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Introduction

The base sequence in DNA encodes substantial structural and functional information
into the biopolymer. Besides the Watson-Crick base-pairing of complementary nucleotide
bases by hydrogen bonds, the self-assembly of guanosine bases into G-quadruplex,' the pH-
stimulated formation of i-motif ? or triplex DNA® nanostructures, and the cooperative
formation of metal-ion-bridged duplex structures composed of C-Ag'-C or T-Hg2+-T,4 are
well established structural motifs of DNA. Functional features of DNA include sequence-
specific recognition properties of nucleic acids (aptamers) toward low-molecular-weight
substrates, macromolecules, biopolymers and even cells.” Similarly, sequence-specific
nucleic acids may possess catalytic functions (DNAzymes), such as cleavage, ligation or
phosphorylation.6 The formation of DNA nanostructures, their dynamic transitions,
separation, and reconfiguration of DNA assemblies are dictated by the energetics associated
with different structural motifs of the oligonucleotides, Figure 1. For example, the stability of
DNA duplexes is controlled by the number of base-pairs and their nature,’ by the stabilization
of the duplexes by metal-ion bridges, and by environmental factors, such as pH, ionic-
strength, and temperature. Also, the ion-induced stabilization of G-quadruplexes (e.g. by K"
or NH, -ions), the hydrogen bonded i-motif structures or the formation of aptamer-substrate
complexes may compete with the formation of DNA duplexes. These unique properties of
DNA provide an arsenal of tools to use DNA as a functional material for DNA
nanotechnology,® a rapidly developing high-impact area.

Different inter-linked research areas comprise the field of DNA nanotechnology, and
these include the development of DNA-based sensors,’ the assembly of one-, two- and three-
dimensional DNA nanostructures'® and their use as templates for the controlled spatial
organization of biomolecules or nanoparticles,'' the fabrication of DNA machines in

solutions'? or on surfaces,' and the design of stimuli-responsive DNA based hydrogels."*
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The stimulus-driven reconfiguration of DNA nanostructures, and the control of their
functions, may be considered as a macromolecular apparatus that mimics Boolean logic gate
operations. In fact, substantial recent research efforts were directed to the implementation of
molecular units to assemble Boolean logic gate operations.'> Different molecule-based logic
systems, such as unimolecular half-adder,'® half-substractor,'” full-adder,'® multiplexer19 and
demultiplexer20 systems were reported. The use of DNA as functional material for logic gates
and computing circuits reveals, however, several advantages as the base sequence encoded in
the DNA provides a rich arsenal to design functional components for logic and computing
applications. The nucleic acid sequences that trigger the formation or reconfiguration of DNA
structures might be considered as inputs, while the separation of nucleic acid units or their
reorganization into new structures may provide output signals for the gate operation.
Furthermore, the recognition properties of DNA (aptamers) and the formation of aptamer-
ligand complexes, the cooperative formation of duplex DNA, in the presence of ions, or the
pH-induced formation of i-motif or triplex nanostructures provide the use of additional inputs
such as molecular/macromolar ligand, pH or metal ions.”' Also, the catalytic functions of
nucleic acids (DNAzymes) formed in upon the computational operation may lead to the
amplification of the output signals. Indeed, DNA has been extensively implemented to
develop DNA computing systems.** Different DNA nanostructures were used to perform
logic gate operations,” and ingenious computing circuits and devices were demonstrated
using the strand-displacement mechanism?* or the programmed cleavage of DNA templates
by enzymes.” The present feature article addresses the use of DNAzymes as functional units
for the assembly of logic-gates and computing circuits (e.g. logic-gate cascades). Particularly,
we aim to discuss the analogy between logic arrays and biological systems, and to present
potential future application of these systems for sensing, nanomedicine, and as functional

“smart” drug-delivery materials.
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1.  Metal-Dependent DNAzymes as Computational Modules

Metal-dependent DNAzymes, and particularly hydrolytic DNAzymes, are characterized
by conserved sequences that accommodate the respective metal-ions, and variable “arms”
that hybridize with the appropriate substrates (often a ribonucleobase-containing substrate).*®
The substrates are cleaved by the DNAzyme and the fragmented products are separated from
it, thus allowing the regeneration of the catalytic functions of the DNAzyme. The DNAzymes
exhibit different pH-dependence features, while some of the DNAzymes reveal optimal
activities at neutral pH values, and lack activities in acidic media, other DNAzymes exhibit
high activities at acidic conditions and are inactive in neutral media. Chemical manipulation
of the DNAzyme sequences allows molecular engineering and the construction of structures
exhibiting new functions and properties, as exemplified with the Mg*"-dependent DNAzyme
in Figure 2(A): (a) the loop region of the DNAzyme may be cleaved into two inactive
subunits, (1) and (2), that may be modified by pre-designed domains, I and II. An auxiliary
strand (3), that includes complementary sequences I’ and II” may then bridge the subunits and
assemble the active DNAzyme structure. (b) The substrates may be functionalized with
different fluorophore/quencher (F/Q) units. While the fluorophores are quenched in the intact
structure of the substrates, the cleavage of the substrates leads to the fluorescence of the
optical label, associated with the fragmented products. The flexibility to structurally engineer
the metal-dependent DNAzymes, and their substrates, enabled the development of a generic
approach to construct a modular DNAzyme-based computing paradigm that is outlined in
Figure 2(B).>’ The system consists of a library of DNAzyme subunits and a library of
DNAzyme substrates. In the presence of the appropriate input(s), the input-guided assembly
of the computing module proceeds, where the respective subunits form the Mg**-dependent
DNAzyme that binds the substrate, thus yielding the computing module. The resulting

cleaved product and its fluorescence provide the output for the respective input(s).
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Accordingly, by using this paradigm a universal set of logic gates was constructed. Figure
2(C) depicts the Mg*"-dependent subunits (4) - (10), a collection of the substrates (11) - (13),
and the input strands I; and I,. The input-guided structures lead to the dictated fluorescence
associated with the different substrates (F;-F3). Figure 2(D) depicts the fluorescence features
generated by the different structures and the derived truth table. Evidently, the system yields
half-adder (HA) and half-subtractor (HS) logic operations that function as parallel devices in
a reaction ensemble.

This basic concept was further extended to assemble logic-circuits. Figure 3(A)
exemplifies the use of the library of DNAzyme subunits to drive a YES-AND-InhibAND
logic gate cascade. Thus, the substrate structure, X, was modified to include a single-stranded
ribonucleobase-containing loop, I, and two duplex domains II/IV and III/V. The loop I
provides the substrate sequence for the DNAzyme, and upon the DNAzyme-stimulated
cleavage of the loop, the sequence III is released, due to insufficient base pair stability, and
the single strand V is tethered to the fragmented substrate as overhang. The resulting
fragmented strands III and V may then act as input(s) for downstream gates. Accordingly, a
library of the Mg2+-dependent DNAzyme subunits, composed of the strands (14) — (19), the
structurally-modified substrates (20) and (21) and the fluorophore/quencher-functionalized
substrate (22) were constructed. In the presence of the input strands I;, [, and I3 the YES-
AND-InhibAND logic-circuit was driven. The cleavage of the substrate (22) by the terminal
InhibAND gate provided a fluorescence signal that reported the performance of the chain of
gates, Figure 3(B). The truth-table corresponding to the three-gate cascade is also depicted in
Figure 3(B). By a similar approach a cascade of YES gates was demonstrated, Figure 3(C). %’

The pH-dependence of metal ions-dependent DNAzymes was further implemented to
develop pH-programmed logic-gates cascades.”® The system is based on the Mg**-dependent

DNAzyme, that reveals high activity at pH = 7.2, moderate activity at pH = 6.0 and lacks
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activity at pH = 5.2, and on the UO,*"-dependent DNAzyme, that shows high activity at pH =
5.2, moderate activity at pH = 6.0 and no activity at pH = 7.2. Thus, by designing mixtures of
the two DNAzyme subunits, logic cascades operating in three different reconfigurable
programs at pH = 7.2, 6.0 or 5.2 were constructed, Figure 4(A). The library consists of the
Mg2+ and U022+—dependent DNAzyme subunits the inputs, I;, I and I3, and the substrates. At
the different pH values, the respective DNAzyme structures are formed. Thus, at pH = 5.2,
only the logic circuit I is triggered-on by the UO,*"-dependent DNAzyme, leading to the
fluorescence of F, as output signal. At pH = 6.0 the logic circuit II is triggered-on and the
Mg®" and UO,”" DNAzymes act in parallel, leading to the fluorescence of F; and F, as output
readout signals of the cascade. At pH = 7.2, the logic circuit III is activated by the Mg*'-
dependent DNAzyme subunits, leading to the fluorescence of the fluorophore F;. Figure 4(B)
depicts the fluorescence changes of the system upon subjecting the library of DNAzyme
subunits/substrates to the three inputs I;, I, Is and the derived truth-table. Evidently, the
composite computing module enabled the pH-programmed powering of three computing
circuits consisting of different logic gates cascades. Furthermore, the introduction of anti-
input strands into the system allowed the resetting of the computing module by separating the
input-guided gate assemblies through the formation of energetically-stabilized input/anti-
input duplexes. The re-addition of inputs into the system enables, then, the re-activation of
any of the three pH-dictated programs.

Regulatory cellular networks often involve scaffold proteins that in the presence of
appropriate signals trigger different intracellular pathways, and even orthogonal
transformations. Mimicking such biological systems, where the information is compressed in
a single entity and then can be fanned-out, may be achieved by multiplexer/demultiplexer
systems. A multiplexer is a circuit that includes n selectors and 2" inputs and it selects and

directs any of the inputs into a single output. The demultiplexer performs the reverse function
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and it transforms a single input, in the presence of n selector units, into 2" outputs. The Mg*'-
dependent DNAzyme computing module was implemented to construct 2:1 and 4:1
multiplexer systems.” This is exemplified in Figure 5(A) with the assembly of the 2:1
multiplexer system. The system consists of a library of the Mg**-dependent subunits (32) —
(35) and the substrate (36) that is modified with fluorophore/quencher units. The computing
module is subjected to inputs I; and I, and a selector unit S;. In the presence of [;, the input-
guided assembly of subunits (32)/(33) proceeds, giving rise to the cleavage of the substrate
and the release of the fluorophore-modified fragment that provides the output fluorescence
signal. In the presence of the two inputs, I; and I, and the selector unit S,, the inter-
hybridization features between the selector, S, and the inputs lead to the guided selection of
the DNAzyme subunits (34) and (35). The base-pair complementarities between the selector
domain X and I; neutralize I;, while the domain Y of the selector and Y' of I, yields a stable
duplex that selects the subunits (34) and (35) to form the active DNAzyme structure. This
results in the Mg**-dependent catalytic cleavage of the substrate (36). That is, the interaction
of the computing module with the inputs and selector unit leads to a single fluorescence
output. The logic scheme of the resulting 2:1 multiplexer, the truth-table and the experimental
results of the 2:1 multiplexer are provided in Figure 5(B). Using similar concepts, the design
of a 4:1 multiplexer system was demonstrated by the implementation of a more complex
library of DNAzyme subunits, four inputs and two selector units. *’

The assembly of the 1:2 demultiplexer system is schematically presented in Figure
6(A). The system includes three DNAzyme subunits, (37)-(39) and two substrate units, (40)
and (41), modified each with different fluorophore/quencher pairs (F1/Q; and F,/Q,). The
system was subjected to a single input, I}, in the presence or absence of the selector, S. In the
absence of the selector, the input-guided assembly of the subunits (37) and (38) led to the

formation of the Mg”"-dependent DNAzyme that binds the substrate (40). The biocatalytic
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cleavage of the substrate led to the fluorescence of the Fi-fragmented product as output. In
turn, subjecting the computing module to input I;, in the presence of the selector, led to the
cooperative stabilization of the (38) and (39) DNAzyme subunits, due to cooperative binding
of the inter-hybridized I;-selector components to the DNAzyme subunits. The association of
the substrate (41) to the resulting nanostructure led to the cleavage of the substrate, thus
yielding the fluorescence of the F,-fragmented product as second output signal. That is, a
single input drove in the absence or presence of the selector to two different fluorescent
outputs. The resulting fluorescence results could be formulated in the form of the truth-table
and logic circuit outlined in Figure 6(B), and these are consistent with the operation of a 1:2
demultiplexer logic circuit.”

Mg -dependent DNAzyme has been implemented to assemble a library of catalytic
constructs that lead in the presence of appropriate inputs to a full-adder.”® The library is
composed of seven computational modules, Figure 7. Four of the computational modules,
that yield the sum output, consist of the Mg**-dependent DNAzyme loop blocked by three
hairpin domains. While the other three computational modules, that yield the carry output,
include only two hairpin structures that block the arms of the Mg2+-dependent DNAzyme,
Figure 7(A). The principles to construct the computational module that is blocked by three
hairpins are shown in Figure 7(B). The system is composed of the Mg*"-dependent
DNAzyme loop L; and its two substrate-binding “arms” X; and X;. The DNAzyme loop is
rigidified by a duplex bridge Z/Z’. The “arms” X; and X are extended by hairpin structures
L, and L3, where the stem region of L, and L3 are complementary to the “arm” domains of
the DNAzyme. In the computational modules that yield the sum output two hairpins exist in
the closed structures, whereas one hairpin is opened by an appropriate unit, C;. The inputs
may interact with the closed hairpin structures (L,, L3 or L4) or with the Cj-opened hairpin.

For example, Figure 7(C) exemplifies the interactions of one of the seven structures with
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inputs I;-I5, which lead to the opening of hairpins L; and L,, and to the closure of L, thus
releasing the arms of the DNAzyme toward the binding of the appropriate
fluorophore/quencher-modified substrate and the activation of the DNAzyme. The cleavage
of the substrate leads to the fluorescence of the fluorophore-modified fragmented product and
this provides the output signal. Accordingly, the introduction of each of the inputs I;, I; or I3
or the combination of all inputs leads to their interaction with one of the four computational
modules that yields the sum output. Whereas, the other three computational modules are
activated only in the presence of a combination of two inputs: I + I, I, + I3 or I; + I3 leading
to the carry output signal.

The versatility of the paradigm that involves computational modules comprising
DNAzyme subunits and their substrates was also implemented to develop a full-adder
system.”’ The schematic composition of the hairpin-input structure is presented in Figure
8(A). The stem sequences b/b’ retain the hairpin in the closed configuration and the extended
5’ and 3’ tethers include the encoded sequences for controlling the selection of the DNAzyme
subunits from the library. In the specific example, the domains include the ¢’, f and a, ¢
domains, and these result in the selection of the subunits L; and L, from the library to yield
the computing DNAzyme module. The association of the substrate S; leads to the Mg*'-
dependent DNAzyme-stimulated cleavage of S; and to the fragmented fluorescent F;-product
provides on output signal. Figure 8(B) depicts the computational modules of the full-adder
and their interactions with the inputs, I, I, or I5. The library of the full-adder system
consisted of 14 sequence-engineered subunits (42)-(55) and two substrates, S; and S,,
functionalized with two different fluorophore/quencher pairs (F/Q; and F,/Q,). The three
inputs exhibit a hairpin structure and its 5’ and 3’ ends are extended by single-stranded
tethers that select the appropriate Mg*"-dependent DNAzyme subunits from the library to

generate the respective computing module, which cleaves the substrate to yield the output
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signal. Subjecting the library to each of the inputs, I;, I, or I3 resulted in the computing
modules Py, P, or Ps. Interaction of the library with two inputs, I; + I, I; + Is or I, + I3
yielded the structures P4, Ps and Pg. That is, the pre-encoding of the appropriate sequence
domains in I;, I, and I5 resulted in energetically-stabilized inter-hybridized dimers of the
inputs that selected DNAzyme subunits that yield additional computing modules. The
association of the substrate S; to these units resulted in its cleavage and the formation of the
F,-modified fragmented product as carry output. Interaction of the library with a combination
of all three inputs results in the cross-interaction of the structures P4, Ps and P¢ to form self-
assembled polymer Mg -dependent DNAzyme wire, P;. The catalytic cleavage of the
respective DNAzyme substrates S; and S, leads to the two fluorescent F;- and F,-modified
products as sum and carry outputs, respectively.

The systems that were described in this section have introduced the use of libraries of
metal-ion-dependent DNAzyme subunits and their substrates as constitutes for versatile
computations. The input-guided selection of the DNAzyme subunits from the library, dictated
the formation of appropriate computing modules and the operation of the respective logic
gates and computing circuits. Several important features were revealed by this paradigm: (i)
The availability of different metal-dependent DNAzymes allows the construction of
composite DNAzyme subunits libraries, thus, enabling to enhance the complexity of the
computing circuits. (ii)) The method enabled the design of a universal set of logic gates and
the construction of multi-input systems operating in parallel (full adder,
multiplexer/demultiplexer). (iii) By the appropriate design of the substrates of the DNAzyme
subunits cascaded computational modules were demonstrated, thus leading to logic circuits.
(iv) pH-field programmable logic arrays consisting of modular pH-sensitive DNAzyme
libraries were demonstrated. (v) The release of nucleic acids strands as a result of the

DNAzyme-mediated cleavage reaction does not only yield inputs for cascades, but the

10
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products can be implemented to design amplification feedback paths, and eventually could

provide functional therapeutic units (see section 3).

2.  DNAzyme-driven logic gate cascades

DNAzyme-based logic gates that yield as an output a second DNAzyme allow the
amplification of the final output signal. In this section we will present several methods to
generate DNAzyme-logic gate cascades.

The UO,*"-dependent DNAzyme and the Mg*-dependent DNAzyme were
implemented to construct an AND logic gate DNAzyme cascade,’” Figure 9(A). The system
consists of a DNA scaffold, (56), which includes two ribonucleobase-containing domains I
and II that provide substrates for the UO,™"- and the Mg2+—dependent DNAzymes,
respectively. The two domains were inter-linked by the G-rich domain, X, which includes the
base sequence to yield the G-quadruplex. In the presence of the appropriately designed
UO,*"- and Mg*"-dependent sequences, L; and L, their hybridization with the scaffold, (56)
blocked the G-rich domain, and yielded the respective DNAzyme/substrate assemblies.
While in the presence of either UO,*" or Mg2+ as input, only one of the substrates domains is
cleaved off, retaining the G-rich domain in a blocked configuration. Subjecting the scaffold
to the two inputs, UO,*"- and Mg”" ions, (AND gate) leads to the cleavage of the two
substrate domains I and II, resulting in the fragmented free G-quadruplex strand. The
association of hemin to the resulting G-quadruplex yields, then, the hemin/G-quadruplex
DNAzyme that catalyzes the oxidation of 2,2’-azinobis(3-ethylbenzothiazoline-6-sulfonic
acid), ABTS*", by H,O, to the colored product, ABTS™, that provides an output signal for the
DNAzyme cascade induced by the AND gate. Figure 9(B) depicts the readout of the AND
gate operation through the cascade. By a related approach an OR gate operated by the UO,*"

or Mg”" inputs, coupled to the hemin/G-quadruplex output was constructed.*
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The cooperative self-assembly of the Mg*-dependent DNAzyme subunits by allosteric
components was used to activate an AND gate and to couple the hydrolytic function of the
resulting DNAzyme to the horseradish peroxidase (HRP)-mimicking DNAzyme, providing
the output signal for the bi-DNAzyme cascade.*® This is exemplified in Figure 10 with the
cocaine-stimulated allosteric activation of the Mg*'-dependent DNAzyme that activates the
secondary HRP-mimicking DNAzyme. The system consists of two subunits (57) and (58)
that include three sub-domains. The domains I and I’ correspond to the cocaine aptamer
subunits, the domains II and II” include the subunits comprising the loop region of the Mg*"-
dependent DNAzyme, and the III and III’ sequences that correspond to the domains
complementary to the substrate of the Mg*"-dependent DNAzyme. Also, the quasi-circular
strand (59), which includes the ribonucleobase-functionalized sequence that acts as substrate
for the Mg”"-dependent DNAzyme is included in the system. Its domains IV and V include
the G-rich sequences capable to self-assemble into the G-quadruplex. In the quasi-circular
structure of (59) the formation of the G-quadruplex is prohibited due to partial blocking
within the quasi-circular structure. All of the components of the system are separated due to
insufficient inter-component hybridization stabilities. In the presence of cocaine and Mg2+ as
inputs, the formation of the cocaine-aptamer subunits cooperatively stabilizes the
hybridization of the Mg*-dependent DNAzyme subunits with the quasi-circular substrate.
The binding of Mg” -ions to the DNAzyme sequence promotes the cleavage of the substrate,
(59), and stimulates the release of the two G-quadruplex units. The association of hemin to
the G-quadruplex nanostructures yields the hemin/G-quadruplex DNAzyme that catalyzes the
oxidation of ABTS” to the colored product ABTS™. This provides an output signal for the
AND gate induced bi-DNAzyme cascade.

A related system has implemented the selective cooperative stabilization of duplex

nucleic acid by cytosine-Ag -cytosine inter-strand complexes, which enabled the activation

12
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of the Mg”"-dependent DNAzyme/hemin/G-quadruplex DNAzyme cascade,’® Figure 11. The
nucleic acids (60) and (61) include the domains I and II that correspond to the Mg*'-
dependent DNAzyme, the domains III and IV are complementary to the substrate-sequence
of the DNAzyme, and the domains V and VI that reveal base complementarities and a C-C
base mismatch. Also, a hairpin structure (62) that includes in its loop domain the
ribonucleobase sequence that comprises the substrate for the Mg2+-dependent DNAzyme is
included in the system. The stem region of the hairpin structure includes the G-quadruplex
sequence in a blocked configuration, domain VII. The subunits (60) and (61) and the
substrate (62) do not exhibit sufficient base-pair stabilization to form a stable inter-strand
nanostructure. However, in the presence of Ag'-ions, as one input, the formation of the C-
Ag'-C bridges between domains V and VI, results in a stable duplex structure between (60)
and (61). This duplex cooperatively stabilizes the hybridization of the domains III and IV to
the substrate (62) while generating the active loop structure of the subunits 1 and II that
comprise the Mg**-dependent DNAzyme. In the presence of Mg -ions, as second input, the
AND logic gate-stimulated cleavage of the substrate (62) leads to the fragmentation of the G-
rich sequence VII that self-assembles in the presence of hemin to the hemin/G-quadruplex
DNAzyme, and this provides the output colorimetric signal through the formation of ABTS™.

An interesting DNAzyme multilayer cascade was reported using a structured chimeric
substrate, SCS, as a functional scaffold,* Figure 12(A). The SCS scaffold, (63), consisted of
a hairpin structure I that is linked at its one end to an outer strand Z, and modified at its
second end with a loop domain Y extended with a domain Z’ complementary, in part, to the
outer strand Z. Part of the domain Z’ acts as a ribonucleobase-sequence acting as substrate
for the Zn2+—dependent DNAzyme. Subjecting the SCS substrate, (63), to the DNAzyme
sequence, (64), in the presence of Zn*'-ions leads to strand displacement of the outer strand

Z, and to the reconfiguration of the SCS to the nanostructure M;. The DNAzyme-mediated
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cleavage of M leads to a hairpin fragmented product, M5, and to the release of the Zn*'-
dependent DNAzyme (64). The system included as an initially passive unit a different Zn*'-
DNAzyme sequence, My, which was blocked by an inhibitor strand M. The fragmented
hairpin product, M,, generated by the first catalytic DNAzyme cycle includes the encoded
information to displace the second DNAzyme sequence, My, while forming the energetically
stabilized My/M3 duplex. The DNAzyme sequence M, includes, however, binding “arms”
that cannot interact with SCS (63). The resulting DNAzyme, M4, may interact with another
SCS substrate to activate a new catalytic cycle. Thus, the formation of DNAzyme by each
catalytic layer amplifies the previous layer of cleavage of the SCS substrate. By the
implementation of several passive DNAzyme/duplex nanostructures, the five layers
amplification of the first DNAzyme-mediated cleavage of SCS was demonstrated. The
DNAzyme generated in the final layer of the cascade cleaves a fluorophore/quencher-
modified substrate, (65), and the resulting fluorescence provides the output signal for the
multilayer cascade. The DNAzyme cascade operating in the presence of the SCS functional
module was implemented to construct an AND logic cascade, and this was applied as dengue
virus serotype sensor, Figure 12(B). The system consisted of a protected duplex structure
composed of the Zn*"-dependent DNAzyme sequence, L;, blocked by the unit L,” that
included complementary region to the DNAzyme, extended by two tethers "a" and "b" that
provide recognition domains for the Dengue A and DEN-k (dengue virus serotype markers)
sequences. The system also includes the SCS module and a passive duplex structure L,/L,’
that included a second Zn*"-dependent DNAzyme sequence blocked by a sequence tethered
at its end with a functional single strands capable to interact with the fragmented product of
the SCS unit, "¢", and a further recognition site for the Dengue B gene, "d". In the presence
of the Dengue A and Dengue 1 as inputs (AND-gate), the duplex L,/L,’ is separated, leading

to the release of the Zn*"-dependent DNAzyme, L,. The resulting DNAzyme interacts with

14
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the SCS scaffold to yield the fragmented product that acts cooperatively as input together
with the Dengue B sequence (second AND gate) to separate the duplex L,/L,’. The second
DNAzyme, L,, released from the duplex L,/L,’ cleaves the fluorophore/quencher modified
substrate, (66), and the resulting fluorescence provides the readout signal for the existence of
the three genes.

Metal-dependent DNAzymes-coupled to the hemin/G-quadruplex HRP-mimicking
DNAzyme were applied to develop a series of logic gates by implementing pre-engineered
hybridization properties between the DNAzyme reaction products. For example, Figure
13(A) depicts the use of the Pb*"- and the Cu*"-dependent DNAzymes to construct an AND
logic gate.® The system consists of the Pb*"-dependent sequence (67), and its
ribonucleobase-containing substrate, (68), as one functional unit, and the Cu*’-dependent
DNAzyme sequence (69) and its substrate (70) as a second functional unit. Each of the
substrates (68) and (70) includes a G-quadruplex subunit that is “caged” in the
DNAzyme/substrate complexes as a result of favored hybridization. Pb*"-ions and Cu”" act as
the inputs for the system. In the presence of Pb*" alone or Cu”*-ions alone only one subunit of
the G-quadruplexes is being released from the respective (67)/(68) or (69)/(70)
supramolecular complexes, and thus the formation of the G-quadruplex is prohibited. In the
presence of Pb*" and Cu®'-ions, the cleavage of both of the substrates proceeds, and the
fragmented subunits self-assemble into the G-quadruplex supramolecular structure. The
binding of hemin to the resulting G-quadruplex yields the hemin/G-quadruplex DNAzyme
that catalyzes the H,O, oxidation of 3,3',5,5'-tetrazmethylbenzidine sulfate, TMB, to the
colored product TMB™ that provides a color output signal for the AND logic gate. Similarly,
Figure 13(B) presents the assembly of the INHIBIT logic gate by the implementation of
molecularly-engineered Pb>" and Cu®’-dependent DNAzymes. The Pb*"-dependent

DNAzyme sequence (71) and its substrate (72) comprise one functional unit of the gate. The
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substrate (72) includes the G-quadruplex sequence that is “caged” in the supramolecular
(71)/(72) structure. The second functional unit of the gate is composed of the Cu**-dependent
DNAzyme (73) and its substrate (74). The substrate (74) that is hybridized with the Cu®'-
dependent DNAzyme is pre-tailored to include a complementary domain to the G-quadruplex
sequence. Accordingly, in the presence of Pb>*-ions the catalytic Pb**-dependent DNAzyme
supramolecular structure is activated, giving rise to the cleavage of the substrate (72), and to
the assembly of the fragmented substrate into the G-quadruplex structure. The subsequent
binding of hemin to the resulting G-quadruplex yields the hemin/G-quadruplex DNAzyme
that catalyzes the H,O,-mediated oxidation of TMB to the colored product, as output. In the
presence of Cu*"-ions the DNAzyme/substrate complex (73)/(74) is activated and the
cleavage of (74) yield a fragmented product that is catalytically inactive in the presence of
hemin. In the presence of Pb*" and Cu?'-ions as inputs, both of the DNAzyme modules are
activated. The complementarity of the fragmented products generated by the two DNAzyme
leads to an energetically favored duplex that knocks out the fragmented product generated by
the Pb*"-dependent DNAzyme, thus, prohibiting the formation of the hemin/G-quadruplex
DNAzyme, and to a “0” output. That is, output signals of the system generated by the enzyme
cascade, Figure 13(C), follows an INHIBIT logic gate operation.

The different DNAzyme logic gate cascades discussed in this section have
implemented metal-dependent cleavage DNAzymes and the hemin/G-quadruplex DNAzyme
as catalytic ingredients for the logic gate cascades. The metal dependent Cu*’-dependent
ligation DNAzyme and the hemin/G-quadruplex were, similarly, applied to design logic gate
cascades.’” This is exemplified in Figure 14(A) with the assembly of an AND logic gate that
used Hg”" and Cu®"-ions as inputs, and the Cu”"-dependent DNAzyme as computing module
that is conjugated to the hemin/G-quadruplex to yield the DNAzyme cascade. The nucleic

acid (75) is folded in the presence of Hg*"-ions into active Cu®’-dependent DNAzyme and the
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strand (76) is functionalized at its 3’-end with the imidazol-phosphate active group. The
strands (75) and (76) are extended at their 3’-end and 5’-end, respectively, with subunits that
can, under appropriate conditions self assemble into a G-quadruplex. At high ionic strength,
the hybridization between (75) and (76) is energetically stable, and this allows, in the
presence of Cu"-ions, the ligation of the components to yield ligated product (77). Upon
turning the ionic strength of the system to a low salt concentration, the non-ligated duplex
(75)/(76) separates into the individual strands. In turn, the ligated product stabilizes under
these conditions the cooperative formation of the stable G-quadruplex. The binding of hemin
to the G-quadruplex yields the hemin/G-quadruplex DNAzyme that catalyzes the H,O,-
stimulated oxidation of ABTS> to ABTS™ or catalyzes the generation of chemiluminescence
by the H,O,-induced oxidation of luminol. The system functions as an AND gate (Hg”" and
Cu”*-ions act as inputs) that is coupled to hemin/G-quadruplex DNAzyme that provides the
output signal for the bi-DNAzyme cascade. Besides the value of the system as a logic gate-
driven DNAzyme cascade, the system provides an amplified sensing platform for Hg2+—i0ns.
Since the Cu®*-induced ligation process is controlled by the concentration of Hg*"-ions, the
content of the ligated product, and the resulting hemin/G-quadruplex activity, are dictated by
the concentration of Hg®". Figure 14(B) shows the chemiluminescence intensities generated
by the bi-DNAzyme cascade in the presence of different concentrations of Hg”>" and the
resulting calibration curve. The system enabled the highly selective analysis of Hg* -ions
with detection limit corresponding to 10 nM. A related system has implemented cocaine and
Cu”"-ions as inputs, and the Cu*-dependent ligation DNAzyme as functional unit for the
activation of an AND-gate-driven bi-DNAzyme cascade,’’ Figure 14(C). The system
consisted of the imidazol-phosphate-modified nucleic acid, (76), and the nucleic acid (78),
which included the Cu**-dependent ligation DNAzyme sequence and the cocaine aptamer

sequence. The nucleic acid (78) was blocked by the strand (79). The strands (76) and (78)

17



ChemComm

were extended with the G-quadruplex subunits. At high ionic strength, and in the presence of
cocaine, the blocker unit, (79), is displaced while forming the cocaine aptamer complex.
Under these conditions the Cu®*-dependent DNAzyme is configured, resulting in the ligation
of the units (76) and (78) to yield the ligated product (80). The resulting product
cooperatively stabilizes even at low salt concentrations, the G-quadruplex nanostructure. The
association of hemin to the G-quadruplex conjugated ligated product leads to the hemin/G-
quadruplex DNAzyme, that catalyzes the H,O»-mediated oxidation of ABTS* to ABTS™ or
generates chemiluminescence through the catalyzed oxidation of luminol by H,O,. Thus,
cocaine and Cu”" act as the inputs for and AND gate driven bi-DNAzyme cascade, where the
colored ABTS™ or the chemiluminescence generated by the hemin/G-quadruplex provide the
output for the DNAzyme cascade and the AND gate operation. As the content of the
conjugated structure consisting of the ligation DNAzyme and the hemin/G-quadruplex HRP-
mimicking DNAzyme is controlled by the concentration of the cocaine, the output signal
relates to the concentration of cocaine. Indeed, the system was implemented to analyze
cocaine. Figure 14(D) depicts the chemiluminescence intensities generated by the system in
the presence of different concentrations of cocaine, and the resulting calibration curve. The

system enables the analysis of cocaine with a detection limit that corresponded to 2.5 pM.

3.  Applications of DNAzyme-base logic gates

The activation of DNA-based logic gates by diverse inputs, such as nucleic acid
strands, aptamer-substrates and metal ions, and the different optical outputs of the systems,
paved the way to implement the systems for different sensing applications, multiplexed
sensing of analytes, and amplified sensing. These applications of DNAzyme based logic
gates were briefly addressed in the previous sections. Recent studies demonstrated, however,

other applications of DNAzyme-driven logic systems that highlighted diverse potential uses
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of these systems in other different disciplines. For example, DNAzyme-modified mesoporous
SiO; nanoparticles (NPs) have been applied as functional units for the multiplexed controlled
release of two fluorescent dyes following an AND gate operation principles.”® Figure 15(A)
shows the structure of mesoporous SiO, NPs, MP-SiO,-NPs, modified with the
ribonucleobase (81) or (82) that act as substrates for the Mg” -dependent DNAzyme (NPs-A)
or the Zn2+-dependent DNAzyme (NPs-B), respectively. The NPs-A were loaded with the
fluorescent dye methylene blue, MB" and the pores were capped with the Mg*"-dependent
DNAzyme sequence (83) resulting in the trapping of the dye in the pores. Similarly, the NPs-
B were loaded with the fluorescence dye thionin, (Th) and the pores were capped with the
Zn*"-dependent DNAzyme sequence (84). Each of the MP SiO,-NPs was selectively opened
in the presence of Mg>" or Zn>"-ions as inputs, resulting in the release of MB™ or Th from the
respective porous NPs, Figure 15(B) and (C). By mixing the two different NPs the operation
of an AND gate was demonstrated, Figure 15(D), panel I to IV. While in the presence of
Mg®" or Zn*" the fluorescence of MB" or Th is observed (panels II and IV, respectively),
subjecting the system to the two inputs resulted in the fluorescence of the two probes, panel
IV, and the two fluorescence bands provide the output for the AND gate. A further system for
the unlocking of the pores of mesoporous SiNPs and the release of the pore-entrapped
substrate, using an AND logic gate operation, has implemented Mg®"-ions and adenosine
triphosphate, ATP, as inputs, Figure 16(A).”® The system made use of the fact that
incorporation of a random strand I into the loop sequence of the Mg*"-dependent DNA turns
the nucleic acid structure to be catalytically inactive, due to the flexibility of the enlarged
loop. The rigidification of the extended loop, e.g., by the formation of an aptamer-substrate
complex regenerated the catalytic function of the DNAzyme. Accordingly, the fluorescent
probe MB" was loaded in the pores of the extended loop sequence of the Mg® -dependent

DNAzyme (85). The locked SiO, NPs remained intact in the presence of Mg®-ions. In the
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presence of ATP and Mg*"-ions as inputs, the pores were unlocked and MB" was released,
Figure 16(B) and (C). The AND gate logic operation of this system has important medical
applications as a controlled drug release mechanism. Since ATP is overexpressed in cancer
cells, the selective enhanced unloading of anti-cancer drugs in cancerous cells may be
envisaged. Indeed, the (85)-modified SiO, NPs were loaded with the anti-cancer drug,
doxorubicin (DOX). The effective release of the DOX from the pores being unlocked by the
two inputs, e.g., ATP and Mg*"-ions, was demonstrated (AND gate), Figure 16(D).

The concept of library of DNAzyme subunits and their substrates as logic gate
computational modules, described in section 1 was implemented to probe diagnostically-
significant miRNA and mRNA in intracellular environment.”” The system is based on the
construction of a library of DNAzyme subunits of the c-jun cleaving Dz13 DNAzyme. In the
presence of the appropriate inputs, miRNA or mRNA, the input-guided assembly of the
DNAzyme subunits occurred, with the cooperative binding of the fluorophore/quencher-
functionalized substrate (86). This led to the cleavage of the substrate and to the generation of
fluorescence as output signal. Specific inputs used in the study included miRNA31 (a breast
specific miRNA), miR21 (a breast cancer miRNA), mirl125b (health indicative miRNA) and
c-myc oncogene (as cancer mRNA biomarker). Figure 17(A) exemplifies the use of the
DNAzyme subunits library to operate the AND gate using miR21 and miR125b as the two
inputs I and Ig. The DNAzyme subunit (87) (that includes a hairpin domain) and the subunit
(88), are selected to form the active DNAzyme only in the presence of both inputs (Ix+Ig).
Figure 17(B) depicts the fluorescence intensities generated by the system in the presence of
the different inputs, indicating the operation of an AND gate. By a similar approach a variety
of other logic gates, such as OR, NAND, ANDNOT (INHIBIT gate), XOR and NOR were
demonstrated. Upon subjecting the DNAzyme library/substrate to the different inputs in a cell

lysate the respective logic expression outlined in Figure 17(C), diagnosis combinations I or
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II, were operated. The fluorescence changes observed in the different systems (reflected by
the cleaved substrate), Figure 17(C), panel III, fit the expected diagnosis of the different
miRNAs, mRNA (inputs) and the mixtures. The AND gate computational module was then
applied to analyze the miRNA21 and miR125b injected into cancer cells. The micro-junction
of the inputs and computational AND module led to the intracellular cleavage of the
substrate. Figure 17(D) depicts the intracellular microscopic imaging of the selective
cleavage of the substrate, only in the presence of the two inputs, panel I-IV, and the display

of the quantitative fluorescence intensities of the cleaved substrate, Figure 17(E).

Further application of metal-ion dependent DNAzymes to power chemical
transformations by logic operations has involved the ion-selective dissolution of DNA
hydrogels and the activation of multi-enzyme cascades, Figure 18.* Acrydite nucleic acid
(89) was used to synthesize acrylamide-acrydite nucleic acid copolymer chains P; and P.
The chains were crosslinked by the Zn** or Mg*" DNAzyme sequences (90) and (91) in the
presence of the respective DNAzyme substrates (92) or (93). The crosslinking led to the
formation of hydrogels. The two enzymes glucose oxidase, GOx, and HRP were entrapped in
the hydrogels. Treatment of two pieces of the hydrogels with Zn*"-ions and Mg2+-ions
resulted in the cleavage of the respective DNAzyme substrates, (92) and (93), and to the
dissociation of the hydrogels. The released enzymes communicated one with another and the
bienzyme cascade was activated. GOx mediated the aerobic oxidation of glucose to gluconic
acid and H,O; and the resulting hydrogen peroxide acted as substrate for HRP that catalyzed
the oxidation of ABTS?, to the colored product. The bienzyme cascade was activated only in
the presence of Mg®" and Zn?'-ions, AND logic gate. The process proceeded only in the
presence of these two ions that stimulated the activation of the hydrogel-bridging DNAzyme

and the separation of the hydrogels.
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A possible therapeutic application of the computational module generated by the Mg*'-
dependent DNAzyme and its substrate (see section 1) was demonstrated by implementing a
logic system acting as an autonomous sense-and-treat apparatus. Hemorrhage or shock events
are accompanied by the excessive formation of thrombin that might cause blood clots and
brain damages. As the thrombin aptamer binds thrombin and inhibits its hydrolytic activity,
the logic release of the aptamer was suggested as a triggered therapeutic system.27
Accordingly, the Mg2+-dependent DNAzyme subunits (94) and (95) and the substrate (96)
provided the logic module. The substrate included in a caged inactive configuration of the
thrombin sequence (97). In the presence of the nucleic acid I; acting as input, the guided
assembly of the Mg*"-dependent DNAzyme and the cleavage of the substrate (96) occurred,
Figure 19(A). The cleavage of the substrate released the aptamer unit (97) and this
reconfigured into the aptameric G-quadruplex/thrombin complex, resulting in the hydrolytic
activity of thrombin, Figure 19(B). Although the practical therapeutic applicability of such
system is still far away, the system provides a paradigm that deserves further research efforts.
For example, the guided assembly of the DNAzyme subunits via biomarkers and appropriate

aptamer-ligand complexes may be a versatile route to release inhibiting aptamers for different

other enzymes.

Conclusions and Perspectives

The present article has summarized the implementation of DNAzymes for logic gates
and logic-circuits operation. Substantial progress has been demonstrated and DNAzymes
provide an important component in the area of DNA computing. A universal set of logic
gates, a full adder, multiplexer/demultiplexer, cascaded logic circuits, field programmable
logic gates and computing circuits were developed using DNAzymes as computing modules.

Despite the advances in the field, challenging research targets are, however, still ahead of us,
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particularly efforts to find practical applications of the logic gate and computing circuitry
systems.

From a fundamental point of view logic gate cascades mimic intracellular biosynthetic
pathways and catalytic networks. The input-guided control of directional DNAzyme
cascades, the input-controlled fan-out of several outputs that drive catalytic paths, and the pH
programmable dictated control of logic circuits mimic cellular functionalities, such as
dictated directional transformations, networking of catalytic processes branching of
biocatalytic reactions, and more. Some of these analogies have been mentioned in the article,
but many challenges need to be resolved. These include, for example, the amplification of
biocatalytic cascade, the development of feedback mechanisms and the parallel operation of
circuits by many inputs.

The application of DNAzyme-based logic circuits is still challenging. The assembly of
computational catalytic modules through the recognition of an input and the subsequent
physical readout signal represents the basic function of an amplified sensing. Particularly, the
parallel input-guided assembly of several computational modules provides the basis for
multiplexed sensing. Indeed, this interplay between logic gates and sensing phenomena was
emphasized throughout the article. More sophisticated applications may be, however,
envisaged. The controlled release of molecular or macromolecular components from “smart”
carrier matrices, such as mesoporous nanoparticles or hydrogels, using logic gate operations,
could provide new drug delivery and controlled release systems. Particularly, micro or nano
particulate carriers that include “smart” locking/unlocking mechanisms could provide new
therapeutic materials by implementing logic gate principles. For example, unlocking of such
systems by biomarkers in cancer cells could provide mechanism for the release of blends of
chemotherapeutic drugs. The dictated release of chemical components from carrier matrices,

also, finds interesting applications in controlled and selective synthesis. Also, DNAzyme-
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driven cascades could activate secondary catalytic reactions for the synthesis of catalytic
scaffolds for the synthesis of new nanomaterials. For example, the outputs of the computing
modules may activate secondary polymerization cycles such as the hybridization chain
reactions (HCR) to yield DNAzyme wires (e.g., composed of hemin/G-quadruplexes) acting
as catalytic templates for the synthesis of functional polymers, e.g., conducting polymers.

The incorporation of nucleic acid machineries, and particularly DNAzyme-based logic
gate and computing circuits, into cells has implications for cell engineering and
nanomedicine. These research activities are in their infancy, but several studies have
demonstrated the viability of such concepts. For example, 2D and 3D RNA structures were
integrated into the cellular transcription mechanism of cells, and cells of new functionalities
and properties, such as programmed hydrogen-generating cells, were generated.41 The
preliminary results demonstrating the “logic” release of aptamers that inhibit enzymes,”’ and
the successful logic gate release of siRNA into the nucleous of cancer cell lysates via
DNAzyme constructs’ demonstrate the potential future impact of logic circuitries on future
nanomedicine. Nonetheless, many different challenges such as the biocompatibility of the
systems, targeting of the nanostructures to cells, and the stabilization of the nanostructures
against enzymatic digestion need to be resolved.

To conclude, the input-guided assembly of computational DNAzyme modules holds

great promises for sensing, nanomedicine, material science and living technologies.
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Figure 1: Structural and functional information encoded in the base sequence of nucleic acids.
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Figure 2: The implementation of a library of the Mg*"-dependent DNAzyme subunits and their substrates for
the operation of a universal set of logic gates: (A) Schematic cleavage of the Mg®"-dependent DNAzyme
sequence into two subunits, and their reassembly into an active DNAzyme structure by means of an auxiliary
strand, acting as input. (B) Schematic presentation of the input-guided selection of DNAzyme subunits and their
assembly into a computation module composed of the input/DNAzyme subunits/substrate. The cleavage of the
substrate yields the fluorescence readout signal (output). (C) The operation of HA and HS by the inputs guided
assemblies of different DNAzyme nanostructures acting as computational modules. The inputs I; and I, and the
fluorescence of F;, F, and F; provide the outputs of the different computational modules. (D) Fluorescence
intensities generated by the HA and HS systems in the form of a bar presentation (left) and truth-table (right).
(Figures (A), (C) and (D) reproduced with permission from ref 27. Copyright 2010 Nature Publishing Group;
Figure (B) adapted with permission from Ref. 29.The Royal Society of Chemistry).
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Figure 3: Operation of logic circuits using the Mg”'-dependent DNAzyme subunits and substrates library and a
series of inputs. (A) Schematic construct of the DNAzyme substrate that leads upon cleavage to a secondary
input strand (top). Composition of the DNAzyme subunits/substrates and inputs leading to a sequence of
computational modules that yield the YES-AND-InhibAND gate cascade via the cooperative generation of
inputs through cleavage of the substrates. The fluorescence signal generated by the DNAzyme cascade provides
the readout of the system (bottom). (B) Fluorescence intensities generated by the system subjected to the inputs
L, L, I; following the states (i) — (viii) in the form of a bar presentation (left) and truth-table (right). The states
(i) — (viii) are defined in the truth-table. (C) DNAzyme subunits/substrates and inputs leading to a sequence of
computational modules that yield the YES-YES-YES cascade. (Reproduced with permission from ref 27.
Copyright 2010 Nature Publishing Group).
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Figure 4: pH-field programmable logic cascades using a library of two different pH-dependent DNAzymes
subunits and their substrates. The DNAzymes include the Mg**-dependent DNAzyme (optimal activity at pH =
7.2) and the UO,**-dependent DNAzyme (optimal activity at pH = 5.2). The two DNAzymes reveal partial
activity at pH = 6.0. The substrates are labeled with the fluorophores F; and F, and their fluorescence reflect the
operation of the computational modules of the Mg®*-dependent DNAzyme and the UO,>"-dependent DNAzyme,
respectively. The library subjected to I;, I, I yields at pH = 5.2 the logic I cascade, at pH = 6.0 the logic II
cascade, and at pH = 7.2 the logic III cascade. (B) Fluorescence intensities of the different pH-programmed
circuits in form of bar presentation (F,- violet and F,- brown) and the respective truth-table. (Reproduced with
permission from ref 28. Copyright 2012 American Chemical Society).
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Figure 5: (A) Assembly of a 2:1 multiplexer, based on a library of the Mg?*-dependent DNAzyme subunits and
a fluorophore/quencher-functionalized substrate. (B) Fluorescence output intensities of the 2:1 multiplexer
system subjected to the inputs I; and I, and the selector S; in the form of a bar presentation and accompanying
truth-table. The different states of the inputs/selector are indicated in number (1) — (8). (Adapted with
permission from Ref. 29.The Royal Society of Chemistry).
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and their fluorophore/quencher modified substrates. (Adapted from Ref. 29 with permission from The Royal
Society of Chemistry). (B) Fluorescence intensities generated by the computing module in the presence of the
input and selector in the form of fluorescence intensity bars and the respective truth-table. (Adapted with
permission from Ref. 29.The Royal Society of Chemistry).
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Figure 7: (A) Schematic illustration of the computing system. (B) DNA construct consisting of a “corona” of
three hairpin units on a central nucleic acid loop that includes a DNAzyme sequence. The constructs provide the
computational modules that lead to the fluorescence outputs. (C) Example of the interactions of the DNA
construct with all three inputs. (Adapted with permission from ref 30. Copyright (2012) American Chemical
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Figure 8: (A) Schematic construct of the library of the computational module for the Mg*'-dependent
DNAzyme-based full-adder. The inputs of the system include hairpin structures that guide the assembly of the
respective Mg” -dependent DNAzymes. (B) Computing modules generated by the library of DNAzyme subunits
and substrates upon operation of the full-adder in the presence of: Panel I — the individual inputs I;, I, or I5.
Panel IT — The combination of inputs I; + I,; [} + I; I, + I5. Panel IIT — In the presence of the mixture of all three
inputs I; + I, + I5. (Reproduced with permission from Ref. 31. The Royal Society of Chemistry).
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Figure 9: (A) Schematic operation of an AND gate consisting of the Mg*'- and the UO,”"-dependent
DNAzymes assembled on a DNA scaffold, composed of the substrates of the two DNAzymes that are separated
by the G-quadruplex sequence. Only in the presence of the two inputs, Mg*" and UO,*" ions, the scaffold is
fragmented to form the hemin/G-quadruplex as catalytic trigger for the color output signal for the logic gate. (B)
Time-dependent absorbance changes upon the operation of the logic AND gate. Absorbance changes originated
from the hemin/G-quadruplex stimulated oxidation of ABTS> to ABTS™ by H,0,. Inset: Absorbance changes
corresponding to the AND gate and presented in the form of absorbance intensity bars after a fixed time-interval
of 18min. (Reproduced with permission from ref 32. Copyright (2009) American Chemical Society).
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Figure 10: Schematic assembly of an AND logic gate through the input-guided assembly of the Mg’ '-
dependent DNAzyme subunits, using Mg*-ions and cocaine as inputs. The cleavage of the quasi-circular
substrate by the Mg”"-dependent DNAzyme leads to the formation of the hemin/G-quadruplex DNAzyme that
yields a colorimetric output signal.
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Figure 11: Assembly of an AND logic gate by the Ag'-ion driven formation of the Mg®"-dependent DNAzyme.
Ag" and Mg?" act as inputs for the logic gate. The substrate (62) includes the G-quadruplex in a caged
configuration. The input-driven assembly of the Mg*"-dependent DNAzyme leads to the cleavage of the
substrate and to the formation of the hemin/G-quadruplex as catalyst for the color output.
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Figure 12: (A) A Multilayer Zn>"-dependent DNAzyme cascade that includes a structured chimeric substrate,
SCS, as functional scaffold. (B) Implementation of the multilayer Zn>"-dependent DNAzyme cascade as a
functional module for the sensing of conserved genome sequences of the dengue virus using the SCS as
amplification scaffold for the synthesis of the Zn®"-dependent DNAzymes participating in the sensing process.
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Figure 13: (A) Application of two different metal-dependent DNAzyme nanostructures for the operation of an
AND gate using Pb>" and Cu’-ions as inputs. (B) Design of two different metal-dependent DNAzyme
nanostructures and their substrates, that operate as an INHIBIT gate. (C) Colorimetric output signals of the
INHIBIT gate in the form of bars of absorbance intensities and visual monitoring of the gate operation.
(Adapted with permission from ref 36. Copyright (2013) American Chemical Society).
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Figure 14: (A) Application of the Cu*'-dependent ligation DNAzyme for the activation of an AND driven
DNAzyme for sensing Hg”"-ions, using Hg*™ and Cu”" as inputs. (B) Chemiluminescence spectra generated by
the AND gate driven DNAzyme cascade in the presence of different concentrations of Hg*"-ions and the
resulting calibration curve. (C) Application of the cocaine aptamer modified Cu*'-dependent ligation DNAzyme
as function unit for the AND gate driven operation of a DNAzyme cascade for sensing cocaine, using cocaine
and Cu’"-ions as inputs. (D) Chemiluminescence spectra generated by the AND gate driven DNAzyme cascade
in the presence of variable concentrations of cocaine, and the derived calibration curve. (Reproduced with
permission from ref 37. (Copyright 2012) Wiley-VCH).
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Figure 15: (A) Schematic AND logic gate release of two fluorescent dyes MB* and Th from DNAzyme-locked
mesoporous SiO,-NPs. The MB" dye is locked in pores capped by the Mg*'-dependent DNAzyme sequence,
(74)/(72). The Th dye is locked in the pores of mesoporous SiO,-NPs capped by the Zn**-dependent DNAzyme
sequence (75)/(73). The pores are unlocked in the presence of Mg2+ or Zn*'-ions acting as inputs, the
fluorescence of the released dyes provides output signals. (B) Time-dependent fluorescence changes of MB"
upon: (a) Unlocking the pores with the Mg*'-ions input. (b) In the absence of the Mg**-ion input. (C) Time-
dependent fluorescence change of Th upon: (a) Unlocking the pores with the Zn*"-ions input. (b) In the absence
of Zn*". (D) Fluorescence spectra generated by the AND gate-driven release of MB and Th from the capped
mesoporous NPs subjected to: (I) No input (0, 0) (IT) Only Mg**-ions (1, 0) (IIT) Only Zn**-ions (0, 1) (IV) Mg*"
and Zn*"-ions (1, 1). (Reproduced with permission from ref 38. Copyright (2013) American Chemical Society).

44

Page 44 of 48



Page 45 of 48

ChemComm

(A)

© D
s o
b 8 dno N,
Lo

] -]
=\ ia ®
Hage 2 e
150 C
iw & 6)
E o
680 700 Tm::m (':: 780 800 550 mw“.l::w (::"0) 750 800

Figure 16: An AND logic gate unlocking mechanism of MB™ or DOX, DOX-loaded mesoporous SiO, NPs
using Mg and ATP as inputs: (A) The design of the capping construct of a Mg* -dependent
DNAzyme/substrate nanostructure being activated by the cooperative binding of Mg*"-ions and ATP as inputs.
(B) Schematic loading of MB* or DOX in the pores of the NPs using the DNAzyme/substrate construct as
stimuli-responsive cap, and the unlocking of the pores in the presence of ATP and Mg®" as triggering inputs
(AND logic gate). (C) Selective release of MB" in the presence of ATP and Mg”’, curve (a), release of MB' in
the presence of Mg”" or ATP, respectively, curves (b) and (c), release of MB" without any input, curve (d). (D)
Selective release of DOX in the presence of ATP and Mg®", curve (a). Release of DOX in the presence of Mg*"
or ATP, respectively, curves (b) and (c). Release of DOX without any input, curve (d). (Reproduced with
permission from ref 38. Copyright (2013) American Chemical Society).
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Figure 17: (A) Application of a library of c-jun cleaving Dz13 DNAzyme subunits and their substrates for the
input-guides assembly of an AND gate computing module, where miR21 and miR125b act as inputs. Cleavage
of the fluorophore/quencher-modified substrate leads to fluorescence as output signal. (B) Fluorescence
intensities generated by the AND gate. (C) Fluorescence intensities generated in cell lysates by Boolean
expression (Panel I or II) involving different input-guided combinations of computing modules that implement a
variety of biomarkers. (D) Fluorescence and phase images of cells in which the AND gate subunits, its
fluorescence/quencher modified substrate were incorporated and the cells were subjected to the respective miR-
21 and miR-125b. Panel I — images with no input. Panel II — cell subjected to miR-21 only. Panel III — cells
were subjected to miR-125b, only. Panel IV — cells were subjected to miR-21 and miR-125b. (E) Fluorescence
intensities generated by the cells in the presence of the different inputs, confirming the miR-25 and miR-125b,
stimulated AND gate operation. (Reproduced with permission from ref 39. Copyright (2013) Nature Publishing
Group).
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Figure 18: The AND logic gate driven release of GOx from the Zn’'-dependent DNAzyme crosslinked
hydrogel and of HRP from the Mg*-dependent DNAzyme crosslinked hydrogel, using Zn*" and Mg®" as inputs,
and the activation of the bienzyme cascade.
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Figure 19: (A) The input-guided assembly of two subunits of the Mg*'-dependent DNA that cleaves the
substrate to yield the anti-thrombin aptamer sequence (97) as output. The released aptamer inhibits the
thrombin-induced hydrolytic cleavage of the non-fluorescent Rhodamine-functionalized peptide (98). The
cleavage of the peptide yield triggers-on the Rhodamine label. (B) Fluorescence spectra corresponding to: (a)
The aptamer-inhibited cleavage of (98). (b) The non-inhibited cleavage of (98) in the presence of thrombin.
(Adapted with permission from ref 27. Copyright 2010 Nature Publishing Group).
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