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B
iological transformations in cells are
regulated by information transfer
processes that are triggered by exter-

nal or internal stimuli.1,2 Recent research ef-
forts are directed toward the organization
of molecular systems that perform informa-
tion processing or programmed mechani-
cal functions as a result of the application of
external signals.3�7 Different molecular-,8�11

enzymatic-12�15 and peptide-based16 as-
semblies that perform logic operations
were designed. The use of nucleic acids as
functional biomaterials for information pro-
cessing and programmed mechanical ac-
tivities is, however, most attractive as a
means to mimic biocatalytic transforma-
tions and biochemical pathways. The infor-
mation encoded in the base sequence of
nucleic acids provides instructions for base-
pairing, reactivity toward enzymes (endo-
nucleases or nicking enzymes), specific
binding properties (aptamers),17�20 and self-
assembly into catalytic nucleic acids
(DNAzymes and ribozymes).21�23 These fea-
tures were implemented to develop differ-
ent nucleic acid-based logic circuits. For ex-
ample, various logic gates were constructed
by using single-stranded fluorogenic nu-
cleic acids acting as cleavable substrates for
short nucleic acids functioning as
ribozymes.24,25 Similarly, chained DNA-
based logic gates were designed, and the
activation of logic-gate cascades by immo-
bilizing individual logic gates on a solid sup-
port was demonstrated.26 Furthermore, the
specific base-pairing of nucleic acids, the li-
gation of single-stranded DNA, and the
sequence-specific reactivity of duplex DNA
in the presence of appropriate enzymes led
to the development of programmable and
autonomous computing devices
(automaton).27,28 In these systems, informa-
tion transfer from one state to another pro-

ceeds autonomously with “decision-
making” capabilities. In addition to the
implementation of the recognition and re-
activity of nucleic acids for molecular com-
puting and information processing, sub-
stantial recent research efforts are directed
toward the development of “DNA
machines”.29�32 These systems constitute
tailored DNA structures that perform pro-
grammed mechanical operations, as a re-
sponse to external stimuli. For example,
DNA machines such as walkers,33 twee-
zers,34 gears,35 and more36 were designed.
In fact, besides the fundamental interest in
developing artificial biomolecular computa-
tional networks and devices that mimic
complex biological processes, these sys-
tems hold promising practical implications.
Such functional DNA structures were sug-
gested as active components in future
nanomedicine for the analysis of disease-
related biomarkers, and in situ release of
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ABSTRACT A series of logic gates, “AND”, “OR”, and “XOR”, are designed using a DNA scaffold that includes

four “footholds” on which the logic operations are activated. Two of the footholds represent input-recognition

strands, and these are blocked by complementary nucleic acids, whereas the other two footholds are blocked by

nucleic acids that include the horseradish peroxidase (HRP)-mimicking DNAzyme sequence. The logic gates are

activated by either nucleic acid inputs that hybridize to the respective “footholds”, or by low-molecular-weight

inputs (adenosine monophosphate or cocaine) that yield the respective aptamer�substrate complexes. This

results in the respective translocation of the blocking nucleic acids to the footholds carrying the HRP-mimicking

DNAzyme sequence, and the concomitant release of the respective DNAzyme. The released product-strands then

self-assemble into the hemin/G-quadruplex-HRP-mimicking DNAzyme that biocatalyzes the formation of a colored

product and provides an output signal for the different logic gates.The principle of the logic operation is, then,

implemented as a possible paradigm for future nanomedicine. The nucleic acid inputs that bind to the blocked

footholds result in the translocation of the blocking nucleic acids to the respective footholds carrying the

antithrombin aptamer. The released aptamer inhibits, then, the hydrolytic activity of thrombin. The system

demonstrates the regulation of a biocatalytic reaction by a translator system activated on a DNA scaffold.
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therapeutic counteragents.37 Also, programmed DNA
machines were used as active sensor devices.38�40 It is,
however, of great interest to combine the computa-
tional and mechanical functions of DNA-based devices
to design modular and interconnected circuits.

Here we wish to report on the construction of DNA-
based devices that perform AND, OR, and XOR logic
gate operations. Besides the computational functions
of the systems, we emphasize the future perspectives
of such DNA devices for biomedicine, and specifically,
we address the use of these machines for controlling
the activity of an enzyme (the blood clotting thrombin).

RESULTS AND DISCUSSION
The inputs 1s and 0s of Boolean logics are repre-

sented by the presence or absence of a single stranded
DNA molecule or aptamer substrates, respectively. For
each gate, a different set of input strands or aptamer
substrates satisfies the “true value” that results in the re-
lease of a catalytic nucleic acid that yields a readout
signal.

Logic gates are constructed through a modular de-
sign that combines two DNA-translators in the device
that performs logic operations. The DNA translators me-
diate the release of “product” nucleic acid strands in re-
sponse to an “arbitrary” DNA-input strand, which does
not exhibit complementarity to the product strand. This
design allows us to decouple the input sequence from
the sequence needed for the subsequent operations,
and to utilize the translation of information encoded in
the base sequences of DNA from one code to another.

The DNA translators described in the present study
rely on three well-established features of nucleic acids:

(i) Nucleic acids with specific recognition properties
toward low-molecular-weight substrates or proteins
(aptamers) can be elicited.17�20 The self-assembly of the
aptamer�substrate complex may separate a duplex
DNA structure, provided that the aptamer complex is
energetically favored.

(ii) The stabilities of duplex nucleic acids are domi-
nated by the extent of base-pairing. Specifically, du-
plex formation is facilitated by synergetic base-pairing
of loop-bridged complementary domains I and II,
Scheme 1. The separation of one of the duplex do-
mains by the formation of an aptamer�substrate com-
plex, Scheme 1, route a, or by the DNA strand dis-

placement, Scheme 1, route b, as a result of favored

affinity interactions, results in a weakened double-

stranded domain II and the separation of the re-

sidual duplex structures that include the domain II.

In contrast to the abundant strand displacement

that proceeds from the single-stranded toe-hold,41

located at the termini of a duplex template, in the

present study strand displacement is initiated by du-

plex formation in the loop region.

(iii) Catalytic nucleic acids can be prepared

(DNAzymes).21�23 Specifically, we make use of a horse-

radish peroxidase (HRP)-mimicking DNAzyme42,43 as a

reporter for the activities of the DNA translator systems.

That is, the release of the DNAzyme results in the bio-

catalyzed oxidation of 2,2=-azino-bis(3-ethylbenzo-

thiazoline-6-sulfonic acid)-disodium salt, ABTS2�, to the

colored product ABTS.�.

The general construct for the activation of the logic

gates constitutes four footholds that are hybridized to

a common DNA scaffold acting as a “track”, Scheme 2.

Two “outer” footholds and two “inner” footholds,

blocked by complementary nucleic acids, are as-

sembled on the scaffold and yield two pairs of transla-

tors. The “outer” footholds are hybridized with

“mediator-strands” and act as input-sensing units. Upon

the activation of the systems by the respective inputs,

the mediator-strands are translocated to the “inner”

footholds, and the displacement of the nucleic acids

linked to these footholds by the mediator-strands yield

the released “product-strands”. The catalytic DNAzyme

features of the combined product-strands allow, then,

the readout of the logic operations. It should be noted

that all of the logic gate constructs are single-use

devices.

In the first set of experiments, we implemented nu-

cleic acids as inputs that activate a set of logic gate op-

erations (“OR”, “AND”, and “XOR”). Figure 1A depicts

the design of the “OR” logic gate using the DNA trans-

lator device. The principles to design the “OR” gate will

be described in detail, and they will be adapted to con-

struct all other systems described in the study. The se-

quence 1 is used as “track” on which the machine is as-

Scheme 1. The separation of a synergetically stabilized duplex DNA
by the formation of an aptamer�substrate complex (route a) and by
a nucleic acid strand displacement (route b).

Scheme 2. Components of a logic gate construct on a DNA
scaffold.
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sembled and operates. The four nucleic acids 2, 3, 4,

and 5 are hybridized with the “track”, and these act as

“footholds”. The mediator-strands 2=, 5= and product-

strands 3=, 4= are designed as loops that include bind-

ing arms that are only partially complementary to foot-

holds 2,5 and 3,4, respectively. The resulting structures

are stabilized by synergetic hybridizations of the re-

spective duplex domains. The mediator-strands 2= and

5= are also complementary, in part, to footholds 3 and 4,

but the enhanced base-pairing between 2/2= and 5/5=
preserves them on footholds 2 and 5, respectively.

In the “OR” gate, the product strands 3= and 4= in-

clude the sequence that can self-assemble in the pres-

ence of hemin into the G-quadruplex/hemin HRP-

mimicking DNAzyme. The input nucleic acids 6 and 7

are partially complementary to footholds 2 and 5, and

since the base-pair complementarity of 6/2 and of 7/5

is higher than that of 2=/2 or 5=/5, the treatment of the

system with either 6 or 7, results in the formation of the

more stable 6/2 and 7/5 duplexes with the concomi-

tant displacement of the mediator-strands 2= or 5=, re-

spectively. The displaced mediators 2= or 5= include,

Figure 1. (A) Schematic presentation of an “OR” gate using a four-foothold nucleic acid structure on a DNA scaffold, and the activation
of the logic gate by two-nucleic acids inputs. (B) Time-dependent absorbance changes stimulated by the released HRP-mimicking
DNAzyme upon activation of the system by the respective nucleic acid inputs: (a) (0,0), (b) (0,1), (c) (1,0), (d) (1,1) (expressed as �Abs val-
ues, where �Abs corresponds to the difference between the absorbance generated by the input-activated system and the absorbance
generated by hemin). Spectra recorded in the presence of hemin, 7 � 10�7 M, ABTS2�, 2 mM, and H2O2 2 mM. Results are presented in the
inset in the form of a bar presentation and the respective truth-table. (Note that the sequences 3= and 4= are identical, and separate num-
bering was used for clarity). (C) Agarose-gel electrophoretic image corresponding to the different structures consisting of scaffolds that in-
clude (a) one foothold, 2/2=, (b) two footholds, 2/2= and 3/3=, (c) three footholds, 2/2=, 3/3= and 4/4=, and (d) four footholds, 2/2=, 3/3=, 4/4=
and 5/5=. Entries e, f, g, and h depict the migration of the separate footholds 2/2=, 3/3=, 4/4= and 5/5=, respectively, (in the absence of
the scaffold 1). Entries i, j, k, and l depict the migration of the separate footholds 2/2=, 3/3=, 4/4= and 5/5= at the three times smaller con-
centrations compared to e, f, g, and h, respectively (in the absence of the scaffold 1).
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however, superior base-pairing to footholds 3 and 4,
as compared to 3= and 4=, respectively, and thus, their
release by the inputs stimulates their translocation to
footholds 3 or 4. The concomitant displacement of
product strands 3= and 4= result in the self-assembly of
the HRP-mimicking DNAzymes that, in the presence of
hemin, catalyze the H2O2-mediated oxidation of ABTS2�

to the colored product, ABTS●�. The absorption of col-
ored product provides, then, the readout signal for the
gate operation. As any of the DNA inputs 6 or 7, as well
as the two inputs together, activate the release of the
HRP-mimicking DNAzymes, the system performs the
“OR” logic gate operation.

Figure 1B depicts the time-dependent absorbance
changes observed upon the activation of the “OR” gate
with the inputs 6 or 7, curves b and c, respectively,
whereas curve d shows the absorbance changes in the
presence of both inputs. The absorbance changes in the
absence of the inputs, curve a, are due to residual
DNAzyme units present in the solution. The absor-
bance changes in the form of bars and the truth table
of the system are given in Figure 1B, inset.

A major aspect that needs to be addressed relates
to the existence of the composite DNA scaffold on
which the logic gates are activated. To address this
point, we examined the different structures consisting
of scaffolds that include one, two, three, and four foot-
holds, hybridized with the respective mediator/
DNAzyme strands on the DNA scaffolds by means of
gel electrophoresis, Figure 1C. Entries a, b, c, and d cor-
respond to the scaffold that includes one duplex foot-
hold 2/2=, the additional duplex foothold 3/3=, the fur-
ther added duplex foothold 4/4=, and the system with
the fourth duplex foothold 5/5=, respectively, where all
entries include the respective nucleic acid components
at concentrations similar to those that used to study the
“OR” logic gate. One may realize that the systems are
well-resolved, and the four-footholds-scaffold structure
reveals the lowest mobility. Entries e, f, g, and h depict
the migration of the separate footholds 2/2=, 3/3=, 4/4=
and 5/5=, respectively (in the absence of the scaffold 1.
All duplex footholds are examined at the same concen-
trations used in the entire “OR” gate construct. The du-
plex foothold 5/5= migrates slightly slower than the
other footholds, consistent with its higher weight. One
may realize that in entries a�d the free duplex foot-
holds are almost invisible, implying that the four-foot-
hold/scaffold construct is the major component in the
system. A detailed electrophoretic concentration-
dependence study of the images of the footholds sug-
gests that the concentration of the free footholds in the
“OR” construct is in the range of 20�30%. It should be
further noted that the precise ordering of the footholds
on the scaffold is essential to reach the high-purity four-
foothold construct (see also experimental section). This
included the primary hybridization of the foothold 2/2=
on the scaffold. Subsequently, the preprepared foot-

holds 3/3=, 4/4=, and 5/5= were hybridized onto the
2/2=-functionalized scaffold. Note that 2= is also
complementary to 3, and 5= is complementary to 4.
The resulting duplexes 2=/3 and 5=/4 are, however, en-
ergetically less stable than the duplexes 2/2= and 5/5=,
and thus, the procedure to construct the gate compos-
ite eliminates undesirable crossovers, consistent with
the observed purity of the construct. A further aspect
that needs to be mentioned relates to the designed se-
quences and the conditions used to operate the logic
gate. We have optimized the structure of the translo-
cated mediator strands 2= or 5= or the ionic strength of
the system to obtain maximal difference between the
False, ==0==, and the True, ==1==, values (see optimization
results in Supporting Information, Figures 1S, 2S). Fi-
nally, although the gate configuration consists of a
complex structure composed of nine components, we
find that the precise steps to setup the system and its
activation at the defined conditions allow the result to
be reproduced within a 15% error.

Figure 2A shows the activation of an “AND” gate,
based on the DNA-translator platform. The construct
of the “AND” system is very similar to that described for
the “OR” system, except that the sequences constitut-
ing the mediator-strands 2== and 5==, and the footholds
3a and 4a that are hybridized with modified product-
strands 3== and 4== are altered. Each of the product
strands includes the half sequence of the HRP-
mimicking DNAzyme. Thus, upon the activation of the
system by either input 6 or 7, and the subsequent re-
lease of DNAzyme halves 3== or 4==, respectively, the
HRP-mimicking DNAzyme cannot be formed. Treat-
ment of the system with both inputs releases, how-
ever, both fragments, 3== and 4==, and these self-
assemble into the intermolecular G-quadruplex struc-
ture that yields, in the presence of hemin, the HRP-
mimicking DNAzyme. That is, we make use of the fact
that nucleic acid fragments may form complexes that
yield catalytically active DNAzyme structures.20 Figure
2B shows the time-dependent absorbance changes
upon activation of the “AND” gate by the inputs 6, 7.
Figure 2B, curves a, b, and c show the absorbance
changes upon treatment of the system with no inputs,
with input 6 only, and with input 7, alone, correspond-
ingly. Figure 2B, curve d, corresponds to the system ac-
tivation with the two inputs. It is evident that upon
treatment of the system with the two inputs (state 1,
1), the effective generation of the HRP-mimicking
DNAzyme is achieved. Figure 2B, inset, shows the absor-
bance changes in the form of bars, and the derived
truth table that corresponds to the “AND” gate.

We further extended the study by constructing the
“XOR” gate using the DNA translator device activated
by the two inputs 6 and 7, as shown in Figure 3A. The
DNA machine is very similar to the one used for the
“OR” gate. Footholds 3 and 4 are hybridized here with
two new designed product strands 3=== and 4=== that in-
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clude, each, the HRP-mimicking DNAzyme sequence

and additional complementary domains that can pre-

vent the formation of the hemin-G quadruplex DNAzyme

upon hybridization. The sequences 3=== and 4=== are

blocked by partial hybridization with footholds 3 and 4,

and thus, the DNAzyme units are not activated. Thus,

while either of the inputs 6 or 7 activates the formation

of the HRP-mimicking DNAzyme, the introduction of both

inputs leads to the displacement of two strands that mu-

tually cancels the DNAzyme properties of each other

through the formation of the duplex 3===/4===.
Figure 3B shows the time-dependent absorbance

changes of the system. The results confirm that the sys-

tem performs the “XOR” gate function. Interaction of

the system with either input 6 or 7 leads to the release

of the HRP-mimicking DNAzymes, and to the catalyzed

oxidation of ABTS2� to ABTS.�, curves b and c, respec-

tively. Initiation of the system activity with both inputs

6 and 7 simultaneously, curve d, state (1, 1), leads to the

low absorbance changes that are generated by the sys-

tem also in the absence of any inputs, curve a. These re-

sults demonstrate that the system, indeed, performs the

“XOR” gate operation (cf. absorbance bar presentation

and the derived truth table, Figure 3B, inset).

In the second set of experiments, we substituted

the nucleic acid inputs with the low-molecular-weight

Figure 2. (A) Schematic presentation of an “AND” gate using a four-foothold nucleic acid structure on a DNA scaffold, and
the activation of the logic gate by two-nucleic acids inputs. (B) Time-dependent absorbance changes stimulated by the re-
leased HRP-mimicking DNAzyme upon activation of the system by the respective nucleic acid inputs: (a) (0,0), (b) (0,1), (c) (1,0),
(d) (1,1) (expressed as �Abs values, where �Abs corresponds to the difference between the absorbance generated by the
input-activated system and the absorbance generated by hemin). Spectra recorded in the presence of hemin, 7 � 10�7 M,
ABTS2�, 2 mM, and H2O2, 2 mM. Results are presented in the inset in the form of a bar presentation and the respective truth-
table.
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substrates, cocaine (CO) and adenosine monophos-

phate (AMP), and implemented the formation of input-

aptamer complexes as initiators of the logic gate

operations.

The “OR” gate machine, depicted in Figure 4A, is

very similar to the one constructed for the DNA-inputs

“OR” gate. The single-stranded tethers of footholds 2
and 5 were originally designed to include built-in

aptamer sequences for cocaine (CO) or adenosine

monophosphate (AMP), respectively. Footholds 3 and

4 are partially hybridized with the product-strands 3=
and 4= that include, as a built-in component, the HRP-

mimicking-DNAzyme sequence. The system is designed

in such a way that prior to its activation by the inputs

CO or AMP, mute state, (0,0), the duplexes 2/2= and 5/5=
reveal enhanced stability as compared to the possible

hybridization between 2=/3 or 5=/4. The introduction of

input molecules results in conformational changes of

the corresponding aptamer foothold (2 or 5), formation

of respective CO- or AMP-aptamer complex, and the

displacement of corresponding mediator-strands (2= or

5=). The translocation of the mediator-strands 2= or 5= to

footholds 3 or 4, results in the displacement and the re-

lease of the product-strands 3= and 4=, respectively,

from the corresponding foothold. The displaced

product-strands 3= or 4= self-assemble, in the presence

Figure 3. (A) Schematic presentation of an “XOR” gate using a four-foothold nucleic acid structure on a DNA scaffold, and the
activation of the logic gate by two-nucleic acids inputs. (B) Time-dependent absorbance changes stimulated by the released
HRP-mimicking DNAzyme upon activation of the system by the respective nucleic acid inputs: (a) (0,0), (b) (0,1), (c) (1,0), (d) (1,1)
(expressed as �Abs values, where �Abs corresponds to the difference between the absorbance generated by the input-
activated system and the absorbance generated by hemin). Spectra recorded in the presence of hemin, 7 � 10�7 M, ABTS2�, 2
mM, and H2O2, 2 mM. Results are presented in the inset in the form of a bar presentation and the respective truth-table.
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of hemin, to the hemin-G-quadruplex complex (HRP-
mimicking-DNAzyme) that catalyzes the formation of
the colored ABTS●� product. Figure 4B shows the time-
dependent evolution of ABTS●� absorption upon acti-
vation of the system by the AMP or CO inputs, curves b
and c, respectively, whereas curve d corresponds to
the absorbance changes in the presence of the two in-
puts. The absorbance changes in the absence of the in-
puts, curve a, are due to residual DNAzyme units
present in the solution. The absorbance changes in the
form of bars and the truth table of the system are given
in Figure 4B, inset.

One may realize that the system reveals the charac-
teristics of an “OR” gate while the CO input displaces

the DNAzyme 4= more effectively than the AMP input
(see Figure 4B). The application of the two inputs, CO
and AMP, results, however, in a similar absorbance to
that of CO alone, although one would anticipate a
higher readout signal than the response of any of the
individual inputs, due to a higher content of the re-
leased DNAzyme. This is explained by the fact that the
introduced CO and AMP molecules exhibit affinities to
the released G-rich nucleic acids 3= and 4=, and the for-
mation of these complexes inhibits the formation of ac-
tive DNAzymes (see details, Supporting Information,
Figure 3S).

The assembly of the “AND” gate machine that is ac-
tivated by the CO/AMP inputs is schematically depicted

Figure 4. (A) Schematic presentation of an “OR” gate using a four-foothold nucleic acid structure on a DNA scaffold, and
the activation of the logic gate by AMP and cocaine inputs. (B) Time-dependent absorbance changes stimulated by the re-
leased HRP-mimicking DNAzyme upon activation of the system by AMP and cocaine inputs (1.25 � 10�4M): (a) (0,0), (b) (0,1),
(c) (1,0), (d) (1,1). Spectra recorded in the presence of hemin, 7 � 10�7 M, ABTS2�, 2 mM, and H2O2, 2 mM. Results are pre-
sented in the inset in the form of a bar presentation and the respective truth-table. �Abs corresponds to the difference be-
tween the absorbance generated by the input-activated system and the absorbance generated by hemin.
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in Figure 5A. The system is very similar to that de-

scribed for the “OR” gate, except that the base se-

quences in the mediator-strands 2== and 5== and the

footholds 3a and 4a that are hybridized with modified

product strands 3== and 4== are altered. Each of the

product-strands consists of the half sequence of the

HRP-mimicking DNAzyme. Thus, activating the system

with only CO results in the formation of the respective

CO-aptamer complex, and the translocation of the

mediator-strand 2== to foothold 3a, while releasing

product-strand 3==. The latter does not yield, however,

any DNAzyme. Similarly, the treatment of the assembly

with the AMP input yields the formation of the AMP-

aptamer complex and the transfer of the mediator-

strand 5== to foothold 4a, while releasing the product-

strand 4==. As before, the released product-strand 4== is

catalytically inactive. The interaction of the DNA ma-

chine with the two inputs, CO and AMP, results, how-

ever, in the synchronized release of the product strands

3== and 4== that yields, in the presence of hemin, the in-

termolecular complex corresponding to the HRP-

mimicking DNAzyme that catalyzes the formation of

the colored ABTS●� product. Figure 5B, curves a b, and

c, show the time-dependent absorbance changes, as a

result of formation of ABTS●�, upon treatment of the

system with no inputs, with AMP only, and with CO

Figure 5. (A) Schematic presentation of an “AND” gate using a four-foothold nucleic acid structure on a DNA scaffold, and
the activation of the logic gate by AMP and cocaine inputs. (B) Time-dependent absorbance changes stimulated by the re-
leased HRP-mimicking DNAzyme upon activation of the system by AMP and cocaine inputs (1.25 � 10�4M): (a) (0,0), (b) (0,1),
(c) (1,0), (d) (1,1). Spectra recorded in the presence of hemin, 7 � 10�7 M, ABTS2�, 2 mM, and H2O2, 2 mM. Results are pre-
sented in the inset in the form of a bar presentation and the respective truth-table. �Abs corresponds to the difference be-
tween the absorbance generated by the input-activated system and the absorbance generated by hemin.
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alone, respectively. Figure 5B, curve d, corresponds to

the activation of the system with both inputs. It is evi-

dent that, upon treatment of the system with the two

inputs, CO and AMP, (state 1,1) the HRP-mimicking

DNAzyme is formed, resulting in the effective forma-

tion of ABTS●�, that represents a “True” output. Figure

5B, inset, shows the absorbance changes in the form of

bars and the derived truth table of the “AND” gate.

The method to construct the challenging “XOR” gate

is shown in Figure 6A. The assembly and the activation

of the system is identical to the one described for the

“XOR” gate with nucleic acids as inputs, albeit here the

same footholds sequences, 2 and 5, were implemented

as aptamers for CO and AMP as inputs, respectively.

The product-strands 3=== and 4=== include, each, the

HRP-mimicking DNAzyme sequence and additional

complementary domains. They are blocked by partial

hybridization to footholds 3 and 4, and thus, the

DNAzyme units are catalytically inactive. Figure 6A

shows the function of the system as the “XOR” gate.

The interaction of the system with either CO or AMP

yields the displacement of the product-strands, 3=== or

4===, leading to the active DNAzyme units, Figure 6B,

curves b and c. Upon the introduction of both inputs,

Figure 6. (A) Schematic presentation of an “XOR” gate using a four-foothold nucleic acid structure on a DNA scaffold and the
activation of the logic gate by AMP and cocaine inputs. (B) Time-dependent absorbance changes stimulated by the released HRP-
mimicking DNAzyme upon activation of the system by AMP and cocaine inputs (1.25 � 10�4M): (a) (0,0), (b) (0,1), (c) (1,0), (d)
(1,1). Spectra recorded in the presence of hemin, 7 � 10�7 M, ABTS2�, 2 mM, and H2O2, 2 mM. Results are presented in the inset
in the form of a bar presentation and the respective truth-table. �Abs corresponds to the difference between the absorbance
generated by the input-activated system and the absorbance generated by hemin.

A
RTIC

LE

www.acsnano.org VOL. 3 ▪ NO. 7 ▪ 1831–1843 ▪ 2009 1839



the release of the product-strand does not yield the ac-
tive DNAzyme due to the intermolecular hybridization
of 3=== and 4===, Figure 6B, curve d. The respective truth
table and the absorbance changes in the form of bars
are presented in Figure 6B, inset.

The previous systems addressed the construction
of a set of DNA-scaffold-based logic gates that covers
fundamental Boolean functions. It would be interesting,
however, to suggest potential applications of such bio-
molecular systems. We propose that DNA-translator-
based devices, that perform logic gate operations,
might find future applications in nanomedicine. That
is, the sensing of biomarkers for a certain disease should
activate a translation process that releases predesigned
nucleic acids that act either as antisense agents, or as in-
hibitors (aptamers) for harmful enzymes. For example,
thrombin is a hydrolytic enzyme participating in blood

clotting. It was reported that thrombin is generated in
brain hemorrhage or trauma events, and that the gen-
erated thrombin could cause inflammatory brain dis-
eases. Also, thrombin was found to play a role in edema
formation and neurological deficits.44 Thus, to intro-
duce the scientific interlinks between nanomedicine
and logics, we decided to use nucleic acid sequences
as models for biomarkers that activate a DNA device,
which releases the antithrombin aptamer that, in turn,
inhibits the hydrolytic activity of thrombin.

In this machine, the track 1 and the footholds 2
and 5 are similar to those described in Figure 1A. The
new footholds 3b and 4b are both hybridized with the
same new product-strand 3==== that includes the anti-
thrombin aptamer sequence (instead of the HRP-
mimicking DNAzyme-containing sequences) (Figure
7A). Treatment of the functional track with the nucleic
acids inputs 6 or 7 activates the translocation of the
mediator-strands 2=== or 5=== to footholds 3b or 4b and
the displacement, and release, of the antithrombin
aptamer 3====, acting as product-strand. The formation
of the aptamer�thrombin complexes inhibits, then, the
hydrolytic activity of thrombin and prevents the
thrombin-catalyzed hydrolysis of rhodamine110 bis(p-
tosyl-Gly-Pro-Arg), Figure 7B. We realize that the DNA
device, indeed, inhibits the hydrolytic activity of throm-
bin by ca. 40%, Figure 7B.

The performance of the DNA-scaffold-based device
presents an example of integration of analytical and
mechanical functions with model therapeutic effects.
In principle, any aptamer substrate, or DNA sequence,
can be used as the input of the device, and thus, biom-
arkers or a gene overexpression products in certain dis-
eases could initiate the protein activity control.

CONCLUSIONS
Conjunction (“AND”), disjunction (“OR”), and exclu-

sive disjunction (“XOR”) operations are the building
blocks of Boolean logics; all other gates can be de-
signed by suitable combinations of these logic func-
tions. We have successfully constructed a set of DNA-
based logic gates that encompasses these basic
Boolean functions. The operations of these gates were
readout by absorption spectroscopy. The modular de-
sign of the translators enables the adaptation of the
DNA device to various input and output sequences.
That is, nucleic acids, low-molecular-weight substrates,
or macromolecules might act as inputs that activate the
device through hybridization or by the formation of
aptamer-substrate complexes. The major advance of
the present study is the fact that the input and output
entries do not interact one with another. Namely, the
inputs translate into a mediator nucleic acid strand that
affects the generation of the output strands. In previ-
ous studies, the input strand interacted directly with the
displaced output strand on a common supporting
strand26 or did not generate any active output strand

Figure 7. (A) The inhibition of thrombin by a DNA-based transla-
tor device where the antithrombin aptamer is released. (B) Fluores-
cence spectra corresponding to the thrombin-catalyzed hydroly-
sis of rhodamine110 bis(p-tosyl-Gly-Pro-Arg) in the presence of
four-foothold nucleic acids associated with the DNA scaffold, in
the absence of external nucleic acid activator (a), in the presence
of nucleic acid 6 (b), or in the presence of nucleic acid 7 (c), as
activators.
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but altered the fluorescence feature of a labeling
fluorophore.24,25 The benefits of uncoupled input and
output strands are obvious, as the released strands
might activate cascades of logic gates or could inhibit
biocatalytic transformations. The suggestion to use the
logic gate construct as a possible therapeutic tool for
future nanomedicine is not free of obstacles. The deg-
radation of the DNA structures by endonucleases is an-
ticipated to introduce serious limitations (to the sug-
gested method) by cleaving the released aptamers,
DNAzymes, or nucleic acid inputs. The progress in pro-
tecting DNA structures against endonucleases by the
introduction of non-natural bonds (e.g., phosphorothio-
ate linkages)45 might be adapted in the future, to stabi-
lize the DNA constructs on which the logic operations
are activated. Also, while limited success was accom-

plished with antisense therapeutics, several studies ad-
vocated the use of DNAzymes or aptamers for intracel-
lular applications.46�48 The present approach might
provide the seeds for the future evaluation of this
paradigm.

The use of controlling elements that alter enzyme
behavior is widespread in in vivo regulatory pathways.
Future DNA-based control devices may include the use
of DNA or aptamers acting as recognition elements for
disease biomarkers and the development of antisense
therapeutics against genes or protein-activated dis-
eases. The suggested combination of both computa-
tional and controlling elements paves the way for the
creation of more complex circuits, which could mimic
natural systems through the use of diverse regulatory
components.

MATERIALS AND METHODS
DNA Sequences.

(1) 5=-GGC AGA AAT TAC GGA AAG ACA GCG ACT CAA GCC
ATT ATG GCA CGC CAT CAC GCG ATA TAG GCA GGC ATA AAC
ACG CAG TTC TCA-3=
(2) 3=-CCC TCT GGG TGA AGT AAC TTC CTA AAT AGG AAC AGA
GGG TCT TCT TCT CCG TAT TTG TGC GTC AAG AGT -5=
(2=) 5=-CAC TTT GGG AGA CCC ACG AAA TCT AAT TTG GCT CAT
CCT AGA AGA AGA-3=
(3) 5=-TGC CTA TAT CGC GTG ATG GCG TTT TTT TTT T CCC AAC
C GTGGG TCT CC C AAA GTG-3=
(3= and 4=) 5=-CA CTT TGG GTA GGG CGG GTT GGG-3=
(4) 5=-TGC CAT AAT GGC TTG AGT CGC TAA TAT T CCC AAC C C
GAA GGTCC C AAA GTG-3=
(5=) 5=-CAC TTT G ACC TTC C GTG TTT TTT TTT TTT AGA AGA
AGA-3=
(5) 5= TGC CAT AAT GGC TTG AGT CGC TAA TTT TTAACCA ACC
A GAG GAA GGTCC C AAA G TG-3=
(6) 5=-CC ACT TCA TTG AA T T AT TTA TCC TTG TCT CCC AGA
AGA AG-3=
(7) 5=- CTC CGC AAT ACT CCC CCA GGT AGA AGA AG-3=
(2==) 5=-GAAGA GGG AGA CCC ACG AAA TCT TTT TT GCT CTT
CCT AGA AGA AGA-3=
(3a) 5=-TGC CTC TAT CGC GTG ATC GCG TTT TTT TTT T TA GTA
GTA CGT GGG TCT CCC T CTT CCC-3=
(4) 5=-TGC CTA TAT CGC GTG ATG GCG TTT TTT TTT T CCC AAC
C GTGGG TCT CC C AAA GTG-3=
(3==) 5=-A GGG AC GGG AAG AAA GAT TTTTT GTAC TAC TA-3=
(4a) 5=-TGC CAT AAT GGC TTG AGT CGC TTT TTT TTT T T CCC AAT
ACA CGA G GAA GG TA CTA CTA-3=
(4==) 5=-TAG TAG TA TTTTT GCT CAA AAT TGG GAG GGT-3=
(5==) 5=-TAG TA CC TTC CTC GTG TTC TTT TTT TTT TTT AGA AGA
AGA-3=
(4===) 5=-CACTTT G CC GGG TA GGG C GGG TT GGG ATATAT-3=
(3===) 5=-TAT AT CAC TTT GGG TA GGG C GGG TT GGG C AAA G-3=
(3b) 5=- TGCCTATATCGCGTGATGGCGTTTTTTTTTTCCAACC AGT
GGG TCT CCC AAAGTG-3=
(2===) 5=-CAC TTT GGG AGA CCC ACG ATA TCT AAT TTG CCT
CAA TCT CAG AGA AG A AGA-3=
(4b) 5=- CCATAATGGCTTGAGTCGCTAATTTTTAACCAACCAGA-
GGAAGGTC C A AAGTG-3=
(4===) 5=-CACTTTGGGACCTTCCTTGTGATCAATTTTTTTTTT-
AGAAGAAGA-3=
(3====) 5=- CTTTGGGGGTTGGTGTGGTTGG-3=

Materials. Oligonucleotides 1�3==== were custom-made and
HPLC purified by Genosys (Sigma). Hemin was purchased from
Porphyrin Products (Logan, UT) and used without further purifi-
cation. A hemin stock solution was prepared in DMSO and stored
in dark at �20 °C. Rhodamine110 bis(p-tosyl-Gly-Pro-Arg) was
purchased from Molecular Probes (Eugene, Oregon). A stock so-

lution of rhodamine110 bis(p-tosyl-Gly-Pro-Arg) was also pre-
pared in DMSO and stored in dark at �20 °C. All chemicals, in-
cluding thrombin from human plasma,
tris(hydroxymethyl)aminomethane hydrochloride (Tris), 2,2=-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)-disodium salt,
(ABTS), 4-(2-hydroxyethyl)piperazine-1 ethanesulfonic acid so-
dium salt (HEPES), and adenosine 5=-monophosphate (AMP)
were purchased from Sigma and Aldrich, and used as supplied.
Ultrapure water from NANOpure Diamond (Barnstead) source
was used in all of the experiments.

Instrumental. Absorbance spectra were recorded using a Shi-
madzu UV-2401PC UV�vis spectrophotometer. Fluorescence
spectra were taken on a photon counting spectrometer (Edin-
burgh Instruments, FLS 920), connected to a computer (F900 v.
6.3 software).

General Method. For the “OR” gate configuration, strands 1, 2.4
� 10�6 M, 2 and 2=, 1.4 � 10�6 M, were hybridized separately
to yield the 2/2= foothold on the template 1 in Tris buffer 25 mM,
pH � 8.2, 400 mM NaCl. The strands 3/3= and 4/4=, 1.4 � 10�6

M, were hybridized in a separate compartment, and similarly the
strands 5/5=, 1.4 � 10�6 M, were hybridized in a separate com-
partment in Tris buffer 25 mM, pH � 8.2, 400 mM NaCl. All the
different prehybridized samples were mixed together to yield
the integrated four-foothold hybridized configuration shown in
Scheme 2. The mixture was divided in four samples, and each
was subjected to the respective oligonucleotide inputs 6 and 7,
3.1 � 10�7 M: (0,0), (0,1), (1,0), (1,1), for a time interval of 30 min.
From each of the samples 20 �L were transferred to a cuvette
and diluted with Tris buffer 25 mM, pH � 8.2, 400 mM NaCl that
included hemin, 7 � 10�7 M, ABTS2�, 2 mM, and H2O2, 2 mM, to
a final volume 220 �L. The time-dependent biocatalyzed oxida-
tion of ABTS2� as a result of the activation respective inputs was
recorded spectroscopically at � � 414 nm.

For the “AND” gate configuration, oligonucleotides 1,2,2==
and 5,5== were hybridized separately in Tris buffer 25 mM, pH
� 8.2, 400 mM NaCl. Strands 3a,3== and 4a,4== were also hybrid-
ized in a separate compartment in Tris buffer 25 mM, pH � 8.2,
400 mM NaCl. All the different prehybridized samples were
mixed together to yield the integrated four-foothold hybridized
configuration shown in Figure 2A. The mixture was divided in
four samples, and each was subjected to the respective nucle-
otide inputs 6 and 7, (3.1 � 10�7 M): (0,0), (0,1), (1,0), (1,1), to time
interval of 30 min. From each of the samples 20 �L were trans-
ferred to a cuvette and diluted with Hepes buffer 25 mM that in-
cluded 50 mM KCl, 20 mM MgCl2 to a final volume of 200 �L
for time interval of 1 h for a G-quadraplex creation. Then hemin,
7 � 10�7 M, ABTS2�, 2 mM, and H2O2, 2 mM, were added. The
time-dependent biocatalyzed oxidation of ABTS2� as a result of
the activation respective inputs was recorded spectroscopically
at � � 414 nm.
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For the “XOR” gate configuration, strands 1,2,2= and 5,5=
were hybridized separately to yield the 2/2= and 5/5= footholds
on the template 1 in Tris buffer 25 mM, pH � 8.2, 400 mM NaCl.
Strands 3,3=== and 4,4=== were also hybridized in a separate com-
partment in Tris buffer 25 mM, pH � 8.2, 400 mM NaCl. All the
different prehybridized samples were mixed together to yield
the integrated four-foothold hybridized configuration shown in
Figure 3A. The mixture was divided in four samples, and each
was subjected to the respective nucleotide inputs 6 and 7, (3.1
� 10�7 M): (0,0), (0,1), (1,0), (1,1), to time interval of 30 min. From
each of the samples 20 �L were transferred to a cuvette and di-
luted with Tris buffer 25 mM, pH � 8.2, 400 mM NaCl that in-
cluded hemin, 7 � 10�7 M, ABTS2�, 2 mM, and H2O2, 2 mM, to a fi-
nal volume 220 �L. The absorbance measurements were
recorded spectroscopically at � � 414 nm.

In the second set of experiments the system was subjected
to a low molecular weight substrates cocaine and AMP (1.25 �
10�4 M), that acted as a respective inputs: (0,0), (0,1), (1,0), (1,1),
to time interval of 20 min. All logic gate configurations were built
up by the same way, like it was described for the oligonucle-
otide inputs.

For the inhibition of thrombin by a DNA-based translator ma-
chine, oligonucleotides 1,2,2=== and 5,5=== were hybridized sepa-
rately in Tris buffer 25 mM, pH � 7.4, 300 mM NaCl. Strands
3b,3==== and 4b,3==== were also hybridized in a separate compart-
ment in Tris buffer 25 mM, pH � 7.4, 300 mM. All the different
prehybridized samples were mixed together to yield the inte-
grated four-foothold hybridized configuration shown in Figure
7A. From each of the samples 20 �L were transferred to a sepa-
rate compartment and diluted with the thrombin binding buffer,
included Tris-Ac 20 mM, 100 mM NaCl, 5 mM KCl, 1 mM CaCl2, 1
mM MgCl2, pH � 7.4 and thrombin 1 � 10�11 M was added to the
system. For the fluorescence measurements chromogenic sub-
strate rhodamine110 bis(p-tosyl-Gly-Pro-Arg) (S), 5.8 � 10�6 M,
was used.
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