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The ability to inhibit an enzyme in a specific tissue with high spatial
resolution combined with a readily available antidote should find
many biomedical applications. We have accomplished this by taking
advantage of the cis–trans photoisomerization of azobenzene mol-
ecules. Specifically, we positioned azobenzene moieties within the
DNA sequence complementary to a 15-base-long thrombin aptamer
and then linked the azobenzene-modified cDNA to the aptamer by a
polyethylene glycol (PEG) linker to make a unimolecular conjugate.
During the photoisomerization of azobenzene by visible light, the
inhibition of thrombin is disabled because the probe hybridizes with
the cDNA in the trans-azobenzene conformation so that the aptamer
cannot bind its target thrombin. However, when UV light is applied,
melting of the hairpin structure (duplex) is induced via trans-to-cis
conversion, thereby changing conformation of the aptamer and
making the aptamer free to bind to and inhibit its target thrombin. By
using standard clotting assays, we measured the IC200 of various
probe designs in both states and concluded the feasibility of using
photon energy to temporally and spatially regulate these enzymatic
reactions. Thus, we can report the development of DNA probes in the
form of photon-controllable (thrombin) inhibitors, termed PCIs, and
we expect that this approach will be highly beneficial in future
biomedical and pharmaceutical applications.

anticoagulation � aptamer � enzyme inhibitor � photo controllable �
thrombine

Over the last decade, extensive research has been devoted to the
study of phototransformable molecules based on photo-

chromism chemistry. This science has been applied to photooptical
technology and such photomodulated devices as eyeglasses called
Transitions (1–4). A photochromic compound has 2 molecular
states: stable and relatively unstable. The 2 states are interchange-
able by the effect of irradiation using different wavelengths and
differ from one another in terms of both physical and chemical
properties. The photoconversion mechanism can largely be divided
into 3 transformation types: photochromic tautomerism, cis–trans
isomerization, and photocyclization. Briefly, photoisomerization is
a process in which molecular structural change between isomers is
caused by photoexcitation. Therefore, because isomerization causes
a conformational change that can change the overall structure of a
molecule, cis–trans isomerization is an intriguing mechanism that
can be used to regulate mechanical devices and biological reactions
(5–8).

As one of the most popular phototransformable molecules in use
today, azobenzene and its derivatives belong to the cis–trans isomer-
ization category and are composed of 2 phenyl rings linked by a
NAN double bond (Fig. 1) (9). The 2 isomers can be switched with
particular wavelengths of light: UV light at 365 nm, corresponding
to the trans-to-cis conversion, and visible light at 465 nm, corre-
sponding to the cis-to-trans isomerization. There are reports that
demonstrate the possible applications of such a feature in the
development of sensors (10), nanomotors (11–13), and even pep-
tide engineering (14–16). These reports involved the use of enzymes
that naturally act on DNA. However, we are interested in regulating
enzymes that do not naturally act on DNA, and, at the same time,

we want to take advantage of the special reactivity of azobenzene
to photon energy. Therefore, we will focus our molecular design on
using azobenzene to regulate the binding of DNA aptamers that
have enzyme inhibitory capabilities.

The rational design of nucleic acid (DNA) aptamers for this
purpose is, therefore, a key part of our developmental strategy. As
a previously uncharacterized class of binding elements, nucleic acid
aptamers selected by the SELEX (Systematic Evolution of Ligands
by Exponential Enrichment) method have shown some outstanding
features (17–20). For instance, DNA-aptamers possess a relatively
small molecular weight coupled with high binding affinity. Struc-
turally, DNA-aptamers are easily modifiable with robust structural
restoration under ambient conditions (20). For these reasons, many
nucleic acid sequences have been selected for various types of
targets, and some of them have shown considerable clinical poten-
tial. Among them, thrombin-binding aptamers (TBAs) are some of
the most popular DNA sequences (21, 22). Of the 2 known TBAs,
1 is 15 bases long (15Apt) and binds to exosite 1 of thrombin.
Because it occupies the fibrinogen-binding pocket, only 15Apt can
inhibit thrombin-mediated coagulation (23). Thrombin is impor-
tant in the regulation of homeostasis and is associated with many
types of cancer. Therefore, engineering probes that target thrombin
and, moreover, whose function can be precisely regulated by
photonic energy, can advance anticoagulation therapy for many
diseases (24, 25).

Photoregulation of azobenzene conformation and DNA duplex
structures using azobenzene is a well-known and studied phenom-
enon. We also believe that it is a key component to the function-
alization of probes engineered to target thrombin. This conclusion
is based on the work that has been done on synthesizing azobenzene
phosphoramidite monomers and the fact that the NMR structures
of both cis- and trans- states have been described (26–27). Most
recently, a full thermodynamic description based on nearest-
neighbor models of DNA duplex formation has been presented and
successfully used to predict melting temperatures of azobenzene-
incorporated DNA duplexes (29). Finally, because researchers have
shown its ability to regulate enzymes (30, 31), we chose azobenzene
as the fundamental component of our thrombin-binding aptamer,
which we term photocontrollable inhibitor, or PCI.

Our PCI design has 3 functional domains: inhibitory, regulatory,
and linking (Fig. 1). The inhibitory domain is a 15Apt sequence. As
noted above, 15Apt binds to exosite 1 of thrombin. Because it
occupies the fibrinogen-binding pocket, only 15Apt can inhibit
thrombin-mediated coagulation (23). Next, the regulatory domain
is composed of the complementary sequence to 15Apt, but with
azobenzene molecules inserted into the phosphate backbone of the
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DNA sequence using an automated DNA synthesizer (31). Finally,
the linking domain ties the inhibitory and regulatory domains
together. Importantly, because the regulatory domain is composed
of photochromic molecules, the affinity of the inhibitory domain
can be altered by different light treatments, as discussed above.
Briefly, UV light induces trans-to-cis isomerization, resulting in a
low binding affinity of the regulatory domain to 15Apt. This
alteration frees 15Apt for binding to exosite 1 of thrombin. On the
other hand, visible light reverses the conformation of the regulatory
domain, allowing it to hybridize 15Apt. This results in the low
affinity of 15Apt for thrombin, thus enabling thrombin to hydrolyze
fibrinogen for coagulation. Or, stated another way, the inhibition of
thrombin is disabled because the probe hybridizes with the cDNA
in the trans-azobenzene conformation so that the aptamer cannot
bind its target thrombin.

To optimize the PCI, we designed and characterized a series of
candidate molecules with different lengths of cDNA and different
amounts of azobenzene in the inhibitory domain. The inhibitory
potency of these probes in both the ground and excited states was
measured by using prothrombin time (PT) measurement in human
plasma. The results demonstrate the real-time ability of the cis-form
of these probes to switch on thrombin’s activity under visible
illumination, or, conversely, switch off thrombin’s activity under
UV illumination. Moreover, by using a microscopic fluorescence-
based PT assay, a second key part of our investigation sought to
confirm the feasibility of sequential site-specific activation of co-
agulation by spatial control of thrombin inhibition.

Results and Discussion
Optimization of Probe Designs. To design effective photon-
controllable inhibitors, the complementary sequences to 15Apt
(regulatory domain) were modified with azobenzenes, and the
inhibitory and regulatory domains were linked by using a polyeth-
ylene glycol (PEG) linker composed of 5 units of hexa-ethylene
glycols conjugated by using phosphoramidite chemistry. Several
factors influenced our decision to incorporate azobenzene into the
complementary sequences of 15Apt rather than the 15Apt se-
quence itself. First, the complementary sequence of 15Apt can
function as an excellent antidote for 15Apt, as a result of its high
binding affinity via Watson–Crick base pairing (32–33). In other
words, had we decided to incorporate azobenzene moieties to
15Apt, we would have lost the complementary antidote effect.

Second, even minor modifications to 15Apt can result in significant
disruption of interacting configurations (34), which are generally
unpredictable without computational simulation or experimental
investigation. Thus, modifying the complementary 15Apt sequence
with azobenzene is a more feasible approach. Five units of hexa-
ethylene glycol (�10 nm) were used to ensure close proximity of the
inhibitory and regulatory domains (35). This complex then resulted
in a unimolecular conjugate. In fact, it is the unimolecular nature
of our design that allows the molecule to switch between active and
inactive inhibitory states without the addition of another strand of
DNA. In this way, reaction was allowed to occur between the
regulatory and inhibitory domains in a manner that maximized the
efficiency of dissociation and association between them according
to the number and position of azobenzene insertions, which is
explained later in this article. This was expected because small
alterations are enough to disrupt intramolecular interactions,
whereas more significant alterations are required to break inter-
molecular interactions.

Optimization of probe design also depends on maximizing
the efficacy of photoisomerization. This involves adjusting both the
number and position of azobenzene molecules and base pairs in the
regulatory domain. Previous reports have shown that the insertion
of azobenzene molecules (trans conformation) to the DNA chain
can destabilize or stabilize duplexes of DNAs depending on their
positions. Thus, the most common method of regulating DNA
duplex conformations is to alternate every 2 bases with a single
azobenzene phosphoramidite. Although this strategy works well at
high temperatures, a maximum of 7 azobenzene molecule inser-
tions did not result in a kinetically favorable duplex transition within
the 15-bp stem under the reaction conditions necessary to perform
the PT assay (37 °C and physiological salt). Therefore, we investi-
gated the feasibility of alternating azobezene moieties between
every other nucleotide. Using this protocol, we could potentially
have a probe with 15 or 16 azobenzene incorporations within the
regulatory domain.

These conditions combined with the potential of azobenzenes to
destabilize our probe design required us to test a series of molecular
probes having different numbers of azobenzene and base pairings
[supporting information (SI) Table S1]. Each probe contained a
FRET pair (fluorescein and dabcyl) as a signaling element to
monitor the hybridization and dehybridization between the regu-
latory and inhibitory domains (36). The working principle is that

: Thrombin

: Substrate

: 15Apt

:  Target of 
15Apt 

Ultra Violet (365nm)

Visible  ( > 450nm) p

:  Linker

O

N

O

N

5'

N

O

N
H

N

PO OH
3'3

Fig. 1. Xcomp/Yazo probes. The working principle is that dissociation and association of the 2 domains report high and quenched fluorescence signal,
respectively. We assign test probes the following nomenclature. Xcomp equals the number of complementary sequences, and Yazo equals the number of
incorporated azobenzene molecules. The trans- and cis- conformation is reversibly regulated by different input of electromagnetic radiation of the energy. Thus,
when probes are treated with visible light, the regulatory domain is hybridized, and the probe is released from its target, resulting in activation of the enzyme
(thrombin). When treated with UV light, probes form the open conformation, and the inhibitory domain can bind to the target, causing low enzymatic activity.
The use of Xcomp/Yazo creates combinations that afford the opportunity to optimize probe design in accordance with thermal stability, thrombin affinity, and
the results of clotting assays.
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dissociation and association of the 2 domains report high and
quenched fluorescence signal, respectively. Our protocol can best
be understood if we assign probes the following nomenclature. Let
Xcomp equal the number of complementary sequences, and let
Yazo equal the number of incorporated azobenzene molecules. A
series of combinations, such as 8comp-4azo or 10comp-4azo, then
arise that enable us to measure, compare, and characterize these
probe combinations by (i) melting temperature, (ii) binding affinity
to thrombin, and (iii) clotting assay. Depending on the number of
azobenzene incorporations, these molecular probes had signifi-
cantly different properties, as summarized in Table S2. Specifically,
in this experiment, we investigated what prototype probe design
would work best at room temperature (RT) and whether different
ranges of photoalteration could be achieved by adjusting the
number of base pairing.

First, we will consider the property of thermal stability. We found
that probes with �40% azobenzenes per nucleotide, e.g., 10c-4azo,
8c-4azo, 7c-3azo, and 6c-3azo, showed higher melting temperatures
than non-azobenzene-incorporated probes. It is a well-known phe-
nomenon that the insertion of azobenzenes between at least 2
nucleotides can enhance duplex stability by enhanced �–� stacking
interaction. On the other hand, the continued insertion of azoben-
zenes causes significantly reduced stability. The reduced thermal
stability is clearly shown by comparing the Tms of probes with the
same number of base pairs, but different percentages of azobenzene
incorporations, e.g., 7c-6azo � 7c-4azo � 7c-3azo. In this example,
a negative correlation is established because thermal stability
decreases with the increase of azobenzene molecules, even though
the number of base pairs stays the same. Next, we ran a fluorescent
assay to determine the maximum number of azobenzene incorpo-
rations consistent with duplex stability under either UV or visible
(Vis) light. Results showed that molecular probes containing a low
percentage of azobenzenes did not respond differentially to either
UV or Vis light, indicating that the duplex had not dissociated. On
the other hand, probes possessing the maximum number of azo-
benzenes per regulatory domains (16c-15azo, 14c-13azo, 12c-11azo,
10c-9azo, 9c-8azo, 7c-6azo, and 6c-5azo) showed dramatic de-
creases in duplex stability after illumination with UV light (Fig. 2).
Taking these findings together, we concluded that probe optimi-
zation depended on incorporation of at least 1 azobenzene between
every 2 nucleic acids in the regulatory domain and that the
prototype probes demonstrate different ranges of photoalteration
based on the number of base pairings.

Probes Can Act as a Photoswitching Anticoagulant. Although the
above results showed that the duplex structure of our probe design
thus far can be regulated with UV and Vis light under physiological
conditions (i.e., RT), complete optimization still required an addi-
tional step. Specifically, to demonstrate that these probes are also

capable of regulating human blood clotting reaction, the PT of each
probe was measured in the cis- or trans-conformations (37). PT
measures how long it takes for blood to clot. As such, PT testing is
used frequently as a standard and accurate method to assess
bleeding problems and the efficiency of anticoagulants. In our
experiment, the results obtained from the PT tests were plotted
against probe concentration and fitted to a sigmoid curve. Then, the
concentration most effective in doubling the plasma clotting time,
the IC200, was calculated for each probe. By the theory underlying
our probe engineering, it was expected that probes in the trans state
would show shorter PTs and higher IC200, whereas probes in the cis
state would have relatively longer PTs with lower IC200 under
identical sample preparation and experimental conditions. Typical
results are shown in Fig. 3 A and B. In accordance with the
reasoning indicated above, the PTs of trans probe samples are much
shorter than those of cis probe samples. Also, a general trend of
increased clotting time correlated with increased number of base
pairs as can be seen by comparing probes 6c-5-azo with 10c-9azo
(Fig. 3 A and D). However, probes 12c-11azo through 16c-15azo
showed only negligible difference in PT (Fig. 3 C and D).

The difference in probes is more obvious when we compare the
concentration most effective in doubling the plasma clotting time,
or the IC200 value (Table 1). That is, to determine the optimal probe
design, we looked for probes showing the highest differential IC200,
thereby showing the largest difference in anticoagulation response
upon treatment with UV or Vis light. We expected the IC200 values
of both states of the 6c-5azo probe samples to be the lowest. We also
expected that IC200 values for the cis forms would increase with an
increasing number of base pairs. We found that probes with �10 bp
were too stable to have a detectable difference in IC200 between the
trans and cis states. The difference between IC200-cis and IC200-trans
was maximized with the 10c-9azo and 9c-8azo probe (Table 1). On
the other hand, probes with �10 bp showed abrupt increase of
IC200-cis (from 9.5 to 16 �M), which is highly unfavorable, even
though these probes formed highly stable duplexes when Vis light
was treated. This tendency causes nondetectable difference in IC200
between the trans and cis states of those probes, but it does not refer
to the huge cis-to-trans or trans-to-cis transition. Thus, we concluded
that the 10c-9azo and 9c-8azo probes were the optimal probe
designs because they showed the highest differential IC200, thereby
showing the largest difference in anticoagulation response upon
treatment with UV or Vis light. In subsequent experiments on
real-time and spatial (submillimeter) control of clotting activity, we
chose probe 9c-8azo over 10c-9azo because probe 9c-8azo had a
lower melting temperature and faster overall kinetics than the
10c-9azo probe (51 °C and 60 °C, respectively).

Dynamic Photoconversion to Restore Coagulation Process. In most
cases, it is difficult to reverse an enzyme’s activity once a drug
molecule has bound, but this conversion can be useful in many
respects, especially in clinical applications. For instance, imme-
diate deactivation of drugs can limit side effects in medical
treatment and potentially save lives. In some cases, there are
antidotes that disrupt inhibitor–enzyme interactions, but there is
still no general way of finding molecules that can perform this
function. In this sense, aptamers can be advantageous compared
with other molecule- or antibody-based enzyme inhibitors be-
cause an aptamer’s cDNA sequences naturally function as
effective antidotes. This can occur because the cDNA sequence
of the aptamer can replace the protein to form a DNA duplex,
thus disabling the aptamer’s inhibition function with target
proteins. However, this example also illustrates a key potential
drawback of this approach in that a large quantity of antidote
sequences must be administered to overcome the slow reaction
time of diffusion and hybridization in the case of in vivo
applications. Another attempt used caged thrombin aptamers to
deactivate thrombin. However, because this mechanism is the
opposite of restoring the protein’s function, it does not fit the
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Fig. 2. Photo-regulating inhibitory function of probes.
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concept of an antidote (38). With this in mind, the covalent
linkage of the inhibitor to its antidote, which corresponds to the
inhibitory domain (15Apt) and regulatory domain (cDNA) in
our design, is highly beneficial in maximizing the hybridization
efficiency between an aptamer and its cDNA sequence. In brief,
this is precisely the capability that would be necessary to realize
clinical inhibitor–antidote applications. Therefore, we tested
whether the inhibitory nature of our probes could be controlled
in real time.

To show the dynamic transition of the aptamer’s function from
active to inactive, the following experiment was designed. First, the
9c-8azo-cis probe was incubated with thrombin for 5 min under
365-nm excitation in the UV spectrometer. To initiate the clotting
reaction, fibrinogen substrate was added, and the reaction was
monitored by measuring the decrease in light intensity due to
scattering (Fig. 4). After 100 s, visible light (553 nm) was directed
onto the sample in the UV spectrometer for 30 s by using a regular
laser pointer. Then, the clotting reaction was continuously moni-
tored until a plateau was reached. The samples that did not contain
probes, 9c-8azo-trans and 9c-8azo-cis without light treatment, were
used as references. As shown in Fig. 4, the blank sample showed fast
reaction kinetics. The sample containing cis-form probes showed
greatly inhibited reaction kinetics and took a much longer time to
reach the plateau compared with the sample containing trans-form
probes. Especially, during the first 100 s, the reaction rate was very

slow. Thus, this time point was chosen to show the dramatic
alteration of a reaction rate. As shown in Fig. 4, the 30-s treatment
with Vis light considerably accelerates the clotting reaction. The
reaction after light treatment had the same slope as the trans probe;
thus, we can see that the cis-state probe and thrombin inhibition can
be efficiently controlled in real time by photons. This experiment
clearly demonstrated that our optimized probe designs can quickly
respond to light exposure such that the deactivation of the coagu-
lation process can be restored in a short amount of time, thus
confirming the probes’ capability to realize clinical inhibitor–
antidote applications.

Spatially Controllable Activation of Coagulation Reaction in Microflu-
idic Channel. A second key part of our investigation sought to
confirm the feasibility of sequential site-specific activation of co-
agulation by spatial control of thrombin inhibition. The regulation
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Table 1. IC200s of each -cis and -trans
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of reactions using photons in the UV/Vis region, instead of other
mechanisms, such as heat, is advantageous because light from these
wavelengths allows high spatial resolution, measuring the ability to
activate a molecule’s function in a spatially confined area (39). This
can be therapeutically beneficial as side effects, and unnecessary
drug activation in undesired areas can be eliminated. For example,
the activity of a specific enzyme that causes cell death could be
up-regulated within a tumor but not changed within healthy tissue.
In the case of thrombin, when the cis-probes are introduced into the
body, local Vis light treatment can activate the clotting reaction,
resulting in selective clotting of blood vessels, whereas nontargeted
sites (no Vis light) are not affected. In general, the spatial resolution
of this method is limited to the resolution of the light source (the
wavelength of light and optics used to deliver the Vis light).
Theoretically, nanometer spatial resolution can be achieved using
near-field optics (40). Using a confocal microscope, we should be
able to achieve nanometer spatial resolution.

To investigate whether our PCI probes were capable of spatially
controlled clotting, we made use of a microfluidic system to model
2-dimensional clot formation. First, we demonstrated that the
clotting reaction could be visualized with fluorescent fibrinogen
(Fig. S1A) (41). Fluorescent fibrinogen and the 10c-9azo-cis probe
were mixed with the standard activated partial thromboplastin time
(aPTT) (37) assay solutions and injected into a microfluidic chan-
nel. After the serine protease hydrolyzed soluble fibrinogen, the
insoluble strands of fibrin could be visualized as a fluorescent
protein network (Fig. S1A). The time required to form this network
is an indication of the clotting reaction. Fig. S1 depicts fluorescent
time-lapse images of clotting assays, which clearly show the differ-
ence in clotting times from solutions with no probe, 10c-9azo-trans,
and 10c-9azo-cis probes. Fig. S1B shows the results using a blank
sample without probes. In the beginning, there was homogeneous
fluorescence because fibrinogen is a highly water-soluble protein.
Thirty seconds after the reaction was initiated, the fluorescence
signal became heterogeneous as a result of fibrin aggregation. This
result is consistent with the data obtained by using UV absorption
measurement. Fig. S1C shows the same time-lapse by using the
10c-9azo-trans sample. The clotting reaction was started at approx-
imately 105 s. Fig. S1D shows the results for the 10c-9azo-cis sample.
As shown, the heterogeneous fluorescence took place at �135
seconds. Interestingly, we noticed that there was an observable
asymmetry in the time-lapse corresponding to the 10c-9azo-cis PCI
probes. Fig. S2 shows the real-time fluorescence signal change of
the left (a blue box in Fig. S1D) and right (a red box in Fig. S1D)
sides of the images, with a longer aPTT on the right side of
approximately 40 s more than the left side. We speculated that this
difference arose from a problem intrinsic to the device and mea-
surement method. Specifically, the residual fluid flow allows a small

volume of solution to pass from left to right during the time-lapse
recording. Thus, once cis-probes enter the field of view from the left
side, they undergo conformation switch from opened to closed
hairpin structure during the time-lapse, causing an asymmetric
clotting pattern as the inactive form of the probe is moving from left
to right.

After observing the asymmetry noted above, we designed
experiments to test whether we could initiate clotting in multiple
regions of the channel in a temporally and spatially resolved
manner. To accomplish this, the first region of the channel was
imaged until fibrin fibers were observed. The stage was then
moved manually to a different region of the channel to image a
second zone that had not been illuminated by Vis light during the
time-lapse of the first region. In the first region, the clot formed
within 117 s, and the second region did not show signs of clotting
(Fig. 5). After observing the second region for �30 s, a clot
finally formed at 153 s. We repeated these experiments several
times, and other experiments that used the confocal microscope
software to illuminate a small region of the field of view before
time-lapse also showed spatial resolution of clot formation.
Overall, these lines of evidence lead us to conclude the feasibility
and efficacy of regulating the clotting reaction in a site-specific
manner with submillimeter resolution using Vis light.

Conclusions
We have engineered photoswitchable nucleic acid probes mod-
ified with azobenzene for enzyme inhibition using photon energy
control. Taking advantage of the principles of photoisomeriza-
tion, we optimized the aptamer probes to inhibit and restore
clotting reactions reversibly, depending on photon energy, in a
self-regulating manner. In fact, the conversion of cis to trans was
so noticeably rapid that the activity of thrombin could be
instantly restored by Vis light. This quick restoration of activity
of an enzyme allowed us to demonstrate that the clotting
reaction within a microfluidic channel could be temporally and
spatially regulated by photons in a controlled manner. In this
report, we only focused on using azobenzenes to demonstrate the
principle, and thus, there might be some concern that UV and
Vis light may harm biological structures or have low tissue-
penetration efficacy. However, evolution of azobenzene design
to achieve near-infrared-responsive property can solve these
problems, as demonstrated recently (42). Thus, we anticipate
that such high resolutions will potentially allow fabricating
small-scale architectures and devices conveniently.

Furthermore, from a therapeutic point of view, manipulating
the clotting reaction with light can provide sophisticated tissue-
specific clotting activation and inhibition. In detail, when cis-
probes/thrombin complexes are introduced to the body, local Vis

λeex 495nm
λex 
495nm

Region 1: Clotting 
completed

Region both 1 and 2:
Clotting completed

Region 1g

Region 2Region 2
Fig. 5. Regulating the clotting reaction in a site-
specific manner with submillimeter resolution using
visible light. Site-specific activation of thrombin’s ac-
tivity by using a laser equipped to the microscope.

Kim et al. PNAS � April 21, 2009 � vol. 106 � no. 16 � 6493

BI
O

CH
EM

IS
TY

R
CH

EM
IS

TR
Y

http://www.pnas.org/cgi/data/0812402106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0812402106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0812402106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0812402106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0812402106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0812402106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0812402106/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0812402106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0812402106/DCSupplemental/Supplemental_PDF#nameddest=SF1


light treatment can activate the clotting reaction, resulting in
selectively blocking the blood vessels, whereas nontargeted sites
(no Vis light) remain unaffected. We expect that this approach
will be highly beneficial in future biomedical and pharmaceutical
applications. For example, as a class of cancer treatment regu-
lating angiogenesis has been highlighted as a means of minimiz-
ing nutrition delivery to the tumor site. Based on the working
principle of our PCI probes, this nutritional supply line to the
tumor site could be cut off in a similar manner.

Materials and Methods
Chemicals and Reagents. DNA synthesis reagents were purchased from Glen
Research. A physiological buffer contained 25 mM Tris�HCl (pH 7.4), 150 mM
NaCl, 5 mM KCl, 1 mM MgCl2, 1 mM CaCl2, and 5% (vol/vol) glycerol for the
buffer experiment. Human �-thrombin was obtained from Haematologic
Technologies. Fibrinogen was obtained from Sigma–Aldrich. Universal coag-
ulation reference plasma (UCRP) and thromboplastin-DL for human sample
testing were purchased from Pacific Hemostasis.

Preparation of Probes. We designed, prepared, and characterized a series of
molecularprobes,whichareshowninTableS1.Theprobesweresynthesizedbyusing
an ABI 3400 DNA/RNA synthesizer (Applied Biosystems) at 1-�mol scale with the
standard synthesis protocol. Details of the synthesis procedures are given in SI Text.

Real-Time Monitoring of Clotting Reaction. To monitor the clotting time alter-
ation in response to different light treatments, we designed a simple buffer
experiment that contained only thrombin, one of the nucleic acid inhibitors, and
fibrinogen substrate in physiological buffer. The underlying principle of the
experiment is based on the mixture of sample that becomes nonfluidic and tends
toscatter lightbyfibrinaggregation, theproductofthrombin’scatalytic reaction.
As a result, the clotting process can be measured by the decrease of light
penetration through the sample cell. To compare the efficacy of inhibition, each
probe was pretreated with UV (365 nm) or Vis (white light). The mixture con-
taining 1 �L of 10 �M thrombin and 1 �L of 100 �M concentrations of each
inhibitor in 200 �L of physiological buffer was then incubated for 10 min under
either UV (365 nm) or Vis (500 nm) light in the spectrometer. In sequence, 4 �L of
20 mg/mL fibrinogen was quickly added and mixed while the UV spectrometer
was monitoring either the UV or the Vis wavelength as a function of time.
Reaction mixtures containing only thrombin and fibrinogen with or without

15Apt were always tested together with other samples as internal standards. All
clotting times were normalized based on the internal standard and compared
with it.

Human Plasma Tests. To evaluate the feasibility of the inhibitor as a potential
anticoagulant reagent, we determined PT for each ligand using human
plasma samples. Details are given in SI Text.

Monitoring Site-Specific Activation of Enzymatic Reaction in Microfluidic Chan-
nel. To demonstrate site-specific activation of thrombin’s activity, we used a
microfluidic channel to create a 2-dimensional model of the clotting process
using fluorescent fibrinogen to visualize fibrin networks. Fibrinogen was
labeled with Alexa Fluor 488. Fibrinogen (10 mg) was dissolved in 1 mL of 0.1
M sodium bicarbonate buffer. Then, 0.5 mg of Alexa Fluor 488 in dimethyl
sulfoxide (DMSO) was added to the protein ,followed by stirring for 1 h. The
conjugated protein was separated from unreacted Alexa Fluor 488 by using a
Nap-25 column (GE Healthcare Bio-Sciences). The purified protein had ap-
proximately a single fluorophore on each protein.

Microfluidic channels were prepared by the following procedure. Micro-
scope slides and 18-mm-square no. 1 coverglasses (Fisher) were rinsed with
deionized H2O and dried under nitrogen. Strips of double-sided tape (3M)
were placed 4 mm apart on a microscope slide, and the coverglass was placed
on top. Devices were filled by capillary action. Solution exchange was per-
formed by simultaneously pipetting solution at one end and withdrawing
fluid from the other end with P8 filter paper (Fisher). An Olympus FV500-IX81
confocal microscope was used to both illuminate and image specific regions of
the channel using a 10� objective and the 494-nm laser line. The length scale
of the 10� field of view was calibrated by using a micrometer, and the image
was 1.286 � 1.286 mm. A human plasma sample (10 �L) was prepared for aPTT
measurement containing 10 �M concentrations of cis-probes and Alexa 488-
labeled fibrinogen, and the mixture was loaded into the channel and incu-
bated at RT. The aPTT is a performance indicator for measuring the efficacy of
both the ‘‘intrinsic’’ pathway (now referred to as the contact activation
pathway) and the common coagulation pathway. The fluorescent time-lapse
images were obtained every 15 s until the reaction was completed.
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