS. PQS is exported and used directly as a signal 

molecule by adjacent cells.
46
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Another important class of compound produced by P. aeruginosa is rhamnolipids. 

Rhamnolipids are important biosurfactants, containing one or two 3-hydroxy fatty 

acids of various lengths, linked to a mono- or di-rhamnose moiety.47, 48 Their 

relationship with QSSMs and role in choric inflection has only been recently realised. 

(Figure 5-12) It is evidenced that the necrotic effect to the polymorphonuclear 

leukocytes is caused by QS-regulated secretion of cytotoxic amounts of rhamnolipids 

by P. aeruginosa and may be one of the reasons to the establishment and persistence 

of the infection.49 Being biosurfactants, the production of rhamnolipids also increases 

the solubility of hydrophobic PQS which is a long hydrocarbon chain.46  

 

5.1.6 Approaches Used in this Study 

 

In the previous chapters, the foundation of the matrix-free LDI approach has been 

established and its activity and ability has been examined. The DIOS technique has 

shown its promise and versatility toward analysing many pharmaceutically and 

biologically related small molecules and effectively overcomes the limitation of 

matrix related inferences in the low mass range of the MALDI approach. The 

exploration of the potential biomedical applications of the technique is still in its very 

early stage of development, examples of which have been discussed in Chapter 1, 

section 1.8. Successful applications of the technique will undoubtedly make an impact 

to the development of metabolomics and expedite our understanding to the biological 

systems. However, a number of questions remain as to whether the method is suitable 

for the global profiling of metabolites from complex biological matrices and how 

wide the coverage is in terms of the type and number of metabolites from the 

biological mixtures, as well as the possibility of identifying the ions detected. 

However, before any biomedical study, the method has to be validated. 

 

The analytical characterisation and quantitative capability of the DIOS technique have 

been exhaustively explored and reported, and a selection of examples has been given 

in the previous section. Due to the instability of the laser desorption/ionisation system, 

the precision of the signal intensity varies greatly. The technique is thus less than 

ideal for quantitation. Improvements in quantitative capability can be achieved either 

by incorporation of an internal standard or by improved deposition approaches. Still, 
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the analytical dynamic range is still relatively narrow and is instrument-limited. A 

further question is that the ICH approaches may be too specific for food and 

pharmaceutical quantitative applications, and we may need to consider the bottom-up 

(cognitive) or the top-down (goal-oriented) validation approach used in qualitative 

studies. The strength of DIOS may lay on its throughput of data acquisition and 

uncomplicated method development and its sensitivity.  

 

5.1.7 Aims of this Chapter  

 

This chapter will investigate the analytical characteristic of DIOS-MS by using 

MALDI Q-ToF instrument. Precision, dynamic range, limit of detection, and 

robustness are evaluated using a number of simple analyte mixtures. The writer 

adopts “well-to-well” and “target-to-target” precision to describe the evaluation to the 

DIOS-MS performance. It is the first time this data has become available for this 

system.  

 

Once the analytical characterisation is completed, the complexity of the samples is 

gradually increased. Complex biological matrices such as human urine, human blood 

plasma, and animal liver tissue extracts are chosen for the study to evaluate further the 

suitability of the method. These samples are clinically significant, and are in terms of 

their physical form, aqueous, semi-solid and solid mediums, respectively. Finally, and 

for the first time, comprehensive metabolite profiling of bacterial culture media and 

cells pellets of Pseudomonas aeruginosa are to be studied by DIOS-MS. The 

exoproducts of P. aeruginosa will be the focus of the research effort. 
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5.2 Experimental  

 

5.2.1 Biological Sample Preparation 

 

Human urine: urine sample was collected immediately before dilution or extraction. 

The extracts were stored in -20ºC and were thawed at room temperature before 

analysis. Four extraction methods were compared: 

 

Method 1:  3 ml of urine was extracted by 5 ml of 9:1 diethyl ether/hexane. The 

aqueous layer was further extracted by 5 ml of 1:1 chloroform/butanol. The organic 

fractions were collected and the remaining aqueous fraction was discarded. The 

organic extracts were reduced in volume by a centrifugal evaporator. The residue was 

reconstituted in ACN/H2O. 

 

The procedures were repeated with addition of 10 µl of HCl (l) or saturated NaOH 

(aq.) to the urine sample during the extraction. 

 

Method 2:  The procedures of method 1 were repeated with the exception that only 

1:1 chloroform/butanol was used. The residue was reconstituted in ACN/H2O. 

 

Method 3: The procedures of method 1 were repeated with the exception that only 

9:1 diethyl ether/hexane was used. The residue was reconstituted in ACN. 

 

Method 4: The procedures of method 1 were repeated with ethyl acetate only. The 

residue was reconstituted in ACN. 

 

Human blood plasma: blood plasma was obtained from blood bank and was extracted 

with methanol. 100 µl of plasma was first mixed with 1000 µl of methanol. Plasma 

proteins such as albumins were immediately precipitated out. The solution was then 

vortexed for ~5 mins and then pre-cooled to 4ºC and centrifuged at 100000 RPM for 

~10 mins. Clear supernatant was removed by a pipette. The extract was further diluted 

four or eight times using 1:1 ACN/H2O. Further dilution was possible, but a higher 
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concentration might suppress ion desorption. Further sample clean-up, such as SPE, 

was not required. Serum extract was stored in -20ºC and was thawed at room 

temperature before analysis. 

 

Lambs’ liver tissue: the lambs’ liver was purchased from a supermarket and was 

stored in -20ºC before extraction. After thawing, the tissue sample was first washed 

with ample of deionised water to remove blood and blood clot residue and was then 

homogenised. About 11g of homogenised sample was inserted into a 30 ml centrifuge 

tube and 16 ml of extraction solvent was added. Six different extract solvents were 

used in this experiment. Solvents used were HPLC grade. All except water were 

purchased from Fisher. 

 

1. Ethyl acetate (ETA) 

2. Propan-2-ol 

3. Dimethyl sulfoxide (DMSO) 

4. Methanol (MeOH) 

5. Deionised water (H2O) 

6. Acetonitrile (ACN) 

 

The samples were sonicated for 45 mins in a water-bath, and centrifuged for 10 mins 

(2000 RPM). The supernatant was taken out by a syringe and filtered (ETA extract 

was not filtered, because the filter was dissolved by ETA). (Figure 5-13) Each 

solution was further diluted 10 times using 1:1 ACN/H2O. 1.2 µl of each solution was 

pipetted onto the DIOS target. Data was acquired by 2 minutes spiral scan. Eight 

replicas were acquired for each sample solution.   

 

 

Figure 5-13 Solvent extract procedure. Water extract appears to be blood red, ethyl acetate 

extract appears to be greenish brown. Other extract are yellow in colour.  
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Rats’ liver tissue: Sprague Dawley® Rats (Charles River Laboratory, UK) were killed 

by stunning followed by decapitation and dissection. The rats’ liver tissue was stored 

at -80ºC before extraction. The rats were housed grouped four per cage and were free 

to access food (standard rat “chow”), and tap water ad libitum, with 12 hours 

light/dark period. Similar procedures applied to the lambs’ liver tissue were also 

applied here, with the exception that only 4g of homogenised rats’ liver tissue was 

used for extraction. Other solvent combinations, such as methanol/chloroform, were 

also attempted.  

 

Bacterial sample: P. aeruginosa culture and cell pellets were provided by the Quorum 

Sensing Research Group of the Institute of Infections, Immunity and Inflammation at 

the University of Nottingham. The bacterial samples were cultivated by a BIOSTAT 

B-plus fermentor system, (Satorius BBI system, Melsungen, Germany). The 

fermentor was connected to a feeding medium reservoir to resupply nourishments to 

the bacterial medium. The medium was constantly stirred and antifoam 204 (Sigma) 

was added to inhibit foam formation. Bacterial produces were harvested from the 

fermentor and was centrifuged to separate liquid supernatant and cell pellet. The cell 

pellet was further washed with phosphate buffered saline (PBS) solution. The samples 

were stored in -80°C before extraction and analysis. 

 

After thawing, 3 ml of the bacterial culture medium and the feeding medium (control) 

were extracted by 3 ml ETA. The organic fraction was collected and the aqueous 

fraction was further extracted by either 1:1 chloroform/methanol or 

chloroform/butanol in PTFE tubes. The ETA and the chloroform fraction were 

combined as one single organic fraction. The aqueous fraction was then discarded. 

The organic fraction was placed into a centrifugal evaporator and was reduced volume 

to dryness. The residue of the organic fraction was reconstituted in 200 µl of 1:1 

ACN/water. The cell pellet was first resuspended in 3 ml of water and transferred to a 

PTFE tube. The suspension was extracted by either 1:1 chloroform/methanol or 

chloroform/butanol and sonication. The organic fraction was collected and was 

reduced volume to dryness. The aqueous/slim fraction was then discarded. The 

residual of the organic fraction was reconstituted in 500 or 200 µl of propan-2-ol.  
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While chloroform/methanol is a standard extraction method, it can be seen from the 

Figure 5-14 that the use of chloroform/butanol has led to a larger extraction volume 

relative to chloroform/methanol, due to the partition coefficient of butanol between 

the aqueous and the organic fraction, and may produce higher extraction efficiency. A 

disadvantage is also the larger volume and the volatility of butanol. The extract 

required several hours to reduce to dryness by the vacuum evaporator.  

 

  

Figure 5-14 Extraction of (A) aqueous culture medium and (B) cell pellet by 

chloroform/methanol and chloroform/butanol. +AF and –AF denotes the bacteria was growth in 

a medium with the addition of antifoam and without, respectively.  

 

5.2.2 Mass Spectrometry 

 

The data presented in this chapter was acquired on Micromass MALDI Q-ToF 

Premier using Waters DIOS target (Manchester, UK). Samples solutions were spotted 

onto the target surface using a pipette. Target handling was carried out in a class I 

laminar flow hood to provide a clean air and sterile environment. The raw spectra 

were generated by summing all scans. The peak intensity was read directly from the 

spectra and was calculated by “auto peak detection” function available in MassLynx 

4.1. Details of instrumental settings and target handling can be found in section 2.4.8. 

Two different scan modes, spiral and raster, were used. 
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5.2.3 Data Analysis by PCA 

 

Raw spectra were smoothed and background subtracted within the platform of 

MassLynx version 4.1. The peak lists were exported to text files and imported to 

SpecAlign** version 2.3.50, 51 The dataset obtained was then further “denoised” by 

wavelet soft thresholding and normalised to total ion counts (TIC) within the platform 

of SpecAlign and binned to 0.1 Th intervals before importing to SIMCA version 11. 

Spectral alignment was possible but was not necessary because the mass precision of 

Q-ToF was high. It should be noted that normalisation to TIC introduces 

dependencies between the variables that would not exist without this step and is 

required for data pre-processing for PCA.  

 

Scaling is also an important step in PCA data processing. Previously, we have 

discussed this in the PCA investigation of SALDI substrates SIMS dataset. The PCA 

data presented in this chapter, variable j is centred and scaled to Pareto Variance. 

Pareto scaling gives the variable a variance numerically equal to its standard deviation 

(S) instead of unit variance and the base weight is computed as 1/√Sj. Hence, Pareto 

scaling is intermediate between no scaling and UV-scaling. Pareto scaling gives the 

best possible result relative to UV and no scaling. 

 

5.2.4 Metabolite Databases  

 

Databases employed are listed in Table 5-1. A comprehensive list of databases can be 

found in the references 52 and 53. 

 

Table 5-1 Metabolite databases. 

Database   URL    Comment  

Metlin  http://metlin.scripps.edu/ Metabolites primary from human biofluids 

BioCyc  http://biocyc.org/   PseudoCyc for Pseudomonas aeruginosa 

LipidBank http://lipidbank.jp/   Natural lipids  

LipidMaps http://www.lipidmaps.org  Natural lipids 

                                                 
** Created by Jason Wong. Available at <http://physchem.ox.ac.uk/~jwong/specalign/> 
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5.3 Results and Discussion 

 

5.3.1 Detection Characteristics (Laser Optimisation) 

 

Previously, Cuiffi, et al. have demonstrated the detection characteristics of des-

pro3,[ala2,6]-bradykinin on a silicon nanostructured thin film produced by PE-CVD.54 

A similar investigation on DIOS system has only been reported recently and the 

ionisation process has also been found to be highly laser energy dependent.55 We have 

briefly investigated this aspect on comparing DIOS and SALDI performance on a ToF 

instrument. We are revisiting this matter further to examine if the laser energy has any 

influence on signal precision as suggested by Credo, et al.17 Several compounds, 

including amines, peptides and a bile acid were chosen for the investigation. 

 

Procainamide is used as an example here. The ion intensity of the protonated 

molecules and a major fragment ion as a function of laser settings are plotted to 

Figure 5-15. Representative spectra acquired at different laser settings are shown in 

Figure 5-16. As with MALDI, an analyte signal is obtained above a laser fluence 

threshold. The average ion intensity of the protonated molecules increases 

exponentially from laser setting 100 to 180, then drops from 190 to 220. Further 

increasing the laser setting beyond 300 reduces the ion intensity of the protonated 

molecules as well as the fragment ion due to the degradation of the analyte. The ratio 

of protonated molecules of procainamide to the fragment ion is insensitive to the laser 

energy and so is the ion signal precision reflected by the length of error bars. (Figure 

5-15) High background due to surface destruction was not observed, even though the 

background level increased at 350. (Figure 5-16D) Cholic acid is used as a further 

example here, and it was detected in negative ion mode. The detection characteristic 

and representative spectra are shown at Figure 5-17 and Figure 5-18. Even though the 

ion intensity is lower for cholic acid, the detection characteristic is similar to that of 

procainamide. However, the highest ion yield was obtained at 250, and the intensities 

of background ions were high, indeed higher than the signal of cholic acid. Laser 

setting as high as 350 suffers intent background and the molecular ion intensity 

decreases.  
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Figure 5-15 Ion intensity of 0.1 mM procainamide versa laser setting. Both the [M+H]
+
 ion and 

its fragment at m/z 163 are shown on the plot. Each data point is an average of three replicas. The 

error bar indicates the highest and the lowest value obtained.   

 

  

Figure 5-16 DIOS mass spectra of 0.1 mM procainamide at different laser setting: (A) laser 

setting at 100, (B) 190, (C) 250 and (D) 350. Data was acquired in positive mode with 1 µl droplet 

of solution deposited onto each sample well, laser scanned across the well in 1 min. Raw spectra 

are smoothed, and background subtracted.   
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Figure 5-17 Ion intensity of 0.1 mM cholic acid [M-H]
-
 versa laser setting. Each data point is an 

average of three replicas. The error bar indicates the highest and the lowest value obtained.   

 

 

Figure 5-18 DIOS mass spectra of 0.1 mM cholic acid at different laser setting: (A) laser setting 

180, (B) 250 and (C) 350. Data was acquired in negative mode with 2 µl droplet of solution 

deposited onto each sample well, laser scanned across the well in 1 min. Raw spectra are 

smoothed, and background subtracted. Peak at m/z 267 is a phosphate contaminant.   

Intense background 
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-
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Then again, a different observation was obtained on small peptides. Figure 5-19 and 

Figure 5-20 show the detection characteristic and representative spectra of HPLC 

peptide standard mixture. The mixture contains Gly-Tyr, Val-Tyr-Val, methionine 

enkephalin, leucine enkephalin, angiotensin II and a small quantity of salt 

(information was not provided by manufacturer). The signals of protonated 

methionine enkephalin and leucine enkephalin were low and they preferred to form 

salt adducts. This observation is consistent with those presented in the previous 

chapter. For the salt adduct of methionine and leucine enkephalin and protonated 

angiotensin II, the ion intensity increases as the laser energy is increased even if the 

energy has reached the surface destructive point (laser setting above 300), in contrast 

to the ion intensity of the protonated Gly-Tyr at the same region. Given that the 

unknown peak at m/z 465 exhibited a similar behaviour to the salt adduct of 

methionine and leucine enkephalin, it is possible the ion is a di-sodium adduct of Val-

Tyr-Val, [M+2Na-2H]+.  

 

The reason for the above observation is not clear. Firstly, it may be because 

desorption of peptides require a higher laser energy relative to small organic 

compounds and this is related to the physicochemical properties of the peptides in the 

mixture. Secondly, the sample contained a small quantity of salt, which could cause 

ion suppression. The effect of suppression is compensated for by using higher laser 

energy. Thirdly, the complexity of the sample has increased from signal analyte with 

minor contaminants to essentially a protein digest. The available energy is divided 

among various ions and the profile obtained has shifted to the higher setting. 

 

Overall, the detection characteristics obtained on Q-ToF system are similar to that 

obtained using ToF system, but differ in scale and laser range. The laser energy of the 

Q-ToF system is controlled by a density filter and the energy range is much wider 

than the ToF system used previously, in which an optical iris is used to control the 

laser energy and appears to have a relatively narrow energy range. This may further 

suggest that the laser system and/or other instrumental factors as discussed in the 

previous chapter, are significant in determining the analytical performance of DIOS, 

and possibly in other SALDI approaches.56 Good quality spectra may have to be 

acquired at a suboptimal laser setting. Laser setting 180 to 220 appears to be suitable 

in positive as well as negative ion mode. 
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Figure 5-19 Ion intensity of HPLC peptide standard mixture versa laser setting. The peaks 

corresponding to potassiated methionine and leucine enkephalin and protonated Gly-Tyr and 

angiotensin II are chosen for plotting. An unknown peak, which is believed to be Val-Tyr-Val, is 

included. Each data point is the average value of two to eight replicas. The error bar indicates the 

standard deviation of the laser setting 180 and 200, where n = 8 and n = 4, respectively.   

 

  

Figure 5-20 DIOS mass spectra of HPLC peptide standard mixture: (A) laser setting 250 and (B) 

350. The concentration of the sample solution was not known. Data was acquired in positive 

mode with 1 µl droplet of solution deposited onto each sample well, laser scanned across the well 

in 1 min. Raw spectra are smoothed, and background subtracted.   
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5.3.2 Dynamic range and Limit of Detection   

 

Much of the data presented in the introductory section was concerned with the 

linearity and LOD. Here, we go beyond the upper limit of linearity and look into the 

dynamic range. Arginine, for instance, shows a typical calibration curve that we 

would expect for most quantitative analytical methods. (Figure 5-21) The ion intensity 

increases linearly up to 100 µM. Thereafter, the gradient of the curve reduces and the 

curve eventually smoothes out. The linear range is about two orders of magnitude and 

the dynamic range is about three orders of magnitude. LOD was 1.6 µM. 

 

Other compounds such as metoprolol and atenolol also show a similar analytical 

characteristic. (Figure 5-22 and Figure 5-23). An observed exception occurred with 

acetylcholine. (Figure 5-24) The ion intensity in the examples above levels off at 

higher concentration, while the intensity of acetylcholine M+ ion decreases once the 

concentration reaches a maximum. This may be because of the ion pairing effect due 

to the concentration of chloride (acetylcholine was available as a chloride salt). 
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Figure 5-21 Calibration curve of arginine [M+H]
+
. 1µl of solution of concentration from 63 nM to 

982 µM, was deposited onto the target. Data was acquired with 2 min spiral scan at laser setting 

220. The LOD was 1.6 fmol. Linearity was 2 orders in magnetite.  
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Figure 5-22 Calibration curve of metoprolol [M+H]
+
. 1µl of solution of concentration from 6.4 

nM to 298 µM, was deposited onto the target. Data was acquired with 2 min spiral scan at laser 

setting 220. The LOD was 32 fmol. Linearity was 2 orders in magnetite. 
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Figure 5-23 Calibration curve of atenolol [M+H]
+
. 1µl of solution of concentration from 12.8 nM 

to 0.2 mM, was deposited onto the target. Data was acquired with 2 min spiral scan at laser 

setting 220. The LOD was 64 fmol. Linearity was 2.5 orders in magnetite. 
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Figure 5-24 Calibration curve of acetylcholine M
+
. 1µl of solution of concentration from 12.8 nM 

to 0.2 mM, was deposited onto the target. Data was acquired with 2 min spiral scan at laser 

setting 220. The LOD was 12.8 fmol. Linearity was 2 orders in magnetite. The M
+ 

ion intensity 

decreased considerably after the concentration of the analyte (acetylcholine chloride) increased 

over 8 pmol. This was possibly because of the ion-pairing effect due to the increased 

concentration of chloride ion. 

 

ToF instrument is characterised with a relatively narrow or inadequate linearity, 

because of the problem of detector saturation. Since MALDI is often coupled to ToF 

mass analyser, quantitation by MALDI is often instrument-limited. The Q-ToF 

Premier used in this study has therefore been equipped with a DRE lens system (see 

Figure 18, Chapter 2), which provides a function called programmable dynamic range 

enhancement (pDRE), and can extent the linearity by up to 4 orders of magnitude 

under the ESI or APCI mode. The again, the function is disabled in normal operation 

under the MALDI mode. The reason is not known, but is possibly because of the 

pulse nature of ion current in the MALDI system. No further improvement in linearity 

was therefore achieved. The issue of detector saturation may only partly explain to the 

linearity observed. Other possible factors, such as surface saturation may also be 

involved. Surface saturation occurs when multilayer of analyte is deposited on the 

surface impeding the ionisation or desorption processes. The linearity obtained could 

thus be about 2 to 3 orders of magnitude. Still, if we compare the dynamic range of 

other metabolomics tools, the dynamic range we obtained on DIOS is roughly the 
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same as NMR (see Table 1, Chapter1) and is a limitation of the technique to which we 

need to pay attention. 

 

5.3.3 Precision and Robustness 

 

In this section, the well-to-well and target-to-target precision are investigated. The 

results are summarised in Table 5-2 and Table 5-3. The precision was far from ideal, 

varying from ~10 to ~90%, and on average, the calculated values of RSD were less 

than 50%, concurring with Credo, et al.17 The repeatability and so possibly the 

robustness (in terms of ion intensity) were also far from ideal in most of the situations.  

 

It is hypothesised that a simple data processing procedure, normalising to TIC, may 

be able to tackle the issue of reproducibility for data acquired by DIOS-MS.57 We 

have also applied normalisation to SIMS dataset in the previous chapter in dealing 

with the signal precision and pre-processing the dataset for PCA. What if this 

approach could also be applied to the data acquired by DIOS-MS and become a 

simple solution to the poor precision here? To test this hypothesis, the datasets of two 

different mixtures were re-examined.   

 

The detection characteristic and DIOS spectra of HPLC peptide standard mixture 

have been presented in Figure 5-19 and Figure 5-20. The precision of the ion intensity 

is calculated using data acquired at laser setting 180. Regrettably, the precision is poor. 

RSD varies from ~20% to ~60% even though the RSD of TIC is only 11%. (Table 5-4) 

We therefore apply normalisation to TIC to see if this leads to any improvement in the 

precision of the dataset. After the data processing, RSD varies from ~15% to ~50%. 

Relatively, there is an improvement to the precision. However, the improvement is 

relatively small (from ~4% to ~10%) and is still less than satisfactory.  

 

Similar results are also obtained using a “metabonomics test mix”. (Table 5-5) The 

mixture contains nortriptyline, theophylline, caffeine, reserpine, 4-nitrobenzoic acid 

and hippuric acid. The final concentration of nortriptyline, theophylline, caffeine and 

reserpine was 20 µg/ml, and 4-nitrobenzoic acid, and hippuric acid was 200 µg/ml. 
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Table 5-2 Target-to-target precision. Three different targets were used and the experiments were 

carried over in three days. 1µ solution deposited onto the target. Data was acquired with 2 min 

spiral scan, laser setting was 220. Six replicas were used for the calculation. 

 % RSD   n = 6 

Substance Conc. Ions (m/z) Target 1 Target 2 Target 3 

Acetylcholine 1.6 µM M+ 146 23 36 32 

Arginine 982 µM [M+H]+ 175 20 29 20 

Atenolol 8 µM [M+H]+ 267 9 17 17 

Fluorescein 100 µM [M+H]+ 333 56 54 90 

Procainamide 100 µM [M+H]+ 236 31 26 20 

Lidocaine 100 µM [M+H]+ 235 79 35 22 

Raffinose 1 mM [M+Na]+ 527 34 54 61 

Cyclodextrin 0.47 mM [M+Na]+ 1157 55 38 52 

Angiotensin I 100 µM [M+H]+ 1297 69 59 49 

[M+H]+ 1355.5 29 55 47 

Fragment 1329.6 29 32 41 

Vitamin B12 100 µM 

fragment 971 26 36 31 

100 µM 30 47 11 Metoropol 

4 µM 

[M+H]+ 268 

19 18 37 

2000 ng/ml 30 25 33 Verapamil 

500 ng/ml 

[M+H]+ 455 

- 26 19 
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Table 5-3 Precision and robustness. Except naproxen, the data was calculated using the ion intensity of [M+H]
+
 or [M-H]

-
 molecular ion. Data was only acquired at 

suboptimal conditions and was a design of the experiment (i.e. robustness). “Time” refers to acquisition time.   
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Table 5-4 The precision of ion intensity (IC) of individual peptide in a HPLC peptides standard 

mixture before and after normalisation to TIC. TIC is summation of all ion counts in the range 

between m/z 100-1500 in each spectrum. Data was acquired in positive mode, at laser setting 180, 

raster scan for 60s. Eight replicas are used for the calculation. The normalised values are 

calculated by %100×
TIC

IC
 and are percentages of TIC. Two decimal points are used because the 

normalised values are small. SD denotes the standard deviation. 

Peptide Gly-Tyr 

 

Val-Tyr-

Val 

Leucine 

enkephalin 

Methionine 

enkephalin 

Angiotensin  

II 

TIC 

Ion [M+H]+ [M+2Na-

2H]+ 

[M+K]+ [M+K]+ [M+H]+  

m/z 255 455 594 612 1046 100-1500 

Before normalisation 

%RSD 26.84 23.85 22.05 18.12 64.23 11.38 

After normalisation to TIC 

%RSD 15.81 14.85 17.80 14.83 52.05 - 

 

Table 5-5 The precision of ion intensity (IC) of individual substance in a metabonomics test mix. 

Data was acquired in positive mode, at laser setting 180, raster scan for 60s. 12 replicas were used 

for the calculation. 4-nitrobenzoic acid, hippuric acid, and theophylline were not detected under 

positive mode. Data processing is identical to the HPLC peptides standard mixture above.  

Compound Caffeine Nortriptyline Reserpine Reserpine 

fragment 

TIC 

Ion [M+H]+ [M+H]+ [M-H]+   

m/z 195 264 607 395 100-1000 

Before normalisation 

%RSD 32.65 47.37 30.45 28.75 15.45 

After normalisation to TIC 

%RSD 26.95 37.81 29.06 27.63 - 
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There are three major causes to the relatively large variation in signal intensity:58 

 

1. The instability of the N2 laser and/or the mass spectrometer acquisition system  

2. The native surface variation between the sample wells and target  

3. Uneven distribution of the analyte due to sample preparation (Figure 5-25) 

 

Even distribution of analyte Non-uniform distribution of analyte 

  

Figure 5-25 Optical micrographs of two spotted DIOS sample wells. The image on the left shows 

a relatively uniform distribution of the analyte and appears on the image as a circular “water 

mark” whereas the one on the right shows a non-uniform distribution and the analyte coverage 

was only ~60%. The white patch in the middle of the image is the laser spot. The images were 

taken during data acquisition. 

 

The assumption of the normalising to TIC approach is that an individual ion varies 

proportionally to all other ions in the spectrum, and thus the intensity of an ion has a 

constant ratio to the TIC. Despite some improvements being obtained, this approach 

alone was obviously inadequate because the precision of TIC was less than half of 

that of any individual ion. While the normalisation approach does apply to surface 

analysis using SIMS technique in tackling the matrix effect or to minimise the 

variation due to instability of laser or surface variation between sample well, this 

assumption is unable to eliminate or minimise the intra (sample-to-sample) and inter 

(point-to-point) experimental variation.  

 

Indeed, the main limiting factor in quantitation by LDI (either by MALDI or by DIOS) 

is the uneven distribution of the analyte on the surface. The precision becomes an 

issue largely surrounding how a sample droplet is added onto the surface and the 

droplet aggregation during drying.23, 25 The pipette deposition is relatively simple and 

fast, but it could not produce a reproducible result. Consequently, on considering the 
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linearity and the precision, DIOS-MS with pipette deposition is still a less than 

reliable method for quantitation and we may have to treat the method qualitatively. 

 

While the analytical performance of DIOS has been evaluated based on the ICH 

parameters, those parameters are specific for quantitation of pharmaceutical products 

and food using chromatography and may not be applicable to laser mass spectrometry 

approaches. Possible alternatives are to use an internal standard to compensate for 

signal deviation, or improved deposition approaches such as ESD. Despite the data 

showing that the approach in its current form is not “fit” for quantitation, they do not 

answer the question of whether or not the method is suitable for global profiling of 

metabolites in complex biological matrices, nor can the method provide information 

about the identity of an unknown metabolite. It may have to stress that since the 

method is being used qualitatively, there is no need to test and validate the method’s 

LOQ, or the linearity. Validation only requires the measurement of LOD and 

specificity. These may also be reasons that the ICH approaches are rarely motioned in 

proteomics research, where MALDI is one of the most important tools. The approach 

was hence shifted to evaluate the method from a bottom-up approach and directly 

employed complex biological matrices. 

 

5.3.4 Human Urine 

 

Urine is a waste product, which is a readily collected, information-rich and can 

provide insight into the metabolic state of an organism. However, urine contains a 

high quantity of salts, which makes it difficult to analyse directly by mass 

spectrometry. Despite the high salt content, DIOS mass spectra could still be obtained, 

(Figure 5-26 and Figure 5-27) demonstrating its tolerance toward the presence of salts. 

However, the effects of ion suppression are noticeable. Desorption of ions was 

strongly suppressed by the relatively high content of salts, which also suppressed 

desorption of contaminants. As a result, background interferences were only observed 

in the blank spectra. In terms of the practicality of DIOS, the ubiquitous salt content in 

biological samples causes suppression to ion formation and/or leads to adduct 

formation. A sample clean-up procedure was thus developed to remove the salts and 

retain as many biological molecules as possible. 
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Figure 5-26 (A) Positive ion DIOS mass spectrum of human urine and (B) blank (ACN/H2O). 

Urine was diluted in 1:1 ACN/H2O for 20 times. Data was acquired with 120s spiral scan and the 

spectra were processed with adaptive background subtraction.   

 

 

Figure 5-27 (A) Negative ion DIOS mass spectrum of human urine and (B) blank (ACN/H2O). 

Urine was diluted in 1:1 ACN/H2O for 20 times. Data was acquired with 120s spiral scan and the 

spectra were processed with adaptive background subtraction.   

A 

B 

A 

B 
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Four different extraction methods were attempted. The method which used diethyl 

ether/hexane and chloroform/butanol was adopted from Shen, et al.,21 and had been 

demonstrated as being suitable for DIOS-MS. (see Figure 5-8) Indeed, this method 

was also the most efficient extraction method in all four methods attempted. The 

method was modified from Shen, such as the volume of urine used and the residue 

was reconstituted in 50% ACN instead of 80% methanol. The analysis was performed 

in both positive and negative ion mode using MALDI Q-ToF instead of linear mode 

in ToF. The DIOS spectra of urine extracts are shown at Figure 5-28 and the spectra 

are information rich.  

 

The foundation for the two-step extraction approach has been discussed by Chatman, 

et al.
22 While the effort was focused on extracting steroid sulphates or removing the 

unconjugated steroids there, a further view is proposed here. On comparing the 

spectra of chloroform/butanol and diethyl ether/hexane urine extracts (Figure 5-29 to 

Figure 5-32), the species detected in positive spectra were extracted more efficiently 

by chloroform/butanol, whereas the species detected in negative spectra, especially 

those in between m/z 400 to 450, were extracted more efficiently by diethyl 

ether/hexane. The two-step extraction was thus ensuring a high recovery and 

extraction efficiency. On the other hand, ethyl acetate had a similar function as diethyl 

ether, likely because they have a similar polarity. (Figure 5-34) 

 

We further evaluated the method by adding acidic or basic modifier during the sample 

extraction and we aimed to enhance the extraction efficiency. Although visual 

inspection of the HCl and NaOH extracts appeared to be denser than the extracts 

prepared by no addition of modifier, in no case did the addition of acidic or basic 

modifier improve the ion yield. (Figure 5-29 to Figure 5-34) The potential beneficial 

effects by alternating the pH of the urine extraction solution were outweighed by ion 

suppression effects in this case, and in most of the DIOS spectra obtained, the ion 

intensity was lower. The HCl extracts suffered suppression most strongly. NaOH 

extracts were subjected to a much lesser ion suppression effect and in certain situation 

where increasing the pH of the extraction solution would allow extraction of highly 

basic compounds. For example, an additional set of peaks, located at m/z 245 and 

shown in Figure 5-29B was detected in the positive spectrum. This compound was 

likely a nucleoside and was extracted by addition of alkaline modifier. 
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Figure 5-28 (A) Positive and (B) negative ion DIOS mass spectra of human urine donated by the 

writer. The writer suffers diabetic neuropathy. Glucose was detected as sodium adduct [M+Na]
+
 

at m/z 203. The sample was prepared by diethyl ether/hexane followed by chloroform/butanol. 

Addition of HCl or NaOH was not required and only suppressed the ion formation. 1 µl of 

droplet was added onto the sample well. Data was acquired using 120s spiral scan. Laser setting 

for positive and negative mode was 220 and 200, respectively. Spectra were centroid and 

processed with adaptive background subtraction.  

A 

B 
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Figure 5-29 Positive ion DIOS mass spectra of chloroform/butanol extracts. (A) Addition of HCl, 

(B) addition of NaOH and (C) no addition of modifier. 1 µl of droplet was added onto the sample 

well. Data was acquired using 120s spiral scan. Laser setting was 220. Spectra were centroid and 

processed with adaptive background subtraction.  

 

 

Figure 5-30 Negative ion DIOS mass spectra of chloroform/butanol extracts. (A) Addition of HCl, 

(B) addition of NaOH and (C) no addition of modifier. 1 µl of droplet was added onto the sample 

well. Data was acquired using 120s spiral scan. Laser setting was 200. Spectra were centroid and 

processed with adaptive background subtraction.  

A 

B 

C 

A 

B 

C 
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Figure 5-31 Positive ion DIOS mass spectra of diethyl ether extracts. (A) Addition of HCl, (B) 

addition of NaOH and (C) no addition of modifier. 1 µl of droplet was added onto the sample well. 

Data was acquired using 120s spiral scan. Laser setting was 220, 230 and 210 respectively. 

Spectra were centroid and processed with adaptive background subtraction.  

 

 

Figure 5-32 Negative ion DIOS mass spectra of diethyl ether extracts. (A) Addition of HCl, (B) 

addition of NaOH and (C) no addition of modifier. 1 µl of droplet was added onto the sample well. 

Data was acquired using 120s spiral scan. Laser setting was 220. Spectra were centroid and 

processed with adaptive background subtraction. 

A 

B 

C 

A 

B 

C 
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Figure 5-33 Positive ion DIOS spectra of ethyl acetate extracts. (A) Addition of HCl, (B) addition 

of NaOH and (C) no addition of modifier. 1 µl of droplet was added onto the sample well. Data 

was acquired using 120s spiral scan. Laser setting was 220. Spectra were centroid and processed 

with adaptive background subtraction. 

 

 

Figure 5-34 Negative ion DIOS spectra of ethyl acetate extracts. (A) Addition of HCl, (B) addition 

of NaOH and (C) no addition of modifier. 1 µl of droplet was added onto the sample well. Data 

was acquired using 120s spiral scan. Laser setting was 220. Spectra were centroid and processed 

with adaptive background subtraction. 

A 

B 

C 

A 

B 

C 
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On examination of the negative spectra of the urine extracts, there were four different 

ions distinctively detected in between mass range m/z 400 to 450 on the spectra. 

While comparing the data with those available on the databases, e.g. Metlin, it is 

difficult to give the identity of those ions though it does give an impression that those 

are likely steroids/sterols, bile acids or related biomolecules. These ions detected 

under negative mode were therefore further analysed by MS/MS. The MS/MS spectra 

are shown at Figure 5-35. Two major product ions of m/z 193 and 209 were detected. 

Both of these fragment ions were also detected as shown in Figure 5-28B. The two 

product ions differ by 16 Th, i.e. an oxygen atom – or deoxy-analogous. Possibly this 

indicates that two of the precursor ions are steroids and the other two are related 

sterols. 

 

 

Figure 5-35 Negative ion DIOS MS/MS spectra of urine extract with precursor ions m/z 339, 427, 

415 and 433. Two major fragment ions at m/z 193 and 209 were obtained. 

Precursor ion m/z 339  

Precursor ion m/z 427  

Precursor ion m/z 415  

Precursor ion m/z 443  
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To assist the determination of the possible identities of the ions detected, alternatively 

metabolite database search was carried out. A list of detected ions derived from 

Figure 5-28A of which the peak intensity above 5% of the base peak intensity (BPI) 

threshold value was inputted to the Metlin metabolite database search with a 

maximum of 5-ppm tolerance. The ions detected were assumed as molecular ions or 

sodium/potassium adducts of the metabolites present in the sample. The results are 

listed in Table 5-6. Although the search results are unconfirmed, the matching does 

reflect certain characteristics of the urine extract. For example, creatinine and creatine 

are known metabolites that present in high concentration in urine. Metaformin is for 

the treatment of diabetes and concurs with the high concentration of glucose observed. 

N-(2-hydroxyethyl)-nicotinamide and cotinine are metabolites of cigarette smoking 

concurring with the life style of the donor.  

 

Table 5-6 Result of the Metline database search for metabolites present in the urine extract 

derived from the data in Figure 5-28A. The spectrum was first internal “lockmassed” on the 

sodium adduct of glucose (m/z 203.0532). The name of the proposed metabolites, the formulae, 

the calculated exact masses and the mass differences (in ppm) are reported in the table. “-” 

denotes no match has been found within 5 ppm tolerance. 

Input ion 

(m/z) 

Proposed metabolite (database 

match) [unconfirmed] 

Formula Calculated 

molecular 

Mass 

Proposed 

ion  

Mass 

difference 

(ppm) 

114.0666 Creatinine C4H7N3O 113.0589 [M+H]+ -0.9 

121.0065 -     

124.0867 -     

126.0966 -     

130.0657 -     

130.1091 Metformin C4H11N5 129.1014 [M+H]+ -0.8 

131.0167 -     

132.0770 Creatine C4H9N3O2 131.0695 [M+H]+ -2.3 

132.9958 -     

133.1016 -     

136.0484 Creatinine  C4H7N3O 113.0589 [M+Na]+ -2.7 

137.0615 -     

140.9673 -     

144.1016 -     

153.0664 N-Methyl-pyridone-carboxamide C7H8N2O2 152.0586 [M+H]+ 0.0 

154.0529 -     
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154.9837 -     

156.9631 -     

162.1125 Carnitine C7H15NO3 161.1052 [M+H]+ -3.1 

164.9219 -     

165.0715 -     

166.0781 -     

166.9953 α-ketoglutarate  C5H4O5 144.0059 [M+Na]+ -2.8 

167.0827 N-(2-hydroxyethyl)-nicotinamide C8H10N2O2 166.0742 [M+H]+ 4.2 

170.0928 Methylhistidine C7H11N3O2 169.0851 [M+H]+ -0.6 

174.9737 -     

176.0481 -     

177.1021 Serotonin, Cotinine C10H12N2O 176.095 [M+H]+ -4.0 

178.0781 -     

179.0861 -     

180.0866 Glucosamine, Fructosamine C6H13NO5 179.0794 [M+H]+ -3.4 

180.8964 -     

181.0758 -     

182.0857 -     

182.9905 -     

184.0755 -     

192.0811 -     

193.0862 -     

194.0938 -     

195.0889 Caffeine C8H10N4O2 194.0804 [M+H]+ 3.6 

195.1501 -     

196.0907 -     

196.8699 -     

198.8681 -     

200.9378 -     

203.0532 Glucose (and/or other hexoses)  C6H12O6 180.0634 [M+Na]+ LockMass 

206.0881 -     

207.0946 Pyrantel C11H14N2S 206.0878 [M+H]+ -4.9 

208.0976 Acetylphenylalanine, 

Phenylacetylglycine methyl ester, 

Phenylpropionylglycine 

C11H13NO3  207.0895 [M+H]+ 1.4 

209.1083 -     

210.1038 -     

211.1343 -     

212.8443 -     

214.8419 -     
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216.9320 -     

218.9433 -     

225.1358 -     

234.9407 -     

244.9408 -     

267.1529 -     

286.2004 -     

302.2334 -     

310.2004 L-Octanoylcarnitine  C15H29NO4 287.2097 [M+Na]+ 3.1 

312.1883 -     

313.1613 -     

314.2287 -     

326.3787 -     

327.1867 -     

328.1914 -     

328.2467 -     

343.1623 -     

343.2130 2,3-Dinor-TxB2 C18H30O6 342.2042 [M+H]+ 2.9 

344.1994 -     

358.2537 -     

386.2229 -     

402.2176 -     

408.2038 -     

409.2032 6-Hydroxydexamethasone C22H29FO6 408.1948 [M+H]+ 1.5 

423.2131 -     

424.1943 -     

425.1957 1-tridecanoyl-sn-glycero-3-

phosphate  

C16H37NO7P 386.2308 [M+K]+ 3.1 

426.2056 -     

439.2060 -     

440.1914 -     

441.2054 Dehydrocholic acid  C24H34O5 402.2406 [M+K]+ 2.7 

455.1848 -     

467.2047 -     

483.1910 -     

489.1809 -     

490.1872 -     

505.1617 -     

506.1672 -     

507.1620 -     
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521.1458 -     

522.1488 -     

523.1503 -     

599.2463 -     

615.2202 -     

 

5.3.5 Human Blood Plasma  

 

Unlike urine, serum or plasma analysis accesses the homeostatic levels of metabolites 

throughout the organism. Sample preparation of blood plasma in comparison was 

relatively simple and only required precipitation of the albumin proteins. It should be 

noted that adjusting the ratio of plasma and methanol is a very important step to 

remove the proteins completely and leave only the serum. These large protein 

molecules are normally not desorbed and may clot up the surface. 

 

The detection characteristic (laser optimisation) was first determined by acquiring a 

series of spectra under different laser setting. The TIC with respect to the laser setting 

is plotted to Figure 5-36. Representative DIOS spectra of plasma extract are shown in 

Figure 5-37 and Figure 5-38. 

 

Note to the Figure 5-36, unlike the detection characteristic that obtained with simple 

mixtures discussed previously, the optimal setting shifts to 220. This suggests ion 

suppression has occurred and may well relate to the complexity of the sample as well 

as salts. Although the acquisition was only one minute, the ion intensity of the base 

peak fell below 2000 counts. (Figure 5-37) This may have an implication toward the 

application of MS/MS using Q-ToF.  

 

The positive ion mass spectrum was information rich. S/N was good. (Figure 5-37) A 

number of lipids are located at the m/z 700-850 region. Sterol or fatty acids-like 

compounds are seen in the m/z 300-500 region. Glucose is detected as [M+Na]+ at m/z 

203. The spectrum also show a peak set at m/z 184.07 and 198.09 corresponds to 

[C5H15NPO4]
+ and [C6H17NPO4]

+, respectively and are likely headgroup fragment ion 

of phosphatidylcholines. 
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Figure 5-36 Detection characteristic of the plasma extract. Each data point represents the 

average value of three replicas. The error bar indicates the highest and the lowest value obtained.  

 

However, the negative ion mass spectrum was not as information rich as the positive 

spectrum – in terms of the number of ions detected and the quality of the spectrum. 

(Figure 5-38) The spectrum was dominated by a phosphate-containing contaminant 

located at m/z 267 and a suboptimal laser setting and extended acquisition time was 

used to minimise the interference and to maintain sufficient ions were collected. 

 

Despite the presence of salt would likely cause ion suppression, good quality MS/MS 

spectra could be obtained by extending the acquisition time to up to 5 minutes and 

increasing the amount of material added onto the target. (Figure 5-39) Common 

product ions at m/z 147 and 86.1 were detected in the MS/MS spectra. The fragment 

ion at m/z 147 has already been detected in Figure 5-37, but its identity remains 

unknown. The fragment ion at m/z 86.1 corresponds to [C5H12N]+, a typical 

headgroup fragment of phosphocholine derivatives, supporting the observation above.  
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Figure 5-37 A representative positive ion DIOS mass spectrum of plasma extract. Data was 

acquired with 1 min raster scan. Laser setting was 220. The spectrum is smoothed and 

background subtracted. 

 

  

Figure 5-38 A representative negative ion DIOS mass spectrum of plasma extract. Data was 

acquired with 180s spiral scan. Laser setting was 170. The spectrum is smoothed and background 

subtracted. 
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Figure 5-39 Positive DIOS MS/MS spectra of plasma exact. Precursor ions m/z 808.6, 780.6, 721.5 

and 666.5 were selected and all these ions produce a product ion m/z 147 and 86. Precursor ions 

m/z 780.6, 721.5 and 666.5 may also be related as common product ions m/z 597.5 or 542.5 are 

observed.  

Precursor ions m/z 808.6 

Precursor ions m/z 780.6 

Precursor ions m/z 721.5 

Precursor ions m/z 666.5 
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Using the data acquired on the blood plasma extract, the analytical precision was 

accessed based on the variation of TIC of the DIOS mass spectra. Alternatively, an 

assessment was made based on the number of ions detected with ion intensity over a 

selected threshold value. Data was acquired successively from nine sample wells 

deposited with the blood plasma extract, in between the mass range from m/z 80 to 

1000, either by spiral scan or by vertical scan mode. The peak lists were imported into 

Excel for further calculation. Since there is no standard in the selection of a threshold 

value to distinguish the significant ion peaks from those that are less significant, 5% 

of the BPI threshold value was chosen here arbitrarily. The data is plotted in Figure 

5-40. 

 

The results show that the total ion counts (TIC) of the spectra acquired by spiral or 

vertical scan mode were not significantly different. (Figure 5-40A) However, the data 

acquired by spiral scan mode was more consistent than that acquired by vertical scan 

mode. The RSD value calculated was 4.9% and 12.7% for spiral scan and vertical 

mode, respectively. In terms of the number of ions detected above the selected 

threshold value, the average number of ions detected in vertical scan mode was higher 

than that by spiral scan mode. (Figure 5-40B) Then again, the RSD value calculated 

was 4.8% and 7.7% for spiral scan and vertical mode, respectively. 

 

The datasets were also further analysed by PCA. Figure 5-41 shows the PCA score 

plots. The spreading of the data point indicates the precision of the dataset – i.e. the 

wider the spreading, the lower the precision. The results indicate that the dataset 

acquired by spiral scan mode was more consistent than that acquired by vertical scan 

mode. In addition, the PC1/PC2 score plot identifies v3 (vertical scan, dataset3) is an 

outlier (Figure 5-41A) and agrees with the result of TIC. (Figure 5-40A)  

 

On comparing the assessments of analytical precision based on the conventional 

univariate statistical approaches and on the multivariate statistical PCA approach, 

these two methods effectively lead to the same conclusion. The significance here is 

that by using PCA alone, it is already able to determine the precision of the data. The 

cluster analysis is able to distinguish the subtle differences between the datasets, 

which would otherwise be difficult to see using the conventional statistical approaches. 

The possibility of applying PCA to evaluate the mass spectrometric data produced by 
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DIOS-MS is further assessed and the data was preferably acquired by spiral scan 

mode. 
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Figure 5-40 (A) The total ion counts, and (B) the number of ions detected over 5% of the BPI, of 

nine successive data acquired over nine sample wells, either by spiral scan mode or vertical scan 

mode. Raw data was first subject to Automatic Peak Detection function of the MassLynx 

software to remove electronic and chemical noise and the peak lists were then exported to Excel 

for calculation. Threshold value was set by using Data Threshold function of the MassLynx 

software to hide data of which the intensity below a set threshold value or in term of percentage 

scales of the base peak. 

 

A 
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Figure 5-41 PCA score plot of (A) PC1/PC2 and (B) PC2/PC3. Data was acquired in successively 

over nine sample wells either by spiral scan mode or by vertical scan mode. PC1, 2 and 3 

represents 60% of the variability of the dataset.   
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5.3.6  Liver Tissue Extracts 

 

Lambs’ liver extracts were prepared by solvents of different polarity. The purpose of 

this approach was to create biological extracts, which had a global difference in terms 

of molecular distribution (i.e. a chemical model). Alternatively, an efficient extract 

protocol can be determined. Thus, we could then evaluate the possible effects of 

relatively poor precision of the DIOS-MS to PCA. The liver sample chosen here did 

not meet the criteria of metabolomic standards for mammalian experiments,59 but was 

chosen because of the large sample size. 

 

Similarly, to the study of blood plasma, the first step of an experiment is to optimise 

the laser-setting specific to the type of sample. The TIC vs. laser energy setting of 

liver methanolic extract under positive and negative ion mode is plotted to Figure 

5-42 and Figure 5-43, respectively. The results show that the TIC varies linearly with 

the laser setting under positive ion mode in this range, whereas the data collected 

under negative mode increases exponentially and starts to level off with the laser 

setting at 230.  

 

y = 4170.9x - 406360

R
2
 = 0.9321

0

100000

200000

300000

400000

500000

600000

700000

140 150 160 170 180 190 200 210 220 230

Laser setting

T
o

ta
l 

io
n

 c
o

u
n

ts

 

Figure 5-42 Detection characteristic of liver methanolic extract under positive ion mode. Each 

data point is the average value of three to five replicas. The error bar indicates the highest and 

the lowest value obtained.  
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Figure 5-43 Detection characteristic of liver methanolic extract under negative ion mode. Each 

data point is the average value of three replicas. The error bar indicates the highest and the 

lowest value obtained.  

 

We will first inspect the dataset obtained under positive ion mode. (Figure 5-44) 

Seven PCs were generated by SIMCA, where PC1, 2 and 3 accounts over 74% of the 

model, and PC1 and PC2 alone account over 60% of the model. All classes are well 

separated with no overlapping in the PCA score plot. The precision is in fact much 

better to be accessed by PCA. The spreading of ETA class is the largest in this case, 

and yet its variation in the PCA plot is less than 10 units. The PCA loading plot is also 

able to distinguish the differences between different classes; however, interpretation 

of the loading plot may be complicated. The actual differences between classes can be 

easily seen by visual inspection of the mass spectra (Figure 5-45) or with the aid of 

the contribution plots. A global difference was obtained. The results show that 

propan-2-ol and acetonitrile are very effective in extracting the lipids located at the 

m/z 700-900 region but are less effective in extracting sterol-like compounds located 

at the m/z 400-600 region and other small organics located at the m/z 100-300 region 

relative to DMSO and methanol. Then again, DMSO and methanol are not effective in 

extracting the lipids. Ethyl acetate on the other hand has a balanced extraction 

performance. The spectrum of water extract shows only one major peak at m/z 184 

and a small peak at m/z 485.  
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The experiment was repeated under negative ion mode. Unfortunately, until now, we 

still have not found a suitable mass calibrant for negative ion mode and mass accuracy 

could only be corrected to the nominal mass by calibrating the instrument with one or 

two small organic acids. Mass accuracy could not be as accurate as in positive ion 

mode. Still, some information can be obtained. The detection characteristic is shown 

in Figure 5-43. Eight PCs were generated by SIMCA, where PC1, 2 and 3 accounts 

over 84% of the model and PC1 and PC2 alone account ~69% of the model. The PCA 

score plot shows some overlapping between classes. (Figure 5-46) Then again, this is 

not entirely due to the poor precision of the method, but similarity between the dataset 

of different classes. The spectra are shown in Figure 5-47. The spectra of water and 

DMSO extract are dominated by the peak located at m/z 155, followed by the peaks 

located at m/z 233 and 235. The spectra of methanol and propan-2-ol extract are 

dominated by the peak located at m/z 151 and 155. There are also peaks located at m/z 

498 ad 514 stood out in the spectra of methanol of acetonitrile extracts. The spectra of 

acetonitrile and ethyl acetate extracts are dominated by the peak located at m/z 281, 

whereas peaks m/z 135, 151. 498 and 514 are seen in the spectra of acetonitrile extract 

and a set of peaks located in the m/z 700-800 region is seen in the spectra of ethyl 

acetate extract.  

 

The ions observed from the liver exacts (Figure 5-45) were also inputted to the 

Metline metabolite database with a maximum of 5-ppm tolerance. To reduce the 

complexity of the data, only ion peaks with an integrated area over 5000 counts 

threshold value were considered here. The ion intensity of the DMSO extract was 

relatively low and no ion was detected over 5000 counts. DMSO extract was thus 

excluded from the database search. The results are listed in Table 5-7. Furthermore, 

LipidBank was also employed because of the relatively low “hit” of lipid-like 

molecules from the Metline database. However, to make the database search more 

effective, a method that limited the search for di/triacylglycerols in between the mass 

range m/z 400-600, and glycerophospholipids, in between the mass range m/z 600-

1000 was adopted. Tolerance was 0.01 amu – the smallest difference permitted by the 

database. The results are listed in Table 5-8 and Table 5-9. Given the chemistry of 

lipid molecules, as shown from the tables, the search returns a number of positional 

and/or structural isomers of the same subclass or different subclasses. 
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Figure 5-44 PCA t1/t2/t3 score plot (A) and p1/p2/p3 loading plot (B). Dataset was acquired in 

positive mode.  
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Figure 5-45 Positive ion DIOS mass spectra of liver extracts. Spectra are arranged in their 

similarity. Data was acquired with 120s spiral scan and laser setting was 220. The raw spectra 

are smoothed and background subtracted. 
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Figure 5-46 PCA t1/t2/t3 score plot (A) and p1/p2/p3 loading plot (B). Dataset was acquired in 

negative mode.  
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Figure 5-47 Negative ion DIOS mass spectra of liver extracts. Spectra are arranged in their 

similarity. The spectra were acquired with 2 mins spiral scan and laser setting 210. The raw 

spectra are smoothed and background subtracted. 
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Table 5-7 Result of the Metline database search for metabolites present in the lambs’ liver extracts derived from the data in Figure 5-45. The spectra were first 

internal “lockmassed” on the fragment ion of phosphocholine (m/z 184.0739). The name of the proposed metabolites, the formulae, the calculated exact masses and 

the mass differences (in ppm) are reported in the table. “-” denotes no match has been found within 5 ppm tolerance. 

Ion observed in the spectrum of … with 

integrated peak area over 5000 counts 

Input ion 

(m/z) 

Proposed metabolite (database match) 

[unconfirmed] 

Formula Calculated 

molecular 

Mass  

Proposed 

ion 

Mass 

difference 

(ppm) 

E
T

A
 

P
ro

p
an

o
l 

A
C

N
 

M
eO

H
 

H
2
O

 

119.0856 -     +     

131.0858 -     +     

133.1013 -     +     

138.0923 -        +  

139.0158 -     +     

145.1016 -     +     

147.1166 -     +     

150.0919 2-Aminopropiophenone C9H11NO 149.084 [M+H]+ 0.0    +  

159.1166 -     +     

163.0160 -     +     

174.0919 -       + +  

174.8972 -        +  

184.0739 Phosphocholine, fragment of phosphocholine C5H15NO4P  184.0739 M+ LM + + + + + 

196.8687 -       + +  

198.0891 N-Acetyltranylcypromine C11H13NO 175.1 [M+Na]+ -0.2 + + + +  

200.1077 -       + +  
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201.9350 -        +  

207.1135 Phenylethylmalonamide (PEMA) C11H14N2O2 206.106 [M+H]+ 1.0   + +  

212.8487 -       + +  

212.9590 -        +  

222.9954 Acetazolamide C4H6N4O3S2 221.988 [M+H]+ -2.3    +  

226.1237 -       + +  

230.9234 -        +  

233.1295 N-Acetyl-5-methoxytryptamine C13H16N2O2 232.121  [M+H]+ 2.2   + +  

240.9614 -     +     

250.9153 -        +  

261.9290 -        +  

264.2692 -     +     

291.9753 -      + + +  

320.0066 -        +  

478.3274 -     +     

485.2966 -       + +  

501.2347 -       +   

502.3260 -     +     

504.3429 1-O-Hexadecyl-2-lyso-glycero-3-phosphorylcholine C24H52NO6P 481.353 [M+Na]+ -0.2 +     

505.3470 -     +     

506.3587 -     +     

507.3622 -     +     

508.1321 -       + +  
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534.2953 -       + +  

550.3271 -     +     

552.3427 -     +     

558.2757 -       + +  

560.3068 -       + +  

562.3223 -       + +  

576.2148 -       + +  

577.5177 -     +     

592.2091 -        +  

603.5331 1-O-hexadecyl-2-(9Z-octadecenoyl)-sn-glycerol C37H72O4 580.543 [M+Na]+ 0.3 +     

605.5494 -     +     

606.2928 -       + +  

608.3071 -       + +  

625.5172 -     +     

627.5331 -     +     

737.4493 -       +   

739.4628 -     + + +   

765.4792 -     + + +   

767.4961 -     +  +   

782.5690 -     +  +   

785.4459 -       +   

787.4615 -     +  +   

794.5116 -       +   
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796.5255 -       +   

797.5260 -       +   

798.5405 -     + + +   

799.5399 -     +  +   

800.5529 -     +  +   

810.5990 -     +     

813.4754 -       +   

820.5172 -      + +   

822.5191 -     + + +   

824.5580 -     + + +   

826.5690 -     + + +   

827.5760 -     +     

828.5431 Galabiosylceramide (d18:1/12:0),  

Lactosylceramide (d18:1/12:0) 

C42H79NO13 805.555 [M+Na]+ -2.2 +     

830.5652 -       +   

842.4438 -      +    

844.4899 -     + + +   

845.5240 -       +   

846.5319 -     + + +   

847.5399 -       +   

848.5493 -     +  +   

849.5551 -       +   

870.5172 -      + +   
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872.5483 -     + + +   

873.5563 -       +   

874.5661 -     +  +   

875.5718 -       +   

 

Table 5-8 Results of LipidMap search in between the mass range m/z 400-600 for di/triacylglycerols (DG/TG) present in the lambs’ liver extracts derived from the 

data in Figure 5-45. The spectra were first internal “lockmassed” on the fragment ion of phosphocholine (m/z 184.0739). The formulae, the calculated exact masses 

and the delta mass (in amu) of the proposed di/triacylglycerols are reported in the table. A maximum delta mass of ±0.01 amu limit was applied to the search. Only 

the inputted ions returned a match are listed. C is the number of carbons and DB is the number of double bonds of the proposed di/triacylglycerol.  

Ion observed in … with an integrated peak 

area over 5000 counts 

Input ion 

(m/z) 

Abbreviation of proposed 

di/triacylglycerol (unconfirmed) 

C DB Formula Calculated 

molecular 

mass 

Delta 

mass 

(amu) 

Ion 

ETA Propanol ACN MeOH 

485.2966 TG(18:4(6Z,9Z,12Z,15Z)/2:0/4:0) 24 4 C27H42O6 485.2879 0.0087 [M+Na]+   + + 

 TG(18:4(6Z,9Z,12Z,15Z)/4:0/2:0) 24 4 C27H42O6 485.2879   [M+Na]+     

 TG(20:4(5Z,8Z,11Z,14Z)/2:0/2:0) 24 4 C27H42O6 485.2879   [M+Na]+     

 TG(2:0/18:4(6Z,9Z,12Z,15Z)/4:0) 24 4 C27H42O6 485.2879   [M+Na]+     

 TG(2:0/4:0/18:4(6Z,9Z,12Z,15Z)) 24 4 C27H42O6 485.2879   [M+Na]+     

 TG(4:0/18:4(6Z,9Z,12Z,15Z)/2:0) 24 4 C27H42O6 485.2879   [M+Na]+     

 TG(4:0/2:0/18:4(6Z,9Z,12Z,15Z)) 24 4 C27H42O6 485.2879   [M+Na]+     

505.3470 TG(17:1(9Z)/2:0/6:0) 25 1 C28H50O6 505.3505 -0.0035 [M+Na]+ +    

 TG(17:1(9Z)/4:0/4:0) 25 1 C28H50O6 505.3505   [M+Na]+     

 TG(17:1(9Z)/6:0/2:0) 25 1 C28H50O6 505.3505   [M+Na]+     

 TG(2:0/17:1(9Z)/6:0) 25 1 C28H50O6 505.3505   [M+Na]+     
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 TG(2:0/6:0/17:1(9Z)) 25 1 C28H50O6 505.3505   [M+Na]+     

 TG(4:0/17:1(9Z)/4:0) 25 1 C28H50O6 505.3505   [M+Na]+     

 TG(4:0/4:0/17:1(9Z)) 25 1 C28H50O6 505.3505   [M+Na]+     

 TG(6:0/17:1(9Z)/2:0) 25 1 C28H50O6 505.3505   [M+Na]+     

 TG(6:0/2:0/17:1(9Z)) 25 1 C28H50O6 505.3505   [M+Na]+     

507.3622 TG(10:0/13:0/2:0) 25 0 C28H52O6 507.3662 -0.0040 [M+Na]+ +    

 TG(10:0/2:0/13:0) 25 0 C28H52O6 507.3662   [M+Na]+     

 TG(13:0/10:0/2:0) 25 0 C28H52O6 507.3662   [M+Na]+     

 TG(13:0/2:0/10:0) 25 0 C28H52O6 507.3662   [M+Na]+     

 TG(13:0/4:0/8:0) 25 0 C28H52O6 507.3662   [M+Na]+     

 TG(13:0/6:0/6:0) 25 0 C28H52O6 507.3662   [M+Na]+     

 TG(13:0/8:0/4:0) 25 0 C28H52O6 507.3662   [M+Na]+     

 TG(15:0/2:0/8:0) 25 0 C28H52O6 507.3662   [M+Na]+     

 TG(15:0/4:0/6:0) 25 0 C28H52O6 507.3662   [M+Na]+     

 TG(15:0/6:0/4:0) 25 0 C28H52O6 507.3662   [M+Na]+     

 TG(15:0/8:0/2:0) 25 0 C28H52O6 507.3662   [M+Na]+     

 TG(17:0/2:0/6:0) 25 0 C28H52O6 507.3662   [M+Na]+     

 TG(17:0/4:0/4:0) 25 0 C28H52O6 507.3662   [M+Na]+     

 TG(17:0/6:0/2:0) 25 0 C28H52O6 507.3662   [M+Na]+     

 TG(19:0/2:0/4:0) 25 0 C28H52O6 507.3662   [M+Na]+     

 TG(19:0/4:0/2:0) 25 0 C28H52O6 507.3662   [M+Na]+     

 TG(21:0/2:0/2:0) 25 0 C28H52O6 507.3662   [M+Na]+     

 TG(4:0/13:0/8:0) 25 0 C28H52O6 507.3662   [M+Na]+     
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 TG(4:0/15:0/6:0) 25 0 C28H52O6 507.3662   [M+Na]+     

 TG(4:0/17:0/4:0) 25 0 C28H52O6 507.3662   [M+Na]+     

 TG(4:0/19:0/2:0) 25 0 C28H52O6 507.3662   [M+Na]+     

 TG(4:0/2:0/19:0) 25 0 C28H52O6 507.3662   [M+Na]+     

 TG(4:0/4:0/17:0) 25 0 C28H52O6 507.3662   [M+Na]+     

 TG(4:0/6:0/15:0) 25 0 C28H52O6 507.3662   [M+Na]+     

 TG(4:0/8:0/13:0) 25 0 C28H52O6 507.3662   [M+Na]+     

 TG(6:0/13:0/6:0) 25 0 C28H52O6 507.3662   [M+Na]+     

 TG(6:0/15:0/4:0) 25 0 C28H52O6 507.3662   [M+Na]+     

 TG(6:0/17:0/2:0) 25 0 C28H52O6 507.3662   [M+Na]+     

 TG(6:0/2:0/17:0) 25 0 C28H52O6 507.3662   [M+Na]+     

 TG(6:0/4:0/15:0) 25 0 C28H52O6 507.3662   [M+Na]+     

 TG(6:0/6:0/13:0) 25 0 C28H52O6 507.3662   [M+Na]+     

 TG(8:0/13:0/4:0) 25 0 C28H52O6 507.3662   [M+Na]+     

 TG(8:0/15:0/2:0) 25 0 C28H52O6 507.3662   [M+Na]+     

 TG(8:0/2:0/15:0) 25 0 C28H52O6 507.3662   [M+Na]+     

 TG(8:0/4:0/13:0) 25 0 C28H52O6 507.3662   [M+Na]+     

577.5177 TG(O-16:0/0:0/16:0) 32 0 C35H70O4 577.5172 0.0005 [M+Na]+ +    

 DG(O-16:0/16:0/0:0) 32 0 C35H70O4 577.5172   [M+Na]+     

 TG(O-18:0/0:0/14:0) 32 0 C35H70O4 577.5172   [M+Na]+     

 DG(O-18:0/14:0/0:0) 32 0 C35H70O4 577.5172   [M+Na]+     

 TG(O-20:0/0:0/12:0) 32 0 C35H70O4 577.5172   [M+Na]+     

 DG(O-20:0/12:0/0:0) 32 0 C35H70O4 577.5172   [M+Na]+     

 



 348 

Table 5-9 Results of LipidMap search in between the mass range m/z 600-1000 for glycerophospholipids present in the lambs’ liver extracts derived from the data 

in Figure 5-45. The spectra were first internal “lockmassed” on the fragment ion of phosphocholine (m/z 184.0739). The formulae, the calculated exact masses and 

the delta mass (in amu) of the proposed glycerophospholipids are reported in the table. Only the inputted ions returned a match are listed. A maximum delta mass 

of ±0.01 amu limit was applied to the search. C is the number of carbons and DB is the number of double bonds of the proposed glycerophospholipid. Subclasses of 

glycerophospholipids include phosphocholine (PC), phosphatidylethanolamine (PE), protegrin (PG), phosphatidyl serine (PS), and phosphoinositide (PI).  

Ion observed in … 

with integrated area 

over 5000 counts 

Input 

ion (m/z) 

Abbreviation of proposed glycerophospholipid 

(unconfirmed) 

Sub-

class 

C DB Formula Calculated 

molecular 

mass 

Delta 

mass 

(amu) 

Ion 

E
T

A
 

P
ro

p
an

o
l 

A
C

N
 

M
eO

H
 

782.5690 PC(12:0/22:1(13Z)) PC 34 1 C42H82NO8P 782.5676 0.0014 [M+Na]+ +  +  

782.5690 PC(14:0/20:1(11Z)) PC 34 1 C42H82NO8P 782.5676 0.0014 [M+Na]+     

782.5690 PC(17:0/17:1(9Z)) PC 34 1 C42H82NO8P 782.5676 0.0014 [M+Na]+     

782.5690 PC(17:1(9Z)/17:0) PC 34 1 C42H82NO8P 782.5676 0.0014 [M+Na]+     

782.5690 PC(14:1(9Z)/20:0) PC 34 1 C42H82NO8P 782.5676 0.0014 [M+Na]+     

782.5690 PC(20:0/14:1(9Z)) PC 34 1 C42H82NO8P 782.5676 0.0014 [M+Na]+     

782.5690 PC(22:1(13Z)/12:0) PC 34 1 C42H82NO8P 782.5676 0.0014 [M+Na]+     

782.5690 PC(20:1(11Z)/14:0) PC 34 1 C42H82NO8P 782.5676 0.0014 [M+Na]+     

782.5690 PC(18:1(9Z)/16:0) PC 34 1 C42H82NO8P 782.5676 0.0014 [M+Na]+     

782.5690 PC(18:0/16:1(9Z)) PC 34 1 C42H82NO8P 782.5676 0.0014 [M+Na]+     

782.5690 PC(16:1(9Z)/18:0) PC 34 1 C42H82NO8P 782.5676 0.0014 [M+Na]+     

782.5690 PC(16:0/18:1(9Z)) PC 34 1 C42H82NO8P 782.5676 0.0014 [M+Na]+     
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782.5690 PE(17:0/20:1(11Z)) PE 37 1 C42H82NO8P 782.5676 0.0014 [M+Na]+     

782.5690 PE(16:1(9Z)/21:0) PE 37 1 C42H82NO8P 782.5676 0.0014 [M+Na]+     

782.5690 PE(15:0/22:1(13Z)) PE 37 1 C42H82NO8P 782.5676 0.0014 [M+Na]+     

782.5690 PE(17:1(9Z)/20:0) PE 37 1 C42H82NO8P 782.5676 0.0014 [M+Na]+     

782.5690 PE(20:0/17:1(9Z)) PE 37 1 C42H82NO8P 782.5676 0.0014 [M+Na]+     

782.5690 PE(21:0/16:1(9Z)) PE 37 1 C42H82NO8P 782.5676 0.0014 [M+Na]+     

782.5690 PE(20:1(11Z)/17:0) PE 37 1 C42H82NO8P 782.5676 0.0014 [M+Na]+     

782.5690 PE(19:0/18:1(9Z)) PE 37 1 C42H82NO8P 782.5676 0.0014 [M+Na]+     

782.5690 PE(18:1(9Z)/19:0) PE 37 1 C42H82NO8P 782.5676 0.0014 [M+Na]+     

782.5690 PE(22:1(13Z)/15:0) PE 37 1 C42H82NO8P 782.5676 0.0014 [M+Na]+     

797.5260 PG(14:0/22:2(13Z,16Z)) PG 36 2 C42H79O10P 797.5309 0.0049 [M+Na]+   +  

797.5260 PG(16:0/20:2(11Z,14Z)) PG 36 2 C42H79O10P 797.5309 0.0049 [M+Na]+     

797.5260 PG(16:1(9Z)/20:1(11Z)) PG 36 2 C42H79O10P 797.5309 0.0049 [M+Na]+     

797.5260 PG(17:2(9Z,12Z)/19:0) PG 36 2 C42H79O10P 797.5309 0.0049 [M+Na]+     

797.5260 PG(18:0/18:2(9Z,12Z)) PG 36 2 C42H79O10P 797.5309 0.0049 [M+Na]+     

797.5260 PG(22:2(13Z,16Z)/14:0) PG 36 2 C42H79O10P 797.5309 0.0049 [M+Na]+     

797.5260 PG(18:2(9Z,12Z)/18:0) PG 36 2 C42H79O10P 797.5309 0.0049 [M+Na]+     

797.5260 PG(19:0/17:2(9Z,12Z)) PG 36 2 C42H79O10P 797.5309 0.0049 [M+Na]+     

797.5260 PG(20:1(11Z)/16:1(9Z)) PG 36 2 C42H79O10P 797.5309 0.0049 [M+Na]+     

797.5260 PG(20:2(11Z,14Z)/16:0) PG 36 2 C42H79O10P 797.5309 0.0049 [M+Na]+     

797.5260 PG(18:1(9Z)/18:1(9Z)) PG 36 2 C42H79O10P 797.5309 0.0049 [M+Na]+     

798.5405 PE(O-18:1(1Z)/22:6(4Z,7Z,10Z,13Z,16Z,19Z)) PE 40 6 C45H78NO7P 798.5414 0.0009 [M+Na]+ + + +  

799.5399 PG(14:0/22:1(13Z)) PG 36 1 C42H81O10P 799.5465 0.0066 [M+Na]+ +  +  
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799.5399 PG(16:0/20:1(11Z)) PG 36 1 C42H81O10P 799.5465 0.0066 [M+Na]+     

799.5399 PG(16:1(9Z)/20:0) PG 36 1 C42H81O10P 799.5465 0.0066 [M+Na]+     

799.5399 PG(18:0/18:1(9Z)) PG 36 1 C42H81O10P 799.5465 0.0066 [M+Na]+     

799.5399 PG(19:0/17:1(9Z)) PG 36 1 C42H81O10P 799.5465 0.0066 [M+Na]+     

799.5399 PG(20:0/16:1(9Z)) PG 36 1 C42H81O10P 799.5465 0.0066 [M+Na]+     

799.5399 PG(20:1(11Z)/16:0) PG 36 1 C42H81O10P 799.5465 0.0066 [M+Na]+     

799.5399 PG(22:1(13Z)/14:0) PG 36 1 C42H81O10P 799.5465 0.0066 [M+Na]+     

799.5399 PG(17:1(9Z)/19:0) PG 36 1 C42H81O10P 799.5465 0.0066 [M+Na]+     

799.5399 PG(18:1(9Z)/18:0) PG 36 1 C42H81O10P 799.5465 0.0066 [M+Na]+     

800.5529 PE(O-20:1(1Z)/20:5(5Z,8Z,11Z,14Z,17Z)) PE 40 5 C45H80NO7P 800.5570 0.0041 [M+Na]+ +  +  

800.5529 PE(O-18:0/22:6(4Z,7Z,10Z,13Z,16Z,19Z)) PE 40 6 C45H80NO7P 800.5570 0.0041 [M+Na]+     

810.5990 PC(14:0/22:1(13Z)) PC 36 1 C44H86NO8P 810.5989 0.0001 [M+Na]+ +    

810.5990 PC(16:0/20:1(11Z)) PC 36 1 C44H86NO8P 810.5989 0.0001 [M+Na]+     

810.5990 PC(19:0/17:1(9Z)) PC 36 1 C44H86NO8P 810.5989 0.0001 [M+Na]+     

810.5990 PC(17:1(9Z)/19:0) PC 36 1 C44H86NO8P 810.5989 0.0001 [M+Na]+     

810.5990 PC(14:1(9Z)/22:0) PC 36 1 C44H86NO8P 810.5989 0.0001 [M+Na]+     

810.5990 PC(22:0/14:1(9Z)) PC 36 1 C44H86NO8P 810.5989 0.0001 [M+Na]+     

810.5990 PC(22:1(13Z)/14:0) PC 36 1 C44H86NO8P 810.5989 0.0001 [M+Na]+     

810.5990 PC(20:1(11Z)/16:0) PC 36 1 C44H86NO8P 810.5989 0.0001 [M+Na]+     

810.5990 PC(20:0/16:1(9Z)) PC 36 1 C44H86NO8P 810.5989 0.0001 [M+Na]+     

810.5990 PC(16:1(9Z)/20:0) PC 36 1 C44H86NO8P 810.5989 0.0001 [M+Na]+     

810.5990 PC(18:0/18:1(9Z)) PC 36 1 C44H86NO8P 810.5989 0.0001 [M+Na]+     

810.5990 PC(18:1(9Z)/18:0) PC 36 1 C44H86NO8P 810.5989 0.0001 [M+Na]+     
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810.5990 PE(17:0/22:1(13Z)) PE 39 1 C44H86NO8P 810.5989 0.0001 [M+Na]+     

810.5990 PE(17:1(9Z)/22:0) PE 39 1 C44H86NO8P 810.5989 0.0001 [M+Na]+     

810.5990 PE(22:1(13Z)/17:0) PE 39 1 C44H86NO8P 810.5989 0.0001 [M+Na]+     

810.5990 PE(21:0/18:1(9Z)) PE 39 1 C44H86NO8P 810.5989 0.0001 [M+Na]+     

810.5990 PE(20:1(11Z)/19:0) PE 39 1 C44H86NO8P 810.5989 0.0001 [M+Na]+     

810.5990 PE(19:0/20:1(11Z)) PE 39 1 C44H86NO8P 810.5989 0.0001 [M+Na]+     

810.5990 PE(18:1(9Z)/21:0) PE 39 1 C44H86NO8P 810.5989 0.0001 [M+Na]+     

810.5990 PE(22:0/17:1(9Z)) PE 39 1 C44H86NO8P 810.5989 0.0001 [M+Na]+     

813.4754 PG(20:5(5Z,8Z,11Z,14Z,17Z)/18:3(9Z,12Z,15Z)) PG 38 8 C44H71O10P 813.4683 0.0071 [M+Na]+   +  

813.4754 PG(18:3(9Z,12Z,15Z)/20:5(5Z,8Z,11Z,14Z,17Z)) PG 38 8 C44H71O10P 813.4683 0.0071 [M+Na]+     

820.5172 PS(15:0/22:4(7Z,10Z,13Z,16Z)) PS 37 4 C43H76NO10P 820.5105 0.0067 [M+Na]+  + +  

820.5172 PS(17:0/20:4(5Z,8Z,11Z,14Z)) PS 37 4 C43H76NO10P 820.5105 0.0067 [M+Na]+     

820.5172 PS(17:2(9Z,12Z)/20:2(11Z,14Z)) PS 37 4 C43H76NO10P 820.5105 0.0067 [M+Na]+     

820.5172 PS(20:3(8Z,11Z,14Z)/17:1(9Z)) PS 37 4 C43H76NO10P 820.5105 0.0067 [M+Na]+     

820.5172 PS(20:4(5Z,8Z,11Z,14Z)/17:0) PS 37 4 C43H76NO10P 820.5105 0.0067 [M+Na]+     

820.5172 PS(22:4(7Z,10Z,13Z,16Z)/15:0) PS 37 4 C43H76NO10P 820.5105 0.0067 [M+Na]+     

820.5172 PS(17:1(9Z)/20:3(8Z,11Z,14Z)) PS 37 4 C43H76NO10P 820.5105 0.0067 [M+Na]+     

820.5172 PS(20:2(11Z,14Z)/17:2(9Z,12Z)) PS 37 4 C43H76NO10P 820.5105 0.0067 [M+Na]+     

822.5191 PS(17:0/20:3(8Z,11Z,14Z)) PS 37 3 C43H78NO10P 822.5261 0.0070 [M+Na]+ + + +  

822.5191 PS(17:2(9Z,12Z)/20:1(11Z)) PS 37 3 C43H78NO10P 822.5261 0.0070 [M+Na]+     

822.5191 PS(18:3(9Z,12Z,15Z)/19:0) PS 37 3 C43H78NO10P 822.5261 0.0070 [M+Na]+     

822.5191 PS(20:2(11Z,14Z)/17:1(9Z)) PS 37 3 C43H78NO10P 822.5261 0.0070 [M+Na]+     

822.5191 PS(20:1(11Z)/17:2(9Z,12Z)) PS 37 3 C43H78NO10P 822.5261 0.0070 [M+Na]+     
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822.5191 PS(20:3(8Z,11Z,14Z)/17:0) PS 37 3 C43H78NO10P 822.5261 0.0070 [M+Na]+     

822.5191 PS(17:1(9Z)/20:2(11Z,14Z)) PS 37 3 C43H78NO10P 822.5261 0.0070 [M+Na]+     

822.5191 PS(19:0/18:3(9Z,12Z,15Z)) PS 37 3 C43H78NO10P 822.5261 0.0070 [M+Na]+     

826.5690 PE(O-20:1(1Z)/22:6(4Z,7Z,10Z,13Z,16Z,19Z)) PE 42 6 C47H82NO7P 826.5727 0.0037 [M+Na]+ + + +  

827.5760 PG(16:0/22:1(13Z)) PG 38 1 C44H85O10P 827.5778 0.0018 [M+Na]+ +    

827.5760 PG(16:1(9Z)/22:0) PG 38 1 C44H85O10P 827.5778 0.0018 [M+Na]+     

827.5760 PG(18:0/20:1(11Z)) PG 38 1 C44H85O10P 827.5778 0.0018 [M+Na]+     

827.5760 PG(18:1(9Z)/20:0) PG 38 1 C44H85O10P 827.5778 0.0018 [M+Na]+     

827.5760 PG(21:0/17:1(9Z)) PG 38 1 C44H85O10P 827.5778 0.0018 [M+Na]+     

827.5760 PG(20:1(11Z)/18:0) PG 38 1 C44H85O10P 827.5778 0.0018 [M+Na]+     

827.5760 PG(22:0/16:1(9Z)) PG 38 1 C44H85O10P 827.5778 0.0018 [M+Na]+     

827.5760 PG(22:1(13Z)/16:0) PG 38 1 C44H85O10P 827.5778 0.0018 [M+Na]+     

827.5760 PG(17:1(9Z)/21:0) PG 38 1 C44H85O10P 827.5778 0.0018 [M+Na]+     

827.5760 PG(20:0/18:1(9Z)) PG 38 1 C44H85O10P 827.5778 0.0018 [M+Na]+     

828.5431 PC(16:0/22:6(4Z,7Z,10Z,13Z,16Z,19Z)) PC 38 6 C46H80NO8P 828.5520 0.0089 [M+Na]+ +    

828.5431 PC(18:1(9Z)/20:5(5Z,8Z,11Z,14Z,17Z)) PC 38 6 C46H80NO8P 828.5520 0.0089 [M+Na]+     

828.5431 PC(18:2(9Z,12Z)/20:4(5Z,8Z,11Z,14Z)) PC 38 6 C46H80NO8P 828.5520 0.0089 [M+Na]+     

828.5431 PC(18:3(9Z,12Z,15Z)/20:3(8Z,11Z,14Z)) PC 38 6 C46H80NO8P 828.5520 0.0089 [M+Na]+     

828.5431 PC(20:3(8Z,11Z,14Z)/18:3(9Z,12Z,15Z)) PC 38 6 C46H80NO8P 828.5520 0.0089 [M+Na]+     

828.5431 PC(22:6(4Z,7Z,10Z,13Z,16Z,19Z)/16:0) PC 38 6 C46H80NO8P 828.5520 0.0089 [M+Na]+     

828.5431 PC(20:4(5Z,8Z,11Z,14Z)/18:2(9Z,12Z)) PC 38 6 C46H80NO8P 828.5520 0.0089 [M+Na]+     

828.5431 PC(20:5(5Z,8Z,11Z,14Z,17Z)/18:1(9Z)) PC 38 6 C46H80NO8P 828.5520 0.0089 [M+Na]+     

828.5431 PE(19:0/22:6(4Z,7Z,10Z,13Z,16Z,19Z)) PE 41 6 C46H80NO8P 828.5520 0.0089 [M+Na]+     
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828.5431 PE(22:6(4Z,7Z,10Z,13Z,16Z,19Z)/19:0) PE 41 6 C46H80NO8P 828.5520 0.0089 [M+Na]+     

830.5652 PC(16:1(9Z)/22:4(7Z,10Z,13Z,16Z)) PC 38 5 C46H82NO8P 830.5676 0.0024 [M+Na]+   +  

830.5652 PC(18:0/20:5(5Z,8Z,11Z,14Z,17Z)) PC 38 5 C46H82NO8P 830.5676 0.0024 [M+Na]+     

830.5652 PC(18:1(9Z)/20:4(5Z,8Z,11Z,14Z)) PC 38 5 C46H82NO8P 830.5676 0.0024 [M+Na]+     

830.5652 PC(18:2(9Z,12Z)/20:3(8Z,11Z,14Z)) PC 38 5 C46H82NO8P 830.5676 0.0024 [M+Na]+     

830.5652 PC(18:3(9Z,12Z,15Z)/20:2(11Z,14Z)) PC 38 5 C46H82NO8P 830.5676 0.0024 [M+Na]+     

830.5652 PC(20:2(11Z,14Z)/18:3(9Z,12Z,15Z)) PC 38 5 C46H82NO8P 830.5676 0.0024 [M+Na]+     

830.5652 PC(22:4(7Z,10Z,13Z,16Z)/16:1(9Z)) PC 38 5 C46H82NO8P 830.5676 0.0024 [M+Na]+     

830.5652 PC(20:3(8Z,11Z,14Z)/18:2(9Z,12Z)) PC 38 5 C46H82NO8P 830.5676 0.0024 [M+Na]+     

830.5652 PC(20:4(5Z,8Z,11Z,14Z)/18:1(9Z)) PC 38 5 C46H82NO8P 830.5676 0.0024 [M+Na]+     

830.5652 PC(20:5(5Z,8Z,11Z,14Z,17Z)/18:0) PC 38 5 C46H82NO8P 830.5676 0.0024 [M+Na]+     

830.5652 PE(20:5(5Z,8Z,11Z,14Z,17Z)/21:0) PE 41 5 C46H82NO8P 830.5676 0.0024 [M+Na]+     

830.5652 PE(21:0/20:5(5Z,8Z,11Z,14Z,17Z)) PE 41 5 C46H82NO8P 830.5676 0.0024 [M+Na]+     

845.5240 PI(13:0/20:1(11Z)) PI 33 1 C42H79O13P 845.5156 0.0084 [M+Na]+   +  

845.5240 PI(17:1(9Z)/16:0) PI 33 1 C42H79O13P 845.5156 0.0084 [M+Na]+     

845.5240 PI(14:1(9Z)/19:0) PI 33 1 C42H79O13P 845.5156 0.0084 [M+Na]+     

845.5240 PI(19:0/14:1(9Z)) PI 33 1 C42H79O13P 845.5156 0.0084 [M+Na]+     

845.5240 PI(20:1(11Z)/13:0) PI 33 1 C42H79O13P 845.5156 0.0084 [M+Na]+     

845.5240 PI(18:1(9Z)/15:0) PI 33 1 C42H79O13P 845.5156 0.0084 [M+Na]+     

845.5240 PI(17:0/16:1(9Z)) PI 33 1 C42H79O13P 845.5156 0.0084 [M+Na]+     

845.5240 PI(16:1(9Z)/17:0) PI 33 1 C42H79O13P 845.5156 0.0084 [M+Na]+     

845.5240 PI(15:0/18:1(9Z)) PI 33 1 C42H79O13P 845.5156 0.0084 [M+Na]+     

845.5240 PI(16:0/17:1(9Z)) PI 33 1 C42H79O13P 845.5156 0.0084 [M+Na]+     
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845.5240 PG(22:6(4Z,7Z,10Z,13Z,16Z,19Z)/18:0) PG 40 6 C46H79O10P 845.5309 0.0069 [M+Na]+     

845.5240 PG(22:4(7Z,10Z,13Z,16Z)/18:2(9Z,12Z)) PG 40 6 C46H79O10P 845.5309 0.0069 [M+Na]+     

845.5240 PG(20:5(5Z,8Z,11Z,14Z,17Z)/20:1(11Z)) PG 40 6 C46H79O10P 845.5309 0.0069 [M+Na]+     

845.5240 PG(20:4(5Z,8Z,11Z,14Z)/20:2(11Z,14Z)) PG 40 6 C46H79O10P 845.5309 0.0069 [M+Na]+     

845.5240 PG(18:0/22:6(4Z,7Z,10Z,13Z,16Z,19Z)) PG 40 6 C46H79O10P 845.5309 0.0069 [M+Na]+     

845.5240 PG(20:2(11Z,14Z)/20:4(5Z,8Z,11Z,14Z)) PG 40 6 C46H79O10P 845.5309 0.0069 [M+Na]+     

845.5240 PG(20:1(11Z)/20:5(5Z,8Z,11Z,14Z,17Z)) PG 40 6 C46H79O10P 845.5309 0.0069 [M+Na]+     

845.5240 PG(18:2(9Z,12Z)/22:4(7Z,10Z,13Z,16Z)) PG 40 6 C46H79O10P 845.5309 0.0069 [M+Na]+     

845.5240 PG(20:3(8Z,11Z,14Z)/20:3(8Z,11Z,14Z)) PG 40 6 C46H79O10P 845.5309 0.0069 [M+Na]+     

846.5319 PS(19:0/20:5(5Z,8Z,11Z,14Z,17Z)) PS 39 5 C45H78NO10P 846.5261 0.0058 [M+Na]+ + + +  

846.5319 PS(22:4(7Z,10Z,13Z,16Z)/17:1(9Z)) PS 39 5 C45H78NO10P 846.5261 0.0058 [M+Na]+     

846.5319 PS(17:1(9Z)/22:4(7Z,10Z,13Z,16Z)) PS 39 5 C45H78NO10P 846.5261 0.0058 [M+Na]+     

846.5319 PS(20:5(5Z,8Z,11Z,14Z,17Z)/19:0) PS 39 5 C45H78NO10P 846.5261 0.0058 [M+Na]+     

847.5399 PI(20:0/13:0) PI 33 0 C42H81O13P 847.5313 0.0086 [M+Na]+   +  

847.5399 PI(19:0/14:0) PI 33 0 C42H81O13P 847.5313 0.0086 [M+Na]+     

847.5399 PI(18:0/15:0) PI 33 0 C42H81O13P 847.5313 0.0086 [M+Na]+     

847.5399 PI(17:0/16:0) PI 33 0 C42H81O13P 847.5313 0.0086 [M+Na]+     

847.5399 PI(21:0/12:0) PI 33 0 C42H81O13P 847.5313 0.0086 [M+Na]+     

847.5399 PI(15:0/18:0) PI 33 0 C42H81O13P 847.5313 0.0086 [M+Na]+     

847.5399 PI(14:0/19:0) PI 33 0 C42H81O13P 847.5313 0.0086 [M+Na]+     

847.5399 PI(13:0/20:0) PI 33 0 C42H81O13P 847.5313 0.0086 [M+Na]+     

847.5399 PI(12:0/21:0) PI 33 0 C42H81O13P 847.5313 0.0086 [M+Na]+     

847.5399 PI(16:0/17:0) PI 33 0 C42H81O13P 847.5313 0.0086 [M+Na]+     
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847.5399 PG(22:4(7Z,10Z,13Z,16Z)/18:1(9Z)) PG 40 5 C46H81O10P 847.5465 0.0066 [M+Na]+     

847.5399 PG(22:2(13Z,16Z)/18:3(9Z,12Z,15Z)) PG 40 5 C46H81O10P 847.5465 0.0066 [M+Na]+     

847.5399 PG(20:5(5Z,8Z,11Z,14Z,17Z)/20:0) PG 40 5 C46H81O10P 847.5465 0.0066 [M+Na]+     

847.5399 PG(20:4(5Z,8Z,11Z,14Z)/20:1(11Z)) PG 40 5 C46H81O10P 847.5465 0.0066 [M+Na]+     

847.5399 PG(20:3(8Z,11Z,14Z)/20:2(11Z,14Z)) PG 40 5 C46H81O10P 847.5465 0.0066 [M+Na]+     

847.5399 PG(20:2(11Z,14Z)/20:3(8Z,11Z,14Z)) PG 40 5 C46H81O10P 847.5465 0.0066 [M+Na]+     

847.5399 PG(20:1(11Z)/20:4(5Z,8Z,11Z,14Z)) PG 40 5 C46H81O10P 847.5465 0.0066 [M+Na]+     

847.5399 PG(20:0/20:5(5Z,8Z,11Z,14Z,17Z)) PG 40 5 C46H81O10P 847.5465 0.0066 [M+Na]+     

847.5399 PG(18:1(9Z)/22:4(7Z,10Z,13Z,16Z)) PG 40 5 C46H81O10P 847.5465 0.0066 [M+Na]+     

847.5399 PG(18:3(9Z,12Z,15Z)/22:2(13Z,16Z)) PG 40 5 C46H81O10P 847.5465 0.0066 [M+Na]+     

848.5493 PS(17:0/22:4(7Z,10Z,13Z,16Z)) PS 39 4 C45H80NO10P 848.5418 0.0075 [M+Na]+ +  +  

848.5493 PS(17:2(9Z,12Z)/22:2(13Z,16Z)) PS 39 4 C45H80NO10P 848.5418 0.0075 [M+Na]+     

848.5493 PS(22:4(7Z,10Z,13Z,16Z)/17:0) PS 39 4 C45H80NO10P 848.5418 0.0075 [M+Na]+     

848.5493 PS(20:4(5Z,8Z,11Z,14Z)/19:0) PS 39 4 C45H80NO10P 848.5418 0.0075 [M+Na]+     

848.5493 PS(22:2(13Z,16Z)/17:2(9Z,12Z)) PS 39 4 C45H80NO10P 848.5418 0.0075 [M+Na]+     

848.5493 PS(19:0/20:4(5Z,8Z,11Z,14Z)) PS 39 4 C45H80NO10P 848.5418 0.0075 [M+Na]+     

849.5551 PG(18:0/22:4(7Z,10Z,13Z,16Z)) PG 40 4 C46H83O10P 849.5622 0.0071 [M+Na]+   +  

849.5551 PG(18:2(9Z,12Z)/22:2(13Z,16Z)) PG 40 4 C46H83O10P 849.5622 0.0071 [M+Na]+     

849.5551 PG(18:3(9Z,12Z,15Z)/22:1(13Z)) PG 40 4 C46H83O10P 849.5622 0.0071 [M+Na]+     

849.5551 PG(20:0/20:4(5Z,8Z,11Z,14Z)) PG 40 4 C46H83O10P 849.5622 0.0071 [M+Na]+     

849.5551 PG(20:1(11Z)/20:3(8Z,11Z,14Z)) PG 40 4 C46H83O10P 849.5622 0.0071 [M+Na]+     

849.5551 PG(22:4(7Z,10Z,13Z,16Z)/18:0) PG 40 4 C46H83O10P 849.5622 0.0071 [M+Na]+     

849.5551 PG(20:3(8Z,11Z,14Z)/20:1(11Z)) PG 40 4 C46H83O10P 849.5622 0.0071 [M+Na]+     
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849.5551 PG(20:4(5Z,8Z,11Z,14Z)/20:0) PG 40 4 C46H83O10P 849.5622 0.0071 [M+Na]+     

849.5551 PG(22:1(13Z)/18:3(9Z,12Z,15Z)) PG 40 4 C46H83O10P 849.5622 0.0071 [M+Na]+     

849.5551 PG(22:2(13Z,16Z)/18:2(9Z,12Z)) PG 40 4 C46H83O10P 849.5622 0.0071 [M+Na]+     

849.5551 PG(20:2(11Z,14Z)/20:2(11Z,14Z)) PG 40 4 C46H83O10P 849.5622 0.0071 [M+Na]+     

872.5483 PS(22:6(4Z,7Z,10Z,13Z,16Z,19Z)/19:0) PS 41 6 C47H80NO10P 872.5418 0.0065 [M+Na]+ + + +  

872.5483 PS(19:0/22:6(4Z,7Z,10Z,13Z,16Z,19Z)) PS 41 6 C47H80NO10P 872.5418 0.0065 [M+Na]+   +  

873.5563 PI(15:0/20:1(11Z)) PI 35 1 C44H83O13P 873.5469 0.0094 [M+Na]+     

873.5563 PI(17:1(9Z)/18:0) PI 35 1 C44H83O13P 873.5469 0.0094 [M+Na]+     

873.5563 PI(14:1(9Z)/21:0) PI 35 1 C44H83O13P 873.5469 0.0094 [M+Na]+     

873.5563 PI(21:0/14:1(9Z)) PI 35 1 C44H83O13P 873.5469 0.0094 [M+Na]+     

873.5563 PI(22:1(13Z)/13:0) PI 35 1 C44H83O13P 873.5469 0.0094 [M+Na]+     

873.5563 PI(20:1(11Z)/15:0) PI 35 1 C44H83O13P 873.5469 0.0094 [M+Na]+     

873.5563 PI(19:0/16:1(9Z)) PI 35 1 C44H83O13P 873.5469 0.0094 [M+Na]+     

873.5563 PI(18:1(9Z)/17:0) PI 35 1 C44H83O13P 873.5469 0.0094 [M+Na]+     

873.5563 PI(13:0/22:1(13Z)) PI 35 1 C44H83O13P 873.5469 0.0094 [M+Na]+     

873.5563 PI(18:0/17:1(9Z)) PI 35 1 C44H83O13P 873.5469 0.0094 [M+Na]+     

873.5563 PI(16:1(9Z)/19:0) PI 35 1 C44H83O13P 873.5469 0.0094 [M+Na]+     

873.5563 PI(17:0/18:1(9Z)) PI 35 1 C44H83O13P 873.5469 0.0094 [M+Na]+     

873.5563 PG(22:6(4Z,7Z,10Z,13Z,16Z,19Z)/20:0) PG 42 6 C48H83O10P 873.5622 0.0059 [M+Na]+     

873.5563 PG(22:4(7Z,10Z,13Z,16Z)/20:2(11Z,14Z)) PG 42 6 C48H83O10P 873.5622 0.0059 [M+Na]+     

873.5563 PG(22:2(13Z,16Z)/20:4(5Z,8Z,11Z,14Z)) PG 42 6 C48H83O10P 873.5622 0.0059 [M+Na]+     

873.5563 PG(22:1(13Z)/20:5(5Z,8Z,11Z,14Z,17Z)) PG 42 6 C48H83O10P 873.5622 0.0059 [M+Na]+     

873.5563 PG(20:5(5Z,8Z,11Z,14Z,17Z)/22:1(13Z)) PG 42 6 C48H83O10P 873.5622 0.0059 [M+Na]+     
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873.5563 PG(20:4(5Z,8Z,11Z,14Z)/22:2(13Z,16Z)) PG 42 6 C48H83O10P 873.5622 0.0059 [M+Na]+     

873.5563 PG(20:2(11Z,14Z)/22:4(7Z,10Z,13Z,16Z)) PG 42 6 C48H83O10P 873.5622 0.0059 [M+Na]+     

873.5563 PG(20:0/22:6(4Z,7Z,10Z,13Z,16Z,19Z)) PG 42 6 C48H83O10P 873.5622 0.0059 [M+Na]+     

874.5661 PS(21:0/20:5(5Z,8Z,11Z,14Z,17Z)) PS 41 5 C47H82NO10P 874.5574 0.0087 [M+Na]+ +  +  

874.5661 PS(20:5(5Z,8Z,11Z,14Z,17Z)/21:0) PS 41 5 C47H82NO10P 874.5574 0.0087 [M+Na]+     

875.5718 PI(13:0/22:0) PI 35 0 C44H85O13P 875.5626 0.0092 [M+Na]+   +  

875.5718 PI(21:0/14:0) PI 35 0 C44H85O13P 875.5626 0.0092 [M+Na]+     

875.5718 PI(20:0/15:0) PI 35 0 C44H85O13P 875.5626 0.0092 [M+Na]+     

875.5718 PI(19:0/16:0) PI 35 0 C44H85O13P 875.5626 0.0092 [M+Na]+     

875.5718 PI(18:0/17:0) PI 35 0 C44H85O13P 875.5626 0.0092 [M+Na]+     

875.5718 PI(17:0/18:0) PI 35 0 C44H85O13P 875.5626 0.0092 [M+Na]+     

875.5718 PI(16:0/19:0) PI 35 0 C44H85O13P 875.5626 0.0092 [M+Na]+     

875.5718 PI(15:0/20:0) PI 35 0 C44H85O13P 875.5626 0.0092 [M+Na]+     

875.5718 PI(22:0/13:0) PI 35 0 C44H85O13P 875.5626 0.0092 [M+Na]+     

875.5718 PI(14:0/21:0) PI 35 0 C44H85O13P 875.5626 0.0092 [M+Na]+     

875.5718 PG(22:4(7Z,10Z,13Z,16Z)/20:1(11Z)) PG 42 5 C48H85O10P 875.5778 0.0060 [M+Na]+     

875.5718 PG(22:2(13Z,16Z)/20:3(8Z,11Z,14Z)) PG 42 5 C48H85O10P 875.5778 0.0060 [M+Na]+     

875.5718 PG(22:1(13Z)/20:4(5Z,8Z,11Z,14Z)) PG 42 5 C48H85O10P 875.5778 0.0060 [M+Na]+     

875.5718 PG(22:0/20:5(5Z,8Z,11Z,14Z,17Z)) PG 42 5 C48H85O10P 875.5778 0.0060 [M+Na]+     

875.5718 PG(20:5(5Z,8Z,11Z,14Z,17Z)/22:0) PG 42 5 C48H85O10P 875.5778 0.0060 [M+Na]+     

875.5718 PG(20:4(5Z,8Z,11Z,14Z)/22:1(13Z)) PG 42 5 C48H85O10P 875.5778 0.0060 [M+Na]+     

875.5718 PG(20:3(8Z,11Z,14Z)/22:2(13Z,16Z)) PG 42 5 C48H85O10P 875.5778 0.0060 [M+Na]+     

875.5718 PG(20:1(11Z)/22:4(7Z,10Z,13Z,16Z)) PG 42 5 C48H85O10P 875.5778 0.0060 [M+Na]+     
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Overall, acetonitrile, ethyl acetate and propanol are all effective single solvent 

systems to extract the organic molecules here. One possible direction is to employ a 

mixed solvent system, such as acetonitrile-methanol or chloroform-methanol. These 

solvent systems have an additional advantage because they are miscible in all 

proportions. Alternatively, a two-step extraction approach similar to that employed in 

urine extraction may improve the extraction efficiency. To test this hypothesis, these 

solvent systems were employed for the extraction of rats’ liver tissue. (Figure 5-48 

and Figure 5-49)  

 

The positive ion spectra show a distinctive peak at m/z 184.07 and 198.09 corresponds 

to [C5H15NPO4]
+ and [C6H17NPO4]

+, and a number of peaks in the region m/z 600-900. 

As discussed before, these ions are likely headgroup fragment ion and parent ions 

(sodium adducts) of phosphatidylcholines. 

 

The negative ion spectra also show a number of distinct peaks in the region m/z 400 -

1000. While an ion at m/z 514 was detected in the negative ion spectra of the 

acetonitrile-methanol liver extracts, a different set of ions was observed from the 

negative spectrum of the chloroform-methanol extract.   

 

However, while mass spectrometric profiles were successfully generated, an 

immediate challenge was a relatively small sample size. A comprehensive comparison 

between extraction methods could not be accomplished. 
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Figure 5-48 Positive ion DIOS mass spectra of 1:4 (A) methanol/chloroform and (B) 

methanol/acetonitrile rats’ liver tissue extracts. Data was acquired with 120s spiral scan. Laser 

setting was 230. Raw spectra were centroid and processed with adaptive background subtraction. 

Region between m/z 300 to 1000 was magnified two times. 

 

 

Figure 5-49 Negative ion DIOS mass spectra of 1:4 (A) methanol/chloroform and (B) 

methanol/acetonitrile rats’ liver tissue extracts. Data was acquired with 120s spiral scan. Laser 

setting was 200. Raw spectra were centroid and processed with adaptive background subtraction. 

Region between m/z 400 to 1000 was magnified two times. 

A 

A 

B 
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5.3.7 Detection of Quorum Sensing Signalling Molecules 

 

Before analysis of the bacterial samples from P. aeruginosa, it is worthwhile to 

determine if the bacterial secondary metabolites or other exoproducts can be detected 

by the technique, as an essential post-experimental validation step to confirm the 

identity of unknown ions. The QSSMs were of most interest and had been a subject of 

research efforts in our laboratory. These molecules were thus available. The 

experiment was carried out in parallel with metabolite profiling of bacterial extracts 

but is presented here for the ease of subsequent discussion.  

 

The DIOS spectral responses of N-acyl-L-homoserine lactones (AHL), N-(3-oxoacyl)-

L-homoserine lactones (3-oxo-HSL), and N-(3-hydroxyacyl)-L-homoserine lactones 

(3-hydroxyl-HSL) were first investigated under both positive and negative ion mode. 

These molecules have been well characterised in our laboratory by LC-ESI couple to 

hybrid quadrupole linear ion trap mass spectrometer strictly under positive ion 

mode,60 and the reference compounds were as provided in solution. However, the 

ionic species detected by DIOS may be, and in fact are, very different from those 

obtained by ESI. Under positive ion mode, these molecules were detected as salt 

adduct, rather than protonated species. (Figure 5-50) Nevertheless, C8-AHL and 3-

oxo-C8-HSL were detected as deprotonated ions in negative ion mode, but was not for 

3-hydroxyl-C8-HSL. (Figure 5-51) As an additional note, though the as-provided 

reference solutions were intended for the use for HPLC, they had not been prepared to 

the standard ideally for DIOS and contained impurities or had degradation products. 

These problems were well tolerated.  

 

Another intriguing aspect is the ionisation efficiency with respect to the acyl chain 

length. Previously, our group has reported that the relative response factor (RRF) of 3-

oxo-HSLs increases with respect to the chain length.60 This is believed to be the 

surface activity of the molecules (over the surface of droplets) as well as their 

volatility influencing the ionisation efficiency in ESI-MS. In DIOS, the ionisation 

efficiency of 3-hydroxyl-HSLs varies non-linearly with respect to the chain length. 

(Figure 5-52) 3-hydroxyl-C4-HSL was detected as [M+H]+. 
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Figure 5-50 Positive ion DIOS mass spectra of (A) C8-AHL, (B) 3-oxo-C8-HSL and (C) 3-

hydroxyl-C8-HSL. The spectra are dominated by their [M+Na]
+
 ions. The ions located at m/z 306 

and 224 in 3-hydroxyl-C8-HSL spectrum are unknown contaminants from the sample. Inserts 

displace their structural and chemical formulae. Spectra were acquired by 120s spiral scan at 

laser setting 210. 

A 

B 
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Figure 5-51 Negative ion DIOS mass spectra of (A) C8-AHL, (B) 3-oxo-C8-HSL and (C) 3-

hydroxyl-C8-HSL. The spectra of C8-HSL and 3-oxo-C8-HSL are dominated by their [M-H]
-
 ions. 

Ion peaks located at m/z 168 and 138 are unknown, which could be contaminants or degradation 

products. The deprotonated species of 3-hydroxyl-C8-HSL is not seen, but the spectrum is 

dominated by ions located at m/z 122 and 142, which are contaminants from the sample. Inserts 

displace their structural formulae. Spectra were acquired by 120s spiral scan at laser setting 210.  

 

 

A 

B 

C 



 363 

 

Figure 5-52 Positive ion DIOS mass spectrum of a mixture of equal molar 3-hydroxyl HSLs. The 

alkyl chain length of HSLs varies from C4 to C14. Ions detected are sodium adducts. Data was 

acquired with 120s spiral scan at laser setting 220.  

 

Alkyl quinolones (AQSs) and 4-hydroxy-2-alkylquinolines (HAQs) have also been 

analysed. These molecules include 4-hydroxy-2-heptylquinoline (HHQ), 4-hydroxy-

2-nonylquinoline (HNQ) and 3,4-dihydroxy-2-heptylquinoline (PQS). In chapter 3, 

section 3.4.3, the possibility of detecting AQSs by SALDI and non-etched silicon 

surface was briefly discussed. Hydroxy-quinolones have many interesting chemical 

properties. These molecules are hydrophobic. The hydroxyl group is dynamically 

interchanging to and from enone. Dihydroxy-quinolones have a high affinity to 

metallic ions (ligands). The aromatic heterocyclic system is also UV absorbing. These 

chemical properties make AQSs and HAQs among one of the most sensitive analytes 

to the matrix-free LDI platform. The spectra of AQSs and HAQs acquired under 

positive and negative ion mode are shown in Figure 5-53 and Figure 5-54. Protonated 

and deprotonated molecular ions were detected under positive and negative ion mode, 

respectively.  
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Figure 5-53 Positive ion DIOS mass spectra of (A) a mixture of AQSs and (B) PQS. The 

molecules are detected as [M+H]
+
, dimers and trimers. Data was acquired with 120s spiral scan 

at laser setting 210. 

 

 

Figure 5-54 Negative ion DIOS mass spectra of (A) a mixture of AQS and HAQs and (B) PQS. 

The molecules are detected as [M-H]
-
, dimers and trimers. Data was acquired with 60s spiral 

scan at laser setting 210. 

A 

B 
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5.3.8 Metabolite Profiling of Pseudomonas aeruginosa 

 

The investigation of Pseudomonas exoproducts was not achieved without much 

difficulty. The initial attempt was complicated with the presence of antifoam 

(synthetic polymer molecules) in the sample, even through their concentration might 

be low. (Figure 5-55) While the addition of antifoam was necessary for bacterial 

culturing by fermentor and believed would not affect the growth of the Pseudomonas, 

the presence of the synthetic polymer obscured the mass spectra or suppressed the ion 

formation of other small molecules or metabolites. This problem also affected the 

analysis by ESI-MS in our laboratory. Subsequent investigations of the medium were 

therefore strictly on the sample without antifoam.   

 

  

Figure 5-55 Positive ion DIOS mass spectra of bacterial medium and antifoam/NaI mixture.  

 

Once the antifoam was removed, DIOS mass spectra of the bacterial media were 

successfully acquired. Positive ion spectra of the bacterial culture medium and 

feeding medium are shown at Figure 5-56 and Figure 5-57, respectively. The feeding 

medium was used as a control here. Spectra were successfully acquired on the as-

received culture medium with no sample preparation. Enhancements were achieved 

Bacterial medium 

Antifoam/NaI 



 366 

with a suitable extraction approach ensuring that the extraction recovery was high. As 

shown in the spectra, many secretory products of the Pseudomonas were detected 

from the culture medium. The ions detected were either absent or of low intensity 

from the control. Data was also acquired in negative ion mode. (Figure 5-58 and 

Figure 5-59) The major differences of the spectra of culture medium from the control 

were the ions m/z 180, 224, 663 and 900, while ions of m/z 208, 438 and 647 were 

common between them. Identification of these ions was difficult. However, AHLs 

were not seemingly detected in the spectra.  

 

On the other hand, the bacterial cell pellets were not affected much by the antifoam 

because of the PBS washing procedure and the antifoam was thus removed. Mass 

spectra were successfully acquired in both positive and negative ion mode. (Figure 

5-60 and Figure 5-61) AQSs and HAQs, such as HHQ, NHQ, and PQS, were detected. 

Lipids were not seen in the spectra. The bacterial samples used were harvested from 

the bioreactor at the same time and were cultured with addition of antifoam to the 

bioreactor. On inspecting the positive mass spectra of the extracts prepared either by 

chloroform/methanol or by chloroform/butanol, the pattern of detected ions is 

identical but differs only by the ion intensity. This was further confirmed by PCA. 

The differences between the negative spectra were obvious in the mass region m/z 

500-900. 

 

Another observation was possibly related to the dynamic of a biochemical system. 

The procedures were repeated on another set of bacterial cells pellet received. One of 

the samples was cultured without antifoam (denoted by -AF). Antifoam was added to 

the bioreactor subsequently and another set of bacterial cells was harvested (denoted 

by +AF). The -AF sample was extracted with chloroform/butanol and +AF with 

chloroform/methanol as shown in Figure 5-14B. The spectra are shown in Figure 5-62. 

The spectra produced by two methods did not contain the same set of ions and the ion 

pattern looked very different from that of Figure 5-60 and Figure 5-61. For example, 

while phospholipids (m/z 700-850) and an associated fragment ion at m/z 184 were 

not seen in Figure 5-60, these ions are detected in Figure 5-62 A and B. The data was 

also imported to SIMCA for further data analysis.  
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Figure 5-56 Positive ion DIOS mass spectra of bacterial culturing medium. (A) As-received (no 

sample preparation), (B) ETA-chloroform/butanol extract, and (C) ETA-chloroform/methanol 

extract. The spectra are presented in the same vertical scale. Region of m/z 700-1200 is magnified 

by 10 times. Data was acquired by 120s spiral scan at laser setting 220. 

 

 

Figure 5-57 Positive ion DIOS mass spectra of bacterial feeding medium (control). (A) As-

received (no sample preparation), (B) ETA-chloroform/butanol extract and (C) ETA-

chloroform/methanol extract. The spectra are presented in the same vertical scale as in Figure 

5-56. Data was acquired by 120s spiral scan at laser setting 220. 
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Figure 5-58 Negative ion DIOS mass spectra of bacterial culturing medium. (A) As-received (no 

sample preparation), (B) ETA-chloroform/butanol extract and (C) ETA-chloroform/methanol 

extract. The spectra are presented in the same vertical scale. Region of m/z 600-1000 is magnified 

by 10 times. Data was acquired by 120s spiral scan at laser setting 210. 

 

 

Figure 5-59 Negative ion DIOS mass spectra of bacterial feeding media. (A) As-received (no 

sample preparation), (B) ETA-chloroform/butanol extract and (C) ETA-chloroform/methanol 

extract. The spectra are presented in the same vertical scale as in Figure 5-58. Data was acquired 

by 120s spiral scan at laser setting 210. 
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Figure 5-60 Positive ion DIOS mass spectra of P. aeruginosa bacterial cell pellets extracts: (A) 

chloroform/methanol and (B) chloroform/butanol. The spectra were acquired with 120s spiral 

scan at laser setting 220.  

 

  

Figure 5-61 Negative ion DIOS mass spectra of P. aeruginosa bacterial cell pellets extracts: (A) 

chloroform/methanol and (B) chloroform/butanol. The spectra were acquired with 120s spiral 

scan at laser setting 230. The mass region m/z 500-1000 was magnified by 10 times.  
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Figure 5-62 Positive and negative ion DIOS mass spectra of P. aeruginosa bacterial cell pellets 

extracts: (A) and (C) chloroform/methanol, and (B) and (D) chloroform/butanol. The bacterial 

cell pellet used for chloroform/butanol was cultured without addition of antifoam to the 

bioreactor whereas the cell pellet for chloroform/methanol was cultured with addition of 

antifoam and was harvested a day later. The spectra were acquired with 120s spiral scan at laser 

setting 220 and 210 for positive and negative ion mode, respectively. 
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Another major difference between the second set of bacterial cells and the first set of 

samples was the absence of molecular ion peaks corresponding to PQS [m/z 260 

(positive) and m/z 258 (negative)] and its trimer [m/z 802 (positive) and m/z 800 

(negative)]. Whether it was because of the harvesting time (i.e. exponential phase or 

stationary phase of the bacterium), or the presence or absence of antifoam, or any 

other environmental effects, it could not be determined at this stage. It is merely a 

speculation that at the time of harvesting, the bacterium had not reached to a point or 

density that the production of PQS was induced, while the production of HHQ and 

HNQ was still at early stage. (See Figure 5-12) 

 

5.4 Summary and Remarks 

 

5.4.1 Method Validation  

 

Analytical validation is a routine procedure to ensure the performance of an 

instrument and the method employed is up to its specification and suitable for its 

applications. A control framework may be considered irksome and unnecessary by 

some analytical chemists. However, the successful deployment of a method or 

procedure relies heavily on a consistent and understandable approach.  

 

Unfortunately, the consistency of the method was less than ideal and our results 

reconfirmed to those reported previously. There was point-to-point, well-to-well and 

target-to-target variation. RSD from approximately 10% to 90% were observed. There 

was no exception to MALDI Q-ToF comparing to MALDI-ToF. There were two 

major contributors to the poor precision obtained: one was the use of pipettes led to 

non-uniform distribution of the analyte over the surface and is a common problem in 

MALDI sample preparation. Secondly, the method was also affected by the matrix 

effects as shown in the detection characteristic. This was an inevitable consequence in 

the absence of a separation step, as in other high throughput approaches such as NMR 

and DiMS.63  
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The traditional method of MALDI and DIOS sample preparation involves direct 

deposition of a sample droplet onto a sample well. The sample is then allowed to dry 

before analysis. While this method is fast and effective, there is a compromise in 

signal reproducibility due to non-uniform spatial distribution of the crystallised 

sample throughout the spot. An alternative approach, such as ESD, may produce more 

reproducible signal intensity.  

 

Evaluation of the analytical performance of method or system suitability was carried 

out based on the bottom-up validation approach. The bottom-up approach stresses on 

building up from the foundations, rather like a Lego model. These Lego bricks are 

equivalent to the individual modules in any measurement system. Each brick is 

qualified or confirmed as suitable for use before the next layer is built. In this way, the 

integrity of the method is assured all the way to the top-most layer.14 Judgement is 

then made based on combining these individual modules. The modules involved in 

this investigation included the detection characteristics of the technique, evaluation of 

suitable sample preparation protocols, assessment on data or profiles generated, and 

the possibility of MVDA, identification of unknown metabolites, etc. In its essence, 

the ICH approaches can be considered a bottom-up approach. However, the 

conventional parameters were designed for quantitation and were not entirely suitable 

in the given circumstances. The technique is proven suitable for qualitative 

applications and it can be seen that the matrix-free LDI approach is promising for 

global metabolite profiling. However, in the current form of the technique, there is 

still a long development cycle required to make the technique reliable for the 

conventional metabolomic approaches, where experimental reproducibility and 

quantification of metabolites is critical. 

 

5.4.2 Metabolite Profiling of Biological Matrices    

 

A range of complex biological matrices, including human blood plasma extract, 

human urine extracts, animal liver tissue extracts and bacterial extracts were 

employed. Other types of sample such as plant leaves and rat brain had also been used, 

but the results were not included in this chapter. Metabolite profiles were successfully 

generated and a series of experiments ensured that global profiling was not an 
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exceptional case to a particular type of biological mixture, but a general capability of 

the technique and could be applied to a wide range of biological matrices. Certainly, 

the metabolite coverage is strongly dependent on the sample preparation step and the 

sample source or type. Still, the DIOS technique inherits the robustness of the MALDI 

technique and the time needed for method development was significantly reduced.   

 

Investigation of urine was complicated by the large quantity of salt present in the 

sample. Even though mass spectra could be acquired, the metabolites converge and 

the sensitivity was poor. Nevertheless, a relatively simple liquid-liquid extraction 

procedure successfully extracted the organic molecules from the sample. Compared to 

NMR, which is employed for clinical metabolite profiling of urine64, 65 it does not 

require any sample preparation or a desalting procedure and addition of ionic buffer 

such as Na2HPO4 does not suppress signal intensity. NMR can therefore detect many 

water-soluble metabolites, such as urea, citrate, hippurate, and acetate, etc., many of 

which may not even be amendable by DIOS. Compare with LC-MS method, online 

extraction with a trap column is still more efficient than liquid-liquid extraction 

though the most hydrophilic compounds will be lost in the washing step. Relatively, 

urine profiling by DIOS-MS is not as powerful and versatile as NMR and LC-MS, 

and the extraction procedure necessary has limited the number of metabolites to be 

detected or limited the method selectively for the hydrophobic compounds.  

 

A metabolite database search was carried out based on the accurate mass of the ions 

detected and that gave the possible identity of the metabolites detected in the urine 

extract. Limitations of this approach are that the identity of the ions detected is still 

unconfirmed, the proposed identity of the metabolites is an educated guess based on 

the nature of the sample and a large proportion of ions detected do not even return a 

possible match, because many metabolites are still unknown, or are not available from 

the database employed. Ions detected may also be fragment ions, or adducts other than 

sodium or potassium (e.g. acetate), etc.  

 

The DIOS spectra of blood plasma were information rich. The spectral quality and 

metabolite coverage was comparable to or might even exceed that acquired by 

DiMS.66 Similarly, the most prominent molecules detected by DIOS-MS from the 

plasma extract were lipids and steroids. Phospholipids are a known biomarker for 
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diseases such as certain type of cancers and polycystic ovary syndrome. Indeed, lipids 

are among one the most sensitive compounds amendable by the DIOS technique and 

blood plasma is also possibly one the most suitable biological matrices for DIOS-MS. 

 

Liver tissue required a relatively more complicated sample preparation procedure to 

extract the biomolecules from the tissue. Liver tissue normally stores a large blood 

volume, as it is one of the functions of the liver. Removal of the blood ensured 

successful analysis. While the liver tissue from lambs does not sufficiently meet the 

criteria of metabolomic standards, further investigation was therefore carried out on 

rats’ liver tissue. Despite the use of rats’ liver tissue deeming that the investigation 

adhere to the standards for mammalian/in vivo experiments,59 there was an 

experimental limitation using tissue obtained from small laboratory animals - a 

relatively small sample size. The small size of the sample and the blood retained by 

the tissue presented a challenge in the investigation. 

 

A database search using both the Metline and LipidBank database was carried out on 

the lambs’ livers extracts. While the Metalin database returned a certain number of 

matches, the database did not contain the specific or specialised information about 

lipid and glycerol molecules as much the LipidBank database.  

 

The metabolite profiling of the P. aeruginosa culture medium was initially 

complicated by the antifoam (a synthetic polymer) present in the culture medium. 

Other than the synthetic polymer itself, no metabolite was detected. It may be worth 

stressing that synthetic polymers are actually effectively detected by the DIOS 

approach and is an aspect of the technique receiving a great deal of attention 

recently.67-72 However, with the throughput of the method, this problem was quickly 

ratified. Once the polymer was removed, mass spectrometric profiles of the bacterial 

exoproducts were obtained successfully. The DIOS mass spectra of the medium 

extracts contain a range of exoproducts. Then again, pathogenesis mediated signalling 

molecules AHLs or the iron salvager molecules such as pyocyanin were not seen in 

the spectra, though the detection of the standard compounds of AHLs was possible. 

Since AHLs were not even detected in as-received medium, this would not be because 

of the extraction method employed, but more likely due to their concentration present 

in the sample and/or their relatively low sensitivity in DIOS. Their signals could also 
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be suppressed due to the matrix effect. The most interesting finding was the detection 

of the QSSMs, AQSs and PQS, in the cell pellets.  

 

5.4.3 Principle Component Analysis 

 

A method was developed to transform the spectral data into a format that can be 

imported into SIMCA and the interpretation of the spectra was aided with PCA. By 

combing normalisation to TIC, mean centring and Pareto scaling, the dataset could be 

corrected and fit for PCA. Concurring with Vaidyanathan, et al. the precision of the 

data was best determined by PCA.57 Concurrently, we may need to note that the 

relatively poor precision does not prevent the application of MVDA to MALDI 

proteomics and imaging data.73 The measurement of the precision of the ion signal 

seemed irrelevant, and perhaps the relatively poor signal precision is a limitation of 

the technique we need to recognise. Perhaps to make sense of the observations so far, 

we need to be aware that the measurement of precision is an approximation to the 

absolute value of reproducibility of an analytical method. PCA plots the spectral 

profiles into a multi-dimensional space. The datasets are then evaluated in terms of 

the overall pattern or structure of the data, i.e. the presence or absence of ion peaks, 

and the significance or the weighting of an ion peak is determined statistically with 

respect to the mean value. The absolute value of ion peak intensity becomes less 

important here but the differences of the datasets are thus signified by their relativity.   
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5.5 Conclusions and Future Work 

 

DIOS-MS has a number of advantages over other metabolomic tools, such as 

throughput and sensitivity and is very capable of analysing complex biological 

matrices. The interpretation of the spectra can be aided by PCA. Its advantage is also 

its drawback; there is no prior separation step in segregating individual molecules 

from a complex mixture. Although coupling to LC may be possible, this will also 

come with a price in reducing the data throughput. Detailed analysis has to be relied 

on the conventional approaches. Its strength lies in the situations where the speed 

and/or data throughput is the top priority as opposed to the cost.  

 

A number of complex biological matrices have been analysed and they demonstrated 

the capability of the method. The question of reproducibility is vital in making the 

DIOS method not only suitable for quantitation but also able to distinguish the subtle 

differences between classes of samples, such as samples collected from the patients 

and the controls, or to distinguish the mutants from the wild type. The analytical 

variability is larger than the acceptable value for quantitation (maximum RSD 11% 

for 1 ppm), albeit the values of RSD calculated are usually less than 50%. This is 

contributed to the heterogeneous sample distribution related to pipette sample 

deposition. It is proposed that a better method is required in the future studies. 

 

The matrix-free LDI platform is still in an early stage of development and the 

potential of DIOS in biomedical applications is waiting to be discovered. In a limited 

time, we have made so many steps towards this objective. The results have been 

promising. However, to make the DIOS technique a proven method, a lot of work is 

still required and is the future work proposed here. 
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6.1 Introduction 

 

In this thesis, the foundations of the novel high-throughput mass spectrometric 

technique based on laser desorption/ionisation on nanostructured semiconductor 

substrates have been further established. The work has extended our knowledge and 

skills in successfully applying the method, addressed some of the issues presented in 

literature, proposed an alternative version of ionisation mechanism or phenomena and 

confirmed the suitability of the method in metabolite profiling of biological matrices. 

The achievements are summarised in this chapter. Possible future directions are also 

considered.   

 

6.2 Motive of the Research 

 

The importance of metabolomics lies on the integrated systems biology, which seeks 

to understand the biological systems at the molecular level. Currently, metabolomics 

relies on chromatographic techniques coupled to mass spectrometry and proton NMR 

approaches. These methods, though well characterised, reliable and versatile, do not 

cope with the increasing demand of today’s research practices. The problems of those 

approaches either require a lengthy separation procedure before mass analysis or do 

not provide sufficient sensitivity. In today’s research environment, good use of high-

throughput techniques necessitates information generation. Surface mass spectrometry 

is a technique that fits our demand for such a need and is gaining interest in analytical 

and life sciences.  

 

New high-throughput mass spectrometry techniques such as DIOS, DART, DESI and 

PADI are recently emerged examples permitting rapid mass analysis of small 

molecules. The purpose of this study was therefore to investigate the potential of the 

matrix-free LDI approach based on the nanostructured semiconductor surface and its 

potential biomedical applications. The fundamental question of matrix-free LDI-MS 

rests on the development of suitable substrates. Since the first report of DIOS-MS in 

1999, several other substrates have been successfully developed and three different 

substrates were commercialised. The technological development has been an on-going 
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effort in producing a matrix-free LDI substrate, which is simple to make, 

homogeneous, structurally and chemically stable, and has high ionisation efficiency. 

The method aims to provide a rapid qualitative analytical tool, which yields only few 

background ions at the low mass region of the mass spectrum. Without matrix 

dependence and interference, the potential would have an immense impact on the 

metabolomics. 

 

Then again, the determinants for successful applications of the method published in 

literature have been somewhat inconsistent and thus the information available may 

not be reliable or may contain omissions. These divergences could be due to the 

differences in the surface preparations and the MALDI instrument used. It is generally 

accepted that the most important factors that govern the LDI activity are the specific 

surface area, the absorption cross section at the irradiation wavelength and the thermal 

conductivity of the substrate. This led us to embark on a study of the substrate 

characteristics, in terms of their physicochemical properties, to the laser 

desorption/ionisation mass spectrometry performance.  

 

6.3 Fitness for Purpose: the Strengths and the Weaknesses 

 

The DIOS technique provides many advantages over other emerging high-throughput 

mass spectrometric techniques. The strength of DIOS and related approaches is its 

data generation throughput relative to the conventional techniques. Data throughput is 

generally 1 to 2 minutes per sample. This is achieved through a chip-based array 

format of the target surface. Once the instrumental settings are optimised, the data 

acquisition is fully automatic. It is foreseeable that by introducing robotic operation in 

the sample deposition procedure used in MALDI, it is possible to minimise the 

intervention of the operator and further increase the data throughput and improve the 

reproducibility in the sample disposition procedure. Compared to other emerging new 

mass spectrometric approaches, DIOS has a relatively high versatility in analysing 

complex biological matrices. Little or simplified sample preparation is sufficient for 

its successful application. Additionally, it does not require a modification to the 

existing MALDI instrument and does not require a specially designed interface. 

Operation is almost identical to the MALDI technique.  
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However, the technique also has its own limitations. One common problem in using 

PSi substrate is its high affinity toward hydrocarbons and other ambient species. The 

desorption of these species generates background interference in the low mass region 

of the mass spectrum. While any analytical technique suffers some degree of 

contamination problem, without a prior chromatographic separation step and given 

the sensitivity of the method, this problem may severely limit the application of the 

technique and/or reduce its sensitivity. This problem will no doubt put an extra burden 

and complication on operators who have limited skills and knowledge in dealing with 

clean-surfaces. In the course of our investigation, it was necessary that the surface 

handling to be performed in a clean air environment, such as in a laminar flow hood, 

to minimise the atmospheric contamination problem. Most proteomics laboratories are 

normally equipped with robotic systems set as stationary in a laminar flow hood and 

the availability of the facility should not be an issue. 

 

A second problem is related to the nature of the ionisation mechanism. Many 

biomolecules that could be easily detected by ESI-MS and NMR are not even 

amendable to DIOS. This is because the method has a strong selectivity toward the 

compounds that have a high proton affinity, low ionisation energy and high 

stabilisation energy or are pre-charged ions. Additionally, they should be not too 

volatile or compatible with vacuum conditions. The situation is similar to that in the 

MALDI technique. One possible direction is to adjust the surface chemistry of the 

semiconductor surface by the SAM modification, such as by different type of silanes 

to “tailor” the chemical properties of the surface for the target compound, or to 

enhance the versatility. Indeed, our results have already shown that the commercial 

DIOS substrates are manufactured with fluoro-silanisation. Another possible direction 

is to add enhancer or initiator molecules to the surface. While addition of common 

acidic modifiers suppresses the ion formation in our study, fluorinated acidic 

surfactants and fluorinated siloxane compounds are reported to produce a marked 

difference toward the detection capability.
1, 2

 

 

The third problem of the method is its poor quantitative performance. Analytical 

characteristics of the DIOS target were examined on a MALDI Q-ToF instrument. 

The dynamic range of the method was only ~2 to 3 orders of magnitude. Spot-to-spot 
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precision was generally lower than 50% RSD. It is evidenced that to produce a 

uniform distribution of the analyte over the surface, pipette deposition is inadequate. 

Possible solutions reported in literature include the use of a deuterated internal 

standard and electrospray deposition. Consequently, it is not surprising that the Laser 

Diagnostics Laboratory has abrogated the conventional liquid deposition and devotes 

entirely to the gas-phase adsorption approach.      

 

6.4 The Development and Evaluation of SALDI Substrates  

 

The SALDI substrates received from the Laser Diagnostics Laboratory were analysed 

along with the two other types of substrates obtained from the commercial sources, 

DIOS and QuickMass. Unfortunately, the SALDI substrate is far from a finished 

product and the development has been optimised or designed for the gas-phase 

adsorption approach. Much effort has been spent on supporting its development. 

 

The evaluation and the development of the SALDI substrates suffered severe organic 

contamination complications. The organic contamination had been difficult to remove. 

Intense backgrounds were observed by laser mass spectrometry. While the organic 

contamination could function as a conventional matrix, the ionisation efficiency of 

hydrocarbons was very high and the background interferences were not less than that 

of the organic matrices. Furthermore, it took weeks to months until a set of 

experiments was completed and it was unavoidable we suffered surface ageing in our 

investigation.  

 

Argon plasma etching was found to be a suitable method in removing the 

carbonaceous contamination of SALDI substrates and the re-etched surface exhibited 

an improved SALDI performance relative to the aged surface. Removing the 

contaminants also improved the mass resolution. However, relative to the freshly 

prepared surface, the plasma-etched surface still had a lower LDI performance. The 

surface chemistry was examined by SIMS and XPS and reinforced that the removal of 

organic contaminant was achieved by plasma treatment and yet the thickness of 

oxides was increased. While a lightly oxidised surface could still generate spectra, the 

SALDI performance was not as strong as with the commercial products. 
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On understanding the surface chemistry, we then explored silanisation modification as 

it had been reported that silanisation could restore or even enhance the LDI 

performance of oxidised porous silicon DIOS substrate. Given that the SALDI 

substrates received were silicon in nature, plasma etching and fluoro-silanisation 

modification were performed and a solution to the SALDI substrate development was 

presented. The LDI performance of the SALDI substrate was substantially improved 

after modification and porous substrate had LDI performance approaching to that of 

the commercial product. Although a method was found to minimise the problems, a 

limited supply, unsuitable format and lack of input or control to substrate 

manufacturing hurdled the further development of the SALDI substrate. In future, it 

would be ideal that the SALDI substrates are fabricated in this laboratory. 

 

Evidently, from our SIMS and XPS imaging, the post-etching treatment procedure, 

namely laser etching, is more important than the chemical etching of the SALDI 

substrate and its activity. It was evidenced that the surface chemistry was altered 

during the laser etching procedure. It was accompanied by surface melting and/or 

morphological changes due to intense localised thermal reactions. The resulting 

surface became partly fluorine passivated and had a thinner oxides layer but was 

hydroxyl-terminated. It is believed those factors are fundamental in assisting SALDI 

ionisation activity, supporting the view that fluorination increases the acidity of the 

surface Si-OH moieties and assists the ions desorption.  

 

Provided that the laser etching is so vital here, the surface roughness or the 

nanostructures of SALDI substrates can be fabricated directly by using laser etching, 

or laser ablation alone, eliminating the chemical etching procedures.
3, 4

 In fact, one of 

the forefront developments relies on two-directional laser light interference ablation to 

generate sub-micro order (100 nm - 1 µm) periodical groove structures and requires 

no chemical etching procedure.
5
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6.5 Recognition of the Ionisation Mechanism  

 

While the SALDI substrates have been less suitable for the purpose of bimolecular 

mass spectrometry, the investigation into the SALDI substrates has led to a 

recognition of the surface properties or characteristics required for effective LDI. 

Understanding of the ionisation mechanism is essential to the substrate development, 

the optimisation of the method and the interpretation of biological mass spectrum. 

 

While the effects of surface chemistry are important, the effects of surface 

morphology are equally significant, or perhaps dominant. The results have indicated 

that a roughened surface is required for LDI, but not all roughened surface can give an 

acceptable LDI performance. The relationship between the surface roughness and the 

LDI performance is not definite and no evidence substantiates that reduction in the 

characteristic size of the sharp tips or roughness enhances the LDI performance. In 

fact, to have a high ion yield and good quality mass spectra, the substrate must have a 

porous or nanostructured layer thicker than 100-150 nm and have a high density of 

nanostructures. The dimensions of the nanostructures should not be too small or the 

structures should not be too fragile. In comparing all the substrates that are effective 

for LDI in this study and the data available in literature, the common features are 

actually the surface nanostructures. It is speculative that the nanostructures do not 

only function to enhance the surface area, retain the analyte and reduce thermal 

conductivity, but also function in energy deposition and transfer. It is proposed that 

the nanostructured surface can be considered as an assembly of quasi-quantum 

particles, which function as energy absorber, energy pooling, and transferor, 

processing the analyte to an excited state and leads to the onset of ion formation. 

 

A wide range of compounds has been analysed on the matrix-free LDI substrates, 

with and without addition of acidic modifier or buffer. In general, addition of modifier 

or buffer reduces ion yield. Along with the results observed in the study of substrate 

properties and the current understanding of MALDI ionisation mechanism, we 

proposed our model of the ionisation processes. One of the major differences from 

previous models proposed set on the concept of thermodynamics and quasi-

equilibrium theory. Accordingly, it is the entropy of the reaction and rate of the 
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reaction ultimately determine the ions that actually observed. The excess energy of 

the desorbed molecules in the transition state leads to redistribution of its internal 

energy, resulting in unimolecular fragmentation. This proposition departs from the 

conventional view of aqueous or gas-phase basicities dependence. The silicon surface 

is also oxidised under the influence of UV proton, produces a reduction potential and 

has been probed by copper(II) and iron(III) metallic ions. Undoubtedly, the formation 

of preformed ions, photoionisation and other gas-phase processes cannot be ignored. 

Dissimilarities in the ion distribution were also observed between the vacuum and the 

atmospheric pressure MALDI systems. 

 

Detection characteristics (influence of laser intensity to ion yield) have also been 

examined under the MALDI Q-ToF instrument. The ion yield follows an exponential 

increase with respect to the laser energy setting and once it reaches a maximum, the 

ion yield drops and then varies greatly. This suggests that under such conditions, the 

desorption system becomes unstable. This is followed by a second drop, where 

analyte degradation or surface destruction occurs. The detection characteristic also 

exhibited an analyte or sample dependence and the profile varied from sample to 

sample. Laser setting was optimised accordingly.  

 

6.6 The Application of Complex Biological Matrices and 

MVDA 

 

Various biological extracts were examined by the method. Blood plasma extract, 

urine extract, tissue extract and bacterial cell and culture were analysed and 

metabolite profiles were successfully generated. To evaluate the complicated spectral 

data, PCA was employed. PCA is an important tool in today’s scientific researches, 

not limited in metabolomics, to reduce the complexity of a dataset, to search for 

patterns, to isolate the important factors and to generate hypothesis. Even though the 

DIOS-MS suffered poor signal precision, the application of PCA was still possible. In 

fact, the relatively poor signal precision of the MALDI technique has not prevented 

the application of PCA or other MVDA approaches into the evaluation of the MALDI 

dataset. A directive of future work should make use of this technique to estimate 
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changes in biological systems, such as mutation, disease diagnosis, and other 

environmental influences. Indeed, with the strength of the method lased on its data 

throughput, it should be very valuable in clinical conditions where urgency is one of 

the demands. Consider the situation when a decision is needed to be made based on 

the results of a clinical chemical analysis, or consider the number of patients waiting 

for treatment in hospitals.  

 

6.7 The Future Direction  

 

A disadvantage of the MALDI Q-ToF relative to the MALDI-ToF mass spectrometer 

is the loss of ions due to its duty cycle. Where sufficient ions can be collected by the 

MALDI ToF in 1 minute, 2 minutes are required in the MALDI Q-ToF instead. 

Increasing the length of the ion optic also makes less stable ions undetectable. 

However, the Q-ToF instrument has a high mass resolution and mass accuracy. The 

detector is less likely saturated. MS/MS applications of the MALDI Q-ToF offer 

many opportunities, which would otherwise be difficult to achieve by post source 

decay alone. However, to apply MS/MS by the MALDI Q-ToF, a sufficiently high 

and possibly stable ion current is required. Extending the acquisition time and 

scarifying the throughput may amend the problem. How to take advantage of the 

MALDI Q-ToF instrument is one of the future directives worth exploring.  

 

On the other hand, being a surface mass spectrometric technique allows the DIOS 

technique and so the DESI technique to make their way towards molecular imaging of 

biological tissues. Relative to the DESI technique, the LDI imaging offers a higher 

spatial resolution. Relative to SIMS imaging, LDI imaging provides a larger field of 

view, but a lower spatial resolution.
6
 (Figure 6-1) The MALDI Q-ToF instrument 

used in this study has already been equipped with the imaging capability. However, 

the software development is still ongoing and we will have to wait until the next 

version is available. 

 

One of the forefront developments in mass spectrometry technology is ion-mobility 

mass spectrometry. This development is a great stride towards biological mass 

spectrometry, specifically, in proteomics and metabolomics.
7, 8

 Separation of gas-
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phase ions is achievable via the differential migration of ions through a homogeneous 

electric field. An instrument that couples ion-mobility to a MALDI interface is now 

commercially available and may prove useful to the matrix-free LDI approaches; 

particularly, it has no adverse effect to data throughput. (Figure 6-2) It is worth noting 

that the instrumental design of the MALDI ion-mobility mass spectrometer is closely 

similar to the MALDI Q-ToF used in this study, with the exception that the collision 

cell is replaced by an assembly of ion-trap and ion-mobility drift tube. In addition, 

ion-mobility mass spectrometry has also made its way into MALDI molecular 

imaging.
9, 10
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Figure 6-1 Molecular imaging of rat brain tissue by DESI, MALDI and SIMS.
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Figure 6-2 Schematic of Waters Synapt™ HDMS™ system, provided by the manufacturer.  

 

6.8 Final Thought  

 

Good scientific researches are to seek knowledge that will benefit to humans, animal 

welfare and the environment. It also presents a challenge as well as widens the 

horizon for those seeking this knowledge. On the road to seeking knowledge, 

whatever the research discipline, a large amount of data is required to generate 

relatively small amounts of information and even less information will become a 

human’s knowledge. The bottleneck lies in data generation. The application of high-

throughput approaches is therefore necessary or even imperative to drive the 

progression of science. Matrix-free LDI-MS has the potential to take part into the 

world of biomedical-analytical science, perhaps this is its true destiny. Nevertheless, 

for the time being, this marks an end of a beginning.  
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A1:  Analytical Performance Parameters 

 

Table A1: Analytical performance parameters.  

Parameters Definition and description 

Precision The closeness of agreement (degree of scatter) between a series of 

measurements obtained from multi sampling of the same homogeneous 

sample under the prescribed conditions. Precision may be considered at 

three levels; repeatability, intermediate precision and reproducibility. 

Repeatability is the results of the method operating over a short time 

interval under the same conditions (inter-assay precision). It should be 

determined from a minimum of nine determinations covering the specified 

range of the procedure (for example, three levels, three repetitions each) or 

from a minimum of six determinations at 100% of the test or target 

concentration. Intermediate precision is the results from within lab 

variations due to random events such as different days, analysts, equipment, 

etc. Reproducibility refers to the results of collaborative studies between 

laboratories. The data are reported in the standard deviation, the relative 

standard deviation (RSD) (coefficient of variation, CV) and the confidence 

interval. 

Accuracy The measure of exactness of an analytical method, or the closeness of 

agreement between the value which is accepted either as a conventional, 

true value or an accepted reference value and the value found. It is 

measured as the percent of analyte recovered by assay, by spiking samples 

in a blind study. For the assay of the drug substance, accuracy 

measurements are obtained by comparison of the results with the analysis of 

a standard reference material, or by comparison to a second, well-

characterised method. For the assay of the drug product, accuracy is 

evaluated by analysing synthetic mixtures spiked with known quantities of 

components. For the quantitation of impurities, accuracy is determined by 

analysing samples (drug substance or drug product) spiked with known 

amounts of impurities. 

Limit of 

detection 

(LOD) 

The lowest concentration of an analyte in a sample that can be detected but 

not quantitated. It is a limit test that specifies whether or not an analyte is 

above or below a certain value. It is expressed as a concentration at a 

specified S/N ratio, usually 3. 
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Limit of 

quantitation 

(LOQ) 

The lowest concentration of an analyte in a sample that can be determined 

with acceptable precision and accuracy under the stated operational 

conditions of the method. Like LOD, LOQ is expressed as a concentration, 

with the precision and accuracy of the measurement also reported. 

Sometimes an S/N ratio of 10 is used to determine LOQ. This S/N ratio is a 

good rule of thumb, but it should be remembered that the determination of 

LOQ is a compromise between the concentration and the required precision 

and accuracy. That is, as the LOQ concentration level decreases, the 

precision increases. If better precision is required, a higher concentration 

must be reported for LOQ. 

Linearity The ability of the method to elicit test results that are directly proportional 

to analyte concentration within a given range. Linearity is generally 

reported as the variance of the slope of the regression line. 

Range the interval between the upper and lower levels of analyte (inclusive) that 

have been demonstrated to be determined with precision, accuracy and 

linearity using the method as written. The range is normally expressed in 

the same units as the test results obtained by the method. The ICH 

guidelines specify a minimum of five concentration levels, along with 

certain minimum specified ranges. 

Specificity The ability to measure accurately and specifically the analyte of interest in 

the presence of other components that may be expected to be present in the 

sample matrix. It is actually referring to selectivity. 

Robustness Robustness is the capacity of a method to remain unaffected by small 

deliberate variations in method parameters. The robustness of a method is 

evaluated by varying method parameters such as percent organic, pH, ionic 

strength, temperature, etc., and determining the effect (if any) on the results 

of the method. As documented in the ICH guidelines, robustness should be 

considered early in the development of a method. In addition, if the results 

of a method or other measurements are susceptible to variations in method 

parameters, these parameters should be adequately controlled and a 

precautionary statement included in the method documentation. 

System 

suitability 

An integral system that is evaluated as a whole to verify that the system are 

adequate for the analysis to be performed. 

 



 IV 

A2:  Conferences and Publications 

 

1. Small Molecule Analysis Using Matrix-less Laser Desorption/Ionisation Mass 

Spectrometry, poster presented at the BMSS annual conference, 2005. 

 

2. Metabolomic Applications of Matrix-free Desorption/Ionisation Mass 

Spectrometry on Porous Substrates: Theory and Applications, oral 

presentation at the RSC Analytical Research Forum, 2006. 

 

3. DIOS Coupled to MALDI Q-ToF Primer Shows Promise As a High-

Throughput Method Applied to Profile Metabolites in Bacterial Extracts 

from Pseudomonas aeruginosa, poster presented at the 3
rd

 CBCB Annual 

Symposium, 2007. 

  

A3:  Selected Presentations 

 

- Poster: DIOS Coupled to MALDI Q-ToF Primer Shows Promise As a High-

Throughput Method Applied to Profile Metabolites in Bacterial Extracts 

from Pseudomonas aeruginosa, poster presented at the 3rd CBCB Annual 

Symposium, 2007. 

 

- Presentation: High Throughput Analysis by Matrix-Free Laser Mass 

Spectrometry Approach.  

 



DIOS Coupled to MALDI QDIOS Coupled to MALDI Q--ToF Primer Shows Promise As a HighToF Primer Shows Promise As a High--Throughput Method Throughput Method 

Applied to Profile Metabolites in Bacterial Extracts from Applied to Profile Metabolites in Bacterial Extracts from Pseudomonas aeruginosaPseudomonas aeruginosa

Kai P. LawKai P. Law,,11 Sergey N. Nikiforov,Sergey N. Nikiforov,33 Vladimir A. Karavanskii,Vladimir A. Karavanskii,33 Michael W. George,Michael W. George,22 Morgan R. Alexander,Morgan R. Alexander,11 Dave A. BarrettDave A. Barrett11

1School of Pharmacy, and 2School of Chemistry, University of Nottingham, University Park, Nottingham, NG7 2RD, UK

3A.M.Prokhorov General Physics Institute of Russian Academy of Sciences, Vavilov str.38, 119991, Moscow, Russia

1. Introduction

Pseudomonas aeruginosa is an opportunistic pathogen 

of humans. Most Pseudomonas infections are both 

invasive and toxinogenic. Patients who suffer cancer, 

cystic fibrosis, AIDS, severe burns or are immuno-

compromised are particularly at risk of Pseudomonas

infection. Traditional antibiotic therapy is usually not 

sufficient to eradicate these infections.[1] It has only 

been recognised recently that single-cell organisms such 

as bacteria also have ability to coordinate themselves in 

order to adapt or modulate responses that are beneficial 

to survival.[2] This coordinated behaviour in single-cell 

organisms occurs through cell-cell communication or 

quorum sensing (QS).[3] 

QS is a process by which many bacteria coordinate gene 

expression according to the local density or population of 

bacteria. Regulation of gene expression can via the 

production of small molecules called the quorum sensing 

signalling molecules (QSSM). Through this coordination, 

the bacterium coordinates their growth within a host 

without harming it, until they reach a certain population 

and their numbers become sufficient to overcome the 

host's immune system. In P. aeruginosa, QS is known to 

control expression of a number of virulence factors. QS 

systems involve at least two chemically distinct classes 

of signalling molecules, N-acyl-L-homoserine lactones 

(AHL) and alkyl quinolones (AQS). By attenuation or 

disrupting the signalling process (quorum quenching), it 

may be possible to down-regulate the genes that control 

the virulence factors and the pathogen fails to adopt to 

the host environment and is readily cleared by the innate 

host defences.[4-6] Alternatively, early detection of the 

QSSM enables us to determine the disease cause and 

provide appropriate treatments. 

Desorption/ionisation on silicon mass spectrometry 

(DIOS-MS) is a newly emerged high-throughput 

qualitative analytical technique, capable of analysing 

complex biological matrices.[7] Data throughput is 1 to 2 

mins per sample. The approach employs nanostructured 

silicon surface to retain and assist the desorption and 

ionisation of the analyte (fig.1) and permits rapid mass 

analysis of small molecules and mixtures of 

metabolites.[8] In here, we further demonstrate the 

suitability of the method for global metabolite profiling of  

P. aeruginosa cells and culture extracts. 

References
[1]. Todar, K. Pseudomonas aeruginosa. Todar's Online Textbook of Bacteriology (2004).

[2]. Lerat, E. & Moran, N. A. The Evolutionary History of Quorum-Sensing Systems in Bacteria. Mol 

Biol Evol 21, 903-913 (2004).

[3]. Williams, P., Winzer, K., Chan, W. C. & Cámara, M. Look who's talking: communication and 

quorum sensing in the bacterial world. Philos. T. R. Soc. B 362, 1119-1134 (2007).

[4]. Williams, P. Quorum sensing: an emerging target for antibacterial chemotherapy? Expert 

Opinion on Therapeutic Targets 6, 257-274 (2002).

[5]. Winzer, K. & Williams, P. Quorum sensing and the regulation of virulence gene expression in 

pathogenic bacteria. Int. J. Med. Microbiol. 291, 131-143 (2001).

[6]. Sio, C. F., Otten, L. G., Cool, R. H., Diggle, S. P., Braun, P. G., Bos, R., Daykin, M., Camara, 

M., Williams, P. & Quax, W. J. Quorum Quenching by an N-Acyl-Homoserine Lactone Acylase from 

Pseudomonas aeruginosa PAO1. Infect. Immun. 74, 1673-1682 (2006).

[7]. Wei, J., Buriak, J. & Siuzdak, G. Desorption/ionization mass spectrometry on porous silicon. 

Nature 399, 243-246 (1999).

[8]. Shen, Z., Thomas, J. J., Averbuj, C., Broo, K. M., Engelhard, M., Crowell, J. E., Finn, M. G. & 

Siuzdak, G. Porous silicon as a versatile platform for laser desorption/ionization mass spectrometry. 

Anal. Chem. 73, 612-619 (2001).

2. Experimental

Fig. 1 (A) The DIOS target. The target is made in standard 
98 array format. (B) AFM image of the nanostructured 

surface. Added visual effects ascribes the LDI process.

Laser

Nanoporous

surface

Ions

(B)

(A)

(A)

(B) (C)

Fig. 2 (A) The Pseudomonas samples were cultivated by a BIOSTAT B-plus fermentor system, (Satorius BBI system, Melsungen, 
Germany). Bacterial produces were harvested from the fermentor and was centrifuged to separate liquid supernatant and cell pellet. The 

cell pellet was further washed with BPS solution. Data was acquired on a Micromass MALDI Q-ToF Premier using Waters DIOS target 

(Manchester, UK). Samples solutions were spotted onto the target surface using a pipette. Target handling was carried out in a class I 

laminar flow hood to provide a clean air and sterile environment. (B) and (C) shows the schematic and the instrument itself, respectively. 

3. Detection Capability of DIOS-MS to QSSM (Synthetic Compounds)

Table 1. The DIOS-MS detection capability of N-acyl-L-

homoserine lactones with respect to the chain length 

under MALDI Q-ToF conditions. The QSSM molecules 

are detected mostly as sodium adduct under position 

ion mode and deprotonated ion in negative ion mode. 
However, not all molecules are detected. The signal-to-

noise of C4-HSL is low or distinguishable from the 

background. On the other hand, only C4-3-hydroxy HSL 

is detected in negative mode. “X” denotes 

corresponding ion is not detectable or its S/N < 3

Table 2. The DIOS-MS detection capability of 4-hydroxy-

2-heptylquinoline (HHQ), 4-hydroxy-2-nonylquinoline 
(HNQ) and 3,4-dihydroxy-2-heptylquinoline (PQS). 

Hydroxy quinolones have many interesting chemical 

properties. These molecules are hydrophobic. The 
hydroxyl group is dynamically interchanging to and 

from enone. Dihydroxy-quinolones have a high affinity 

to metallic ions (ligands). The aromatic heterocyclic 

system is also UV absorbing. These chemical 

properties make AQSs and HAQs among one of the 

most sensitive analytes to the DIOS platform. 

4. Qualitative Metabolite Profile of Bacterial Culture and Cell Pellet

As-received:

No sample preparation

(Positive)

Ethyl acetate, 
Butanol/Chloroform 
Extract (Positive)

(A) (B)

(C) (D)

(E)

(G)

(F)

(H)

Fig. 3 (A and B) DIOS spectrum of P. aeruginosa culture supernatant, with no sample preparation under positive and negative ion 

respectively. The culture contains a spectrum of secretory products and some enhancement is achieved with suitable extraction 

method. (C and D) This implies under certain circumstances, biological matrices can be directly analysed without a complicated sample 
preparation procedure. Cell pellets are extracted with either methanol/chloroform (E and F) or butanol/chloroform (G and H). The ASQ 

QSSMs are detected as protonated and deprotonated species in positive and negative ion mode, respectively. Relatively, the ion yield of 

PQS is higher in the butanol/chloroform extract than the methanol/chloroform extract due to the high hydrophobicity of PQS.
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Silanisation Surface Modification

Producing 
hydroxides 
surface

Clean the 
surface 
and recycle

Surface 
become 
hydrophobic 
as well as 
olephobic (oil 
repelling) 

2% in 
toluene

silanisation

Plasma etching

Some Improvement After modification

Suitable Substrate: Porous
The porous SALDI substrate after 

modification

Results Highlight

� Nano-size pores is not absolutely essential in ion generation

� However, it is believed the nano-size pores provides many functions that enhances the ion 
yields e.g.

� Increase the surface area effectively

� Retain the analyte more effectively

� Reduce thermo-conductivity

� Gun-barrel effect

� Surface chemistry is essential 

� F and Si-OH

Surface Reaction
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Chemical change due to laser modification: X-ray Photoelectron 

Spectroscopy (XPS) imaging

Laser effects in 
thinning the oxides 
layer

XPS Si 2p spectra of laser and outside laser modified 
region
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Chemical change due to laser modification: secondary ion mass 
spectrometry (ToF-SIMS) imaging

Positive ions Negative ions

Model of Laser Modification

1. Surface melting – reduce 

roughness (see figs below)

2. Surface oxidation

3. Laser ablation (particular 

oxides layer)

4. Reaction with etchants / 

adsorbates

Reduction of Cu(II) and Fe(III) to Cu(I) 
and Fe(II)

[Cu(I)Cl]Cl-

[Cu(I)Cl]2Cl-

[Cu(I)Cl]3Cl-

[Fe(II)Cl2]Cl-

[Fe(III)Cl3]Cl-

[Cu(II)Cl2]2Cl-
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Reduction potential (electrons transfer from the 
Si surface)

Eo/V

Fe3+ +e- � Fe2+ +0.77
Cu2+ + e- � Cu+ +0.16

Human Blood Plasma

Sample extracted with methanol and diluted with acetonitrile/water

Polycystic ovary syndrome (PCOS) 

� is an endocrine disorder that affects approximately one in ten women and most common 

hormonal disorder among women of reproductive age

� The principal features are weight problems, lack of regular ovulation and/or menstruation

� The exact cause is not totally clear. 

� Diagnosis can be difficult, particularly because of the wide range of symptoms and the 

variability in presentation.

� Blood plasma of patients vs. control (method/chloroform extraction) 

� Spectra are complicated and PCA is used to aid the interpretation and avoid false positive 

due to relatively large biological variation   

PCA Score Plot
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Conclusions

� Surface morphology is important or perhaps dominant in affecting the LDI 
performance / ion yield

� Surface chemistry is also important (which has not been investigated in detailed 
previously)

� Laser leads to change in surface chemistry and morphology

� The method has a high potential for clinical diagnostic purpose 

However, a lot of work is still required to make it a proven method.

Idea possibility Promising validated
Proven 
method

The Possible Role of DIOS-MS in 
Metabolomics

KnowledgeKnowledge

Medical Diagnosis

Global Profiling 
Hypothesis Generation

Similar Role to NMR 
(but generally has higher sensitivity)

Detail Analysis (target profiling)
By LC or GC/MS

CE-LIF

Metabolomics
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