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ABSTRACT: In this paper, we describe a pulsed-laser desorption/ionization mass
spectrometry (LDI-MS) approach for the detection of proteins with femtomolar
sensitivity through the analysis of gold (Au) clusters desorbed from aptamer-modified
gold nanoparticles (Apt−AuNPs) on a nitrocellulose membrane (NCM). After the
target protein (thrombin) was selectively captured by the surface-bound 29-mer
thrombin-binding aptamer (TBA29), the thrombin/TBA29−AuNP complexes were
concentrated and deposited onto the NCM to form a highly efficient background-free
surface-assisted LDI substrate. Under pulsed laser irradiation (355 nm), the binding of
thrombin decreased the desorption and/or ionization efficiencies of the Au atoms
from the AuNP surfaces. The resulting decreases in the intensities of the signals for
Au clusters in the mass spectra provided a highly amplified target-labeling indicator
for the targeted protein. Under optimized conditions, this probe was highly sensitive (limit of detection: ca. 50 fM) and selective
(by at least 1000-fold over other proteins) toward thrombin; it also improved reproducibility (<5%) of ion production by
presenting a more-homogeneous substrate surface, thereby enabling LDI-based measurements for the accurate and precise
quantification of thrombin in human serum. This novel LDI-MS approach allows high-speed analyses of low-abundance
thrombin with ultrahigh sensitivity; decorating the AuNP surfaces with other aptamers also allowed amplification of other
biological signals.
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■ INTRODUCTION

Relative to bulk gold (Au) materials, gold nanoparticles
(AuNPs), with typical sizes of 1−100 nm, display unique
physical and chemical properties, mainly because of unusual
quantum effects.1,2 To date, AuNPs have been the most
commonly used optical sensing nanomaterials because of their
strong surface plasmon resonance (SPR) absorption in the
visible region, ease of sample preparation, and high stability and
biocompatibility.3−6 In addition, the surface chemistry of
AuNPs is versatile, allowing the linking of various biofunctional
groups (e.g., sugars, peptides, lipids, proteins, nucleic acids)
through Au−S or Au−N bonding or physical adsorption.3−6

Another application of AuNPs is in the field of mass
spectrometry (MS)in particular, surface-assisted laser
desorption/ionization mass spectrometry (SALDI-MS),7,8 a
well-known organic matrix−free approach that uses nano-
particles (NPs) or substrate materials to mediate desorption
processes. SALDI-MS is a promising means of analyzing
compounds in the low mass range (m/z < 500).7−15 Several
nanomaterials with various sizes, shapes, and compositions have
been adopted as SALDI matrices because of their suitability for
analytical and bioanalytical applications.16−20 Surface-assisted
laser desorption/ionization mass spectrometry (SALDI-MS)
using AuNPs as matrices have been widely employed for the
analyses of various molecules of interest (e.g., aminothiols,

carbohydrates, peptides, proteins) by monitoring the analytes
signals in MS spectra.8,25−33 Despite the attractions and the
promising results achieved with Au NP−assisted laser
desorption/ionization (LDI), thermally driven energy transfer
from the Au NP substrates to the analytes is generally
accompanied by the production of many Au cluster ions
([Aux]

+; x = 1−25).25−33 As a result, the signals of the sample
ions were suppressed dramatically, forming complicated mass
spectra, and, thereby, lowering the analytical sensitivity. In
addition, the mass limit remains rather low (<25 kDa) in
AuNP-based LDI-MS approaches.8,34 In this present study, in
order to provide additional chemical information regarding the
surface structures of Au NPs, we employed SALDI-MS with Au
NPs as matrices to study the interactions between proteins and
aptamer-modified Au NPs (Apt−Au NPs). We used the signal
intensity of the Au clusters from Apt−AuNPs as a target-
labeling indicator for proteins.
Thrombin is a key enzyme in the coagulation cascade, which

converts soluble fibrinogen into insoluble strands of fibrin and
catalyzes many other coagulation-related reactions, including
direct activation of protein C and platelets and feedback
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activation of procofactors V and VIII.35 Thrombin is also
involved in anticoagulation and fibrinolysis, tissue repair and
wound healing, progression of neoplasia, inflammation, tumor
implantation, tumor cell growth, and metastasis.36 Thrombin is
a useful tumor marker for the diagnosis of tumor growth,
metastasis, and angiogenesis,37 but its detection is difficult,
mainly because its concentration in blood can vary consid-
erably; indeed, it is not present in blood under normal
conditions.38−40 During a coagulation reaction, the concen-
tration of free thrombin can range from less than 1 nM to
greater than 500 nM.38 Apart from the hemostatic process,
thrombin circulates at the high-picomolar level in the blood of
patients suffering from diseases known to be associated with
coagulation abnormalities.38−40 Thus, we are interested in
approaches for the rapid detection of thrombin in blood at
picomolar concentrations over a wide dynamic range.
In this study, we developed an energy transduction strategy

that combines Apt−AuNPs with LDI-MS, without additional
amplification or target-labeling steps, for the detection of a
target protein (thrombin) in a solution. In our approach,
thrombin was captured selectively by aptamers present on
AuNP surfaces;41 the particles were subsequently deposited
onto a nitrocellulose membrane (NCM) to form a highly
efficient background-free SALDI substrate (Scheme 1). Under

pulsed-laser irradiation (Nd:YAG, 355 nm), the efficiency of Au
cluster formation was diminished in the presence of the target
proteins. Accordingly, we used the decrease in the signal
intensity of the Au clusters as a target-labeling indicator for
thrombin. These Au-cluster-driven signals were considerably
stronger than those of the target protein itselfoften difficult
to analyze using MS because of the protein’s low ionization/
desorption efficiency, even when present in high concen-
trations. The use of the homogeneous Apt−AuNP/NCM
nanocomposite can provide high reproducibility and clean mass
spectra of Au cluster ions with fewer and weaker signals from
interfering species.42 Under optimized conditions, we used our
new method as an analytical tool for the sensitive and selective
detection of thrombin in a representative serum sample.

■ EXPERIMENTAL SECTION
Chemicals. Calcium chloride (CaCl2), magnesium chloride

(MgCl2), potassium chloride (KCl), sodium chloride (NaCl),
tris(hydroxymethyl)aminomethane (Tris), trisodium citrate, and
hydrochloric acid (HCl) were purchased from Mallinckrodt Baker
(Phillipsburg, NJ, USA). Sodium tetrachloroaurate(III) (NaAuCl4)
was purchased from Aldrich (Milwaukee, WI). The oligonucleotide-
labeling dye OliGreen (OG) was obtained from Molecular Probes
(Portland, OR). Human α-thrombin (≥1000 NIH units/mg protein),
lysozyme, and bovine serum albumin (BSA) were obtained from
Sigma (St. Louis, MO, USA). Nucleolin was purchased from Abcam
(Cambridge, MA, USA). Recombinant platelet-derived growth factor
BB (PDGF-BB) was purchased from R&D Systems (Minneapolis,
MN, USA). All oligonucleotides and thiol-modified oligonucleotides
listed in Table 1 were purchased from Integrated DNA Technologies

(Coralville, IA, USA). Amersham Hybond-C Extra NCM (pore size:
0.45 μM) was purchased from GE Healthcare Bioscience (Buck-
inghamshire, UK). All other reagents used in this study were
purchased from Aldrich (Milwaukee, WI, USA). All solvents and
chemicals were of the highest purity available commercially and used
without further purification. Milli-Q ultrapure water was used in each
experiment.

Preparation and Characterization of AuNPs. Spherical AuNPs
(diameter: 13.3 nm) were prepared through 4.0 mM citrate-mediated
reduction of 1.0 mM NaAuCl4. Their sizes were verified using an
H7100 transmission electron microscope (Hitachi High-Technologies,
Tokyo, Japan); the AuNPs appeared to be nearly monodisperse with
an average diameter of 13.3 (±1.2) nm. A Cintra 10e double-beam
UV−Vis spectrophotometer (GBC, Victoria, Australia) was used to
measure the absorptions of AuNP solutions. The AuNP particle
concentration (15 nM) was determined using Beer’s law with an
extinction coefficient of 2.08 × 108 M−1 cm−1 at 520 nm for the 13.3
nm AuNPs. Preparation of 32- and 56-nm AuNPs: 1% trisodium
citrate solutions (0.5 and 0.3 mL, respectively) were added rapidly to
0.01% NaAuCl4 solutions (50 mL) under reflux in flasks equipped with
reflux condensers. The solutions were heated under reflux for another
8 min, during which time they changed color to pink (32 nm) and
purple (56 nm), respectively. The particle concentrations of the 32-
and 56-nm Au NPs were 280 and 54 pM, respectively. Dynamic light
scattering (DLS) data and zeta potentials of the Au NPs were
measured using a Zetasizer 3000HS analyzer (Malvern Instruments,
Malvern, UK).

Preparation of TBA29−AuNPs. Thiol-modified DNA samples
including 29-base thrombin-binding aptamers (TBA29) that bind to
exosite 2 of thrombin, PDGF-BB−binding aptamers (AptPDGF),
nucleolin-binding aptamers (AGRO100), and lysozyme-binding
aptamers (AptLys)were attached separately to AuNPs using a
modified procedure.43 The 5′-thiol−modified oligonucleotides re-
ceived in the disulfide form [HOCH3(CH2)5S−S−3′-oligo] were
reacted directly with the AuNPs, attaching both their HO(CH2)6S and
oligo-S units onto each AuNP surface. For example, aliquots of
aqueous AuNP solutions (15 nM, 1000 μL) in 1.5-mL tubes were
mixed with SH(thiol)-TBA29 (100 μM, 20 μL). After 2 h at room
temperature, 200 mM NaCl was added to the solutions, which were
incubated for 10 h (salt aging) to form TBA29−AuNPs. Salt aging

Scheme 1. Schematic Representation of the Preparation of
the TBA29−AuNP/NCM Substrate and Its Use, In
Conjunction with LDI-MS, for the Analysis of Thrombina

aTBA29 is the 29-base thrombin-binding aptamer.

Table 1. DNA Sequences of TBA29, AptPDGF, AGRO100, and
AptLys Used in This Study

name sequence

TBA29 5′-SH-TTT TTT TTT TTT TTT ATC TAG TCC GTG GTA
GGG CAG GTT GGG GTG ACT AGA T-3′

AptPDGF 5′-SH-TTT TTT TTT TTT TTT CAG GCT ACG GCA
CGT AGA GCA TCA CCA TGA TCC TG-3′

AGRO100 5′-SH-TTT TTT TTT TTT TTT GGT GGT GGT GGT
TGT GGT GGT GGT GG-3′

AptLys 5′-SH-TTT TTT TTT TTT TTT ATC TAC GAA TTC ATC
AGG GCT AAA GAG TGC AGA GTT ACT TAG-3′
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resulted in higher numbers of aptamer molecules bound to each
AuNP.44 The mixtures were centrifuged (relative centrifugal force: 30
000 g; 20 min) to remove unattached thiol oligonucleotides. The
supernatants were removed and the oily precipitates washed with Tris-
HCl (pH 7.4, 5.0 mM, 1.0 mL). After three centrifuge/wash cycles, the
colloids (TBA29−AuNPs) were resuspended separately in Tris-HCl
(pH 7.4, 5.0 mM, 1.0 mL). The purified TBA29−AuNP was stable for
at least 3 months when stored at 4 °C in the dark. DLS measurements
(n = 5) suggested that the hydrodynamic diameters of the unlabeled
AuNPs and TBA29−AuNP assemblies were 17.7 (±4.7) and 44.3
(±2.1) nm, respectively. To determine the number of oligonucleotide
molecules attached to each AuNP, 2-mercaptoethanol (10 mM) was
added to displace the oligonucleotides from the surfaces of the AuNPs
through an exchange reaction. The solution containing the displaced
oligonucleotides was then separated from the AuNPs through
centrifugation (30 000 g, 20 min). The concentration of oligonucleo-
tide molecules displaced from the TBA29−AuNPs was determined
through the addition of OliGreen (OG),45 which exhibits a greater-
than-1000-fold enhancement in its fluorescence at 524 nm upon
binding to oligonucleotides when excited at 480 nm. This analysis
suggested that 70 oligonucleotide molecules were attached to each
AuNP.
Detection of Thrombin through LDI-MS with TBA29−AuNP/

NCM as Substrate. Thrombin (0−10 nM) was preincubated at room
temperature with 10 pM TBA29−AuNPs (10 pM AuNPs; ca. 700 pM
TBA29) in biological buffer [25 mM Tris-HCl (pH 7.4), 150 mM
NaCl, 5.0 mM KCl, 1.0 mM MgCl2, 1.0 mM CaCl2; 0.5 mL] in the
presence of BSA (100 μM) for 2 h. A piece of NCM was cut to a size
of 0.5 cm (length) × 0.5 cm (width) and then immersed in the
solution (0.5 mL) in a 1.5 mL tube. After incubation for 2 h, the
TBA29−AuNP-adsorbed NCM (TBA29−AuNP/NCM) was gently
washed with deionized (DI) water (ca. 5 mL) for 30 s and dried for 1
min using an air gun (60 lb in.−2). Au ions were not detected when
analyzing the washing solution using inductively coupled plasma mass
spectrometry (ICP-MS), indicating that the TBA29−AuNPs were not
released from the NCM during the washing steps. The NCM substrate
was then attached to a matrix-assisted LDI (MALDI) plate using an
adhesive polyimide film tape.
MS experiments were performed in the reflectron positive-ion or

negative-ion mode using an AutoflexIII MALDI time-of-flight (TOF)/
TOF mass spectrometer (Bruker Daltonics, Bremen, Germany). The
samples were irradiated with a SmartBeam laser (Nd:YAG, 355 nm,
pulse width 6 ns, pulse duration 200 ns) at 100 Hz. Ions produced by
laser desorption were stabilized energetically during a delayed
extraction period of 30 ns and then accelerated through the TOF
chamber in the reflection mode prior to entering the mass analyzer.
The available accelerating voltages ranged from +20 to −20 kV. The
instruments were calibrated with Au clusters using their theoretical
mass values ([Aux]

+; x = 1−3). A total of 1000 pulsed laser shots were
applied to accumulate signals from 10 MALDI target positions under a
laser power density of 3.8 × 104 W cm−2.
Analysis of Serum Samples. Serum samples from a healthy

volunteer (26-year-old male) were drawn from a vein into a BD
Vacutainer SST tube; within 0.5 h of collection they were centrifuged
(3000 g, 10 min) at 4 °C. 10-fold-diluted serum samples (500 μL;
without any treatment) were equilibrated and then spiked with
standard thrombin solutions containing TBA29−AuNPs (10 pM) in a
biological buffer in the presence of BSA (100 μM) for 1 h. The final
thrombin concentrations ranged from 1.0 fM to 10 nM. Subsequently,
the samples were centrifuged and the supernatants removed. Each
precipitate was resuspended in biological buffer (pH 7.4, 500 μL) and
then the NCM was immersed in the solution in a 1.5 mL tube. After
incubation for 2 h, the TBA29−AuNP/NCM was gently washed with
DI water (ca. 5 mL) for 30 s and dried for 1 min using an air gun (60
lb in.−2). This substrate was attached to a MALDI plate using an
adhesive polyimide film tape prior to LDI-MS measurement.

■ RESULTS AND DISSCUSION

Binding Thrombin to TBA29−AuNPs. TBA-modified
AuNPs (TBA−AuNPs) have been prepared previously and
employed to detect and control the activity of thrombin.46−50

Two well-known TBAs possess 15 (TBA15) and 29 (TBA29)
bases that bind to exosite 1 and exosite 2 with dissociation
constants (Kd) of approximately 100 and 0.5 nM, respec-
tively.41 We have found that TBA29−P8T15−AuNPs (AuNPs
conjugated with TBA15 and TBA29; 15 thymine (T) units in the
linker and eight stem pairs (P) at the termini of the TBAs)
interact strongly with thrombin, with both reproducibility and
repeatability.50 For simplicity, here we use the descriptor
“TBA29−AuNPs” to represent AuNPs conjugated with
approximately 70 TBA29 units presenting T15 and P8. We
chose TBA29−AuNPs as affinity probes that would inhibit
AuNP aggregation, with ultrahigh binding affinity toward
thrombin (Kd < 0.01 nM), because of the high local
concentration of TBA ligands on the particles’ surfaces and
the strong electrostatic interactions between TBA29−AuNPs
and thrombin.46,47,50 In our previous studies,46,47 we have
found TBA density on Au NP had a strong influence on the
binding affinity toward thrombin. Having higher TBA ligand
densities on their surfaces resulted in stronger binding affinity
because of a higher local concentration of TBA ligands on the
particle’s surface. When the surface density was low (<40),
TBA ligands existed in the flattened structures, leading to weak
affinity toward thrombin. On the other hand, when TBA−Au
NPs presented more than 100 TBA molecules per Au NP,
stretched, linear TBA structures predominated Au NP surfaces,
and thus lowering their binding affinity.

Sensing Thrombin through LDI-MS with TBA29−
AuNPs as Substrates. Scheme 1 outlines the preparation of
the TBA29−AuNP/NCM substrate for the detection of
thrombin using LDI-MS. NCMs are widely used as blotting
matrices for protein immobilization,51 with hydrophobic
interactions being mainly responsible for the adsorption of
proteins onto the NCM, allowing impurities to be removed
through washing. After the TBA29−AuNPs (10 pM) had
interacted with thrombin in the presence of BSA (100 μM), we
immersed the NCM (0.5 × 0.5 cm2) in the TBA29−AuNP
solution for 2 h. In a previous study, we found that excess BSA
in the solution stabilized the AuNPs through electrostatic
attraction, providing superior salt- and protein-tolerance and
improved homogeneity when they were adsorbed onto NCM
surfaces.42 The isoelectric point (pI) of BSA is 4.6 and therefore
the BSA has negative net charge in biological buffer (pH 7.4).
Regardless of the overall charge, BSA has 60 surface lysine
groups that can have electrostatic interactions with negatively
charged moieties. Thus, the adsorption of BSA to Au NPs is
established through electrostatic interaction between the
anionic groups on the nanoparticles and the positively charged
amino groups of lysine residues of BSA. Apart from the
electrostatic interaction, ionic/hydrogen bonding between
−NH3

+ and −COO−-capped surface is also possible.
After the selective capture of thrombin by the TBA units on

the AuNPs, the as-prepared TBA29−AuNP/NCM substrate was
subsequently analyzed using LDI-MS. The TBA29−AuNPs
served as SALDI matrices and produced Au cluster peaks
([Aux]

+) in the mass spectrum, because Au clusters also
desorbed from the target plate when the AuNPs were irradiated
with a pulsed laser. In the presence of thrombin, however, the
AuNPs transferred their energy to the surface thrombin
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molecules, evaporation of surface atoms into the gas phase were
suppressed, thereby resulting in low abundances for the signals
of Au clusters in the mass spectrum. We also performed MS
experiments under the reflectron negative-ion mode. However,
no characteristic peaks of Au anion cluster peaks ([Aux]

−) was
detected in negative-ion mode (data not shown). This
phenomenon occurs mainly because relative low ionization
efficiency of negative Au cluster under pulsed laser irradiation
when compared to those of positive Au cluster ions.52−54

Accordingly, we could use the decreases in signal intensities of
the positive Au clusters as an indicator of the target protein.
Because the number of surface Au atoms (ca. 6,600) was
greater than the number of proteins (ca. 50) on each 13 nm
AuNP, the changes in the intensities of the Au clusters was
greater than those of the analytes, thereby allowing this MS
method to provide highly amplified signals for the sensitive
(femtomolar range) and selective detection of thrombin.
Figure 1 compares the positive-ion mass spectra of TBA29−

AuNPs (10 pM) obtained using a stainless-steel MALDI plate

and the NCM as the target. Under laser irradiation, the
photoabsorption of the AuNPs induced the desorption and
ionization of surface atoms. We monitored the presence of
cationic clusters ([Aux]

+; x = 1−3) in the mass spectra to
determine the degrees of fragmentation and vaporization of the
surface atoms of the AuNPs. We attribute the complicated mass
spectrum in Figure 1A to the fragmentation of the surface
molecules during the desorption and ionization processes under
laser irradiation. As a result, the signals of the Au clusters were
inhibited through interference from the fragments’ signals. The
signal-to-noise (S/N) ratio of the signals of the Au clusters in
Figure 1A was less than 5. In contrast, the intensities of the
many interference peaks were significantly lower in the mass
spectrum recorded using TBA29−AuNP/NCM as the matrix
(Figure 1C), presumably because nitrocellulose effectively
bound the cationic molecules at its negatively charged sites to
limit or eliminate their interference during the LDI
process.42,55,56 Only AuNP-derived ions, including [Au1]

+,
[Au2]

+, and [Au3]
+, were dominant in this mass spectrum; in

contrast, the blank NCM provided a flat mass spectrum (Figure
1B). The S/N ratio of the Au clusters in Figure 1C was greater
than 500. The relative standard deviations (RSDs) for the
signal fluctuations of these Au cluster ions from TBA29−AuNP/
NCM substrates, collected from 50 different mass spectra, were
all less than 5%, revealing the samples’ high homogeneity. After
the addition of thrombin (100 pM), the intensities of the
signals for [Au1]

+, [Au2]
+, and [Au3]

+ species decreased to 50,
60, and 90%, respectively (Figure 1D), of their corresponding
signals in Figure 1C. The thrombin molecules appeared to
stabilize the AuNP surfaces, decreasing the efficiency of
desorption and ionization of Au atoms from the AuNP surfaces
under pulsed laser irradiation, when bound to the aptamer-
conjugated AuNP surfaces through highly selective and strong
TBA29−thrombin interactions. Alternatively, competitive ion-
ization of the proteins and the Au clusters, or reactions of the
Au clusters with the proteins ions in the gas phase, might also
have resulted in the decreases in intensities of the Au cluster
signals. From DLS measurements, we estimated the hydro-
dynamic diameters and zeta potentials of the TBA29−AuNPs
(100 pM) in the absence and presence of thrombin (1.0 nM)
to be 44.3 (±2.1) nm/−15.2 (±1.1) mV (n = 3) and 55.4
(±4.7) nm/−11.8 (±1.0) mV (n = 3), respectively. The greater
hydrodynamic size and lower zeta potential of the latter
confirmed that thrombin molecules had bound to the particles’
surfaces.
To further support our reasoning, we conducted control

experiments using BSA-capped AuNPs (BSA−AuNPs) or
random DNA-modified Au NPs (rDNA−AuNPs) under similar
conditions. As expected, the addition of thrombin (100 pM)
did not induce any significant changes in the signals of the
[Aux]

+ cluster ions (see Figure S1 in the Supporting
Information). Scanning electron microscopy (SEM) images
revealed (see Figure S2 in the Supporting Information) that the
TBA29−AuNPs were deposited homogenously on the NCM,
with almost identical densities of deposited TBA29−AuNPs on
the NCM membranes in the absence and presence of thrombin
(1.0 nM), presumably because of the presence of a high
concentration of BSA in these solutions. In addition, the
average particle size (ca. 13 nm) of the TBA29−AuNPs on the
NCM was very similar to that of the original citrate-capped
AuNPs. These findings reveal that the variations in the signals
of the [Aux]

+ clusters did not result from changes in the
homogeneity, deposition density, or particle sizes of the AuNPs
during the LDI process. Notably, the signal intensities of the Au
cluster ions plateaued after incubation for 2 h. It is possible that
more particles diffused into the interior porous network of the
NCM during the incubation period, making those AuNPs less
susceptible to laser irradiation. Nevertheless, the porous
structure of the NCM provided a highly homogeneous
deposition of TBA29−AuNPs.
The SPR absorption bands of the TBA29−AuNPs (10 pM) at

520 nm in the absence and presence of 100 pM thrombin (see
Figure S3 in the Supporting Information) revealed a slight
increase (<3%) in the signal of the latter, due to the change in
refractive index of the surroundings of the particle. We also
conducted MALDI-MS to detect the thrombin (1.0 nM) using
organic matrix, 2,5-dihydroxybenzoic acid (DHB), α-cyano-4-
hydroxycinnamic acid (CHCA), or sinapinic acid (SA) for
thrombin/TBA29−AuNPs complexes. However, the low
efficiency of desorption/ionization of thrombin and/or low
concentration of thrombin cause a failure in the performance of
MALDI-MS for detecting thrombin (data not shown). Taken

Figure 1. Mass spectra of (A) TBA29−AuNPs (10 pM), (B) NCM,
and (C, D) TBA29−AuNP/NCM in the (C) absence and (D)
presence of thrombin (100 pM). Peaks at m/z 196.967, 393.933, and
590.900 represent [Au1]

+, [Au2]
+, and [Au3]

+ ions, respectively. In
total, 1000 pulsed laser shots were applied to accumulate the signals
from five LDI target positions under a laser power density of 3.8 × 104

Wcm−2. TBA29−AuNPs were prepared in a biological solution
containing 100 μM BSA. Peak intensities are plotted in arbitrary
units (a. u.).
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together, our results indicate that using TBA29−AuNP/NCM
as a readout platform allowed a selective protein−ligand
interaction to be transduced to a highly amplified mass signal,
when monitoring the signal from the more-abundant [Au]+

ions rather than that of the less-abundant target protein,
yielding a sensitivity much higher than those of optical
approaches (e.g., UV−Vis absorption, fluorescence). Notably,
the combination of TBA29−AuNP/NCM and SALDI-MS
monitoring of the [Au1]

+ signal allowed detection of the
TBA29−AuNPs at concentrations as low as 0.05 pM; in
contrast, the equivalent concentration was approximately 2.0
pM from UV−Vis absorption measurements (see Figure S4 in
the Supporting Information). This SALDI-MS approach
allowed the detection of TBA29−AuNPs as low as 0.05 pM
because of the large number of surface atoms and high
concentration of TBA29−AuNPs on the NCM from a highly
dilute aqueous solution. Higher sensitivity would be achieved if
lower concentrations of NPs were present.
Parameters for MS Signals. We studied the effect of the

laser power density on the analysis of thrombin in LDI-MS.
Figure S5A (Supporting Information) reveals that the optimal
power density was 3.8 × 104 Wcm−2. Although lower mass
spectral backgrounds were generated at lower power density
(<3.8 × 104 Wcm−2), insufficient energy was absorbed and the
ionization efficiency was quite low. To avoid using an
excessively high laser power density, which led to higher levels
of background noise and loss of resolution, we chose a value of
3.8 × 104 Wcm−2 for our experiments. Figure S5B (Supporting
Information) indicates that the sensitivity and linearity of the
13-nm AuNPs (10 pM) toward thrombin were greater than
those of the 32 or 56 nm AuNPs (10 pM each), presumably
because the smaller surface area and higher curvature of the 13
nm TBA29−AuNPs result in greater thrombin enrichment on
these AuNPs. In addition, the abundances of higher-order Au
clusters increased upon increasing the AuNP diameter (e.g., a
signal for [Au5]

+ appeared in the spectrum of the 56 nm
TBA29−AuNPs), with the signals of the cluster ions becoming
less sensitive to the surface properties. Thus, the 13 nm AuNPs
provided higher sensitivity because their surfaces were affected
to greater degrees by changes in their surrounding media.
Selectivity and Sensitivity. Next, we evaluated TBA29−

AuNP/NCM as an LDI-MS substrate for the analysis of various
proteins (thrombin, lysozyme, insulin, conalbumin, myoglobin,
catalase, transferrin, carbonic anhydrase; 100 pM for thrombin,
10 nM for each of the other proteins) in the presence of BSA
(100 μM). Figure 2 plots the recorded relative signal intensities
of the [Au1]

+ ions [(IAu+
0 − IAu+)/IAu+

0] in the absence (IAu+
0)

and presence (IAu+) of proteins; it reveals that this system was
highly selective (1000-fold or more) toward thrombin over the
other proteins. In addition, the tolerance concentrations of the
other proteins were within a relative error range of ±5% during
the sensing of thrombin (100 pM) on the TBA29−AuNP/
NCM substrate when their concentrations were at least 1000
times greater than the thrombin concentration. The signal
intensities of Au cluster ions decreased upon increasing the
thrombin concentration to 10 nM (Figure 3A). The detection
dynamic range for thrombin extended from 50 fM to 50 nM.
The logarithmic plot of the relative signal intensity of the
[Au1]

+ ions [(IAu+
0 − IAu+)/IAu+

0] was linear with respect to the
thrombin concentration from 100 fM to 10 nMcovering
nearly 5 orders of magnitudewith a correlation coefficient
greater than 0.98 (Figure 3B). The LOD for thrombin was
approximately 50 fM (at a S/N ratio of 3) in the presence of

100 μM BSA (i.e., a 2 × 109-fold higher concentration).
Therefore, we suspected this highly selective sensor to have
great potential for detecting thrombin in complex, real samples.
This approach provides a sensitivity that is comparable with or
higher than those obtained using optical and electrochemical
platforms in conjunction with aptamer-modified nanomateri-
als.57−67 The ultralow concentration of the probe (TBA29−
AuNP), the clean mass spectra, the high affinity of thrombin
toward TBA29−AuNPs, and the high level of extraction of
thrombin onto the TBA29−AuNP/NCM membrane all

Figure 2. Selectivity of the TBA29−AuNP/NCM substrate in LDI-MS
measurements of various proteins in 25 mM Tris-HCl (pH 7.4), 150
mM NaCl, 5.0 mM KCl, 1.0 mM MgCl2, 1.0 mM CaCl2, and 100 μM
BSA. Error bars represent standard deviations from five repeated
experiments. Other conditions were the same as those described in
Figure 1.

Figure 3. (A) Mass spectra recorded using TBA29−AuNP/NCM (10
pM) as a probe for the detection of (a) 0, (b) 1.0 × 10−13, (c) 1.0 ×
10−12, (d) 1.0 × 10−11, (e) 1.0 × 10−10, (f) 1.0 × 10−9, and (g) 1.0 ×
10−8 M spiked thrombin in a biological buffer containing BSA (100
μM). (B) Relative signal intensity of [Au1]

+ ions [(IAu+
0 − IAu+)/IAu+

0]
plotted with respect to the concentration of thrombin (0−10 nM).
Other conditions were the same as those described in Figure 1.
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contributed to this system’s sensitivity being higher than those
obtained for other sensors.
We also tested this Apt−AuNP/NCM−based SALDI-MS

approach after conjugation of other aptamers, namely AptPDGF,
AGRO100, and AptLys, for the detection of PDGF-BB,
nucleolin, and lysozyme, respectively. Figure S6 (Supporting
Information) demonstrates that the resulting Apt−AuNP/
NCMs allowed the detection of these proteins at concen-
trations as low as the femtomolar level. Thus, a variety of
biological protein−ligand interactions can be transduced to
highly amplified signals for Au clusters in LDI mass spectra.
Our results suggest that this novel, simple LDI-MS approach
using Apt−AuNP/NCM probes might allow identification, with
ultrahigh sensitivity, of a wide range of low-abundance analytes
in biological samples.
Practicality. To examine the feasibility of our developed

approach in practical applications, we used a standard addition
method to analyze thrombin (1 pM−10 nM) in 10-fold−
diluted human serum samples. Unfortunately, the assay failed to
detect thrombin in the serum, mainly because of the matrix
effect, due to nonspecific competitive binding of the highly
concentrated background proteins in the serum to the NCM.
To minimize this interference, we developed an NP-assisted
protein enrichment method to concentrate thrombin and
remove the matrix. Serum samples (500 μL) diluted by a factor
of 10 and thrombin at concentrations ranging from 0 to 10 nM,
and TBA29−AuNPs (10 pM) in biological buffer containing
BSA (100 μM) were mixed at room temperature for 1 h. The
samples were then centrifuged and the supernatants removed;
the precipitates were resuspended in biological buffer (pH 7.4,
500 μL) and reacted with the NCM (Figure 4A). The intensity
of the signal for the [Au1]

+ ions decreased upon increasing the
concentration of spiked thrombin over the range from 1 pM to
10 nM in the 10-fold diluted human serum samples. Using this
new approach, we obtained recoveries of 97−104% from these
measurements. The LOD for thrombin in this complicated
biological sample was approximately 0.2 pM (Figure 4B).
Notably, the presence of thiol compounds (e.g., cysteine,
homocysteine, glutathione) at micromolar concentrations,
proteins (e.g., serum albumin, immunoglobulins) at submilli-
molar concentrations, and salt (NaCl) at high concentrations
(>100 mM) in this complicated sample did not interfere with
the probe’s performance. Therefore, our TBA29−AuNP/NCM
probe is a practical tool for measuring the levels of thrombin in
biological samples. The success of our TBA29−AuNP-assisted
thrombin enrichment method meant that background proteins
did not interfere with the interactions between the TBA29−
AuNPs and thrombin. Therefore, the matrix effect observed in
the absence of NP-assisted protein enrichment was due to
nonspecific competitive binding of the highly concentrated
background proteins in the serum to the NCM. Although the
sensitivities of some aptamer-based electrochemical sensors
have been greater than that of our Apt-AuNP/NCM probe,
they have rarely been applied to analyses of thrombin in
complicated biological samples.68−72 In addition, the wide
dynamic range of our probe (over 5 orders of magnitude)
suggests that it has great potential for use in monitoring the
levels of thrombin in the different steps of blood coagulation
and in the diagnosis of various diseases associated with
coagulation abnormalities.

■ CONCLUSIONS
TBA29−AuNP/NCM can be used as a novel LDI-MS substrate
for the analysis of thrombin in highly complex biological
samples (e.g., human serum). After selective capture of the
target protein by the surface aptamer units, the particles were
isolated through a simple centrifugation process and then
deposited onto the NCM to function as a highly efficient
background-free SALDI substrate. Under pulsed-laser irradi-
ation, the binding of thrombin inhibited the ability of the
TBA29−AuNPs to undergo efficient energy absorption and/or
transfer to the surface Au atoms, resulting in low abundances of
signals for Au cluster ions in the mass spectra. Accordingly, we
used the decrease in the signal intensities of the Au cluster ions
as a target-labeling indicator of thrombin. Relative to
conventional AuNP-based LDI-MS methodologies, our
TBA29−AuNP/NCM probes offer simple sample preparation,
higher Au cluster desorption/ionization efficiency, excellent
reproducibility, improved repeatability for analytes (RSDs:
<5%), lower matrix interference in the mass spectrum, and
ultrahigh sensitivity for analytes (down to the femtomolar
regime). Because it uses highly selective protein−ligand
interactions, this strategy allows a range of biological signals
to be amplified merely by decorating other aptamers onto the
AuNP surfaces. Moreover, we suspect that the sensitivity of this
assay might be improved by optimizing the wavelength or the
frequency of the pulsed laser or by using other metallic NPs.
Our system also has the potential to enable the use of a series of
aptamer-conjugated metallic NPs (e.g., Au, Ag, and Pt NPs) to
allow multiple simultaneous detections.

Figure 4. (A) Mass spectra recorded using TBA29−AuNPs/NCM (10
pM) as a probe for the detection of (a) 0, (b) 1.0 × 10−12 M, (c) 1.0 ×
10−11 M, (d) 1.0 × 10−10 M, (e) 1.0 × 10−9 M, and (f) 1.0 × 10−8 M
thrombin spiked in a 10-fold−diluted serum sample containing a
biological buffer and BSA (100 μM). (B) Linearity of the relative
signal intensity for [Au1]

+ ions (IAu+
0 − IAu+)/IAu+

0] with respect to the
spiked thrombin concentration (0−10 nM). Other conditions were
the same as those described in Figure 1.
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