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ABSTRACT: Thrombin generation (TG) has an important
part in the blood coagulation system, and monitoring TG is
useful for diagnosing various health issues related to hypo-
coagulability and hyper-coagulability. In this study, we
constructed probes by using mixed cellulose ester membranes
(MCEMs) modified with gold nanoparticles (Au NPs) for
monitoring thrombin activity using laser desorption/ionization
mass spectrometry (LDI−MS). The LDI process produced Au
cationic clusters ([Aun]

+; n = 1−3) that we detected through MS. When thrombin reacted with fibrinogen on the Au NPs−
MCEMs, insoluble fibrin was formed, hindering the formation of Au cationic clusters and, thereby, decreasing the intensity of
their signals in the mass spectrum. Accordingly, we incorporated fibrinogen onto the Au NPs−MCEMs to form Fib−Au NPs−
MCEM probes to monitor TG with good selectivity (>1000-fold toward thrombin with respect to other proteins or enzymes)
and sensitivity (limit of detection for thrombin of ca. 2.5 pM in human plasma samples). Our probe exhibited remarkable
performance in monitoring the inhibition of thrombin activity by direct thrombin inhibitors. Analyses of real samples using our
new membrane-based probe suggested that it will be highly useful in practical applications for the effective management of
hemostatic complications.
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■ INTRODUCTION

Pulse lasers are very powerful and useful tools in modern
nanoscience and nanotechnology.1−3 Lasers can provide high
photon densities, a variety of photon energies, and pulse widths
ranging in duration from femto- to nanoseconds to permit
controlled excitation.4 Lasers have been used for manipulation
of substrates at nanoscale levels and for optical pumping
applications of nanoscopic structures.1−3,5,6 In addition, laser
treatment can be used very successfully for preparing
nanoparticles (NPs) of various sizes, shapes, and chemical
compositions, and therefore, various optical, electromagnetic,
and chemical properties.7,8 Accordingly, pulse lasers are
innovative tools in the field of nanoscopic processing. Two
effects have been identified in the pulse laser irradiation of
metallic NPs at various laser intensities, wavelengths, and pulse
durations: fusion and fragmentation.4,9,10 The fragmentation of
metallic NPs under pulse laser illumination has been explained
by photothermal evaporation and coulomb explosion mecha-
nisms.3,11,12 In the photothermal mechanism, absorption of
laser energy by an NP leads to thermal heating, followed by
surface melting and an eventual decrease in size, due to
evaporation from the entire particle, especially from its
surface.3,11−14 According to this model, the degree of surface
evaporation depends on the thermal energy transfer to the

lattice system that results in the heating of NPs to their
evaporation point. The evaporation point depends on the
evaporation pressure of the material. Conversely, according to
the coulomb explosion mechanism, the explosion occurs due to
the ejection of large number of electrons that generates
multiply ionized NPs (through thermoionic emission and/or
photoionization) and they undergo spontaneous fission as a
result of charge repulsion.3,15−17 The pulse laser-induced
fragmentation of metallic NPs results in the formation of a
large number of tiny NPs or cluster ions.3,11−17 On the other
hand, control over the irradiation intensity and pulse duration
can also induce fusion of most NPs, through thermal or
nonthermal melting and surface welding.18

Owing to their interesting optical and electronic properties,
Au NPs are most widely used for fabricating miniaturized
optical devices, photonic circuits, and sensors and for use in cell
labeling.19−21 The UV−visible absorption characteristics of Au
NPs are determined by both inter- and intraband transi-
tions.22,23 Intraband excitation of free conduction electrons on
the surfaces of Au NPs results in surface plasmon absorptions
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near 520 nm with extremely high absorption coefficients (108−
1010 M−1 cm−1). The position of the peak in the spectrum and
the absorption coefficient of the Au NPs depend mainly on the
size and shape of the NPs as well as their interparticle
distances.24,25 In contrast, interband transitions contribute
mainly to absorptions at wavelengths of less than 400
nm.26,27 The spectral feature of the interband transition does
not change significantly upon varying the diameter of the Au
NPs because it relates to the response of their d electrons. The
nanosecond transient absorption of Au NPs under excitation by
a pulse laser (Nd:YAG) at 532 or 355 nm leads to the
formation of multiply ionized Au NPs.28,29 The ionization
efficiency is highest when the interband transition of the Au
NPs is resonantly excited (excited by 355 nm laser); in contrast,
intraband excitation (532 nm laser) hardly contributes to the
ionization process. In principle, during the period of the laser
pulse, multiply charged Au NPs could dissociate into smaller
ones, with these as-produced small NPs or cluster ions further
absorbing photons to reach highly charged states.30 Although
analyses of cluster ions can provide insight into the ionization
mechanisms of metallic NPs, related studies and applications
are rare. The formation of Au cluster ions from Au NPs under
pulse laser irradiation is very sensitive to the laser intensity and
the particles’ sizes and surface properties; for example, our
earlier studies showed that the efficiency of the formation of Au
cluster ions from Au NPs decreases in the presence of
thiolated-DNA.31 Through analyses of Au and/or Au-hybrid
cluster ions formed from functional Au NPs through nano-
second pulse laser irradiation, it is possible to selectively detect
heavy metal ions, anions, DNA, and proteins, as well as
bacteria.31−33 Also, functionalized Au NPs can be employed to
selectively enrich biomolecules such as glycopeptides and
glycoproteins.34,35

In this work, we demonstrated an LDI−MS based approach
for monitoring thrombin generation and screening anticoagu-
lants in human plasma by using functional nanogold-adsorbed

mixed cellulose ester membrane (Au NPs−MCEM). First, we
fabricated a functional membrane substrate by modification
with fibrinogen (Fib) on Au NPs−MCEM. We employed this
system for monitoring thrombin activity by measuring the Au
cluster ions signal, which is negatively influenced by the
concentration of thrombin and its activity on converting soluble
fibrinogen to insoluble fibrin structures on the MCEM
(Scheme 1). Thrombin has an imperative role in the
coagulation cascade and it converts soluble fibrinogen into
insoluble fibrin. Moreover, it also catalyzes many other
coagulation-related reactions.36,37 Thrombin-generation (TG)
assays generally determine the active thrombin concentration
that is produced in plasma after activation of coagulation with
tissue factor or another trigger.38−40 TG tests can evaluate the
overall coagulation function and, thereby, reliably estimate the
bleeding and thrombosis risk in each individual patient. A
number of TG assays have been developed involving
fluorogenic or chromogenic substrates.38−40 However, these
methods have limitations such as using expensive synthetic
compounds, low affinity toward thrombin, low converted rate,
and tedious labeling and sample preparation.
Our new Fib−Au NPs−MCEM/LDI−MS sensing system

provides very clean mass spectra, allowing monitoring of Au
cluster ions under pulse laser desorption/ionization process.
We studied the influence of Au NP’s size and laser intensity on
the formation of these Au cluster ions. Because of the
homogeneous deposition of Au NPs on the MCEM, the
Fib−Au NPs−MCEM nanocomposite provided excellent shot-
to-shot reproducibility for the detection of thrombin. The Fib−
Au NPs−MCEM/LDI−MS probe displayed high selectivity for
the detection of thrombin, and we were able to apply this
system to monitor thrombin generation induced by Factor Xa
in human plasma and in the screening of inhibiting drugs of
thrombin.

Scheme 1. Schematic Representation of the Preparation of a Au NPs−MCEM and Its Use in Conjunction with Laser
Desorption/Ionization Mass Spectrometry (LDI−MS) for the Analysis of Thrombin
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■ MATERIALS AND METHODS
Chemicals and Materials. Tris(hydroxymethyl)aminomethane

(Tris), calcium chloride, potassium chloride, hydrochloric acid,
magnesium chloride and sodium chloride were obtained from
Mallinckrodt Baker (Phillipsburg, NJ). Trisodium citrate was obtained
from Aldrich (Milwaukee, WI). Hydrogen tetrachloroaurate(III)
trihydrate was obtained from Acros (Geel, Belgium). α-Thrombin
(human, ≥1000 NIH units/mg protein; NIH units obtained by direct
comparison to a NIH Thrombin Reference Standard),41 Factor Xa
(human), fibrinogen (human), hemoglobin (human), α-lactalbumin
(bovine milk), lysozyme (chicken egg white), conalbumin (chicken
egg white), β-lactoglobulin (bovine milk), lipase (porcine pancreas),
phosphatase alkaline (bovine intestinal mucosa), trypsin (bovine
pancreas), human serum albumin, transferrin (human), and bovine
serum albumin (BSA) were obtained from Sigma (St. Louis, MO).
The MCEM (pore size, 0.45 μm; thickness, 145 μm; porosity, 75%)
was purchased from GE Healthcare Bioscience (Buckinghamshire,
U.K.). A 5 mM Tris−HCl buffer solution (pH 7.4) containing 150
mM NaCl, 5 mM KCl, 1 mM MgCl2, and 1 mM CaCl2 was used to
mimic physiological conditions. Milli-Q ultrapure water (Millipore,
Billerica, MA) was used in all experiments.
Preparation of Au NPs−MCEM. Au NPs having various sizes of

13, 32, and 56 nm were prepared following a procedure reported
elsewhere with slight modification.42 The particle concentrations of
the 13, 32, and 56 nm Au NPs were 15 nM, 280 pM, and 54 pM,
respectively.43 Forty MCEMs (diameter: 0.6 cm) were immersed in
Au NP solution (20 mL) in 2.5 mM citrate (pH 5.8) in a 20 mL vial
and incubated for 2 h. Each Au NPs-modified MCEM was gently
washed with 20 mL of deionized water for 30 s and dried in air for 1 h.
Color analysis of each prepared membrane was conducted by scanning
using a desktop scanner (Epson Perfection 1660 Photo Scanner). The
color intensity of the pixels of the scanned image (red, green, and
blue) was measured by using the ImageJ computer program (National
Institutes of Health, Bethesda, MD).
Detection of Thrombin by LDI−MS Using Au NPs−MCEM as

Substrate. As-prepared Au NPs−MCEMs were immersed in aliquots
(1.0 mL) of physiological-mimicking buffer solution [PBS; 5 mM
Tris−HCl buffer (pH 7.4) containing 150 mM NaCl, 5 mM KCl, 1
mM MgCl2, and 1 mM CaCl2] containing BSA (100 μM), fibrinogen
(1.0 μM), and thrombin (0−1.0 nM) and equilibrated for 1 h at room
temperature. The membranes were gently washed with deionized

water (5 mL) for 30 s, dried for 1 min using an air gun (60 lb in.−2),
and then attached to a laser desorption/ionization (LDI) plate using
an adhesive polyimide film tape.32 When thrombin interacts with the
fibrinogen immobilized on the Au NPs−MCEMs, it causes the
polymerization of the later to form a fibrous and nonglobular protein,
fibrin. Fibrins are long strands of insoluble proteins which are highly
adsorbed to the Au NPs−MCEMs and are not easily removed during
washing with DI water. MS experiments were conducted by using an
AutoflexIII LDI time-of-flight (TOF) mass spectrometer (Bruker
Daltonics, Bremen, Germany). The MS instrument was set in the
reflectron positive-ion mode with a delayed extraction period of 20 ns
to stabilize the positive ions generated in the LDI process. A total of
300 pulsed laser shots (355 nm Nd:YAG, 100 Hz, pulse width: 6 ns)
with a laser fluence of 5.57 × 104 W cm−2 were used for the irraditiaon
of samples at five random positions on the MALDI taget plate. The
positive ions were then accelerated through the TOF chamber.

Analysis of Thrombin and Factor Xa in Plasma Samples. To
obtain plasma samples, the blood was collected in tubes containing
ethylenediaminetetraacetic acid (EDTA), centrifuged at 3000g for 10
min at 4 °C, and stored at −80 °C until required for analysis. One
milliliter of 10-fold-diluted plasma samples was then spiked with
various concentrations of thrombin (0−10 nM) solutions containing a
Au NPs−MCEM in PBS solution in the presence of BSA (100 μM)
and fibrinogen (1.0 μM) and incubated for 1 h. The Au NPs−MCEM
substrate was gently washed with DI water (5 mL) for 30 s and then
dried for 1 min using an air gun (60 lb in.−2). This substrate was
attached to a LDI plate using an adhesive polyimide film tape prior to
LDI−MS measurement.33

For monitoring Factor Xa in plasma samples, Au NPs−MCEMs
were equilibrated with a series of 200-fold diluted plasma, 1.0 μM
fibrinogen and 50 μM phospholipids in PBS solution at room
temperature for 10 min. Then, aliquots of Factor Xa with different
concentrations were spiked into the mixtures to obtain final
concentrations from 0 to 10 pM and the samples were kept for 2 h
to attain equilibrium. Then, the membranes were washed, dried, and
sent for LDI−MS measurement with the same procedure mentioned
above for monitoring thrombin generation.

Assays of Anticoagulant Drugs. To screen anticoagulant drugs,
aliquots (500 μL) of PBS solution (pH 7.4) containing BSA (200
μM), and fibrinogen (2.0 μM) were maintained at room temperature.
The Au NPs−MCEMs were immersed in the resulting solution at

Figure 1. (A) Low- and (B) high-magnification SEM images of (a) an MCEM, (b) a Au NPs−MCEM, (c) a Au NPs−MCEM in the presence of
fibrinogen (1.0 μM), and (d) a Au NPs−MCEM in the presence of fibrinogen (1.0 μM) and thrombin (100 pM). The catalytic reaction of thrombin
and fibrinogen was conducted in PBS for 1 h.
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room temperature and kept for 10 min. Finally, anticoagulant drug
(100 nM or 1.0 μM) and thrombin (1.0 nM) were mixed in PBS (500
μL) and the mixture was maintained at room temperature for 30 min
and then mixed with the solutions. After reacting for 1 h of incubation,
the Au NPs−MCEMs were taken out, gently washed, and dried and
sent for LDI−MS measurement with the same proceedure mentioned
above for monitoring thrombin generation.

■ RESULTS AND DISCUSSION

Analysis of Thrombin-Induced Formation of Fibrin.
Scheme 1 depicts the preparation of Au NPs−MCEMs,
through simple electrostatic and interfacial interactions between
cellulose units (cellulose nitrate and cellulose acetate) and Au
NPs, and their application for monitoring thrombin activity
using LDI−MS. The desorption of Au NPs from the MCEM
was less than 3% after we had incubated the Au NPs−MCEMs
in phosphate buffered saline [5 mM Tris−HCl buffer solution
(pH 7.4) containing 150 mM NaCl, 5 mM KCl, 1 mM MgCl2,
and 1 mM CaCl2] for 48 h. Figure 1 and Figure S1A
(Supporting Information) reveal homogeneous distribution of
13 nm Au NPs on the MCEM as well as interior of the porous
structures of MCEM (ca. 400 nm) during the incubation
period. The smartbeam laser irradiation (355 nm Nd:YAG;
pulse width, 6 ns; 5.57 × 104 W cm−2; beam diameter, ca. 5
μm), caused photoabsorption, and desorption and ionization of
surface atoms from the 13 nm Au NPs. Signals for cationic
clusters ([Aun]

+; n = 1−3) were dominant in the mass spectra

(Figure 2B). Au NPs absorb energy (Eabs) from an individual
pulse of laser light according to eq 1.44

σ= × λE E S( / )abs 0 0 abs (1)

where E0 is the pulse energy, S0 is the beam cross section, and
σλ
abs is the particle absorption cross section. For a spherical NP,
the relative absorption cross section is also known as the
absorption efficiency (Qλ

abs), which can be calculated using eq 2

σ π= × ×λ λQ d(4 )/( )abs abs p
2

(2)

where π × dp
2/4 is the particle geometrical cross section.44 Both

Q and σ are dependent on the wavelength (λ). Moreover, the
formation yield (Yn) of a metallic cluster of n atoms/ions is
proportional to n−δ, where δ is related to the total sputter
yield.43,45 As a result, the signal intensity of [Au1]

+ ions was
much higher than that of [Au2]

+ and [Au3]
+ cluster ions

(Figure 2B). The Au NPs−MCEMs presumably provided such
clean mass spectra because the negatively charged sites of the
MCEM effectively bound the cationic molecules and thus limit
or eliminate interference during the LDI process. Thus, the
relative standard deviations (RSDs) of these Au cluster ions
signals ([Au1]

+, [Au2]
+, ([Au3]

+) were all less than 10%,
insinuating that the Au NPs were not aggregatedbut, rather,
adsorbed homogeneouslyon the MCEMs (Figure 1B). In
contrast to the Gaussian beam profile of a standard Nd:YAG
laser, the near-flat top energy profile of the “smartbeam” laser-
induced the desorption/ionization of Au NPs on the
homogeneous porous MCEMsanother likely contributor to
the excellent reproducibility in obtaining Au ions signals.46

The peak intensities of the [Aun]
+ cluster ions in the absence

and presence of fibrinogen (1.0 μM) did not show any
difference (Figure 2B,C). After the addition of 100 pM
thrombin (Figure 2D), the intensities of the signals for [Au1]

+,
[Au2]

+, and [Au3]
+ species decreased to 59.3, 65.3, and 68.0%,

respectively, of their corresponding signals in Figure 2C.
Fibrinogen possesses three nonidentical polypeptide chains
(Aα, Bβ, γ) linked together by 29 disulfide bonds and form two
distal D regions, one central E region, and two αC regions to
form a 45 nm-long dimer plasma glycoprotein (340 kDa).47

When thrombin cleaves the two fibrinopeptides A and B in the
fibrinogen during the fibrinogen assembly process (binding
knobs “A” and “B” in the central nodule of the fibrinogen
monomer to complementary holes “a” and “b” in the α- and β-
nodules), the monomers associate into two-stranded proto-
fibrils, which then aggregate laterally to form the fibrin clot.48

When we dipped a Au NPs−MCEM into a fibrinogen solution,
the fibrinogen molecules self-adsorbed onto the Au NPs,
presumably with a “side-on” (laying on the surface)
orientation.49 Once introduced into the solution containing
the Au NPs−MCEM, thrombin-mediated polymerization of
fibrinogen took place and insoluble fibrillar fibrin layer was
formed on the MCEM (Figure 1d). As a result, the Au NPs
absorbed less laser energy after laser excitation and transferred
this energy to the surface fibrin layer; consequently, it
suppressed the evaporation of Au atoms and thus decreased
the Au cluster cations signals in the mass spectra (Figure 2D).
In addition, the dense coverage of fibrin structures on the Au
NPs−MCEM might have strongly inhibited electron ejection
from the Au NPs and sharply decreased the Au NPs’ electron
temperature.15−17 Therefore, explosive fragmentation was
suppressed, inhibiting the formation of relatively large Au
cluster ions.

Parameters for Au NP−MCEM in LDI−MS. We studied
the effect of the particle size of the Au NPs in the fibrinogen/
Au NPs−MCEM assembly on the detection of thrombin when
monitoring the signals of the [Au1]

+ ion. Figure S1B represents
the TEM images of Au NPs, which clearly indicate the
formation of 13, 32, and 56 nm Au NPs. The increase in the
[Au2]

+ and [Au3]
+ signal strength in the LDI−MS with the

increase in thrombin concentration was not linear and showed
high RSD at lower concentrations. Hence, they do not show

Figure 2. LDI mass spectra of (A) an MCEM, (B) a Au NPs−MCEM,
(C) a Au NPs−MCEM in the presence of fibrinogen (1.0 μM), and
(D) a Au NPs−MCEM in the presence of fibrinogen (1.0 μM) and
thrombin (100 pM). The peaks at m/z 196.97, 393.93, and 590.90 are
assigned to the ions [Au1]

+, [Au2]
+, and [Au3]

+, respectively. A total of
300 pulsed laser shots at a laser density of 5.57 × 104 W cm−2 were
applied to five random positions on the MALDI target. Peak intensities
are plotted in arbitrary units (au).
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significance in thrombin detection. Best results were obtained
for thrombin detection (0−1.0 nM) when using 13 nm Au NPs
(Figure S2, Supporting Information). The synthesized 13, 32,
and 56 nm Au NPs were dispersed without aggregation on the
MCEM as can be seen from Figure S3A (Supporting
Information). The signal intensity of [Au1]

+ ions from the Au
NPs−MCEM under pulse irradiation (5.57 × 104 W cm−2)
decreased with increase in the Au NPs size, probably due to the
easy fragmentation of smaller Au NPs. In addition, the 13 nm
Au NPs were split almost completely from the MCEM after
laser irradiation, unlike the 32 and 56 nm Au NPs (Figure
S3B). The 13 nm Au NPs absorbed laser energy and easily split
off from the MCEM when their temperature was above the
boiling point (ca. 3000 K) or the value of Te

frag (electron
ejection−induced fragmentation at ca. 8000 K).11 Notably, NPs
of noble metals exhibit a decrease in boiling point upon
decreasing the particle size. Instead of size reduction or
fragmentation, we observed that some of the 32 and 56 nm Au
NPs fused to form larger particles (60−150 nm) after pulse
irradiation on the MCEM (Figure S3B). For a nanosecond laser
pulse, the thermal effect dominates the melting and fusion of
the Au NPs because the thermal coupling time between
electrons and the lattice laser pulse (ca. 1 ps) are much shorter
than the duration of the laser pulse.3,11 In such a case, the
whole Au NP will be heated. At a threshold temperature, the
whole Au NP will melt and adjacent NPs can fuse to form
perfectly spherical NPs.
Next, we investigated the influence of laser power density on

detection of thrombin using the MCEM modified with 13 nm
Au NPs. The laser power density strongly influenced the
surface melting and evaporation of Au NPs; however, the
excitation wavelength of laser did not affect much.15,27,29 Figure
S4B (Supporting Information) indicates that a laser power
density of 5.57 × 104 W cm−2 was optimum for the analysis of
thrombin. The lattice temperature and electron temperature of
Au NPs increase upon increasing the laser power density; as a
result, the signal intensities of the [Au1]

+ ions increased as the
laser density increased from 5.24 × 104 to 6.24 × 104 W cm−2

(Figure S4A, Supporting Information). Although a lower mass
spectral background (noise) was generated at a lower power
density (<5.24 × 104 W cm−2), the energy was insufficient to
produce the required ionization efficiency. At higher power
densities, however, complicated mass spectra were obtained
due to the formation of Au cluster ion adducts and
fragmentation and ionization of surface molecules. Notably,
laser irradiation at relatively high intensities (>5.57 × 104 W
cm−2; Figure S5, Supporting Information) not only induced the
fragmentation, splitting, and/or fusion of the Au NPs on the
MCEM but also formed large (ca. 1−5 μm) craters on the
MCEM surface. We also observed such craters on the fibrin-
adsorbed MCEM (Figure S6, Supporting Information). Thus,
the formation of [Aun]

+ cluster ions was not sensitive to the
surface properties of the MCEM under a too-high laser power
density because the laser irradiation could also induce the
splitting and fragmentation of interior Au NPs. To avoid high
background noise, loss in resolution, and serious destruction of
the MCEM substrates, we chose a value of 5.57 × 104 W cm−2

for our following experiments.
Selectivity and Practicality. Thrombin is an important

biomarker for a variety of health problems such as coagulation
abnormalities, metastasis, tumors, and angiogenesis.36,37 The
challenge in quantitative detection of thrombin is its varying
concentration in blood; for example, the free thrombin

concentration can vary from nanomolar to micromolar during
a coagulation reaction. However, under normal conditions,
thrombin is absent in the blood. Patients with high-picomolar
level of thrombin in their blood are prone to coagulation
disorders. Thus, development of a rapid detection method that
can detect picomolar concentrations of thrombin in plasma is
indispensable. Under the optimal laser power (5.57 × 104 W
cm−2), we evaluated the selectivity and sensitivity of our Fib−
Au NPs−MCEM/LDI−MS system for the analysis of
thrombin. First, we tested the specificity of the Fib−Au
NPs−MCEM probe (Figure 3) for the analysis of various

proteins and enzymes (thrombin, α-lactalbumin, β-lactoglobu-
lin, conalbumin, hemoglobin, lipase, lysozyme, phosphatase
alkaline, trypsin, human serum albumin, and transferrin; the
concentration of thrombin and each of other proteins was 100
pM and 10 nM, respectively) in the presence of backgroud
protein, BSA (100 μM). Our system showed 1000-fold
selectivity or more toward thrombin over the other proteins
and enzymes. We also noted only thrombin-mediated
formation of fibrin layer on Au NPs−MCEM from the SEM
measurements (data not shown). The tolerance concentrations
of the other proteins or enzymes were at least 1000 times
greater than the thrombin concentration with the detection of
100 pM thrombin (within a relative error range of ±10%; data
not shown). Figure 4 reveals that our Fib−Au NPs−MCEM
probe could selectively detect thrombin with a limit of
detection (LOD) of 2.5 pM (ca. 9.35 × 10−5 NIH units) in
10-fold-diluted plasma samples. These results demonstrate the
practicality of using Fib−Au NPs−MCEM probe for
monitoring thrombin gerneration. Compared to other NP-
based sensors for thrombin detection,50−54 our label-free assay
is relatively rapid and has good sensitivity. Notably, most other
NP-based sensors require covalent conjugation of aptamers,
fluorophores, and electroactive species to the NPs.50−54

Moreover, most optical and electrochemical probes based on
NPs are seldom empolyed for quantitative detection of
thrombin in biological samples such as plasma. Unlike other
probes which generally determine the concentration of

Figure 3. Selectivity test of the Fib−Au NPs−MCEM substrate
combined with LDI−MS for various proteins and enzymes in PBS
containing 100 μM BSA. The concentrations of thrombin and other
proteins/enzymes were 100 pM and 10 nM, respectively. IAu1+

0 and
IAu1+ represent the signal intensities of [Au1]

+ ions in the absence and
presence of protein/enzyme, respectively. Error bars represent
standard deviations from five repeated experiments. Other conditions
were the same as those described in Figure 1.
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thrombin,50−54 our assay determines the activity of thrombin;
note that the function of blood coagulation is highly related to
the activity of thrombin, rather than its concentration.
We further applied our Fib−Au NPs−MCEM probe to

monitor TG in plasma triggered by activated Factor X (Factor
Xa; activated by both factors IX and VII with its cofactor, tissue
factor). Thrombin is produced through the Factor Xa-mediated
enzymatic cleavage of two sites on prothrombin. Assembly of
the prothrombinase complex (Factor Va−Factor Xa) can result
in a 300 000-fold increase in the rate of prothrombin
conversion.55 Many anticoagulants have been developed with
targeted action against Factor Xa or thrombin.56−58 Before
analysis using our developed assay, we prepared representative
200-fold diluted plasma samples in saline buffer spiked with
Factor Xa (final concentrations: 0−10 pM). The dose−
response curve obtained revealed that our Fib−Au NPs−
MCEM/LDI−MS system could detect Factor Xa in plasma
samples at concentrations down to 0.5 pM (Figure S7,
Supporting Information), suggesting that our probing system
should be useful for monitoring TG in plasma under
physiological conditions.
Inhibition Assays of Thrombin. The exosites I and II of

thrombin that are located adjacent to the active site provide its
proteolytic activity with specificity by facilitating binding of the

inhibitors with the substrates.59−61 Figure 5 reveals that the
Fib−Au NPs−MCEM/LDI−MS system could be used to

investigate the inhibition reactions of direct thrombin inhibitors
(DTIs) and thrombin. We studied the three best-known
thrombin-binding aptamers (TBAs): 29-base-long aptamer
(TBA29), which binds with exosite II, and 15-base-long aptamer
(TBA15) and 24-base-long aptamer (TBA24), which interact to
exosite I, with dissociation constants (Kd) of approximately 0.5,
100, and 10 nM, respectively.62−65 For use as potential
anticoagulants, only TBA15 and TBA24 possess enzymatic
inhibitory functions to thrombin-mediated coagulation, because
these two aptamers bind with the fibrinogen-binding exosite I.65

We observed that the thrombin activity (1.0 nM) was inhibited
to approximately 95% by TBA15 (100 nM) and to
approximately 60% by TBA24 (100 nM), whereas TBA29 (100
nM) exhibited no obvious anticoagulant activity. We also noted
that hirudin, a 65-amino-acid polypeptide suppressed thrombin
activity to ca. 75% by simultaneously interacting with both
exosite I and active site with ultrahigh affinity (Kd = ca. 10−14

M).66 Results from our assay also agree with the previous
observation that argatroban can act as a DTI and inhibits
thrombin activity by binding to the active site of thrombin
reversibly, without the need for the cofactor AT III for
inhibition,67,68 whereas warfarin is not a DTI. Warfarin, a
coumarin derivative, works by suppressing the production of
some clotting factors (II, VII, IX, X).69,70 Warfarin also
interferes with the synthesis of anticoagulant factors, protein C,
protein S, and protein Z.70 Taken together, our results suggest
that the Fib−Au NPs−MCEM/LDI−MS system can be
potentially applied for rapid screening of DTIs as anticoagulant
drugs.

■ CONCLUSIONS
We have demonstrated that the formation of fibrin from
fibrinogen through the action of thrombin can be monitored
using Au NPs−MCEMs coupled with LDI−MS. The fibrin

Figure 4. (A) Mass spectra recorded for Fib−Au NPs−MCEM as a
probe for the detection of (a) 0 pM, (b) 2.5 pM, (c) 10 pM, (d) 100
pM, (e) 1 nM, and (f) 10 nM thrombin spiked in a 10-fold-diluted
plasma sample. (B) Relative signal intensities of [Au1]

+ ions [(IAu1+
0 −

IAu1+)/IAu1+
0] plotted with respect to the concentration of thrombin

(0−10 nM). IAu1+
0 and IAu1+ represent the signal intensities of [Au1]

+

ions in the absence and presence, respectively, of thrombin. Other
conditions were the same as those described in Figure 1.

Figure 5. Validation of the use of the Fib−Au NPs−MCEM/LDI−MS
system to screen inhibitors of thrombin. Relative signal intensities of
[Au1]

+ ions [(IAu1+(drug) − IAu1+(thrombin))/IAu1+
0], where IAu1+(drug) is the

signal intensity of [Au1]
+ ions in the presence of 1.0 nM thrombin and

1.0 μM drug or 100 nM TBA; IAu1+(thrombin) is the signal intensity of
[Au1]

+ ions in the presence of 1.0 nM thrombin, but in the absence of
a drug or TBA; and IAu1+

0 is the [Au1]
+ signal intensity of the Fib−Au

NPs−MCEM alone. Error bars represent standard deviations from
three repeated experiments. Other conditions were the same as those
described in Figure 4.
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formed on the Au NPs−MCEM significantly inhibited the
formation and desorption of Au cluster ions during the laser-
induced desorption and ionization processes in the LDI−MS
analysis. The size of the Au NPs and the laser intensity both
greatly affected the formation and desorption of cationic Au
clusters, as well as the fusion of the Au NPs to form larger
particles, because the thermal coupling time between electrons
and lattice was remarkably shorter than the duration of the laser
pulses. The diminished peak intensities of Au cluster ions was
caused by the fibrin that formed on the surfaces of the Au NPs
that absorbed energy from them and suppressed the
evaporation of Au atoms. We successfully demonstrated the
application of this membrane-based probe for monitoring TG
and Factor Xa in human plasma down to the picomolar regime.
Furthermore, our probe displayed very good performance in
monitoring the performance of DTIs in thrombin inhibition
reactions. Because our probe can be employed to monitor a
wide range of reactions, including TG, DTI-mediated inhibition
of thrombin, and determination of the activity of Factor Xa
under clinical conditions, this technique can be applied for
diagnosing diseases associated with hemarthrosis, nose
bleeding, and hematuria. Furthermore, the inhibition of the
formation of Au cluster ions may be applied to the design of
new assays for DNA, proteins, pathogens, and cancer cells and
for the development of highly sensitive biosensors.
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