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Abstract. The regulation of cellular and molecular processes typically
involves complex biochemical networks. Synthetic nucleic acid reaction
networks (both enzyme-based and enzyme-free) can be systematically
designed to approximate sophisticated biochemical processes. However,
most of the prior experimental protocols for reaction networks relied
on either strand-displacement hybridization or restriction and exonucle-
ase enzymatic reactions. These resulting synthetic systems usually suffer
from either slow rates or leaky reactions. In this work, we propose an
alternative architecture to implement arbitrary reaction networks, that
is based entirely on strand-displacing polymerase reactions with non-
overlapping I/O sequences. We first design a simple protocol that ap-
proximates arbitrary unimolecular and bimolecular reactions using poly-
merase strand displacement reactions. Then we use these fundamental
reaction systems as modules to show three large-scale applications of
our architecture, including an autocatalytic amplifier, a molecular-scale
consensus protocol, and a dynamic oscillatory system.
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1 Introduction

Ultra-high specificity and sensitivity of hybridization reactions by deoxyribonu-
cleic acid (DNA) leads to a wide variety of useful applications [7,10,12,13,15,16,
18, 19, 21, 26–28, 30, 31, 37]. Particularly interesting use of DNA is to implement
arbitrary chemical reaction networks [6, 32, 35]. Chemical Reaction Networks
(CRNs) have been used to understand complex biochemical processes since they
can represent biochemical systems in a simple-yet-formal way. CRNs are shown
to be Turing universal [4,5,29] and therefore, in theory, can serve as a program-
ming language for biochemical systems. A CRN consists of a set of reactant
species (R = {R1, R2, . . ., RN}) with an initial stoichiometry. These reactants
react via coupled chemical reactions to produce a set of product species (P =
{P1, P2, . . ., PM}). Several dynamic phenomena have been experimentally de-
scribed and approximated using DNA as a substrate. For example, the molecular



consensus protocol by Chen et al. implemented a set of CRNs using DNA to find
the reactant species with the highest population [2, 6]. Another interesting ap-
plication includes implementation of the dynamic rock-paper-scissor oscillator
by Srinivas et al. using DNA hybridization and strand displacement proper-
ties [35]. Other experimental demonstrations of dynamic system use either RNA
polymerase and ribonuclease enzymes [17], or polymerase and nicking enzyme
[11,20].

1.1 Motivation for our work

Since the early demonstrations of enzyme-free logic computing [25], the field
of DNA nanoscience has mainly focused on using only DNA hybridization and
toehold-mediated strand displacement as a fundamental unit for computing ap-
plications [3, 6, 7, 15, 23, 40]. Although it is rational to use enzyme-free archi-
tectures because of their biological simplicity, the implementations of complex
biochemical processes using enzyme-free toehold-mediated strand displacement
reactions typically involve intricate sequence designs and additional gate com-
plexes to mitigate problems such as reaction leak [35]. Several solutions have
been proposed such as using clamps [39], shadow strands [33] and base-pair mis-
matches [14] to mitigate this issue. A general and practical way to mitigate such
leaky reactions is using low concentrations. However, low concentration also re-
duces the overall rate of reaction or the speed of computation.
One way to address this challenge is to localize all the required computing DNA
strands [1, 3, 36]. In a localization reaction, a breadboard-like structure such as
a DNA nanotrack, DNA origami, and nanoparticles ensures the vicinity of the
computing DNA strands. As all the DNA strands required for the reaction are
placed in the close vicinity, the localized design no longer suffers from the slow
kinetics of strand diffusion and unwanted DNA interactions. Although local-
ization reaction reduced the reaction time and leaks, the overall design process
becomes more complex as it requires design and synthesis of a nanostructure-like
substrate [1].
Several other implementations of the biochemical reaction networks with much
more sophisticated biological components have also been proposed [6,11,17,35].
For example, arbitrary biochemical systems can be implemented using the poly-
merase, nicking, and exonuclease (PEN) toolbox. However, by using the nicking
enzyme, such protocols restrict the overall achievable reaction rates. This is
mainly due to the slower activity of the nicking enzyme as compared to the
polymerase enzyme [11,20].

1.2 Our contribution

In this work, inspired by the success of enzyme-free DNA dynamic systems, we
introduce a polymerase-based strand displacement architecture to implement
arbitrary CRNs. We develop detailed designs of the template CRNs, namely,
unimolecular and bimolecular reactions, using polymerase-based strand displace-
ment. By doing so, we develop a generalized framework that can implement any
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Fig. 1. The basic workflow of DNA systems implementing arbitrary reaction networks.
The desired dynamic behavior can be represented using a set of CRNs. A DNA im-
plementation of these CRNs can be tuned to approximately behave like the CRNs
representing the biochemical process. The observed dynamic behavior of DNA systems
mimics the original desired dynamics.

arbitrary CRN since these reactions form the basis. There are several potential
benefits of our CRN design framework. (a) It is simple and less leaky as com-
pared to toehold-mediated strand displacement since no overlapping sequence
between input and output signals exists, and the polymerase enzyme is sensitive
to 3’ overhangs. (b) It is faster than prior architectures which use polymerase,
nicking and exonuclease together since our designs are polymerase only. (c) It is
modular as we use template CRNs for large-scale applications such as an auto-
catalytic amplifier and molecular consensus network. To demonstrate arbitrary
CRNs, we approximate a dynamic oscillator with polymerase-based DNA design
as this requires a very careful calibration of the reaction rates. All our designs are
demonstrated in silico using a system of coupled ordinary differential equations
(ODEs) as it is well-known that the time evolution of a CRN can be specified
by a system of ODEs [1, 6, 32,40].

1.3 Paper organization

The rest of the paper is organized as follows: First, we introduce polymerase-
based strand displacement and compare it with the enzyme-free toehold-mediated
strands displacement. In particular, our protocols only use hybridization and
polymerase-based strand displacement reactions, and do not use enzyme-free
toehold-mediated strands displacement reactions. Second, we introduce two fun-
damental CRN systems, namely, unimolecular reaction and bimolecular reaction,
as they form the basis for any complex biochemical process. Here, we argue how
our DNA design can implement these fundamental reactions. Third, using these
simple CRNs as a template, we demonstrate three different applications: (a) an
autocatalytic amplifier, (b) a molecular-scale consensus system, and (c) a dy-
namic rock-paper-scissor oscillatory system. Finally, we conclude our paper with
a discussion on experimental demonstration and other future work.

2 Strand displacement with DNA polymerase

The basic principles behind toehold-mediated strand displacement as well as
polymerase-based strand displacement are shown in Fig. 2 for comparison. In
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Fig. 2. The basic mechanism of toehold-mediated strand displacement and polymerase-
based strand displacement. (a) In toehold-mediated strand displacement process, an
incoming signal strand has a short toehold domain that reversibly binds with the
complex until the branch migration step happens and the output signal is completely
displaced from the complex. The toehold domain is usually kept short (approx. under
10 nt) while the branch is kept longer (approx. 15 nt or more). (b) In polymerase-
based strand displacement process, an incoming signal strand permanently binds with
the complementary domain on the complex at which point the polymerase enzyme
kicks in to displace output strand. All the domains such as t and o can be designed
long (approx. 30 nt) as the polymerase enzyme works at higher temperatures. SD refers
to strand displacement.

toehold-mediated strand displacement, an input signal contains a short domain
called the toehold which can hybridize with the exposed region of a double-
stranded DNA complex. Once the input signal binds with the complex, it un-
dergoes a back and forth tug-of-war (referred to as the branch migration step)
until the incumbent output strand attached to the complex undergoes complete
dehybridization. The initial attachment of the input signal to the complex is a
reversible process as the toehold domains are usually kept short. However, they
can be made longer to increase the overall rate of the process. In polymerase-
based strand displacement, the input signal is designed such that it comes in
and binds with the complex permanently, as shown in Fig. 2b. Once bound, it
can act as a primer site for the polymerase enzyme. The enzyme attaches to the
DNA complex to begin its polymerase activity, from the 5’ to 3’ direction, along
with the displacement of the incumbent strand. The dotted strand in Fig. 2b
indicates the priming activity of the polymerase enzyme. The benefit of using
polymerase-based implementation is the nonoverlapping DNA sequence between
the input and output signals, which is known to produce reaction leaks [39]. Sev-
eral strand displacement polymerase enzymes are commercially available such as
Bst and Phi providing a wide range of available experimental conditions.



3 Implementation of arbitrary reactions

Unimolecular and bimolecular reactions are the most widely studied class of
chemical reactions as more complex reactions can be easily broken down into
these fundamental reactions [6, 8, 32, 35]. This makes them the basis for imple-
menting arbitrary complex reaction networks. Therefore, in this work, we first
focus on implementing arbitrary unimolecular and bimolecular reactions using
DNA hybridization and polymerase-based strand displacement as the fundamen-
tal building blocks.
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Fig. 3. Arbitrary unimolecular reaction implementation using polymerase-based DNA
strand displacement. (a) An arbitrary transducer CRN network that absorbs A and
emits B in a two-step process. Input A combines with gate Gai to release intermediate
I which then combines with gate Gib to release output B. Both the reactions use
strand displacing polymerase enzyme to facilitate the reaction. (b) A domain-level
implementation of the DNA-based CRN which shows the hybridization, priming, and
polymerization process. The rate of the second step is not shown as it is much faster
and therefore occurs instantaneously w.r.t to the first step.

3.1 Arbitrary unimolecular reactions

The simplest CRN system is a signal transducer with applications in the field of
cell biology, molecular biology, and electronics. In this system, an input signal
A is absorbed to produce a different type of signal B as its output, written in a

simplified form as A
k−−→ B. An enzyme-free implementation of such arbitrary

unimolecular CRN was first proposed by Soloveichik et al. [32]. Here, we report
a simple two-step design that uses the polymerase-based strand displacement
and DNA hybridization as its fundamental units. We implement the unimolec-
ular CRN using a two-step process to avoid complications with sequence design
associated with single-step implementations, especially if the input and output
share the same domain.
An arbitrary unimolecular CRN A

k−−→ B can be implemented using two gate
complexes Gai and Gib, as shown in Fig. 3. The input signal A can act as a primer
upon hybridization with complex Gai for the polymerase reaction, leading to the
displacement of incumbent intermediate strand I. This intermediate strand I can
hybridize with the output complex Gib to undergo another polymerase-based



strand displacement to release the output B. The dotted strands in the figure
indicate the polymerase activity of the DNA polymerase enzyme.
For this two-step DNA implementation to approximate a first order reaction,
the overall rate of reaction should be k[A]. This can be achieved by careful cal-
ibration of reaction conditions. Let us assume that the gate concentrations are
much higher w.r.t input strand i.e [Gai] >> [A0] and [Gib] >> [A0] making their
effective concentrations constant throughout the reaction duration. By doing so

both the reactions become pseudo-first order reactions given by A
q1[Gai]−−−−→ I and

I
q2[Gib]−−−−→ B. Then to make the overall reaction approach first-order kinetics, we

simply need to make sure intermediate complex I is in quasi-steady-state equi-
librium i.e. it gets consumed immediately after production. We can easily make
second step faster by assuming [Gib] >> [Gai]. At the steady state, the con-
centration of I is given by [I] = q1[Gai][A]/q2[Gib], therefore the overall rate of
reaction becomes q2[I][Gib] ≈ q1[Gai][A] ≈ q[A] acting as the desired unimolec-
ular reaction.
For simplicity, we also assume that the excess concentration is λ and it is the
same for all the gates. Therefore, in order to implement a unimolecular reaction
of rate k, we simply need DNA implementation with rates q1 = k/λ and q2 is
very fast w.r.t to q1 as shown in Fig. 3b. Note that q2 is faster as compared to q1

hence irrelevant and not shown. For more details on steady state approximation
and other theoretical proofs, refer to the prior work by Soloveichik et al [32].
The rate of reactions in the DNA implementation can be tuned either by chang-
ing the gate concentration or by tuning the rate of strand displacement. However,
throughout this work, we assume that the gate concentrations are constant and
the programmable behavior comes from the tunable rate of strand displace-
ment. This can be achieved by adjusting the length of the primer and its GC
content [11, 34, 35]. Note that the output complex can be easily changed to in-
cubate one, two or more strands of either same or different types. Therefore, it

can be easily tuned to implement a catalytic(A
k−−→ A + B) and autocatalytic

(A
k−−→ A + A) reaction, as we will see in the applications section (see Fig .6).

3.2 Arbitrary bimolecular reactions

The simple two-step process used for the unimolecular reaction can be easily
extended to implement a bimolecular reaction. In bimolecular reaction, two set
of inputs A and B combine to produce an output C such that the rate of out-
put formation depends on the inputs as k[A][B]. A trivial implementation of
bimolecular reaction would be to slightly modify unimolecular to design to re-
place intermediate domain i by input domain b. Then, a two-step reaction A +

Gb
q1−−→ I and I + Gio

q2−−→ O similar to previous design can act as a bimolecular
reaction. This trivial design has an issue that it expects second input b to be
present in the gated form. This can create a problem, especially, if there are
multiple reactions that use b as the input signal. For example, if our system of

CRNs contains A+B
k1−−→ C and B

k2−−→ D then the input signal B is required in
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Fig. 4. Arbitrary bimolecular reaction implementation using polymerase-based DNA
strand displacement. (a) An arbitrary non-catalytic CRN network that absorbs A and B
in a two-step process to emit C. Input A combines with gate Gbi to releases intermediate
I which then combines with gate Gic to release output C. A linker reaction reversibly
converts input B to gated form Gbi. DNA implementation details of this gate are shown
in Fig. 5. (b) A domain-level implementation of the DNA-based CRN. Unlabeled rate
constant is fast and therefore not shown.
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Fig. 5. Linker gates to interconvert a signal strand. (a) A CRN network that reversibly
converts input signal Y between the gated-form and the single-stranded form. The
single-stranded signal Yg is used in all the unimolecular reactions of Y while the gate
complex Gy will be used as input in all the bimolecular reactions. (b) A domain-
level implementation of the DNA-based CRN. All the reactions are relatively fast and
therefore rate constants are not shown.

a single-stranded form in the unimolecular reaction and in the double-stranded
form in the bimolecular reaction. This problem was originally also identified by
Soloveichik et al. [32] when they designed a DNA-only CRN system and they
proposed the use of the well-known toehold exchange reaction to reversibly in-
terconvert input signal B between its two forms [8, 24].
In this work, we design a simple set of strand displacement reactions to imple-
ment interconversion of input signal B between its single-stranded and gated
form. Therefore, the final set of CRNs that implements a bimolecular reaction
will consist of the third linker step in addition to the two-step process, as shown
in Fig. 4a and Fig. 5. The input signal A can bind with gate Gbi and undergo
polymerase-based strand displacement to release the intermediate I. This inter-
mediate strand I binds with the output complex Gic to release output C. The
additional linker step includes reversible reaction whose full implementation is
shown in Fig.5.
Abstractly the linker reaction converts single-stranded input signal Yg with help



of linker complexes to gate Gy in a reversible fashion. The polymerase implemen-
tation of this CRN is a two-step process where each step uses only polymerase
strand displacement. To interconvert between Yg and Gy, linker gates Lg and Ly

are used. Overall, these two reactions together implement the reversible buffered
reaction that interconverts Y between its single-stranded and gated form. The
single-stranded Y will be used for all the unimolecular reactions while the gated
Y will be used for all the bimolecular reactions.
For the proposed set of DNA implementations to act as a bimolecular reaction,
the linker reactions need to be very fast and require excess concentration of all
the gate complexes. This includes the two linker gates Lg and Ly, and the gate
complex Gic. The actual available concentration of the input signal B (or Y)
used in both the unimolecular and bimolecular reactions will be half assuming
the linker reaction reaches a quasi-steady-state on a fast time scale w.r.t other
reactions. This means the total concentration of B is [BT ] = [B] + [GB ]. If
e(B) is the equilibrium concentration of B, then under the pseudo-equilibrium
assumption, e(B) = [B]/[BT ]. Therefore, we multiply the rate of reaction by a
scaling factor of γ = 1/e(B) to account for this activity. For simplicity, we keep
the buffered reaction rates k+ = k− = k, where k is a very fast rate similar to
the second reaction in Fig. 4b. Similarly, we assume the concentration of linker
complexes is high w.r.t signal strands and [Lg] = [Ly] = λ.
Under these assumptions, it is straightforward to show that the set of DNA
reaction approximates the desired CRN with the rate of γk[A][B]. For more
details on the steady state approximation and proofs, refer to the prior work
by Soloveichik et al. [32]. Finally, note that the output complex can be easily
changed to incubate one, two or more strands of either the same or different

types. Therefore, it can be easily tuned to implement catalytic(A + B
k−−→ B +

C) and autocatalytic (A + B
k−−→ C + B + B) reactions, as we will see in the

applications section.

4 Scaling reaction systems for practicality

All the DNA implementations of the CRN protocols in this work are scaled by
a time factor α and a concentration factor β as the DNA implementations only
work in a certain range of time and concentration. A standard DNA hybridization
experiment operates in the concentration range of 1 nM to 1 mM and in the time
range of a few minutes to several hours [1,6,11,23,25,34,36,39]. Therefore, a set
of coupled ODEs implementing a CRN system with rate k = 1 can be multiplied
by a time factor α = 10−3 and a concentration factor β = 10−8. This will
bring our DNA implementation of the CRN systems in a realistic range without
altering the behavior of the original system [32]. Unless otherwise stated all the
applications will use these values of k, α and β for simplicity. All the scaling
factors and other rate values are adopted from Soloveichik et al [32].
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Fig. 6. A generalized autocatalytic amplifier using polymerase-based strand displace-
ment. (a) The set of CRNs for an autocatalytic amplifier and CRNs for the DNA
implementation. (b) The flow of an autocatalytic reaction. The input X opens the first
gate to release intermediates which open the second gate to release multiple copies of
X. All the subscripts just indicate the number of times a domain is repeated. Here the
number of domains in the complexes can be tuned to adjust the amplification factor n.
(c) An in silico demonstration of the 2x, 3x, 4x, 5x and 6x amplifier. Excess concen-
tration of the supporting gates is λ = 10−5 M while the unlabeled fast reaction rates
were 105.

5 Applications

The simple CRNs introduced in the previous sections can act as a basis for
large-scale applications. In this section, we use these simple reactions as a tem-
plate and demonstrate several applications as a use case of our polymerase-based
architecture.

5.1 Generalized autocatalytic amplifier

Autocatalytic amplification is one of the simplest and most widely used tasks in
the field of molecular biology and DNA nanoscience. Such an endpoint system
does not require very intricate control of reaction rates and input concentration
making them the simplest to implement. While most amplification techniques
require either programming multiple thermal cycles to achieve an exponential
amplification or a nicking enzyme, our design of autocatalytic amplifier works
at the same temperature and requires only polymerase enzyme [22, 38]. The
unimolecular reaction designed in the previous section can be easily tuned to
design a fast autocatalytic amplifier by modification of the gate strand. Such
autocatalytic amplifier can also serve as a signal restoration module in complex
DNA-based digital logic circuits [7] where the output signal decays in each cir-
cuit layer.
The gate complex Gib used in the unimolecular CRN design, shown in Fig. 3,
can be tuned to release multiple copies of B (or A) and implement a generalized



autocatalytic amplifier, as shown in Fig. 6a. A corresponding cyclic DNA imple-
mentation of the autocatalytic amplifier is also shown in Fig. 6b. A given input
signal Xi can release an intermediate output Ii as it undergoes polymerase-based
strand displacement upon hybridization with the gate complex Ga. This inter-
mediate output can hybridize with the bigger complex Go to release k copies of
the input strand X. Since our gate designs are modular we can easily tune the
design of 2x autocatalytic amplifier to a generalized kx autocatalytic amplifier,
as shown in Fig. 6b. Each of the k copies of input strands released can, in turn,
open k downstream gates. An in silico experiment for the DNA-based CRNs for
our autocatalytic amplifier demonstrates the autocatalytic amplification. The
gate complex is tuned to release 2, 3, 4, 5 or 6 copies of the input strands upon
polymerase-based strand displacement. The input concentration was set to 100
nM. Note that our amplified output is limited by the number of available gate
complexes as seen in Fig. 6c.

5.2 Molecular-scale consensus network

We next try a more complex endpoint application to demonstrate the gener-
ality of our polymerase-based architecture. An interesting problem in the field
of distributed computing and contemporary economics is for the network to
reach a consensus. Consensus algorithms can help to decide, for example, the
democratic leader by increasing the population of the party in the majority
while reducing the population of the party in the minority. Such algorithms
are generally required in distributed systems to make them fault tolerant. The
first molecular-scale consensus network was demonstrated by Chen et al. using
toehold-mediated strand displacement [6]. In this work, we tune our template
reactions to design a DNA polymerase-based consensus network.
A CRN-based consensus protocol autonomously identifies the reactant with the
highest initial concentration and increases its concentration to be much higher.
The other reactant with lower initial concentration is decreased close to zero, as
shown in Fig. 7a. The consensus protocol consists of three autocatalytic reac-

tions A + B
k1−−→ 2 Y, B + Y

k2−−→ 2 B and A + Y
k3−−→ 2 A. A set of abstract

CRNs along with DNA-based CRNs that can implement this network is shown
in Fig. 7b. Note that we have omitted the domain-level DNA representation
of this CRN for brevity, however it is similar to the template reactions shown
in Fig. 3 and Fig. 4. The gate Y was kept at 30 nM concentration while the
relative concentration of input strands A and B were changed 1 to 30 nM (1x
= 30 nM) to test our design of the consensus protocol. The rate constant of
each bimolecular reaction is multiplied by γ = 2 to account for the linker effect.
All the rate constants not shown are faster as compared to the main reaction
and therefore not shown. The supporting gates with very high concentration
were λ = 10−5 M while the unlabeled fast reaction rates were 103. The relative
concentration of each input strand was modified from 0.1x to 0.9x as shown
in Fig. 7c. Clearly, as seen from the in silico experiments, the consensus CRN
algorithm can absorb the species whose population is a minority bringing its
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Fig. 7. Molecular-scale polymerase-based consensus network. (a) A block diagram
showing the abstract principle of a consensus network. When multiple species are
present, the algorithm automatically finds the majority by reducing the minority
species close to zero. (b) Abstract ideal CRNs that implement the consensus algo-
rithm and a DNA-polymerase based CRN implementation. Note that the domain-level
DNA implementation is not shown here for brevity. (c) In silico demonstration of the
consensus network at different relative concentrations of inputs A and B. The gate Y
was kept at 30 nM concentration while the inputs A and B were varied from 3 nM to
27 nM (1x = 30 nM) to change the relative concentration. Excess concentration of the
supporting gates is λ = 10−5 M while the unlabeled fast reaction rates were 103.

concentration down nearly to zero. The species in majority are consumed ini-
tially but eventually stops decreasing indicating a democratic decision is made
by the molecular network.
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the rock-paper-scissor dynamics and a DNA polymerase-based CRN implementation.
Note that the domain-level DNA implementation is not shown here for brevity. (c) An
in silico experiment demonstrating the behavior of the dynamic network. Dotted lines
show the trace of the ideal CRNs. (d) If the DNA-based network is allowed to run
for several epochs, we observe that its behavior slightly diverges from the ideal system
(dotted lines). This is expected as the supporting gates are not infinite.

5.3 Molecular-scale dynamic oscillator

The final application we demonstrate here is the well-known dynamic rock-paper-
scissor oscillator. Such oscillatory protocols have much more stringent require-
ments on the initial conditions and the rate constants than endpoint systems
such as an autocatalytic amplifier or the consensus protocol [6, 32, 35]. A suc-
cessful DNA implementation of such systems demonstrates a strong use case of
the proposed polymerase architecture. Prior enzyme-free architecture by Srini-
vas et al. reported the first DNA implementation of this oscillator [35]. Other
enzyme-based oscillator systems have also been reported [11, 17]. Here we ex-
plore an alternate avenue by designing a DNA polymerase only implementation
of this dynamic system.
The basic principle of such a system is to mimic the zero-sum hand game rock-
paper-scissors, where there is no single winner. Rock can beat scissors by break-
ing it, scissors can beat paper by cutting it and paper can beat rock by covering



it. This forms a cyclic system as shown in Fig. 8a whose CRN representation is

shown in Fig. 8b. Three bimolecular autocatalytic reactions (A+B
k1−−→ 2 B, B+

C
k2−−→ 2 C, C + A

k3−−→ 2 A) are required to implement such a dynamic system.
The first CRN produces B by consuming A. By assuming A and B as scissor and
rock respectively, such CRN implements rock beating scissor by producing more
rock while consuming scissor. Similarly, other CRNs implement scissor beats
paper and paper beats rock respectively. Using our template reactions, we can
easily implement this CRN system. The CRN for DNA implementation of each
bimolecular reaction is shown in Fig. 8b.
An in silico demonstration of the dynamic system implemented using our DNA
polymerase-based framework is shown in Fig 8c. Each component of the CRN
exists in gated form and single-stranded form through a reversible linker reac-
tion. Thus γ = 2 for each reaction as all the inputs are used once in unimolecular
form and once in bimolecular form. Initial input concentrations were 5 nM, 4
nM and 10 nM. All the supporting gates were kept at an excess concentration of
λ = 10−3M and the unlabeled fast reaction rates were 103. Initially, the DNA im-
plementation exactly mimics the ideal CRNs (shown as dotted line in Fig. 8c),
however as time progresses, it starts diverging away (refer Fig. 8d) since the
supporting gates get consumed and therefore effective reaction rates change.

6 Discussion

6.1 Experimental demonstration and considerations

The first step towards experimental demonstration includes a careful study of
the polymerase-based strand displacement kinetics to develop a reliable bio-
physical model. This includes understanding the influence of the primer and
branch length, enzyme concentration, temperature etc. on the overall rate of a
signal transducer reaction. A careful understanding of polymerase-based reac-
tions also involves the study of leaky reactions. Several control experiments can
be conducted with the supporting gates to identify the initial leak and gradual
leaks [35]. However, the longer domain lengths, simple gate design, nonoverlap-
ping I/O sequence and sensitivity of the polymerase enzyme to 3’ overhangs
should potentially mitigate the observed reaction leaks. Lower leaks can also al-
low the use of higher input concentrations enabling a much faster rate of reaction.
The computing speed of our architecture can be compared to prior architectures
using two different parameters: (a) half-time to reaction completion [1], (b) es-
timation of the rate constant [9].

6.2 Replenishing supporting gates with buffered reaction

Our DNA architecture heavily relies on the supporting and linker gates for ap-
proximating ideal CRNs. However, for example, in contrast to the prior scheme [32],
our linker gate design is wasteful. As the linker and other gates are consumed,
the DNA system starts diverging away from the desired dynamics and eventually
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Z. The computing gate can be replenished by adding the buffered gate shown in the
second reaction. All the supporting gates used in our architecture can be replenished by
adding several such buffered complexes. This can autonomously elongate the longevity
of the DNA systems.

stops working. Although we can start with a higher initial concentration, it is
not very desirable since several unwanted reactions occur at higher concentra-
tions. Upon their consumption, either more gates should be added externally or
a simple buffered gate scheme, as shown in Fig. 9, can be used. In such buffered
systems [24], an additional gate complex (marked in the red box) will release
the used gate (marked in the black box) upon its consumption. Such a system
can easily elongate the longevity of our DNA systems as the supporting gates
get replenished autonomously.

7 Conclusion

In this work, we introduced a DNA polymerase-based architecture to implement
arbitrary chemical reaction networks. First, we demonstrated a DNA-based im-
plementation of arbitrary unimolecular and bimolecular reactions as these form
the basis for any complex system. We then used these reactions as a template
to demonstrate several applications such as autocatalytic amplifier, consensus
network, and dynamic rock-paper-scissor oscillator as strong use cases of our ar-
chitecture. Our designs used only the polymerase enzyme and DNA hybridization
making them simple to design and implement. The template reactions could be
easily tuned to implement arbitrary biochemical reaction networks demonstrat-
ing the modularity of our framework.
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