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ABSTRACT: Upon external stimulation, living cells activate a series
of precisely programmed signaling cascade reactions that efficiently
convert multiple stimuli into relevant output signals, thereby
maintaining physiological homeostasis. These naturally evolved
molecular networks have recently inspired the development of new
chemical strategies in fields ranging from synthetic biology to
molecular computing, drug delivery, and biosensing systems. While
some studies have begun to explore how programming the
thermodynamics of these bioinspired chemical systems can optimize
their performance, the impact of programming their kinetics remains
largely unexplored. Here, we leveraged the modularity and
programmability of DNA chemistry to develop a simple DNA-based
signaling cascade to measure the concentration of specific molecules
and investigated how programming its kinetics affects its performance. This signaling cascade comprises four modules (input,
receptor, processor, and output) and three molecular interactions for which we have characterized all intrinsic rate constants.
Through simulations and experiments, we demonstrated that careful kinetic programming can significantly enhance the rate, gain,
and sensitivity of the signaling cascade output. We further illustrated the versatility and modularity of this cascade by adapting it for
the detection of four different molecules ( small molecules and proteins). We also showed that it can be readily adapted into a rapid,
one-step, inexpensive electrochemical sensor enabling therapeutic drug monitoring (TDM) at home directly from a drop of blood.
We believe that similar kinetically programmed signaling cascades could be developed for a wide range of chemical applications,
allowing complex, multistep workflows to be streamlined into rapid, single-step reactions.

■ INTRODUCTION
Biochemical mechanisms have inspired numerous key develop-
ments in chemistry. From the concepts of molecular
recognition,1 self-assembly,2,3 and molecular libraries4,5 to the
development of greener and more efficient enzyme-inspired
catalysts,6−8 nature has provided multiple sources of
inspiration to drive innovation in chemistry. More recently,
the recreation and mathematical validation of various specific
biochemical mechanisms, including molecular switches,9

allostery/cooperativity,10−12 multivalent interaction,13,14 and
molecular self-assembly,15,16 have significantly contributed to
develop a new generation of programmable molecular
machines with various applications in smart materials,
molecular transporters, sensing, and logic gates.17,18

Signaling cascades represent another key biochemical
mechanism19 that has started to attract the attention of
chemists. These finely tuned molecular network reactions,
which typically display modular and hierarchical architectures
including input, receptor, processor, and output modules
(Figure 1a),20,21 have evolved to detect a wide array of
chemical inputs to control and optimize cell activity, division,
and differentiation.22 Inspired by these natural intracellular
signaling cascades, researchers have recently started to develop

artificial molecular networks for applications in synthetic
biology,23 molecular computing,24 and drug delivery.25,26

Biochemists, for example, have first started to modify and
reprogram natural signaling cascades.20,21 Building on the high
programmability of DNA chemistry, chemists have also begun
to design simplified synthetic cascades for diverse applications.
For instance, Winfree’s group has developed DNA-based
molecular computers that can resolve mathematical prob-
lems.27,28 Tan and colleagues have engineered artificial
signaling systems to study cellular adaptability, membrane
functions, and immune responses.29−31 Meanwhile, Willner’s
lab has introduced constitutional dynamic chemistry (CDC)-
based networks32 for applications in intracellular imaging and
gene therapy.33 While several of these bioinspired proof-of-
concept systems have started to investigate how programming
thermodynamic parameters affects performance, the role of
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programming the kinetics of their components remains largely
unexplored. Recently, various strategies have been developed
to regulate the kinetics of DNA interaction, including
modifying DNA sequences and compositions,34 adjusting
hybridization conditions (such as pH, temperature, salt
concentration, and organic solvents),35 utilizing multivalent
or allosteric mechanisms,14 and employing toehold-mediated
strand displacement reactions.36−39 However, these ap-
proaches generally focus on controlling individual hybrid-
ization events and rarely address how kinetic programming can
influence sequential, multistep systems like signaling cascades.

One chemistry field that stands to benefit significantly from
signaling cascades is biosensing. Gold-standard chemical assays
for molecular diagnostic applications such as enzyme-linked
immunosorbent assay40 and polymerase chain reaction41

typically involve multistep protocols that are intensive in
reagents and washes, and frequently depend on precise thermal
regulation and complex optical detection platforms. Simpler to
use point-of-care sensors, such as lateral flow assays, offer faster
workflows (10−15 min), but these still require multiple steps
(5−6 steps) and typically provide only qualitative results (i.e.,
yes/no answers). In this study, we developed a simple DNA-
based signaling cascade containing four modules and three
molecular interactions, designed to detect molecular inputs
through a convenient electrochemical output (Figure 1b). In
addition to demonstrating the modularity, potential universal-
ity, and usefulness of this cascade, we showed that
programming its kinetics significantly enhances its rate, gain,
and sensitivity (Figure 1c). We also discussed the advantages
of this signaling cascade mechanism over existing sensing
strategies and explored its broader potential for various
chemical applications.

■ RESULTS
A DNA-Based Signaling Cascade for Molecular

Detection. We designed our DNA-based signaling cascade
by drawing inspiration from the modularity and hierarchical
arrangement found in intracellular signaling cascades, which

are typically composed of input, receptor, processor, and
output modules.20,21 Although this signaling cascade could, in
principle, be built using proteins, we selected DNA chemistry
as our building module for several reasons. First, DNA
sequences can be specifically chosen to bind a wide range of
molecular targets (e.g., aptamers).42,43 Second, these DNA
aptamers can be readily engineered into molecular switches44

or can be allosterically controlled by simply binding to their
complementary DNA sequences.45 Third, we have previously
shown that DNA hybridization of redox-labeled DNA on a
gold surface provides an efficient, quantitative electrochemical
signal output for blood analysis with limited or no
biofouling.46−48 Fourth, the selectivity of DNA−DNA
interactions enables multiple DNA reactions to proceed
simultaneously in the same sample, enabling the multiplexed
detection of various analytes.49−51 Finally, DNA hybridization
is readily tunable in both thermodynamic and kinetic
dimensions.37,52−55 Our proposed signaling cascade is
composed of four modules and three molecular interactions
(Figure 1b). The “input” module (i.e., target molecule) can be
specifically recognized by the “receptor” module made of an
unmodified DNA aptamer (see interaction k1). The “process-
or” module is composed of redox-labeled signaling DNA,
which operates through an allosteric inhibition mechanism,
whereby the DNA aptamer binds and inhibits the signaling
DNA when the aptamer remains unbound (see interaction k2).
This allosteric mechanism is based on previous work
demonstrating that target binding to an aptamer typically
prevents or inhibits its hybridization to its complementary
sequence.56 Finally, the “output” module consists of the
signaling DNA hybridizing to its complementary DNA
sequence, called capturing DNA, attached to a gold electrode,
which generates an electrochemical signal upon binding (see
interaction k3).

46

Kinetics Programming of the Signaling Cascade
Enhances Its Performance. We first explored the kinetics
of our signaling cascades through numerical simulations by
employing rate constants typical of DNA−DNA interactions.57

Figure 1. Kinetically programmed signaling cascades for molecular detection. Inspired by cell signaling cascades (a), we have created a similar 4
components DNA-based signaling cascade that transduces the binding of a specific target molecule into a convenient electrochemical output (b). In
the presence of a target molecule (input), a DNA aptamer (receptor) is sequestered and unable to hybridize with its complementary redox-labeled
signaling DNA (processor). This latter can then bind to the capturing DNA (output) on the electrode surface and generate high electrochemical
signal. In the absence of the target molecule, the DNA aptamer remains unbound and available to hybridize with its complementary signaling DNA,
inhibiting the formation of the signaling-capturing DNA duplex on the surface of the electrode, thus generating low electrochemical currents. (c)
Simulation of this proposed signaling cascade reveals that its output signal gain and response time can be drastically enhanced by programming the
kinetics of the three reactions such that k1 ≫ k2 ≫ k3 (100x). The output signal gain (%) represents the percentage of signaling-capturing DNA
duplex variation (variation in current) when adding 100 nM of target (see Figure S1 for complete simulation parameters).
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When the affinity of all interactions and their rate constants, k1,
k2, and k3, are set equal (for example, k1 = k2 = k3 = 0.01 nM−1

min−1), we found that the signaling cascade only produces a
91% output signal gain at equilibrium (Figure 1c, light gray
curve). Since aptamer typically binds non-nucleic acid targets
faster than DNA−DNA interactions form (k1 > k2) and since
DNA hybridizes more rapidly in solution than on surfaces (k2
> k3), we further explored the kinetics of the signaling cascade
using k1 > k2 > k3. When k1 = 10k2 = 100k3, the signaling
cascade produced a much higher output signal gain (387%)
before reaching equilibrium (Figure 1c, dark gray curve).
When employing an even more significant kinetic difference,
for example, k1 = 100k2 = 10,000k3, the output signal gain was
further enhanced to 1716% before reaching equilibrium
(Figure 1c, black curve). The larger gain obtained via such
kinetics programming is mainly attributed to the lower signal
background produced in the absence of a target, since the
unbound aptamer can rapidly bind and inactivate the signaling
DNA (k2) before it has time to reach the sensor surface (k3)
(Figure S1). Overall, these simulations proved that kinetically
controlled signaling cascades are promising and that their
performance can even be further optimized through kinetics
programming.
Engineering a Signaling Cascade for the Detection of

Quinine. As an initial proof-of-principle to validate our
kinetically programmed signaling cascade, we selected quinine,
a popular antimalarial drug,58 as the target molecule in our
assay (Figure 2a). Although quinine is among the most widely
used antimalarial drugs, it is associated with several dose-

dependent toxicities, such as cinchonism, hypoglycemia, and
hypotension.59 Consequently, home-based strategies for
monitoring therapeutic agents, including quinine and other
medications, could substantially enhance treatment efficacy
and safety.60 To develop a signaling cascade to detect quinine,
we employed a well-characterized quinine-binding aptamer61,62

and designed a 16-nucleotides redox-labeled signaling DNA
complementary to both the quinine-binding aptamer and a
capturing DNA (16-nucleotides) attached to a gold surface
(Figure 2a). We then employed electrochemistry (Figure 1b,
k3) to quantify the concentration of the single-stranded redox-
labeled signaling DNA via its hybridization to its electrode-
bound complementary DNA sequence (capturing DNA). This
specific electrochemical signaling mechanism (k3), previously
developed and characterized by us and others,46,63,64

demonstrates great robustness and low interference when
deployed in complex samples such as whole blood. Briefly, the
16-nucleotides signaling DNA possesses a redox-active
methylene blue attached to its 5′-extremity, which is brought
next to the electrode surface upon hybridization to its surface-
bound complementary DNA (capturing DNA). Upon
approaching the gold electrode surface, the methylene blue
undergoes electron transfer, thereby generating an electro-
chemical signal that correlates with the concentration of
hybridized signaling DNA. We designed this 16-nucleotide
signaling DNA so that it can also hybridize to the 5′-extremity
of the aptamer sequence, but other binding locations could
have also been explored and tested. We hypothesized that
quinine binding will stabilize the folded conformation of the

Figure 2. (a) A kinetically programmed DNA-based signaling cascade engineered for quinine detection. Simulated and experimental kinetics (b),
gain (c), and dose−response curves (d) of the kinetically programmed assay for the detection of quinine (5 min). The gain represents the
percentage of signaling-capturing DNA duplex change between the sample containing or not containing quinine (((Swithquinine − Snoquinine)/Snoquinine)
× 100%). C50% represents the target concentration at which the observed signal gain is half its maximal value. The simulations were performed using
100 μM quinine, 100 nM aptamer, 100 nM signaling DNA, and 100 nM capturing DNA. The experiments were performed in 1 mL of phosphate-
buffered saline solution containing 100 μM quinine, 100 nM aptamer, and 100 nM signaling DNA, while maximum density of capturing DNA was
obtained by functionalizing our electrodes using 300 nM of capturing DNA (see electrode fabrication and electrochemical measurement section in
Supporting Information). Of note, the experimental signaling cascade shows a typical one-site binding with “81-fold” dynamic range from 1.4 μM
to 113 μM.17,65 The error bars show the standard deviation obtained from three sensors.
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aptamer and therefore inhibit its association with its
complementary signaling DNA sequence.

We first modeled the expected cascade response by
employing the experimentally determined kinetic parameters
(association rate constant, kon and dissociation rate constant,
koff) of all three reactions involved in the cascade: quinine-
aptamer binding (Figure S2a), aptamer-signaling DNA hybrid-
ization (Figure S2b), and signaling DNA-capturing DNA
hybridization (Figure S2c). We found that the rate of complex
formation between quinine and its aptamer, k1, is 258 times
faster (Figure S2d) than the rate of aptamer-signaling DNA
hybridization in solution, k2 (negative charges on DNA
typically slow DNA hybridization rates). We also found that
the hybridization rate of the signaling DNA on the surface-
bound capturing DNA, k3, is 42 times slower than that of k2
(Figure S2d). This ensures that most signaling DNAs will be
rapidly bound and inhibited by the aptamer in the absence of
the target before reaching and hybridizing the complementary
capturing DNA on the surface. We performed the first
simulations and experiments using a high concentration of
quinine (100 μM) (Figure 2b,c) to ensure maximal binding
and sequestration of the aptamer (the KD of quinine-aptamer is
0.87 μM, see Figure S2). We selected a 100 nM aptamer
concentration to enable detection limit in the low nM range of
the target in the case where the aptamer would display strong
affinity for its target (e.g., KD < 10 nM). The aptamer
concentration was also set equal to the signaling DNA
concentration to enable complete inhibition of this later in
the absence of target (100 nM of aptamer hybridizes to 100
nM of signaling DNA). Of note, 100 nM of signaling DNA was
also shown to provide sufficient electrochemical current for
reaction times below 10 min.46 In the absence of quinine, most
signaling DNA rapidly hybridizes the aptamer, and only a small
fraction remains available to hybridize with the capturing DNA

(see the gray curve, Figure 2b, top). A second slower transition
represents the slow equilibration process between the kineti-
cally trapped signaling DNA in the rapidly formed aptamer-
signaling DNA complex and the signaling-capturing DNA
complex (Figure S3a). In the presence of quinine, the aptamer
is rapidly sequestered (or inhibited), and the signaling DNA
preferentially hybridizes to the capturing DNA (see the green
curve, Figure 2b, top). A second slower phase, leading to a
reduction in the electrochemical signal, represents the slow
equilibration between the kinetically trapped signaling DNA in
the signaling-capturing DNA complex and its dissociation and
subsequent association with the free aptamer (Figure S3b).

We then tested these simulations by deploying the signaling
cascade in a phosphate-buffered saline solution and found that
all predicted transitions were also detected in the experiment
(Figure 2b, bottom). As noticed in our initial simulations
(Figure 1c), the maximal gain in the presence of quinine also
takes place well before equilibrium is reached (Figure 2c). Of
note, the smaller maximal gain obtained experimentally (342%
versus 738% for simulation) may be attributable to the fact that
the simulation does not consider that the capturing DNA is
attached to the surface. This may lead to a decrease in kon with
time as the surface becomes more crowded with negatively
charged DNA. We also noted that the simulation and
experimental data revealed similar dose−response curves and
C50% after a reaction time of 5 min (4.6 μM versus 12.6 μM,
respectively; see Figure 2d). We noted that this dose−response
curve is approximately shifted by 10-fold to higher
concentrations of targets compared to the original aptamer
KD (0.87 μM, see Figure S2). Simulations further revealed that
longer reaction times increased the C50% values, resulting in
reduced sensitivity (Figure S4). For instance, C50% increased
from 1.9 to 33.9 μM for reaction times between 1 min and
equilibrium, respectively (Figure S4e). This can be attributed

Figure 3. Quinine detection cascade is kinetically controlled and may be further optimized by tuning the reaction rates (k1 > k2 > k3). Quinine
assays were conducted under the following conditions: (a) a one-step reaction; (b) preincubation of quinine with its aptamer for 30 min; (c)
preincubation of the aptamer with signaling DNA for 30 min; and (d) preincubation of the signaling and capturing DNA for 30 min. (e) Increasing
k2 relative to k3 by raising the aptamer concentration improved the gain. The gain was obtained after 5 min of reaction. (f) Reducing k3 relative to
k2 by increasing the density of capturing DNA on the electrode surface also improved the gain. The gain was obtained after 5 min of reaction. The
error bars show the standard deviation obtained from three sensors.
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to the presence of the signaling DNA that competes with the
target for aptamer binding.56 As a result, although a larger gain
is observed at around 60 min when detecting high quinine
concentrations (100 μM, Figure 2c, top), comparable gains are
achieved at 5 and 60 min reaction times when detecting
concentrations near the detection limit (e.g., 1 μM; see Figure
S4f). Considering that most sensing applications (particularly
point-of-care diagnostics) benefit from rapid response times
(ideally under 10 min) and low detection limits, we selected a
reaction time of 5 min for all subsequent experiments. Of note,
the dynamic range of the signaling cascade exhibits the typical
81-fold range, consistent with that of a one-site binding system,
with optimal sensitivity ranging from C50%/9 (10% signal) to
C50% × 9 (90% signal).17,65 Overall, the strong agreement
between the simulation and the experiments suggests that our
signaling cascade works according to our proposed model.
The Signaling Cascade Is Kinetically Controlled. As

shown in the simulation results (Figures 1c and S1), the
performance of the signaling cascade is expected to be strongly
dependent on the kinetics of its component. To validate this
experimentally, we artificially mimicked an increase in the
different reaction rates (Figure 3). For example, quinine was
premixed with its aptamer before introducing the signaling and
capturing DNA to artificially increase k1 relative to k2 and k3.
Given that k1 is already considerably faster than k2 and k3 (see
Figure S2d), no significant kinetic variation was observed
between the one-step reaction (Figure 3a) and the quinine-
aptamer preincubation (Figure 3b). Simulations also indicate
that if k1 remains equal to or faster than k2, similar sensing
performances will be achieved (Figure S5). In contrast, a
marked decrease in sensing performance was noted when the
aptamer and signaling DNA were preincubated for 30 min

prior to the addition of quinine and capturing DNA, effectively
simulating a scenario in which k2 exceeds both k1 and k3
(Figure 3c). This observation indicates that after the aptamer-
signaling DNA complex is established, the strong binding
affinity and slow dissociation of the duplex hinder the signaling
DNA from binding the capturing DNA within the duration of
the experiment (t1/2 of aptamer-signaling DNA duplex is ∼630
min, see Figure S2b). Finally, preincubation of the signaling
and capturing DNA for 30 min prior to addition of quinine and
the aptamer resulted in a very high signal background,
reflecting a kinetic condition where k3 exceeds both k1 and
k2 (Figure 3d). Without quinine, the initially high background
current declines slowly over time as signaling DNA detaches
from the capturing DNA and associates with the aptamer (t1/2
of the signaling-capturing DNA duplex is ∼592 min, see Figure
S2c). In contrast, when quinine is present, the signal remains
largely unchanged because the aptamer preferentially binds
quinine, preventing it from sequestering any dissociated
signaling DNA. Overall, these findings show that our one-
step, kinetically programmed signaling cascade achieves higher
gain when the reaction rates are programmed such that k1 > k2
> k3.

To further improve the gain and performance of our
signaling cascade, we explored how the assay can be further
optimized by programming k1, k2, or k3 via various strategies.
Previous simulations showed that enlarging the rate differences
among k1, k2, and k3 enhances the gain by reducing the
background and increasing the signal (Figure S1). Since the
difference in reaction rate between k2 and k3 in our assay could
be further increased (∼42 times, see Figure S2d), we first
selectively increased k2 over k3 by raising the concentration of
the aptamer from 50 to 200 nM (Figure S6a). This increased

Figure 4. Kinetically programmed DNA-based signaling cascade is relatively insensitive to variations in affinities between its interacting
components. (a) Increasing the affinity between the aptamer and signaling DNA (KD2) (from 14 to 18 Watson−Crick base pairs; 5.5 kcal/mol
variation) did not significantly affect the gain of the cascade (between 70 and 103% after 5 min of reaction in the presence of 100 μM quinine). (b)
Increasing the affinity between the signaling DNA and capturing DNA (KD3) (12 to 16 Watson−Crick base pairs; 6.0 kcal/mol variation) produced
only a slight gain change from 88 to 103% after 5 min of reaction in the presence of 100 μM quinine. The error bars show the standard deviation
obtained from three sensors.
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k2 (and thus the difference between k2 and k3) by
approximately 2.4 times (Figure S6b), improving the gain
from ∼28 to ∼177% (Figure 3e). Of note, increasing the
concentration of aptamer increases the gain by diminishing the
signal background (Figure S7). However, employing an
aptamer/signaling DNA ratio higher than two also shifts the
binding curve to higher concentrations of targets. This effect,
however, remains much smaller in the case of the kinetic assay
(i.e., when not performed until equilibrium; see Figure S7).
This also provides a simple strategy to tune the dynamic range
of this sensor.

In a second attempt to increase the difference between k2
and k3, we also decreased the density of the capturing DNA at
the electrode surface, which is an approach to accelerate
signaling-capturing DNA hybridization kinetics by lowering the
local charge density and reducing electrostatic repulsion near
the electrode surface (DNA is charged negatively).66 In order
to reduce capturing DNA surface density, we employed lower
DNA concentrations (300 nM, 100 nM, and 30 nM) during
functionalization.67 Using this strategy, we were able to
decrease the rate difference between k2 and k3 by 6.84-fold
(Figure S6c,d), which reduced the gain of the assay from ∼103
to ∼50% (Figure 3f). Overall, these results highlight that the
gain of the signaling cascade can be optimized by simply
varying the rates of k2 and k3, which was realized simply here
by varying the concentration of aptamer or the density of the
capturing DNA on the electrode. Alternatively, strategies such
as modifying DNA sequences and composition,34 using
toehold-mediated strand displacement reactions,36−39 or
employing multivalent and allosteric mechanisms14 could
also be adopted to regulate the kinetics of DNA interactions.
Kinetically Controlled Signaling Cascades Are Rela-

tively Insensitive to Thermodynamic Variations. The
performance of biosensors is typically dictated by the
interaction between the receptor and the target. However,
typical biosensors working under thermodynamic equilibrium
are also largely sensitive to various additional parameters,
including the folding and interacting energies of their
components. These, therefore, require specific, and tedious

optimization.9,17,68 We therefore explored whether our kineti-
cally programmed signaling cascade required a similar level of
optimization. For this purpose, we performed numerical
simulations, which demonstrated the insensitivity of the kinetic
assay (5 min) to variation in KD2 and KD3. In contrast, these
modifications had a huge impact on the performance of the
same assay performed at equilibrium (Figure S8). To validate
this experimentally, we have tested a set of signaling DNA with
increasing affinity (length) for the aptamer (decreased KD2)
and a set of capturing DNA with an increasing affinity for the
signaling DNA (decreased KD3). Increasing the hybridization
length is known to decrease koff proportionally with the
number of added Watson−Crick base pair.69,70 On the other
hand, increasing hybridization length above 7 nucleotides,
typically has little impact on the kon,

69,70 although this remains
complex to predict depending on the aptamer fold (see notes
in Figure S8). Our simulation was well validated exper-
imentally: increasing the affinity between the aptamer and
signaling DNA (KD2) by 5.5 kcal/mol (from 14 to 18 Watson−
Crick base pairs, Table S2) did not significantly affect the gain
of the cascade (between ∼70 and ∼103% at 5 min in the
presence of 100 μM quinine�Figure 4a). We noticed a
significantly lower gain (∼20%) only when the affinity between
the aptamer and signaling DNA was reduced to the point of
preventing their interaction (e.g., 12 Watson−Crick base
pairs).

A similar trend was also observed when varying the KD3, the
affinity between the signaling and capturing DNA. For
example, a variation of up to 6.0 kcal/mol in the affinity
between the signaling DNA and capturing DNA (from 12 to
16 Watson−Crick base pairs, Table S3) only produced a slight
gain change from ∼88 to ∼103% in the presence of 100 μM
quinine (Figure 4b). Again, the gain was significantly affected
only when the affinity between the signaling and capturing
DNA was not enough to drive hybridization between these
components (e.g., 10 Watson−Crick base pairs; ∼24% gain
with less than 20 nA current after 5 min). The relative
insensitivity of the signaling cascade to variation in signaling−
capturing DNA affinity contrasts with the substantial effects

Figure 5. Kinetically programmed DNA-based signaling cascade can be easily adapted to create a variety of “signal-on” sensors with minimal
optimization. Here, we employed 16-nucleotide signaling DNA to develop (a) a quinine sensor, (b) an ATP sensor, (c) a thrombin sensor, and (d)
a PDGF sensor. The gain was measured by comparing the electrochemical current with or without the target following a 5 min reaction time. The
detection limits of each sensor were found to be proportional to the KD of the aptamers: 2.2 μM (quinine sensor), 0.15 mM (ATP sensor), 17 nM
(thrombin sensor), and 50 nM (PDGF sensor) (see Figure S9). All binding curves displayed the classic hyperbolic 81-fold dynamic range expected
for one-site binding system.17,65 The error bars show the standard deviation obtained from three sensors.
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that such modifications typically exert on equilibrium-based
mechanisms.71 For example, mutations affecting a sensor’s
switching equilibrium by ∼3 kcal/mol (about 200-fold
switching equilibrium constant variation, KS) can typically
affect the signal change (or gain) by over 10-fold.9 Overall, the
relative insensitivity of the signaling cascade to variations in
KD2 and KD3 provides a significant design benefit compared
with conventional equilibrium-based biosensors (e.g., struc-
ture-switching sensors71) that require precise thermodynamic
tuning (e.g., folding energies72). For example, employing a
relatively long 16-nucleotides signaling DNA should provide
enough binding energy to bind to any known aptamer
displaying either low or high folding energy. These results,
therefore, suggest that the kinetically programmed signaling
cascades can be rapidly adapted for detecting other molecule−
aptamer pairs without careful and time-consuming optimiza-
tion of the system thermodynamics.
The Signaling Cascade Is Modular and Readily

Adaptable for the Detection of Other Targets. To
highlight the modularity of our signaling cascade and its simple
design rules, we developed additional sensors for detecting
ATP, thrombin, and platelet-derived growth factor (PDGF).
For this purpose, we substituted the quinine-binding aptamer
with these other aptamers and designed signaling DNA
hybridizing to the 5′ DNA extremity of the aptamer and its
corresponding capturing DNA (see DNA sequences in
Supporting Information). Of note, other binding locations on
the aptamer could have been explored and tested if target

binding to the aptamer would not sufficiently inhibit the
interaction with its complementary sequence. As shown in
Figure 5, ATP molecules, thrombin, and PDGF were all
successfully detected using a 5 min reaction time. Notably, all
three additional sensors exhibited a robust “signal-on” response
with similar maximum gains above 100% under the same
detection conditions, concentrations of aptamer and signaling
DNA, and electrode densities. In addition, the development of
these sensors did not require any modification of the aptamers
to either attach the redox moiety or to optimize their folding-
unfolding thermodynamics.17 Furthermore, all of them were
engineered to achieve high surface probe density, improving
electrode fabrication reproducibility and reducing electrode
aging.73 It is worth noting that the dynamic range and
detection limit (see Figure S9) of these sensors also display a
∼10 000-fold variation (e.g., the C50% from 76 nM of thrombin
to 0.7 mM of ATP, and the detection limit from 17 nM of
thrombin to 0.15 mM of ATP), which correlates well with the
variation in binding affinities of the employed aptamers
(20 000-fold difference between KD of thrombin aptamer−
0.5 nM74,75 and ATP aptamer−10 μM76,77). Moreover, even
the slower ligand−aptamer interactions (such as the thrombin-
aptamer system78,79) did not impact the performance nor the
detection limit of the assay (see also Figure S5d,e for
simulations). Overall, these results highlight the universality
and simplicity of the kinetically programmed DNA-based
signaling cascade design.

Figure 6. Therapeutic drug monitoring using an electrochemical sensor based on the kinetically programmed signaling cascade. (a) The signaling
cascade assay can be performed directly in 5 μL of whole blood on a tiny integrated sensor (Micrux electrode, RE = reference electrode, WE =
working electrode, and CE = counter electrode). (b) Electrochemical current kinetics when performing the assay in 5 μL of mouse blood with 100
μM or no quinine. (c) Dose−response curve of the quinine assay in mouse blood after 5 min of incubation. Of note, the quinine concentration
could be measured down to about 2 μM, the detection limit of the quinine sensor in mouse blood (Figure S14). (d) We measured the
pharmacokinetics of quinine (10 mg/kg of body weight) in 5 mice using the signaling cascade assay. The elimination rate constants varied from
0.025 to 0.086 min−1. (e) Similar pharmacokinetics and elimination rate constants were found in 5 additional mice when employing the gold
standard HPLC assays that require a 20 μL sample volume and hours of extraction/characterization procedures. The individual HPLC results are
shown in Figure S15.
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The Signaling Cascade Transduces Efficiently in
Whole Blood and Is Multiplexable. To demonstrate the
ability of our kinetically programmed signaling cascade to
detect target molecules in a complex matrix, we then showed
the detection of quinine directly in whole blood. We first
demonstrated that blood does not interfere with the electro-
chemical measurements of our signaling DNA (methylene blue
electrochemistry) and does not affect the performance of the
signaling cascade (Figure S10). For example, we found that our
electrochemical assay displayed no background in blood and
provided gains similar to those obtained in buffer (90% versus
103% for 100 μM quinine detection, respectively). As
expected, we also noticed that the signaling mechanism of
our assay is not affected by the nonspecific adsorption of blood
proteins on the sensor surface (Figure S11a). This is because
the redox element is attached to the signaling DNA, and its
hybridization efficiency is not significantly affected by the
complex biological matrix.

Another advantage of signaling cascades is their high
selectivity and specificity, which enable them to function
simultaneously inside a small sample volume (e.g., inside a
cell). Taking advantage of this critical feature and the
barcoding ability of DNA, we tested whether the signaling
cascade can be performed in a multiplexed environment
together with another known hybridization-based assay46

(Figure S11). To illustrate this, we conducted the quinine
signaling cascade assay alongside another electrochemical
DNA hybridization assay that detects large molecules (e.g.,
antibodies) via steric hindrance,46 using the same blood sample
(Figure S11b). For this purpose, we fabricated two rod
electrodes, each functionalized with a specific capturing DNA
(i.e., one for each assay), and these “multiplexed assays”
provided similar performance when performed simultaneously
in the same blood sample (Figure S11c,d). We further
validated the high selectivity and specificity of DNA signaling
cascades by performing NUPACK simulations80,81 on all 12
DNA components employed in the four signaling cascades
developed in this work. These simulations predict that no
significant interference or crosstalk (nonspecific hybridization)
would be detected even if the four signaling cascades were
performed simultaneously in the same sample (Figure S12).
Together, these results suggest that signaling cascades can be
deployed directly in whole blood and be performed
simultaneously in a multiplexed format to detect multiple
targets in the same blood sample.
Adapting the Signaling Cascade into a Rapid, One-

Step, Digital, Quantitative Sensor. To illustrate the
usefulness of the kinetically programmed signaling cascade
for health monitoring, the quinine assay was transformed into
an affordable sensor that enables therapeutic drug monitoring
(TDM) using just a single drop of blood. Convenient
strategies enabling the monitoring of quinine and other
antimalarial drugs at home would represent a significant
breakthrough to improve the efficacy and effectiveness of these
treatments.60 To develop an inexpensive sensor that would
require only a small blood volume, we employed Micrux
electrodes (ED-SE1-AuPt) that contained three electrodes
(0.08 cm diameter gold working electrode with platinum
counter and reference electrodes) that only required 5 μL of
sample (Figure 6a). To further optimize the gain of the quinine
assay, we employed an aptamer-signaling ratio of 3:1 (Figure
S13) that provided a large 316% gain after 5 min of reaction in
the presence of 100 μM quinine in 5 μL of mouse blood

(Figure 6b,c). Using these conditions, we characterized the
dynamic range of the quinine sensor in blood (Figure 6c) and
found that its optimal sensitivity aligns well with the
recommended therapeutic peak plasma quinine concentration
(World Health Organization recommendation: 5.27−17.9 μg/
mL or 16−55 μM).82 We subsequently performed pharmaco-
kinetic studies in five mice administered quinine at a dose of 10
mg/kg body weight, a clinically relevant dose. The observed
elimination rate constants differed by up to approximately 3-
fold between individual mice (Figure 6d). Since gold standard
HPLC analysis for quinine detection requires much more
blood volume (20 μL for analysis) to perform simultaneous
analysis on both approaches (a maximal amount of 20 μL
could be collected for each time point in mice), we also
performed pharmacokinetic profiling on five additional mice
using HPLC measurements. These results revealed a similar
average elimination rate constant and kinetics variation (3-
fold) across mice samples (Figures 6e and S15). Our signaling
cascade assay is achievable in a single 5 min step using only 5
μL of whole blood, while HPLC demands extensive pretreat-
ment, prolonged analysis, and more than 20 μL of blood. This
slow HPLC turnaround time, from sample collection to data
assessment, typically prevents the use of TDM to optimize
treatment via real-time dosage adjustments.

To illustrate how our signaling cascade could be adapted
into an easy-to-use sensor capable of enabling at-home TDM,
we further developed a workflow similar to that of currently
commercialized lateral flow assays (Figure S16).83 In this
simple workflow architecture, the aptamer and signaling DNA
are coated on the bottom and on the lid of a small Eppendorf
tube, respectively. A small blood sample, 10 μL, is then
conveniently added using an Aqua-Cap (Figure S16). Through
a simple 10−20 s manual mixing of this Eppendorf tube, we
demonstrated the detection of quinine in 10 μL of blood in 5
min. Overall, these results show that the kinetically
programmed signaling cascades perform well in a one-pot
format, which allows a simple one-step workflow that can be
performed by untrained users.

■ DISCUSSION
In this study, we drew inspiration from natural cell signaling
cascades to develop a simple DNA-based cascade composed of
four modules and three molecular reactions, designed to detect
target molecules via an electrochemical output. We first
designed and validated this cascade using simulations and
experiments and showed that specific kinetic tuning drastically
improves its performance (rate, gain, and sensitivity). For
example, the signaling cascade generated a maximum “signal-
on” gain of 560% for detecting quinine directly in whole blood,
compared to only 40−60% gain from the original sensor based
on the same aptamer.84,85 We also highlighted the relative
insensitivity of this kinetically controlled cascade to changes in
the affinity of its components. We then demonstrated the
modularity and potential universality of the system by adapting
it to detect four different molecular targets without requiring
thermodynamic optimization. Notably, the cascade operated
directly in a 5 μL drop of unprocessed blood using a simple,
one-step, 5 min procedure, eliminating the need for separation,
washing, or purification steps typically required by centralized
laboratory methods.

Throughout the last 25 years, many research groups have
pursued the development of potentially universal sensing
platforms for point-of-care applications. Despite significant
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progress, several technological hurdles continue to impede the
translation of these systems into practical, commercial point-
of-care devices (see recent reviews68,86−88). Key challenges
include: (1) achieving reliable performance within the first few
minutes of exposure to whole blood, despite biofouling; (2)
designing simple, modular sensors that do not require receptor
modification or complex thermodynamic tuning (e.g., opti-
mized folding energies, precise redox element placement); and
(3) implementing signaling mechanisms that avoid the need
for precise surface-density optimization while still providing
high signal-on gain. Our kinetically programmed signaling
cascades address all of these limitations. Our approach does
not require long equilibration times (>5 min) in blood to
mitigate biofouling effects. Our cascades also operate more
rapidly (<5 min) than recently developed signaling mecha-
nisms employing DNAzymes63 or mRNA/ribosomes sys-
tems.89 Additionally, the cascades require no receptor DNA
modification (e.g., redox labeling or surface attachment),
preserving the receptor’s native specificity and affinity.
Moreover, our system functions effectively at high surface
densities, which enhances electrochemical current and sensor
stability.73 Currently, our signaling cascade achieves detection
limits in the low nanomolar range (e.g., 17 nM for thrombin
detection, see Figure 5), which is up to 100 000 times more
sensitive than traditional electrochemical enzyme-based
sensors like glucometers. Notably, the sensitivity could be
further improved by incorporating published signal amplifica-
tion strategies. For example, nanostructure electrodes,67,90

super sandwich strategies,91 and other amplification strat-
egies92 have previously enhanced the sensitivity of hybrid-
ization-based assays by up to 1000-fold.

Over the past two decades, several signaling cascades have
been engineered for diverse applications, including synthetic
biology, DNA computing, drug delivery, and sensing. In this
work, we have demonstrated the development of one-step
kinetically programmed signaling cascades that enable rapid,
high-gain, and user-friendly electrochemical sensing. We
believe that such kinetically programmed cascades hold
promise for broader applications across chemistry and
bioengineering, particularly in areas currently constrained by
complex or multistep chemical workflows. Our findings also
provide insight into the potential evolutionary advantages of
kinetic control in biological systems. Specifically, we show that
the output of our signaling cascade is predominantly governed
by kinetic parameters and is relatively insensitive to
thermodynamic factors, such as mutations that alter
component affinities or equilibrium states. This suggests that
kinetic programming may offer a robust strategy for
maintaining function under varying conditions. As computa-
tional models of biochemical signaling improve, it will be
increasingly valuable to investigate how natural cascades have
been kinetically optimized over evolutionary time scales and
whether similar design principles have been selectively
preserved to ensure rapid, reliable signal processing in living
organisms.
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