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ABSTRACT: Inter-communication between dynamic chemical networks plays a major role in cellular transformations. Bioin-
spired by nature, we introduce the inter-communication between two constitutional dynamic networks, CDNs, “S” and “T” com-
posed, each, of four equilibrated supramolecular constituents AA', AB', BA' and BB', and of CC', CD', DC' and DD', respectively. 
Each of the constituents is conjugated Mg2+-ion-dependent DNAzyme unit that acts as a reporter element for the concentration of 
the respective constituent via the catalyzed cleavage of the fluorophore-quencher-functionalized substrate associated with the re-
spective DNAzyme reporter. Also, constituents BB' (in CDN “S”) and CC' (in CDN “T”) include Mg2+-ion-dependent DNAzymes 
acting as activator units for generating triggering signals between the networks. 

Subjecting CDNs “S” and “T” to the catalytically cleavable hairpin triggers Hdd' or Haa' respectively, yields input strands that in-
ter-communicate the CDNs by affecting the time-dependent re-equilibration of the constituents of the counter CDN without effect-
ing the dynamic equilibrium of the constituents of the CDN that generates the triggering strands. Treatment of CDNs “S” and “T” 
with hairpins Hdd' and Haa' (or Hba'), respectively, stimulate autonomous positive/positive or positive/negative feedback to the pro-
grammed time-dependent up-regulation or down-regulation of the equilibrated constituents in the two CDNs. 

INTRODUCTION 
The up-regulation and down-regulation of dynamic chemical net-
works by environmental physical or chemical triggers play major 
roles in cellular transformations.1 In addition, the inter-
communication between dynamic networks presents, in nature, 
complex biotransformations that allow signal propagation,2 
branching and switching of reactions,3 feedback or oscillatory 
mechanisms,4 biocatalytic cascades5 and more.6 Inspired by na-
ture, the area of systems chemistry that addresses the assembly of 
constitutional dynamic networks (CDNs) that mimic natural pro-
cesses is rapidly advancing.7 Ingenious dynamically controlled 
self-organized supramolecular assemblies that adapt chemically- 
guided architectures were reported.8 For example, the metal-ion 
induced formation of metal-complex helicates9 or the self-
organization of ligand binding receptors10 represent switchable, 
dynamically-controlled, structures dictated by external chemical 
triggers. A simple CDN consists of four equilibrated dynamically 
interconvertible constituents AA', AB', BA' and BB'. The stimuli-
triggered stabilization of one of constituents, e.g., AA', shifts the 
system to a new dynamically equilibrated system where AA' is 
up-regulated on the expense of the constituents AB' and BA', and 
the concomitant up-regulation of constituent BB' that results from 
the stimuli-enforced separation of AB' and BA'. Subjecting the 
latter equilibrated constitutional network to a counter trigger that 
destabilizes the constituent AA' reconfigures the system to the 
originally equilibrated mixture of constituents. Different CDNs 
consisting of molecular or macromolar networks were reported.11 
A variety of external physical triggers, such as light,12 tempera-
ture13 or electric field,14 and chemical triggers, such as pH,13 sol-
vents,15 and supramolecular H-bonds16 were used to shift and 
adapt CDNs equilibria. For example, the equilibrated mixture of 
hydrazones or acylhydrazones were controlled by orthogonal 

triggers, such as metal ions17 or light.18 The formation of pro-
grammed structural grids by the polymerization of equilibrated 
mixtures of hydrazone/hydrazine constituents, and using Lewis 
acids or metal ions as orthogonal triggers, that control the dynam-
ically equilibrated mixtures of constituents,19 was reported. In 
addition to dynamically equilibrated mixtures consisting of four 
constituents, CDNs with enhanced complexities, such as triggered 
dynamically equilibrated mixtures composed of six-component 
constituents A, A', B, B', C and C' were reported.20 Different ap-
plications of CDNs were suggested and these include the screen-
ing of drugs,21 design of self-sensing devices,14 and the dictated 
formation of switchable sol/gel materials.22 Nonetheless, the dif-
ferent CDNs, suffered till recently from several drawbacks: (i) 
There is no universal chemical scaffold for building the CDN 
systems. (ii) The diversity of chemical constituents to assemble 
the CDNs is limited, and the pre-design of programmable CDNs 
is difficult. (iii) The design of bio-inspired inter-communicating 
CDNs is unprecedented. 

Recently, we suggested supramolecular structures of nucleic 
acids as versatile constituents for the assembly and triggered op-
eration of CDNs.23,24 The advantages of using nucleic acids as 
functional components to construct CDNs include: (i) The nature 
and number of base-pairs comprising the constituents provide a 
means to delicately balance and control the composition of the 
constitutional constructs of the CDNs.25 (ii) Different physical or 
chemical triggers control the stability of nucleic acid constructs. 
Particularly, reversible triggers/counter triggers can stabilize or 
destabilize the supramolecular nucleic acid constituents, thereby 
allowing the reversible reconfiguration of equilibrated CDNs, and 
the reversible switching and shifting of equilibrated CDNs.26 Such 
triggers include, for example, the K+-ions stabilization of G-
quadruplexes and their separation by 18-crown-6-ether,27 the sta-
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bilization of duplexes by T-Hg2+-T or C-Ag+-C bridges and their 
separation by thiol ligands,28 the pH induced formation or separa-
tion of triplex nucleic acids29 or i-motif structures.30 Also, physi-
cal stimuli, such as light, were used to control the stabilities of 
duplex nucleic acids, e.g., the stabilization of duplex nucleic acids 
by trans-azobenzene intercalation units and their destabilization 
by photoisomerization of the units to cis-azobenzene.31 (iii) In 
addition to the diverse stimuli-responsive structures of nucleic 
acids, the biopolymer reveals unique recognition and catalytic 
functions. These include the sequence-specific binding of low-
molecular-weight substrates or macromolecules (aptamers),32 and 
the catalytic properties of sequence-specific nucleic acids 
(DNAzymes),33 e.g., metal-ion dependent hydrolytic DNAzymes 
that cleave phosphodiester bonds of nucleic acid substrates. The 
incorporation of these functional nucleic acid structures of CDN 
constituents, provides important “tools” to activate and operate 
reversible transitions of CDNs. Indeed, we have demonstrated that 
the rich “toolbox” provided by the base-sequences encoded in the 
nucleic acids biopolymer allows the control of the equilibrated 
mixtures of CDNs and the effective readout of the reconfigurable 
CDNs by DNAzymes conjugated to the biopolymer.23,24 For ex-
ample, using nucleic acid inputs for the strand displacement of 
nucleic acids associated with the CDN constituents, the dictated 
self-organization of stabilized nucleic acid triplex structures guid-
ed shifts in the equilibrated mixture of constituents in the CDNs. 
The readout of the equilibrated mixture was then achieved by 
following the catalytic functions of DNAzymes integrated into the 
different constituents. 

In the present study, we enhance the complexity of nucleic ac-
id-based CDNs by demonstrating unprecedented inter-
communication between CDNs. We reveal that the chemical func-
tions of one CDN can trigger the reconfiguration of a second 
CDN system (up-regulation or down-regulation of the equilibrated 
second CDN). In addition, we demonstrate the inter-
communication between two CDNs whereby one CDN controls 
the operation of the second CDN, and the controlled chemical 
functionalities of the second CDN dictate the functions and prop-
erties of the first CDN. Positive feedback and negative feedback 
mechanisms proceed upon the inter-communications of the 
CDNs. A major accomplishment of the study involves the engi-
neering of the appropriate structures of the constituents compris-
ing of inter-connected CDNs. A detailed description of the strands 
composing the constituents of the CDNs is provided in the sup-
porting information. 

RESULTS AND DISSCUSION 

The first inter-linked two CDNs system is depicted in Figure 1. 
The system consists of two CDNs, “S” and “T”. The equilibrated 
CDN “S” includes four constituents, AA', AB', BA' and BB'. The 
equilibrated CDN “T” includes four other constituents, CC', CD', 
DC' and DD'. The two networks do not share any components and 
lack inter-communication. Each of the constituents in CDNs “S” 
or “T” is modified by a Mg2+-ion-dependent DNAzyme unit that 
acts as a reporter for the quantitative evaluation of the concentra-
tion of the respective constituent in CDNs “S” or “T”. Namely, 
the rates of hydrolysis of the fluorophore/quencher-functionalized 
substrates of each of the DNAzyme reporters, and the use of ap-
propriate calibration curves, relating the rates of hydrolysis of the 
substrates to the variable concentrations of the eight different 
DNAzyme reporter units, provide a versatile means to quantita-
tively evaluate the concentrations of the equilibrated constituents 
in the two CDNs. In addition, two of the constituents, BB' and 
CC', in CDN “S” and CDN “T” include, each, besides the Mg2+-
ion-dependent DNAzyme reporter unit, an additional Mg2+- ion-
dependent DNAzyme unit that acts as functional catalytic  

 
Figure 1. Schematic inter-communication between two CDNs 
(“S” and “T”) using two different hairpins Hdd' and Haa' as trig-
gers. Trigger Hdd' acts as a substrate for the activating DNAzyme 
unit associated with the constituent BB' of CDN “S” and trigger 
Haa' acts as a substrate for the activating DNAzyme unit associat-
ed with the constituent CC' of CDN “T”. 

activator unit to inter-connect the two networks (vide infra). The 
constituents, AA' and BA' in CDN “S”, and DD' in CDN “T”, 
include a two-loop thymine-rich domain that separates two duplex 
domains. Incorporation of a sequence-specific strand in the thy-
mine-modified domains generates a T-A.T triplex. The stabiliza-
tion of any of the constituents through the formation of the triplex 
structure leads to the stabilization of the respective constituent and 
to the reconfiguration and shift in the respective equilibrated 
CDN. For example, subjecting CDNs “S” and “T” to the hairpin 
substrate (input) Hdd' results in the cleavage of the substrate Hdd' 
by the constituent BB' in CDN “S”. The resulting cleave-off 
strand Hdd'-1 is engineered to bind in the double-loop domain of 
DD' to yield the respective triplex functionalized DD' constituent, 
DD'-T. The stabilization of the constituent DD' via the formation 
of DD'-T shifts the equilibrium of CDN “T” by enriching the 
constituent DD'-T through the dissociation of the constituents CD' 
and DC'. The partial separation of the constituents CD' and DC' 
releases the components C and C' that recombine to enrich the 
constituent CC' of CDN “T”. That is, the cleavage of Hdd' by the 
constituent BB' induces a dynamic transition and reconfiguration 
of the equilibrated constituents of CDN “T” that results in the 
over-expression of constituents DD'-T and CC' and the down-
regulation of CD' and DC'. The contents of the constituents asso-
ciated with CDNs “S” and “T” before and after interaction of the 
two CDNs with Hdd' are read out by the DNAzyme reporter units 
associated with all eight constituents, Figure 2. Panel I shows the 
rates of the hydrolysis of the respective substrates by the constitu-
ents AA', AB', BA' and BB' before (i) and after (ii) subjecting the 
system to the trigger Hdd'. Evidently, no changes in the catalytic 
rates of the DNAzymes are observed, implying that, no changes in 
the concentrations of the constituents comprising CDN “S” occur 
upon treatment of the two CDNs with Hdd'. Conversely, panel II 
shows the DNAzyme-transduced catalytic rates corresponding to 
the constituents CC', CD', DC' and DD' before (i) and after (ii) 
subjecting the two CDNs system to the Hdd'. Evidently, the cata-
lytic rate of the DNAzyme associated with DD' increases upon the 
addition of Hdd', consistent with the stabilization of this constitu-
ent by the triplex-generating strand Hdd'-1 (formation of DD'-T). 
This results in the increase in the concentration of DD'-T that 
leads to the enhanced catalytic DNAzyme functions. The trig-
gered over-expression of  
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Figure 2. Time-dependent fluorescence changes generated from 
the cleavage of the respective fluorophore/quencher-modified 
substrates by the DNAzyme reporter units associated with the 
different constituents included in the CDNs “S” and “T” before (i) 
and after (ii) subjecting the coupled networks to the hairpin-
trigger Hdd' for 24 hours: (I) The constituents associated with 
CDN “S”. (II) The constituents associated with CDN “T”. 

DD'-T is accompanied by the down-regulation of CD' and DC', as 
evident by the lower catalytic rates of the DNAzyme reporter 
units associated with these constituents. The over-expression of 
DD'-T is accompanied by the concomitant increase in the concen-
tration of CC', reflected by the higher catalytic activity of the 
DNAzyme reporter linked to this constituent. By applying the 
respective calibration curves (Figures S1 and S2), we evaluated 
quantitatively the concentration changes of the constituents of 
CDN “T” upon treatment of the two CDNs with Hdd'; DD' and CC' 
increase by 125% and 91%, respectively, whereas CD' and DC' 
decrease by 57% and 53%, respectively. The dynamic equilibra-
tion of the CDN “T” by the triggered cleavage of Hdd' in CDN “S” 
is a slow process as compared to the catalytic cleavage of the 
substrates associated with the different DNAzyme reporter units. 
This allows us to probe the time-dependent changes of the con-
centrations of the constituents in CDN “T” during the equilibra-
tion of the CDN. Figures S3 and S4 show the rates of cleavage of 
the respective substrates by the DNAzyme reporter units associat-
ed with the four constituents CC', CD', DC' and DD' at different 
time-intervals of the dynamic equilibration of the CDN “T”. Evi-
dently, a time-independent increase in the cleavage rates of the 
substrates corresponding to the DNAzyme reporter units associat-
ed with the constituents CC' and DD' is observed, whereas a time-
dependent decrease in the cleavage rates of the substrates corre-
sponding to the constituents CD' and DC' is detected, as expected. 
Using the respective calibration curves, Figures S1 and S2, we 
quantitatively evaluated the time-dependent concentration chang-
es of the constituents in CDN “T” upon triggering the CDN by the 
strand Hdd'-1 generated by CDN “S”, Figure 3. One may realize a 
non-linear time-dependent increase in the concentrations of the 

constituents CC' and DD' and analogous time-dependent decrease 
in the concentrations of CD' and DC'. Clearly, the system dynami-
cally equilibrates after a time-interval of ca. 16 hours where the 
concentrations of all constituents reached a saturation value. 
Knowing the initial and final concentrations and the dissociation 
constants of the constituents, and the approximated rate-constants 
for cleavage of hairpins by the respective DNAzymes, the time-
dependent profiles corresponding to the concentrations of the 
different constituents were computationally simulated, see Figure 
S5 (A) and accompanying discussion. A very good fit between the 
experimental results and the computationally simulated kinetic 
evaluation is obtained. 

 
Figure 3. Time-dependent dynamically-equilibrated concentration 
changes of the constituents of CDN “T” upon subjecting the 
CDNs “S” and “T” to the trigger Hdd'. 

In analogy, the initially equilibrated system CDNs “S” and “T” 
were treated with the hairpin Haa' that acts as substrate for the 
activator of the Mg2+-ion-dependent DNAzyme associated with 
the constituent CC' of CDN “T”, Figure 1, inset, panel II. The 
constituent CC' cleaves Haa', and the released strand Haa'-1 yields 
the T-A.T triplex structure in the double-loop domain of AA'. The 
stabilization of AA' results in its up-regulation (increased con-
tent), and the down-regulation of AB' and BA' through their dis-
sociation. The partial release of B and B' leads to the concomitant 
increase in the concentration of BB'. Thus, the generation of Haa'-1 
by CDN “T” leads to a shift in the dynamically equilibrated net-
work “S”, where the constituents AA'-T and BB' increase in their 
contents, and the constituents BA' and AB' are expected to de-
crease in their contents, as compared to the initial mixture of con-
stituents in CDN “S”. The quantitative assessment of the concen-
trations of the different constituents is, then, recorded by the ac-
tivities of the different DNAzyme reporters associated with all 
constituents of the two CDNs. Note that cleavage of Haa' is not 
expected to affect the equilibrium of CDN “T”, but only to dy-
namically shift the equilibrium of the constituents in the adjacent 
CDN “S”. Figure 4 shows the activities of the Mg2+-ion-
dependent DNAzymes reporter units associated with the different 
constituents before (i) and after (ii) treatment of the two inter-
connected CDNs with the hairpin Haa'. Evidently, the activities of 
the constituents AA' and BB' are enhanced, implying the up-
regulation of these constituents, and a decrease in the activities of 
AB' and BA' constituents is observed, as a result of their down-
regulation. Using the appropriate calibration curves (Figures S1 
and S2), the contents of AA' and BB' increase by 116% and 88%, 
respectively, and the concentrations of AB' and BA' decrease by 
55% and 63%, respectively. Conversely, the activities (or concen-
trations) of the constituents comprising CDN “T” are unchanged 
upon addition of Haa' to the two CDNs system. Note, that the cata-
lytic operation of a constituent in one of the CDNs does not per-
turb the equilibrium  
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Figure 4. Rates of the cleavage of the respective fluoro-
phore/quencher-modified substrates by the DNAzyme reporter 
units coupled to the respective constituents before (i) and after (ii) 
subjecting the two CDNs to the trigger Haa' for 24 hours. Panel I: 
The constituents associated with CDN “S”. Panel II: The constitu-
ents associated with CDN “T”. 

of its own CDN, but it reveals a drastic equilibrium transition on 
the counter CDN. The cleavage of the substrate Haa' by the con-
stituent CC' associated with CDN “T”, triggers the time-
dependent increases in the contents of constituents AA' and BB', 
and the concomitant time-dependent decreases of the constituents 
AB' and BA'. Figures S6 and S7 show the rates of cleavage of the 
substrates by the DNAzymes coupled to the constituents of CDN 
“S” at different time-intervals. Using the appropriate calibration 
curves (Figures S1 and S2), we were able to formulate the con-
centrations of the constituents at time-intervals of the dynamic 
equilibration of the system, Figure S8. (Similarly, these results 
were computationally simulated, see Figure S5 (B).)  

The possibility to inter-connect, and selectively control, the op-
eration of two CDNs suggested that the treatment of the two 
CDNs with two input triggers Haa' and Hdd' could yield a feedback-
driven inter-network operation, as outlined in Figure 1. That is, 
subjecting CDN “T” to Haa' results in the CC'-stimulated cleavage 
of Haa' to form Haa'-1 that up-regulates the constituent AA'. Simi-
larly, the BB'-induced cleavage of Hdd' yields the strand Hdd'-1 that 
up-regulates the constituent DD' of CDN “T”. The up-regulation 
of constituent AA' in CDN “S” is, however, accompanied by the 
concomitant up-regulation of BB' in CDN “S”, while the up-
regulation of DD' in CDN “T” (in the form of DD'-T) is accompa-
nied by the concomitant up-regulation of CC' in CDN “T”. That 
is, subjecting the two networks to the two inputs Haa' and Hdd' 
leads to the inter-connection of the two networks by an autocata-
lytic feedback cycle where dynamic time-dependent equilibria 
changes in the equilibrated mixtures of constituents in the two 
networks proceed. These changes are anticipated to proceed as 
long as Haa' and Hdd' are present in the system and reflected by a 

time-dependent increase in the contents of AA' and BB' (in CDN 
“S”) and of DD' and CC' (in CDN “T”) and the concomitant time-
dependent decrease in the concentrations of BA' and AB' (in CDN 
“S”) and of DC' and CD' in CDN “T”. Note, that the changes in 
the equilibrated contents of constituents in any one of the CDNs 
does not affect the equilibrium of its own constituents but it af-
fects the dynamic equilibrium of the connected CDN. Figure 5 
presents the changes in the equilibrated contents of the constitu-
ents associated with the CDNs “S” and “T” before (i) and after (ii) 
subjecting the systems to the inputs Hdd' and Haa' (equilibration 
time-interval 24 hours). The contents of the different constituents 
are reflected by the activities of the DNAzymes associated with 
the respective constituents and the quantitative assessment of the 
concentrations of the constituents by the calibration curves (Fig-
ures S1 and S2). As expected, in CDN “S” the constituents AA' 
and BB' increase in their contents by 116% and 76%, respectively, 
while the constituents BA' and AB' are down-regulated by 65% 
and 53%, respectively. Similarly, in CDN “T”, the constituents 
CC' and DD' are up-regulated by 97% and 132%, whereas the 
constituents DC' and CD' are down-regulated by 51% and 54%, 
respectively. 

 
Figure 5. Rates of the cleavage of the respective fluoro-
phore/quencher-modified substrates by the DNAzyme reporter 
units coupled to the respective constituents before (i) and after (ii) 
subjecting the two CDNs to the triggers Hdd' and Haa' for 24 hours. 
Panel I: The constituents associated with CDN “S”. Panel II: The 
constituents associated with CDN “T”. 

The inter-communication between the CDNs “S” and “T” rep-
resents a time-dependent change in the composition of the sys-
tems. The results shown in Figure 5 show the equilibrated con-
tents of the constituents, reported by the activities of the conjugat-
ed DNAzymes, after a time interval of 24 hours. Thus, by moni-
toring the output of the different reporter units within a relatively 
short time-interval of 40 minutes, and using the appropriate cali-
bration curves, the time-dependent profiles of the changes in the 
contents of the different constituents, as a result of the feedback-
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driven inter-communication between the CDNs, can be evaluated. 
Figures S9 and S10 show the time-dependent activity changes of 
the DNAzyme reporter units as a result of the inter-network 
communication. The activities of the DNAzymes associated with 
AA', BB', CC' and DD' increase with time and reach a saturation 
value after ca. 16 hours, whereas the activities of the DNAzyme 
reporters associated with AB', BA', CD' and DC' decrease with 
time and reach a saturation value after this time-interval. Using 
the fluorescence changes corresponding to the time-dependent 
activities of the different reporter DNAzymes, and the respective 
calibration curves (Figures S1 and S2), the time-dependent chang-
es in the concentrations of the constituents during the dynamic 
inter-communication between the networks is shown in Figure 6. 

 
Figure 6. Time-dependent concentration changes of the constitu-
ents associated with CDNs “S” and “T” upon the dynamic feed-
back-driven equilibration of the CDNs in the presence of the trig-
gers Hdd' and Haa'. Panel I: The constituents of CDN “S”. Panel II: 
The constituents of CDN “T”. 

Table 1 summarizes the concentrations of the different constit-
uents in CDNs “S” and “T” before and after subjecting the CDNs 
to the input triggers Hdd' and Haa' (for a time-interval of 24 hours). 
Further support that the concentration changes of the constituents 
occurring in the CDNs upon subjecting the system to the Hdd' and 
Haa', using the activities of the reporter DNAzyme units, are cor-
rect, was obtained by complementary quantitative electrophoretic 
experiments. Figure 7 shows the electrophoretic separation of the 
different constituents before (lane 11) and after (lane 12) subject-
ing the CDNs “S” and “T” to the triggers Hdd' and Haa', Note that 
in order to reveal this separation, some of the constituents were 
modified with conjugated tethers, that do not participate in the 
stabilization/destabilization of the constituents, in order to en-
hance the separation (for further discussion see supporting infor-
mation). In lane 1 to lane 8 are the reference bands corresponding 
to the constituents AA', AB', BA', BB', CC', CD', DC' and DD', 
respectively. In lane 9 is shown the band of the AA'-T whereas in 
lane 10 is shown the band corresponding to DD'-T. The compari-
son of the separated bands of the different constituents of CDNs 

“S” and “T” before subjecting the CNDs to Hdd' and Haa', lane 11, 
and after treatment of the CDNs with Hdd' and Haa', lane 12, allows 
to identify the following conclusions. (Note that not all of the 
constituents could be fully separated and these non-separated 
bands were not used to quantify the respective constituents, vide 
infra). (i) The stained bands associated with the constituents of the 
CDNs before subjecting the system to Hdd' and Haa' are fully sepa-
rable. (ii) The following separated stained bands are intensified 
upon treatment of the CDNs with Hdd' and Haa': BB' and CC' (be-
longing to the different CDNs). Conversely, the band intensities 
associated with the constituents BA' and CD' are depleted. Using 
the ImageJ software, we quantified the concentrations of the sepa-
rated bands before and after subjecting the system to the triggers. 
Table 1 summarizes the concentrations of the constituents derived 
by the DNAzyme reporters and the concentration of the respective 
constituents derived from the stained electrophoretic bands (data 
provided in brackets). Evidently, excellent agreement in the eval-
uated concentrations of the constituents using the two methods is 
demonstrated. (iii) We note that the bands associated with AA'-T 
and AB' and of DD'-T and DC' are non-separable and thus the 
quantitative evaluation of concentrations of these constituents, 
after addition of Hdd' and Haa' is prohibited. 

 
Figure 7. Native page gel electrophoresis separation of the con-
stituents of CDNs “S” and “T” before and after subjecting the 
inter-connected CDNs to the triggers Hdd' and Haa' (the two trig-
gers yield the inter-connected feedback-driven equilibrated mix-
tures). Lanes 1 to 10 control bands corresponding to the individual 
constituents: lane 1−AA', lane 2−AB', lane 3−BA', lane 4−BB', 
lane 5−CC', lane 6−CD', lane 7−DC', lane 8−DD', lane 9−AA'-T 
and lane 10−DD'-T. Lane 11−The separated bands corresponding 
to the mixture of the constituents of CDNs “S” and “T” before 
applying the triggers Hdd' and Haa'. Lane 12−Separated bands cor-
responding to the mixture of the constituents of CDNs “S” and 
“T” after subjecting the CDNs to the triggers Hdd' and Haa' for a 
time-interval of 24 hours. 

Table 1. Quantitative assessment of the concentrations of the 
constituents associated with CDNs “S” and “T” before subjecting 
the inter-connected CDNs to triggers Hdd' and Haa' (i) and after 
subjecting the CDNs to the triggers for a time-interval of 24 hours 
(ii). 

system 
concentration (µM) 

[AA'] [AB'] [BA'] [BB'] [CC'] [CD'] [DC'] [DD'] 

(i)(a)→ 
(b)→  

0.37 
(0.35) 

0.62 
(0.59) 

0.60 
(0.53) 

0.42 
(0.45) 

0.32 
(0.28) 

0.69 
(0.63) 

0.68 
(0.67) 

0.28 
(0.29) 

(ii)(a)→ 
(b)→  

0.80 
(-)(c) 

0.29 
(-)(c) 

0.21 
(0.18) 

0.74 
(0.72) 

0.63 
(0.58) 

0.32 
(0.25) 

0.33 
(-)(c) 

0.65 
(-)(c) 

(a)Concentration data provided by the DNAzyme reporter units. 
(b)Concentration data extracted by quantitative analysis of the 
electrophoretically-separated stained bands. (c)Concentrations 
cannot be evaluated due to the overlap of the bands. 
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The base sequence encoded in the substrates Hdd' and Haa' and 
the fragmented products, Hdd'-1 and Haa'-1 generated by the BB' and 
CC' DNAzyme activators dictated the up-regulation and down-
regulation of the dynamically inter-connected constituents. One 
may, however, control an orthogonal regulation of the constitu-
ents by the appropriate programming of the hairpin substrate con-
jugated to the constituent CC' as outlined in Figure 8. In this sys-
tem we use the hairpin Hba' as the substrate for the DNAzyme 
activator associated with constituent CC', that is a part of CDN 
“T”. The cleavage of Hba' yields the strand Hba'-1 that forms a tri-
plex with the double-loop region of BA', that is a part of CDN 
“S”, resulting in the stabilized constituent BA'-T. The stabilization 
of BA'-T shifts the equilibrium of the constituents in CDN “S” 
leading to an increase in its concentration, the up-regulation of the 
constituent AB', and the concomitant down-regulation of AA' and 
of BB'. That is, treatment of the CDNs “S” and “T” with the two 
inputs Hdd' and Hba' is anticipated to shift the equilibrated mixtures 
of the two inter-communicating CDNs, by the up-regulation of the 
constituents DD'-T and CC' and the down-regulation of DC' and 
CD' in CDN “T”, and to stimulate the up-regulation of BA' and 
AB' and the concomitant down-regulation of AA' and BB' constit-
uents associated with CDN “S”. Figure S11 shows the effect of 
the added hairpin Hba' on the equilibrated inter-connected CDNs 
“S” and “T” as reflected by the catalytic activities of the 
DNAzymes conjugated to the different constituents. Cleavage of 
the hairpin Hba' has no effect on the catalytic activities of 
DNAzyme reporters associated with the constituents CC', DD', 
DC' and CD' of CDN “T” but induces a reconfiguration in the 
equilibrated CDN “S”. Figure S11, panel I, depicts the catalytic 
activities of the DNAzyme reporters that are conjugated to the 
constituents of CDN “S”, before (i) and after (ii) subjecting the 
system to Hba'. The increase/decrease in the concentration of the 
constituents were evaluated by using the respective calibration 
curves (Figures S1 and S2). The constituents AB' and BA' are up-
regulated by 31% and 40%, respectively, while the constituents 
AA' and BB' are down-regulated by 49% and 50%, respectively. 
As before, the catalytic rates of the DNAzyme reporter units, 
coupled to the constituents of CDN “S”, at time-intervals of inter-
action with the cleaved product of CDN “T”, Hba'-1, are shown in 
Figures S12 and S13. The concentration changes of the constitu-
ents AA', AB', BA' and BB' upon the triggered, time-dependent, 
dynamic equilibration of the system are presented in Figure S14. 

 
Figure 8. Schematic inter-communication between two CDNs 
(“S” and “T”) using two different hairpins Hdd' and Hba' as trig-
gers. Trigger Hdd' acts as a substrate for the activating DNAzyme 
unit associated with the constituent BB' of CDN “S” and trigger 
Hba' acts as a substrate for the activating DNAzyme unit associat-
ed with the constituent CC' of CDN “T”. 

The inter-communication between the CDNs “S” and “T”, upon 
subjecting the two CDNs to the inputs Hdd' and Hba', on the equili-
bration of the two CDNs is presented in Figure 9. The cleavage of 
Hba' yields the strand Hba'-1 that affects the CDN “S” by enriching 
the concentrations of AB' and BA' by 32% and 38%, respectively, 
while the constituents AA' and BB' are down-regulated by 46% 
and 45%, respectively. The opposite cleavage of Hdd' by the 
DNAzyme activator conjugated to BB' in CDN “S” yields Hdd'-1 
that guides and controls the equilibrium of CDN “T”. This is re-
flected by the up-regulation of the constituents CC' and DD' by 
97% and 125%, respectively, and the down-regulation of CD' and 
DC' by 51% and 51%, respectively. The equilibrated CDNs 
shown in Figure 9 represent the result of a dynamic transition of 
the contents of the constituents upon the continuous time-
dependent cleavage of the hairpins Hdd' and Hba' (24 hours). Dur-
ing this time-interval of the dynamic equilibration of the contents 
of the constituents, the contents of the constituents are continu-
ously changed, and their time-dependent concentration changes 
can be probed by following the activities of the DNAzyme report-
er units at different time-intervals (the dynamic changes in the 
concentrations of the constituents are slow as compared to the 
kinetic assay that probes the concentrations of the constituents). 
Figures S15 and S16 show the activities of the catalytic reporter 
units associated with the different constituents of the CDNs “S” 
and “T” upon the dynamic equilibration of the CDNs. These rates 
are then be translated, using the appropriate calibration curves 
(Figures S1 and S2), into the time-dependent concentrations of the 
different constituents at time-intervals of equilibration of the sys-
tems, as shown in Figure 10. 

 
Figure 9. Rates of the cleavage of the respective fluoro-
phore/quencher-modified substrates by the DNAzyme reporter 
units coupled to the respective constituents before (i) and after (ii) 
subjecting the two CDNs to the triggers Hdd' and Hba' for 24 hours. 
Panel I: The constituents associated with CDN “S”. Panel II: The 
constituents associated with CDN “T”. 
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Figure 10. Time-dependent concentration changes of the constit-
uents associated with CDNs “S” and “T” upon the dynamic feed-
back-driven equilibration of the CDNs in the presence of the trig-
gers Hdd' and Hba'. Panel I: The constituents of CDN “S”. Panel II: 
The constituents of CDN “T”. 

Table 2 summarizes the concentrations of the different constit-
uents in CDNs “S” and “T” before and after subjecting the CDNs 
to the input triggers Hdd' and Hba' (for a time-interval of 24 hours). 
The evaluation of the concentrations of the constituents before 
and after subjecting the CDNs “S” and “T” to Hdd' and Hba' were 
further supported by quantitative electrophoretic experiment. Fig-
ure S17 and accompanying discussion present the detailed analy-
sis of the electrophoretic experiment. The derived values of the 
concentrations of the constituents derived from the electrophoretic 
experiment are provided in Table 2 (in brackets). Excellent 
agreement in the evaluated concentrations of the constituents 
using the two methods is demonstrated. 

Table 2. Quantitative assessment of the concentrations of the 
constituents associated with CDNs “S” and “T” before subjecting 
the inter-connected CDNs to triggers Hdd' and Hba' (i) and after 
subjecting the CDNs to the triggers for a time-interval of 24 hours 
(ii). 

system 
concentration (µM) 

[AA'] [AB'] [BA'] [BB'] [CC'] [CD'] [DC'] [DD'] 

(i)(a)→ 
(b)→  

0.37 
(0.35) 

0.62 
(0.59) 

0.60 
(0.53) 

0.42 
(0.45) 

0.32 
(0.28) 

0.69 
(0.63) 

0.68 
(0.67) 

0.28 
(0.29) 

(ii)(a)→ 
(b)→  

0.20 
(0.16) 

0.82 
(0.83) 

0.83 
(-)(c) 

0.23 
(-)(c) 

0.63 
(0.55) 

0.34 
(0.24) 

0.33 
(-)(c) 

0.63 
(-)(c) 

(a)Concentration data provided by the DNAzyme reporter units. 
(b)Concentration data extracted by quantitative analysis of the 
electrophoretically-separated stained bands. (c)Concentrations 
cannot be evaluated due to the overlap of the bands. 

CONCLUSIONS 
The study has introduced means to inter-communicate two CDNs 
consisting of nucleic acid constituents. Besides enhancing the 
complexity of nucleic acid based CDNs systems by communi-
cating two CDNs, the study has demonstrated the transfer of sig-
nals from one network to another, and the signal-guided operation 
of inter-CDNs feedback mechanisms. These unique features of the 
artificial CDNs represent bioinspired functionalities of natural 
networks. These achievements made use of the diverse properties 
and functions introduced by the base-sequence of nucleic acids 
that include: (i) The design of nucleic acid constituents that al-
lowed dynamic reconfiguration across different equilibrated net-
works. (ii) The feasibility to stabilize programmed constituents by 
auxiliary strands, e.g., stabilization of T-A.T triplex structures. 
(iii) The conjugation of catalytic nucleic acid units (DNAzymes) 
to the constituents that allowed the quantitative assessment of the 
equilibrated concentrations of the constituents before, and after, 
subjecting the CDNs to the re-equilibration triggers, using the 
DNAzyme as “reporter” units. (iv) Furthermore, additional 
DNAzyme units provided activator sites for the functional inter-
connection of the CDNs. Specifically, the DNAzyme catalyzed 
cleavage of hairpin substrates acting as inputs (e.g., Hdd' and Haa' 
or Hba') generated the strands that guided the re-equilibration of 
the different CDNs. Interestingly, the engineered structures of the 
two CDNs revealed that the chemical transformation driven by 
one CDN does not affect the equilibrium of the constituents of its 
own CDN, but yields a guiding strand that controls the equilibra-
tion of the coupled CDN. This property allowed the application of 
two different hairpins, acting as inputs to drive the continuous 
dynamic reconfiguration of the two interacting CDNs. We note, 
however, that we did not reach the maximum complexity from 
these CDNs. At present, the cleavage of the two hairpins, e.g., 
Hdd' and Haa' or Hba') led to two strands (Hdd'-1 and Haa'-1 or Hba'-1) 
that activated the re-equilibration of the CDNs. The cleavage of 
the hairpins yields concomitantly two “waste” strands. These 
strands could trigger two additional independent CDNs, thus fur-
ther enhancing the diversity and complexity of coupled inter-
communicating CDNs, by branching the inter-communication 
across additional CDNs. Specifically, we may envisage the subse-
quent use of the “waste” strands to operate autocatalytic cascades 
of networks. In addition, we demonstrated the possibility to con-
struct kinetic models that simulate computationally the experi-
mental results. These simulations were presented for the individu-
al operations of CDN “S” and CDN “T”. We note, however, that 
the simulations of the different inter-connected CDNs presented 
in the paper are beyond the scope of the present report. A com-
prehensive description of the computational simulations corre-
sponding to the different inter-communicating CDNs will be pre-
sented in a forthcoming scientific report. Specifically, we will 
address the predictive power of such simulations to control the 
composition of the different CDNs (e.g. by altering the concentra-
tion of the constituents) and the experimental verification of the 
simulated predictions. 

EXPERIMENTAL SECTION 
Materials. The oligonucleic acid sequences used in the study 
include: 
(1) A: 5'-GATATCAGCGATCAGTAAACACTTTATTTAATTT 
CTCCTTTCCACAAATGA C-3'; (2) B: 5'-CTGCTCAGCGATC 
AGTAAACACCTTCCTTCTTTTATTTATTTAACAAATGACC 
ACCCATGTTCTGTC-3'; (3) A': 5'-GTCATTTGTAATTTCCTC 
TTTTCTTCCTTAATGTTTACTGCACCCATGTTACTCT-3'; (4) 
B': 5'-CAACTCAGCGATGTCATTTGTATTTATTTATTTATT 
TATTTAATGTTTACTGCACCCATGTTCGTCA-3'; (5) C: 5'-G 
TCCTCAGCGATCTCAAATTGACTTATTATCTTTCCTTTTC
CGTTAAACACCACCCATGTTGAGTG-3'; (6) D: 5'-CTGTTC 
AGCGATCTCAAATTGACTTCTCTTCTTTATTTATTAGTTA 
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AACAC-3'; (7) C': 5'-GTAGTCAGCGATGTGTTTAACCTTTA 
TTTATTTATTTATTTCCAATTTGAGCACCCATGTTTCAGT 
-3'; (8) D': 5'-GTGTTTAACCATTTTCCTTTCTTCTCTTACCA 
ATTTGAGCACCCATGTTCCTGA-3'; (9) Hdd': 5'-ATGCAAAG 
AAGAGACATAGACAGATrAGGAGTTGAAACAATCTTCTT 
TGCATA-3'; (10) Haa': 5'-AGCAAAGGAGAAACATACACTCA 
TrAGGACTACAAACAATCTCCTTTGCTAT-3'; (11) Hba': 5'-T 
GCAAGGAAGAAACATACACTCATrAGGAC-
TACAAACAAT CTTCCTTG CATA-3'; (12) sub1 (AA'): 5'-
FAM-AGAGTATrA GGATATC-BHQ1-3'; (13) sub2 (BB'): 5'-
ROX-TGACGATrAG GAGCAG-BHQ2-3'; (14) sub3 (BA'): 5'-
CY5-AGAGTATrAGG AGCAG-BHQ2-3'; (15) sub4 (AB'): 5'-
CY5.5-TGACGATrAGG ATATC-IBRQ-3'; (16) sub5 (DC'): 5'-
FAM-ACTGAATrAGGA ACAG-BHQ1-3'; (17) sub6 (CD'): 5'-
ROX-TCAGGATrAGGAG GAC-BHQ2-3'; (18) sub7 (CC'): 5'-
CY5-ACTGAATrAGGAGG AC-BHQ2-3'; (19) sub8 (DD'): 5'-
CY5.5-TCAGGATrAGGAAC AG-IBRQ-3'; (20) sub1-noFQ 
(AA'): 5'-AGAGTATrAGGATAT C-3'; (21) sub2-noFQ (BB'): 
5'-TGACGATrAGGAGCAG-3'; (22) sub3-noFQ (BA'): 5'-
AGAGTATrAGGAGCAG-3'; (23) sub4-noFQ (AB'): 5'-
TGACGATrAGGATATC-3'; (24) sub5-noFQ (DC'): 5'-
ACTGAATrAGGAACAG-3'; (25) sub6-noFQ (CD'): 5'-
TCAGGATrAGGAGGAC-3'; (26) sub7-noFQ (CC'): 5'-ACTGA 
ATrAGGAGGAC-3'; (27) sub8-noFQ (DD'): 5'-TCAGGATrAG 
GAACAG-3'; (28)  Am: 5'-GATATCAGCGATCAGTAAACAC 
TTTATTTAATTTCTCCTTTCCACAAATGACCCACCACCAC 
CACCACCACCACCA-3'; (29) Bm: 5'-CTGCTCAGCGATCAG 
TAAACACCTTCCTTCTTTTATTTATTTAACAAATGACCA 
CCCATGTTCTGTCCCACCACCACCACCACCACCACCACC
ACCA-3'; (30) A'm: 5'-ACCACCACCACCACCACCACCACCG 
TCATTTGTAATTTCCTCTTTTCTTCCTTAATGTTTACTGC 
ACCCATGTTACTCT-3'; (31) B'm: 5'-ACCACCACCACCACC 
ACCACCACCCAACTCAGCGATGTCATTTGTATTTATTTA 
TTTATTTATTTAATGTTTACTGCACCCATGTTCGTCA-3'; 
(32) Cm: 5'-GTCCTCAGCGATCTCAAATTGACTTATTATCT 
TTCCTTTTCCGTTAAACACCACCCATGTTGAGTGCCACC 
ACCA-3'; (33) Hdd'-1: 5'-ATGCAAAGAAGAGACATAGACAG 
AT-3'; (34) Haa'-1: 5'-AGCAAAGGAGAAACATACACTCAT-3'; 
(35) Hba'-1: 5'-TGCAAGGAAGAAACATACACTCAT-3'. 

The ribonucleobase cleavage site, rA, in the substrates of the 
different Mg2+-ion-dependent DNAzymes is indicated in bold, the 
respective Mg2+-ion-dependent DNAzyme sequences are under-
lined, and the triplex domains associated with the different struc-
tures are presented in italic. 

Details on the preparation of the CDNs, the quantitative evalua-
tion of the constituents of the CDNs, and details on the quantita-
tive separation of the constituents associated with the different 
CDNs are provided in the supporting information. 

An example for the probing the inter-communications be-
tween the CDNs “S” and “T” by catalytic functions of the 
CDNs. The equilibrated mixture of AA', AB', BA', BB' (CDN 
“S”), and CC', CD', DC', DD' (CDN “T”), 1000 µL, was subjected 
to the two hairpins Hdd', 100 µL 50 µM, and Haa' or Hba', 66.7 µL 50 
µM, and 833.3 µL HEPES buffer 10 mM, pH = 7.2, that included 
MgCl2, 20 mM, and allowed to equilibrate at 28 ℃. At different 
time, aliquots of 60 µL were withdrawn from the respective mix-
ture, and were treated with the sub1 (12), sub2 (13), sub3 (14), 
sub4 (15), sub5-noFQ (24), sub6-noFQ (25), sub7-noFQ (26) and 
sub8-noFQ (27), 3 µL 100 µM each (for CDN “S”), or with the 
sub5 (16), sub6 (17), sub7 (18), sub8 (19), sub1-noFQ (20), sub2-
noFQ (21), sub3-noFQ (22) and sub4-noFQ (23), 3 µL 100 µM 
each (for CDN “T”). Subsequently, the time-dependent fluores-
cence changes driven by the cleavage of the different catalytic 
constituents were followed. Using the appropriate calibration 
curves corresponding to the rates of cleavage of the different sub-
strates by different concentrations of the intact constituents (see 
detailed description in Figures S1 and S2), the contents of the 
constituents in the different CDNs were evaluated. 

ASSOCIATED CONTENT  
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