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ABSTRACT

€

In this work, we present a general, modular strategy to tune, extend, and narrow the dynamic range of cell-free transcription
biosensing platforms by integrating programmable, structure-switching DNA stem-loop reporters into in vitro transcription (IVT)
circuits. To do so, we engineered a set of stem-loop DNA reporters whose dynamic range for detecting a specific RNA output can
be precisely controlled by adjusting their switching equilibrium constant (Kg). This straightforward approach enables the dynamic
range of a model cell-free transcription biosensor to be programmed across more than two orders of magnitude (observed affinity
K% from 0.16 + 0.02 nM up to 23 + 4 nM). By combining DNA-based reporters with differing affinities, we further expanded the
dynamic range of a cell-free transcription biosensor well beyond the conventional two orders of magnitude, achieving up to 10*-
fold coverage. We also demonstrate two-step dynamic responses by mixing hairpin reporters with highly distinct affinities. Finally,
integration of signaling and non-signaling stem-loop reporters allowed us to compress the dynamic range of a model transcription
biosensor to as little as three-fold enabling heightened sensitivity. Overall, this modular framework enables the customization of
cell-free transcription biosensor sensitivity and response profiles, overcoming key limitations inherent to single-site transcriptional

reporter designs.

1 | Introduction

Cell-free transcription (also known as in vitro transcription or
IVT), a growing field within synthetic biology [1, 2] allows
the recreation of transcription outside cells by using core
transcriptional components (such as RNA polymerases and
nucleotides) and synthetic DNA templates to rapidly produce
an RNA sequence of interest in vitro with high yield [3]. Cell-
free transcription has found many applications in biosensing, as
responsive DNA templates can be designed to rapidly transduce
target recognition into a detectable transcriptional RNA output
[4-6]. Recent examples of cell-free transcription biosensors have
demonstrated the sensitive detection of clinically relevant protein

biomarkers [4], water contaminants like metal ions [6], small
molecules and antibiotics, as well as metabolic biomarkers [7].
Cell-free biosensors have also been demonstrated in various
immunoassay formats for the detection of antibody/antigen inter-
actions [8-10]. The broad utility of these platforms demonstrates
that cell-free transcription offers unprecedented modularity,
sensitivity, and specificity for sensing technologies.

Cell-free transcription biosensors currently use almost exclu-
sively two types of reporters: fluorescent light-up RNA aptamers
[6, 7, 9] such as the mango aptamer [11] and strand-displacement
probes [4, 12]. Light-up aptamers are RNA sequences evolved to
bind a fluorogen with high affinity and activate its fluorescence
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FIGURE 1 | (A)Two model cell-free transcription biosensor examples employing templates encoding either a Mango RNA light-up aptamer, or an
RNA strand inducing a toehold-mediated strand displacement reaction (TMSD) of a fluorophore-quencher labelled DNA duplex probe were used to
determine the useful dynamic range of typical cell-free transcription biosensors. Binding curves were performed by providing increasing concentrations
of target input enabling higher transcription yields. The dynamic range of the model cell-free biosensors (target concentration corresponding to 10%—
90% fluorescence signal transition) was 37- and 32-folds, respectively, close to the expected theoretical 81-fold of single-site binding systems. In both
cases, the IVTx reactions were performed in a 25 uL buffer solution (HEPES 40 mM, MgCl, 50 mM, spermidine 1 mM, Triton 100x 0,01%, PEG 4%,
DTT 5 mM) containing the inactive transcription template (100 nM), T7 RNA polymerase (5 U/uL), RiboLock RNase Inhibitor (1 U/uL) and nucleoside
triphosphate (NTPs) mix (10 mM) and as reporters either the Thiozole Orange 1 or TO-1Dye (200 nM) for the Mango aptamer or a DNA duplex labelled
with a fluorophore(6-FAM)/quencher(BHQ-1) probe (300 nM). The DNA input strand was added at different concentrations from 10 pM up to 1 uM,
and endpoint fluorescence signals were measured after 2 h at 37°C. The error bars correspond to the standard deviation of three independent replicate
measurements. (B) Outline of strategies envisioned to program the dynamic range (DR) of cell-free biosensors. A transcription template produces an
RNA output in response to the presence of a target input, which is then detected by a DNA-based reporter consisting of a stem-loop hairpin modified
with a fluorophore/quencher moiety. Using different combinations of stem-loop reporters/depletants with varying affinities for the same RNA output
strand, we can tune, extend, or narrow at will the dynamic range of cell-free biosensors’ response.

[13], while strand-displacement probes consist of a DNA duplex to extend or narrow the effective response window of recep-
modified with fluorophore/quencher moieties [12] that, upon tors. These include cooperative (allosteric) binding, the use of
toehold-mediated strand displacement reaction (TMSD) induced = multiple receptors with varying affinities and sequestration by
by the RNA transcribed strand, are separated leading to a signal high-affinity non-signaling “depletant” molecules [15, 18-22].
increase [12]. Although both strategies are robust, their reliance =~ These design principles have recently inspired rational tuning
on single-site biomolecular recognition imposes an intrinsic of dynamic ranges in both DNA and protein-based sensor plat-
limitation on dynamic range, dictated by biophysical binding forms [23-25]. Increasingly, analogous approaches are also being
properties and commonly modelled by a hyperbolic (Langmuir) adapted for cell-free transcription biosensors, albeit in a limited
response. This results in a useful dynamic range (defined here scope. Notable examples include programmable target affinity
as the concentration range where a sensor produces a detectable templates and engineered template circuits [5]. Recently, Lucks
and proportionally changing signal, from 10% to 90% of its  and colleagues also showcased strand displacement probes with
maximum signal change) that spans approximately 81-fold [14, varied transcript target affinities to build an analogue-to-digital
15], which may be insulfficient for diverse diagnostic needs—for converter (ADC) circuits in genetic systems [12]. In another
example, where the biological window is much broader (as in application, a similar digital-like behavior was achieved by
viral load monitoring) [16] or narrower (as in metabolite or drug Schulman and colleagues by coupling their dART biosensors with
threshold-based decisions) (Figure 1A) [17]. comparator circuits [4]. Despite these advances, the development

of broadly applicable and programmable methods to dynamically
Faced with a similar limitation (i.e., the fixed dynamic range modulate the sensing range of cell-free transcription biosensors
of single-site binding), nature has evolved multiple strategies remains an open and important challenge.
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FIGURE 2 | Extending the dynamic range (DR) of cell-free biosensors. (A) In the presence of a specific DNA input strand (our target), the inactive
DNA template can be activated to enable IVT and produce an RNA output strand that can then bind to a stem-loop hairpin reporter modified with a
fluorophore/quencher pair leading to a fluorescent signal increase. Five reporter variants with increasing numbers of GC base-pairs in the stem were used
(0GC,1GC,3GC,4GC,and 5 GC). (B) Cell-free transcription binding curves obtained at different concentrations of DNA input strand with the different
hairpin reporters. (C) Reporter binding affinity (Kp°°®) versus switching equilibrium constant (Kg). As a comparison, the K% (observed affinity) values
obtained from binding curves using a synthetic RNA strand (‘activator’) are also shown. (D) Cell-free transcription binding curves obtained at different
concentrations of DNA input strand using a mix of two or three hairpin reporters with different affinities. The histogram plot shows the concentration
ratio of the hairpin reporters used in each experiment. In this and in the following figures, the cell-free transcription reaction was performed in a 25 uL
buffer solution (HEPES 40 mM, MgCl, 50 mM, spermidine 1 mM, Triton 100x 0,01%, PEG 4%, DTT 5 mM) containing the inactive template (100 nM), T7
RNA polymerase (5 U/uL), RiboLock RNase Inhibitor (1 U/uL), nucleoside triphosphate (NTPs) mix (10 mM) and different concentrations of the DNA
input strand (from 10 pM to 300 nM). The reaction was allowed to proceed for 120 min at 37°C and an aliquot was transferred into a sodium phosphate

buffer solution containing the relevant hairpin reporter and endpoint fluorescence signal was recorded after 30 min. The error bars correspond to the

standard deviation of three independent replicate measurements.

Motivated by the above considerations, the present work proposes
a generalizable approach: the design and combined implemen-
tation of programmable, affinity-tuned stem-loop DNA reporters
in cell-free transcription biosensors. Stem-loop hairpins modified
with fluorophore/quencher groups have seen limited applications
in IVT systems [26], especially as biosensor reporting systems, but
are especially useful for dynamic range modulation applications
since their target affinity can be rationally and easily tuned
without changing their target specificity [27]. By mixing such
reporters with distinct affinities, it is possible to tailor, expand,
or narrow (Figure 1B) the cell-free transcription sensor’s dynamic
range and thereby overcome the intrinsic limitations imposed by
conventional single-site reporter binding.

2 | Results and Discussions

In this work, we have employed as a model cell-free transcription
biosensor a transcription template composed of two complemen-
tary DNA strands that form a coding domain and an incomplete
T7 RNA polymerase (T7 RNAP) promoter domain (Figure 2A).
Because the promoter is truncated on its template strand, tran-
scription by T7 RNAP does not occur unless a linear input strand
(our target), which completes the promoter sequence, is added.

Upon input binding, a functional promoter is reconstituted, and a
short 19-nt RNA output strand is transcribed. In common cell-free
transcription biosensors, either a light-up aptamer is transcribed,
or a duplex reporter is used to detect the RNA output [7, 12].
In both cases, however, the dynamic range observed is usually
less than two orders of magnitude and cannot be easily tuned at
will. We demonstrate this experimentally with our model cell-free
transcription biosensor showing that the dynamic range observed
with a light-up RNA aptamer and a strand displacement reporter
covers, respectively, 37- and 32-folds of DNA input concentration
(see Figure 1A). To achieve programmable modulation of the
dynamic range of this model cell-free transcription biosensor,
we have used here a DNA-based stem-loop hairpin reporter
(Figure 2A, bottom) modified with a fluorophore/quencher pair
at the two ends and displaying a 13-nt loop designed for specific
hybridization to the RNA output strand and a 5 base-pair stem
formed by self-complementary bases [28, 29]. In the absence of
the RNA output strand, the reporter predominantly adopts a
non-emissive conformation (closed loop), with the fluorophore
quenched. RNA output binding to the loop destabilizes the stem,
inducing the structure to adopt an open, emissive state in which
the fluorophore and quencher are separated, resulting in a robust
fluorescence signal increase [30, 31]. This conformational change
is governed by the hairpin’s switching equilibrium, which can
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FIGURE 3 | Narrowing the dynamic range (DR) of cell-free biosen-
sors. (A) The reporter system is composed of a high-affinity non-signaling
(i.e., depletant) and a lower-aftinity signaling reporter (1 GC). (B) Cell-free
transcription binding curves obtained at different concentrations of the
depletant (from 250 nM to 3.6 uM) and a fixed concentration of signaling
reporter (5 nM). (C) ‘Pseudo’-hill coefficients and dynamic range fold
change versus depletant concentration used for all cell-free transcription
binding curves. The error bars correspond to the standard deviation of
three independent replicate measurements.

be rationally tuned by simply changing the GC content in the
stem while maintaining the same loop sequence, thus allowing
for precise modulation of the energy barrier (K) associated with
switching.

As part of our objective to tune the useful dynamic range of
cell-free biosensors at will, we set out to build a matched set
of reporters with different affinities for the same RNA output
transcript [32]. A library of five reporters, each bearing stems with
increasing numbers of GC base pairs (from 0 to 5), was designed
to systematically span a broad range of switching equilibria and
binding affinities (Figure 2A). All reporters retain identical 13-nt
loop sequences and thus intrinsic target affinity (K,™) for the out-
put RNA strand, but their observed affinity (K°*) varies due to
differences in stem stability modulating conformational switch-
ing as predicted by the three-state population-shift model that
relates switching thermodynamics to observed binding affinities
for similar ligand-induced structure-switching biomolecules [27].

) 1+ K
k= () 0

S

The reporter’s K, therefore, determines how readily a ligand’s
binding can shift the equilibrium between the non-emissive and
emissive states of the stem-loop reporter. Of note, since Ky (and
thus the reporter’s affinity for the ligand) is modulated through
distal-site mutations on the stem and not through mutations on
the loop recognition portion, we ensure that all reporters retain
the same specificity for the RNA output. The predicted switch-
ing equilibrium constants (Kg) for the five reporters described
above, calculated using DNA secondary structure prediction tools

[33, 34] (see Supporting Information), ranged from 2.7 (0 GC)
to 1 x 10~ (5 GC). Binding assays performed at increasing
concentrations of DNA input strand in a cell-free transcription
reaction containing the incomplete template and all other core
transcriptional components, demonstrated that increasing stem
stability (higher GC content) shifts the reporter’s dose-response
curve to higher input concentrations, corresponding to right-
shifted binding curves and K,°” values ranging from 0.16 +
0.02 nM up to 23 + 4 nM for 4 GC reporters (Figure 2B and
Table S2). These experimental K,°" values correlate closely with
predicted Ky and accurately fit the three-state population-shift
model (Figure 2C, solid line). Additional experiments with the
same hairpin reporters but using synthetic RNA strands rather
than enzymatic IVT products produced similar trends in K
modulation (Figures 2C, S1, and Table S2). However, lack of
amplification in the direct RNA system resulted in K,°* values
shifted almost two orders of magnitude higher, highlighting the
impact of the transcription enzymatic processes on the detection
sensitivity of cell-free transcription biosensors (Figures 2C, SI,
and Table S2). In addition to that, we also note that stem-loop
reporters, as expected, undergo rapid hybridization reactions with
their synthetic RNA targets (Figure S2) and thus the overall
response kinetics in cell-free transcription reactions is largely
governed by transcription kinetics rather than reporter opening.
Single hairpin reporters with varied Ky allow the dynamic
range to be shifted across distinct concentration regimes, but
the absolute span remains largely fixed to about two orders
of magnitude due to intrinsic biophysical constraints given by
single-site binding [14]. As an example, the dynamic range of the
3 GC hairpin reporter spans 71-fold of DNA input concentration
(Figure 2D, left). To achieve the extension of such dynamic
range, we thus mixed reporters with different Ky values. For
example, combining 1 GC and 3 GC reporters broadened the
dynamic range of the cell-free transcription biosensor to over
1500-fold while three-reporter combinations (1 GC, 3 GC, and
4 GC) yielded a log-linear response spanning 10*-fold change
of target concentration (Figure 2D). Combinations with widely
spaced affinities (0 GC/4 GC) generated composite two-step
response curves for more complex sensing needs (Figure 2D).
Of note, in this case the reporters were used in non-equimolar
concentrations (see histograms in Figure 2D) to account for the
different signal gains of each hairpin reporter.

The availability of reporters with different and programmed
affinities for their ligands also enables the narrowing of the
dynamic range of our cell-free transcription biosensor. This was
accomplished by using high-affinity, non-signaling “depletant”
hairpins that sequester the transcript output until saturation,
after which any surplus RNA output rapidly triggers a fluorescent
hairpin reporter with poorer affinity, producing an ultrasensi-
tive digital-like response analogous to biological sequestration
mechanisms [14, 20]. More specifically, as a depletant, we used
here the stem-loop hairpin (in this case unlabeled) that provided
the highest affinity for the RNA output (i.e., 0 GC) while as the
fluorescent reporter we used a stem-loop hairpin with slightly
poorer affinity (i.e., 1 GC) (Figure 3A). Dose-response curves
were fitted using Hill equation (see Supporting Information) that
allows to easily quantify ultrasensitivity in binding assays through
the extrapolation of the Hill coefficient [14]. As expected [14, 23,
24], we observed that increasing depletant concentrations from
250 nM to 3.6 uM resulted in a more digital-like response of our
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FIGURE 4 | Narrowing the dynamic range (DR) of cell-free biosensors. (A) In this case, the reporter system is composed of a low-affinity signaling
reporter (i.e., 1 GC) and a ligand RNA strand (‘Activator’), while the output RNA strand transcribed by the template is a high-affinity depletant probe
(i.e., 0 GC). (B) Cell-free transcription binding curves obtained at different concentrations of DNA input strand using a fixed concentration of signaling

reporter (5 nM) and varying concentrations of the ligand RNA strand (‘Activator’) (from 0.01 uM to 0.4 uM). The error bars correspond to the standard

deviation of three independent replicate measurements.

cell-free transcription biosensor with dynamic ranges decreasing
from 100-fold (dynamic range obtained for 1GC reporter alone)
to 9-fold and Hill coefficients going from 0.95 + 0.2 nM to 2.0 +
0.3 nM, respectively (Figure 3B,C and Table S3). This, however, is
achieved at the cost of shifting the detection limit [14, 23, 24] (here
defined as the target concentration resulting in a signal equal to
three times the standard deviation of the blank signal) to higher
concentration values (i.e., from 0.20 nM to 3.4 nM) (Figure 3C
and Table S3). Despite these limitations, sequestration-based
strategies remain advantageous in contexts requiring threshold-
like behavior or selective detection of targets at concentrations
exceeding biologically relevant levels [35].

A similar digital-like response can also be achieved by encoding
the depletant within the cell-free transcription biosensor and
using as a reporter system an optically-labelled stem-loop probe
in combination with its cognate RNA ligand strand (Figure 4A).
Performing dose-response curves at increasing concentrations of
DNA input strands and fixed concentrations of the stem-loop
probe and the cognate RNA ligand strand, we observe digital-
like responses with, in this case, a suppression of the signal
as at higher input DNA concentrations more depletant can be
transcribed leading to a full sequestration of the ligand RNA
strand thus preventing the opening of the stem-loop reporter to its
emissive conformation (Figure 4B). Also in this case, the digital-
like response can be finely tuned by varying the concentration of
the ligand RNA strand in the reaction mixture. By doing so, we
observed a narrowing of the dynamic range from 37-fold using
0.01 uM of ligand RNA to just 3-fold at 0.4 uM of ligand RNA with
an associated increase in the Hill coefficient values and shift of
the observed LOD values (Table S4).

3 | Conclusion

The ability to extend or narrow the dynamic range of a cell-free
transcription biosensor reporter is an important tool for ensur-
ing effective responses to target concentrations and providing
adequate sensitivity. Here, we show how simple dynamic range
tuning methodologies based on naturally occurring regulatory
mechanisms already applied in other biosensing technologies
[23, 24] can also be rationally employed in transcription reporter
systems using DNA structure-switching stem-loop hairpins to
program (i.e., tune, extend, or narrow) the dynamic range of

cell-free transcription biosensors. The proposed strategy is highly
versatile and can be easily adapted to tune the dynamic range
of cell-free transcription based biosensors for the detection of
targets other than nucleic acids, including antibodies and pro-
teins [8-10]. Integrating conformation switching into recognition
elements within cell-free transcription biosensors is ideal not
only because it enables easy tuning of target affinity, which is
essential when optimizing the biosensor’s dynamic range, but
also because it is a widespread, simple, versatile, and rapidly
reversible biomolecular recognition mechanism that can be
easily reconfigured for many transduction pathways, such as for
example electrochemistry [29].
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