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ABSTRACT: Regulation of protein activity is vital for
understanding the molecular mechanism of biological
activities. In this work, protein activity is suppressed by
proximity-dependent surface hybridization and subsequently
restored by near-infrared (NIR) light stimulation. Specifically,
by constructing closed-loop structures with two aptamer-based
affinity ligands, significantly enhanced inhibition of thrombin
activity is achieved compared to traditional single affinity
ligand based inhibitors. Furthermore, the activity of inhibited
thrombin is efficiently recovered under NIR light stimulation
by using gold nanorods (AuNRs) as photothermal agents to disrupt the closed-loop structures. Real-time and in situ monitoring
of the conversion of fibrinogen into fibrin catalyzed by both inhibited and recovered thrombin was performed with light
scattering spectroscopy and laser scanning confocal microscopy (LSCM). Thrombin trapped in the closed-loop structures shows
slow reaction kinetics, while the photothermally liberated thrombin displays largely recovered catalytic activity. Human plasma
was further employed to demonstrate that both the inhibited and restored thrombin can be applied to clotting reaction in reality.
This strategy provides protein activity regulation for studying the molecular basis of biological activities and can be further
applied to potential areas such as metabolic pathway regulation and the development of protein-inhibitor pharmaceuticals.

■ INTRODUCTION

Proteins are the main performers of life activities, and nearly all
biological processes involve the precise regulation of protein
activity to accomplish specific tasks. These regulation processes
usually arise from blocking or altering the active domains of
proteins in response to various internal signals.1 During the
past several decades, the use of external signals to inhibit and
restore protein activity has attracted considerable attention.
Such studies aid in understanding the molecular mechanisms of
biological processes, and they are also important in areas such
as metabolic pathway regulation, drug development and
biocatalysis.2 In recent years, a variety of compounds that can
bind to proteins and interfere with their activity have been
developed,3 and studies of the regulatory functions of these
molecules in proteins have yielded encouraging results.4 A
major focus in these studies is improvement of the binding
specificity and affinity of the compound to the protein to
achieve potent inhibitory capabilities.3a,5 On the other hand,
many of the molecular-based inhibition processes are restricted
to the active sites of proteins and are usually nonreversible,
leading to so-called suicide inhibition.4f,6 As a consequence, it is
of great significance to develop novel methods for robust
protein inhibition, as well as efficient restoration of protein
activity.

In recent years, aptamers have emerged as a new class of
DNA molecules which specifically bind to targets with
dissociation constants (Kd) in the picomolar to nanomolar
range7 by folding into unique secondary or tertiary structures
that accommodate the target’s molecular structure.8 Aptamers
that can specifically bind to proteins and inhibit their activity
have already been reported.9 Hence, aptamers are potential
molecules for regulation of protein activity. Proximity-depend-
ent surface hybridization is a novel DNA nanotechnology
developed by Landegren and co-workers.10 They discovered
that coordinated and proximal binding of two aptamers to the
same target to form a closed-loop structure could promote the
ligation of oligonucleotides linked to each aptamer by
increasing the local concentration.11 Recently, Le and co-
workers have developed many novel binding-induced DNA
strand displacement assays based on proximity-dependent
surface hybridization for ultrasensitive detection of proteins.12

More importantly, they observed that formation of the highly
stable closed-loop structure could raise the melting temperature
(Tm) of the hybrid by more than 30 °C.13 These studies
indicated that the closed-loop structure greatly enhances the
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binding affinity of ligands such as aptamers.14 In addition,
formation of the closed-loop structure can be initiated only
when the target protein is recognized by two affinity ligands,
thus further improving the binding specificity. Therefore,
construction of aptamer-based closed-loop structures with
proximity-dependent surface hybridization assay is a promising
strategy for the highly specific and robust inhibition of protein
activity.
Photocontrol of protein activity has been studied by several

research groups.15 In their review of this topic, Mayer and co-
workers showed that, compared to other approaches, photons
offer pronounced advantages, including high spatial and
temporal control.16 However, despite the achievements on
caged and light-switchable proteins mentioned in Mayer’s
review, further efforts should be made to provide milder
strategies, especially considering the tissue damage associated
with UV light and the complicated procedure to prepare caged
proteins. Usually, long-wavelength, especially near-infrared
(NIR), light is preferred for protein activity regulation since
it allows deep tissue penetration with little photodamage, in
addition to submicrometric resolution in three dimensions.17

For instance, Schifferli et al. have reported an elegant approach
in which NIR light was employed for the controlled release of
anticoagulant and antidote for on/off switching of blood
clotting.18 Use of NIR photons to restore protein activity
inhibited by potent aptamer-based closed-loop structures can
be achieved by conversion of radiant energy to heat. Noble
metal nanoparticles, such as gold nanorods (AuNRs), are
efficient photothermal agents due to their unique localized
surface plasmon resonance (LSPR) properties.19 Furthermore,
the 3D structure of aptamers is highly sensitive to temperature
variations. Accordingly, proteins trapped in aptamer-based
closed-loop structures can be liberated by NIR irradiation using
AuNRs as the photothermal medium.
This paper describes significantly enhanced inhibition of

protein activity with aptamer-based affinity ligands by
proximity-dependent surface hybridization assay. Subsequent
NIR irradiation liberates the proteins trapped in the closed-loop

structures using the LSPR property of AuNRs. Thrombin was
chosen as the model protein because of its critical role in the
blood clotting process. Another important factor is the
availability of two thrombin binding aptamers (15-base and
29-base oligonucleotides, designated as TBA15 and TBA29,
respectively) that bind at different sites (exosite 1 and exosite
2). According to previous studies, TBA15 can inhibit the
activity of thrombin but the binding affinity is modest (Kd,
∼100 nM),9 and TBA29 exhibits little inhibiting capability
toward thrombin but has strong binding affinity (Kd, ∼0.5
nM).20 With proximity-dependent surface hybridization, greatly
enhanced inhibitory performance toward thrombin is obtained
via the synergistic effect elicited by TBA15 and TBA29 in the
closed-loop structure. Furthermore, the activity of inhibited
thrombin can be recovered using NIR light stimulation. The
schematic representation of the principle is outlined in Scheme
1. AuNRs are immobilized on magnetic beads (designated as
MB/Au) and thiol-labeled TBA15 is assembled on the AuNR
surfaces (designated as MB/AuNRs-TBA15). With the addition
of TBA29 and thrombin, the two aptamers specifically bind to
thrombin, and proximity ligand 1 at the 3′ end of TBA15
hybridizes with proximity ligand 2 at the 5′ end of TBA29 to
form DNA duplexes. Formation of the closed-loop structure
inhibits the catalytic activity of thrombin in the conversion of
fibrinogen into fibrin. When NIR light (808 nm) is applied,
AuNRs effectively convert the incident photons into heat to
disrupt the closed-loop structure. As a result, the trapped
thrombin is released and its catalytic activity is restored. In
addition, the MB/AuNRs-TBA15 complex can be isolated from
the solution with a permanent magnet for further use in the
next inhibition test. This strategy provides protein activity
regulation for studying the molecular basis of biological
activities and can be further applied to potential areas such as
metabolic pathway regulation and the development of protein-
inhibitor pharmaceuticals.

Scheme 1. Schematic Representation of Thrombin Inhibition by the Closed-Loop Structure and Subsequent Release of
Thrombin by NIR Light Stimulation
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■ RESULTS AND DISCUSSION
The feasibility of formation of the closed-loop structure by
TBA15, TBA29, and thrombin was tested first with a binding-
induced DNA strand displacement assay. As shown in Figure
1a, TBA15 was immobilized on the surface of AuNRs and

FAM-DNA was hybridized to proximity ligand 1 at the 3′ end
of TBA15 to form a stable TBA15/FAM-DNA duplex (Tm,
∼40 °C), resulting in quenching of the fluorescence. In the
presence of TBA29 and thrombin, the binding of thrombin to
TBA15 and TBA29 brings ligand 2 at the 5′ end of TBA29 into
close proximity to ligand 1, which induces the strand-
displacement reaction between TBA29 and FAM-DNA. As a
result, TBA15/TBA29 duplex forms and FAM-DNA is released
from the AuNRs, leading to recovery of fluorescence. It is
noteworthy that the complementary sequence in the TBA15/
FAM-DNA duplex is 2 nucleotides longer than that of the
TBA15/TBA29 duplex to minimize the displacement of FAM-
DNA by TBA29 in the absence of thrombin. The transmission
electron microscopy (TEM) image of AuNRs and a photograph
of the AuNRs solution are presented in Figure 1b and Figure
S1. AuNRs are well dispersed with aspect ratio of about 3.8 (38
× 10 nm). The UV−vis absorption spectrum of AuNRs and the
emission spectrum of FAM-DNA are shown in Figure 1c.

AuNRs display two absorption bands at around 520 and 810
nm due to the transverse and longitudinal SPR. Absorption at
520 nm quenches the fluorescence of FAM-DNA, whose
emission peak is centered at 520 nm. The 810 nm absorption
converts NIR photons into heat. Figure 1d presents the results
of the binding-induced DNA strand displacement assay. The
fluorescence emission of FAM-DNA is quenched after
hybridization with TBA15 on the surface of AuNRs. In the
presence of either TBA29 or thrombin alone, little change in
the fluorescence intensity occurs, indicating that, by themselves,
neither TBA29 nor thrombin can initiate the strand displace-
ment reaction. However, with simultaneous addition of both
TBA29 and thrombin, the fluorescence is largely recovered,
indicating that the closed-loop structure was successfully
formed (Tm > 40 °C). In addition, by fixing the amounts of
TBA29, the emission intensities of FAM-DNA increase
gradually with increasing thrombin concentration (Figure 1e
and Figure S6), clearly demonstrating the tendency of TBA15,
TBA29, and thrombin to form the designed closed-loop
structure.
The strategy for real-time monitoring of the conversion of

fibrinogen into fibrin catalyzed by thrombin is illustrated in
Figure 2a. Fibrinogen is dissolved in solution and the light

scattering signals are weak. In the presence of thrombin,
fibrinogen is rapidly converted into insoluble fibrin fibers,
leading to significant enhancement of the scattering signal.
When thrombin is trapped in the closed-loop structure, the
catalytic conversion of fibrinogen is inhibited. The inhibitory
performance of the closed-loop structure formed in the absence
of AuNRs (designated as Closed-loop) was tested first and the
results are shown in Figure 2b. Fibrinogen solution with added
thrombin shows rapid reaction kinetics, and the scattering

Figure 1. (a) Schematic illustration of the binding-induced DNA
strand displacement assay. (b) TEM image of AuNRs. Scale bar, 100
nm. (c) Absorption spectrum of AuNRs and fluorescence spectrum of
FAM-DNA. (d) Fluorescence spectra of FAM-DNA before (Control)
and after hybridization with TBA15; and with addition of TBA29 and
thrombin separately or simultaneously. (e) Increase of fluorescence
intensity as a function of the thrombin concentration.

Figure 2. (a) Inhibition of thrombin catalytic activity in conversion of
fibrinogen into fibrin. (b) Real-time light scattering spectra of
fibrinogen solution with added thrombin (Control), thrombin
inhibited by TBA15, by TBA29 and TBA15 without the proximity
ligands (TBA15 + TBA29), and by the closed-loop structure. (c) Real-
time light scattering spectra of fibrinogen solution treated with
thrombin (Control), thrombin inhibited by Au-TBA15, by Au-TBA15
and TBA29 without the proximity ligands (Au-TBA15 + TBA29)
inhibited thrombin, and by the Au-Closed-loop structure.
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intensity quickly reaches a plateau. Samples treated with
TBA15-inhibited thrombin require a little longer time to reach
the plateau, in accordance with a previous study.15e When
TBA29 and TBA15 without the proximity ligands are
simultaneously added to the fibrinogen solution, only a slightly
enhanced inhibitory performance is observed, since the closed-
loop structure cannot form. However, for the fibrinogen
solution treated with the closed-loop structure, the scattering
signals increase very slowly and the final scattering intensity is
much lower than that of the former three samples. These
results clearly demonstrate that the inhibition capabilities of a
single affinity ligand-based inhibitor can be greatly enhanced by
forming the closed-loop structure, in which two affinity ligands
elicit a potent synergistic effect. When AuNRs are further
utilized as the scaffold for the formation of the closed-loop
structure (designated as Au-Closed-loop), similar results are
obtained (Figure 2c). Thrombin inhibited by Au-TBA15 or by
Au-TBA15 and TBA29 without the proximity ligands show
rapid reaction kinetics. However, the scattering intensity
corresponding to trapped thrombin increases very slowly, and
the final scattering intensity is even lower than that of the
Closed-loop group (Figure S7). These results indicate that the
activity of thrombin can be efficiently inhibited by the closed-
loop structure.
To obtain more detailed information about the inhibition

efficiency of the single affinity ligand-based inhibitor and the
closed-loop structures, the activity of thrombin for the clotting
of fibrinogen were further measured, as shown in Table 1. The

activity of thrombin in the absence of any inhibitor is defined to
be 100%. Most notably, the activity of thrombin trapped by
both the Closed-loop and Au-Closed-loop structure are all
below 5%, much lower than that of thrombin inhibited by
TBA15 (50.8%) or Au-TBA15 (61.4%), suggesting that the
closed-loop structure possesses much stronger inhibition
efficiency than a single affinity ligand based inhibitor. Beyond
that, the activity of thrombin inhibited by two TBAs without
the proximity ligands (43.1% and 46.9%, respectively) is much
higher than that of the closed-loop structures trapped thrombin
(4.67% and 4.11%, respectively), which clearly indicates that
forming the designed closed-loop structure can achieve
significantly improved inhibition efficiency toward thrombin.
The process of catalytic conversion of fibrinogen into fibrin

was further monitored in situ by laser scanning confocal
microscopy (LSCM). Fibrinogen, which was labeled with Alexa
Fluor 488, would be converted into fluorescent fibrin fibers in
the presence of thrombin. Figure 3a and Figure S11 show the
dynamic morphological changes of fibrinogen treated with
thrombin. At t = 1 min, a large number of small flocculent fibrin
fibers are observed due to the rapid aggregation of fibrinogen

by the excellent catalytic activity of thrombin. Images at the
following time intervals suggest that the small fibrin fibers
continue to aggregate into larger fibrin fibers that can be easily
visualized even at t = 7 min (dynamic process is shown in Video
S1). TBA15 was employed to inhibit thrombin activity, and the
images are presented in Figure 3b. Only fibrin oligomers are
observed at t = 1 min, indicating that the activity of thrombin is
inhibited by TBA15. The fibrin oligomers aggregate into larger
fibrin fibers, which are recognizable at t = 7 min (Figure S12
and Video S1). As for fibrinogen solution treated with Au-
Closed-loop, a much slower conversion rates is observed
(Figure 3c, Figure S14 and Video S1). Fibrin oligomers appear
in the first 13 min but small fibrin fibers are not recognizable
until t = 19 min, indicating the efficient inhibition of thrombin
activity by the closed-loop structure. The small fibrin fibers
tend to aggregate with rather slow kinetics compared to the
former two groups, as shown by images taken at subsequent
timeintervals. The differences between the LSCM images were
further analyzed by quantifying the average fluorescence
intensity of the images with the image processing software.
Results show that the average intensity of TBA15-inhibited
thrombin is close to that of the uninhibited thrombin (Figure
S15). However, the intensity indexed to Au-Closed-loop is
much lower than that of uninhibited thrombin, indicating that
Au-Closed-loop displayed stronger inhibition efficiency than
TBA-15. Z-stack images of the above samples at t = 60 min
were obtained and 3D surface projection of Z-stack images was
employed to show the density and distribution of fibrin fibers in
each sample. As shown in Figure 3d, fibrinogen treated with
thrombin shows a high density of fibrin networks (Video S2).
Figure 3e indicates that the density of fibrin fibers in a sample
exposed to TBA15-inhibited thrombin is lower than that of
fibrinogen solution treated with uninhibited thrombin (Video
S2). Figure 3f shows the fibrinogen solution treated with Au-
Closed-loop. It is obvious that the density and size of fibrin
fibers are much smaller than those in the former two groups
(Video S2). The above results therefore vividly demonstrate
that, compared to a traditional single aptamer inhibitor, greatly
enhanced inhibitory ability is obtained by constructing the
closed-loop structure.
The inhibition of thrombin activity was also characterized by

light microscopy (LM). Photographs of fibrinogen solutions
treated with both uninhibited and inhibited thrombin for 30
min are presented in Figure 4. Dense and huge fibrin networks
are observed after treating fibrinogen solution with thrombin
(Figure 4a and Figure S18). As for TBA15-inhibited thrombin
(Figure 4b and Figure S19), loose fibrin networks are observed.
Figure 4c shows fibrinogen solution treated with Au-Closed-
loop and only a few fibrin fibers are observed (Figure S20).
These results again demonstrate that the closed-loop structure
provides significantly enhanced inhibitory ability toward
thrombin.
The outstanding performance of proximity-dependent sur-

face hybridization assay in suppressing thrombin activity has
been clearly demonstrated. Next, the feasibility of NIR light
triggered restoration of activity was further investigated. AuNRs
were immobilized on the surface of magnetic beads (MBs) in
order to isolate MB/Au-TBA15 from the solution after
photothermal treatment (Figure S25). The closed-loop
structure (designated as MB/Au-Closed-loop) was formed by
adding MB/Au-TBA15 to the solution containing TBA29 and
thrombin. The schematic representation of the strategy to
restore thrombin activity is shown in Figure 5a. MB/Au-

Table 1. Activity of Thrombin for the Clotting of
Fibrinogena

samples thrombin activity (%)

Control 100
TBA15 50.8
TBA15+TBA29 43.1
Closed-loop 4.67
Au-TBA15 61.4
Au-TBA15+TBA29 46.9
Au-Closed-loop 4.11

aThe activity of uninhibited thrombin is defined as 100%.
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Closed-loop effectively inhibits the catalytic activity of
thrombin toward the clotting reaction. With increasing
temperature, the closed-loop structure is disrupted due to
denaturation of TBA15, TBA29 and the stem DNA duplex.
The recovered thrombin can efficiently catalyze the conversion
of fibrinogen into fibrin, resulting in enhancement of the
scattering signals. Since restoration of thrombin activity relies
on temperature increase, MB/Au-Closed-loop solutions were
heated to different temperatures with a constant temperature
bath to investigate the recovery rates of thrombin activity. As
mentioned above, the Tm of the closed-loop structure is higher
than 40 °C; hence, this value was set as the lowest temperature
in this test. The activity of thrombin restored by treating MB/
Au-Closed-loop at different temperatures is presented in Figure
5b. As expected, thrombin activity is significantly inhibited in
MB/Au-Closed-loop structures, and little change is observed
after treating MB/Au-Closed-loop solution at 40 °C. The

activity of thrombin first increases with increasing temperature,
and then decreases gradually at temperatures above 60 °C. The
activity of thrombin liberated at different temperatures was
investigated (Table S2). Thrombin restored by treating the
MB/Au-Closed-loop structure at 60 °C showed the highest
activity. On the basis of these results, 60 °C was chosen as the
optimized value for the recovery of trapped thrombin.
Moreover, the effect of temperature on the activity of thrombin
was also studied (Figure S32 and Table S3). After treatment at
60 °C for 10 min, thrombin still retained nearly 90% of its
original activity, indicating that thrombin was not significantly
damaged by 60 °C treatment. NIR light stimulated liberation of
thrombin activity was performed by treating MB/Au-Closed-
loop solution with NIR light to increase the temperature of the
solution to 60 °C. As shown in Figure 5c, the catalytic activity
of thrombin is significantly recovered since a drastic jump in the
scattering signal is observed, clearly implying that photo-
controlled liberation of thrombin activity is successfully realized
by utilizing AuNRs as the photothermal medium. Furthermore,
the efficiency of NIR light triggered release of thrombin was
determined to be 70.3%. The incomplete release of thrombin
may be ascribed to the nonspecific adsorption of thrombin on
the surface of MBs particles.21 Moreover, the activity of photo
liberated thrombin was compared to that of the uninhibited
thrombin at the same concentrations (Figure S35 and Table
S7). The results suggest that the activity of thrombin can be
recovered by about 84%, revealing the high efficiency of
phototriggered restoration of thrombin activity.

Figure 3. In situ monitoring of the conversion of fibrinogen into fibrin. Dynamic morphology changes of fibrinogen treated with thrombin (a),
TBA15-inhibited thrombin (b), and Au-Closed-loop (c). 3D Surface projections of Z-stack images for fibrinogen treated with thrombin (d), TBA15-
inhibited thrombin (e), and Au-Closed-loop (f) at t = 60 min.

Figure 4. LM images of fibrinogen treated with thrombin (a), TBA15-
inhibited thrombin (b), and Au-Closed-loop (c).
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The activity of photo liberated thrombin was also studied by
LSCM. For fibrinogen solution treated with MB/Au-Closed-
loop (Figure 6a, Figure S38 and Video S3), typical inhibition of
thrombin activity is observed. Small fibrin fibers are observed at
t = 25 min, and only a few large fibrin fibers can be recognized
even at t = 60 min. After photothermal treatment of the MB/
Au-Closed-loop structure at 60 °C with NIR light, clotting
reactions similar to those of uninhibited thrombin are observed
(Figure 6b, Figure S40 and Video S3). Many fibrin oligomers
are observed at t = 1 min and fibrin fibers can be easily
recognized at t = 7 min. The fibrin fibers rapidly aggregate into
larger fibers, as shown by the photographs at different time
intervals. Similarly, the average fluorescence intensity of the
above LSCM images were also quantified (Figure S41). The
average intensity of photo liberated thrombin is much higher
than that of the MB/Au-Closed-loop, clearly suggesting that
the activity of thrombin is efficiently restored with NIR light
stimulation. 3D surface projection of Z-stack images taken from
samples treated with MB/Au-Closed-loop inhibited thrombin
show a low density of fibrin fibers (Figure 6c and Video S4),
suggesting that the catalytic activity of thrombin is significantly
inhibited. As for fibrinogen treated with recovered thrombin,
large quantities of fibrin networks are observed (Figure 6d and
Video S4). These results therefore vividly demonstrate that the
catalytic activity of thrombin is successfully restored with NIR
light stimulation.
Human plasma samples were further employed for the

clotting reaction, and the thrombin clotting time (TCT) was

Figure 5. (a) Schematic illustration of restoration of thrombin activity
by elevated temperature. (b) Real-time light scattering spectra of
fibrinogen solution treated with thrombin recovered at different
temperatures (a, Control; b, MB/Au-Closed-loop; c, 40 °C; d, 50 °C;
e, 60 °C; f, 70 °C; g, 80 °C). (c) Real-time light scattering spectra of
fibrinogen solutions with thrombin (Control), MB/Au-Closed-loop,
and photo liberated thrombin.

Figure 6. Dynamic morphology changes of fibrinogen treated with MB/Au-Closed-loop (a) and photo liberated thrombin (b). 3D Surface
projections of Z-stack images at t = 60 min for fibrinogen treated with MB/Au-Closed-loop (c) and photo liberated thrombin (d).
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measured to test the potential application of this strategy in
regulation of thrombin activity in a biological sample. As shown
in Table 2, the TCT of thrombin and TBA15-inhibited

thrombin are 11.2 and 14.2 s, respectively, suggesting that
thrombin activity is inhibited to some extent by TBA15.
However, plasma samples treated with MB/Au-Closed-loop
show TCT of 36.3 s, 2.2 times and 1.6 times longer than those
of thrombin and TBA15-inhibited thrombin, respectively.
These results demonstrate that the activity of thrombin trapped
in the closed-loop structure is robustly inhibited and the
inhibitory capabilities of the closed-loop structure outperform
those of TBA15 by itself. After treatment with NIR light, the
liberated thrombin gives a TCT of 13.8 s, indicating efficient
restoration of thrombin activity. Additionally, the statistical
significance between the above TCT values were analyzed
(Table S11), and the results suggest that the above values give a
valid representation of the inhibition and restoration of
thrombin activity. The above results therefore highlight the
future potential application of this strategy in regulation of
thrombin activity in living systems.

■ CONCLUSIONS
In this work, we have designed a novel strategy for regulation of
protein activity by combining the advantages of proximity-
dependent surface hybridization assay and the LSPR properties
of noble metal nanoparticles. The activity of thrombin is
efficiently inhibited by constructing a stable closed-loop
structure to increase the binding affinity of aptamers toward
thrombin. In the inhibition process, high specificity is obtained
since aptamers are utilized as the affinity ligands and thrombin
must be recognized by two aptamers in order to significantly
inhibit catalytic activity. Furthermore, the activity of trapped
thrombin can be efficiently restored by treating the closed-loop
structure with NIR light to increase solution temperature to
denature the 3D structures of aptamers and the double-helix
structure of the closed-loop stem. The strategy described here
exhibits great promise for application to thrombin activity
regulation in real plasma samples. To conclude, this strategy
can serve as a robust approach for protein activity regulation,
and we anticipate that this strategy will find broad application in
the study of the mechanisms of biological processes and
metabolic pathway regulation.

■ EXPERIMENTAL SECTION
Preparation of AuNRs. AuNRs were synthesized via the seed-

mediated growth method.22 The gold seeds solution was prepared as
follows. Typically, 0.25 mL of HAuCl4 (0.01 M) was added to 9.75 mL
of CTAB solution (0.1 M). Then, 600 μL of NaBH4 (10 mM)
precooled to 0 °C was quickly added to the above solution under
vigorous stirring. The resulting gold nanoparticles were used as seeds
for the synthesis of AuNRs. Briefly, 2 mL of HAuCl4 (0.01 M) and 0.6
mL of AgNO3 (0.01 M) were added to 38 mL of CTAB solution (0.1
M). After that, ascorbic acid (0.21 mL, 0.1 M) was added to the above
solution under gentle shaking and the solution turned colorless.
Finally, 0.12 mL of gold seeds solution was added to the above growth

solution and the mixture was left at 37 °C overnight. The as-prepared
AuNRs were centrifuged to remove excess CTAB and were further
dispersed in water.

Binding-Induced DNA Strand Displacement Assay. Thiol-
labeled TBA15 was added to an AuNR solution (TBA15/AuNR,
500:1) and the solution was allowed to react for 12 h at 37 °C. Then,
TBA15-modified AuNRs (designated as Au-TBA15) were purified by
centrifugation and the loaded amounts of TBA15 were determined
with ultraviolet−visible spectroscopy. Au-TBA15 was further treated
with 6-mercapto-1-hexanol (120 μM) for 2 h to passivate the active
sites on the surface of AuNRs. The final solution was centrifuged to
separate Au-TBA15 from the unreacted reagents. After that, FAM-
DNA was added to the Au-TBA15 solution at 1:1 ratio. The mixture
was heated to 70 °C for 5 min and allowed to cool to room
temperature to form the TBA15/FAM-DNA duplex. The fluorescence
intensity of the above sample was measured before and after the
annealing process with excitation at 480 nm by a fluorescence
spectrometer (Hitachi. Ltd., F-4600, Japan). TBA29 (TBA29/TBA15,
2:1) and thrombin (0.2 μM) was added separately to the above
solution, and the mixtures were incubated for 2 h to test whether
TBA29 or thrombin could initiate the strand displacement reaction.
To verify the formation of the closed-loop structure, TBA29 (TBA29/
TBA15, 2:1) and thrombin (0−0.3 μM) were added simultaneously to
the TBA15/FAM-DNA duplex solution. After incubation for 2 h, the
fluorescence intensities were measured on a fluorescence spectrom-
eter.

Preparation of MB/AuNRs Nanoparticles. Magnetic beads
modified with carboxyl groups (40 μL, 10 mg/mL) were dispersed
in 1.5 mL of MES buffer (10 mM, pH 6.0, 150 mM NaCl). To this
solution, 8 mg of EDC and 1.2 mg of NHS were added, and the
solution was incubated at 37 °C for 15 min with gentle shaking. The
activated MBs were separated with a magnet and dispersed in 400 μL
of PBS buffer (pH 7.4, 150 mM NaCl). Then, 400 μL of 1 mM
cysteine was added to the solution and the mixture was incubated at 37
°C for 24 h. The cysteine-functionalized MBs were separated with a
permanent magnet and then washed 3 times with 400 μL of PBS
buffer. After that, the as prepared MBs were dispersed in 1 mL of
AuNRs solution and the mixture was allowed to react for 24 h. Finally,
the resultant MB/AuNRs were separated with a magnet and the
particles were dispersed in 1 mL of PBS buffer.

Measurement of the Photothermal Properties of MB/Au.
MB/Au solution (0.5 mL, 0.4 mg/mL) was placed in a plastic
centrifuge tube (2 mL) at ambient temperature. The solution was then
exposed to an 808 nm CW laser with tunable energy density, and the
temperature of the solution was measured without stirring by using a
calibrated thermocouple device inserted into the solution. The final
temperature can be fine-tuned by simply changing the energy density
of the laser.

Preparation of Close-Loop, Au-Closed-Loop, and MB/Au-
Closed-Loop Structures. The principle of this experiment involves
binding of TBA15 and TBA29 to thrombin at different binding sites,
followed by hybridization of the proximity ligands on TBA15 and
TBA29 to form a closed-loop structure around the thrombin molecule.
Taking the preparation of Closed-loop structure as an example,
typically, 2 μL of TBA29 (1 μM), 1 μL of TBA15 (1 μM) and 1 μL of
thrombin (0.1 μM) were mixed in 200 μL of Tris-HCl buffer (25 mM,
pH 7.4, 150 mM NaCl, 5.0 mM KCl, 1.0 mM MgCl2, 1.0 mM CaCl2),
and the solution was incubated at room temperature for 30 min. Au-
Closed-loop and MB/Au-Closed-loop structures were prepared with
the same procedure except that TBA15 functionalized AuNRs or MB/
Au were utilized instead of TBA15. The concentrations of TBA15, Au-
TBA15 (counted by TBA15), MB/Au-TBA15 (counted by TBA15),
TBA29 and thrombin were kept constant. The inhibition efficiencies
of the closed-loop structures toward thrombin were compared to those
of TBA15 and TBA29 at the same concentrations, and the added
amount of thrombin was also the same.

Liberation of Thrombin Trapped in MB/Au-Closed-Loop.
The principle of this experiment was that the MB/Au-Closed-loop
could be disrupted by increasing the temperature to denature the 3D
structure of TBA15, TBA29 and the DNA duplex formed by the

Table 2. Thrombin Clotting Time (TCT)

samples TCT (s)

Control 11.2 ± 0.5
TBA15-inhibited thrombin 14.2 ± 0.6
MB/Au-Closed-loop 36.3 ± 1.5
Photo liberated thrombin 13.8 ± 0.3
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proximity ligands. MB/Au-Closed-loop solution (0.5 mL) was heated
to different temperatures (40, 50, 60, 70, 80 °C) for 10 min and the
MB/Au-TBA15 were instantly separated with a permanent magnet.
Similarly, 0.5 mL of MB/Au-Closed-loop solution was exposed to the
808 nm CW laser with energy density of 1.055 W/cm2. The
temperature of the solution rapidly increased to 60 °C and the
solution was kept at this temperature for 10 min. Then, MB/Au-
TBA15 were also magnetically separated to release the thrombin.
Real-Time Monitoring of the Clotting Reactions by Light

Scattering Measurements. The underlying principle of this
experiment is that thrombin can catalyze the conversion of fibrinogen
into insoluble fibrin, which results in an increase of the scattered light
intensity. As a result, the clotting reaction can be easily monitored by
the increase of scattered light intensity from the sample cell with a
fluorescence spectrometer. Typically, 5 μL of fibrinogen (10 mg/mL)
was quickly added to 200 μL of TBA15-inhibited thrombin, TBA29-
inhibited thrombin, Closed-loop, Au-Closed-loop, MB/Au-Closed-
loop or the liberated thrombin solution. The scattering intensities were
measured as a function of time on a fluorescence spectrophotometer at
650 nm. The clotting reaction catalyzed by pure thrombin was always
measured together with other samples to serve as an internal standard.
All of the clotting times were normalized based on the standards.
In Situ Monitoring the Clotting Reactions with LSCM. To

verify the inhibition and liberation of thrombin activity, the conversion
of fluorescent fibrinogen into visible fibrin fibers was monitored. In a
typical experiment, Alexa Fluor 488 labeled fibrinogen solution (1 μL,
10 mg/mL) was added to separate 50 μL samples of thrombin,
TBA15-inhibited thrombin, Closed-loop, Au-Closed-loop, MB/Au-
Closed-loop or the liberated thrombin solutions. Then, 30 μL of each
solution was instantly dropped on the bottom of a small Petri dishes
and a coverslip was carefully placed on the liquid drop. The images
were obtained every 2 min with the excitation by a 488 nm laser until
the reactions were complete. Z-stack images of each sample were taken
at 60 min. All of the mages were acquired using a 20× dry objective.
Human Plasma Tests. To further test whether this strategy can be

applied to thrombin activity regulation in real samples, the TCTs of
thrombin, TBA15-inhibited thrombin, Closed-loop, Au-Closed-loop,
MB/Au-Closed-loop or the liberated thrombin solutions were
determined using human plasma. Reaction solutions were prepared
as described above for the clotting tests, except that the initial
thrombin time was monitored on an automatic coagulation analyzer.
Blood from healthy volunteers (3 mL) was mixed with sodium citrate
solution (333 μL, 0.109 M) and was further centrifuged at 3000 rpm
for 3 min to remove blood cells. To a standard glass bottle were added
1 mL of PBS buffer and 200 μL of the reaction mixtures described
above. For TCT determination, the scattering intensity was monitored
until the plateau was reached. The clotting time was determined to be
the first point at the half peak width.
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