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ABSTRACT 
 

Modified Si wafers and nanoparticles (5-50 nm) have been developed and 

explored to assist laser desorption ionization mass spectrometry (LDI-MS) for small 

molecule analysis. DIOS (desorption/ionization on silicon) plates were prepared 

according to published protocols. DIOS was tested and compared with the optimized 

silicon nanoparticles derivatized by penterfluorophenylchlorosilane (PFP). SPALDI (Si 

nanoparticle assisted LDI) requires less laser flux than common MALDI and DIOS thus 

provides significant less background and higher ionization efficiency. It has higher 

surface homogeneity, relative salt tolerance and high selectivity which may origin from 

analyte dependent pre-charging. Surface characterization has been investigated. And 

different analytes including drugs, peptides, pesticides and acids in both biological and 

environmental samples have been applied by positive or negative ionization mode. 

Detection limits, down to the low femtomole per microliter levels have been achieved for 

propafenone and verapamil. SPALDI is an easily applicable practical tool at a potential 

low cost.  

 



10                   

CHAPTER 1 INTRODUCTION 

 
Molecular fragmentation is mainly determined by the internal energy of ions formed 

in a mass spectrometer. As shown in Fig. 1.1 [1], if ions have high internal energy, they 

will fragment extensively (with abundant AC+, AD+, AB+). If the internal energy is low, 

the ions will not fragment (only parent ion ABCD+), or will fragment to a small extent 

(with low abundant AC+). For direct laser desorption ionization (LDI), the laser energy 

applied to desorp the analyte is so strong that it causes too high internal energy for the 

ions in the mass spectrometer. The corresponding results are huge abundant of fragment 

ions and low intensity or no molecular ion for the analyte, which is not desired for 

analyte identification and mass spectrometry analysis. 

 

Figure 1.1: Internal energy distribution curve. (Taken from ref. 1) 
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In order to produce gas-phase molecules with the least possible amount of internal 

energy and the highest possible fraction of parent ions in the mass spectrum, many 

different strategies have been applied to minimize fragmentation. For example, using low 

ionization laser irradiance and collisional cooling by using supersonic jet entrainment. In 

1987, Karas and Hillenkamp first used small organic molecules as chemical matrices to 

help ionization [2]. The matrix reduces ion fragmentation and improves the spectral 

quality. This new ionization method is called matrix-assisted laser desorption/ionization 

(MALDI). 

 

1.1 Matrix-assisted laser desorption/ionization 

 1.1.1. Principle and instrumentation. 

 In MALDI, the analyte is mixed with the matrix and applied on the sample plate, 

as shown in Fig. 1.2 [3]. A pulsed laser hits the target surface and most of the laser 

energy is strongly absorbed by the matrix. The matrix is then evaporated to the gas phase, 

bringing the analyte molecule with it. The analyte is subsequently ionized in the gas 

phase and transferred into the mass analyzer.  

The laser applied in MALDI is most usually ultraviolet (UV) 337 nm N2 laser. Other 

types of lasers such as UV 266nm and 355nm Nd:YAG lasers, infrared (IR) 2.94 µm

Er:YAG lasers and 10.6 µm carbon dioxide lasers are also used for different purposes. A 

pulse of laser light usually with duration of ~1-10 ns is focused on the sample spot with a 

typical area of the order of 100 µm [4]. The pulse is repeated at certain intervals (in the 
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unit of Hz), for example 5 Hz, so that a series of TOF acquisitions (like 200 shots) can be 

summed at each sample spot.  

 

Figure 1.2: Matrix-Assisted Laser Desorption Ionization (MALDI) process. (Taken from 
ref.3) 
 

The matrix is the critical component in MALDI-MS. It should have high molar 

absorbtivity at the laser wavelength used in the instrument; it should also have the ability 

to help ionize the analyte. The common MALDI matrices are UV-absorbing organic 

acids with pKa’s from 2-4. Examples of matrices include a-cyano-4-hydroxycinnamic 

acid (a-CHCA), 2,5-dihydroxybenzoic acid (2,5-DHB) and  3,5-dimethoxy-4-

hydroxycinnamic acid(sinapinic acid, SA) (Fig. 1.3). The matrix solution is prepared by 

saturating the matrix in a polar organic solvent (e.g. acetonitrile/water with trifluoroacetic 
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acid), then the solution is used to form a mixture with the analyte solution at 

analyte:matrix ratio 1:10 to 1:10000. In this way, laser ablation energy is mainly 

absorbed by the matrix molecules and the analyte fragmentation is minimized. The 

matrix solution and the analyte solution should have some solubility in order to make a 

co-crystallization after deposition on a target.  The matrix should finally have good 

vacuum stability.  

 

a-CHCA                                        2,5-DHB                                      SA 

 
Figure 1.3: Common MALDI matrices. (1) a-cyano-4-hydroxycinnamic acid (a-     
CHCA) (2) 2, 5-dihydroxybenzoic acid (2, 5-DHB) (3) 3, 5-dimethoxy-4-     
hydroxycinnamic acid (sinapinic acid, SA)

As MALDI uses a pulsed laser, a time-of-flight (TOF) mass analyzer is commonly 

utilized. Figure 1.4 [5] illustrates a MALDI-TOF-MS instrument. The ions are excited in 

the source region by the high voltage applied (20 kV) and then extracted into the TOF 

analyzer by the electrical field created by the voltage difference between the source and 

the TOF entrance grid. In the TOF tube, which is called drift region, there is no electric 

field as the beginning and the end of TOF tube are applied the same voltage. Ions have 

the same kinetic energy as the acceleration voltage applied at the source is the same. The 

kinetic energy is  
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E = 1/2 mv2=qV=zeV 

m/z = 2eV/v2

E is kinetic energy; m is mass; v is velocity; z is nominal charge; V is accelerating 

voltage and e is electronic charge. Different m/z cause different initial velocity in the 

source region. Thus, ions get separated in the TOF analyzer and arrive at the detector at 

different times. 

 

Source Region                                                              TOF Tube 

Figure 1.4: Illustration of Matrix-assisted laser desorption/ionization time-of-flight mass 
spectrometry. (Taken from ref. 4) 

 

Although kinetic energy of ions in MALDI-TOF is theoretically the same as 

discussed previously, there is inevitably a distribution of this value, which causes analyte 

peak broadening and very poor resolution for the mass spectra. This problem is solved by 

Drift Region 

Detector

20 kV

UV 337 nm N2 laser
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adding a reflectron at the end of TOF tube, which serves to focus the energy spreading of 

ions (Figure 1.5[6]). The reflectron is made up of a series of ring electrodes applied with 

a gradient of voltages. As an ion travels into the reflectron, the decreasing attractive field 

hinders it moving forward and at certain point accelerates it back out of the reflectron 

towards the detector. For a series of ions with the same m/z but different kinetic energies, 

they will drift at different velocities. Higher energy ions drift faster and penetrate deeper 

into the reflectron than ions with low energy, thus they have longer flight path and need 

more time to get out of the reflectron. When they return from the reflectron, they get 

higher acceleration speed to catch up with the low energy ions. This way, ions with the 

same m/z arrive at the detector in a reduced time frame and peak broadening is 

minimized.  TOF analyzer applied with a reflectron, which is termed TOF reflectron 

 

Figure 1.5: Illustration of TOF reflectron mode (Taken from ref.6) 

 

mode, provides higher resolution and sensitivity than TOF analyzer without reflectron 

(linear mode).  Reflectron mode is capable of mass resolution up to 10000 and sensitivity 
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down to low femtomole level. However, it is limited to small molecules with molecular 

weight typically less than 3.5 kDa. A TOF analyzer without reflectron is termed linear 

TOF. It has low mass resolution around 1000. On the other hand, it could analyze big 

molecules with theoretically unlimited m/z while the detector technique is currently 

hindering the big molecule TOF analysis. 

Moreover, delayed extraction was developed by Vestal et al. in 1995 [7] to further 

improve resolution by minizing spatial spreading. Very often, ions with the same m/z 

start flying from different positions after the laser pulse. As the ions have the same 

kinetic energy and flight path, they will reach the detector at different times. Delayed 

extraction is operated by applying to a lower electric field (say -64v instead of 0v) to the 

ion plume for a short interval about 100 ns. Ions far from the sample surface will 

experience less accelerating force than ions near the sample surface. This way, the ions 

behind will speed up to catch up with the ions in front. After that, the full potential (0v) is 

applied. Figure 1.6 illustrates the whole process [8].   

Figure 1.6: Illustration of delayed extraction process. (Taken from ref.8) 
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TOF with reflectron mode combined with delayed extraction, has greatly enhanced 

mass resolution up to 15000. The use of matrix in MALDI provides a soft ionization 

method with less fragmentation, simple spetra and higher S/N ratio than direct LDI 

method. The development of MALDI has dramatically changed the status of 

biomolecular analysis by providing ionization for a broad range of analytes including  

various fragile and non-volatile samples like peptides/proteins, [9,10] oligosaccharides 

[11,12], oligonucleotides [13] and synthetic polymers like polyethylenglycol (PEG), 

polymethylmethacrylate (PMMA), polystyrene and poly(dimethyl)siloxane (PDMS) [14]. 

1.1.2. Comparison with electrospray ionization (ESI). 

MALDI and Electrospray ionization (ESI) have become the most common ionization 

methods for biomolecular analysis. Comparing these two ionization methods, ESI has 

multiple charging phenomenon, which makes large molecule analysis fulfilled in a small 

mass range. Thus, ESI is usually coupled with quadrupole and ion trap mass analyzers, 

which facilitate the tandem MS capability. On the other hand, limited resolution of 

quadrupole or ion trap analyzers can not separate all of the charged states sometimes and 

the multiple charging phenomenon complicates mass measurement when the spray 

sample is a mixture of proteins. MALDI usually provides singly charged ions (doubly 

charged ions can be also observed in same ranges). The simple mass spectra make 

analyte mixture easily identified. As MALDI uses pulsed laser, it is coupled with time-of-

flight (TOF) mass analyzer, which has theoretically unlimited mass range. Moreover, on 

the same MALDI plate, multiple analytes could be applied and analyzed at the same time. 

This high throughput character is very useful in proteomics research. TOF is a 
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nonscanning mass analyzer, different from quadrupole and ion trap, which provides fast 

acquisition of the mass spectrum and usually more sensitive. Time-of-flight mass 

analyzer is now coupled with quadruple mass analyzer in front (Q-TOF) to achieve 

MS/MS fragmentation. Ions are isolated in the quadruple analyzer and get fragmented in 

TOF analyzer. Q-TOF analyzers, with all the advantages from TOF analyzers could be 

coupled with both ESI and MALDI ionization methods for molecular weight as well as 

structural identification.  

Compounds with as high as molecular weight 1.5 million Da has been detected 

MALDI [15] and the sensitivity has reached low femtomole level for the low mass range 

in reflectron mode with minimum sample consumption. With the development of the 

delayed extraction technique combined with reflectron instruments, MALDI 

measurements have achieved great resolution even higher than 15000. On the other hand 

MALDI cannot be coupled with liquid chromatography (LC), which is a major drawback 

in many applications. It can hardly be used for quantitation and the use of laser may 

cause photodegradation for some analytes. Moreover, the matrix may interact with the 

analytes and cause interference peaks in the mass spectra.  

Compared to MALDI, ESI-MS is easily coupled with LC. Sample mixtures could be 

separated by LC first and then injected using ESI. The concentration of the analyte could 

be quantified by LC-ESI-MS. ESI doesn’t need a matrix, so there is no matrix 

interference in ESI mass spectra. But ESI typically detect molecular weight up to 70000 

Da analyte as the quadruple analyzer coupled and the limited resolution applied, and it 

also consumes a large amount of sample compared with MALDI. NanoESI was thus 
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invented to greatly reduce required sample amounts. NanoESI has nanoliter flow rates. 

Decreased amounts of droplets formed in nanoESI make it more tolerant to salts and 

other impurities than normal ESI. NanoESI is a current competitor for MALDI technique.   

1.1.3. Limitations of MALDI. 

The success of MALDI mass measurement is dependent on the sample preparation, 

including finding the proper matrix, solvent, and evaporation conditions that will co-

crystallize the analyte with the matrix to form a homogeneous sample surface. If the 

analyte/matrix crystal is heterogeneous “sweet spots”, MALDI spectra lose shot-to-shot 

reproducibility. Signal intensity of MALDI spectra rely mainly on the quality of 

crystallization of the analyte and matrix. The sample preparation procedure is empirical, 

however, and not well understood. For example, for polymer polypropyleneglycol (PPG), 

when mixed with the same matrix DHB dissolved in different solvents H2O/CH3CN and 

THF/C2H5OH, the crystallization is different. If mixing with different matrices DHB and 

CHCA dissolved in the same solvent H2O/CH3CN, the crystallization is also different. 

(shown in Fig. 1.7 [16]). Even now, which matrix is the best choice for a particular 

analyte is not yet well understood. Table 1 lists some of the matrix selections for specific 

analyte groups. Contaminants such as detergents and salts can disrupt matrix 

crystallization, which makes MALDI intolerant to salts. Most of all, all the commercially 

available matrices have molecular weights less than 300 Da and the matrix brings 

background ions in the low-mass range below m/z 500 due to matrix cluster ionization, 

which limits the MALDI-MS application in small molecule analysis. [17,18]   From this 
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point of view, direct laser desorption/ionization without a chemical matrix is could be 

prepared.  

 
Figure 1.7: Cocrystallization of polymer PPG in different matrix/solvent solutions. (a) 
DHB matrix using H2O/CH3CN; (b) CHCA matrix using H2O/CH3CN; (c) DHB   matrix 
using THF/C2H5OH; (d) CHCA matrix using THF/C2H5OH. (Taken form  ref.20) 

 

Table 1.1 Matrix selection for specific analyte groups. 

Matrix Analyte 
CHCA  peptides, carbohydrates, polar synthetic polymers 

and proteins 
Sinapinic acid  polar synthetic polymers and proteins 

DHB peptides, carbohydrates, polar synthetic polymers 
and proteins 

dithranol non-polar synthetic polymers 
2,4,4-

trihydroxyacetophenone oligonucleotides 
3-hydroxypicolinic 

acid  oligonucleotides  

Micrographs of polymer/matrix cocrystals ( 90)

DHB matrix 
using 

H2O/CH3CN

CHCA 
matrix 
using 

H2O/CH3CN

DHB matrix 
using 

THF/C2H5OH

CHCA matrix 
using 

THF/C2H5OH.
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Besides the matrix influence, the ionization mechanisms involved in MALDI are still 

not clear. Ions may be pre-formed in the solid state or may be formed by gas phase ion-

molecule reactions after laser desorption. Depending on the sample and matrix, it could 

be that both processes occur to different extents. 

 

1.2 Laser desorption/ionization without chemical matrices. 

If laser desorption/ionization could be applied without chemical matrices, the low 

mass background could be minimized and sample preparation could be simplified. 

Several groups have been investigating different types of inorganic matrices to minimize 

the low mass background. Sunner, et. al. developed surface-assisted laser 

desorption/ionization (SALDI) using graphite particles. Siuzdak and co-workers applied 

porous silicon to laser desorption/ionization mass spectrometry (DIOS—

desorption/ionization on silicon) and achieved great improvement for small molecule LDI 

analysis. Silicon-related materials have also been applied to LDI-MS and were part of 

developed small molecule mass spectrometry analysis.  

1.2.1 Surface-assisted laser desorption/ionization (SALDI) 

The use of inorganic materials to enhance the ion yield for non-volatile analytes have 

been reported for laser desorption/ionization at about the same time organic matrices 

were introduced. Early in 1988, Tanaka et al. first used 30 nm inorganic cobalt powder 

mixed with a glycerol solution to analyze the protein lysozyme, which has a molecular 

weight above 100000 Da. [19]. They suggested that cobalt nanoparticles have large 

surface area, high photo-absorption and low heat capacity, resulting in a significantly 
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increased local temperature which provides the “rapid heating’ necessary to desorb and 

ionize analyte molecules without heat decomposition. The use of glycerol is to help 

mixing the analyte with the nanoparticle on the sample plate. 

Sunner and co-workers developed surface-assisted laser desorption/ionization 

(SALDI) using 2-150 µm graphite particles mixed with glycerol as the matrix [20]. They 

observed the surface desorption process and obtained spectra with reduced background in 

the low-mass region. They also applied small organic powder to frozen aqueous proteins 

and peptides [21]. The results indicated that ionization might occur through a “bulk 

desorption process” like laser ablation and the observed ions might be preformed in the 

frozen sample.  

 Lai et al. showed that silver thin film and silver particles could assist laser 

desorption/ionization for small bioorganic molecules from m/z 200 to 3000 with [M+H]+

and [M+Ag]+ ion signals [22]. The use of inorganic materials miminizes the low mass 

background ions commonly observed in MALDI mass spectra. With low atomic masses 

and good stability during desorption, active carbon powder [ 23 ], carbon nanotubes 

[24,25], gold nanoparticles [26], and other inorganic nanoparticles such as Al, Mn, Mo, 

Sn, W, ZnO, TiO2, TiN, Gu, Fe3O4 have been studied as potential SALDI matrices [27-

32]. The sensitivity could reach low femtomole level. The accessible upper mass limit 

demonstrated around 26 kDa. [M+H]+, [M+Na]+ and [M+K]+ are commonly observed in 

SALDI mass spectra. 
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1.2.2 Desorption/ionization on porous silicon (DIOS) 

Since 1999, Siuzdak and co-workers have developed and extensively explored 

desorption/ionization on porous silicon (DIOS) as a matrix-free ionization method for 

mass spectrometry [33-36]. Instead of using chemical matrices, DIOS mass spectrometry 

(DIOS-MS) used porous silicon surfaces to trap analyte molecules and efficiently absorb 

UV laser energy (Fig. 1.8 [36]). Thus, the signal-to-noise ratio was enhanced and 

background peaks were minimized.  

 

Figure 1.8: Desorption/Ionization on Porous Silicon Mass Spectrometry (DIOS MS).  
 [Taken from ref.36] 

 

Porous silicon was made by electrochemical etching of crystalline silicon chips with 

hydrofluoric acid (HF) under white-light illumination. It has the properties of high 

surface area, low thermal conductivity, and high UV absorptivity, which make it a 

successful application to desorption/ionization mass spectrometry. Sample preparation 

for DIOS is simple. Analytes are directly applied to the porous silicon surface. DIOS also 
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has high tolerance for common contaminants such as salts. All these characteristics make 

DIOS a good ionization method for biological analysis. 

Siuzdak et al. further developed the DIOS chip by incorporating silylation [37,38], 

which made the surface more stable and inert to chemical reactions. Furthermore, by 

chosing different silylation reagents, the surface could be functionalized for specific 

analytes. For example, if the silicon surface is silylated with an amino terminated 

silylation reagent, as shown in Figure 1.9a [37], it will be more suited for hydrophilic 

compounds like carbohydrates; if the silicon surface is silylated with the hydrophobic 

perfluorophenyl group (Figure 1.9b [37]), it is suited to both hydrophobic and hydrophilic 

compounds. This hydrophobically silylated DIOS chip also has a selective cleaning 

function, which could greatly enhance sensitivity for biological analytes. The silylated 

DIOS chip has been applied to small as well as larger molecules, from 150 up to 12000 

Da, including pharmaceuticals, peptides, carbohydrates, and natural products [39-43] , 

some with impressive detection limits.  

a)                                            b) 

amine silylated porous Si                   perfluorophenyl silylated porous Si 

Figure 1.9: Silylated DIOS chips. (a) amine silylated porous silicon; 
 (b)perfluorophenyl sililate porous silicon. (Taken from ref.37) 
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In 2005, Siuzdak and co-workers also developed silicon nanowire arrays grown on 

silicon substrates for desorption/ionization [44].  Compared with common MALDI and 

DIOS, these 10-40 nm diameter silicon nanowire arrays required much less laser flux, 

thus further reducing the background ion interference. At the same time, Kang et al. also 

developed nanowire-assisted laser desorption/ionization with different kinds of 

semiconductor materials including Zno, SnO2, GaN and SiC [45]. Although the efficient 

photon-absorption to the silicon and subsequent energy transfer to the analyte has been 

widely discussed [46], the nature of proton transfer inducing the formation of ionized 

species in DIOS as well as in other chemical matrix-less desorption ionization methods 

remains unclear. 

1.2.3 Silicon related techniques. 

Encouraged by the success of DIOS, various methods have been reported using 

modified silicon for MS applications. He, et. al. developed silicon nanocavity arrays on a 

crystalline silicon wafer for desorption/ionization [47]. They used SiO2 particles to mask 

the surface in the reactive ion etching process. This provides a convenient way to control 

surface morphology which is a critical factor in desorption/ionization on porous silicon. 

Si and SiO2 micron scale particles have been studied as SALDI matrices [31]. The 

results showed that Si, but not SiO2, was useful as a matrix. Zou et al. used porous silicon 

powder scraped from the etched silicon wafer as a matrix. The scraped powder was 

sonicated before usage thus providing fewer background peaks compared with DIOS [48]. 

Recently, modification of a commercially available silicon powder as a matrix was 

studied by Credo et al. [49]. The best sensitivity for some drugs was obtained by the 
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smaller size silicon particles, around 50 nm, compared with the larger, micron scale 

particles. The background peaks, however, could not be avoided. 

1.2.4. Possible applications related with non-chemical matrix LDI methods. 

Non-chemical matrix LDI methods have the advantage of minimized low mass 

background ions in the mass spectra. They could be applied to small molecule detection 

which is limited in MALDI-MS. The inorganic material used for LDI is independent of 

irradiation wavelength (near-UV to near-IR). And compared to MALDI, the inorganic 

nanoparticles require lower laser energy to desorp the analyte into the gas phase. With 

these advantages, the non-chemical matrix LDI methods have the potential to be applied 

also to thermally labile molecules.  

As no organic matrix is incorporated in the desorption, there is no crystallization 

process and no “sweet spots” phenomenon. Thus, the reproducibility of non-chemical 

matrix LDI methods is largely improved. Some of the non-chemical matrix LDI methods 

like DIOS [20, 40], oxidized carbon nanotubes [29] and semiconductor nanowires [49] 

have been reported for quantitation. With these techniques, LDI-MS could become a 

more powerful detection method in biomolecular analysis and medicinal analysis. 

Some nanoparticles like silicon nanowires [48] have the potential for separation as a 

thin-layer chromatography medium.  Analytes in the mixture will propagate to different 

distances on the plate because of the different analyte-surface interaction on the silicon 

nanowire cluster. When combined with LDI-MS, it provides a simple and convenient 

way to separate and analyze sample mixtures. 
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Besides the separation characteristics, gold nanoparticles [30] and Fe3O4/TiO2

core/shell magnetic nanoparticles [34] have specific selectivity for phosphopeptides in 

mixture solutions. Diamond nanoparticles have a strong affinity for proteins [35]. With 

this capability, specific analytes could be detected and quantified by choosing a certain 

type of nanoparticles for LDI-MS. Huang, et. al. have successfully modified gold 

nanoparticles to selectively detect thiols in complex biological samples [36]. This 

selective detection characteristic of nanoparticles is similar to the property of affinity MS. 

It has the potential to be widely applied to sample mixtures in bioanalysis. 
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CHAPTER 2   DESORPTION/IONIZATION ON POROUS SILICON  

MASS SPECTROMETRY (DIOS-MS) 

 

Desorption/ionization on porous silicon mass spectrometry (DIOS-MS) was 

developed by Siuzdak et al. in 1999 as a matrix-free laser desorption/ionization method 

for small molecule analysis and achieved great success for various compounds as 

described in chapter 1. Encountered the small background interference below m/z 500 in 

MALDI-TOF/TOF analysis for peptides, we started DIOS chip preparation with the goal 

to install DIOS in the MALDI-TOF instrument for small molecule fragmentation. We 

repeated the preparation procedures reported in the literature and obtained home-made 

DIOS chips. The optimization process is described and DIOS chips performance is 

compared with the newly developed ionization method in chapter 3. 

 

2.1. Experimental 

 2.1.1 Materials   

Water was purified by a Millipore water purification system (Millipore, Bedford, MA, 

USA) and had a resistivity of > 18 MΩ•cm. Organic solvents, including methanol, 

ethanol, acetone, isopropanol (HPLC grade), the peptides Arg-Gly, the compounds 

propafenone hydrochloride, verapamil hydrochloride, chlorodimethylphenethylsilane 

(PHP), and the MALDI matrix α-cyano-4-hydroxycinnamic acid (CHCA), were all 
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purchased from Sigma-Aldrich (St. Louis, MO, USA). Pentafluorophenyl propyl 

dimethyl chlorosilane (PFP) was purchased from Gelest Inc (Morrisville, PA, USA).  

DIOS chips were made from 4” n-type (100) silicon wafer with low resistivity (0.005-

0.02Ω cm) (Silicon Quest, Inc.). 

2.1.2. Preparation of DIOS chips (procedure from the literature)  

1) Double etching without derivatization 

Briefly, DIOS chips were prepared by etching low-resistivity (0.005-0.02 Ω•cm) n-

type Si (100) wafers in 25% v/v hydrofluoric acid/ethanol under white light illumination 

at a current density of 5 mA/cm2 for 2 min. Immediately after etching, the DIOS chip was 

rinsed with ethanol and dried in a stream of N2 to give an H-terminated surface, which 

was oxidized by exposure to ozone in a UV-cleaner for 10 min. The chip was then dipped 

in a 5% v/v hydrofluoric acid/ethanol solution for 2 seconds and rinsed with ethanol. The 

chip is ready to use at this stage. For storage, the doubly etched DIOS chip is kept in 

isopropanol solution in a sealed vial. 

2) Modification with silylating reagent 

DIOS chips were prepared by etching low-resistivity (0.005-0.02 Ω•cm) n-type 

Si(100) wafers in 25% v/v hydrofluoric acid/ethanol under white light illumination at a 

current density of 5 mA/cm2 for 2 min. Immediately after etching, the DIOS chip was 

rinsed with ethanol and dried in a stream of N2 to give an H-terminated surface, which 

was oxidized by exposure to ozone in a UV-cleaner for 10 min. The silylating reagent 

PFP (pentafluorophenyl propyl dimethyl chlorosilane) was then applied on the chip 

surface forming a homogeneous layer. The chip was kept in the oven at 90oC for 30 min. 
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Finally, the chip was rinsed with isopropanol to clean the PFP residues. The chip is ready 

to use at this stage. For storage, the modified chip is kept in an isopropanol solution in a 

sealed vial. 

2.1.3. Instrumental 

All the mass spectra were obtained using a Reflex III (Bruker, Billerica, MA USA) 

time-of-flight mass spectrometer equipped with a reflectron. The mass spectrometer was 

equipped with a 337 nm nitrogen laser and a 1.25 m flight tube. The accelerating voltage 

was set to 19 kV and the reflectron voltage was set at 20 kV. The delay times were 200 ns. 

All the experiments were carried out in the reflectron mode. 200 single-shot signals were 

accumulated for each spectrum acquired. Random rastering of the sample spot was 

applied manually, moving typically every 5-10 laser shots, during the 200 shot 

acquisition. Mass calibrations were performed externally using the mass peaks of the 

dimer of CHCA and Bradykinin standards.  

 

2.2 Results and Discussion 

2.2.1. Etching setup. 

The DIOS chip is manufactured by anodic etching as shown in Figure 2.1(a) [36]. 

The silicon wafer is put above a metal foil (aluminum foil is used in our lab) in a home-

made Teflon etching cell. The rubber O-ring is used to avoid leaking of the etching 

solution. The metal foil is connected to the anode in the circuit. A Pt wire is used as the 

cathode in the cell. White light goes through the mask and gets focused by the two focal 

lenses to give the same image as the mask on the silicon wafer in the etching solution. 
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In our experiment, we first built the same etching setup as Figure 2.1 (a). The light 

intensity obtained on the silicon wafer, however, appeared to be much less than 50 

mW/cm2. In order to increase the light intensity, we used a third lens to minimize the 

light loss and changed the sequence of the lens and mask as shown in Figure 2.1(b). From 

the mask to the last lens, the distance is also one focal lenth, 80mm. From the last lens to 

the silicon wafer, the distance is also one focal lenth. Thus, the image on the slicon wafer 

is the same as the mask. The first two lenses are used to focus as much light as possible 

on the mask. We cannot avoid some light loss at this place but the light intensity 

measured on the silicon wafer could near reach 50 mW/cm2.

2.2.2. Optimized etching conditions 

Silicon etching conditions are widely studied and applied in the semiconductor area. 

In DIOS technique, mild etching is the best for desorption/ionization. As reported by 

Siuzdak, the optimized etching conditions for DIOS surface were low current density of 4 

mA/cm2, short etching time of 2 min and moderate white light intensity 50mW/cm2. n-

type  (100) silicon wafers with resistivity 0.008-0.05 cm were selected as the DIOS 

chips. The etching solution was a 1:1 mixture of 48% aqueous HF and absolute ethanol. 

[34, 36] 

We repeated this etching experiment in the lab and had positive results.  

The current density was varied from 1 mA/cm2 to 5 mA/cm2. With current density 

lower than 4 mA/cm2, the pores on the wafer are not deep enough (observed from the 

apparent color); with current density at 5 mA/cm2, the pores on the wafer appear to be  
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Figure 2.1: Comparison of etching setups. (a) setup in Siuzdak group , [Taken from 
ref.36] (b) setup  in Wysocki group.  

light
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burned. Both types of DIOS chips performed badly with no analyte signal. It is reported 

that the current density influences the overall porosity on the chip [38]. Too low a current 

density didn’t create enough pores to hold the analytes. Too high a current density causes 

too much pores and fragile surface. 

Etching time was varied from 1 min to 5 min. Pores formed under 1 min etching were 

not deep enough and appeared very light in color. It could perform desorption/ionization 

but the signal intensity was very low. Pores formed under 2 to 3 min performed similarly 

in MS. Pores formed under 4 to 5 min etching were fragile and gave poor analyte signal 

with lots of background ions. These results match with the results obtained from Siuzdak 

group as they suggesting that pore depth increases with increasing etching time. [36]    

Light intensity is a very important parameter in silicon etching. If the light intensity is 

not strong enough, even with increased etching time, the optimized DIOS chip could not 

be obtained. We had a hard time obtaining 50 mW/ cm2 intensity. Lower light intensity 

gave a poor signal DIOS chip. Siuzdak group suggests that the light intensity influences 

the overall porosity. It could be that with low light intensity, a low amount of pores are 

formed on the silicon chip which cannot hold enough analyte to give a good signal. We 

decided to modify the etching setup to increase the light intensity as discussed previously 

in Fig. 2.1. 

The silicon wafer type is selected according to the reports in Siuzdak group [34]. They 

recommend n-type wafer because it needs light illumination for etching, thus, photo 

patterning could be obtained. P-type silicon could also be used, however, this type of 

silicon could be etched without light illumination which is necessary for patterning the 
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surface. They also reported that the crystal orientation doesn’t have influence in DIOS 

performance. Both (100) and (111) work the same for desorption/ionization purpose. The 

resistivity of the wafer is related to the pore diameter in etching. The higher the resistivity, 

the larger the pore diameter will be. DIOS needs small pores, (discussed below), so low 

resistivity silicon wafer was selected.  

The concentration of the etching solution was selected as reported. It is claimed that 

changing the HF concentration doesn’t influence the DIOS performance [36].  

 2.2.3. Hypothesis of desorption/ionization mechanism. 

Though the mechanism of desorption/ionization on porous silicon is still under study, 

current agreement in this topic is that the analyte is trapped by the pores on the silicon 

and thermally vaporized into the gas phase.  

The morphology of the porous silicon influences the ionization function of DIOS chip. 

DIOS surfaces examined by SEM appeared to be composed of pores with 50-100 nm 

diameter and around 200 nm depth [34]. While crystalline silicon has good thermal 

conductivity, the porous silicon has very low thermal conductivity. When the laser light 

hits the porous silicon surface, the low thermal conductivity causes local overheating. 

Thus, the analytes trapped in the pores are desorped by the high local temperature. 

Smaller cavities are favored in DIOS as they have lower thermal conductivity and higher 

surface area. Sweedler, et. al. has studied various pore sizes for DIOS [46]. It is suggested 

that 30 nm pores are large enough to provide efficient analyte signal while pore size 

lower than 10 nm is too small to give strong signal. It could be that the pores are too 

small to hold enough analyte for the desorption/ionization process. The importance of the 
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surface morphology is proved when optimizing the etching condition. Changing the 

etching current, light intensity and etching time cause changes in the surface morphology 

to a certain extent, thus influencing the desorption/ionization function of the DIOS chip. 

 2.2.4. Application to peptides and drugs with different derivatization reagents. 

The drug propafenone and peptide Arg-Gly were applied to PFP derivatized DIOS 

chips. As shown in Figure 2.2 (a) and (b), at laser attenuation 85%, (that is 15% of the 

laser energy), the signal intensity is good. More analytes could be applied to the DIOS 

chip made with these preparation conditions.  

 On the other hand, we observed a strong background peak at m/z 130. There are 

some other contaminants peaks lower than 130. We tried to clean the silicon wafer before 

etching and to clean the DIOS chip after modification by immersing it in fresh 

isopropanol for two or three days. These peaks still exist. Reports for DIOS performance 

from different research group have similar background ions in the low mass region below 

m/z 300. [34, 48] 

We also used PHP (chlorodimethylphenethylsilane) derivatized DIOS chips for the 

same analytes. As shown in Figure 2.2 (c) and (d), PHP derivatized DIOS chips need less 

laser energy (laser attenuation 90%; that is 10% of the laser energy) and show higher 

signal intensity for peptide Arg-Gly than the PFP modified chip. At the same time, more 

background ions appear (<m/z 130), maybe some PHP fragments.  

The difference between PFP and PHP is that the phenol group on PFP is 

pentafluoronated (see structures in Figure 2.3). Comparison of PFP and PHP 

modification could help to examine proton transfer and fluorine inertness during the  
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a b

Figure 2.2: DIOS chip application. (a) propafenone 10 pm/µL on PFP derivatized  
 DIOS chip. (b) Arg-Gly 267 pm/µL on PFP derivatized DIOS chip. (c) Propafenone 

10 pm/µL on PHP derivatized. (d) Arg-Gly 267 pm/µL on PHP derivatized DIOS 
chip. 
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ionization. It could be that the fluorine atoms on PFP protect the phenol group from 

reaction with other chemicals, thus decreasing the background interference. On the other 

hand, the hydrogen atoms on the phenol ring of PHP could help desorption/ionization of 

peptides, perhaps by hydrogen bonding that could trap more analyte molecules on the 

chip. As this is the first study on PHP as a derivatization reagent for DIOS, further 

research should be applied to this topic in order to address those mechanistic issues. 

 
F

F

F
F

F

Si Cl
Si Cl

Pentafluorophenyl propyl                     chlorodimethylphenethylsilane (PHP) 

dimethyl chlorosilane (PFP) 

Figure 2.3: Structure of PFP and PHP. 

 

2.3. Summary 

DIOS chips were successfully made in our lab. The experimental parameters are the 

same as reported by Siuzdak group. We made some changes on the etching setup in order 

to get high light intensity. The application of DIOS-MS on the drug propafenone and the 

peptide Arg-Gly gave decent mass spectra at the low pmol/µL concentration. Still, there 

are some background interference ions in the low mass region.  
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Since its invention in 1999, DIOS-MS has been widely explored in bioanalysis 

including protein identification [50], quantitative analysis [51 ,52 ], chromatographic 

separations [46], and organic reaction monitoring [53,54]. DIOS has also been performed 

in the negative-ion mode [55]. Nevertheless, many unknown background peaks are 

observed with DIOS technqiue. Moreover, DIOS performance is influenced by the laser 

alignment and the incidence angle of the instrument. In order to get optimized DIOS 

signal, the instrument has to be adjusted specifically for DIOS surface. At the current 

stage, DIOS could not replace MALDI in MS analysis and still has its own drawbacks. 

Based on the above concern, we ceased the research on DIOS and started exploring 

another based on the application of commercially available silicon nanoparticles for 

desorption ionization mass spectrometry. In Chapter 3, the whole process of the silicon 

nanoparticle modification will be discussed and explained.  
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CHAPTER 3   SILICON NANOPARTICLE ASSISTED LASER 

DESORPTION IONIZATION MASS SPECTROMETRY 

 —A NEWLY DEVELOPED TECHNIQUE 

 

Silicon nanoparticles were studied to assist laser desorption ionization for small 

molecule analysis motivated by the goal of obtaining no low mass background 

interference, which is not achieved with MALDI and is only partially met with DIOS. 

The powder preparation procedure was optimized, the powder was characterized and 

some mechanistic aspects were studied. The application of the silicon nanopowder with 

pharmaceuticals, peptides, pesticides, nucleic acids and other acids is illustrated and 

discussed. Finally, the potential use of the silicon nanopowder is compared to standard 

MALDI, matrix free LDI methods as well as to other MS methods.  

 

3.1. Experimental   

3.1.1. Materials 

Water was purified by a Millipore water purification system (Millipore, Bedford, MA, 

USA) and had a resistivity of > 18 MΩ•cm. Organic solvents, including methanol, 

ethanol, acetone, isopropanol (HPLC grade), the peptides Arg-Gly, Ang II (DRVYIHPF), 

RVYIHPF, VYIHPF, the protein insulin A+B, the compounds propafenone 

hydrochloride, verapamil hydrochloride, adenine, guanine, aldicarb, corticosterone, GT1b, 

morphine, ametryn, altretamine, trioctylamine, tetraethylammonium nitrobenzene, 

chlorodimethylphenethylsilane (PHP), trimethyl silane (TMS) and the MALDI matrix α-
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cyano-4-hydroxycinnamic acid (CHCA), sinapinic acid were all purchased from Sigma-

Aldrich (St. Louis, MO, USA). Dibutyl phosphoric acid and other free acids tested in the 

negative ion mode were all purchased from Sigma-Aldrich. The peptides YGGFL, 

YFFGLRRIR, YGGFLR were obtained from American Peptide Company (Sunnyvale, 

CA, USA). Pentafluorophenyl propyl dimethyl chlorosilane (PFP) was purchased from 

Gelest Inc (Morrisville, PA, USA). 12 synthesized peptides-HAAAA, AAHAA, AAAAH, 

PAAAA, AAPAA, AAAAP, KAAAA, AAKAA, AAAAK, RAAAA, AARAA, and 

AAAAR-were synthesized in the Wysocki lab at the University of Arizona. Lipid A 

polymer was synthesized in the Savvedra lab at the University of Arizona. Urine samples 

were collected from a healthy woman on the same day of the experiment.  

 Silicon nanopowders with a particle size of 50 nm were purchased from Sigma-

Aldrich (St. Louis, MO, USA), and from Meliorum Technologies Inc. (Rochester, NY, 

USA) with particle size of 30 nm and 5 nm. 

3.1.2. Preparation of Si powder 

1) 50 nm Si powder 

8 mg silicon powder were put in a 0.6 mL siliconized microcentrifuge tube and 

etched by 0.4 mL 10% HF for 30 min with sonication. The powder was then washed with 

1.5 mL isopropanol and dried in a vacuum concentrator SpeedVac SC110 (Savant 

Instruments Inc., Farmingoale, NY) (Frequency 50/60 Hz, Voltage 115, Amperes 5.0) for 

30 min, and then oxidized by adding 0.4 mL 10% HNO3 for 30 min with sonication. 

Then, the powder was washed with isopropanol again and dried in a vacuum concentrator 

with low heating (40oC) for 1h. The powder was derivatized with 90 µL PFP 
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(pentafluorophenyl propyl dimethyl chlorosilane ) for 10 hours at 90oC in the oven and 

washed with isopropanol before usage. 

2) 30 nm Si powder (optimized procedure) 

30 nm Si powder was found to perform best with no HF etching. 8 mg powder were 

oxidized by 0.4 mL 10% HNO3 directly for 30 min with sonication. Then the powder was 

washed with isopropanol and dried in a vacuum concentrator with low heating (40oC) for 

1h. The powder was derivatized with 90 µL PFP for 10 hours at 90oC in the oven and 

washed with isopropanol before usage.  

Final powder solutions of 8 mg powder/ 0.4 mL perfluorohexane storage solvent were 

prepared. The storage solvent was replaced with isopropanol/H2O (v/v 50:50) during the 

experiments. 

3.1.3. Analyte Sample Preparation 

Analytes were diluted in isopropanol/H2O (50:50) mixtures to obtain stock solutions 

(typically 1mg/mL) and then further diluted in isopropanol/H2O (50:50) to the final 

concentration. The analyte solutions were mixed with the powder solutions in a ratio of 

1:1 prior to spotting on standard MALDI plates. 

3.1.4. Mass Spectrometry 

 All the mass spectra were obtained using a Reflex III (Bruker, Billerica, MA USA) 

MALDI-TOF mass spectrometer equipped with a reflectron. The mass spectrometer was 

equipped with a 337 nm nitrogen laser and a 1.25 m flight tube. The accelerating voltage 

was set to 19 kV and the reflectron voltage was set at 20 kV. The delay time was 200 ns. 

All the experiments were carried out in the reflectron mode. 200 single-shot signals were 
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accumulated for each spectrum acquired. Random rastering of the sample spot was 

applied manually, moving typically every 5-10 laser shots, during the 200 shot 

acquisition. Mass calibrations were performed externally using the mass peaks of the 

dimer of CHCA and bradykinin standards. Typical laser intensities used: with powder, 

attenuation 99 to 80% (1-20% of the total laser power); with chemical matrices, 60-70% 

(30-40% of the laser power) 

3.1.5. Surface characterization 

Transmission electron microscopy (TEM) was performed with a Hitachi 8100S model 

at 200 kV acceleration voltage with high brightness LaB6 electron source, CCD high 

resolution camera. Scanning electron microscopy (SEM) images were obtained using a 

Hitachi S-4000 (Tokyo, Japan). Field-emission SEM: Hitachi S-4500/Thermo-Noran 

Digital Imaging/EDS. Cold field emission electron gun; Magnification to 500,000X; 

Accelerating voltages 0.5 to 30 KV with 4.0 nm resolution at 1KV; EDS detection range 

Boron and higher. Atomic force microscope (AFM) was performed with Digital 

Instruments BioscopeTM (Veece Metrology Group).  

Diffuse reflectance infra-red Fourier transform spectroscopy (DRIFTS) analysis was 

performed using a Nicolet 4700 FT-IR (Thermo electron corporation) with the diffuse 

reflectance measuring attachment. Samples were prepared by mixing 10wt% of the 

sample with 90wt% FT-IR grade KBr (Sigma-Aldrich, USA). FTIR grade KBr was used 

as the reference. Sample spectra were collected under nitrogen environment, over the 

range of 4000-400 cm-1 at a resolution of 4 cm-1 and the reported data represent the 
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average of 256 scans. The data were recorded by applying Omnic E.S.P. software 

(version 5.2a, Nicolet). 

 

3.2. Results and discussion 

In Figure 3.1, we demonstrate the utility of silicon powder with the absence of noise 

and clear detection of two antiarrhythmic drugs, propafenone and verapamil. 

Interestingly, although the laser intensity used was extremely low at 99% attenuation (1% 

of the laser power was used), the signal intensity and signal/noise were good. For 

comparison, with standard chemical matrices like CHCA on the same instrument, the 

typical laser attenuation used is 65-70% (35-30% of the laser intensity used), with a 

threshold for obtaining any signal, of around 30% of the laser intensity. The very low 

laser intensity required with the silicon powder may be the results of extremely efficient 

UV absorption and limited thermal transfer in the nano powder, which may cause local 

overheating and thus induce efficient ablation/volatilization of the analytes. Similar 

behavior has been observed by Tanaka who used 30 nm cobalt particles [23], Xu et al 

with o.d. 20 nm carbon nanotube [248] and Siuzdak et al. with nanowires assembled on 

silicon surfaces, [48] where the nanowire size was 40 nm, similar to the silicon 

nanoparticle size in the present work. 

3.2.1. Optimization of silicon powder preparation conditions  

 Most of the original optimization of the powder preparation conditions was 

performed with the 50 nm particles and then extended to the 30 nm powders, with  
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Figure 3.1: Mass spectra of propafenone and verapamil with silicon nanopowder assisted 
laser desorption ionization. (a) mass spectrum of a 1-µL drop of a 10 pm/µL propafenone 
solution and (b) mass spectrum of a 1-µL drop of a 10 pm/µL verapamil solution . The 
particle size was 30 nm and 1% of laser intensity was used. 10% HNO3 for 30 min, 
derivatized with PFP for 10 h. 
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propafenone as a model compound, usually in concentrations of 1-10 pmol/µL. Signal 

intensity as well as the background intensity and identity were examined and compared. 

The powder preparation concept was based on prior knowledge (Siuzdak [37-41], Credo 

[49]). In short, it includes particle etching by HF, followed by hydroxylation with HNO3 

and finally modification of the Si-OH groups by derivatization. 

1) Concentration of HF solution.   

The function of HF etching for the silicon powder may be minimizing the particle 

size or making pores on its surface. Different concentrations of HF, 10%, 25% 48% have 

been tested. They showed similar results. 10% HF was selected for safety and economy. 

Eventually, 30 nm particles were shown to perform well without HF etching. 

2) Etching time.   

Periods of 15 min, 30 min and 60 min have been tested. Powder etched for 15 min 

lead to poor analyte sensitivity. Powder etched for 30 min provided higher analyte 

sensitivities with trace background. Powder etched for 60 min gave the best analyte 

sensitivity but the background was also significant. 30 min was selected as the optimum 

etching time for the 50 nm powder. 

3) Concentration of HNO3.

HNO3 oxidation is performed in order to form Si-OH groups on the silicon particle 

surface to facilitate the derivatization step afterwards. It may also help remove 

contaminants from the powder. 10% HNO3 and concentrated (70%) HNO3 have been 

tested. Concentrated HNO3 caused ignition and burning of the dried powder. 10% HNO3

was selected. 
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4) HNO3 oxidation time.   

15 min, 30 min and 60 min have been tested. Powder with 15 min oxidation shows 

more background than powder with 30 min oxidation. Powder with 60 min oxidation 

shows no signal. 30 min oxidation time was selected.  

5) Drying time after HF etching.   

Periods of 15 min, 30 min and 60 min were tested. Powder with 30 min drying was 

found to provide stronger analyte signal than powder with 15 min drying. 60 min was 

similar to 30 min. Finally, 30 min drying time was selected for efficiency. 

6) Drying time before derivatization.   

60 min drying before derivatization provided the most stable performance. The drying 

step before derivatization was found very critical in the preparation procedure. If the 

powder is not dry enough before derivatization, the extra solvent (isopropanol) in the 

bulk powder may react with the derivatization reagent, thus affect the modification 

efficiency and cause poor performance of the powder.  

7) Derivatization time.   

1 h, 4h and 10 h were tested for derivatization. 10 h gives the best analyte signal 

intensity. Similar considerations and methods have been reported for HPLC column 

stationary phase particle derivatization [56,57]. Long time derivatization makes sure the 

surface coverage of the functional group is good enough to provide protection of the 

nanoparticle surface. 

In order to verify the function of each of the preparation steps, we analyzed silicon 

raw material, silicon powder without HF etching, silicon powder without HNO3 oxidation, 
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silicon powder without derivatization and silicon powder with derivatiztion. The analyte 

was propafenone, 10 pmol/µL, in all the tests. As shown in Figure 3.2, raw silicon 

powder without preparation gives spectra with lots of background ion interferences. We 

suspect most of the peaks correspond to different kinds of easily ionized ammonium salts 

in the powder material such as ethyldimethylamine (m/z 85.1), diethyldimethylamine 

(m/z 102.1) and diethylamine (m/z 130.1). These salts could be attributed to surfactants 

present during the powder manufacturing process. Compared with the prepared silicon 

powder (as shown in Fig. 3.1), the raw material requires relatively high laser energy 

(attenuation 85%, 15% of laser power used) but still shows less analyte intensity 

(Fig.3.2a). This could demonstrate that the powder preparation process reduced the 

background interference and increased the signal intensity with less laser energy needed.  

HF etching time was investigated with 50 nm silicon powder, and as described before, 

50 nm particles etched with 10% HF exhibited the best results. However, with the 30 nm 

powder, the best ion signal was obtained with no HF etching at all. HF etching is 

supposed to increase the effective surface area of the silicon powder and may also affect 

the particle size. On the other hand, it seems to promote particle aggregation and particle 

cluster formation, as will be discussed later. The difference between the 50 nm particles 

(Sigma) (require HF etching) and the 30 nm ones (Meliorum) may be due to the different 

size or due to different surface properties. TEM analysis has been carried out to examine 

the difference. It turned out that the particles purchased with “50 nm” are actually larger 

than 100 nm in average diameter, which is much larger than 30 nm particles (to be 

discussed later, Fig. 3.3). 
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Figure 3.2: Effect of powder preparation. Propafenone analysis with (a) Untreated 30  
nm Si powder background; (b) 30 nm Si powder prepared without the HNO3
oxidation step. 
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As shown in Figure 3.2b, silicon powder without HNO3 treatment, but including all 

the other preparation stages, exhibits more background ions, less signal intensity and 

requires higher laser fluence (attenuation 80, 20% of laser power used) compared with 

the prepared silicon powder used to obtain the spectra shown in Figure 3.1. This implies 

that the HNO3 may have a cleaning effect, added to the hydroxylation of the silicon.  

Silicon powder treated with HNO3 but without derivatization shows no signal for the 

analyte (not shown), probably due to active Si-OH groups on the surface, formed after 

HNO3 treatment.   

3.2.2. Derivatization Reagent.  

Derivatization is used to deactivate and stabilize the surface and results in reduced 

background and increased signal intensity. It is not clear if the derivatization has an effect 

also on the UV absorption efficiency. Several derivatization agents, among them 

pentafluorophenyl propyl dimethylchlorosilane (PFP), chlorodimethylphenethylsilane 

(PHP) and trimethyl chlorosilane (TMS) have been tested as derivatization reagents with 

different combinations. PFP differs from PHP by containing 5 fluorine atoms on the 

aromatic ring, instead of hydrogens. Single PFP, single PHP, single TMS, double PFP 

(two consecutive cycles of derivatization with PFP), double TMS, PFP followed by TMS, 

and TMS followed by PFP were tested. A single step PFP derivatization provides the best 

signal intensity and the lowest background ion signal (See Figure 3.3). The 

pentafluorophenyl group is supposed to be very stable and less vulnerable to chemical 

reactions. It may also be involved in the UV absorption process. PHP has similar 
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performance but shows more low m/z background. No MS peaks were observed with the 

TMS derivatized powder single or double derivatization.  

 

Figure 3.3: Si nanoparticle derivatized with different reagents for LDI-MS. (a) PHP  
derivatized particle (b) PFP derivatized particle. The analyte was propafenone 10  
pmol/µL. The particle size was 30 nm and 10% of the laser energy was used. 
 

3.2.3. Cleaning Solvent.  

Methanol, ethanol, acetone and isopropanol have been investigated as cleaning 

solvents during the preparation procedures. The best results were obtained with 

isopropanol cleaning. It provided the lowest background and the highest analyte signal 
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intensity among the four solvents examined. It could be that isopropanol provides the best 

wetting with the silicon powder among the four organic solvents. This result is similar 

with DIOS analysis as reported by Waters Corporation [58].  

3.2.4. Particle Size.   

50 nm, 30 nm and 5 nm Si powders were selected and tested with propafenone and 

verapamil under the same experimental conditions. As shown in Figure 3.4, 50 nm  

 

Figure 3.4: Particle size comparison. (left) Propafenone 10 pmol/µL applied to 50 nm,  
30 nm and 5 nm Si nanopowder at 10% of the laser energy. (right) Verapamil 10  
pmol/µL applied to 50 nm and 30 nm Si nanopowder at 15% of the laser energy. 



52                   

particles gave the lowest analyte signal intensity. 30 nm and 5 nm particles gave similar 

signal intensity but 5 nm particles had more background peaks in the spectra, so 30 nm 

particles were selected. Micron size particles have been investigated by other groups and 

been reported to be less efficient than nanoparticles [27, 32] where heat diffusion for 

nanoparticles and microparticles during the laser pulse was assumed to be different. 

Under the same laser fluence, the peak temperature increase for nanoparticles is 

considered to be one order of magnitude higher than microparticles [32].  

3.2.5. Si powder characterization.  

The silicon powder was characterized by TEM, SEM and AFM for surface 

morphology and by FTIR and DRIFTS for identifying chemical bonds on the surface.  

3.2.5.1. Surface morphology characterization. 

Figure 3.5a shows TEM images of the 30 nm and 50 nm untreated powders. The 50 

nm particles seem to be larger than defined (more than 100 nm), much larger than the 30 

nm particles. Both types of particles seem to naturally cluster in small groups. Similar 

findings were found with SEM analyses (Figure 3.5b). 
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a. TEM scan for 30 nm silicon particles and 50 nm silicon particles.   

b. SEM scan for 50 nm silicon particles and 30 nm silicon particles. 

Figure 3.5: TEM and SEM scans for 30 nm and 50 nm silicon particles. 

 

HF etching effect was also explored using SEM as well as AFM microscopy. As 

shown in the AFM images in Figure 3.6 (a). It was found that etched particles tend to 

fuse together in large clusters and thus lose much of their nano structure. Figure 3.6 (b) is 

SEM image for modified 30 nm particles with and without HF etching. It is shown that  
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a. AFM scan of HF etched and modified, compared to untreated 30 nm particles. 

 

b. SEM images of modified 30 nm particles without HF etching method and with  
HF etching method.  Accelerating Voltage: 20.0 kV. Magnification: 1000. 

 

Figure 3.6: AFM and SEM characterization for HF etching effect. 

 

the etched particles form clusters and the non-etched particles don’t. When apply the 

modified 30 nm powder with an analyte, non-etched particles are easier to mix with the 
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analyte and easier to go through the pipet tip. It is assumed that the HF etching was 

required for the larger “50 nm” particles in order to reduce their size or create some small 

pores on their surface, but was not beneficial for the small enough 30 nm ones.  

3.2.5.2. Characterization of chemical bonds on the modified Si nanoparticle surface. 

FTIR and later DRIFTS (diffuse reflectance infra-red fourier transform spectroscopy) 

measurements were carried out in order to uncover some of the chemical properties of the 

modified silicon powder.  

The FTIR spectra are presented in Figure 3.7. The current findings can confirm the 

presence of the derivatizing agent on the surface.  As the samples are mixed with KBr to 

form tablets, KBr has been tested individually for background information. As shown in 

Fig. 3.7 (a) and (b), the 30 nm raw material has the same FTIR spectrum as KBr 

background which could demonstrate that there is no chemical bond on the 30 nm raw 

material surface. The peaks shown in spectra (a) and (b) could all originate from 

molecules in the air. Mainly there is a broad peak around 3400 cm-1. It could be H2O. A 

small peak shown at 1650 cm-1 could be CO2. These peaks are also shown in (c) and (d) 

for modified Si powder. In Fig. 3.7 (c), phenyl group is observed as double peaks around 

1500 cm-1 and Si-O-Si is identified as a broad peak at 1200-1030 cm-1. These chemical 

bonds might indicate that the derivatization of PFP on the surface has been successful. 

For aged powder particles that became LDI inefficient, we found that the organic 

modifier lines disappeared, suggesting back exchange to Si-OH in presence of water or 

alchohol (in the solvent or in the air) and implying that better storage should be obtained 

under –OH free environment. As shown in Fig. 3.7 (d), the Si powder was treated under 
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the same procedure as the powder in (c) but stored in isopropanol for two weeks.  As we 

can see, the functional groups shown for the newly prepared particle in (c) don’t show up 

in (d) and the spectrum for the old powder is actually the same as the raw material in (a).  

Unfortunately, the Si-OH bond could not be identified by FTIR as the water 

molecules from the air contaminates the spectra. Even if the KBr background is 

subtracted directly in the spectra, some humidity could not be avoided in the process of 

making the tablets. Attenuated total reflection (ATR) could be used to avoid making the 

KBr tablet, but ATR may not be sensitive enough. Thus, DRIFTS was applied to identify 

the Si-OH bond on the surface. DRIFTS is operated under dry nitrogen environment and 

it could differentiate the Si-OH and H-OH.  Moreover, it is very easy to adjust the signal 

intensity in DRIFTs by adding more sample or more KBr instead of making a new tablet 

or a new crystal. 

The DRIFTS spectra are shown in Figure 3.8. 30 nm raw material is used as blank 

(Fig. 3.8(a)) to compare with the modified particles. HNO3 treated powder exhibits a Si-

O-Si broad peak (1140-1030cm-1) and H-OH stretching (3200 cm-1) , but Si-OH peak at 

3750 cm-1 is much weaker than we expected, as shown in Fig. 3.8 (b). The modified 

powder’s analysis reflects absorption lines of Si-C3H stretching 2960 cm-1, bending 1275-

1250 cm-1, -CH3 stretching 2980cm-1, Si-C stretching 880-750 cm-1, C6F5 C=C stretching 

1520-1500 cm-1 double peaks, C-F stretching 900-680 cm-1, related with the derivatizing 

agent PFP. However, no evidence for Si-H   (2080-2280 cm-1) is shown in any of the 

analyses, and also the Si-OH absorbtion band disappeared with the modified powder, 

indicating efficient derivatization.  
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Figure 3.7: FTIR spectra for modified and non-modified Si powder. (a) 30 nm Si  
powder raw material; (b) KBr background; (c) derivatized Si powder with no-HF  
etching method; (d) derivatized Si powder with no-HF etching method stored in  
isopropanol for two weeks. 
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a) Raw untreated 30 nm Si powder 

 

b) HNO3 oxidized Si powder. 

Figure 3.8: DRIFTS analysis. (a) Raw untreated 30 nm Si powder, (b) HNO3
oxidized Si powder. 
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c) Chemically modified Si powder. 

Figure 3.8 (cont.): DRIFTS analysis. (c) chemically modified Si powder. 
 

From FT-IR spectra and DRIFTS spectra, we propose that the chemical reaction 

happened on the si nanoparticle surface could be the following. Si atoms are first 

oxidized by HNO3 to form Si-OH bond, and then the silonal group is silylated by PFP to 

form Si-O-Si, as shown in Figure 3.9. It is similar to DIOS derivatization process, but 
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Figure 3.9: Diagram of Si nanoparticle derivatization chemical process.  

 

3.2.6. Detection limits, dynamic range and linearity.  

 The minimum amount of sample, needed for obtaining spectra of reasonable signal-

to-noise ratio from a Si nanopowder was 33 fmol/µL for the basic, amine-containing 

drugs propafenone and verapamil and this is demonstrated in Fig. 3.10. The laser fluence 

needs to be increased to attenuation 85% (15% of laser power) in order to collect these 

spectra. At a lower concentration of 10 fmol/µL, there was still signal but it was marginal 

compared with the background neighboring peaks. The detection limits demonstrated 

here are comparable with the detection limits obtained with standard chemical matrices 

on the same instrument. 
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Figure 3.10: Detection limits for propafenone and verapamil. Particle size was 30 nm as 
the optimized Si preparation was used (see Figure 3.1).Laser intensity was 15%.  

 

The above drugs were analysed in different concentrations from 10 fmol/µL up to 

>1000 pmol/µL. A signal increase was observed with a concentration increase from the 

detection limit up to more than 100 pmol/µL, although linearity was limited in that very 

broad dynamic range. Signal reproducibility was found to be relatively good compared 
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3.2.7. Applicability to different analytes. 

 The technique has been successfully applied to peptides, nucleic acids and even 

lipids in the positive ion mode. As shown in Figure 3.11, for peptides and other 

compounds, higher laser power (typically attenuation of 90%, 10% of laser power used) 

is needed compared to drugs (attenuation 95% to 99%, 1-5% of laser power used). 

Peptides containing basic amino acids such as arginine are ionized more easily than 

others. With increasing laser power, some background ion interference appears around 

m/z 100 (mainly m/z 85, 102, 130). As mentioned before, we suspect those background 

ions represent alkyl ammonium salts originating from surfactants during the manufacture 

of the silicon powder raw material. Those background peaks are repeatable from batch to 

batch and with different preparation methods. We, thus, tested several ammonium salts 

such as trioctylamine and tetraethylammonium, They were indeed ionized very efficient 

with the powder. 

Some interesting phenomenon is that, in Fig. 3.11 (a), YGGFLRRIR is much harder 

to get ionized than YGGFL and YGGFLR. It may be that with increasing peptide chain 

length, the analyte is getting harder to be ionized as it needs more heat to be desorped 

from the Si nanoparticle surface. In Fig. 3.11 (c), for the two small molecules Arg-Gly 

and Adenine, though low laser energy is applied, background interference ions are 

abundant, especially for Arg-Gly. This phenomenon is repeatable for different batches. It 

might be that the background interference has competitive ionization with the analyte. If 

ionization for the analyte is easy and needs low laser energy, the analyte peak will 

dominant. If ionization for the analyte is hard and needs high laser energy which exceeds 
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the threshold for ionizing the interference molecules, the background interference will 

compete and even dominant.  

 

Figure 3.11: Applicability of Si nanoparticle to different analytes. (a)Mass spectra of 
peptides leucine enkephalin (YGGFL) (350 pmol/µL) and  YGGFLR (100 pmol/µL) 
with laser intensity 5% and YGGFLRRIR (879 pmol/µL) with laser intensity 10%. 
Particle size was 30 nm as the optimized Si preparation was used (see Figure 3,1). 
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Figure 3.11(cont.): Applicability of Si nanoparticle to different analytes. (b) Mass 
spectra of VYIHPF, RVYIHPF, and DRVYIHPF. Particle size was 30 nm as the 
optimized Si preparation was used (see Figure 3.1).Laser intensity was 10%. 
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Figure 3.11(cont.): Applicability of Si nanoparticle to different analytes. (c): Mass 
spectra of Arg-GLy 133 pmol/µLwith laser intensity 5% and and nucleic acid Adenine 
(0.4 mg/mL) with laser intensity 10%. Particle size was 30 nm as the optimized Si 
preparation was used (see Figure 3.1). 

 

Figure 3.11 (d) shows the mass spectra for lipid A with molecular weight 858.2. The 

structure of the molecule is shown below in Figure 3.12. Interestingly, lipid A mass 

spectrum shows [M+Na]+ ion, unlike all the other analytes we have studied so far. It 

could be that the lipid head group has higher affinity to Na+ than H+.
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Figure 3.11(cont.): Applicability of Si nanoparticle to different analytes. (d) Mass  
spectra of Lipid A (858.2). Particle size was 30 nm. Laser intensity was 15%. 
 

Figure 3.12: Structure of Lipid A.  
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There are several compounds for which we could not get ionization.  For example, the 

small peptide Tyr-Ala could not be identified though we have ionized Arg-Gly, (both of 

them have a basic group (tyrosine and arginine)). It might be that the powder is selective 

to basic group, not aromatic group as the inorganic Si powder is the light absorbing 

material during the desorption/ionization. The nucleic acid guanine (151.13) could not be 

identified though aldenine was a success. The pesticide aldicarb (190.3) and steroid 

corticosterone (346.47) failed the ionization. Also thermally labile sugars and 

polysaccharides such as ganglioside GT1b, monosaccharides D-glucose, and sucrose, 

have been tried in both positive and negative ionization mode but could not be ionized. 

Big molecules such as protein insulin A+B have been ionized. The ionization 

efficiency is very low and the spectra are worse than insulin analysis with sinnapinic acid 

(SA) as matrix. The restriction to big molecules may be due to a limited thermal energy 

transfer of laser energy from the Si nanoparticles to the big molecule is not sufficient to 

cause desorption. 

3.2.8. Mechanistic aspects. 

As discussed in the previous paragraph, this technique is selective and shows 

different sensitivity for different types of analytes such as peptides compared to drugs. 

We propose it may be highly selective for precharged compounds. It is suggested that the 

silicon powder functions only as a thermotransfer matrix which strongly absorbs UV 

laser energy and transfers it to the precharged analytes to cause desorption. We could not 

find a proton donor on the modified Si particle which could transfer H+ to the analyte. 

From the characterization tests, there appearsto be no Si-H bond on the surface and it is 
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reasonable as Si-H is not stable in the air. It will react with O2 in the air and form Si-OH. 

However we could not identify large amount of Si-OH bonds either. We therefore, 

suspect that the proton is originating from the solvent and that the analyte is pre-charged 

in solution. Another interesting phenomenon is that after one hour storage in vacuum in 

the LDI-TOF instrument, the analyte spot loses signal. It might be that the solvent 

evaporates so that the analyte loses its proton donor. The mass spectra for all the analytes 

in the Si nanoparticle assisted LDI-MS only show protonated molecular ions even though 

we added sodium salt to all of the samples. This is very unlike common SALDI 

experiments in which [M+Na]+ and [M+K]+ dominate the mass spectra. The lack of 

adduct ions also suggests that there is no charge transfer or adduct formation in vaccum.  

The level of precharging, may strongly depend on the basicity (or acidity) of the analytes. 

For example, the basic amino acids (arginine, histidine, and lysine) in a peptide or protein 

chain can greatly enhance ionization of the compound. To demonstrate this principle, we 

have tested 12 synthesized peptides HAAAA series (HAAAA, AAHAA, and AAAAH), 

KAAAA series (KAAAA, AAKAA and AAAK), PAAAA serial (PAAAA, AAPAA, and 

AAAAP), RAAAA series (RAAAA, AARAA and AAAAR). Some of the mass spectra 

are shown in Figure 3.13. As all of them have basic groups, they could be ionized by 

silicon nanoparticle assisted LDI. Different basicity of K, P, R, H amino acids in the 

peptide chain may cause a difference in the ionization efficiency. Arginine has the 

highest PKa (~12), and RAAAA series is the most efficiently ionized peptide series. 

When ionized, they provide very strong signal intensity. But as these peptides are 

synthesized in the lab and no purification has been done, the quantitative analysis could 
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not be done to demonstrate more about the ionization mechanism. Moreover, the basic 

amino acid has different position in one series, which causes different ionization 

efficiencies for the peptides in the same serial. KAAAA series, PAAAA series and 

RAAAA series have bad signal with AAXAA. HAAAA series have similar ionization 

efficiency. This phenomenon demonstrates that the ease of ionization, that is related to 

the position of the basic group in the molecule influences the pre-charging that ionization 

efficiency. When the basic group is at the end of the peptide chain, it is easy to access the 

proton so the peptide is easily ionized. When the basic group is in the middle of the 

peptide chain, the structural hindrance may prohibit the protonation thus prohibit 

ionization. The same explanation could be used for ESI where ionization could be caused 

by spray charging. The pre-protonated mechanism provides a low energy barrier for the 

ionization of peptides in the Si nanoparticle assisted LDI process, and thus minimized the 

background interference peaks and fragmentation of the analyte. 

. Powder test was similar as CHCA test for these twelve peptides. But CHCA can 

ionize analytes that the powder cannot. CHCA forms crystals with the analyte when 

depositing on the sample plate. It may help heat transfer as the analyt is inside the crystal 

with the matrix. Also CHCA could provide proton to help ionization. Moreover, it is 

clear that with CHCA the crystal structure, adductivity, interaction between the 

compounds and analyte in vaccum, is critical to allow in-vaccum charge exchange. 
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Figure 3.13: Mass spectra of peptides AAAAH, AAAAR and RAAAA. Particle size was 
30 nm. Laser intensity was 15%. 
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In order to partially explore the precharging hypothesis, we used deuterated solvents 

(D2O and C3D7OD) for the powder preparation as well as for analyte desolution and 

compared the results to the regular procedure where H2O and C3H7OH are used. The 

analytes chosen for that comparison were verapamil and trichloroamine, both having no 

labile hydrogens. As shown in Fig. 3.14, it is clear that with the deuterated solvents, the 

MS peaks are shifted, indicating that the proton originates from the solvents (the results 

show only partial deuteration, perhaps because of some back-exchange with H2O in the 

air.) We have also confirmed the origin of the protons by using MTBE (methyl 

tertbutylether) as a solvent, where no proton donating groups are present, and no 

propafenone ion peaks appeared. 

 Still, it is not clear whether the protonation process is precharging in solution or a 

laser induced proton transfer on /near the surface. However, for a laser induced proton 

transfer mechanism, it would be difficult to realize the proton origin on the derivatized 

and dried powder in vacuum. We also tried to alter the pH of the powder and analyte 

mixture solution in order to better control the ionization, following Kruse et al., [46] but 

we failed to observe any effect both in the positive and in the negative ion modes. Since 

the samples have to be dried on the plate in order to be introduced into vacuum, it is 

assumed that no solution phase equilibrium exists anymore and thus the charge state of 

the spotted analytes becomes unclear. Wetting experiments with glycerol added to the 

powder in various concentrations, in order to have an effect on charging of the analytes 

and / or the heat transfer mechanism were not successful. The above observations have to 
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be further explored in order to facilitate a more profound conclusion as to the selective 

protonation of different analytes. 

 

Figure 3.14: Proton origin with silicon assisted laser desorption/ionization mass 
spectrometry analysis. Analysis of veparamil (10 pmol/µL) and trioctylamine (~80 
µg/mL) using (A) Deuterated solvents, Laser intensity 5%. (B) Standard non-deuterated 
solvents, Laser intensity 1%. 

 

We have also tried to mix small concentrations of standard CHCA matrix with the 

silicon nanopowder in order to obtain better ionization with improved laser absorption, 

but no effect was observed, perhaps because no CHCA crystallization could be 

accomplished.  
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3.2.9. Negative mode analysis for acids.  

Several acids, among them dibutyl phosphoric acid and –β-camphorsulfonic acid 

were successfully tested in the negative ion mode, as shown in Figure 3.15. The method 

is also selective in the negative ion mode to low pKa acids which may also support the 

hypothesis that silicon powder assisted laser desorption/ionization is functional to pre-

charged compounds. Background ions in the negative ion mode were different than in the 

positive one. The most abundant peak was m/z 181 that could not be identified, and may 

correspond to the m/z 182 unidentified background peak in the positive ion mode. 

Another dominant peak was the chlorine peak pair at m/z 35, 37.  

Figure 3.15: Negative mode silicon powder assisted laser desorption/ionization for - -
Camphorsulfonic acid (3.6 mg/mL) and dibutyl phosphoric acid (10 pmol/µL). Particle 
size was 30 nm. Laser attenuation 80. 
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3.2.10. Salt effect  

Contamination of MALDI samples with alkali salts is well known to reduce MALDI 

sensitivity by ion suppression and matrix cluster formation. [59] Similarly to DIOS, Si 

powder assisted LDI has higher salt tolerance. With salt concentration up to 0.5 mmol/µL 

the signal exhibits only slight decrease. Different salts have been tested. LiCl, NaCl, KCl, 

NaAc and NH4Ac show similar performance. Surprisingly, none of those showed any 

metal adducts of the molecular ion in the LDI-TOF spectra of various analytes. This also 

supports the hypothesis that no charge transfer occurs in vacuum during the laser 

desorption/ablation process. In order to demonstrate the salt tolerance in practical 

analyses, two examples of drugs in urine and pesticides in soil are shown.  

3.2.11. Potential applications 

3.2.11.1. Urine direct analysis 

 Urine samples have been spiked with morphine and propafenone and analyzed 

without any pretreatment. Both compounds show only slight decrease of signal intensity 

in urine compared to standard solution in Si powder assisted ionization. However, with 

the standard α-cyano-4-hydroxycinnamic acid (CHCA), both compounds completely lost 

signal when they were in urine environment as shown and compared in Figure 3.16. It 

should be mentioned that with the CHCA matrix, much higher laser intensities were 

applied (up to 45% of the laser power), allowing the detection of the drugs in a standard 

solution. However, no drug signal could be obtained in the urine sample. The salt  
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Figure 3.16: Analysis of morphine (10 pmol/µl) and propafenone (10 pmol/µl) in 
untreated urine sample with silicon powder LDI (laser intensity 15%) and with CHCA 
MALDI (laser intensity 35%). Particle size was 30 nm. 
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tolerance of the silicon powder assisted desorption/ionization may therefore be a potential 

advantage while analyzing real biologically related samples. 

3.2.11.2. Soil direct analysis 

 Another demonstration of the compatibility of the silicon powder method with an 

environmental complex and salty matrix is the analysis of pesticides in soil. Two triazine 

pesticides, ametryn and altretamine, were spiked in 5g soil (taken from University of 

Arizona campus). After 5 min digestion, 5 mL tap water used for extraction was filled 

into each centrifuge tube and sonicated for 20 min. The samples were centrifuged and the 

extract was directly applied with the modified Si nanopowder for laser 

desorption/ionization mass spectrometry. As shown in Fig. 3.17, the analytes are detected 

with the silicon powder without any suppression from the environmental sample. 

Concentration as low as 1 µg pesticide/g soil could be detected for ametryn. 

Figure 3.17:  Tap water extraction of triazine pesticides ametryn and altretamine from 
soil (taken from university of Arizona). Particle size: 30 nm. Laser intensity 5%. 
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3.2.12. Storage and other practical use aspects  

Derivatized Si powder was first stored in isopropanol or dry in the oven. Under those 

storage conditions, the powder deteriorated and kept its original performance for only 4-5 

days. The analyte signal would then decrease and the background ion peaks would 

increase. IR measurements we have performed indicate complete loss of the derivatizing 

group on the silicon particles after two weeks. It is suspected that the –OH group from 

isopropanol reacted with the modified particle surface or that humidity in the air reacted 

with the modified powder and caused the powder to lose functionality. Recently we have 

been using perfluorohexane (CF3(CF2)4CF3) to store the modified Si nanopowder. As this 

solvent does not contain any –OH groups, the silicon particles are isolated from any 

attack by alchohols or water in the solution or in the air. So far, after 30 days the powder 

storage in perfluorohexane seems very successful and no deterioration in its performance 

has been observed (no longer storage periods have been tested). Furthermore, the solvent 

chosen is well mixing with the powder, allowing easy flowing and uniform spotting on 

the MALDI target, followed by fast evaporation of this relatively volatile solvent prior to 

analysis. 

Given the potential for long term storage and the very modest consumption of powder 

per MALDI spot (less than 1 mg/spot) the silicon nano powder can become a low cost 

chemical, conveniently used such as any other MALDI chemical matrix. 
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3.3. Summary and Conclusions 

This study has demonstrated the feasibility of using Si nanoparticles to serve for 

desorption/ionization of small molecules in TOF mass spectrometry. The technique has 

proved to be selective with high efficiency and good detection limits for basic analytes in 

the positive ion mode and acidic ones in the negative ion mode.   

3.3.1. Comparison with MALDI 

In comparison with standard MALDI ionization, the silicon nanopowder technique 

has several advantages, some are similar to the advantages of DIOS or other matrix free 

techniques. First, the low mass ion background is much less abundant. Second, the 

analyte selectivity as well as the better salt tolerance can eliminate many of the problems 

encountered with MALDI analysis of complex matrices. Contamination of MALDI 

samples with alkali salts results in reduced sensitivity and resolution in MALDI spectra. 

It also causes matrix cluster formation (as reported for CHCA matrix) which shows as 

background interference below m/z 1200 in the spectra. In contrast, silicon nanopowder 

assisted laser desorption ionization technique, more tolerant with salt, may enable direct 

drug and metabolite analysis in urine, tissues and other bio-related samples, 

environmental analysis of salt containing samples etc. Third, sample spots with the 

silicon nanopowder are homogeneous, and do not have any “sweet spots”. This results in 

better reproducibility and makes quantititation more feasible (also with DIOS [16, 44]),

although many of the problems encountered with quantitation by laser desorption TOF 

techniques would still remain.  
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3.3.2. Comparison with DIOS 

The silicon nanopowder method seems to have characteristics similar to DIOS and 

other silicon based methods with presumably the same mechanisms of energy transfer 

and ion formation involved. The molecular selectivity, solvent dependent ionization 

efficiency, salt tolerance, and minimum formation of salt or other adduct ions may all be 

evidence for solution originated proton donors, and perhaps also charge transfer in 

solution.   

Although it is similar in many aspects to DIOS, the silicon nanopowder method is 

distinguished in some aspects that may affect its usefulness:  

1. The laser power required is typically much lower than both standard MALDI or 

DIOS, and is similar to that used for the nanowire DIOS or other nano size particles. This 

is assumed to be a result of efficient UV absorption followed by high local overheating of 

the small particles. This feature may allow obtaining good analyte signals with even 

lower background levels, and may also be beneficial in imaging experiments, where a 

well focused low intensity laser beam can be used. 

2. The use of powder may enable better mixing and interaction of the analyte and the 

light absorbing element compared with DIOS, which may also contribute to lower laser 

power required and induce better sample homogeneity. It is also believed that this may 

lead to less dependence on instrumental features (laser alignment and incident angle) as 

have been reported for DIOS [46]. 



80                   

3. Powder preparation is simpler than DIOS chip preparation. It does not involve the 

use of UV light or electrochemical etching, and for the 30 nm powder, does not require 

etching at all. 

4. The nanopowder instrumental application is simple, similar to standard MALDI, on 

a regular MALDI plate, without the need for any special setups. It is also noted that 

prolonged introduction of silicon powder sampled in the MALDI instrument did not 

result in any instrumental difficulty.  

3.3.3. Comparison with other techniques. 

The silicon nanoparticle assisted laser desorption/ionization method (SPALDI) 

provides a new way for small molecule ionization especially for compounds with 

molecular weight below 500 Da which usually cannot be obtained in MALDI-MS. It also 

has the advantages of LDI-TOF-MS, allowing fast and high throughput screening, and 

obtaining molecular ion peak with relatively high mass accuracy. Silimar to other 

nanoparticle assisted LDI, silicon nanoparticle assisted LDI needs less laser energy to 

produce mass spectra. The interference background ions are minimized but could not be 

totally avoided. At the current stage, big molecules (proteins, polysaccharides et al.) 

could not be ionized efficiently with silicon nanoparticle assisted LDI and the application 

to different analytes is limited to small molecules with basic groups in their structure. 

GC-MS could also test small molecules. But as GC-MS uses electron ionization (EI) 

and chemical ionization (CI) methods, and these ionization methods are restricted to 

nonpolar, relatively volatile and thermally stable analytes, the application of GC-MS is 

limited. EI as a “hard” ionization method, also causes extensive fragmentation. LC-MS is 
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capable of small molecule analysis but it is much slower than silicon nanoparticle 

assisted LDI-TOF-MS. However, GC-MS and LC-MS have a separation power which is 

slower but can handle mixtures better than LDI techniques.  

 It is believed that the commercial availability of the 30 nm silicon nanopowder, 

the relatively simple preparation procedure and its potential for long term storage, 

together with the small amounts of powder required per analysis, can make this a 

promising useful as well as low cost technique. 
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CHAPTER 4   FUTURE DIRECTIONS 

 

Si nanoparticle assisted LDI-MS (SPALDI) is a newly developed technique.  Our 

goal is to use SPALDI in a wide range of compounds and try to control the preparation 

method so to obtain modified Si nanoparticles with long lifetime stability and minimized 

background ion interference. The silicon powder can be studied in the future as a 

practical tool in specific application such as in drug and metabolite discovery, 

environmental monitoring etc. The mechanism for the silicon powder ionization process 

is not clear yet and future characterization is required to try and better understand it. 

Some specific future directions are discussed here briefly as possible guidelines for future 

research in that topic.  

 

4.1 Possible improvements for Si nanoparticle surface characterization  

. In order to explore the mechanism for SPALDI, the surface of the modified 

nanoparticle has been characterized by TEM, SEM, AFM, FTIR and DRIFTS as reported 

in Chapter 3. The results could identify the size of 30 nm particle (TEM results) and the 

derivatization reagent functional group (FTIR and DRIFTS results). TEM could not be 

applied to derivatized particles as the organic functional group would be detached from 

the surface structure by the very high voltage applied. But the etched silicon particle is 

supposed to be covered by Si-H bond. Even if it is oxidized by air and Si-OH is formed, 

these molecules will not contaminate the TEM instrument. In future experiments the 

etched silicon particle can be tested and compared with the non-etched particle. This 
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approach could show the function of etching in detail. Whether it is decreasing the size of 

the particle or it is forming clusters as shown by SEM and AFM. Both 50 nm and 30 nm 

particles should be applied for TEM test for etching effects.  

FTIR experiments for aged Si particle could be replaced by DRIFTS measurement. 

The PFP derivatization reagent could be tested individually to tell the difference between 

whether the functional group is covalent bonded to the particle or absorbed on the 

particles.  

In HPLC science, the column material is manufactured similarly to the Si 

nanoparticle we reported here. The silanol group on the column could be quantified and 

the surface coverage could be calculated by a BET test. We hope in the future, the same 

measurement may be applied to the derivatized Si nanoparticle as well.  

 

4.2. Chemical modification of silicon nanoparticle with different derivatization 

reagents. 

We only reported silicon nanoparticle modified with PFP. Other modification 

reagents, such as tetramethyldisiloxane, diethoxyl-methylsilane and phenyl isocyanate 

(Figure 4.1) could be could be applied to the nanoparticle and they may appear different 

functionality. As Siuzdak suggested for DIOS, different hydrophobicity of the silylated 

silicon surface could be applied selectively for specific analytes. The PFP terminal group 

is hydrophobic. It is good for hydrophobic compounds such as peptides. The amino 

terminal group NH2- is hydrophilic and it is reported to be good for carbohydrates which 

are not fulfilled by our current derivatized particle.  
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Figure 4.1: Structure of various derivatization reagents. 

 

The silylation technique has been widely used for GC and HPLC columns. Those 

columns are used for separation and are quite stable under solution environment. C8 and 

C18 long chain silylation reagents are usually used in the column technique. As for the Si 

nanoparticle preparation, we could extent the derivatization reagents to those used for GC 

and HPLC columns and long chain silylation reagents could be applied to Si 

nanoparticles. Hopefully, with these types of derivatization reagents, separation could be 

also done with Si nanoparticles and the stability of the modified particle could be 

improved.  

 

4.3. Different liquid matrix mixture 

Common SALDI techniques usually require liquid matrix mixture such as glycerol to 

help hold the analyte and transfer heat from the solid particle to the surrounding [19, 20]. 

We have tried to add glycerol to the suspension of Si nanoparticle or add on the top of the 

analyte/particle mixture on the spot. Both of the experiments failed to get improved 

ionization mass spetra. Still the analytes lose signal after keeping in the vacuum for one 

or two hours. This could be caused by the evaporation of solvents in the high vacuum 
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conditions. If certain liquid matrix or mixture could be found to help keeping the solvents 

within the particles, which we suspect is the ionization source for pre-charging the 

analytes, the practical application of the Si nanoparticle assisted LDI could be broadened.  

Recently, Siuzdak group reported that perfluorinated alkyl surfactants could help 

improve DIOS performance by help mixing the analytes with the porous silicon [38]. 

Since Si nanoparticles have similar performance as DIOS, we could also apply these 

surfactants with modified Si nanoparticle to improve ionization. Other liquid matrices 

such as 3-Nitrobenzyl alcohol (NBA) and lactic acid could be tested with optimized 

concentration as well. 

 

4.4. Application of Si nanoparticle assisted laser desorption/ionization in a TOF-

SID-TOF instrument for kinetic studies. 

Surface-induced dissociation (SID) is a complimentary fragmentation method with 

collision-induced dissociation (CID) in tandem mass spectrometry. It has the advantage 

of high kinetic energy to internal energy conversion efficiency. In our lab, SID has been 

successfully applied in a MALDI-TOF instrument [ 60 ]. For small molecule 

fragmentation study, the matrix background hindered the selection of the specific parent 

ion of the analyte. If Si nanoparticle could be applied to the MALDI-TOF-SID-TOF 

experiment, the matrix background interference could be avoided.  

Figure 4.2 shows the mass spectra of two small molecules tetramethylammonium and 

nitrobenzene in LDI-MS analysis. These molecules are used for kinetic study in MS 

analysis. In our lab, preliminary kinetics study has been carried out using 
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tetramethylammonium with Si nanoparticle assisted LDI TOF-SID-TOF MS. This is a 

promising area for tandem MS analysis with all kinds of analytes. 

 

Figure 4.2: Mass spectra of tetramethyl ammonium (250 µg/mL) and nitrobenzene.  
Particle size was 30 nm. Laser intensity was 15%. 
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4.5. Derivatized silicon surface as SID in mass spectrometry analysis. 

In our lab, PFP derivatized Si wafer has been applied as SID surface for tandem MS 

study. We hope Si may cause different energy deposition or induce less neutralization 

compared with gold as a SID surface material.  

The preparation procedure aaplied so far is the following. Si wafer is cut to the size to 

fit in the surface holder. 10% HNO3 was used to oxidize the wafer in the sonicator for 30 

min. This step is to make Si-OH bond on the surface. Isopropanol was used to clean the 

oxidized Si wafer. Before derivatization, the wafer was put in the oven for 30 min at 90oC

to dry out isopropanol or H2O. Then PFP was added on the top of the wafer and the wafer 

was put in the oven at 90oC for 2h for derivatization. The wafer was cleaned with 

isopropanol and dried with N2 gas before installed in the instrument.  

Different types of silylation reagents could be applied to the surface to improve the 

kinetic energy to internal energy conversion and analyte selection by applying different  

functional groups at the top. With the versatile semiconductor chemistry, on-chip reaction 

could be fulfilled in the future for SID instrumentation. 

 



88                   

REFERENCES 
 

1.Mclafferty, F. Interpretation of Mass spectra. 

2.Karas, M.; Hillenkamp, F. Laser desorption ionization of proteins with molecular 
 masses exceeding 10000 daltons. Anal. Chem. 1988, 60, 2299-2301. 

3. Busch, K.J. Desorption ionization mass spectrometry J. Mass Spectrom. 1995, 30,  
233-240. 

4. Bromhead, J.; Francis, J.M. Matrix-assisted laser desorption ionization mass  
 spectrometry (MALDI-MS): principles, trends, and implementation in the UK.  
 http://www.anamap.co.uk/pdf/te_maldi.pdf 

5 . Guilhaus, M. Principles and instrumentation in time-of-flight mass spectrometry. 
 J. Mass Spectrom. 1995 30 1519-1532. 

6. www.astbury.leeds.ac.uk/Facil/MStut/mstutorial.htm. 

7. Vestal, M.L.; Juhasz, P.; Martin, S.A. Delayed extraction matrix-assisted laser  
 desorption time-of-flight mass spectrometry Rapid Commun. Mass Spectrom. 1995, 9,

1044-1050. 

8. http://www.chem.arizona.edu/courseweb/054/CHEM520a1/FrameSet.html  

9. Thiede, B.; Wittmann-Liebold, B.; Bienert, M.; Krause, E. MALDI-MS for C- 
 terminal sequence determination of peptides and proteins degraded by  
 carboxypeptidase Yand P. FEBS Lette., 1995, 357, (1-2) 65-69. 

10.Sarve, A.; Scheffler, N.K.; Shetlar, M.D.; Gibson, B.W. Analysis of peptides and  
 proteins containing nitrotyrosine by matrix-assisted laser desorption/ionization mass  
 spectrometry. J. Am. Soc. Mass Spectrom. 2001, 12, 439-448 

11. Wuhrer, M.; Deelder, A.M. Matrix-assisted laser desorption/ionization in-source  
decay combined with tandem time-of-flight mass spectrometry of permethylated  
oligosaccharides: targeted characterization of specific parts of the glycan structure.  
Rapid Commun. Mass Spectrom. 2006, 20, 943-951. 

12.  Stahl, B.; Steup, M.; Karas, M.; Hillenkamp, F. Analysis of neutral oligosacchardies  
by matrix-assisted laser desorption/ionization mass spectrometry. Anal. Chem. 1991,  
63, 1463-1466. 



89                   

13. Haff, L.; Juhasz, P.; Martin, S.; Poskey, M.; Smirnov, I.; Stanickm, W.; Vestal, M.;  
Waddell, K. Oligonucleotide analysis by MALDI-MS. Analusis Magazine, 1998, 26,
M 26-M30. 

14. Erra-Balsells, R.; Nonami, H. UV-matrix-assisted laser desorption/ionization time-of- 
flight mass spectrometry analysis of synthetic polymers by using nor-harmane as  
matrix. ARKIVOC 2003 517-537.  

15. Schriemer, D.C.; Li, L. Detection of High molecular weight narrow polydisperse  
polymers up to 1.5 million Daltons by MALDI mass spectrometry. Anal. Chem. 1996,
68, 2721-2725.  

16. Okuno, S. et al. Quantitative analysis of polypropyleneglycol mixtures by  
 desorption/ionization on porous silicon mass spectrometry. Intern. J. Mass Spec. 241

(2005) 43-48 

17.McCombie, G.; Knochenmuss, R. Small-molecule MALDI using the matrix  
 suppression effect to reduce or eliminate matrix background interferences. Anal.  
 Chem. 2004, 76, 4990-4997. 

18. LeRiche, T.; Osterodt, J.; Volmer, D.A. An experimental comparison of electrospray  
 ion-trap and matrix-assisted laser desorption/ionization post-source decay mass  
 spectra for the characterization of small drug molecules. Rapid Commun. Mass  
 Spectrom. 2001, 15, 608-614. 

19. Tanaka, K.; Waki, H.; Ido, Y.; Yoshida, T. Protein and polymer analyses up to m/z  
100000 by laser ionization time-of-flight mass spectrometry. Rapid Commun. Mass  
Spectrom. 1988, 2, 151-153. 

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

21. Kraft, P.; Alimpiev, S.; Dratz, E., Sunner, J. Infrared, surface-assisted laser  
desorption ionization mass spectrometry on frozen aqueous solutions of proteins and  
peptides using suspensions of organic solids. J. Am. Soc. Mass Spectrom. 1998, 9.
912-924.  

22 . Lai, E.P.C.; Owega, S.; Kuiczycki, R. Time-of-flight mass spectrometry of  
bioorganic molecules by laser ablation of silver thin film substrates and particles. J.
Mass Spectrom. 1998, 33, 554-564. 

23. Chen, Y.; Wu, J. Analysis of small organics on planar silica surfaces using surface- 



90                   

assisted laser desorption/ionization mass spectrometry. Rapid Commun. Mass  
 Spectrom. 2001, 15, 1899-1903. 

24. Xu, S.; Li, Y.; Zou, H.; Qiu, J. Guo, Z.; Guo, B.  Carbon nanotubes as assisted matrix  
for laser desorption/ionization time-of-flight mass spectrometry. Anal. Chem. 2003,
75, 6191-6195.  

25.Pan, C.; Xu, S.; Hu, L.; Su, X.; Ou, J.; Zou, H.; Guo, Z.; Zhang, Y.; Guo, B. Using  
 oxidized carbon nanotubes as matrix for analysis of small molecules by MALDI-TOF  
 MS. J. Am. Soc. Mass Spectrom., 2005, 16, 883-892.  

26. McLean, J.A.; Stumpo, K.A.; Russell, D.H. Size-selected (2-10 nm) gold  
nanoparticles for matrix asssisted laser desorption ionization of peptides. J. Am.  
Chem. Soc. 2005, 127, 5304-5305. 

27. Kinumi, T.; Saisu, T.; Takayama, M.; Niwa, H. Matrix-assisted laser  
desorption/ionization time-of-flight mass spectrometry using an inorganic particle  
matrix for small molecule analysis. J. Mass Spectrom. 2000, 35, 417-422. 

28. Schurenberg, M.; Dreisewerd, K.; Hillenkamp. F. Laser desorption/ionization mass  
 spectrometry of peptides and proteins with particle suspension matrices. Anal. Chem.

1999, 71, 221-229. 

29. Chen, C.; Chen, Y. Molecularly imprinted TiO2-matrix-assisted laser  
desorption/ionization mass spectrometry for selectively detecting α-cyclodxtrin. Anal.  
Chem. 2004, 76, 1453-1457.  

30. Chen, C.; Chen, Y. Fe3O4/TiO2 core/shell nanoparticles as affinity probes for the  
analysis of phosphopeptides using TiO2 surface-assisted laser desorption/ionization  
mass spectrometry. Anal. Chem. 2005, 77, 5912-5919. 

31. Kong, X.L.; Huang, L.C.L.; Hsu, C.M.; Chen, W.H.; Han, C.C.; Chang, H.C. High- 
 affinity capture of proteins by diamond nanoparticles for mass spectrometric analysis.   
 Anal. Chem. 2005, 77, 259-265. 

32 . Huang, Y.; Chang, H. Nile red-adsorbed gold nanoparticle matrices for determining  
aminothiols through surface-assisted laser desorption/ionization mass spectrometry.  
Anal. Chem. 2006, 78, 1485-1493. 

33. Wei, J.; Buriak, J.M.; Siuzdak, G.  Desorption-ionization mass spectrometry on  
porous silicon. Nature 1999, 399, 243-246. 

34. Shen, Z.; J.Thomas, J.; Averbuj, C.; Broo, K.M.; Engelhard, M.; E.Crowell, J.;  



91                   

Finn, M.G.; Siuzdak, G. Porous silicon as a versatile platform for laser  
desorption/ionization mass spectrometry. Anal. Chem. 2001, 73, 612-619. 

35 . Thomas, J.J.; Shen, Z.; Blackledge, R.; Siuzdak, G. Desorption/ionization on silicon  
mass spectrometry: an application in forensics. Anal. Chim. Acta 2001, 442, 183-190. 

36. Lewis, W.G.; Shen, Z.; Finn, M.G.; Siuzdak, G. Desorption/ionization on silicon  
(DIOS) mass spectrometry: background and applications.  Intern. J.  Mass Spectrom.
2003, 226, 107-116. 

37. Trauger, S.; Go, E.P.; Shen, Z.; V.Apon, J.; Compton, B.J.; S.P.Bouvier, E.; Finn,  
 M.G.; Siuzdak, G. High sensitivity and analyte capture with desorption/ionization  
 mass spectrometry on silylated porous silicon. Anal. Chem. 2004, 76, 4484-4489. 

38. NordstrŐm, A.; Apon, J.V.; Uritboonthai, W.; Go, E.; Siuzdak, G. Surfactant-
enhanced desorption/ionization on silicon mass spectrometry. Anal. Chem. 2006,  

 78, 272-278. 

39. Compton, B.J.; Siuzdak, G. Mass spectrometry in nucleic acid, carbohydrate and  
 steroid analysis. Spectroscopy 2003, 17, 699-713. 

40. Pihlainen, K.; Grigoras, K.; Franssila, S.; Ketola, R.; Kotiaho, T.; Kostiainen, R.  
 Analysis of amphetamines and fentanyls by atmospheric pressure  
 desorption/ionization on silicon mass spectrometry and matrix-assisted laser  
 desorption/ionization mass spectrometry and its application to forensic analysis of  
 drug seizures.  J. Mass Spectrom. 2005, 40, 539-545. 

41. Li, A.; Ricardo, A.; Benner, S.A.; Winefordner, J.D.; Powell, D.H.  
 Desorption/ionization on porous silicon mass spectrometry studies on pentose-borate  
 complexes. Anal. Chem. 2005, 77, 4503-4508. 

42. Prenni, J.E.; Shen, Z.; Trauger, S.; Chen, W.; Siuzdak, G. Protein characterization  
 using liquid chromatography desorption ionization on silicon mass spectrometry (LC- 
 DIOS-MS)  Spectroscopy 2003, 17, 693-698. 

43. Okuno, S.; Nakano, M.; Matsubayashi, G.; Arakawa, R.; Wada, Y. Reduction of  
 organic dyes in matrix-assisted laser desorption/ionization and desorption/ionization  
 on porous silicon.  Rapid Commun. Mass  Spec. 2004, 18, 2811-2817. 

44. Go, E.P.; Apon, J.V.; Luo, G.; Saghatelian, A.; Daniels, R.H.; Sahi, V.; Dubrow,    
 R.;  Cravatt, B.F.; Vertes, A.; Siuzdak, G. Desorption/ionization on silicon nanowires.   

Anal. Chem. 2005, 77, 1641-1646.  



92                   

45. Kang, M.; Pyun, J.; Lee, J.; Choi, Y.; Park, J.; Park, J.; Lee, J.; Choi, H. Nanowire- 
assisted laser desorption and ionization mass spectrometry for quantitative analysis of  
small molecules. Rapid Commun. Mass Spectrom. 2005, 19, 3166-3170. 

46. Kruse, R.A.; Li, X.; Bohn, P.W.; Sweedler, J.V. Experimental factors controlling  
 analyte ion generation in laser desorption/ionization masss spectrometry on porous  
 silicon.  Anal. Chem. 2001, 73, 3639-3645. 

47 . Finkel, N.H., Prevo, B.G., Velev, O.D., He, L. Ordered silicon nanocavity arrays in  
 surface-assisted desorption/ionization mass spectrometry. Anal. Chem., 2005, 77,

1088-1095. 

48. Zhang, Q.; Zou, H.; Guo, Z.; Zhang, Q.; Chen, X.; Ni, J. Matrix-assisted laser  
desorption/ionization mass spectrometry using porous silicon and silica gel as matrix.  
Rapid Commun. Mass  Spec. 2001, 15, 27-223.  

49. Credo, G.M.; Bouvier, E.S.P. Proceedings of 52nd ASMS conference on Mass  
 spectrometry and allied topics, May 23-27, 2004.  

50 . Thomas, J.J., Shen, Z., Crowell, J.E., Finn, M.G., Siuzdak, G. Desorption-ionization  
on silicon (DIOS): a diverse mass spectrometry platform for protein characterization.  
PNAS, 2001, 98, 4932-4937. 

51. Go, E.P.; Shen, Z.; Harris, K.; Siuzdak, G. Quantitative analysis with  
desorption/ionization on silicon mass spectrometry using electrospray deposition.   
Anal. Chem. 2003, 75, 5475-5479. 

52. Wall, D.B., Finch, J.W., Cohen, S.A.  Quantification of codeine by  
desorption/ionization on silicon time-of-flight mass spectrometry and comparisons  
with liquid chromatography/mass spectrometry. Rapid Commun. Mass Spectrom.  
2004, 18, 1403-1406. 

53 . Shen, Z., Go, E.P., Gamez, A., Apon, J., Fokin, V., Greig, M., Ventura, M., Crowell,  
J.E., Blixt, O., Paulson, J.C., Stevens, R.C., Finn, M.G., Siuzdak, G. A mass  
spectrometry plate reader: monitoring enzyme activity and inhibition with a  
desorption/ionization on silicon (DIOS) platform. Chem BioChem 2004, 5, 921-927. 

54 . Wall, D.B., Finch J.W., Cohen, S.A. Comparison of desorption/ionization on silicon  
(DIOS) time-of-flight and liquid chromatography/tandem mass spectrometry for  
assaying enzyme-inhibition reactions. Rapid Commun. Mass Spectrom. 2004, 18,  
1482-1486. 

55 . Budimir, N., Blais, J., Fournier, F., Tabet, J. The use of desorption.ionization on  



93                   

porous silicon mass spectrometry for the detection of negative ions for fatty acids.  
Rapid Commun. Mass Spectrom. 2006, 20, 680-684. 

56. Sander, L.C.; Wise, S.A. Synthesis and characterization of polymeric C18 stationary  
 phases for liquid chromatography. Anal. Chem. 1984, 56, 504-510. 

57 . Neumann-Singh, S.; Villanueva-Garibay, J.; Műller, K. Variable temperature 2H
NMR and FT IR studies of n-alkyl modified silica gels. J. Phys. Chem. B. 2004, 108,  

 1906-1917. 

58. Waters massPREPTM DIOS-targetTM Plates Care and Use Instructions 2004,  
 Feb. 9th. 

59 . Simirnov, I.P.; Zhu, X.; Taylor, T.; Huang, Y.; Ross, P.; Papayanopoulos, I.A.;  
 Martin, S.A.; Pappin, D.J. Suppression of α-cyano-4-hydroxycinnamic acid matrix  
 clusters and reduction of chemical noise in MALDI-TOF mass spectrometry. Anal.  
 Chem. 2004, 76, 2958-2965. 

60 . Gamage, C.M., Fernandez, F.M., Kuppannan, K., Wysocki, V.H. Submicrosecond  
 surface-induced dissociation of peptide ions in a MALDI-TOF MS. Anal. Chem.,

2004, 76, 5080-5091. 


