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Abstract

Living systems require a sustained supply of energy and nutrients to survive. These nutrients are ingested, transformed into
low-energy waste products, and excreted. In contrast, synthetic DNA strand-displacement reactions typically run within
closed systems provided with a finite initial supply of reactants. Once the reactants are consumed, all net reactions halt and
the system ceases to function. Here we run DNA strand-displacement reactions in a continuous flow reactor, infusing fresh
reactants and withdrawing waste, enabling the system to dynamically update its outputs in response to changing inputs.
Running DNA strand-displacement reactions inside of continuous flow reactors allows the system to be re-used for
multiple rounds of computation, which could enable the execution of more elaborate information processing tasks,

including single-rail negation and sequential logic circuits.
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DNA strand displacement (DSD) reactions are a useful
mechanism for processing molecular information. They
have previously been used to implement Boolean logic
gates (Seelig et al. 2006a; Takahashi et al. 2005; Zhang
et al. 2010; Qian and Winfree 2011; Genot et al. 2011),
signal amplifiers (Seelig et al. 2006b; Zhang and Seelig
2011; Zhang et al. 2007; Chen et al. 2013a), neural net-
works (Qian et al. 2011), and other circuits (Chen et al.
2015; Soloveichik et al. 2010; Chen et al. 2013b; Fern et al.
2016; Srinivas et al. 2017), as well as for sensing (He et al.
2010) and directed self assembly (Zhang et al. 2013;
Rogers and Manoharan 2015). However, these reactions
are typically run inside of a closed reactor, without addi-
tional reactants provided after initialization. When a
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reaction consumes its initial reactant stock and reaches
equilibrium, it ceases processing information and can no
longer update its output in response to changing input
conditions. Providing DSD reactions with a sustained
source of reactants could enable them to operate for longer
times, extending the lifespans of sensors, increasing the
classes of dynamic circuits that can be implemented, and
enabling the directed self-assembly of more elaborate
structures.

Flow and diffusion reactors have previously been used
to supply reactants to several other types of chemical
reactions, including protein synthesis in artificial cells on
biochips (Karzbrun et al. 2014), sustained oscillations in
microfluidic flow reactors (Niederholtmeyer et al. 2013;
Semenov et al. 2015, van Roekel et al. 2015), and enzy-
matic reactions in cascading flow cells (Moseley et al.
2014; Fratto and Katz 2015, 2016; Katz and Fratto 2017).
In general, these systems operate by allowing material
exchange between the reaction chamber(s) and an external
flow of reactants. This continuous flow of reactants allows
the system to continue to react with inputs as long as the
flow is maintained, analogous to the exchange of matter
between living cells and their external environments.

In this study, we ran DNA strand displacement (DSD)
reactions inside a continuous-flow stirred-tank reactor that
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Fig. 1 Continuous-flow, stirred-tank reactor design. a Diagram of the
side view of the reactor chamber. Infusion pumps flow reactants into
one well in a 96-well plate. The solution in the well is mixed by a
magnetic stir bar. A hole in the side of the chamber allows waste
solution to exit the chamber, maintaining a constant reaction volume.
Waste is collected from the adjacent well by a withdrawal pump.
b Top view of the reaction chamber experimental setup. The white
box indicates the imaging area. The red scale bar indicates a length of
5 mm. (Color figure online)

pumps in reactants while removing waste products (Fig. 1).
We developed a simple stirred-tank flow reactor design and
monitoring protocol that can be implemented without
access to specialized equipment or micro-fabrication
facilities. This setup can maintain reactions far from
equilibrium for as long as the pumps are flowing the
appropriate reactants into the reaction chamber, allowing
chemical circuits to respond dynamically to changing
inputs. In principle, any DSD circuit can run dynamically
inside of a flow reactor. While the current iteration of the
reactor does not allow molecules to be anchored within the
device, it should be possible to design chemical circuits
that would maintain information within the reactor per-
manently (SI1). In this study, we specifically demonstrate
how an existing one-time-use DSD Boolean logic gate
(Seelig et al. 2006a) can dynamically respond to changing
input concentrations, without modification, within our
reactor.

1 Reactor construction

To construct the reactor used in this study (Fig. 1), we
began with a flat bottom 96-well plate. One well inside the
plate was designated as the reaction chamber. A hole of
about 2-3 mm in diameter was cut into the top of one side
of the reaction chamber to allow fluid to flow in and out of
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the chamber. A stir bar (5 mm, VWR) was placed in the
reactor to ensure the solution is well-mixed during the
reaction. Tubing (ID 0.28 mm, Warner Instruments)
attached to 25 mL syringes controlled by syringe pumps
(New Era NE-300) was placed through the hole to flow
reactants into the chamber. The top of the well is sealed
with valap (equal parts Vaseline, lanolin and paraffin wax)
and a glass slide to prevent evaporation or outflow over the
top of the well. The reactor was designed so that excess
liquid flowed out of the cut hole into the adjacent well,
where it was collected with a withdraw pump operating at
approximately 2x the volumetric inflow rate to prevent
fluid buildup. The volume of the reaction chamber was
measured at 380 pL. For reactions involving multiple
reactants, we supplied reactants that could react with one
another using different infusion lines to prevent reactions
from occurring before the species reached the reaction
chamber. The reactor was placed on top of a magnetic stir
plate to actuate the stir bar, and fluorescence was moni-
tored through the top of the glass slide using a gel imager.
We estimate it takes approximately 30 min to fabricate
each reactor chamber, at a cost of about $10 per chamber
(not including the external pumps, stir plate, or gel imager).

2 Model

The rate of change of the concentration of a molecule X
being pumped into the reaction chamber is:

d[X] :E[ - Vou

dt vy

X1+ R (1)

where Vi,= volumetric flow rate in (units: volume/time),
Vout= volumetric flow rate out (units: volume/time),
V = volume of the reaction chamber, [X];, = concentration
of X being pumped in, R = net rate X is generated by
chemical reactions in the reactor.

When the chamber is full, the escape hole cut in the side
of the reaction chamber allows the same volume to escape
as is pumped in. Thus in this case the volumetric flow rates
are constrained to be equal (i.e. Vour = Vin). Substituting,
we can obtain:

d[X]
szin _fout[X] +R (2)
where
Vi
fin = concentration flux in = 7n [X]in (3)
Vout Vin

ut = tantout = —— = —- 4

Jout = flux constant ou % % ( )
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Solving Eq. 2 in the absence of any chemical reactions
gives that when f;, and f_, are held constant, [X]
approaches a constant value equal to the ratio of the flux in,
to the flux constant out. i.e.:

o fin _ fi“ . e(*fout‘t)
X)) ==+ (mo f) (%)

lim, . [X] (1)

_fn
foul

The time that it takes for the “[X]” to relax from an
initial concentration [X], to a given percentage t of the
offset from steady state concentration is then:

—1In(1)

tiser = f
out

(6)

(7)

3 Control of reactant concentrations using
flow alone

To test that the flow reactor operates as designed, we used a
single-infusion syringe to flow in solution containing a
strand of DNA, which we terned X, labeled with a Cy3
fluorophore (Sequence in SI Table 1) in Tris—acetate-
EDTA buffer containing 12.5 mM magnesium acetate
(TAE/Mg2 +), and tracked the resulting fluorescence
intensity of the solution over time (Fig. 2a). The infusion
line here, and in all subsequent experiments in this paper,
also contained 1 pM of an inert, single-stranded DNA,
consisting of twenty thiamine nucleotides to prevent the
gate and input DNA from sticking to the tubes or the
reactor walls (Chen et al. 2015). We tested three different
volumetric flow rates (Vi, = 10 pL/min, 20 uL/min and 40
pL/min) with two different infused concentrations of X
([XJin = 50 nM and 100 nM). We observed the fluorescence

(which is assumed to be proportional to [X]) approaching a
Sou’
times controlled by f,, as predicted by the model. How-

ever, when we infused a 50 nM solution of a X at a rate of
10 pL/min, we observed a short delay in the increase in
fluorescence, which could be due to nonspecific adsorption
of DNA to the pump tubing or reaction chamber. The
complete materials and experimental methods are given in
SI2, with our data processing procedure given in SI3.

We next asked how the concentration of X in the reactor
changed over time and how these changes compared with
the changes predicted by the model in Eq. 2 as [X];, is
repeatedly switched between high and low concentrations.
We first pumped in plain buffer from t = 0 to 1 h. We then
allowed [X] to equilibrate in the reaction chamber by
pumping in a solution containing [X];, = 50 nM at 6 pL/

stable steady state controlled by the ratio with rise

min from t = 1 to 6 h. We then infused a buffer containing
no X into the reactor from t = 6 to 12 h, then infused the
solution with [X];, = 50 nM into the reactor from t = 12 to
17 h, and finally infused plain buffer into the reactor for the
remainder of the experiment (Fig. 2b). As predicted, the
fluorescence rose when X was pumped in, and decreased
when buffer alone was pumped in, equilibrating on the
timescale of 2 h.

Lastly, we demonstrated the capacity of the flow reactor
to resist transient disturbances to the concentration of X.
We set up an experiment with Vi, = 6 uL/min and
[X],,= 50nM. After allowing the system to reach steady
state, we manually pipetted in 0.2 pL of X at a stock
concentration of 100 pM, resulting in approximately a
50nM disturbance to the reaction chamber. We observed
that the fluorescence jumped when the disturbance was
added, and then returned to the same concentration as
before the disturbance (Fig. 2c¢).

4 Dynamic Boolean strand-displacement
logic in a flow reactor

Next we used the flow reactor to perform dynamic
molecular logic by introducing a Boolean logic AND gate
into our continuous flow reactor, using the Boolean gate
motif described in Seelig et al. (2006a). The molecules of
the gate were designed to fluoresce only when the two
input strands are both present (Fig. 3a, b, Seelig et al.
2006a). We can thus characterize the true/false result of the
logic at a given time by measuring the high/low value of
fluorescence. Together, the governing equation for the flow
reaction (Eq. 2) and the additional mass action reaction
terms introduced by the Boolean logic gate reactions
(Fig. 3a) can be combined into the coupled set of differ-
ential equations given in SI4.

First we tested that the Boolean logic gate gave the
correct output response to all four possible combinations of
its two binary inputs (Fig. 3c). One problem that can occur
if the volumetric flow rates are set too high, relative to the
reaction rate constants, is that reactant can enter and leave
the reaction chamber quickly enough that there is insuffi-
cient time for it to react while in the chamber. To avoid this
issue, we imposed bounds on the maximum pumping rate
(Eq. 9).

Vin <a-V- klogic [ONL (9)

where Vi, = volumetric flow rate in, Kjogic = reaction rate
constant for the rate limiting step in the logic reactions,
o = fin/kiogic < 1, (we found empirically that values of

o =0.01 worked well), V =volume of the reaction
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Fig. 2 Control of the concentration of a fluorescently modified DNA
strand X (47 bases long, labeled with Cy3, see SI 2.3 for sequence) in
a reactor via pumps. a Steady state normalized fluorescence for
different values of [X];, being infused into the reactor and Viy as
shown in legend. Dashed lines indicate model predictions, while solid
lines indicate experimental data. b Normalized fluorescence as the
infused solution is changed over time. After reaching steady state, the
concentration of X decays to zero after the infusion pump is switched
to plain buffer with no fluorescent DNA, then increases when
fluorescent DNA is again pumped into the system. Two on/off cycles

chamber, [ON] = maximum output concentration for the
logic gate.

We separated the inputs and the logic gate molecules
into two separate infusion lines with equal volumetric flow
rates (5 pl/min in each line), to prevent them from reacting
until they reached the reaction chamber. To compensate for
the resulting dilution of these reactants once they were
mixed in the reactor, the concentration of each reactant in
its respective infusion line was N-[X];,, where N = 2 was
the total number of infusion lines, and [X];, was the desired
effective infusion concentration.
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are shown, with V;, = 12 uL/min and [X],,= 50nM during the on
cycles. ¢ Experiment showing how the normalized fluorescence in the
reactor changes during disturbances. [X] first approaches a steady
state while V;, = 10 pL/min for a solution in which [X];,= 50nM. At
t=4 h, the system is disturbed by pipetting in enough of a
concentrated solution of X to increase its concentration by 50 nM
inside the reaction chamber. After this addition, the steady state
fluorescence is eventually restored. Dashed lines show kinetics
predicted by Eq. 2 (see SI4). Data is normalized to the maximum
fluorescence intensity in each experiment. (Color figure online)

In these experiments, one infusion line contained 400
nM AND gate and was turned on for the duration of the
experiment. The other line contained the two input mole-
cules at concentrations that denoted either ON, when the
infusion line contained 300 nM of an input, or OFF if the
infusion line contained none of that input.

To test the dynamic operation of the logic gate (Fig. 3c),
we first initialized the system with both inputs in the OFF
state, allowing it to run for 2 h to ensure it was at steady
state. At t =2 h, we turned Input 1 ON by increasing its
concentration in the input infusion line, while keeping
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Fig. 3 Operation of a DNA logic gate in a flow reactor. a, b DNA
strand-displacement diagram for the Boolean AND gate (Seelig et al.
2006a, b). DNA strands are represented by lines, and contain short
toehold domains (gray, black), and long branch-migration domains
(red, cyan). Complementary domains are shown in the same color.
The 3’ end of each strand is indicated by an arrowhead. Logical
evaluation occurs in two reaction steps when both inputs are present.
In the first step, (a), Input 1 binds to the gray toehold on the AND
gate, displacing the red domain and exposing a second toehold (black)
in the gate. In the second step, (b), Input 2 binds to this newly
exposed toehold, displacing the output payload. The output is only
released (and thus the fluorescence only changes) when both inputs

Input 2 OFF. We observed a small increase in fluorescence,
but the steady state fluorescence was relatively low, indi-
cating an OFF output. At t = 6 h, we again changed the

are present. ¢ Experiments showing the AND gate responding to
inflow solutions containing all possible ON/OFF combinations of its
two inputs (listed in figure) with a volumetric flow rate of
Vin = 10 pL/min. In the ON state, inputs were infused at a
concentration of [X], = 150nM, while in the OFF state
[X];,= OnM. The dashed line shows the kinetics predicted by Eq. 2
(see SI4). d Experiments showing the gate operating for ten different
inputs provided in series (separated by dashed vertical lines). The
combination of inputs provided during each interval are specified at
the top of the plot. The dashed line shows the kinetics predicted by
Eq. 2 (see SI4). (Color figure online)

infusion line to contain both inputs in the ON state. The
fluorescence jumped to a high intensity, indicating a cor-
rect ON output for the Boolean AND gate. Att = 10 h, we
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turned Input 1 OFF, while keeping Input 2 ON, and
observed a drop in fluorescence, indicating that the gate
had switched back to its correct output state OFF for these
inputs. Finally, at t = 14 h, we set both Inputs to OFF, and
observed that the fluorescence remained in a low OFF
output state. Thus the gate responded correctly to all pos-
sible combinations of inputs when they were provided
dynamically in the flow reactor.

Finally, we tested the same gate with a more complex
set of randomized inputs (Fig. 3d). We supplied Input 1 and
Input 2 in the following combinations (t = 0-2 h: Il =
OFF, 12 = OFF), (t = 2-6 h: I1 = ON, 12 = ON), (t = 6-10
h: 11 = OFF, 12 =0ON), (t=10-14 h: 11 = OFF, 12 =
OFF), (t=14-26 h: I1 = ON, I2 = ON), (t =26-30 h:
Il = ON, I2 = OFF), (t =30-34 h: I1 = ON, 12 = ON),
(t=34-38 h: Il =OFF, 12=0N), (t=3842 h: Il =
OFF, 12 = OFF). The output fluorescence dynamically
tracked the changing inputs to report the correct Boolean
AND output state as the inputs changed over time. In
addition to demonstrating that the flow reactor enables the
logic gate to operate for many cycles, this experiment also
showed how the ON state can be sustained for multiple
cycles (t = 14 to 26 h).

5 Conclusion

In this study, we demonstrated that DNA strand displace-
ment reactions can respond dynamically to changing input
conditions within a continuous flow reactor. We also
developed a protocol for building a relatively simple, easy
to manufacture, and affordable flow reactor. Future studies
could explore the use of microfluidics to create reactors
with smaller volumes, which would reduce the total cost of
reagents and could improve robustness.

Microfluidic flow reactors have previously been used to
operate other DNA nanotechnology devices, such as DNA
origami walkers (Tomov et al. 2017), but to the best of our
knowledge, well-mixed continuous-flow stirred-tank reac-
tors have not previously been used to run DNA strand
displacement logic circuits. Although flow reactors are
convenient means to sustain dynamic reactions, they have
several fundamental limitations that closed reactors do not
have. First, pumped reactions are not closed systems, in the
sense that they depend on flow from outside of the reaction
chamber. This may be important in applications where
external apparatuses are inconvenient, including many
types of in vitro therapeutics. Second, by definition, reac-
tions in well mixed reactors cannot generate stable spatial
patterns, so they cannot participate in a broad class of
interesting spatially heterogeneous phenomena. Third,
since the withdraw pump continuously extracts liquid from
the well mixed reactor, anything that we wish to keep
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inside of the reactor without infusion must be anchored
inside of the reactor, or filtered to prevent it from exiting
into the withdrawing line. Analogous dynamics to Eq. 2
might be accomplished chemically instead of mechani-
cally, allowing restoration in a closed solution for a finite
number of cycles (Scalise and Schulman 2014, 2016), at
the cost of increased chemical complexity.
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