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Abstract : Gold nanostructures (Au NSs) are useful and interesting matrices for mass spectrometric analysis of various biomol-
ecules based on organic matrix-free laser desorption/ionization time-of-flight mass spectrometry (LDI-TOF-MS). Au NSs pro-
vide high efficiency and versatility in LDI-TOF-MS analysis based on their well-established synthesis and surface
functionalization, large surface area, high laser absorption capacity, and photothermal conversion efficiency. Therefore, Au NSs
based LDI-TOF-MS can be a facile, functional, and efficient analytical method for important small biomolecules owing to its
simple preparation, rapid analysis, salt-tolerance, signal reproducibility, and quantitative analysis. This review chronologically
summarizes the important advance of Au NSs-based LDI-TOF-MS platforms in terms of in-depth mechanism, signal enhance-

ment, quantitative analysis, and disease diagnosis.
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Introduction

Since the pioneering work of Karas et al., matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF-MS) has been considered one of the most
important analytical techniques to analyze an intact molecular
weight of large molecules such as proteins, nucleic acids, and
synthetic polymers without fragmentation (Figure 1)." This
analytical technique has significantly contributed to
advances in proteomics, biology, and pharmacology based
on its simplicity, high resolution, and sensitivity.
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Therefore, there has been a strong demand to utilize
MALDI-TOF-MS for mass spectrometric analysis of
various small molecules (< 500 Da), but MALDI-TOF-MS
cannot be directly applied to analysis of low molecular
weight compounds owing to drawbacks derived from
conventional organic matrices such as matrix interference in
low mass region, heterogeneous co-crystallization, and
sublimation under a high vacuum.’ Especially, the matrix
interference originates from the photochemical reactions of
organic matrices by laser irradiation during MALDI-TOF-
MS analysis and complicates the obtained mass spectra.*
To avoid the matrix interference, many efforts have been
devoted to development of an efficient analytical platform
for organic matrix-free laser desorption/ionization time-of-
flight mass spectrometry (LDI-TOF-MS).” Although
Tanaka et al. reported in 1988 that cobalt nanoparticles
(NPs) dispersed in glycerol can desorb and ionize proteins
and synthetic polymers for mass spectrometric analysis,’
nanostructures (NSs) have been not widely harnessed for
LDI-TOF-MS owing to the introduction of organic matri-
ces. In the early studies, the major applications of LDI-
TOF-MS are mass spectrometric analysis of large mole-
cules, and thus there was no strong motivation to utilize
NSs for LDI-TOF-MS analysis. After Siuzdak et al.
demonstrated an efficient desorption/ionization on porous
silicon (DIOS) for mass spectrometric analysis of small
molecules,’ various NSs having unique physicochemical
properties have been extensively investigated to find an
optimal analytical platform.® The widely explored NSs can
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Figure 1. Schematic diagram of LDI-TOF-MS on the Au NSs
for analysis of various small molecules.
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be categorized into porous silicons,’ carbonized metal-
organic-frameworks (MOF),' transition metal dichalco-
genides,11 quantum dots,'> MXene," metal,'* and carbon
nanomaterials."

Among the various NSs, Au NSs are of particular impor-
tance owing to their well-established synthesis and surface
functionalization, low specific heat capacity, high stability,
laser energy absorption capacity, and photothermal conver-
sion efficiency (Figure 1).'® The laser desorption/ionization
(LDI) process on Au NSs is also elucidated with systematic
studies using a model thermometer molecule.'” When Au
NSs are irradiated with a pulsed laser, electrons in Au NSs
interact with the incident laser, and they are excited to a
higher energy level. Those electrons at the high energy
state, hot electrons, are relaxed to the ground state with
releasing a significant thermal energy to surroundings."’
During this photothermal conversion process on Au NSs,
LDI of small molecules is generally driven by two repre-
sentative mechanisms such as photothermal desorption and
photothermal phase transition.'” The photothermal desorp-
tion mechanism leads to LDI through the direct thermal
energy transfer from Au NSs to small molecules whereas
the photothermal phase transition mechanism results in LDI
through the non-thermal desorption process by photother-
mal restructuring/melting of Au NSs."’

The efficiency of Au NSs in LDI-TOF-MS analysis can
be considerably enhanced by the designed synthesis with
various morphologies,'® appropriate suface functionaliza-
tion," surface immobilization with a high coverage,”® and
ordered self-assembly on a substrate.”' In addition to the
problematic issues of organic matrices, those Au NSs pro-
vide many advantages for LDI-TOF-MS analysis such as
high salt tolerance, signal reproducibility, and target spe-
cific enrichment which are highly desirable for forensic,
pharmaceutical, environmental, and biomedical research
fields.?' In this review, we mainly discuss the strategies to
improve sensitivity, signal reproducibility, and applicabil-
ity of Au NSs as a matix for the efficient and functional
LDI-TOF-MS analysis of various small molecules. In addi-
tion, the perspectives and remaining challenges are also
provided for future development of the practical Au NS-
based LDI-TOF-MS platform.
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Figure 2. Transmission electron microscopy (TEM) images and
UV-visible absorption spectra of 2 nm and 5 nm Au NPs. The
asterisk indicated LSPR band of 5 nm Au NPs. Reprinted with
permission from McLean et al. (2005). Copyright 2005
American Chemical Society.

Synthesis of Au nanoparticles (NPs) with different
morphology for LDI-TOF-MS analysis

The spherical Au NPs have been extensively studied for
LDI-TOF-MS analysis owing to their easy synthesis and
facile surface functionalization.”* The primary role of Au
NPs lies in the concentration of samples through selective
adsorption of analytes and subsequent photothemral
conversion for LDI-TOF-MS analysis.'® To effectively
perform these two roles, Au NPs are required to have a high
surface area, porosity, facile surface functionalization, high
optical absorption, and thermal conductivity.'® Russell et al.
demonstrated LDI-TOF-MS efficiency of Au NPs is highly
dependent on their size by using 2, 5, and 10 nm sized Au
NPs (Figure 2).” 2 nm-sized Au NPs exhibited a much
higher LDI efficiency than 5 and 10 nm sized Au NPs. This
size-dependent LDI efficiency of Au NPs was attributed to
the quantum confinement effect which leads to electronic
excitation and subsequent energy transfer for ionization of
analytes. Specifically, the mass signal intensity of a peptide
(1,347.64 Da) increased with decreasing size of Au NPs
(Figure 3).%

After this finding, Au NPs are extensively investigated as
a matrix for LDI-TOF-MS analysis,'® and thus various syn-
thetic strategies are harnessed for the synthesis of Au NPs
with different morphologies to explore the morphological
effect on LDI-TOF-MS analysis. Since Au NPs have a high
applicability for optical, electronic, and biomedical research
fields, the synthetic strategies have been well established
for size- and shape-controlled synthesis of Au NPs.** It is
well-known that the optical absorption properties of Au
NPs depend on their size and shape.”* Russell et al. utilized Au
nanorods (Au NRs) functionalized with 4-aminothiophenol (4-
ATP) as a matrix for LDI-TOF-MS analysis (Figure 4)**In this
case, IR laser was used to induce the localized surface plas-
mon resonance (LSPR) on Au NRs along with their longi-
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Figure 3. LDI-TOF-MS spectra of a peptide (RPKPQQFFGLM-NH,, 1,347.64 Da) obtained with (a) 2 nm, (b) 5 nm, and (c) 10 nm Au
NPs. McLean et al. (2005). Copyright 2005 American Chemical Society.
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Figure 4. (a) UV-visible absorption spectra of Au NRs and 4-
ATP-Au NRs. (b) TEM images of Au NRs and (c) 4-ATP-Au
NRs. Reprinted with permission from Castellana et al. (2010).
Copyright 2010 American Chemical Society.

tudinal axis, and the 4-ATP functionalized Au NRs lead an
efficient LDI-TOF-MS analysis of an angiotensin II
(1,045.5 Da) (Figure 5).**

Martinez—Haya et al. synthesized Au nanosphere, Au
nanostar, and Au NRs. LDI efficiency of the synthesized
Au NSs was systematically compared for LDI-TOF-MS
analysis of polyethylene glycol (PEG, 600 Da).'® The LSPR
bands of Au nanosphere, Au nanostar, and Au NRs are var-
ied depending on their morphology, and thus their light-
matter interaction with laser equipped in LDI-TOF-MS is
different based on the excitation wavelengths (266, 355,
532, and 1,064 nm). The LDI-TOF-MS spectra of PEG

28 Mass Spectrom. Lett. 2024 Vol. 15, No. 1, 26-39
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Figure 5. LDI-TOF-MS spectra of angiotensin II (1,045.5 Da)
obtained by using IR laser (1,064 nm) with 4-ATP-Au NRs (dark
blue line), 4-ATP-Au NPs (green line), and as synthesized Au
NRs (light blue line). Reprinted with permission from Castellana
et al. (2010). Copyright 2010 American Chemical Society.

obtained with all tested conditions confirmed that the LDI
efficiency of Au NPs was higher at 532 nm corresponding
to their LSPR bands than 355 nm which is conventional
wavelength of UV laser equipped in LDI-TOF-MS. Those
results showed that the shape controlled synthesis and
appropriate selection of laser wavelength are significant for
successful LDI-TOF-MS analysis.

Surface functionalization of Au NPs for efficient
LDI-TOF-MS analysis

The surface functionalization of Au NPs with thiol
ligands has been extensively investigated to enhance their

©Korean Society for Mass Spectrometry



Gold Nanostructure-Based Laser Desorption/lonization Time-of-Flight Mass Spectrometry for Analysis of small Biomolecules

biocompatibility, biological functions, and colloidal stabil-
ity.”> The surface of Au NPs is spontaneously modified
with various thiol ligands through Au-S interaction.”® The
resulting molecular layer of thiol ligands is well-ordered
with a compacted structure, and thus it is called self-assem-
bled monolayers (SAMs).? The surface functionalization is
also important considering that as-synthesized colloidal Au
NPs are generally stabilized with an excess amount of tri-
sodium citrate.”” Therefore, there is abundant alkali metal
ions such as Na" and K" in the colloidal suspension of Au
NPs. Those alkali metal ions can be regarded as impurities
during LDI-TOF-MS analysis, and thus make LDI-TOF-
MS spectrum of small molecules complicated with forma-
tion of abundant alkali metal adducts such as [M + Na]" and
[M + K]" instead of protonated adduct [M + H]" when col-
loidal Au NPs are utilized as a matrix for LDI-TOF-MS
analysis. For the straightforward analysis of LDI-TOF-MS
spectrum, the formation of protonated analyte adducts is
highly advantageous compared to the alkali metal
adducts.”® It was previously reported that LDI efficiency of
small molecules with the surface functionalized Au NPs
was highly enhanced with addition of citric acid as a proton
donor.”® In this regard, the surface functionalization of col-
loidal Au NPs with thiol ligands can be a simple and effi-
cient strategy to introduce proton donors on their surfaces
because alkanethiol ligands with various end functional
groups have been extensively investigated to form SAMs
on Au surfaces.?® Russell et al. reported the surface func-
tionalization of Au NPs with 4-ATP ligand for the first time
to enhance their efficiency in LDI-TOF-MS analysis (Fig-
ure 6).” Their hypothesis was that the surface functional-
ization of Au NPs with proton donating ligands (4-ATP)
would increase the ionization efficiency. The 4-ATP func-
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Figure 6. (a) Schematic diagram of LDI-TOF-MS analysis
process on Au NPs and (b) 4-ATP-Au NPs. Reprinted with
permission from Castellana et al. (2007). Copyright 2007
American Chemical Society.
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tionalized Au (4-ATP-Au) NPs were synthesized through
the spontaneous formation of 4-ATP SAMs on the surface
of Au NPs through Au-S interaction. The 4-ATP-Au NPs
exhibited the highly increased ionization efficiency,
decreased ion fragmentation, and increased working molec-
ular weight range compared to pristine Au NPs.

For instance, ACTH peptide (2,465.20 Da) was analyzed
using 4-ATP-Au NPs and citrate-stabilized Au NPs to
compare their LDI efficiency. The LDI-TOF-MS spectrum
of ACTH peptide showed a great increase (3 orders of
magnitude) in the ion intensity of [M+H]" with 4-ATP-Au
NPs compared to citrate-stabilized Au NPs (Figure 7). The
enhanced LDI performance of 4-ATP-Au NPs was
attributed to the proton transfer from 4-ATP to analytes and
efficient LDI process with a low internal energy transfer
because SAMs of 4-ATP prevent the undesired formation
of Au cluster ions and direct adsorption of analytes on the
surface of Au NPs. There was another important finding
that the working molecular weight range was also 2.5-fold
extended with 4-ATP-Au NPs compared to citrate-
stabilized Au NPs. The cytochrome ¢ (~12,400 Da) was
detected with 4-ATP-Au NPs as its singly and doubly
charged ions, but there was no discernible mass signal with
citrate-stabilized Au NPs.

Siuzdak et al. also demonstrated that the functionalization
of Au NPs with perfluorinated alkanethiol greatly enhanced
LDI efficiency for LDI-TOF-MS imaging of metabolites in
animal organ tissues.’ It was previously reported that the
nonadherent property of SAMs composed perfluorinated
alkanethiols impedes the selective and irreversible adsorp-
tion of analytes on the surface of Au NPs.*! This feature
resulted in the successful LDI-TOF-MS imaging of the
comprehensive metabolites such as glucose, hydroxycho-
lesterol, phosphocholine, glucosamine, acetic acid, glucose-
phosphate, and acetyl-serine in the animal tissues by using
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Figure 7. LDI-TOF-MS spectra of a peptide ACTH (18-39)
(RPVKVYPNGAEDESAEAFPLEF, 2,465.20 Da) obtained
with 4-ATP-Au NPs (dark blue line) and citrate-stabilized Au
NPs (light blue line). Reprinted with permission from Castellana
et al. (2007). Copyright 2007 American Chemical Society.
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Figure 9. LDI-TOF-MS spectra of peptides such as angiotensin
I (M1) and neurotensin (M2) obtained with (a) citrate-stabilized
Au NPs, (b) cysteamine-functionalized Au NPs, and (c) CHCA-
Au NPs. Mass spectrum of peptides obtained by (a) Au NPs, (b)
cysteamine-functionalized Au NPs, and (c) CHCA-Au NPs.
Reprinted with permission from Duan et al. (2009). Copyright
2009 American Chemical Society.

perfluorinated Au (F-Au) NPs. The F-Au NPs revealed the
significant rearrangement in the metabolic organization of
the mouse colon, caused by a fiber and/or polysaccharide
depleted diet, based on LDI-TOF-MS imaging process.
The chemistry of SAMs was further employed to immo-
bilize commonly used organic matrix, a-cyano-4-hydroxy-
cinnamic acid (CHCA), on the surface of Au NPs.*® A
sequential process was developed with cysteamine func-
tionalization of Au NPs and subsequent carbonyldiimidaz-
ole (CDI) mediated amide coupling reaction for CHCA
conjugation on the cysteamine-functionalized Au (Cyst-
Au) NPs (Figure 8). The CHCA-functionalized Au
(CHCA-Au) NPs showed a highly enhanced LDI efficiency
without undesired generation of Au cluster ions compared
to as-synthesized and Cyst-Au NPs for LDI-TOF-MS anal-

30 Mass Spectrom. Lett. 2024 Vol. 15, No. 1, 26-39

ysis of peptides such as [Sar', Thr*]-angiotensin II (956.1
Da) and neurotensin (1,672 Da) (Figure 9).”® The LDI effi-
ciency of CHCA-Au NPs was further enhanced by the addi-
tion of glycerol and citric acid as co-additives, and the
CHCA-Au NPs maintain their high LDI efficiency for LDI-
TOF-MS analysis of peptides even in complex aqueous
media.

In addition to the Au-S interactions, polydopamine
(pDA) has been also actively explored to functionalize Au
NSs for LDI-TOF-MS analysis owing to its high optical
absorption, simple and universal coating properties, high
biocompatibility, water dispersibility, and facile chemical
functionalization.** Previously, our group synthesized a
pDA coated Au NRs (pDA@Au NRs) through self-oxida-
tive polymerization of dopamine in the presence of Au NRs
(Figure 10a).” The synthesized pDA@Au NRs exhibited a
broad optical absorption UV-Vis region owing to the forma-
tion of pDA layer. The LDI behavior of as-synthesized Au
NRs and pDA@Au NRs were compared under the equal
condition in LDI-TOF-MS analysis. LDI-TOF-MS spec-
trum of pDA@Au NRs exhibited an only [CTA]" peak
which is a cationic part of the shape directing agent, cetri-
monium bromide (CTAB) while there were strong peaks of
Au cluster ions in LDI-TOF-MS spectrum of Au NRs (Fig-
ure 10b). This result suggest that pDA coating layer sup-
pressed generation of the undesired Au cluster ions during
LDI-TOF-MS analysis, and thus there was less laser energy
loss through the fragmentation and ionization of Au atoms
on the surface of pDA@AuNRs, leading to more efficient
LDI with less background noise than Au NRs.

As a result of those effects, the synthetic polymers such
as polyethylene glycol (PEG) were successfully analyzed
with LDI-TOF-MS by using pDA@Au NRs whereas those
were not detected with as-synthesized Au NRs (Figure
10c). This LDI capability was attributed to the high optical
absorption and efficient photothermal conversion properties
of pDA coating layer. The pDA@Au NRs based LDI-TOF-
MS analysis showed a significant potential for synthetic
polymers owing to the extended working molecular weight

©Korean Society for Mass Spectrometry
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range. The improvement was ascribed to the versatility of
pDA coating layer which avoid undesired generation of Au
cluster ions, enhancement of laser energy absorption capac-
ity and photothermal conversion efficiency.

Those important previous reports demonstrated that the
surface functionalization of Au NPs can provide a great
promise to develop an efficient LDI-TOF-MS platform.
However, the detailed enhancement mechanism of LDI
process on the surface fuctionalized Au NPs is not clearly
understood owing to the complicated system composed of
thiol ligands, various coating layers, and Au NPs. In this
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Figure 10. (a) Schematic diagram for the synthesis of pDA@Au
NRs. (b) LDI-TOF-MS spectra of Au NRs and pDA@Au NRs.
(c) LDI-TOF-MS spectra of PEG,, and PEG, obtained with
Au NRs and pDA@Au NRs, respectively. Reproduced and
reprinted with permission from Kang et al. (2017). Copyright
2017 the Royal Society of Chemistry.

regard, there is still a lack of sufficient theoretical researches to
thoroughly understand these intricate and energetic interac-
tion processes. Therefore, the systematic and extensive
studies are required to move beyond phenomenological
observations of LDI-TOF-MS analysis and then clearly
understand the detailed LDI processes.

Fabrication of Au NS thin films for efficient LDI-
TOF-MS analysis

The uniform mass signal is the most important feature in
Au NSs-assisted LDI-TOF-MS analysis of small mole-
cules because it is directly related to applicability for quan-
titative analysis.”* However, it is still difficult to achieve
homogeneous mass signals with colloidal Au NPs because
the “coffee-ring effect” generally occurs when the Au NPs
are dried with analytes on a target plate under ambient con-
dition for LDI-TOF-MS analysis.” Therefore, there were
many efforts to solve the critical problem of uneven mass
signals which originates from the inhomogeneous distribu-
tion of Au NPs.* The surface immobilization of colloidal
Au NPs on a solid substrate is a promising approach con-
sidering that the Au NPs can be immobilized on solid sub-
strates with a high surface coverage through various
chemical interactions,’’ and the surface immobilized Au
NPs are free from the uncontrolled aggregation in a colloi-
dal state. It is worthy to note that the structural parameters
such as thickness, porosity, and surface area can be con-
trolled with the well-established colloidal and surface
chemistry of Au NPs and solid substrates. For example, the
thickness, porosity, and surface area of the surface immobi-
lized Au NPs can be finely tuned with layer-by-layer (LBL)
assembly process of Au NPs and polyelectrolytes based on
their strong electrostatic interaction.”®

Arakawa et al. showed that the LBL assembly of citrate-
stabilized Au NPs presenting negatively charges and poly-
allylamine hydrochloride (PAAH) presenting positively
charges.*” The successive LBL assembly of Au NPs and
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Figure 11. (a) The absorbance at 337 nm and (b) overall absorption spectra of LBL assembled thin films of Au NPs on quartz substrates.
(c) AFM images of LBL assembled thin films of Au NPs. Reprinted with permission from Kawasaki et al. (2008). Copyright 2008

American Chemical Society.
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PAAH was confirmed by monitoring the linear and contin-
uous increase of the absorbance at 337 nm which is
matched with the laser wavelength equipped in LDI-TOF-
MS (Figure 11a). The optical absorption of LBL assembled
Au NPs increased with the number of LBL assembly cycles
throughout the overall UV-Vis region (Figure 11b). The
optimum LBL assembly cycle of Au NPs and PAAH was
determined to be 5, and the resulting 5 LBL assembled thin
film of Au NPs has a highly-compacted structures with
numerous nanogaps (Figure 11c).

The LDI-TOF-MS analysis of angiotensin I (1,296.5 Da)
was much more efficient on 5 LBL assembled thin films of
Au NPs than 1 and 3 LBL assembled thin films of Au NPs
(Figure 12a). The analytes with higher molecular weight
such as insulin (5.8 kDa) and cytochrome c (12.4 kDa)
were also successfully detected on the 5 LBL assembled
thin films of Au NPs (Figure 12b). The high efficiency in
LDI-TOF-MS analysis of large biomolecules indicated that
the LBL assembled Au NPs are a promising platform, and
there was no significant variation of mass signal intensities
at the different positions. This high and homogeneous
LDI efficiency of 5 LBL assembled Au thin films was
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Figure 14. LDI-TOF-MS spectra of (a) angiotensin II and
neurotensin mixtures obtained on silica@Au thin film and (b)
with CHCA organic matrix. LDI-TOF-MS spectra of Lys, His,
and Arg mixture obtained on (c) silica@Au thin films and (d)
with CHCA organic matrix. Reprinted with permission from
Duan et al. (2010). Copyright 2010 American Chemical Society.

attributed to the increased UV laser absorption, decreased
thermal conductivity owing to presence of PAAH in the
LBL assembled films, increase of the surface roughness
(~100 nm), and uniform LBL assembled structure.*” This
study showed that a strong potential of the nanohybrid thin
films composed of Au NPs and various coating layers with
a low thermal conductivity for the efficient LDI-TOF-MS
analysis of small and large molecules.

Duan et al. developed a strategy to construct a novel
nanohybrid films composed Au nanofilm and silica thin
coating layer as an optically-active component for LDI-
TOF-MS analysis and thermally insulating component for
local heat confinement, respectively.*” Au nanofilm was
prepared on a glass substrate with an adhesive Cr layer by
e-beam deposition. The Au nanofilms were functionalized
with 3-mercaptopropanoic acid (3-MPA) to introduce car-
boxylic acid groups presenting a negative charge, and the 3-
MPA functionalized Au nanofilms were coated with silicate
layers through LBL assembly cycles of PAAH and sodium
silicate as negative and positive polyelectrolytes, respec-
tively (Figure 13). The resulting Au nanofilms coated with
LBL assembled layers of sodium silicate and PAAH were
calcinated at 450°C under air atmosphere to convert the
LBL assembled layers into silica thin films (Figure 13). The
low thermal conductivity of silica thin films makes the Au
nanofilms suitable for LDI-TOF-MS analysis by preventing
the rapid dissipation of locally-generated thermal energy by
laser irradiation during LDI-TOF-MS analysis.

The calcinated silica coated Au (silica@Au) nanofilms
were applied to LDI-TOF-MS analysis of two peptides
([Sarl, Thr8]-angiotensin II (956.1 Da) and neurotensin
(1,672 Da)) and three amino acids (Lys, His, and Arg). The
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petides were successfully detected on the silica@Au nano-
films as a protonated adducts [M+H]" with a clear back-
ground signal whereas MALDI-TOF-MS spectrum of the
equal peptide mixture presented strong noise peaks derived
from the adducts of CHCA matrix (Figure 14a, b). The
amino acid mixture of Lys, His, and Arg was also clearly
detected on the silica@Au nanofilms, and there were also
clear and strong mass peaks corresponding to their proton-
ated adducts [M+H]" with a clear background signal (Fig-
ure 14¢). The amino acid mixture was also analyzed by
using CHCA matrix, but in that case, there were many
strong noise peaks derived from the fragmentation and
adduct formation of CHCA (Figure 14d). In addition to the
peptides, small proteins such as insulin chain b (3.5 kDa)
and cytochrome c (12.4 kDa) were also detected on the sil-
ica@Au nanofilms with a clear background signal, and the
LDI efficiency of peptides and proteins on the silica@Au
nanofilms was further enhanced with addition of citric acid
as a proton donor. Those results clearly demonstrated that
the silica@Au thin films can be utilized as a LDI-TOF-MS
analysis platform for various analytes.

The silica@Au nanofilms were further improved for effi-
cient LDI-TOF-MS analysis by using the surface immobi-
lized Au NPs as an optically-active component instead of
the e-beam deposited Au nanofilms.*' The monolayered Au
NPs was fabricated on a glass substrate through the piranha
treatment followed by adsorption of PAAH, and the mono-
layer of citrate-stabilized Au NPs was coated with an ultra

silica layer by single LBL assembly cycle of PAAH and
sodium silicate followed by the calcination process at
450°C under air atmosphere. This process lead to formation
of the silica@Au NP films composed of the densely-packed
Au NPs with nanoscale silica coating layer (2 nm) with
numerous nanogaps. Owing to this interesting structure, the
thermal energy is efficiently generated by laser irradiation
and then locally confined at the laser-irradiated region during
LDI-TOF-MS analysis. The theoretical finite-difference time-
domain (FDTD) simulation confirmed that the silica@Au NP
films have a totally different physicochemical properties with
the Au nanofilms prepared by e-beam deposition. These sil-
ica@Au NP films also resulted in a highly efficient LDI-TOF-
MS analysis of peptides such as [Sarl, Thr8]-angiotensin II
(956.1 Da), neurotensin (1,672 Da), and trypsin digest of cyto-
chrome ¢ with a clear background signal and without genera-
tion of the undesired Au cluster ions.

Those reports exhibited that the surface immobilized Au
NPs can be an efficient platform for LDI-TOF-MS analysis
with a homogeneous mass signal, and their LDI-TOF-MS
efficiency was further enhanced by coating with a thermally
insulating layer. However, the nanohybrid structure of Au
NPs can be varied with diverse materials having a different
function with thermally insulating silica. Kim et al. demon-
strated that Au NPs can be immobilized on the functional-
ized graphene oxide (GO) thin film with PAAH and further
grown through the seed-mediated growth for enhancement
of laser energy absorption capacity (Figure 15a).*> The Au
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Figure 15. (a) Schematic diagram of preparation process for the Au NPs@GO thin films. (b) LDI-TOF-MS spectra of glucose,
mannitol, cellobiose, Leu, Phe, Glu, and Leu-enkephalin obtained from Au NPs@GO thin films. (c) LDI-TOF-MS image of glucose and
cellobiose obtained from Au NPs@GO thin films. Reproduced and reprinted with permission from Kim et al. (2012). Copyright 2012

American Chemical Society.
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NPs grown GO (Au NPs@GO) thin films were success-
fully applied to LDI-TOF-MS analysis of small molecules
such as glucose, mannitol, cellobiose, Leu, Phe, Glu, and
Leu-enkephalin with a clear background signal (Figure
15b). The LDI efficiency of Au NPs@GO thin films was
much higher than that of Au NPs and GO thin films alone.
The high LDI efficiency of Au NPs@GO thin films was
ascribed to the synergistic effect between Au NPs and GO
as optically-active components for the laser absorption and
improved thermal conductivity for the rapid heat dissipa-
tion to prevent excess heating.*” LDI-TOF-MS imaging of
glucose and cellobiose with different concentrations veri-
fied that the mass signals from the Au NPs@GO thin films
was homogeneous and concentration dependent for quanti-
tative analysis (Figure 15¢).*

Self-Assembled arrays of Au NPs at liquid-liquid
interfaces for LDI-TOF-MS analysis of small mol-
ecules

As described in the former subsection, fabrication of the
uniform Au NSs on a substrate is of the utmost importance
to develop an uniform LDI-TOF-MS platform for quantita-
tive analysis of small molecules. Recently, the self-assem-
bly of Au NPs at liquid-liquid interfaces has attracted much
research interest owing to its simplicity, cost-effectiveness,
and ability to induce formation of the ordered and compact
arrays.”> Wang et al. demonstrated an interfacial self-
assembly of the oppositely charged Au NPs with the
decreased interfacial energy.* The as-synthesized Au NPs
have a negatively charged surface owing to the surface-
adsorbed citrates, and Cyst-Au NPs have a positively
charged surface. The citrate-stabilized Au NPs were mixed
with dichloroethane (DCE) to form oil-water interface, and
then the Cyst-Au NPs were added to the mixture. This pro-
cess lead the interfacial assembly of the oppositely charged
Au NPs together with sub 3 nm interparticle gaps, and the
self-assembled arrays were sequentially transferred on the
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Figure 16. (a) The schematic diagram of the self-assembly of Au
NPs at oil-water interface for formation of the compacted arrays
and (b) LDI-TOF-MS analysis of CSF on the arrays of Au NPs.
Reproduced and reprinted with permission from Wang et al.
(2021). Copyright 2021 American Chemical Society.
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Si substrate by using micropipette (Figure 16a). The trans-
ferred arrays of Au NPs were directly utilized as a LDI-
TOF-MS platform for quantitative analysis of various
metabolites in cerebrospinal fluid (CSF) (Figure 16b).

For example, glucose was successfully detected from the
self-assembled arrays of Au NPs prepared on Si substrates
with a clear background signal (Figure 17a, b) whereas a
pristine Si substrate and smooth Au nanofilm showed no
noticeable mass signal of glucose under the equal condition
(Figure 17c, d). The mass signal intensity of glucose on the
self-assembled arrays of Au NPs was homogeneous, and
thus the relative standard deviation (RSD) was only 2.9%
when LDI-TOF-MS analysis was carried out on four
different positions (Figure 17¢). The RSD of glucose mass
signal was also 4.8% on six diffferent batches of the self-
assembled arrays of Au NPs (Figure 17f). LDI-TOF-MS
imaging of glucose on the self-assembled arrays of Au NPs
also generated a homogeneous mass signal (Figure 17g,
top), but there were only several sweet-spots on the
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Figure 17. LDI-TOF-MS spectra of (a) glucose and (b) blank
samples obtained on the self-assembled arrays of Au NPs. LDI-
TOF-MS spectra on glucose obtained on (c) a smooth Au thin
films fabricated by sputtering process and (d) a native Si
substrate. Mass signal intensities of glucose at (e) four different
positions and (f) six different arrays. g) LDI-TOF-MS imaging
results of glucose using (top) the self-assembled arrays and
(bottom) aggregates of Au NPs of glucose. h) LDI-TOF-MS
spectrum of glucose in 1 mM PBS obtained on self-assembled
arrays of Au NPs. Reproduced and reprinted with permission from
Wang et al. (2021). Copyright 2021 American Chemical Society.
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Figure 18. (a) Schematic diagram of CSF analysis on the self-
assembled arrays of Au NPs. (b) Concentration of glucose in
CSF of the patients and healthy controls obtained by LDI-TOF-
MS analysis using the self-assembled arrays of Au NPs. Glucose
concentrations of (c) a patient before and after treatment and (d)
the patient with treatments for 10 days obtained LDI-TOF-MS
analysis on the self-assembled arrays of Au NPs. Reproduced
and reprinted with permission from Wang et al. (2021).
Copyright 2021 American Chemical Society.

aggregated Au NPs (Figure 17g, bottom). In addition, the
self-assembled arrays of Au NPs were applied to LDI-TOF-
MS analysis of glucose dissolved in phosphate buffered
saline (PBS). Although the mass signal of glucose
decreased slightly, it was still clearly detected on the self-
assembled arrays of Au NPs (Figure 17h). Those results
indicated that the self-assembly strategy is promising to
fabricate the uniform self-assembled arrays of Au NPs
which can provide a homogeneous mass signal for
quantitative analysis of metabolites.

The self-assembled arrays of Au NPs were then applied
to quantitative LDI-TOF-MS analysis of glucose level in
CSF from a child suffering from the severe intracranial
infection for evaluating the treatment efficacy and guiding
clinical treatment. The quantitative LDI-TOF-MS analysis
results were consistent with that the results of enzyme-
based clinical biochemical assay, which is harnessed as a
standard method for monitoring glucose level in CSF. The
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detection time was considerably shortened with LDI-TOF-
MS analysis on the arrays of Au NPs from 30 to 5 min. This
simple, rapid, and quantitative analysis is of the most
important feature of LDI-TOF-MS analysis for the clinical
diagnosis and therapeutic monitoring applications .

Based on the advantages of the interfacial self-assembly,
an interesting self-assembly strategy was developed by
using b-cyclodextrin (b-CD) functionalized Au (b-CD-Au)
NPs for LDI-TOF-MS analysis.* b-CD has hydrophobic
pocket, and thus b-CD-Au NPs can be self-assembled with
tetrakis (4-carboxyphenyl) porphyrin (TCPP) as a spacer at
the DCE/water interface. The self-assembled arrays of b-
CD-Au NPs has regular interparticle gaps which act as hot
spots for electromagnetic (EM) field enhancement.*® The
arrays of b-CD-Au NPs were directly applied to LDI-TOF-
MS analysis of metabolites in CSF. Various metabolites
were detected on the arrays of b-CD-Au NPs with small
RSD values of 8.3% and 4.3% for four different positions
on a single array and five random spots among different
arrays, respectively. The results showed that the host-guest
chemistry assisted self-assembly lead to formation of the
uniform arrays of Au NPs for a reproducible LDI-TOF-MS
analysis. The quantitative analysis was also achieved by
using Trp as an internal standard with a linear relationship
(R*=10.992), and then this LDI-TOF-MS platform was applied
to clinical CSF assay for diagnosis of medulloblastoma. LDI-
TOF-MS analysis was carried out on the arrays of b-CD-Au
NPs with 15 CSF samples to find the difference in
molecular patterns of medulloblastoma patients (n = 11)
and non-tumor controls (n = 4). Original LDI-TOF-MS
spectra of 15 CSF samples at a m/z range of 100 — 600 were
obtained, and the information of mass peaks were extracted for
principal component analysis (PCA) of the m/ features.” This
process clearly discriminated the medulloblastoma patients
from the non-tumor controls by using the results of LDI-
TOF-MS analysis.

The interfacial self-assembly strategy was further
extended to hyperbranched Au (HybrAu) NPs to construct
their self-assembled arrays for LDI-TOF-MS based diagno-
sis of renal cell carcinoma (RCC) with an improved sensi-
tivity (Figure 19).** HybrAu NPs were harnessed owing to
their sharp tips which considerably enhance EM field.*
The HybrAu NPs were mixed with Cyst-Au NPs and self-
assembled together at the DCE/water interface. The arrays
of HybrAu NPs were successfully applied to LDI-TOF-MS
analysis with a higher performance than spherical Au NPs
owing to the synergy of their sharp tips*’ and nanoscale
interparticle gaps which act as hot-spots for EM field
enhancement.*® The enhanced EM and temperature fields
were confirmed with theoretical simulation by using spheri-
cal Au and HybrAu NPs.”® HybrAu NPs lead to 4.5-fold
higher EM field enhancement than spherical Au NPs, and
the EM field of HybrAu NPs was further enhanced with the
closely-packed structures formed by the interfacial self-
assembly process (Figure 20a). Likewise, the surface tem-
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Figure 19. (a) Schematic diagram for preparation of the self-assembled arrays of HybrAu NPs and (b) LDI-TOF-MS analysis based on
the arrays of HybrAu NPs to extract SMF, UMF, and S-UMF and then conduct the automated machine learning process to distinguish
early-stage RCC patients from healthy controls. Reprinted with permission from Wang et al. (2024). Copyright 2024 American

Chemical Society.

perature was also simulated to be higher on the HybrAu
NPs (366 K) than the spherical Au NPs (327 K) under the
equal simulation condition (Figure 20b). Those results
showed that the theoretical simulation is useful to under-
stand the detailed LDI mechanism.

Model metabolites dissolved in complex media were suc-
cessfully detected on the arrays of HybrAu NPs without
interference from salts and proteins while several mass sig-
nals of metabolites were compromised with spherical Au
NPs under the equal condition (Figure 20c). A shot-to-shot
repeatability of mass signal intensity was also verified on
the arrays of HybrAu NPs with small RSD values (~5%)
(Figure 20d). The limit of detection of glucose was 10
pmol, and the dynamic range was from 10 mM to 1 mM
with a linear relationship (R* = 0.999) (Figure 20e). The
reproducibility of mass signal on the arrays of HybrAu NPs
was also confirmed with five different batches (RSD value
= 1.3%) (Figure 20f). Then, the arrays of HybrAu NPs were
applied to profiling metabolic variation of serum and urine
collected from RCC patients (n = 47) and healthy controls
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(n = 50) for RCC diagnosis. The original LDI-TOF-MS
spectra of metabolites were obtained at a m/z range of 100 —
600, and the information of mass peaks at m/z 369 and 141
was extracted from the raw data as serum metabolite finger-
print (SMF), urine metabolite fingerprint (UMF), and
united SMF and UMF (S-UMF) for PCA to discriminate
RCC patients from healthy controls.

However, the speration was not clear between RCC
patients and healthy controls, and thus an advanced
machine learning was conducted to further improve dis-
crimination.’’ AutoML, an emerging machine learning
technology, was utilized to built classification models to
achieve optimum classifier algorithms and fine-tuned
hyperparameters.>® After comparing different RCC early
stage diagnosis models by AutoML analysis of SMF, UMF,
and S-UMF databases, the discrimination performance of
RCC patients from healthy controls was greatly improved
in comparison with unsupervised analysis. As expected, the
discrimination performance was higher with S-UMF data-
base than SMF and UMF databases obtained from the LDI-
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Figure 20. (a) EM field and (b) temperature simulation of the self-assembled arrays of HybrAu NPs. (¢) LDI-TOF-MS spectra of Arg,
His, Phe, glucose, cellobiose, and their mixture. (d) The mass signal intensities and shot-to-shot repeatability of individual metabolites
obtained from different positions on the single array of HybrAu NPs. (e) Quantitative LDI-TOF-MS analysis of glucose using cellobiose
as an internal standard. (f) Mass signal reproducibility of five different arrays of HybrAu NPs with an internal standard. Reprinted with
permission from Wang et al. (2024). Copyright 2024 American Chemical Society.

TOF-MS analysis of clinical samples on the arrays of
HybrAu NPs. Those studies showed the progress of LDI-
TOF-MS technique in clinical diagnosis from the simple
quantitative analysis to statistical data science with an
advanced machine learning.

©Korean Society for Mass Spectrometry

Conclusions

This review covers a wide variety of Au NSs, including
the changes in the physicochemical properties based on
their morphology, surface characteristics, composition, and
self-assembled structures, for their successful application in
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LDI-TOF-MS analysis. Previous reports mainly focus on
changes in the LDI efficiency of Au NSs according to their
physicochemical properties to enhance the analytical per-
formance for LDI-TOF-MS analysis. The significant strate-
gies to improve LDI-TOF-MS analysis using Au NSs are
categorized into morphology control, surface functionaliza-
tion, surface immobilization, and self-assembly at the oil-
water interface. This is not only intriguing for fundamental
researches on the correlation between the structure and
properties of Au NSs but also holds the potential for devel-
oping an effective LDI-TOF-MS platform applicable across
a wide range of molecular weights. With high specificity
and sensitivity from the previously developed analysis
techniques, LDI-TOF-MS using Au NSs attracts more
interests from analytical chemists, biologists, physicians,
and pharmaceutical engineers. Through a close collabora-
tion of those researchers, the extensive data from LDI-
TOF-MS analyses can be acquired, and those data will lead
to technological evolution of LDI-TOF-MS analysis by
integrating digital data processing technology based on arti-
ficial intelligence, finally resulting in a powerful mass spec-
trometric analysis technique.
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