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Cellular transformations are driven by environmentally triggered
complex dynamic networks, which include signal-triggered feed-
back processes, cascaded reactions, and switchable transforma-
tions. We apply the structural and functional information encoded
in the sequences of nucleic acids to construct signal-triggered
constitutional dynamic networks (CDNs) that mimic the functions
of natural networks. Using predesigned hairpin structures as
triggers, the network generates functional strands, which stabilize
one or the other of the constituents of the network, leading to
feedback-driven reconfiguration and time-dependent equilibration
of the networks. Using structurally designed hairpins, positive-
feedback or negative-feedback mechanisms operated by the CDNs
are demonstrated. With two predesigned hairpins, the coupled
consecutive operations of negative/positive- or positive/positive-
feedback cascades are accomplished. The time-dependent compo-
sition changes of the networks are well reproduced by chemical
kinetics simulations that provide predictive behaviors of the network,
under variable auxiliary conditions. Beyondmimicking natural network
properties and functions by means of the synthetic nucleic-acid–based
CDNs, the systems introduce versatile perspectives for the design
of amplified sensors (sensing of miRNA-376a) and the development
of logic gate circuits.
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The central importance of feedback mechanisms in biological
circuits has been clearly recognized since the discussion of the

molecular mechanism in the pioneering work of Jacob andMonod
(1, 2). Such circuits have been clearly identified in the regulation
of gene transcription, in signal transduction, and in developmental
networks (3–6). These circuits are often complemented by addi-
tional environmentally triggered events (7, 8). Extensive recent
research efforts are being directed to the development of chemical
networks mimicking functions of networks in nature (systems
chemistry) (3–6). Significant progress toward this important goal is
demonstrated with the assembly of dynamically equilibrated su-
pramolecular mixtures by adapting equilibrated configurations
and structures dictated by external, environmental triggers (9, 10).
These include the assembly of constitutional dynamic networks (7,
11, 12), CDNs.
Nucleic acids provide versatile building blocks for the con-

struction of CDNs due to the structural and functional information
encoded in the biopolymer sequences (13–15). Diverse means to
reversibly stabilize programmed nucleic acid structures were
reported (16–20), and provide a rich “toolbox” for developing
DNA switches (18, 21), machines (22, 23) and programmed
structures (24, 25), and the area of DNA nanotechnology (26–
28). Specifically, the triggered reconfiguration of DNA assem-
blies provides means to construct DNA-based CDNs and to dy-
namically equilibrate the CDNs by appropriate triggers (29–31).
In the present study, we introduce DNA-based feedback-driven

CDNs. While the previous studies on nucleic-acid–based CDNs
used an external trigger to stabilize one of the CDN constituents
and to reconfigure the equilibrated states of the networks, the
present study addresses the initiation of a time-dependent

feedback mechanism that dynamically controls the contents of
the constituents in the CDNs. That is, the feedback path provides
an amplified transduction means to catalytically activate the
constituents associated with the CDNs. In addition, we demon-
strate that by applying two consecutive triggers, coupled negative/
positive or positive/positive-feedback mechanisms proceed. Fur-
thermore, kinetic simulations of the time-dependent control over
the contents of the constituents in the CDNs allow us to fully mimic
the kinetic behaviors of the CDNs, thus enabling a predictive guide
to the feature of the CDNs under variable conditions. Fig. 1 depicts
the principles for the assembly of such feedback-driven CDNs,
consisting of four equilibrated constituents AA′, BB′, AB′, and
BA′. While the pairs AA′/BB′ and AB′/BA′ do not share common
components, the pairs AA′/AB′, AA′/BA′, BB′/AB′, and BB′/BA′
do share common components. As a result, the sharing of com-
mon components in the four constituents leads to an intercon-
stituent equilibrated network. In fact, one may consider the
constituents of the network as a “compass-poles” device com-
posed of North (N)/South (S) directions and East (E)/West (W)
directions corresponding to the equilibrated pairs that do not
share common components, AA′ (N)/BB′ (S), and AB′ (E)/BA′
(W), respectively, as outlined for CDN “X.” The triggered sta-
bilization of any of the directions leads to the adaptive reequi-
libration of the respective CDN. This is exemplified in Fig. 1 with
the dynamic feedback-driven adaptive reconfiguration of the
parent CDN X with auxiliary triggers H1 or H2. Treatment of
CDN X with H1 results in the BB′-induced transformation of H1
into E1 that acts as a stabilization agent for AA′ (to form AA′-K+).
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The stabilization of AA′ results in its up-regulation, the concomitant
up-regulation of BB′, and the down-regulation of AB′ and BA′. The
up-regulation of the activator BB′ leads to a faster transformation of
H1 into E1, resulting in the positive-feedback–driven adaptive
reconfiguration of CDN X into “Y.” In a complementary manner,
treatment of CDN X with H2 results in the BB′-stimulated gener-
ation of E2 that stabilizes AB′ (to form AB′-K+). As a result, AB′
and BA′ are up-regulated, while AA′ and the activator BB′ are
down-regulated. That is, the time-dependent BB′-induced forma-
tion of E2 leads to a negative-feedback–driven adaptive transition of
CDN X into “Z.”
Fig. 1 outlines the principles for the feedback-driven reequili-

bration of the different CDNs. A major challenge while in-
vestigating these CDNs is, however, the development of analytical
means to follow and confirm the quantitative contents of the
constituents in the different CDNs. This is accomplished by the
functionalization of each of the constituents with a different Mg2+

-ion–dependent DNAzyme that includes specific “arms” for the
recognition and cleavage of a specific fluorophore/quencher-
modified substrate. The DNAzyme sites act as reporter units for
the quantitative assessment of the contents of the respective con-
stituents by following the fluorescence intensities of the cleaved-off
substrates and using appropriate calibration curves (Fig. 1, Inset
II). The quantitative evaluation of the equilibrated contents is
further achieved by quantitative imaging of electrophoretically
separated and stained bands.

Results
Positive-Feedback–Driven Dynamic Equilibration of CDN X. Fig. 1
shows schematically the composition of CDN X that stimulates a
dynamically driven feedback mechanism. The system includes
four equilibrated constituents AA′, AB′, BA′, and BB′. To each
of the constituents, a gg′ dynamic hybridization domain and a
specific Mg2+-ion–dependent DNAzyme subunit (SI Appendix,
Fig. S1) are integrated. These DNAzyme units act as reporters
for the feedback-driven operation of the CDN. BB′ includes an
additional Mg2+-ion–dependent DNAzyme unit as an activator
to initiate the feedback process. AA′ is further functionalized
with two single-stranded tethers n and m, where n consists of a
guanosine-rich domain, a functional subunit for the formation of
a G quadruplex (SI Appendix, Fig. S1). CDN X is subjected to
hairpin H1 triggering the initiation of the positive-feedback

process. H1 includes, in its loop region, a ribonucleobase se-
quence that is recognized by the activator DNAzyme subunit of
BB′, and contains the sequences n′ and m′ partially caged in the
hairpin stem. In the presence of Mg2+ ions, H1 is cleaved,
yielding the fragmented strand E1 that includes n′ and m′. The
sequence n′ is a guanosine-rich sequence, a subunit for the for-
mation of a G quadruplex, while m′ is complementary to m as-
sociated with AA′. That is, the cleavage of H1 by BB′ yields E1
that binds to AA′ through the formation of a K+-ion–stabilized
G quadruplex (nn′) and the cooperative stabilization by duplex
mm′. The binding of E1 to AA′ results in its enrichment at the
expense of AB′ and BA′, and a concomitant increase in BB′. The
enrichment of BB′ results, however, in the enhancement of the
cleavage of H1 and the dynamical enrichment of AA′ that further
increases the content of BB′. That is, by the appropriate design
of the system, a time-dependent positive-feedback mechanism is
driven by the CDN. This feedback mechanism proceeds as long
as H1 is available.
Fig. 2A depicts the cleavage rates of the respective substrates

by the constituents AA′, BB′, BA′, and AB′ before (i) and after
(ii) subjecting CDN X to hairpin H1 for 24 h. The cleavage rates
of AA′ and BB′ increase upon the addition of H1, whereas
the cleavage rates of BA′ and AB′ decrease, reflecting changes in
the concentrations of the respective constituents. (Note that the
equilibria of the CDNs are not affected by the binding of the
substrates, SI Appendix, Fig. S2.) Using the appropriate cali-
bration curves (SI Appendix, Fig. S3), we quantitatively analyzed
the concentrations of the constituents before and after inter-
acting with H1 (Table 1). After interaction of CDN X with H1,
the contents of AA′ and BB′ increase by 78% and 72%, re-
spectively, whereas the contents of BA′ and AB′ decrease by
46% and 49%. These concentration changes were further sup-
ported by quantitative gel electrophoresis experiments (Table 1
and SI Appendix, section I and Fig. S4). We find that the con-
centration changes of the constituents in the CDN are slow
compared with the cleavage rates of the substrates by the
DNAzyme reporters. This allows us to monitor the compositions
of the CDN at different time intervals until it reaches the final
equilibrium. The catalyzed cleavage rates of the substrates as-
sociated with AA′ and BB′ increase and those associated with
BA′ and AB′ decrease during the feedback-driven equilibration
of CDN X (SI Appendix, Fig. S5). Fig. 2B shows the quantitative

Fig. 1. Schematic dynamic feedback-driven adaptive reconfiguration of CDN X. Transition of CDN X into CDN Y: positive-feedback–driven dynamic equili-
bration of CDN X via the cleavage of hairpin H1 by the DNAzyme activator associated with BB′, and the stabilization of the constituent AA′ with E1 through
the formation of a K+-ion–stabilized G quadruplex (AA′-K+). Transition of CDN X into CDN Z: negative-feedback–driven equilibration of CDN X via the
cleavage of H2 by BB′, and the stabilization of AB′with E2 through the formation of a K+-ion–stabilized G quadruplex (AB′-K+). (Inset I) The adaptive triggered
transitions across the networks are displayed in the form of dynamic equilibration of four constituents that follow a compass-poles device (see text). The
constituents are displayed in the form of interequilibration dimer titles. (Inset II) Schematic readout of the performances of the CDNs by the application of
four different Mg2+-ion–dependent DNAzymes as reporters.
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concentrations of the constituents at different time intervals
during equilibration of CDN X. Evidently, the contents of AA′
and BB′ increase nonlinearly within a time interval of ∼10 h until
they reach saturation. Concomitantly, a nonlinear decrease in
the contents of BA′ and AB′ within this time interval is observed.
Control experiments reveal that in the absence of K+ ions, no
concentration changes are observed (SI Appendix, Fig. S6), im-
plying that the K+-ion–stabilized G quadruplex associated with
AA′ is, indeed, responsible for the reequilibration of CDN X.
The K+-ion–stabilized G-quadruplex–driven feedback mecha-
nism was further supported by following the activity of the
hemin/G-quadruplex DNAzyme associated with AA′-K+, SI
Appendix, section II and Fig. S7. Knowing the concentration
changes of the constituents of CDN X during its reequilibration
after the addition of H1 and approximate cleavage-rate constants
of Mg2+-ion–dependent DNAzymes, we computationally simu-
lated the time-dependent concentration changes of the constit-
uents upon triggering CDN X with H1. A set of differential
equations following the kinetic profile of the positive-feedback–
driven process outlined in Fig. 1 was formulated and is provided
in SI Appendix, section III. The fitting procedure yielded the set
of rate constants given in SI Appendix, Table S1. A very good fit
for the time-dependent concentration changes of all constituents

using this set of rate constants is observed (Fig. 2B, solid curves).
The kinetic simulation of the experimental results has, however,
a value, only if the set of reaction rate constants involved in the
kinetic scheme has the predictive power to evaluate kinetic
features of CDN X subjected to other auxiliary conditions, which
can be subsequently verified by experiments. Accordingly, the
concentration of H1 (2 μM) was changed to 5 or 0.5 μM. Using
the set of derived reaction rate constants, the computationally
simulated concentration changes of the constituents upon sub-
jecting the CDN to H1, 5 or 0.5 μM, are presented in Fig. 2C
(solid curves). Excellent agreements between the predicted time-
dependent concentration changes and the experimental results
(dots in Fig. 2C, derived from SI Appendix, Figs. S8 and S9) are
demonstrated. (It should be noted that the experiments were
performed after the generation of the computationally simulated
results.) These results imply that the set of rate constants derived
from the initial simulations can predict the performance of the
operation of feedback-driven CDNs under different conditions.
Several complementary control experiments reveal the signif-

icance of the catalytic cleavage of H1 by BB′ to stimulate the
operation of the feedback mechanism leading to the reequili-
bration of CDN X. Subjecting CDN X to a non–ribonucleobase-
containing (noncleavable) hairpin H1*, no content changes of
the constituents are observed, implying that the cleavage of H1 is
essential to induce the reequilibration of the CDN (SI Appendix,
Fig. S10). Further, H1 was mutated to yield H1

m, where the stem
domain is not altered, whereas in the m′ domain of the hairpin
loop, a guanine base is exchanged by a cytosine base. Under this
condition, the cleaved-off strand E1

m includes a C-C mismatch
that prohibits the cooperative duplex mm′ stabilization of the G
quadruplex. These results confirm that the cooperative stabili-
zation of the G quadruplex by mm′ is essential to operate the
feedback-driven process (SI Appendix, Fig. S11). However, upon
subjecting CDN X directly to E1, in the absence of H1, a
monotonic increase in the contents of AA′ and BB′, and a
concomitant monotonic decrease in the contents of BA′ and AB′
are observed (SI Appendix, Fig. S12). That is, the induction time
interval required to initiate the feedback mechanism by cleaving
H1 is absent in the presence of the “pure” E1. It should be noted
that the final equilibrated contents of the constituents generated
by the positive-feedback–driven mechanism or by the direct ad-
dition of the effector unit E1 are similar. Nonetheless, we note
that while the feedback-driven process involves a dynamic time-
dependent evolution of the E1-guided equilibrated system, the
instantaneous addition of E1 to the system represents a trigger
event. Naturally, the kinetics for the formation of the equilibrated
state, by the two mechanisms, are different. The feedback-driven
process reveals, as expected, a nonlinear kinetic evolution of the

Fig. 2. Positive-feedback–driven dynamic equilibration of CDN X. (A) Catalytic activities of the DNAzyme reporter units associated with the constituents of
the CDN: (i) Before and (ii) after treatment of CDN X with H1 for 24 h. (B) Computationally simulated (solid curves) and experimentally determined (dots)
time-dependent concentration changes of the constituents of the CDN upon subjecting CDN X to H1, 2 μM. (Insets) Nonlinear, concentration changes of the
constituents at short time intervals. (C) Computationally predicted (solid curves) and experimentally determined (dots) time-dependent concentration
changes of the constituents of the CDN upon subjecting CDN X to H1 with different concentrations: (i) 5 μM and (ii) 0.5 μM.

Table 1. Initial and final concentrations of the constituents in
the CDNs driven by the positive-feedback mechanism and the
negative-feedback mechanism (Fig. 1)

System

Concentration, μM

[AA′] [AB′] [BA′] [BB′]

Positive-feedback–driven CDN in Fig. 1
(i)* 0.40 0.59 0.61 0.39
(i)† (0.45) (0.65) (0.64) (0.40)
(ii)* 0.71 0.30 0.33 0.67
(ii)† (0.68) (−)‡ (−)‡ (0.74)

Negative-feedback–driven CDN in Fig. 1
(iii)* 0.40 0.59 0.61 0.39
(iii)† (0.43) (0.65) (0.62) (0.43)
(iv)* 0.19 0.77 0.80 0.19
(iv)† (0.25) (0.82) (0.81) (0.20)

(i) Before the application of H1; (ii) After the application of H1 (24 h); (iii)
Before the application of H2; (iv) After the application of H2 (24 h).
*Concentration data provided by the DNAzyme reporter units.
†Concentration data extracted by quantitative analysis of the electropho-
retically separated stained bands.
‡Concentrations cannot be evaluated owing to the overlap of the bands.
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equilibrated CDNs. For further evaluation of the effect of
changes in the initial contents of the equilibrated constituents
of CDN X (by introducing mutation in BA′) on the positive-
feedback mechanism, see SI Appendix, section IV, Figs. S13–
S15, and Table S2.

Negative-Feedback–Driven Dynamic Equilibration of CDN X. The or-
thogonal feedback-driven transformation of CDN X into Z is
shown in Fig. 1. In this system, CDN X is subjected to a different
hairpin H2 that is cleaved by BB′ to yield the fragmented strand
E2 including the sequences n′ and l′. This strand forms, in the
presence of K+ ions, a G quadruplex, with AB′, in which the G
quadruplex is synergistically stabilized by the duplex ll′. The
stabilization of AB′ is then anticipated to up-regulate AB′ and
BA′ and concomitantly down-regulate AA′ and BB′. The
positive-feedback mechanism discussed in Fig. 1 reveals the
time-dependent increase in the concentration of the activator
BB′, which is responsible for cutting the hairpin trigger, until
reaching the new equilibrium. In contrast, subjecting CDN X to
H2 leads to the time-dependent decrease in the content of BB′.
This decrease is thus defined as a negative-feedback–driven
reequilibration of the CDN.
Fig. 3A shows the time-dependent fluorescence changes gen-

erated by the constituents of the CDN, before (i) and after (ii)
subjecting CDN X to H2 for 24 h. Using appropriate calibration
curves (SI Appendix, Fig. S3), we find that the increases in the
contents of BA′ and AB′ correspond to 31% and 31%, while the
contents of AA′ and BB′ decrease by 53% and 51%, respectively
(Table 1). These data were further supported by quantitative gel
electrophoresis experiments (Table 1 and SI Appendix, section V
and Fig. S16). The H2-driven reequilibration of CDN X is a
dynamic, time-dependent process. From the cleavage rates of the
substrates by the respective constituents at different time inter-
vals during equilibration of the system (SI Appendix, Fig. S17),
we derived the time-dependent concentration changes of the
constituents, Fig. 3B. The results reveal, as before, an initial
induction time of ∼2 h, in which the concentration changes of the

constituents are very small (Fig. 3B, Insets). This induction time
is accompanied by a sharp increase in the concentration changes
of the constituents that proceeds within 3–4 h, and subsequently
small concentration changes leading to the equilibration of the
new CDN state. As before, the negative-feedback–driven CDN
was computationally simulated, and the results are presented as
solid curves overlaying the experimental data (dots), Fig. 3B (for
more details see SI Appendix, section VI and Table S3). Control
experiments reveal that, in the absence of K+ ions, no concen-
tration changes are observed (SI Appendix, Fig. S18), implying
that the K+-ion–stabilized G quadruplex, AB′-K+, is, indeed,
responsible for the reequilibration of CDN X. We note that the
final equilibrated contents of the constituents generated by the
negative-feedback–driven mechanism or by the direct addition of
the effector E2 are similar, SI Appendix, Fig. S19. The rates of the
formation of the equilibrated state by the two paths are different.
While the instantaneous addition of E2 provides a trigger event
that leads to a rapid transformation of CDN X into Z, the time-
dependent evolution of E2 through the cleavage of H2 leads to a
dynamic nonlinear formation of the equilibrated CDN Z. For
further evaluation of the effect of changes in the initial contents
of the equilibrated constituents of CDN X (by introducing mu-
tation in AA′) on the negative-feedback–driven reequilibration
of the CDN in the presence of H2 see SI Appendix, section VII,
Figs. S20–S22, and Table S2.

Negative/Positive-Feedback–Driven Equilibration of CDN “R.” The
ability to control the CDN by two different triggers yielding
positive- or negative-feedback mechanisms and the dynamic
feedback-driven equilibration of the CDN provides a means
to stimulate cascaded negative/positive- or positive/positive-
feedback mechanisms. Fig. 4A presents the design of CDN R
that performs a sequential equilibration cascade involving a
negative/positive-feedback path. CDN R includes the constitu-
ents CC′, DD′, CD′, and DC′. Each of the constituents contains a
duplex-bridged structure separated by two single-stranded loops (the
loop sequences are different in the constituents!). To each of the

Fig. 3. Negative-feedback–driven dynamic equili-
bration of CDN X. (A) Catalytic activities of the
DNAzyme reporter units associated with the con-
stituents of the CDN: (i) Before and (ii) after sub-
jecting CDN X to H2 for 24 h. (B) Computationally
simulated (solid curves) and experimentally de-
termined (dots) time-dependent concentration
changes of the constituents of the CDN upon treat-
ment of CDN X with H2. (Insets) Nonlinear, concen-
tration changes of the constituents at short time
intervals.

Fig. 4. Biphase negative/positive-feedback–driven
dynamic equilibration of CDN R. (A) Bimodal oper-
ation of CDN R using two consecutive negative/pos-
itive-feedback processes, using triggers H3 and H4,
presented schematically in the form of a compass-
poles device. The stepwise reconfigured equili-
brated compositions of the CDN in the negative/
positive-feedback mechanism are schematically
presented (Right) in the form of different sized
blockers of the up-regulated and down-regulated
constituents. (B) Computationally simulated (solid
curves) and experimentally determined (dots) time-
dependent concentration changes of the CDN con-
stituents upon biphase negative/positive-feedback
operation.
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constituents, a different DNAzyme reporter unit is conjugated. In
addition, DC′ and DD′ include an additional DNAzyme unit ac-
tivating and controlling the feedback-driven equilibration of CDN
R, respectively, in the presence of appropriate hairpin triggers.
Subjecting CDN R to hairpin trigger H3 leads to its cleavage by
DC′. The cleaved-off strand H3–1 hybridizes with the double-loop
region of CC′ to yield a T-A·T triplex that stabilizes CC′ (CC′-T; for
details see SI Appendix, Fig. S23). This stabilization enriches CC′
at the expense of CD′ and DC′, and DD′ is enriched concomi-
tantly, resulting in a dynamic, time-dependent, negative-
feedback–driven process. After the completion of the first
feedback-driven equilibration loop evidenced by a saturated
composition of the equilibrated mixture, hairpin H4 is in-
troduced and cleaved by the DNAzyme activator associated with
DD′. The cleavage of H4 yields the strand H4–1 that further in-
teracts with the vacant double-loop domain of CC′. This results
in the further enrichment of CC′, leading to a secondary, dy-
namic, positive-feedback–driven process where DD′ is enriched
and concomitantly CD′ and DC′ are down-regulated. That is, the
cleavage of H4 and the formation of H4–1 activate the second
feedback-driven loop and shift the equilibrium of the system.
Upon the stepwise treatment of CDN R with H3 and H4, the

cleavage rates indicate a stepwise increase in CC′ and DD′ and a

decrease in DC′ and CD′ (SI Appendix, Fig. S24). Using the
appropriate calibration curves (SI Appendix, Fig. S25), the time-
dependent, negative/positive-feedback–driven concentration
changes of the constituents are derived (Fig. 4B). Evidently, a
stepwise increase in the contents of CC′ (66% and 59%) and DD′
(47% and 53%), and a concomitant decrease in the contents of DC′
(25% and 25%) and CD′ (28% and 33%) are observed. Further
support for these concentration changes was obtained by quan-
titative gel electrophoresis experiments (SI Appendix, section
VIII and Fig. S26). A very good agreement of the concentrations
of the constituents derived by the activities of DNAzyme re-
porter units and by the electrophoretic imaging is demonstrated
(Table 2).

Positive/Positive-Feedback–Driven Equilibration of CDN R. The re-
sults shown in Fig. 4 represent a two-step negative/positive-
feedback–driven equilibration of CDN R. One may, however,
design a sequential positive/positive-feedback mechanism trig-
gered by two hairpins, H4 and H5, as outlined in Fig. 5A. Trig-
gering CDN R (identical to that outlined in Fig. 4A) with H4
results in the dynamically driven positive-feedback equilibration
of CDN R, whereby a time-dependent concentration increase of
CC′ and DD′ takes place with a concomitant decrease of DC′
and CD′. In the second loop, applying the resulting CDN to H5,
the cleavage of H5 yields the fragmented H5–1 that is designed to
form a T-A·T triplex with the double-loop domain of CD′. The
stabilization of CD′ results in an opposite positive-feedback–
driven equilibration process, in which a dynamic time-dependent
concentration increase of CD′ and DC′, and a concomitant de-
crease of CC′ and DD′, proceed. That is, while in the first feedback
loop of CDN R, a dynamically driven, time-dependent increase in
CC′ and DD′ occurs, the contents of the same constituents are
down-regulated during the second feedback loop. Upon the step-
wise interaction of CDN R with H4 and H5, the cleavage rates
indicate a stepwise increase/decrease in CC′ and DD′ and a de-
crease/increase in DC′ and CD′ (SI Appendix, Fig. S27). Using the
respective calibration curves (SI Appendix, Fig. S25), the time-
dependent concentration changes of the constituents during the
reconfiguration of CDN R were evaluated, Fig. 5B. The treatment
of CDN R with H4 yields a time-dependent, positive-feedback–
driven increase in the contents of CC′ and DD′ (by 78% and
69%, respectively) and the parallel decrease in the contents of DC′
and CD′ (by 38% and 41%, respectively). Treatment of the
resulting CDN with H5 (time marked with arrow) leads to the
down-regulation of CC′ and DD′ (by 35% and 48%, respectively)
and to the up-regulation of DC′ and CD′ (by 74% and 73%,
respectively). The up-regulation and subsequent down-regulation
of CC′ and DD′ represents a triggered switchable behavior of
the feedback process. Further support for these concentration
changes was obtained by quantitative gel electrophoresis
(SI Appendix, section IX and Fig. S28). The two methods (DNAzyme

Table 2. Initial and final concentrations of the constituents in
the CDNs driven by the negative/positive-feedback mechanism
(Fig. 4A) and the positive/positive-feedback mechanism (Fig. 5A)

System

Concentration, μM

[CC′] [CD′] [DC′] [DD′]

Negative/positive-feedback system in Fig. 4A
(i)* 0.32 0.69 0.68 0.36
(i)† (0.32) (0.74) (0.70) (0.30)
(ii)* 0.53 0.50 0.51 0.53
(ii)† (0.48) (0.44) (0.51) (0.47)
(iii)* 0.71 0.27 0.35 0.72
(iii)† (0.74) (0.30) (0.34) (0.75)

Positive/positive-feedback system in Fig. 5A
(iv)* 0.57 0.41 0.42 0.61
(iv)† (0.64) (0.28) (0.35) (0.67)
(v)* 0.37 0.71 0.73 0.32
(v)† (0.32) (0.66) (0.65) (0.34)

(i) CDN R before the application of any hairpins; (ii) After subjecting CDN
R to H3 (16.5 h); (iii) After subjecting the resulting CDN (ii) to H4 for addi-
tional 16.5 h; (iv) After subjecting CDN R to H4 (16.5 h); (v) After subjecting
the resulting CDN (iv) to H5 for additional 16.5 h.
*Concentration data provided by the DNAzyme reporter units.
†Concentration data extracted from quantitative analysis of the electropho-
retically separated stained bands.

Fig. 5. Sequential positive/positive-feedback–
driven dynamic equilibration of CDN R. (A) Bimodal
operation of CDN R using two consecutive positive/
positive-feedback processes, applying triggers H4

and H5, presented schematically in the form of a
compass-poles device. The stepwise reconfigured
equilibrated concentrations of the constituents in
the positive/positive-feedback mechanism are sche-
matically presented (Right) in the form of different
sized blockers of the up-regulated and down-
regulated constituents. (B) Computationally simu-
lated (solid curves) and experimentally determined
(dots) time-dependent concentration changes of
the constituents of CDN R upon biphase positive/
positive-feedback operation.

Yue et al. PNAS | February 19, 2019 | vol. 116 | no. 8 | 2847

CH
EM

IS
TR

Y
SY

ST
EM

S
BI
O
LO

G
Y

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1816670116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1816670116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1816670116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1816670116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1816670116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1816670116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1816670116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1816670116/-/DCSupplemental


reporters and electrophoretic imaging) provide comparable values
(Table 2). In addition, the stepwise negative/positive-feedback–driven
CDN using H3 and H4, and the positive/positive-feedback–driven
CDN triggered by H4 and H5 were computationally simulated. The
overlaid computationally simulated time-dependent concentration
changes of the constituents on the experimental data are presented in
Figs. 4B and 5B (solid curves), respectively. (For the set of the dif-
ferential equations and rate constants see SI Appendix, sections X and
XI and Tables S4 and S5.)

Discussion
The present study has introduced the important element of dy-
namic feedback into nucleic-acid–based CDNs. We demonstrate
that by the appropriate design of the constituents comprising
the networks, programmed positive or negative-feedback–driven
CDN systems are generated. Furthermore, we show that by sub-
jecting the CDNs to dual triggers, negative/positive or positive/
positive-feedback responses are possible. Beyond enhancing the
complexity of nucleic-acid–based networks, we introduce several
features inspired by nature: (i) The systems adapt themselves and
respond to external triggers. Specifically, we introduce the K+-ion
stabilization of G-quadruplex structures and the strand-induced
formation of T-A·T triplexes as motives stabilizing predesigned
CDN constituents. (ii) Stabilization of one of the CDN constitu-
ents leads to the initiation of the respective feedback mechanism.
The single-step feedback process represents a signal amplification
process and a signal transduction mechanism that amplifies and
catalytically activates the constituent that is agonistic to the ener-
getically stabilized constituent. (iii) By applying two consecutive
triggers, coupled negative/positive and positive/positive-feedback
mechanisms were designed. These processes represent information
transfer between constituents, mimicking signal propagation in
biological networks. Note, however, that beyond the demonstra-
tion that nucleic-acid–based feedback-driven CDNs mimic bi-
ological systems, the feedback processes represent signal-triggered
amplification paths. Thus, the CDNs-stimulated feedback

mechanisms may provide versatile means to develop amplified
sensor systems. This is exemplified in SI Appendix, section XII
and Figs. S29 and S30 with the development of a CDN for the
analysis of miRNA-376a, a biomarker for hepatocellular carci-
noma. (iv) Furthermore, we note that the feedback-driven pro-
cess made use of a fragmented hairpin strand that acts as a trigger.
Nonetheless, the formation of the feedback trigger is accompanied
by the generation of an “unused” strand. This strand can be used, in
principle, as an activator of cascaded networks, being a potential
source for generating feedback cascades. (v) The experimental time-
dependent concentration changes of the constituents in the different
CDNs were computationally simulated. The kinetic modeling of the
CDNs and the obtained set of reaction rate constants, provide a
versatile tool to predict the behavior of the CDNs subjected to dif-
ferent concentrations of the hairpin triggers.

Materials and Methods
Preparation of CDN X. CDN X, including the constituents AA′, AB′, BA′, and
BB′, was prepared as follows: A mixture of A, B, A′, B′, 2 μM each, in Hepes
buffer 10 mM, pH = 7.2, which includes MgCl2 (20 mM) and KCl (50 mM),
was annealed at 65 °C, cooled down to 25 °C at a rate of 0.33 °C min−1, and
allowed to equilibrate for 2 h at 25 °C.

Probing the Feedback-Driven CDNs by Catalytic Functions of the CDNs (Fig. 1).
Taking the positive-feedback system as an example, CDN X, each component
1 μM, was subjected to H1, 2 μM, in Hepes buffer 10 mM, pH = 7.2, which
includes MgCl2 (20 mM) and KCl (50 mM) and allowed to equilibrate at 28 °C.
At different time intervals, aliquots of 60 μL were withdrawn from the
mixture, and treated with the substrates, sub1 for AA′, sub2 for BB′, sub3 for
BA′, sub4 for AB′, 3 μL of 100 μM each. The time-dependent fluorescence
changes driven by the cleavage of the different substrates by the respective
catalytic constituents were followed.

For more detailed materials, methods, and kinetic equations used for
simulations please see SI Appendix.
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