
Received: 5 February 2020 Revised: 13March 2020 Accepted: 16March 2020

DOI: 10.1002/ansa.202000002

F U L L A RT I C L E

Influence of core size and capping ligand of gold nanoparticles
on the desorption/ionization efficiency of small biomolecules in
AP-SALDI-MS

Zhen Liu1 Peng Zhang2 Andrea Pyttlik3 Tobias Kraus3,4 Dietrich A. Volmer5

1Institute of Bioanalytical Chemistry, Saarland

University, Saarbrücken, Germany

2School ofMaterials Science and Engineering,

Sun Yat-sen University, Guangzhou, China

3INM-Leibniz Institute for NewMaterials,

Saarbrücken, Germany

4Institute of Colloid and Interface Chemistry,

Saarland University, Saarbrücken, Germany

5Department of Chemistry,

Humboldt-Universität zu Berlin, Berlin,

Germany

Correspondence

Prof.Dr.DietrichA.Volmer,Departmentof

Chemistry,Humboldt-Universität zuBerlin,

Brook-Taylor-Str. 2, 12489Berlin,Germany

Email: dietrich.volmer@hu-berlin.de

Funding information

ChinaScholarshipCouncil

Abstract

Gold nanoparticles (AuNP) are frequently used in surface-assisted laser desorp-

tion/ionization mass spectrometry (SALDI-MS) for analysis of biomolecules because

they exhibit suitable thermal and chemical properties as well as strong surface plas-

monic effects. Moreover, the structures of AuNP can be controlled by well-established

synthesis protocols. This was important in the present work, which studied the

influence of the nanoparticles’ structures on atmospheric pressure (AP)-SALDI-MS

performance. A series of AuNP with different core sizes and capping ligands were

investigated, to examine the desorption/ionization efficiency (DIE) under AP-SALDI

conditions. The results showed that both the AuNP core size as well as the nature of

the surface ligand had a strong influence on DIE. DIE increased with the size of the

AuNP and the hydrophobicity of the ligands. Chemical interactions between ligand

and analytes also influenced DIE. Moreover, we discovered that removing the organic

ligands from the deposited AuNP substrate layer by simple laser irradiation prior to LDI

further amplified DIE values. The optimized AuNP were successfully used to analyze

a wide arrange of different low molecular weight biomolecules as well as a crude pig

brain extract, which readily demonstrated the ability of the technique to detect a wide

range of lipid species within highly complex samples.

1 INTRODUCTION

Since cobalt nanoparticles were first used for surface-assisted laser desorption/ionization mass spectrometry (SALDI-MS) by Tanaka et al,1 nano-

materialsmade from carbon,2–4 silicon,5–7 metals (Au, Ag, Pa, etc.),8–10 metal oxides,11–13 and othersmaterials14–17 have been successfully applied

to SALDI-MS. In general, nanoparticles are excellent substrate options for SALDI, because they require only simple and easy sample preparation

techniques and the materials often exhibit minimal background signals – in particular in the low m/z range – as compared to matrix-assisted laser

desorption/ionization (MALDI).18–20 SALDI efficiencies can be enhanced by optimizing the nanoparticular structures, for example, bymodifying the

core size and nature of the surface ligands,18 which was shown to be vital for sensitive quantitative analysis of biomolecules.20

In previous studies, it was found that desorption/ionization efficiency of SALDI was highly dependent on physical (size, surface roughness,

light absorption, electrical conductivity, melting point, etc.) and chemical (surface modification, binding energy to analytes, etc.) properties of

the nanomaterials.18–23 Gold nanoparticles (AuNP) exhibit excellent electrical conductivities, thermal and chemical stabilities and strong light
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absorption due to plasmonic effects. Furthermore, gold nanoparticles can be readily obtained using well-established synthesis protocols. Conse-

quently, they have been frequently used for SALDI-MS analysis of biomolecules. Mclean et al24 applied AuNP of different sizes (2-10 nm) to detect

peptides. The authors found a size effect on desorption/ionization efficiency of peptides, where larger AuNP provided better performance. Ligand-

free AuNP were reported by Amendola et al25 that exhibited low background levels in the low mass range (m/z < 500) as compared to AuNP with

surface-protected agents, providing picomolar level detection levels for small molecules such as arginine, fructose, atrazine, anthracene, and pacli-

taxel. Flower-like gold nanoparticles were used by Havel et al as mediators to enhance desorption/ionization of peptides.26 The authors illustrated

that the ion intensities for the peptides were up to 7.5-fold higher using gold nanoflowers as substrate as compared to 𝛼-cyanohydroxycinnamic

acid (CHCA) as MALDI matrix. Using gold nanorods (AuNR), Castellana et al demonstrated that infrared laser desorption/ionization-MS was

capable of analyzing peptides very efficiently.27 Furthermore, fluorinated AuNP were prepared for comprehensive analysis of metabolites in

biological tissues using nanostructure imaging mass spectrometry (NIMS) with minimal background noise levels and high sensitivity as illustrated

by Palermo et al.28 Only low laser energies were required during this process, which lead to very gentle desorption/ionization conditions with

limited in-source fragmentation of the metabolites. Chiang et al29 used mixed gold nanoparticles with diameters of 3 and 14 nm as probes for

SALDI-MS to detect amino-thiol groups. The authors illustrated that larger size gold nanoparticles selectively captured amino-thiol on the surface,

while the smaller particles improved sensitivity. Glutathione, cysteine, and homocysteine were successfully detected at detection limits of 2,

20, and 44 nM, respectively. Son et al30 used citrate-capped AuNP with diameter of 12 nm to selectively detect triacylglycerols from crude lipid

mixtures at very low levels, approximately 100-fold lower than byMALDIwith dihydroxybenzoic acid (DHB) asmatrix. Liu et al31 utilized ultra-thin,

homogenous [AuNP]n monolayer substrates for SALDI, which provided excellent signal intensities and low background for a wide range of analytes

such as fatty acids, peptides, amino acids, saccharides, and drugs. AuNPwere also used to directly analyze endogenous and exogenous compounds

from latent fingerprint and image their distribution, without disturbing the fingerprint patterns, as demonstrated by Tang et al.32

While AuNPwere shown to bewell-suited functional substrates for SALDI-MS, the factors governing their performance are not yet fully under-

stood. In this paper, various parameters of AuNP influencing desorption/ionization efficiency of analytes were systematically studied. Several

different ligands for functionalized AuNP of different sizes, including oleyamine, alkanethiol, 11-mercaptoundecanoic acid, and 11-mercapto-1-

undecanol, were investigated as substrates for AP-SALDI-MS. The performance of AuNP was initially evaluated by using linoleic acid as analyte,

followed by an application to a wider range of low molecular weight molecules, such as fatty acids, amino acids, small peptides, saccharides, drugs,

and phospholipids. The optimized substrate was then used for analysis of fatty acids and phospholipids in an extract of pig brain.

2 MATERIALS AND METHODS

2.1 Chemicals and reagents

Palmitic acid, stearic acid, oleic acid, linoleic acid, erythromycin A, aspartic acid, and phenylalaninewere purchased from Sigma–Aldrich (Steinheim,

Germany); D-fructose and D-lactose from Merck (Darmstadt, Germany); 1,2-dioleoyl-sn-glycero-3-phosphatidylcholines (PC 36:2), 1,2-dioleoyl-

sn-glycero-3-phosphatidylethanolamine (PE 36:2), docosahexaenoic acid (DHA), eicosatetraenoic acid (EPA), timolol maleate, leu-enkephalin, and

bradykinin from Cayman Chemicals (Hamburg, Germany); and acetonitrile (ACN) and methanol from VWR chemicals (Darmstadt, Germany). All

chemicals were usedwithout further pretreatment. Deionized water was generated by aMillipore (Bedford, MA, USA) water purification system.

Pig brainswere purchased froma localmarket. Liquid extraction of the brainswas performed according to a published protocol33 and the extract

stored at−32◦C prior to SALDI-MS experiments.

AuNP with different core sizes, capping ligands, and dispersion solvents were prepared by using an adapted protocol by Zheng et al.34 Briefly,

oleyamine (OAm)-cappedmonodisperseAuNPwere synthesizedwith anamine-borane complex as reducing agent. Thenanoparticle sizes (radii, 1.2,

3.2, and 4.7 nm) were controlled by tuning the ratio of HAuCl4⋅3H2O and reducing agent as well as the reaction time.35 Ligand exchange was per-

formed to cap theAuNPwith butanethiol (B), decanethiol (D), hexadecanethiol (H), 11-mercaptoundecanoic acid (MA), and 11-mercaptoundecanol

(MO). The prepared nanoparticles were separated from the precursor solution and re-dispersed in methanol, hexane, and toluene, to achieve good

colloidal stability. For clarity, AuNP were named using the nomenclature AuNP[X-n-Y], with X, n, and Y corresponding to capping ligand, core size,

and dispersion solvent, respectively. For example, AuNP[B-1-H] represents AuNP with capping ligand of butanethiol, core radius of 1.2 nm, dis-

persed in hexane (all nanoparticles are summarized in Table 1). The stock solutions of AuNPwere prepared at 1mg/mL and used directly for SALDI-

MS if not otherwise specified.

2.2 Spectroscopic characterization of AuNP

X-ray scattering experiments were performed using a Xeuss 2.0 (Xenocs, Sassenage, France) instrument, equipped with a GeniX Low Divergence

Cu-K𝛼 source; the X-ray wavelength was 1.54 Å and the scattering signal was collected with a Dectris Pilatus 1 M detector; sample to detector
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TABLE 1 Investigated gold nanoparticles and naming scheme
a
for particles

Composition

Name Ligand

Core size

(radius, nm) Solvent

AuNP[B-1-H] Butanethiol 1.2 Hexane

AuNP[D-1-H] Decanethiol 1.2 Hexane

AuNP[H-1-H] Hexadecanethiol 1.2 Hexane

AuNP[OAm-1-H] Oleyamine 1.2 Toluene

AuNP[MA-1-M] 11-Mercaptoundecanoic acid 1.2 Methanol

AuNP[MO-1-M] 11-Mercaptoundecanol 1.2 Methanol

AuNP[D-3-H] Decanethiol 3.2 Hexane

AuNP[OAm-3-H] Oleyamine 3.2 Toluene

AuNP[H-4-H] Hexadecanethiol 4.7 Hexane

AuNP[OAm-4-H] Oleyamine 4.7 Toluene

a
AuNPwere named using the nomenclature AuNP[X-n-Y], with X, n, and Y corresponding to capping ligand, core size, and dispersion solvent, respectively.

distance was calibrated with silver behenate. UV/Vis characterization of AuNP samples was performed with a Jasco V-650 spectrophotometer

(Jasco, Easton, MD, USA). The concentration of the AuNP solutions for UV/Vis measurements was 6 µg/mL.

2.3 Preparation of SALDI samples

Stock solutions of analytes were prepared as follows: fatty acids (palmitic acid, stearic acid, oleic acid, linoleic acid, EPA, DHA, EPA) and drugs

(erythromycin A, timolol maleate) were dissolved in methanol at 1 mM; amino acids (aspartic acid, phenylalanine), small peptides (leu-enkephalin,

bradykinin) and saccharides (D-fructose, D-lactose) were dissolved in water at 10 mM. All stock solutions were stored at −20◦C and diluted to the

required concentrationprior touse. If nototherwise specified, analyte solutionswerediluted to100µMinmethanol prior to theSALDIexperiments.

Sodium and potassium ions were added to analyte solutions if needed.

SALDI sample deposition was performed using the two-layer dried droplet method. Initially, 0.5 µL of AuNP solution was pipetted onto the steel

target. After solvent evaporation, 0.5 µL of analyte solution was pipetted onto the AuNP and dried at ambient conditions.

2.4 Mass spectrometry

MS experiments were performed with a Bruker (Bremen, Germany) Esquire HCT+ 3D quadrupole ion trap mass spectrometer coupled with a

MassTech (Burtonsville, MD, USA) atmospheric pressure-MALDI source. A Nd:YAG laser emitting at 355 nmwas used as light source. If not other-

wise mentioned, the laser energy was set to 50% and the repetition rate to 200 Hz. Full scanmass spectra were acquired in positive ion mode from

m/z 50 to 1000 using a linear rastering motion of the target plate. Ion currents were accumulated as follows: rastering velocity, 40.0 mm/min; scan

length, 2.0 mm; scan height, 2.0 mm; raster spacing, 0.5 mm; step size, 0.5 mm, raster direction, horizontal. A drying gas temperature of 50◦C at a

flow rate of 5.0 L/min was used.

3 RESULTS AND DISCUSSION

The SALDI experiments shown in this work were performed utilizing an atmospheric pressure (AP)MALDI source, which enabled simple and rapid

sample preparation as compared to vacuum-based ion sources, which was important for quick method optimization. The soft ionization conditions

at atmospheric pressure and the resulting reduced or absent precursor ion fragmentation36,37 generally provides ionization and transport efficien-

cies comparable to vacuumMALDI.38,39

It has been previously shown that certain properties of nanomaterials (size, ligands, concentration, etc.) play vital roles in the desorp-

tion/ionization efficiency (DIE) under vacuum SALDI conditions.18-20 However, to our knowledge, no such investigation has been performed for

AP-SALDI. In this study, we investigated AP-AuNP-assisted LDI of different sizes, carrying various organic ligands at different concentration levels,

and their effect on DIE of selected analytes.
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F IGURE 1 SAXS characterization of AuNP: A, 1.2 nm; B, 3.2 nm; and C, 4.7 nm

F IGURE 2 UV/Vis spectra of (A) 1.2 nm radius AuNPwith different types of ligands, (B) 1.2 nmAuNPwith alkanethiol ligand of different size,
(C) AuNPwith oleyamine as ligand for different core sizes, and (D) AuNPwith alkanethiol as ligand for different core sizes. The concentrations of
AuNP solutions for UV/Vis measurement were 6 µgmL−1

3.1 Initial characterization of the AuNP

Sizes of AuNP[OAm-H] were characterized by small angle X-ray scattering (SAXS) (Figure 1). After fitting, the radii of AuNP[OAm-H] were deter-

mined as1.4, 3.2, and4.7 nm, respectively.OtherAuNP includingAuNP[B-H], AuNP[D-H], AuNP[H-H], AuNP[MA-M], AuNP[MO-M], andAuNP[AT-

H] were subsequently obtained via ligand exchange from the AuNP[OAm-H] nanoparticles (see Section 2).

The light absorption properties of these gold nanoparticlesweremeasuredbyUV/Vis spectroscopy (Figure 2). AuNP[MA-1-M], AuNP[MO-1-M],

and AuNP[D-1-H] did not exhibit distinct absorption maxima, but rather absorption plateaus at ∼490 nm, while AuNP[OAm-1-H] absorbed with

slightly higher intensity at 505 nm (Figure 2A). Similarly, AuNP[B-1-H], AuNP[D-1-H], and AuNP[H-1-H] exhibited plateau regions at ∼490 nm

(Figure 2B), which shifted to red and absorption decreased as the ligand length was increased. For AuNP[OAm-1-H], AuNP[OAm-3-H], and
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F IGURE 3 Different effects for AuNP on signal intensity of linoleic acid in SALDI-MS: (A) type of ligand, (B) ligand size, (C) core size and (D)
AuNP concentration. I, II, III, and IV denote 1-decanethiol, oleyamine, 11-mercaptoundecanoic acid, and 11-mercapto-1-undecanol ligands,
respectively

AuNP[OAm-4-H], absorption showed maxima at 505, 521, and 524 nm, respectively (Figure 2C). There was some red-shifting as the size of AuNP

increased. Finally, AuNP[AT-1-H], AuNP[AT-3-H], and AuNP[AT-4-H] exhibited maxima at 490, 513, and 517 nm, respectively, with red-shifting

and strong absorption increase as the size of AuNP increased (Figure 2D).

3.2 Effects of ligand and nanoparticle properties onDIE

3.2.1 Nature of the ligand

In this study, we compared different types of organic ligands for the AuNP to assess potential ligand effects onDIE in SALDI-MS, namely oleyamine,

11-mercaptoundecanoic acid, 11-mercapto-1-undecanol, and 1-decanethiol, all with identical radius of 1.2 nm.We chose linoleic acid as represen-

tative analyte in these experiments. As previously observed, salt adducts were common in themass spectra and formed the base peaks in all experi-

ments (for linoleic acid, these signals were atm/z 303 and 319, corresponding to [M+Na]+ and [M+K]+, respectively).We summed the ion currents

of these two species and compared the four types of AuNP ligands. As shown in Figure 3A, the signal intensity for linoleic acid from AuNP[D-1-

H] (= 1-decanethiol) was significantly higher than those obtained for the other three ligands, which is consistent with previous findings, showing

that signal intensities from hydrophobic nanomaterials are higher than from hydrophilic nanomaterials.28 This is related to higher local temper-

atures obtained with the hydrophobic nanomaterials and thus slower energy dispersion. However, surprisingly, analyte signals were much lower

for the similarly hydrophobic oleyamine ligand, which is a weakly bound ligand in comparison to the covalently-bound thiol ligands. We hypothe-

size that this deviating behavior was due to excess amounts of oleyamine on the substrate surface. Stable AuNP-oleyamine dispersions required

large amounts of oleyamine to keep the nanoparticles in solution (the concentration was approximately one order of magnitude higher than for

the thiol-containing ligands as described in the Section 2; further details are given in the Supporting Information). This excess ligand material can

interferewith the desorption/ionization by potentially forming a dense layer or bilayer on the surface of theAuNP, thus separating the analyte from

the nanoparticles. A similar behavior was seen during SALDI-MS analysis of peptides using cetyltrimethylammonium bromide (CTAB)-capped gold

nanorods (AuNR).27 The authors of that study suggested that the presence of CTAB on the surface of the nanorods inhibited desorption/ionization
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F IGURE 4 AuNP[D-1-H]-assisted LDImass spectra of linoleic acid at different concentrations: (A, a) 2.0, (B, b) 1.0, (C, c) 0.4, (D, d) 0.2, (E, e) 0.1,
(F, f) 0.04mg/mL. Panels A-F showmass spectra of linoleic acid from ligand-capped AuNP; panels a-f, mass spectra of linoleic acid after initial laser
irradiation of the AuNP surface. (Signals atm/z 303 and 319 correspond to [M+Na]+ and [M+K]+, respectively)

of analyte becauseCTABdid not provide a sufficient source for ionizing protons and because the positively-chargedCTABbilayer inhibited the ana-

lyte from adsorbing to the nanorod surface. We believe that the AuNP-oleyamine system is similarly restricted in comparison to the hydrophobic

AuNP-decanethiol nanoparticles.

For AuNP[MA-1-M], the obtained signal intensities for linoleic acid were higher than for AuNP[MO-1-M], which can be explained by the lig-

and’s chemical properties in comparison to linoleic acid, whichweremore similar for 11-mercaptoundecanoic acid than for 11-mercaptoundecanol,

enabling closer interaction of analyte and AuNP for AuNP[MA-1-M] than for AuNP[MO-1-M], with resulting improved energy transfer.

From the above observations, we suggest that the chemical properties of the nanoparticle’s ligands and the interaction of ligandwith analyte are

more important for efficient desorption/ionization than increased UV/Vis absorption (see previous section).

3.2.2 Length of ligand

In the next set of experiments, the influence of the length of the carbon chain of the ligands onDIEwas investigated using alkanethiol-cappedAuNP

of different lengths. In these experiments, butanethiol, decanethiol, and hexadecanethiol were compared as ligands. Figure 3B demonstrates that

the signal intensity of linoleic acid decreased strongly with increasing size of the ligand, declining approximately 10-fold from AuNP[B-1-H] over

AuNP[D-1-H] to AuNP[H-1-H]. This is likely related to thermal conductivity andUV/Vis absorption, which both decreasewith increasing size of the

ligand and thus give reduced energy transfer from the AuNP to linoleic acid.

3.2.3 Ligand-capped versus ligand-free AuNP

Chemical-free AuNP have been shown to provide improved performance in SALDI as compared to ligand-capped AuNP because the ligands can

impede energy transfer to the analyte,19,25 as they isolate the analyte from the AuNP. When the ligands were removed, analytes are closer to the

nanoparticle surface and energy transfer is more effective, thus enhancing DIE.
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F IGURE 5 AuNP[H-4-H]-assisted LDImass spectra of (a1-b2) fatty acids, (b3, b4) lipids, (c1, c2) amino acids, (c3, c4) peptides. and (d1, d2)
saccharides, (d3, d4) drugs (concentration, 100 µMea.)

An experiment was designed to investigate this effect for our AuNP, exemplified by AuNP[D-1-H]. In this experiment, the deposited AuNPwere

laser-irradiated prior to sample deposition, to remove the organic ligand as well as any impurities embedded in the AuNP or present on the metal

target. Laser ablation is frequently used in analytical chemistry to remove small amounts of material from solids.40 As previously reported for our

experimental setup,31 SALDI with laser powers ≤ 50% did not ablate gold from the substrate and consequently no gold-related ions were visible

in the mass spectra under atmospheric pressure SALDI-MS conditions. For the cleaning step, different laser energies between 10% and 50%were

investigated. For low energies (<30%), therewas no noticeable ablation effect as no signals from ligands/impuritieswere visible in themass spectra.

For laser energies >30%, strong signals of ligands and other impurities started to appear, mainly in the m/z range of 200 to 450 for AuNP[D-1-H]

substrates. A setting of 50% was chosen for efficient removal, which was the same energy used in the subsequent LDI experiments of the analyte

(see Section 2).

The comparison between the regular experiments and those utilizing the additional laser ablation is illustrated in Figure 4 for different con-

centration levels of the AuNP. It is immediate obvious that the background noise levels were significantly reduced across the investigated m/z

range, in particular at high AuNP concentrations, which strongly increased signal-to-noise ratios for linoleic acid. Moreover, ion currents of the

analyte also strongly increased as compared to the ligand-capped AuNP, further amplifying the sensitivity gain. In fact, for the highest AuNP con-

centration, ion currents for linoleic were amplified almost 20-fold in comparison to the capped AuNP (along with the reduced noise levels!). This

amplification factor was lower for lower concentrations of AuNP. We hypothesize that this was due to ablation losses of nanoparticles during

the initial laser irradiation phase, which are expected to have a higher relative impact for low concentrations of AuNP, which will then result in

reduced DIE (the numerical differences between capped versus irradiated nanoparticles are summarized in Figure S1). As noise levels were also

reduced at lower nanoparticle concentrations for the capped AuNP (Figure 4), the overall gain of this procedure was not as important for low

AuNP concentrations.
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F IGURE 6 AuNP[H-4-H]-assisted LDImass spectra of a crude pig brain extract (the brain extract was diluted 10-fold prior to analysis; tentative
lipid assignments are labelled with correspondingm/z value)

3.2.4 Nanoparticle core size

AuNPwith radii of 1.2, 3.2, and4.7 nmwereused to study core size effects onDIEof linoleic acid. As seen in Figure3C, the signal intensity for linoleic

acid always increased in the order 4.7> 3.2> 1.2 nm particle size, regardless of the nature of the organic ligand attached to the AuNP. As shown by

McLean et al,24 the size of AuNP had a strong effect on signal intensity for angiotensin for gold nanoparticles in the range of 2-10 nm. Larger AuNP

provided higher DIE in SALDI, although a strong noise background of gold ions was observed for the larger nanoparticles. In our experiments, no

gold-related ions were seen in the mass spectra, even for larger nanoparticles. This is probably due to the softer nature of the AP-SALDI process

in comparison to vacuum SALDI. As demonstrated in our previous work,31 no gold-related ions were observed under atmospheric pressure for

[AuNP]n substrates, whereas gold-related ions were clearly seen under vacuum SALDI conditions. Under atmospheric pressure SALDI, there was

insufficient energy for ablation and ionization of gold ions and the local temperature rise on the target plate upon laser irradiation was likely not

as high. For AuNP containing alkanethiol ligands, the signal intensity of linoleic acid from AuNP with radius of 4.8 nm was approximately twofold

higher than for AuNP of radius 3.2 mm and ∼4.8-fold higher for particles of 1.2 nm. AuNP with oleyamine exhibited the same trend; that is, signal

intensity for radius of 4.8 nmwas∼2.3× higher than for 3.2mm, and 6.5× higher than for 1.2mm. The size effect is probably related to the stronger

UV/Vis absorption for larger nanoparticles than for smaller particles, allowing higher energy transfer from the larger nanoparticles to the analyte.

3.2.5 Nanoparticle concentration

In order to investigate the influence of the concentration of the nanoparticle solution, the stock AuNP[D-1-H] solution (radius, 1.2 nm at 2 mg/mL)

was diluted to give AuNP solutions of 1.0, 0.4, 0.2, 0.1, and 0.04mg/mL, respectively, whichwere then deposited onto the SALDI targets (NB: AuNP

solutions that were diluted more than 20 times were virtually without color). As shown in Figure 3D, the signal intensity of linoleic acid decreased
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with decreasing AuNP concentration; for concentrations < 0.1 mg/mL, the signal intensity of linoleic acid stayed virtually the same. The signal

intensity of linoleic acid from 2 mg/mL AuNP preparations was approximately 10-fold higher than for 0.2 mg/mL. As the number of ions formed

during desorption/ionization is proportional to the amount of energy absorbed and transferred to the analytes,41 the observed intensity decrease

can be readily explained with decreased UV/Vis absorption of the AuNPs. For very small AuNP concentrations, with negligible UV/Vis absorption,

we suggest that direct analyte LDI takes over as primarymechanism, which is not very efficient for the analyte linoleic acid, resulting in very low ion

currents regardless of concentration.

3.3 Application towider range of biomolecules and brain extract

For application to other analytes, AuNP[H-4-H] was used as optimized material to analyze a wide range of biomolecules. Biomolecules including

fatty acids (palmitic acid, stearic acid, oleic acid, linoleic acid), phospholipids (PE, PC), amino acids (aspartic acid, phenylalanine), small peptides (leu-

enkephalin, bradykinin), saccharides (D-fructose, D-lactose) and drugs (erythromycin A, timolol maleate) were chosen for this application. Figure 5

illustrates that all investigated analytes were ionized intact without fragmentation. They were detected at limits of detection (LOD) of approxi-

mately 1 µM (Figure S2 illustrates the SALDI spectra at different concentrations down to the LOD; LOD was defined as the lowest concentration,

for which a signal-to-noise ratio of at least 3:1 was obtained). Please note that while these LOD numbers appear relatively high, they are mainly

the result of the used instrument, which was an insensitive, older generation 3D ion trap utilized for the proof-of-concept work described in this

study. Transferring this technique to a modern triple quadrupole instrument with a high duty cycle data acquisition mode (such as single reaction

monitoring, SRM), would lower LOD by at least 100-1000-fold as previously shown for quantitativeMALDI analysis of small molecules.42,43

Finally, as further proof-of-concept, we applied our AuNP-assisted LDI technique to a very complex biological mixture; that is, a crude extract of

a pig brain. After sample preparation (see Section 2), these extracts contain a large number of lipid species such as fatty acids, PC, PE, cerebrosides

etc.44,45 AuNP[H-4-H] was used as substrate in the analysis and we were able to detect a wide range of lipids, as shown in Figure 6 (suggested,

tentative structural assignments, and the implemented identification procedure for fatty acids as well as PC and PE species in the m/z ranges of

200-400 and 700-900 are summarized in Table S1). Obviously, the implementedmass analyzer, which operated at nominal mass resolution, did not

provide sufficientmass accuracy for elemental formulae assignments, but this information could be readily obtained by using a high resolutionmass

spectrometer for the experiments.

4 CONCLUSIONS

Aseries ofAuNPofdifferent core size andcapping ligandswereprepared for SALDI-MS.AuNPwere first characterizedbySAXSandUV/Vis spectra,

followed by SALDI-MS to optimize the performance and the DIE of the test analyte linoleic acid. The results showed that core size, capping ligands,

and concentration of AuNP played important roles in the performance of the substrate. For AuNP with larger core sizes, high concentrations of

hydrophobic ligands provided higher DIE of analytes. It was found that the surface chemistry of the AuNP had a stronger influence on the DIE

than the UV/Vis absorption of the material. For similar surface chemistries, stronger UV/Vis absorption will further improve the performance. In

a separate experiment, we demonstrated that laser pretreatment of the AuNP, to remove the organic ligands and embedded impurities, increased

DIE approximately 20-fold for high concentrations of AuNP. This amplification was less pronounced for lower concentrations of the nanoparticles.

Under optimized condition, the AuNPwere successfully used to analyze a wide arrange of different lowmolecular weight biomolecules. In addi-

tion, the analysis of a crude pig brain extract readily demonstrated the ability of the technique to detect a wide range of lipid species within a highly

complex sample. In the future, we are planning to expand this study and conduct a comprehensive method validation for quantitative SALDI-MS

analysis of selected analytes for application to various biological samples.

We believe that the SALDI-MS technique described here would be particularly useful as a method for quantitative analysis of small biological

molecules but would equally well serve as a molecular weight readout platform for metabolome analyses if combined with high resolution mass

spectrometry.
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