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ABSTRACT: A buﬀer reaction actively resists changes to the concentration
of a chemical species. Typically, buﬀering reactions have only been able to
regulate the concentration of hydronium (i.e., pH) and other ions. Here, we
develop a new class of buﬀers that regulate the concentrations of short
sequences of DNA (i.e., oligonucleotides). A buﬀer’s behavior is determined
by its set point concentration, capacity to resist disturbances, and response
time after a disturbance. We provide simple mathematical formulas for
selecting rate constants to tune each of these properties and show how to
design DNA sequences and concentrations to implement the desired rate
constants. We demonstrate several oligonucleotide buﬀers that maintain
oligonucleotide set point concentrations between 10 and 80 nM in the
presence of disturbances of 50 to 500 nM, with response times of less than 10 min to 1.5 h. Multiple buﬀers can regulate
diﬀerent sequences of DNA in parallel without crosstalk. Oligonucleotide buﬀers could stabilize and restore reactant
concentrations in DNA circuits or in self-assembly processes, allowing such systems to operate reliably for extended durations.
These buﬀers might also be coupled to other reactions to buﬀer molecules other than DNA. In general, an oligonucleotide
buﬀer can be viewed as a chemical “battery” that maintains the total chemical potential of a buﬀered species in a closed system.

1. INTRODUCTION
Acid−base buﬀers are used ubiquitously in both nature1,2 and
synthetic biochemistry3,4 to maintain a constant concentration
of hydronium ions (i.e., pH) in solution (Figure 1a). For
example, the bicarbonate buﬀer system2 neutralizes strong
acids and bases in the human bloodstream, thereby
maintaining a physiological pH of 7.4. When the bicarbonate
buﬀer system fails, pH ﬂuctuates freely, resulting in ailments
collectively known as acidemia and alkalemia. Similarly, acid−
base buﬀers in polymerase chain reaction (PCR) hold pH

constant to stabilize and optimize the activity of polymerase,
without which the reaction could not occur. Chemistries exist
to buﬀer some ions other than hydronium, such as metal ions,5
and for speciﬁc molecules such as naphthyridine.6,7
The ability to buﬀer the concentrations of a larger library of
molecules could improve the reliability and robustness of many
chemical processes. Changes in reactant concentration can
alter chemical reaction rates, which are generally proportional
to the products of the concentrations of the reactants. The
dependence of reaction rates on concentration can be even
more sensitive in large reaction networks8 or cooperative
reactions.9 During crystallization, for example, small ﬂuctuations in monomer concentration can have dramatic eﬀects on
crystal nucleation rates.10,11 Buﬀer systems that regulate
monomer concentrations could suppress these ﬂuctuations,
increasing crystal purity and yield. Buﬀering reagents could
also be used to replenish reagents depleted by downstream
loads, for instance, to deliver a constant drug dosage12 over
time as a drug is consumed.
In this study, we present a class of buﬀers that regulate the
concentrations of oligonucleotides (Figure 1b), short synthetic
sequences of DNA, in an analogous manner to how acid−base
buﬀers regulate pH. Each buﬀer regulates the concentration of
a speciﬁc DNA sequence, and multiple diﬀerent buﬀers can
operate in the same solution, independently controlling the
concentrations of their diﬀerent target sequences. We create
our buﬀers using DNA strand displacement (DSD) reactions,

Figure 1. (a) Acid−base buﬀers regulate the concentration of
hydronium ions. They consist of high concentrations of weak acid
that partially dissociates in water to produce hydronium and a
conjugate base that reabsorbs hydronium. (b) DNA oligonucleotide
buﬀers regulate the concentration of a target sequence X of DNA
(cyan) that is initially sequestered within a source complex. Source
dissociates in the presence of an initiator strand to release X and a
conjugate sink complex.
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sequence-speciﬁc DNA hybridization processes with tunable
kinetics,13−16 which have previously been used to implement
information processing reactions including ampliﬁers,17,18
neural networks,19,20 and Boolean logic circuits.21−25 Although
DSD reactions are relatively well understood, here, we
demonstrate how they can operate in regimes containing
high reactant concentrations and low reaction rate constants.
Buﬀering the concentrations of oligonucleotides could allow
for the self-assembly of larger DNA structures or DNAtemplated structures with fewer defects26,27 by providing a
constant supply of fresh monomers, stabilizing the nucleation
of DNA crystal structures,11 and could enable DNA
circuits24,25 and sensors28 to operate for extended durations
by restoring depleted reactants.
1.1. Background: Acid−Base pH Buﬀers. According to
the Arrhenius deﬁnition, an acid is a chemical that dissociates
in water to increase the concentration of hydronium ions
(H3O+):

S+IFN+X
kN

(3)

At high reactant concentrations, this reaction creates a stable
equilibrium that resists disturbances to X (Figure 2a,b). In this
generalized form, the initiator is not necessarily H2O;
therefore, it may not be possible to provide an initiator at so
overwhelming a concentration that its depletion can be

k1

HA + H 2O F A− + H3O+
k2

(1)

where HA is the acid and A− is its conjugate base. In the
simple case where the activities of all species are 1, the acid
dissociation constant Ka, which determines the ratio of
products to reactants at equilibrium, is
Ka ≡

[H3O+][A−]
k1[H 2O]
=
k2
[HA]

(2)

where [H2O] is generally approximated as constant.
Weak acids have low dissociation constants and thus only
dissociate partially into products. Acid−base pH buﬀers take
advantage of this partial dissociation to create resistance to pH
changes. They consist of a weak acid HA and its conjugate base
A−, each at high concentrations. When mixed together in
water, HA and A− continuously release and recapture a small
amount of H3O+, forming a dynamic equilibrium. When
additional H3O+ ions are added to the buﬀer, the solution
changes pH, becoming more acidic. However, according to Le
Chatelier’s Principle, some of the H3O+ ions added to the
buﬀer solution are absorbed into the weak acid state HA to
restore equilibrium. In this manner, [H3O+] increases by less
than it would in the absence of buﬀer. Similarly, when H3O+ is
removed from a buﬀer solution, the equilibrium shifts in the
opposite direction to replenish [H3O+], resisting the change in
concentration. The high concentrations of HA and A− ensure
that the concentrations of these species do not change
signiﬁcantly in response to relatively small disturbances.
1.2. Synthetic Buﬀers for Other Molecules. The general
mechanism underlying pH buﬀers is not speciﬁc to acids and
bases. A consequence of Le Chatelier’s Principle is that any
reversible reaction can serve as a buﬀer, given appropriate
reaction rate constants and provided that all reactants are at a
high concentration relative to the regulated species (see SI1).
We use this simple idea to regulate the concentration of an
arbitrary oligonucleotide in its single-stranded form.
To design a bimolecular buﬀer that regulates a target species
X, we begin with a source complex (S) that is a precursor of X.
This source reacts reversibly with an initiator molecule (I),
releasing X in an active state, along with a conjugate sink
molecule (N) that can recapture X (eq 3). The species S, I, N,
and X act as analogues to HA, H2O, A−, and H3O+,
respectively, in an acid−base buﬀer (Figure 1 and eq 1).

Figure 2. Resisting disturbances. (a) When X is added to or removed
from an unbuﬀered solution, its change in concentration is exactly
equal to the concentration of X added or removed (yellow, slope = 1).
In contrast, a buﬀer solution with the form in eq 3 can absorb some of
the disturbance to prevent [X] from changing as steeply (cyan, with
Keq = 0.026). For large enough disturbances, the buﬀer is
overwhelmed, at which point the slope again approaches 1. (b) For
small disturbances, the slope is approximately linear and is much less
than 1. (c) Buﬀer capacity is the amount of disturbance that can be
absorbed while maintaining [X] within a target range (we use a range
of ±10% of [X]eq). The capacity is proportional to the total
concentration of reactants, and its proportionality coeﬃcients c+ and
c− are functions of the relative reactant concentrations (from eqs 10
and 11).
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Figure 3. DNA strand displacement buﬀer circuit that regulates the concentration of a target DNA strand X. (a) X is initially bound within a source
complex. Source reacts reversibly with initiator to release X, also creating a sink molecule, which drives the reverse reaction. (b) Concentration of X
is monitored by a reporter complex. X reacts reversibly with reporter to separate a quencher−ﬂuorophore pair, increasing the intensity of
ﬂuorescence. When sequestered in the source complex, the ﬁrst toehold domain (black) on X is not available to initiate reactions with the reporter.
(c) Competitor complex (commonly used as a “threshold” in other strand displacement literature25) can irreversibly bind and sequester X via a fast
7 nt toehold, reducing its free concentration in solution. We use the “leakless” architecture30 to suppress reactions between species not designed to
react.

[X]eq ≤ 1.1[X]set

ignored, as in eq 2. Thus, to describe the operation of this
generalized molecular buﬀer, we revert from the dissociation
constant Ka to a more general chemical equilibrium constant:
Keq ≡

[X]eq [N]eq
kS
=
[S]eq [I]eq
kN

and β is the maximum concentration of X that can be
removed from the buﬀer while keeping [X]eq above an
arbitrary factor of [X]set (here, we use a factor of 0.9):
[X]eq ≥ 0.9[X]set

(4)

A buﬀer of the form in eq 3 has three important metrics that
describe its performance: the set point concentration, the
relaxation time constant, and the buﬀering capacity. Here, we
present equations that give order-of-magnitude estimates for
how these values scale with the reactant concentrations and
rate constants (see derivations in SI2).
(i) The set point [X]set is the equilibrium concentration of X
generated by the buﬀer when [X] 0 = 0. For high
concentrations of [S]0, [I]0, and [N]0 and low equilibrium
constants Keq, the set point can be approximated as
[X]set ≈ Keq

[S]0 [I]0
[N]0

(6)

t relax, α = −τ ·ln(α)

(7)

β + = c +([S]0 + [I]0 + [N]0 )

(10)

β − = c −([S]0 + [I]0 + [N]0 )

(11)

+

−

where c and c are coeﬃcients determined by the relative
ratios of [S]0, [I]0, and [N]0 (Figure 2c). From eqs 10 and 11,
we ﬁnd that providing our reactants at high concentrations
maximizes the capacity to recover from disturbances.
1.3. Designing Buﬀers Using DNA Strand Displacement. Next we use DSD reactions to implement a buﬀer for
DNA oligonucleotides. In DSD reactions, an input strand of
DNA binds to a multistranded DNA complex and, in the
process, displaces one or more output strands from the
complex.29 Short single-stranded domains, called toeholds,
initiate these reactions and determine the forward and reverse
rate constants.13,14
In our DSD implementation (Figure 3a) of the buﬀer
reaction described in eq 3, we start by designating a target
DNA strand as X. Initially, X is bound within a source complex
S, such that its toeholds are covered in an inert doublestranded state, preventing downstream reactions. An initiator
strand I reversibly displaces X from S and exposes the toeholds
on X. In the process of displacing X, a new sink complex is
created that consists of the initiator strand bound to the
bottom strand of the source.
1.3.1. Selecting Toehold Lengths. The forward and reverse
reaction rate constants for the DSD buﬀering reactions are
determined by the toehold binding energy for the source and
sink complexes, which is loosely correlated with their toehold
lengths. We aimed to select toehold lengths that would create a
buﬀer that holds X at set point concentrations [X]set on the
order of 10−100 nM, with relaxation times on the order of 0.5
h to relax to 10% of any disturbance (i.e., trelax,α ≈ 0.5 h with α
= 0.1). These target concentrations and response times are the
same order as many existing DSD reactions in the
literature,24,25 which facilitates the coupling of our oligonucleo-

(5)

1
kN[N]0

(9)

The resulting capacities are

Equation 5 indicates two separate types of parameters for
specifying [X]set: the equilibrium constant Keq and the ratio of
the reactant concentrations. Generally, changing Keq requires
redesigning the reactant molecules rather than adjusting their
initial concentrations. For simplicity in this paper, we will
always keep [S]0 = [I]0.
(ii) The relaxation time constant τ determines how quickly
X relaxes back toward its set point after it is disturbed. The
relaxation time constant can be approximated by eq 6, where
the time it takes for a disturbance to relax to a deﬁned fraction
0 < α < 1 of its initial amplitude is given by eq 7.
τ=

(8)

−

(iii) The buﬀering capacity β determines how much of an
external perturbation the buﬀer can accommodate while
maintaining a ﬁnal equilibrium concentration [X]eq close to
the initial set point concentration [X]set. Speciﬁcally, β+ is the
maximum concentration of X that can be added to a buﬀer
while keeping [X]eq below a speciﬁed factor of [X]set (here, we
use a factor of 1.1):
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Figure 4. Concentration parameter space, showing equilibration of [X] with varied concentrations of [S]0, [I]0, and [N]0. (a) Experimental data
(solid lines) showing approach to equilibrium. Exponential ﬁts shown as dashed lines. (b) Equilibrium concentration vs [S]0 = [I]0. Cyan points
correspond to the [S]0 = [I]0 = 8 μM trajectories from panel (a), yellow points to yellow trajectories, and red to red. (c) Relaxation time constants
vs [N]0. Error bars here and elsewhere depict 95% conﬁdence intervals (1.96σ/√n).

reverse reaction (Figure 3 and Supporting Information section
SI3).
1.3.2. Measuring Signal Concentrations with a Reversible
Reporting Reaction. To monitor the free concentration of X
during buﬀering, we used a DNA strand displacement reporter
with quencher and ﬂuorophore labels (Figure 3b). X reacts
reversibly with the reporter, so that when the reaction between
X and the reporter is at equilibrium, the magnitude of
ﬂuorescence intensity can be used to determine [X] (see SI4).
To accurately measure the kinetics of the buﬀering process, a
reporter needs to equilibrate signiﬁcantly faster than the buﬀer,
such that the reporter remains at pseudo-steady-state as [X]
changes. To ensure this condition is met, we selected a
reporter toehold length of 5 nt to characterize the buﬀer in
Figure 3a (see SI5).

tide buﬀers to existing DSD circuits. To maximize the capacity
of the buﬀer (eqs 10 and 11), we selected large concentrations
of S, I, and N, relative to [X]set, up to 8 μM.
First we used eqs 6 and 7 to ﬁnd a target reverse rate
constant kN. We plugged our desired relaxation time into eq 7
to ﬁnd a time constant of about τ = 0.2 h. Equation 6 indicates
that to achieve this time constant with [N]0 = 8 μM, we should
select a sink rate constant on the order of kN ≈ 2 × 10−4 μM−1
s−1. Similarly, to ﬁnd a forward rate constant that would result
in a set point concentration of the desired order with [S]0 =
[I]0 = [N]0 = 8 μM, we used eq 5 to ﬁnd that we should aim
for an equilibrium constant of roughly Keq ≈ 0.01. Plugging
these target values for Keq and kN into eq 4, we ﬁnd that we
want a source rate constant on the order of kS ≈ 2 × 10−6
μM−1 s−1.
We next chose toehold lengths whose average rate
constants13 were closest to our desired values. These lengths
turned out to be a zero nucleotide (nt) toehold to drive the
forward reaction, which can initiate through fraying at the end
of a double-stranded complex, and a 2 nt toehold to drive the

2. RESULTS
2.1. Control over Set Point Concentration and
Relaxation Time. To test our prediction (eq 6) that the
equilibration concentration of X is controlled by the initial
12072
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Figure 5. Response of the oligonucleotide buﬀer to disturbances. (a) 8 μM uniform buﬀer for target species X disturbed with additions of 50 nM
excess X every 3 h. Diﬀerences in the amount of time required to add and mix the disturbances into the wells (during which no measurements were
made) of a 96-well plate cause diﬀerences between the peak amplitudes of the disturbances. Because the fastest changes in concentration occur
immediately after the disturbance is added, the ﬁrst measured value of [X] is highly dependent on this delay time. (b) Addition of 50 nM X
disturbances to a solution containing no buﬀering reaction, showing cumulative increase in concentration. (c) Change in equilibrium concentration
of X vs the total concentration of X added as disturbance for the buﬀered data in panel (a). (d) 8 μM buﬀer disturbed with an addition of 100 nM
competitor, C, which consumes X. (e) 8 μM buﬀer disturbed with large pulses of 250 nM X, followed by 250 nM competitor.

faster as [N]0 increases because [N]0 controls the recapture
rate. Consistent with these predictions, we observed that rise
times were faster for higher values of [N]0. The simple
bimolecular model predicts that rise time should be
independent of [S]0 = [I]0; however, the detailed model
suggests a slight increase in rise time with decreasing [S]0 =
[I]0 when the reporting reaction is included (SI6.2). This
would suggest that the reporter imposes a small load on the
system, causing a delay before equilibrium is reached. In our
experiments, we observed small increases in rise time for
decreasing [S]0 = [I]0.
From Figure 4c, the average sink reaction rate constant was
kN ≈ 1.7 × 10−4 ± 4.2 × 10−5 μM−1 s−1. This constant and the
measured Keq = 0.026 ± 0.016 give an average source reaction
rate constant of kN ≈ 4.0 × 10−6 ± 7.5 × 10−7 μM−1 s−1. These
values are within an order of magnitude of their designed
values (section 1.3.1).
2.2. Response to Disturbances. We next sought to
characterize the relaxation of oligonucleotide buﬀers as they
are perturbed from equilibrium. We used [S]0 = [I]0 = [N]0 =
8 μM, which we call the uniform 8 μM buﬀer.
2.2.1. Positive Disturbances. First we characterized how
oligonucleotide buﬀers resist positive perturbations, that is,
sudden increases in [X]. We let the uniform 8 μM buﬀer
equilibrate and then added a pulse disturbance of 50 nM of X
every 3 h, for a total of 10 pulses (Figure 5a). After each pulse
was added, the concentration of X increased quickly, reﬂecting
the X that was added, and then relaxed back to a new

concentrations of source (S), initiator (I), and sink (N), we
combined these reactants at diﬀerent initial concentrations,
keeping [S]0 = [I]0 (see complete methods in SI4). We
measured how [X] converged to a stable ﬁnal value, [X]set, for
each set of initial reactant concentrations (Figure 4a). For the
values of [S]0, [I]0, and [N]0 tested, [X]set ranged from 7 to 83
nM, on the order of the 10−100 nM range of set point
concentrations we aimed to achieve. From Figure 4b, the
average equilibrium constant from all curves came to Keq =
0.026 ± 0.016, on the same order as our designed value (see
section 1.3.1). Following our predictions, we observed that
buﬀers with higher values of [S]0 = [I]0 produced higher [X]set
values, and higher values of [N]0 produced lower [X]set values
(Figure 4b), also consistent with the design.
We also characterized the relaxation of the buﬀer by ﬁtting
the data (Figure 4c) to
[X](t ) = [X]set (1 + εe−t / τ )

ε≡

[X]0 − [X]set
[X]set

(12)

(13)

which is the curve predicted by a simple bimolecular mass
action model of eq 3. For the range of initial concentrations
tested, τ ranged from about 0.2 to 0.7 h. Both the simple
bimolecular mass action model of our buﬀer and a more
detailed model13 (SI6.1) of the buﬀering and reporting strand
displacement reactions predict that the rise time should be
12073
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Figure 6. Buﬀers for diﬀerent oligonucleotides operate in tandem without crosstalk. (a) Uniform 8 μM buﬀer for a second sequence X2 before and
after a 50 nM addition of X2. The reporter for X2 uses a HEX ﬂuorophore. (b) Uniform 8 μM buﬀer for X before and after a 50 nM addition of X
(using the reporter in Figure 2c with FAM ﬂuorophore). (c) Concentrations of X and X2 in a solution containing 8 μM uniform buﬀers (and
associated reporters) for both sequences, with 50 nM disturbances added at the same times as (a) and (b).

equilibrium state close to [X]set. We ﬁt eq 8 to each relaxation
and found no signiﬁcant variation in the time constant τ
compared to the initial relaxation from [X]0 = 0 (SI7). These
experiments show that over more than at least 10 perturbations
of this size, the dynamics of relaxation are largely independent
of the history of past perturbations. We would, however, expect
that [X]eq should shift slightly over multiple perturbations of
the same direction as the buﬀer capacity is depleted. [X]eq did
increase roughly linearly with the total amount of X added.
After 500 nM of X was added, [X]eq increased by 8 nM, which
gives a slope of approximately 0.016 (Figure 5b, compare with
Figure 2b). This corresponds well with eq 10, which predicts
that approximately 250 nM of X must be added to increase the
equilibrium concentration by 10%.
2.2.2. Negative Disturbances. We then characterized how
the buﬀer responded to decreases in [X] caused by a coupled
reaction in which X was consumed. We used a simple,
irreversible reaction in which X binds to a competitor complex
via a 7 nt toehold initiated displacement reaction, producing
inert waste products (Figure 3c). We allowed the 8 μM
uniform buﬀer to reach steady state for 3 h and then added 100
nM of competitor (Figure 5c). As anticipated, the concentration of X initially decreased and then recovered to
approximately 3 nM less than the initial equilibrium
concentration.
The observed magnitude of this negative disturbance was
signiﬁcantly smaller than the concentration of the competitor
that was added. Our models (SI5.3) indicate that this eﬀect is
due to a partial reaction known as toehold occlusion in which
the toehold on the competitor is transiently occupied by the
initiator. This interaction reduces the fraction of competitor
that is free to react with X, in turn reducing their eﬀective
reaction rate. Toehold occlusion is especially signiﬁcant here
due to the long 7 nt toehold and because [I] ≫ [X]set, both of
which increase the total residency time of toehold binding.
2.2.3. Large Mixed Disturbances. Finally, we tested how
oligonucleotide buﬀers respond to very large perturbations. We
let a uniform 8 μM buﬀer approach its steady state for 3 h and
then perturbed it ﬁrst by adding 250 nM of X, then adding 250
nM of the competitor (Figure 5d, methods). We then added
two more 250 nM pulses of X, followed by two more 250 nM
pulses of competitor (Figure 5d). As expected, the changes in
[X]eq in the buﬀered solution were far less in each case than
the amount of X that was added or consumed. After the ﬁrst
250 nM perturbation, [X]eq increased from about 47 nm to
about 49 nM, consistent with the change in [X]eq that occurred
after adding ﬁve 50 nM pulses of X (see Figure 5b).

2.3. Buﬀering Multiple Species. In principle, multiple
diﬀerent oligonucleotide sequences can be buﬀered in the
same reaction. We designed a buﬀering system for a second
target sequence, X2 (see sequences in SI4), and compared how
the X and X2 buﬀers acted separately versus together in the
same reaction.
The 8 μM uniform buﬀer for X2 reached a stable set point of
around 100 nM, and after a 50 nM perturbation, [X2] returned
to roughly the original set point concentration (Figure 6a).
The corresponding 8 μM uniform buﬀer for X also reached a
set point and responded to a 50 nM disturbance with a similar
response time (Figure 6b). When the buﬀers were combined in
the same solution, the set points and responses to disturbance
for both X and X2 were similar to their set points and responses
in isolation (Figure 6c). [X] did not change when X2 was
added and vice versa.
2.4. Faster Buﬀering. The buﬀers in Figures 3−5 have
relatively slow relaxation times. A slow buﬀer can allow a
system to maintain a memory of recent perturbations that is
gradually erased as the concentration of the buﬀered species
returns to equilibrium. This ability to transiently store
information about perturbations and then erase it to receive
new perturbations could be used to process streams of
chemical inputs.31,32 However, in many other cases, it is
important to maintain a constant concentration in the face of
heavy loads. Faster time constants are desirable in such cases.
We therefore next investigated whether we could build
buﬀers that responded more quickly to perturbations. To do
so, we created a buﬀer for X with longer toeholds on the
source and sink complexes (+1 and +2 nucleotides,
respectively) that were designed to increase kS and kN (see
SI4).
We characterized [X] over time using 8 μM of each of the
new faster source, initiator and sink species, that is, the fast 8
μM uniform buﬀer (Figure 7), which produced a set point
concentration of [X] of about 13 nM. When the system was
perturbed by adding X, the concentration of X had returned
close to its set point by the time we had returned the sample to
the ﬂuorescence reader after adding the disturbances. This
delay in measurement was no more than 10 min, and generally
less, suggesting that the fast buﬀer had a response time of at
most 10 min, signiﬁcantly faster than the original buﬀer. As
with the slower buﬀer, we observed a slower response time of
the fast buﬀer to the addition of competitor than to the
addition of X, consistent with the eﬀects of toehold occlusion
(SI8).
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3. CONCLUSION
In this paper, we demonstrate a DNA strand displacement
reaction for buﬀering the concentration of oligonucleotides.
High concentrations of reactants continuously release and
recapture a target strand, forming an equilibrium that resists
perturbations to the concentration of the target. Using this
architecture, buﬀers could be designed for arbitrary sequences
with a wide range of set points, response times, and capacities.
Several buﬀers can operate in parallel within the same solution
to independently regulate the concentrations of multiple target
strands.
Oligonucleotide buﬀers could be incorporated into a wide
variety of existing reactions in which oligonucleotides play a
key role, including self-assembly,11,26,27,33−36 sensing,28 photochemistry,37,38 and molecular release.39 Oligonucleotide buﬀers
could also regulate molecules other than DNA if coupled to
reactions that interface with other species, such as
enzymes40−42 and small molecules.43
The ability to maintain the concentrations of molecular
species is essential for building large reaction networks that
operate reliably for extended times. Biological reaction
networks often resist changes in concentration using
mechanisms that are mathematically quite similar to buﬀers.
For example, competing processes of synthesis and degradation in gene networks regulate the concentrations of most
RNA and proteins.8 Similar competing reactions on faster time
scales also regulate the concentrations of actin44 and active
membrane receptors.45 The ability to incorporate molecular
buﬀering for a variety of species into synthetic chemical
systems could therefore facilitate the design of robust and
scalable synthetic chemical reaction networks.
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