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Coupling Exponential to Linear Amplification for Endpoint
Quantitative Analysis

Coline Kieffer, Yannick Rondelez, and Guillaume Gines*

Exponential DNA amplification techniques are fundamental in ultrasensitive
molecular diagnostics. These systems offer a wide dynamic range, but the
quantification requires real-time monitoring of the amplification reaction.
Linear amplification schemes, despite their limited sensitivity, can achieve
quantitative measurement from a single end-point readout, suitable for
low-cost, point-of-care, or massive testing. Reconciling the sensitivity of
exponential amplification with the simplicity of end-point readout would thus
break through a major design dilemma and open a route to a new generation
of massively scalable quantitative bioassays. Here a hybrid nucleic acid-based
circuit design is introduced to compute a logarithmic function, therefore
providing a wide dynamic range based on a single end-point measurement.
CELIA (Coupling Exponential amplification reaction to LInear Amplification)
exploits a versatile biochemical circuit architecture to couple a tunable linear
amplification stage – optionally embedding an inverter function –
downstream of an exponential module in a one-pot format. Applied to the
detection of microRNAs, CELIA provides a limit of detection in the
femtomolar range and a dynamic range of six decades. This isothermal
approach bypasses thermocyclers without compromising sensitivity, thereby
opening the way to applications in various diagnostic assays, and providing a
simplified, cost-efficient, and high throughput solution for quantitative nucleic
acid analysis.

1. Introduction

Exponential DNA amplification methods are a cornerstone
of ultrasensitive molecular diagnostics. Although polymerase
chain reaction (PCR) is the most emblematic illustration[1,2],
isothermal amplification schemes are rapidly expanding, offer-
ing promising alternatives. For example, loop-mediated isother-
mal amplification (LAMP, used notably for rapid SARS CoV-2
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testing[3]), exponential rolling circle ampli-
fication (eRCA, that leverages processive
and strand-displacing enzymes like Phi29
DNA polymerase),[4] or Exponential Am-
plification reaction (EXPAR, which can be
easily connected to diverse input targets
like DNA, RNA, protein or even small
metabolites)[5] allow exponential process
going from a few copies of a nucleic acid tar-
get, up to easily detectable concentrations
– typically via an optical readout. Quantifi-
cation measurements, however, rely on the
real-time kinetic monitoring of the reaction
to extract an amplification time (e.g. cycle
threshold, Ct for qPCR), which is logarith-
mically related to the initial target concen-
tration (Figure 1A). As such, these expo-
nential assays offer an exceptional dynamic
range (up to 8 decades).[6] Although a sim-
pler, endpoint measurement is possible, it
drastically reduces the dynamic range[7] and
is generally only used to retrieve qualitative
(yes/no) information,[8] essentially because
the exponentially amplified signal quickly
reaches saturation (Figure 1B).

By contrast, linear amplification schemes
such as RCA[9,10] or strand displacement
amplification (SDA)[11] authorize quanti-
tative endpoint readout. However, owing

to the slow, linear accumulation of signal, these methods are
much less sensitive than their exponential counterparts and pro-
vide a linear dynamic range (Figure 1C).

In this work, we design a modular DNA/enzyme-based reac-
tion network that allows for quantitative endpoint measurement
of nucleic acid targets while maintaining the sensitivity and wide
dynamic range of an exponential strategy. The concept relies on
Coupling an Exponential amplification reaction to LInear Ampli-
fication stage with tunable gain (CELIA, Figure 1D).

2. Results and Discussion

We built on a previously reported EXPAR-like molecular
switch based on the polymerase-exonuclease-nickase (PEN)
toolbox,[12,13] which allows exponential signal strand amplifica-
tion while mitigating nonspecific reactions[14]. The original cir-
cuit is assembled from three DNA templates: the amplification
template (aT𝛼) is a dual-repeat sequence embedding a nicking
recognition site, which encodes the exponential replication of a
signal strand (𝛼) upon polymerization/nicking cycle; the pseudo-
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Figure 1. Comparison of the sensitivity (S), quantitativity (Q) and readout (real-time, rt or endpoint, ep) for various amplification schemes, applied to a
serial dilution of a target. A) Exponential amplification enables highly sensitive target detection, but it requires the real-time monitoring of the amplifica-
tion reaction to provide quantitative information. B) Exponential amplification reactions with endpoint analysis provide low-cost and fast readout, but the
saturation of the signal occurs too rapidly to retrieve quantitative information, rendering it suitable only for qualitative analysis C) Linear amplification
can be used for endpoint target quantification, however with a limited sensitivity due to the low amplification fold. D) The proposed CELIA approach
combines the sensitivity of exponential amplification with the convenience and lower cost of endpoint readout afforded by linear amplification. This is
achieved by conditionally implementing a linear amplification stage after the exponential amplifier stage. Horizontal and vertical blue lines correspond
to the selected amplification signal threshold and endpoint time, respectively.

template (pT𝛼) is made of the complementary sequence of 𝛼 to
which is appended a short 5’ polynucleotide sequence (e.g. pen-
tathymidylate) that allows the deactivation of 𝛼 by polymerase
extension;[14] the reporter template (rT𝛼) is a hairpin-shape struc-
ture labeled with a fluorophore and a quencher, that is used to
probe the presence of complementary 𝛼 strands. To implement a
CELIA circuit, we connected this exponential amplification mod-
ule to the linear production of a secondary signal strand (𝜔) by
introducing two additional templates. The first one is a linear
template (𝛼to𝜔) that takes 𝛼 as input and creates 𝜔 via polymer-
ization/nicking cycles. The second one is a 𝜔-specific reporter
template (rT𝜔) which reveals the accumulation of 𝜔 in a second
fluorescent channel.

We first tested the linear amplification module in isolation
(see Figures S1–S5 (Supporting Information) for detailed reac-
tion networks). We preloaded 𝛼to𝜔 with an excess of its input
and monitored the signal generated by the red-fluorescent re-
porter rT𝜔 (Figure 2A). We indeed observed a linear response
in time followed by a saturation phase when all rT𝜔 has reacted.
Additionally, the response of this amplifier can be finely tuned
in terms of i) the amplification gain, by varying the concentra-
tion of 𝛼to𝜔 (Figure 2E,F); ii) the signal saturation, which is di-

rectly proportional to the concentration of rT𝜔 (Figure 2D,F);
iii) the linear amplification time window (before reaching sat-
uration), which depends on the ratio between 𝛼to𝜔 and rT𝜔
(Figure 2C,F).

We next connected the linear amplification module down-
stream of an exponential amplification switch (aT𝛼/pT𝛼/rT𝛼)
in such a way that the endpoint signal from the linear amplifier
(rT𝜔 fluorescence) should be inversely correlated to the ampli-
fication time of the exponential switch (At, i.e. the time it takes
for the rT𝛼 fluorescence to rise above a given detectable value,
Figure 3A and B). To check this correlation, we continuously
modulated the At values between 10 and 1000 min by varying
the initial concentration of 𝛼 initiator (the higher, the sooner the
At) and pT𝛼 inhibitor (the higher, the later the At,[14] Figure 3C
left). The red (rT𝜔) fluorescence signal (Figure 3C right) reveals
that the linear stage quasi-instantaneously kicks in following the
𝛼 amplification module, and rapidly reaches a linear regime (see
also Figure S6B, Supporting Information). In this experiment,
the 𝛼to𝜔 and rT𝜔 concentrations (2 and 200 nm respectively)
were set so that the linear amplification window is larger than
1000 min, corresponding to the range of tested amplification
times. We recorded the endpoint red (rT𝜔) fluorescence, which,

Adv. Sci. 2024, 11, 2309386 © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH2309386 (2 of 9)

 21983844, 2024, 21, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202309386 by E

SPC
I ParisT

ech, W
iley O

nline L
ibrary on [18/09/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

Figure 2. A linear amplification module with tunable response. A) The module is composed of the template 𝛼to𝜔, which linearly produces 𝜔 once loaded
with the 𝛼 input, and rT𝜔, which generates a fluorescence signal once bound to 𝜔. B) The linear amplification is monitored in real-time for different
concentrations of the two templates, allowing us to extract the amplification gain (related to the slope), the saturation level, and the linear response
time window (i.e. the time it takes for the signal to reach saturation). C) Linear amplification window as a function of the ratio [rT𝜔] /[𝛼to𝜔]. D) Linear
amplification curves for [𝛼to𝜔] = 5 nM and various [rT𝜔]. The right plot corresponds to box and whisker chart of the rT𝜔 saturation level as a function of
[rT𝜔] for various [𝛼to𝜔]. E) Linear amplification curves for [rT𝜔] = 125 nM and various [𝛼to𝜔]. The right plot corresponds to box and whisker chart of the
amplification gain as a function of [𝛼to𝜔] for various [rT𝜔]. F) Color-coded array plots of the fluorescence saturation (left), amplification gain (middle),
and linear amplification window (right).

as expected, is negatively correlated to the At, with a coefficient
of determination R2 = 0.986 (Figure 3D). The correlation can
be improved by normalizing the rT𝜔 with the fluorescence at
saturation (Figure S7, Supporting Information). This suggests
that the slight deviation from the linear regression curve can
be attributed in part to inter-well variations of the optical signal
recorded by the real-time fluorescence scanner and would be
mitigated with an appropriate fluorescent setup. Importantly, we
verified that the linear amplification gain is consistent over time
(1.15 10−2 ± 5.9 10−4 RFU min−1, CV ≈ 5%) and independent
from the exponential amplification time (Figure S6E, Supporting

Information). This is a crucial requirement for being able to use
the endpoint rT𝜔 signal in quantitative biosensing applications.

Reversing the signal to obtain a positive correlation between
the amplification time and the end-point rT𝜔 signal would
enhance the modularity of the molecular circuit, enabling the
implementation of logical operations (e.g., NOT gate), which
are fundamental in building complex molecular programming
systems.[15–17] The circuit architecture has been adjusted to
encode such inverter function (Figure 4A): a converter tem-
plate 𝛽to𝜔 constitutively produces 𝜔 at a rate controlled by the
concentration of 𝛽to𝜔 and its input 𝛽 (Figure S8, Supporting
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Figure 3. Negative linear correlation between the amplification time of the exponential module and the endpoint signal of the linear module. A) The
linear module is connected downstream of an exponential amplification reaction, whose start time is controlled by the initial concentration of 𝛼 and pT𝛼.
B) Both amplifications are monitored in parallel through the corresponding rT fluorescence, allowing the extraction of amplification times (rT𝛼) and
endpoint signals (rT𝜔). C) Time traces for the exponential (left) and linear amplification (right). Matching colors on the two plots correspond to the same
sample (see also Figure S6, Supporting Information). The horizontal blue line materializes the signal threshold used to extract the amplification time
(At) in the exponential mode. The vertical blue line corresponds to the endpoint time in the linear amplification mode. D) Endpoint rT𝜔 (t = 1000 min)
as a function of the amplification time At.

Information). This linear amplification module hence generates
a linear increase in rT𝜔 fluorescence from the beginning of the
incubation. Once the exponential amplification of 𝛼 kicks in, it
triggers the production of a 𝛽 inhibitor under the form of a pseu-
dotemplate (pT𝛽) via the killer template 𝛼k𝛽 [18] (which uses 𝛼 as
input and produces pT𝛽 as output). Since 𝛽 reversibly binds to
𝛽to𝜔 (Experimental Section, see the section on template design),
it can hybridize to the newly produced pT𝛽, and be extended by
the DNA polymerase which releases an inactive form (𝛽 i). This
stops the production of 𝜔 and eventually makes the rT𝜔 signal
plateau. Figure 4C shows the real-time amplification curves of
𝛼 (exponential) and 𝜔 (linear). Like in the experiment shown
in Figure 3, the 𝛼 At is modulated by the pT𝛼 inhibitor and
the 𝛼 initiator concentration. As anticipated, the sooner the 𝛼

amplification, the lower the 𝜔 plateau. The endpoint 𝜔 signal is
now positively correlated to the 𝛼 amplification time (R2 = 0.985,
Figure 4D). We noticed that the inhibition of the linear am-
plification occurs after a certain delay from the exponential
amplification time, which is dependent on the linear amplifi-
cation gain (i.e., the concentration of 𝛽 and 𝛽to𝜔, Figure S9,
Supporting Information) and can be reduced by increasing the
concentration of 𝛼k𝛽. However, increasing 𝛼k𝛽 also aggravates
the nonspecific production of pT𝛽 stemming from the leak of

the killer template (Figure S10, Supporting Information). Such
a leak is responsible for the premature decrease of the 𝜔 produc-
tion rate and results in an underestimation of the endpoint 𝜔
signal at high amplification time (> 250 min for 𝛼k𝛽 = 1 nm).

The CELIA system was applied to the end-point quantifica-
tion of microRNA (miRNA) biomarkers.[19] We connected the
exponential-to-linear amplification circuit (with no inverter func-
tion) circuit downstream of a converter template (miRto𝛼) that
transduces the presence of an input miRNA into the generation
of 𝛼 strands (Figure 5A,B).[20] In this configuration, the higher
the target miRNA concentration, the sooner the amplification,
hence the higher the endpoint rT𝜔 fluorescence signal. The as-
say was calibrated for two miRNAs, let-7a and miR-203a, both
of which have been demonstrated to be associated with cancer
diseases.[21,22] The amplification mixture was spiked with a vary-
ing concentration of either of these miRNAs and the endpoint
fluorescence of rT𝜔 (t = 1000 min) is reported in Figure 5C.
As expected, the endpoint signal is positively correlated to the
miRNA concentration over 6 orders of magnitude, with a limit
of detection (LoD, determined from the mean signal of the neg-
ative control plus 3 times the standard deviation) of 17 and 33 fm
for let-7a and miR-203a, respectively. These values are in agree-
ment with the LoD computed from the exponential amplification

Adv. Sci. 2024, 11, 2309386 © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH2309386 (4 of 9)
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Figure 4. Inverter function. A) The circuit is composed of an exponential amplification module (aT𝛼, pT𝛼 and rT𝛼) and a constitutive linear amplification
module (𝛽to𝜔, 𝛽 and rT𝜔) interconnected by the killer template 𝛼k𝛽. Upon amplification of the 𝛼 signal, 𝛼k𝛽 produces pT𝛽, which in turn depletes the
pool of 𝛽 strand. This makes the linear amplification stop. As a result, the sooner the exponential amplification, the lower the endpoint linear amplification
signal. B) Both amplifications are monitored in parallel through the corresponding rT fluorescence, allowing the extraction of amplification times (rT𝛼)
and endpoint signals (rT𝜔). C) Time traces for the exponential (left) and linear amplification (right). Matching colors on both graphs correspond to
the same samples (see also Figure S11, Supporting Information). The horizontal blue line depicts the signal threshold for extracting the amplification
time (At) in the exponential mode and the vertical blue line corresponds to the endpoint chosen in the linear amplification mode. D) Endpoint rT𝜔 as a
function of the amplification time. The data points are fitted with linear regression.

(28 and 16 fm, respectively, Figure S12, Supporting Information),
demonstrating that the digital-to-analog signal conversion does
not negatively impact the sensitivity. In addition, a simple linear
amplification scheme (i.e. in the absence of any nonlinear signal
amplification) displays a LoD of 8.5 pm (Figure S13, Supporting
Information), supporting the gain of sensitivity brought by our
exponential-to-linear amplification strategy, although optimized
RT-qPCR assays displayed lower LoD (0.70 and 0.12 fm for let-
7a and miR-203a, respectively (Figure S14, Supporting Informa-
tion).

Leveraging miRNAs as biomarkers generally requires ultra-
sensitive detection, and thus real-time techniques.[23] The sam-
ple throughput is therefore limited by the immobilization of
costly optical apparatus (e.g. 96-well qPCR machines) over the
full duration of the assay. In the case of endpoint readout, on the
contrary, many reactions can be incubated together offline, and
then quickly analyzed in a sequential manner by a simple opti-
cal reader. To demonstrate that endpoint CELIA can indeed help
mitigate the sample bottleneck in ultrasensitive diagnosis with-
out compromising the quality of the measurement, we prepared
54 synthetic samples containing two clinically-relevant miRNAs
(let-7a and miR-203a) at two different concentrations randomly
taken from a uniform distribution on the interval 5 fm–100 pm in

logarithmic scale. Each miRNA of each sample was then individ-
ually assayed by using the cognate converter template in a CELIA
reaction, and the endpoint rT𝜔 fluorescence was recorded. The
experimental concentrations were then computed with reference
to a calibration curve (Figure 5C). The two measured concentra-
tions in each sample were very close to the expected pattern of
spiked concentrations, with an average fold difference of 2.3± 1.4
and 2.1 ± 1.9 for let-7a and miR-203a, respectively (Figure 5D).
Importantly, the real-time readout, performed in the same ex-
periment, displays a similar, although slightly higher accuracy
(1.8 ± 1.3 and 1.5 ± 0.7 fold difference for let-7a and miR-203a,
respectively(Figure S15, Supporting Information). However, we
observed that when both miRNAs were present, the qPCR assay
for miR-203a lacked specificity, resulting in a strong quantifica-
tion bias (Figure S16, Supporting Information).

3. CELIA Circuit Design

In previously described isothermal exponential amplification
schemes, real-time monitoring of the reaction is required to
extract the amplification time, which linearly correlates with the
log-concentration of the target (the higher the concentration,
the sooner the amplification). Linear amplification schemes

Adv. Sci. 2024, 11, 2309386 © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH2309386 (5 of 9)
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Figure 5. Endpoint readout applied to miRNA detection. A) Schematic of the miRNA endpoint sensing circuit. A miRNA converter template (miRto𝛼)
is connected upstream to the exponential bistable module. B) Simplified scheme of the circuit architecture. C) Calibration curve for triplicated samples
containing various concentration of let-7a (left) and miR-203a (right). The data points are fitted with a simple sigmoidal curve (black curve). The shaded
area corresponds to the 90% confidence interval over the fitted parameters. D) Analysis of synthetic samples spiked with random concentrations of
let-7a and miR-203a (from 10−14 M to 10−10 M).

offer the advantage of simpler, endpoint readout, at the cost of
a lower sensitivity. For instance, the linear signal amplification
provided by the collateral activity of CRISPR/Cas systems (e.g.
Cas12a or Cas13a) has recently attracted considerable attention
in diagnostics.[24–26] However, CRISPR detection schemes are
often combined with a target pre-amplification step to increase
their sensitivity to clinically-relevant levels.[27–29] In this work, we
described a 1-step DNA/enzyme-based amplification circuit that
converts the digital mode of a saturable exponential amplification
to an analog regime through an additional linear amplification
layer. The linear module gradually releases a fluorescent sig-
nal, thereby allowing ultrasensitive and wide dynamic range
measurement via a single endpoint record. We demonstrated
that the gain, tunable by simply varying the concentration of
one template, is constant over time and does not depend on the
amplification time, which indicates the robustness of the circuit
and enzymes to experimental conditions. This constant gain
is essential to preserve the quantitative nature of the real-time
assay and to translate it to a simpler endpoint readout.

In addition, we provided the circuit with an inverter func-
tion that allows to reverse the correlation between amplification
time and end-point signal. Such a feature would be of inter-
est to transpose the assay to a simple and cost-efficient visual

readout (e.g. lateral flow assay or other colorimetric formats) for
which a positive correlation facilitates the interpretability and
intuitive understanding of the results. In the context of DNA
computing, and more widely synthetic biology, such inverter (or
NOT gate), where the input molecule induces a repression of
the output molecule, is an essential component of – synthetic –
gene regulatory networks, which can implement a wide range
of dynamics.[30,31] We envision in the future the implementation
of the presented circuit for neuromorphic molecular computing,
which requires analog input integration and both positive and
negative correlations.[17,32–35]

Our strategy of combining exponential and linear amplifica-
tion modules to produce logarithmic responses in the concentra-
tion – not time – domain is in fact a general strategy that has al-
ready been proposed in other contexts.[36] Sanchez et al. reported
an asymmetric implementation of PCR where the exponential
replication of the double-stranded target sequence is followed by
a linear production of single-stranded DNA from the primer in
excess (LATE-PCR).[37] However, these efforts were developed in
an attempt to improve real-time fluorescence reporting and were
not leveraged for quantitative end-point protocols. To further
support its usefulness and relevance in the field of ultrasensitive
diagnostics, we tested the possibility of applying the exponential-

Adv. Sci. 2024, 11, 2309386 © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH2309386 (6 of 9)
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Figure 6. RCelia for sensitive and quantitative endpoint RCA. A) An exponential RCA is triggered by the miRNA target (let-7a). The nicking of the RCA
product generates short DNA fragments that are used to load other circular templates. The output 𝛼’ of the exponential RCA initiates a secondary linear
RCA on the circular template RC𝜔. This RCA product hybridizes to a pro-fluorescent molecular beacon MB𝜔 that reports the progress of the reaction. B)
Time traces for various let-7a concentrations of the exponential amplification (left, monitored with a double strand specific dye SYBR green) and linear
amplification (monitored via MB𝜔 fluorescence). It can be noted that the RCelia exponential amplification efficacy as well as the linear amplification gain
decrease as the amplification increases. However, the linear stage reaches constant velocity following a short acceleration phase. These observations
suggest a decrease in the enzymatic activity of the nicking enzyme essential to the exponential replication of 𝛼’, but not required in the linear phase. C)
Endpoint MB𝜔 fluorescence as a function of At. D) Endpoint signal as a function of the let-7a target concentration.

to-linear strategy to other isothermal amplification primitives,
such as the rolling circle amplification (RCA) reaction. We thus
assembled the RCelia scheme, in which a nickase-assisted expo-
nential RCA reaction[38] is combined with a second linear-only
RCA (Figure 6A). The exponential RCA is initialized by the target
miRNA (let-7a) and produces a short linear output (𝛼’) by DNA
polymerization and nicking along the circular probe RC𝛼. 𝛼’ ini-
tiates the linear RCA along the second circular probe (RC𝜔). Sim-
ilar to the presented DNA circuit, while 𝛼’ is exponentially am-
plified up to a saturating level (monitored with the double-strand
specific dye SYBR Gold), the downstream reaction restores a
signal linearly correlated to the logarithm of the miRNA con-
centration, enabling endpoint, quantitative measurement, with
a limit of detection in the sub-picomolar range, constrained by
the nonspecific initiation of the RCA reaction (Figure 6B–D).[39]

Such quantitative endpoint readout mode would significantly
reduce the burden of optical instrument run time and improve
sample throughput. For instance, a typical RT-qPCR assay for
miRNA quantification, performed in a 96-well plate format, re-
quires 2 h of real-time thermocycling machine, leading to a max-
imum of 1152 samples in 24 h without delay between assays. By
switching to an endpoint readout, the incubation step can be per-
formed at a large scale (e.g. in a low-cost incubator) while the
optical instruments are only used for the post-incubation mea-
surement. With a 2 min turnover between measurements, the
throughput can be increased by a factor of 60, allowing the test-
ing of close to 70 000 samples per day.

4. Experimental Section
Materials: High-performance liquid chromatography-purified

oligonucleotides were purchased from Biomers or Eurofins and re-
suspended at 100 μm in 1X Tris−EDTA at pH 7.5 for long-term storage.
The enzymes Nb.BsmI, Nb.BbvCI, Nb.BssSI, Nt.BstNBI, BsmI, DNA
polymerase Vent (exo-), BSA (200 μg.mL−1) and dNTPs were obtained
from New England Biolabs (NEB). A tenfold dilution of Nt.BstNBI was
prepared in Diluent A supplemented 0.1% (v/v) Triton X100, and stored
as the other enzymes at −20 °C. The CircLigase ssDNA was received
from Biosearch Technologies. Phi29 DNA polymerase, Phi29 DNA poly-
merase reaction buffer 10X, DTT and SYBR Gold Nucleic Acid Gel Stain
10 000X were purchased from ThermoFisher. Thermus thermophilus RecJ
exonuclease was produced in-house by following a previously published
protocol[40] and was diluted by 140 in Diluent A (NEB) supplemented
0.1% (v/v) Triton X100 (Merk). Sodium chloride, potassium chloride,
magnesium sulfate, ammonium sulfate, Trizma hydrochloride, netropsin,
and synperonic F104 were purchased from Merck (Sigma–Aldrich). All
solutions were prepared using ultrapure water from a Millipore Milli-Q
water purification system. Ligation and digestion reactions for RCA ex-
periments were performed in an Eppendorf ThermoMixer C. All reactions
presented in this paper were monitored with a CFX96 Touch Real-Time
PCR machine (Bio-Rad) and the results were analyzed with Mathematica
software (Wolfram).

PEN-DNA Template Design: Templates were designed according to
the rules described elsewhere.[13,18,41] Template sequences 𝛼, pT𝛼, rT𝛼,
𝛼to𝜔, 𝛽to𝜔, 𝛼k𝛽, and rT𝜔 were protected against the 5′ → 3′ exonuclease
activity of ttRecJ by the addition of three or four 5′ phosphorothioate back-
bone modifications. Templates cT𝛼, aT𝛼, pT𝛼 𝛼to𝜔, 𝛽to𝜔, and 𝛼k𝛽 were
blocked to prevent unwanted polymerization by the addition of a 3′ phos-
phate moiety. The 𝛼 input binding site of aT𝛼 was shortened by 2 bases to
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hybridize only to the last 10 bases of the 𝛼 strand. This was to favor the
deactivation by pT𝛼 of 𝛼 strands stemming from leaky reactions on aT𝛼
(resulting for instance from ab initio synthesis by the DNA polymerase).
𝛼to𝜔 ssDNA was designed to hybridize only the 9 3’ bases of 𝛼 to minimize
its competition with the autocatalytic template. The activation of 𝛼to𝜔 was
made irreversible using a type IIS nicking site (Nt.BstNBI). In the case of
the inverter function, the activation of the 𝛽to𝜔 template for 𝜔 production
needs to be reversible to allow its inhibition by the killer template 𝛼k𝛽.
To do so, the template contains a type IIP nicking site (Nb.BssSI) that
is cleaved one base away from the 5’ recognition sequence of the nick-
ase. Cleavage of 𝛽to𝜔 by Nb.BsssI releases an 𝜔 with a 5’ overhang cor-
responding to the recognition sequence, which does not affect the bind-
ing to and extension along rT𝜔. More importantly, the cleavage leaves a
single additional 3’ C on 𝛽, so that this modified input was still able to
unbind from 𝛽to𝜔 and be deactivated by the output of 𝛼k𝛽, hence permit-
ting the blockage of 𝜔 production. Note that the output of 𝛼k𝛽 produces
pT𝛽, a degradable pseudotemplate that can deactivate both 𝛽 and its 3’
C-extended version. See Table S1 (Supporting information) for a detailed
list of the sequences used in this study and Figure S17 (Supporting infor-
mation) for a schematic representation.

PEN-DNA Reaction Assembly: All reactions were assembled on ice. Ul-
trapure milliQ water and 4X reaction buffer (80 mm tris-HCl (pH 8.9),
40 mm (NH4)2SO4, 160 mm KCl, 40 mm MgSO4, 100 μm each dNTP,
0.4% (w/v) Synperonic F108, 8 μm netropsin) were mixed, followed by the
addition of the templates, BSA (200 μg.mL−1) and the enzymes (cf. Figure
S18 (Supporting information) for exact sample composition). For miRNA
detection, serial dilutions of a synthetic version of let-7a were performed
on parafilm in Tris-EDTA 1X supplemented with 1 nm of pT𝛼 to minimize
target carry-over. The dilution was executed using the pipet and mix mode
of the electronic pipette Xplorer (Eppendorf), using a low binding DNA
epDualfilter T.I.P.S. 1 – 20 μL (Eppendorf, cat# 0030078500).

Synthetic miRNA Samples: Pairs of concentrations of let-7a and miR-
203a were randomly selected in the logarithmic domain from the interval
10−14–10−12 m. Sample assembly was performed on an automated liquid
handling robot (I-DOT Deepwell, Dispendix) in 384-well plate (Bio-Rad),
assisted by a custom-made script. Each sample was duplicated and spiked
with either of the converter templates (let7ato𝛼 or 203ato𝛼). In addition,
a calibration curve for each individual miRNA was realized with triplicate
samples of a tenfold dilution of miRNA (from 10−9 to 10−15 m, including
a no miRNA control). The standard data points were fitted with a sigmoid
function: f (x) = L + H∕(1 + b.e−k(x−x0)), where f(x) is the output (y-value)
of the sigmoid function at input x, L and H are respectively the lower and
higher bound (L = lower and H + L = upper asymptote), k is the steep-
ness of the curve and x0 the x-value at mid-point of the sigmoid.

RCA Template Design: RC𝛼 ssDNA template was designed to bind
let-7a as an input. The RC𝛼 sequence contains two recognition sites for
Nb.BbvCI such that each polymerization/nicking cycle releases one 𝛼’
strand and one secondary strand that were both released by polymerase-
mediated strand displacement and bind free RC𝛼. As a result, the target
miRNA could trigger an initial exponential amplification of 𝛼’. Subse-
quently, 𝛼’ partially binds RC𝜔 and initiates the linear amplification stage.
Note that RC𝜔 templates did not contain any nicking site. The result-
ing polymerization upon RC𝜔 generated a long ssDNA concatemer that
bound and opened the stem of the molecular beacon (MB𝜔). The loop of
this hairpin-shaped molecular beacon has been designed to bind the out-
put of the linear RCA template over 28 bases and to release fluorescence
upon its hybridization at 37 °C. MB𝜔was conjugated with a Cyanine 5 fluo-
rophore at the 5’ extremity and with a BHQ-2 quencher at the 3’ extremity.
The stem composed of 8 bp and three 2’O-methyl uracil was added to the
3’ end to reinforce the stem structure at 37 °C.

Circular Template Synthesis and Purification: The ssDNA oligonu-
cleotides were circularized with the CircLigase ssDNA (Biosearch Tech-
nologies). This enzyme is a thermostable ATP-dependent ligase that
catalyzes the intramolecular ligation of ssDNA templates having 5´-
phosphate and 3´-hydroxyl group at their extremities. The ligation reac-
tion was performed in 1X Ligase reaction buffer from the provider, 50 μm
ATP, 2.5 mm MnCl2, 100 units CircLigase ssDNA, 1 μm ssDNA template
and supplemented with nuclease-free water to adjust the volume to 10 μL.

The ligation reaction mixture was finally heated at 60&nbsp;°C for 2 h. The
ligated products were subsequently treated with exonuclease I to remove
unligated linear templates in 1X rCutSmart Buffer (NEB), 2 U.μL−1 of Ther-
molabile exonuclease I and 500 nm of ligated products. The digestion was
pursued for 2 h at 37°C and the Exo I was finally deactivated at 80°C for
10 min. Samples were finally heated at 95°C for 10 min to unfold possible
secondary structures of circular ssDNA templates, which were quantified
by fluorometry using the Qubit 4 nucleic acid quantification (Invitrogen).

RCA Reaction: All reactions were assembled on ice. Ultrapure milliQ
water and 10X Phi29 DNA polymerase reaction buffer (330 mm Tris-acetate
(pH 7.9 at 37°C), 100 mm Mg-acetate, 660 mm K-acetate, 1% (v/v) Tween
20, 10 mm DTT) were mixed, followed by the addition of the two circu-
lar templates, 1 mm dNTPs, BSA (600 μg.mL−1), 1.25X SYBR Gold and
the necessary enzymes (cf. Figure S18 (Supporting Information) for exact
sample composition). Samples were finally heated at 37°C to perform the
exponential-to-linear reaction. The miRNA dilution protocol was identical
to the PEN-DNA reaction described above.

RT-qPCR Two-Step Procedure: All reactions were assembled on ice.
Target dilutions were performed on parafilm for the PEN-DNA reaction as-
sembly section. The RT step was prepared by using the TaqMan MicroRNA
Reverse Transcription Kit (cat #4366596, lot n°2888473) supplemented
with the TaqMan microRNA assay for let-7a and miR-203a (cat #4427975).
The qPCR step was performed with the TaqMan Universal Master Mix II, no
UNG (cat #4440043, lot n°2768394) from ThermoFisher and with the PCR
primers provided in the TaqMan microRNA assays. The entire RT-qPCR
procedure was executed by following the protocol recommended by the
provider. PCR thermocycling was performed in a CFX96 Touch Real-Time
PCR machine (Bio-Rad) and the results were analyzed with Mathematica
software (Wolfram).
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Supporting Information is available from the Wiley Online Library or from
the author.
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