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Molecular biosensors that accurately measure protein concentrations without
external equipment are critical for solving numerous problems in diagnostics
and therapeutics. Modularly transducing the binding of protein antibodies,
protein switches or aptamers into a useful output remains challenging. Here,
we develop a biosensing platform based on aptamer-regulated transcription in
which aptamers integrated into transcription templates serve as inputs to
molecular circuits that can be programmed to a produce a variety of respon-
ses. We modularly design molecular biosensors using this platform by swap-
ping aptamer domains for specific proteins and downstream domains that
encode different RNA transcripts. By coupling aptamer-regulated transcrip-
tion with diverse transduction circuits, we rapidly construct analog protein
biosensors and digital protein biosensors with detection ranges that can be
tuned over two orders of magnitude and can exceed the binding affinity of the
aptamer. Aptamer-regulated transcription is a straightforward and inexpen-
sive approach for constructing programmable protein biosensors that could
have diverse applications in research and biotechnology.

M Check for updates

Biosensors that detect proteins are crucial for diagnostics', smart
therapeutics?, and biomedical research. Traditional ways to detect or
measure the concentrations of proteins, such as enzyme-linked
immunosorbent assay (ELISA)® or Western blot* often rely on specific
and sensitive binding of antibodies to a target protein. However, these
assays are time-consuming and labor-intensive due to multiple incu-
bation and washing steps. Mass spectrometry’, single-molecule
microscopy®, and electrochemical sensors’ can detect diverse pro-
teins, but these analytics require expensive and bulky instrumentation,
infrastructure, and trained personnel. Further, the output signals of
such assays cannot be easily tailored to applications besides protein
quantification such as portable diagnostics®’ or molecular machines
that perform targeted delivery®" in response to disease biomarker
detection. Lateral flow assays™ that rely on antibody binding permit
low-cost and rapid detection of proteins, but typically only report the

presence of a biomarker and cannot be integrated with downstream
reactions that process the input signals™'.

Ideally, molecular biosensors could generate a response to a target
protein without manual intervention, could be read without specialized
equipment, and could easily be programmed to produce a variety of
responses. Antibodies®, protein switches'®, and aptamers”*® can be
designed to bind to specific proteins, but modularly designing circuits
that transduce the protein binding event into a measurable output is
challenging. For example, allosteric protein switches'*° or aptamers” >
that undergo conformational changes upon protein binding to transduce
signals have been integrated with molecular circuits. However, designing
these structure-switching molecules often requires extensive reengi-
neering for each target protein or desired output®. This makes it difficult
to rapidly develop protein biosensors against additional targets or to
adopt existing biosensors for additional functionalities.
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Here, we present aptamer-regulated transcription for in vitro
sensing and transduction (ARTIST), which enables rapid construction
of protein biosensors that can detect diverse targets and easily inte-
grate with downstream circuits for programmable responses. ARTIST
uses aptamer-protein binding to regulate transcription of a DNA
template in analogy to the regulation of transcription by protein
transcription factor-DNA binding®* (Fig. 1a). Using published DNA
aptamer sequences, we show how to simply swap the aptamer domain
in these DNA templates for aptamer-regulated transcription (dARTs)
to selectively sense a range of proteins, including multiple cytokines
involved in autoimmune diseases. Conversely, we modularly swap
dART output domains to integrate dARTs with different molecular
circuits to create biosensors with different capabilities (Fig. 1b).

Using ARTIST, we build analog biosensors whose outputs indicate
protein concentration and digital biosensors in which substantial
output is only produced when the protein’s concentration exceeds a
chosen threshold. The dynamic range of these biosensors can be
rationally tuned across multiple orders of magnitude to detect cyto-
kines at physiologically relevant concentrations; even below the
aptamer Ky, which often limits biosensor sensitivity in practice. We
also demonstrate how ARTIST can be used to create biosensors that
are robust to environmental parameters that biosensors are often
sensitive to?®, such as ion concentration and enzyme activity. ARTIST is
a powerful systems chemistry approach for the facile development of
protein biosensors capable of programmable and rapid (<60 min)
responses to diverse proteins.

Results

dART design and characterization

The formation of noncanonical DNA structures
G-quadruplexes have been shown to regulate transcription in cells
and have been adapted to inhibit in vitro transcription via binding to
ions® or thrombin®. We hypothesized that using this approach” we
could develop a general protein biosensing platform by designing DNA
transcription templates, termed dARTs, with G-quadruplex-forming
aptamers downstream of a promoter that repress transcription via

such as
27-29

a

protein-aptamer binding. dARTSs consist of a promoter domain that T7
RNA polymerase (T7 RNAP) can recognize to initiate transcription, a
single-stranded aptamer domain that can bind to a specific protein,
and an output domain that T7 RNAP transcribes to produce an RNA
output sequence that can react downstream (Fig. 2a).

The aptamer sequence was inserted into the template strand of
the dART **%, i.e., the strand the polymerase reads during transcrip-
tion. The output domain of the dART was designed to be double-
stranded to prevent spurious interactions between the dART and other
species such as the RNA transcribed from the dART, as well as
promoter-independent transcription of T7 RNAP (Supplementary
Fig. 1). The aptamer and the output sequences are both transcribed
from dARTS, so the resulting transcripts could have undesired sec-
ondary structure across different input and output sequences (Sup-
plementary Fig. 2, Supplementary Information Note 1.1). To reduce the
possibility of such interactions, we added insulation domains, com-
posed of i and #, to the dART design (Fig. 2b). The i and i’ domains are
complementary and are located on either side of the aptamer
sequence so that in the RNA transcript produced from the dART, these
domains will hybridize to form a hairpin, sequestering the sequence
transcribed from the aptamer domain. (Fig. 2a, Supplementary Infor-
mation Note 1.2)**. The i domain located just downstream of the
promoter was designed to be 6 bases to facilitate efficient T7 RNAP
transcription initiation* .

We next sought to characterize how our dART design performed
in different experimental conditions. For a protein to reduce the rate
of dART transcription, the protein must be able to bind to the dART’s
aptamer and repress transcription, while under the same conditions
dARTSs should be efficiently transcribed when no protein is present. We
began by designing a dART, termed the IFN-O1-dART, that contained
an IFN-y aptamer that forms a G-quadruplex to facilitate IFN-y binding
(Fig. 2¢)*?°. For characterization, we used a fluorescently labeled DNA
reporter complex that reacts with IFN-O1-RNA via toehold-mediated
strand displacement (TMSD) to displace one strand of the reporter
complex to produce a fluorescent signal (Fig. 2d, “Methods”, Supple-
mentary Fig. 3, Supplementary Information Note 1.3).
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Fig. 1| The ARTIST platform. a In the absence of an aptamer’s protein ligand,
dARTSs are transcribed to produce an RNA output (left), but protein binding
represses transcription (middle). The input and output domains are decoupled
(right), which enables modular design of dARTs by swapping out the aptamer
domain or customizing the output sequences to encode different RNA outputs.
DNA and RNA are represented with solid and dashed lines, respectively. IFN, Thr,

IL6, and TNF indicate DNA aptamers for IFN-y, thrombin, IL-6, and TNF-a, respec-
tively. b dARTSs serve as the protein sensing layer (left) whose outputs can be
coupled with downstream circuits to demonstrate versatile functionalities (mid-
dle). The RNA output of molecular circuits can react with a DNA reporter complex
(right), which produces measurable fluorescence for detection.
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Fig. 2 | Design of aptamer-regulated transcription templates (dARTs). a dART
templates consist of a double-stranded promoter region (pink boxed region), a
single-stranded aptamer domain on the template strand read by T7 RNAP (Apt),
and a double-stranded output domain (O1). The single-stranded aptamer domain
permits aptamer-ligand binding. b Secondary structure of the RNA transcript
predicted by NUPACK™. ¢ The aptamer sequences of IFN-O1-dART, which binds IFN-
y and Dummy-O1-dART, whose aptamer domain does not have a tertiary structure
or specific protein affinity. d dART transcripts react with an O1 DNA reporter via
toehold-mediated strand displacement. e Reacted reporter kinetics from IFN-O1-
dART and Dummy-O1-dART transcription with and without IFN-y and potassium.
f Simulated and experimental dose-response curves for 10 nM IFN-O1-dART with O
to 1000 nM IFN-y for Ky apparenc = 8 NM (Supplementary Information Note 2). The
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dashed line is a simulation for Kq apparenc Matching experiments. The shaded region
shows simulation results for Ky apparenc values spanning 1 to 20 nM (see “Methods”).
g Experimentally measured (bold) and simulated (dashed) reacted reporter kinetics
for 10 nM of IFN-O1-dART and O to 1000 nM of IFN-y. h Simulated and experimental
dose-response curves and i Experimental (bold) and simulated (dashed) reacted
reporter kinetics (h) for 1nM IFN-O1-dART and O to 100 nM of IFN-y using the
K4,apparent determined in (f). For (f) and (h), the reacted reporter concentration for
each plot was measured at 120 min. Three technical replicates (blue) are plotted.
Error bars indicate the average reacted reporter concentrations of three technical
replicates per [IFN-y] + one s.d. (N =3). Supplementary Information Note 2
describes the process for determining Ky apparent-

Many G-quadruplex aptamers require potassium ions for effective
ligand binding”®. Consistent with this requirement, in the absence of
K+, the same rate of fluorescence decrease (i.e., the rate of transcript
reaction with the reporter) was observed for IFN-O1-dART in either the
presence of 100 nM of IFN-y or its absence (Fig. 2e), suggesting IFN-y did
not bind to the IFN-O1-dART to reduce transcription rate. When 100 mM
KCI was also added, 100 nM IFN-y was able to substantially repress
transcription, consistent with IFN-y binding to the dART. Without IFN-y
present, the rate of reporter reaction of the IFN-O1-dART was
slightly lower with 100 mM of potassium than without potassium, which
is consistent with the ability of G-quadruplexes to interrupt
transcription”*°, In addition, the insulin-linked polymorphic region®*°
of the human insulin gene was able to fully repress transcription in the
presence of 100 mM K+, suggesting that a strong G-quadruplex is suffi-
cient to inhibit transcription in the dART design (Supplementary Sup-
plementary Fig. 4, Supplementary Information Note 1.4)***, Conversely,
a dART with a “dummy” aptamer domain (Dummy-O1-dART), i.e., no
specific affinity for IFN-y and no G-quadruplex forming domain, had
similar reacted reporter kinetics for 0 nM or 100 nM of IFN-y at both
0 mM and 100 mM of K+ (Fig. 2c, e).

As additional controls, we verified that exogenous addition of the
same aptamer*® sequence after 30 min of transcription reversed inhi-
bition of the IFN-O1-dART with 100 nM of IFN-y (Supplementary Fig. 5).
Conversely, adding IFN-y after 30 min of transcription was able to fully
repress transcription with 1000 nM of IFN-y (Supplementary Fig. 6).
We also tested dART variants with i domain lengths ranging from 2
bases to 22 bases (Supplementary Figs. 7, 8, Supplementary Informa-
tion Note 1.5) and found the 6 base design yielded the greatest dif-
ference in transcription rates with and without protein in our
experimental conditions (Supplementary Fig. 9).

We next developed a simple model* to predict the dose-response
and kinetic behavior for 10 nM of IFN-O1-dART incubated with IFN-y
concentrations ranging between 0 and 1000 nM. Our model assumes
that transcription cannot occur when a protein is bound to a dART’s
aptamer, and thus the apparent dissociation constant of the protein
and the dART’s aptamer, which we termed Kg apparent, Will dictate the
concentration of dART available for transcription at a given protein
concentration (Supplementary Information Note 2)***. This model
qualitatively agrees with our measured dose-response curve for a
K4 ,apparent Of 8 M (Fig. 2f and Supplementary Figs. 10-12), which is on
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Fig. 3 | dART dose-response, selectivity, and modularity. a A series of dARTs
with different inputs, achieved by swapping aptamer domain sequences. b Reacted
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tion of three replicates (N =3). ¢ Heat map showing reacted reporter
concentrations for 10 nM Thr-O1-dART, IFN-O1-dART, IL6-O1-dART, TNF-O1-dART,
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and Dummy-O1-dART (a control) each subjected to 100 nM of BSA, thrombin, TNF-
, IL-6, or IFN-y. d A series of dARTs with different outputs, achieved by swapping
template output sequence. e Reacted reporter kinetics for IFN-O1-dART, IFN-O2-
dART, and IFN-O3-dART for O to 1000 nM of IFN-y. All experiments were conducted
in the presence of 100 mM KCI. Sequences of IFN-O1-dART, Thr-O1-dART, IL6-O1-
dART, TNF-O1-dART, IFN-O1-dART, IFN-O2-dART, and IFN-O3-dART are in Supple-
mentary Information Note 1.

the same order as the measured Ky of the dART's aptamer
sequence®*, Simulations of reacted reporter kinetics were also in
good agreement with those measured in experiment (Fig. 2g). Using
the model, we then compared the predicted dose-response curve
using the Ky apparent Of 8 M to the experimental dose-response curve
of 1nM of IFN-O1-dART in the presence of (0, 1, 3, 5, 10, or 100) nM of
IFN-y. Simulated and experimental results were consistent with each
other for both dose-response curve (Fig. 2h) and dose-dependent
kinetic profiles (Fig. 2i). Using this model, we estimated the limit of
detection***¢ (LOD) for the 10 nM and 1 nM dARTS to be 6.3 nM (95% ClI
3.7-8.9nM) and 3.7nM (95% Cl 2.0-5.4 nM), respectively (Supple-
mentary Figs. 13 and 14, Supplementary Information Note 3).

We then fit the dose-response curves to a logistic function. Using
this fit, the LOD of 10 nM and 1 nM IFN-O1-dART were determined as
4.6 nM (95% CI 2.7-6.5nM) and 2.0 nM (95% CI 1.0-3.0 nM), respec-
tively, in agreement with the predictions of our kinetic simulations.
Based on the slopes of the inflection point of the fit dose-response
curves*’*8, the sensitivities of 10 nM and 1nM IFN-O1-dART were -1.3
(95% CI -0.9-1.7) and -1.2 (95% CI -0.6-1.8), respectively (Supple-
mentary Figs. 13, 14, and 15 Supplementary Information Note 3).

dART input and output modularity

We next asked whether the design of the IFN-O1-dART could be gen-
eralized to respond to different protein inputs and produce different
RNA outputs. We replaced the IFN-y aptamer in the IFN-O1-dART
with G-quadraplex forming aptamers for thrombin*’, IL-6°°, and
TNF-o®' to create Thr-O1-dART, IL6-O1-dART, and TNF-OI-dART

(Fig. 3a, Supplementary Fig. 16, Supplementary Information
Note 4.1). NUPACK* predicted that the insulation domains would
prevent undesired secondary structures from forming in these output
RNA sequences (Supplementary Fig. 17).

We measured the reacted reporter kinetics for 10 nM of each of
these dARTs when combined with 0 to 1000 nM of their target pro-
teins (Fig. 3b). For all dARTS, the rates of reacted reporter decreased
with increasing protein concentrations. We next asked whether these
changes in dART reporter reacted were due to specific binding
between a target protein and its aptamer. We combined 10 nM of each
dART and Dummy-O1-dART with 100 nM of each protein ligand and
BSA as a control. Only when dARTs were subjected to their target
protein was there a large decrease in the reacted reporter concentra-
tion (Fig. 3c and Supplementary Fig. 18). As expected, the dummy
template produced a similar concentration of reacted reporter in the
presence of all input proteins.

We next asked whether the output domain could also be
exchanged modularly, which would allow dARTs to be easily con-
nected to different downstream processes (Fig. 3d, Supplementary
Information Note 4.2). We measured transcription profiles of IFN-O1-
dART, IFN-O2-dART, and IFN-O3-dART which encode the 01, 02, and
03 output domains, respectively, for 0 to 1000 nM of IFN-y (Supple-
mentary Figs. 19 and 20). As expected, reacted reporter kinetics
decreased with increasing IFN-y input concentrations for each output
(Fig. 3e). This suggests that the outputs of the dARTs could be easily
customized to couple them to downstream circuits to create bio-
sensors with different functionalities.
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after 240 min. Two individual technical replicates are plotted (N =2).

Not all aptamer sequences we pulled from the literature worked
in dARTSs. For example, we tested four aptamer sequences for VEGF*
(Supplementary Figs. 21 and 22, Supplementary Information
Note 4.3), and observed that one had the desired response (Sup-
plementary Figs. 23 and 24). The other three sequences showed
repressed transcription with potassium even without VEGF. Thus,
these aptamer sequences may form stable enough G-quadruplexes
with K+ alone to repress transcription. Alternatively, modeling of the
secondary structure of the outputs of the poor performing dARTs
suggested that some of the transcripts may adopt undesigned sec-
ondary structures that impedes their ability to react with their
reporters (Supplementary Fig. 21). These results suggest a simple
screening protocol for adopting additional aptamer sequences to
ARTIST by measuring transcription of dARTs with and without
potassium prior to testing with ligand.

Analog biosensors

We next asked whether we could use ARTIST to build biosensors with
different functionalities, such as analog or digital response, or signal
amplification by coupling dARTs to downstream reactions. In princi-
ple, the rate of increase of reacted reporter by a dART is a measure of
the target protein’s concentration. However, rates are difficult to
measure because they require observing a signal over time. We thus
asked whether we might build analog biosensors that indicate protein
concentration as the steady-state concentration of reacted reporter by
adding RNase H. RNase H degrades RNA outputs of a dART bound to
the DNA strand OI'_g***, allowing OI’_q to rehybridize to OLf to
reform the quenched reporter complex after degradation (Fig. 4a). A
balance of RNA production and degradation should therefore produce
a steady-state response whose magnitude is dependent on the con-
centration of the target protein. The reacted reporter concentrations
of IFN-O1-dART with O to 1000 nM of IFN-y indeed reached different
steady-state values for different input protein concentrations in the
presence of RNase H (Fig. 4b, c). When Thr-O1-dART, IL6-O1-dART, and
TNF-O1-dART were combined with reporter and 5 to 1000 nM of their
corresponding input proteins, distinct steady-state reacted reporter

concentrations were also observed after 240 min (Supplementary
Information Note 5, Supplementary Fig. 25, Fig. 4c).

Digital biosensors

We next asked how we might use ARTIST to construct digital bio-
sensors that have a high sensitivity across a threshold concentration
i.e., they produce a high output signal when the input exceeds the
threshold concentration and a low output signal otherwise. Digital
biosensors are also important for measuring whether a sample satisfies
a specific diagnostic criterion. We sought to design digital biosensors
that invert the output signal of individual dARTSs, so that a high protein
concentration yields a high concentration of RNA output. We designed
a digital biosensor for IFN-y by integrating two dARTs to produce a
comparator circuit. A reference dART with an aptamer domain that
does not bind IFN-y was designed to produce the O1 output (Ref-O1-
dART). Another dART with the IFN-y aptamer domain was designed to
produce an output with partial complementarity to the Ol sequence
(IFN-O1-dART) (Fig. 5a, Supplementary Information Note 6.1, Supple-
mentary Fig. 26). If the IFN-O1-dART is added at a higher concentration
than the Ref-O1-dART, then IFN-OT-RNA will sequester Ref-O1-RNA,
resulting in a low reporter signal in the absence of protein. As IFN-y
concentration is increased, the rate of IFN-OI-RNA transcription will
decrease, allowing the Ref-O1-RNA to react with the Ol reporter once a
threshold IFN-y concentration is reached (Fig. 5b). This comparator
circuit also inverts.

We first sought to build a comparator circuit that could threshold
the concentration of IFN-y so that [IFN-y] <20 nM would produce a low
reacted reporter signal (OFF) and [IFN-y] = 50 nM would produce a
high signal (ON). We used simulations with the previously measured
K4 apparent for the IFN-O1-dART (Supplementary Information Note 6.2,
6.3, and 6.4, Supplementary Fig. 27) to determine that 25 nM of Ref-O1-
dART and 50 nM of IFN-O1’-dART should produce a digital response
with the desired threshold (Supplementary Fig. 28 and Fig. 5c). These
predictions were then confirmed in experiments (Fig. 5d, e). We
termed this IFN-y O1 comparator circuit involving 25nM of Ref-Ol-
dART and 50 nM of IFN-OI’-dART, IFN-C-50-O1. Compared to 10 nM of
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Fig. 5 | Comparator circuits for digital biosensing. a The comparator circuit.
When [IFN-y] is high, IFN-O1-dART’s transcription rate is low. Ref-O1-RNA is thus
produced in excess, and it reacts with the O1 DNA reporter. When [IFN-y] is low, IFN-
O1-RNA’s transcription rate is higher than Ref-O1-RNA’s, and Ref-O1-RNA is
sequestered by IFN-O1’-RNA before it can react with the reporter. b Illustrations of
desired responses of the digital biosensor. Left: when [IFN-y] is high, reacted
reporter rises concentration should increase rapidly until all reporter is reacted,
When [IFN-y] is low it should rise slowly or not at all. Right: the concentration of
reacted reporter should therefore either be fully ON or very low (OFF) at the end of
the reaction. ¢ Simulated kinetics of IFN-C-50-O1. d Experimentally measured
kinetics of IFN-C-50-O1. e Dose-response curve of IFN-C-50-01 after 240 min of
reaction. Dashed lines represent simulations, whereas the points represent
experimental values. f The dose-response curves of IFN-C-30-01, IFN-C-50-01, and
IFN-C-100-O1. g The comparator is designed to be K+-insensitive. IFN-O1'-dART and
Ref-O1-dART both form G-quadruplexes, and their transcription rates should

10 10

[IFN-y] (nM)

change similarly with [K+] concentrations so the output of the comparator should
be relatively insensitive to [K +]. h Dose-response curves of IFN-C-50-O1 in (g);
responses were measured after 240 min. The line plots are added to aid visualiza-
tion of the trends in the reacted reporter concentrations for each [K +] con-
centration. i A [K +]-sensitive comparator. At high [K +], the aptamer domain on the
IFN-O1-dART forms a G-quadruplex, which reduces its transcription rate. If the IFN-
O1-dART’s output is compared to an RNA produced at a rate insensitive to [K +]
(from Dummy-O1-dART) output should change with [K +]. j Dose-response curves
of IFN-C-50-01 with Dummy-O1-dART for different [K +]; responses were measured
after 240 min. The line plots are added to aid visualization of the trends for each [K
+] concentration. For (e), (f), (h), and (j), three individual technical replicates are
plotted. Lines connect the average reacted reporter concentrations of three tech-
nical replicates per [IFN-y]. Shaded regions indicate + one s.d. (N =3). See Supple-
mentary Information Note 6.2, 6.3, and 6.4 for simulation equations and
parameters.

IFN-O1-dART, the digital IFN-C-50-O1 biosensor exhibited a 5-fold
increase in sensitivity across the threshold concentration (Supple-
mentary Fig. 15, Supplementary Information Note 3).

We reasoned we could tune the IFN-y threshold of IFN-C-50-01 by
changing the concentration of Ref-O1-dART, which would change the
amount of IFN-OT-dART that must be repressed by input protein to
produce a reporter signal (Supplementary Information Note 6.4)". In
line with this intuition, we found that an IFN-y O1 comparator circuit
with 15 nM of Ref-O1-dART required >100 nM IFN-y to turn on (IFN-C-
100-01), while a circuit with 40 nM Ref-O1-dART only required >30 nM
IFN-y to turn on (IFN-C-30-01; Fig. 5f).

Robust digital responses

We hypothesized that the digital response of IFN-C-50-O1 would also
be insensitive to different environmental factors that often affect
biosensors. For example, T7 RNAP activity can vary with solution
composition® or temperature®, and such variations could lead to false
positives or false negatives. Since a comparator computes the ratio of
the transcription rates of a dART and a reference template, its output
should not change substantially with T7 RNAP activity, because chan-
ges in T7 RNAP activity would alter the transcription rates of both
templates in the same way. Indeed, the IFN-C-50-O1 produced low
reacted reporter concentrations for [IFN-y] <20 nM and high reacted
reporter concentrations for [IFN-y] > 50 nM, when T7 RNAP activities
were either 2, 4, or 8 U ul™" (Supplementary Figs. 29 and 30, Supple-
mentary Information Note 6.5).

Different biological samples contain a wide range of potassium
ion concentrations such as blood (3.5-5 mM)”, saliva (20-22 mM)*,
and urine (40-100 mM)*. The affinity of G-quadruplex-forming apta-
mers for their ligands is also sensitive to potassium®**¢!, meaning that
affinity assays involving these aptamers would have different perfor-
mance in these different media. Consistent with this finding, dJART
transcription rate decreased with increasing potassium concentration
(Supplementary Information Note 6.6, Supplementary Fig. 31). How-
ever, both dARTs comprising IFN-C-50 contain G-quadraplexes
(Fig. 5g), so their transcription rates are affected in similar ways by
different potassium concentrations. As a result, IFN-C-50-O1 had
similar digital responses and response thresholds across different
potassium concentrations (Fig. 5h). In contrast, a comparator with a
reference dART with a dummy aptamer sequence (Fig. 2¢, Supple-
mentary Table 1) that does not form a G-quadruplex (Fig. 5i), becomes
non-responsive at lower potassium ions concentrations (Fig. 5j, Sup-
plementary Fig. 31) because the IFN-O1'-dART transcription rate
changes with potassium concentration, but the Dummy-O1-dART
transcription rate does not, changing the threshold. Another challenge
to the use of ARTIST for biological samples is the presence of RNases in
most samples. Compared to our conventional dART assay conditions,
we found IFN-C-50-O1 had a similar sensitivity in 10 (v/v)% serum
supplemented with RNase inhibitor (Supplementary Fig. 33)*%. We
also confirmed that IFN-C-50-O1 triggered at the designed IFN-y
threshold concentration in 10 (v/v)% supernatant from cultures of
Chinese hamster ovary (CHO) cells that were secreting VRCO1
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Fig. 6 | Sensitive protein detection with amplified comparators. a Circuit dia-
gram for an amplified IFN-C1-dART/Ref-C1-dART comparator. The Ref-C1-RNA
output, which is high when IFN-y exceeds a threshold concentration, activates
transcription of a genelet that transcribes O4, which is detected by a reporter. b The
reactions through which Ref-C1-RNA coactivates G104 to produce the O4 output.
c Reacted reporter kinetics of IFN-AC-50-04, which consists of 25 nM Ref-C1-dART,
50 nM IFN-CT’-dART, 100 nM G104:B1, 200 nM Al, and 2000 nM O4 DNA reporter,
for 0 nM or 50 nM IFN-y. d Reacted reporter kinetics of the IFN-AC-1-O4, which

consists of 0.5 nM of Ref-C1-dART, 1nM IFN-CI-dART, 20 nM of G104:B1, and

100 nM of A1, and 250 nM of 04 DNA reporter for IFN-y inputs from O to 4 nM. 4 U
uL™ T7 RNAP and 4 x 10 U uL™* RNase H were used in IFN-AC-1-04. e Comparison of
the dose-response curves of IFN-AC-1-O4, IFN-C-30-01, IFN-C-50-01, and IFN-C-
100-01. Three individual technical replicates are plotted. Lines connect the average
reacted reporter concentrations of three technical replicates per [IFN-y]. Shaded
regions indicate the average value of three technical replicates + one s.d. (N=3).

monoclonal antibodies (Supplementary Fig. 34). These results show
how ARTIST could be used to construct digital biosensors that reliably
detect proteins under different environmental conditions.

Output amplification

We next asked whether we might increase the amount of output
produced by a comparator circuit in response to the same con-
centrations of protein input. We designed an amplified comparator
(Fig. 6a, Supplementary Information Note 7) in which the RNA out-
put of the comparator circuit activates transcription of a down-
stream genelet® via strand displacement reactions that complete
the promoter sequence of the genelet (Fig. 6b, Supplementary
Figs. 35 and 36). To prevent the low level of comparator output that
is produced even when [IFN-y] is low from triggering the output, we
included RNase H, so that only when the rate of Ref-C1-RNA pro-
duction exceeds its degradation rate can it activate the genelet to
produce an output.

The amplified comparator (IFN-AC-50-04) reacted with 2000 nM
of O4 reporter (Fig. 6¢) in response to 50 nM of IFN-y in <45 min, more
than 40 times the output produced by the non-amplified comparator
to the same input (IFN-C-50-0O4; Supplementary Fig. 37). Without IFN-y,
about 200 nM of 04 reporter reacted transiently, but this amount then
decreased, presumably because of RNase H-catalyzed O4 RNA degra-
dation. Interestingly, the ON/OFF ratio of IFN-C-50-0O4 was only 2-fold
to 3-fold (Supplementary Fig. 37), compared to IFN-AC-50-O4, which
was nearly 10-fold (Fig. 6¢). This increase in the fold-change between
the ON and OFF signals may be due to two factors. First, Ref-O1-RNA
reacts faster with the Ol reporter in IFN-C-50-0O1 than Ref-C1-RNA does
with Bl in IFN-AC-50-04*’. Thus, when IFN-CI-RNA is in excess, a
greater fraction of Ref-C1-RNA is sequestered in IFN-C-50-O4 than IFN-
04-RNA in IFN-C-50-04. Second, in IFN-AC-50-O4, both Ref-CI-RNA

and O4-RNA are degraded by RNase H, which results in a lower back-
ground signal without protein for IFN-AC-50-04 than for IFN-C-50-04.

We hypothesized that an amplified comparator such as IFN-AC-
50-04 could be tuned to produce a similar amount of high output to its
corresponding non-amplified comparator (IFN-C-50-O4) beginning
above a much lower threshold protein concentration. To build this
more sensitive amplified comparator, we reduced the concentrations
of the Ref-C1-dART and IFN-C1-dART of IFN-AC-50-04 50-fold to cre-
ate a diluted amplified comparator, termed IFN-AC-1-O4. IFN-AC-1-O4
maximized reporter signal for IFN-y concentrations of 1nM or higher
and otherwise produced <12% of the maximum reporter signal.
Amplifying the output of the comparator thus makes it possible to
reduce the threshold input concentration of the circuit 50-fold (Sup-
plementary Fig. 38), decrease the limit of detection below 1nM, and
maintain high sensitivity (Fig. 6d, e, Supplementary Fig. 15, Supple-
mentary Information Note 3). Furthermore, the concentration of
reacted reporter, a measure of the RNA output, produced by IFN-AC-1-
04 at this threshold is >250-fold higher than the input protein con-
centration (Fig. 6d, e).

Discussion
ARTIST is a versatile platform for rapidly developing biosensors that
report on protein concentrations. By coupling downstream reactions
to a dART’s protein-controlled transcription processes, ARTIST can be
easily tailored to produce biosensors with analog responses, tunable
digital responses, and high sensitivities below the Ky of an aptamer.
ARTIST’s performance suggests it could be used for sensing
proteins of interest in research and clinical settings. For example, IFN-y
is a ubiquitous cytokine involved in various malignancies (e.g., cancer,
autoimmune diseases)®’, as well as a key signalling factor in immu-
notherapy. T-cells can secret up to 30 nM of IFN-y during mitogenic
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stimulation®* and activated lymphocytes can secrete up to 3.5nM of
IFN-y after transfection of immunotherapies®. The ARTIST biosensors
presented here are already suited to detect proteins within these
biologically relevant ranges, with the IFN-C-30-O1 and IFN-AC-1-O4
biosensors designed to respond at 8.7nM and 0.4nM of IFN-y,
respectively. Incorporating additional layers of genelet amplification®®
or other isothermal RNA amplification schemes that have been able to
detect femtomolar concentrations of nucleic acids®” could enable
ARTIST biosensors that respond well below the current LOD of
0.4 nM®%7,

Aptamers identified in previous studies were readily integrated
into dARTS, suggesting the promise of developing a larger library of
biosensors for a range of important protein targets. The selectivity of
dARTSs suggests that they may be combined to allow for multiplexed
sensing or decision-making involving multiple protein inputs. They
could also be integrated with methods such as proximity ligation®® or
multi-epitope targeting® to enhance selectivity for detection in more
complex environments. G-quadruplex-forming aptamers, which have
been developed for more than 2000 proteins’®, were investigated
here, but non-G-quadruplex-forming sequences have also been
reported to repress in vitro transcription®®, suggesting that ARTIST
may apply to an even broader range of aptamers.

It should be possible to incorporate ARTIST into existing field-
deployable workflows for rapid point-of-need biosensing. The con-
stituents of ARTIST (T7 RNAP, RNase H, DNA complexes) can be easily
freeze-dried for storage and the outputs are compatible with existing
portable systems to measure fluorescence®’. Testing in matrices such
as serum, blood, urine, and saliva can severely inhibit reaction condi-
tions, and will need to be systematically studied. Our results in serum
and supernatant from antibody secreting CHO cell cultures indicate
RNase inhibitors can help with operating biosensors within biological
samples by preventing RNA degradation®®2,

The effects of environmental conditions such as ion concentration
on aptamer affinity can limit their applicability in biosensors. We
demonstrate how the ARTIST system can produce a measurement of IFN-
y concentration that is mostly insensitive to that concentration of
potassium ions, despite the effects of potassium on aptamer affinity,
Biological samples such as serum, blood, urine, and saliva, have different
salt concentrations that can confound the readout of biosensors. ARTIST,
through the ability to self-calibrate in response to its environment, may
potentially ameliorate this issue. The incorporation of further self-cali-
bration, background, or crosstalk subtraction” or even feedback control
methods such as adaptation’ might allow ARTIST to overcome many of
these limitations, or further, even to achieve robustness levels exceeding
those of many traditional affinity assays.

Methods

Materials

04 f, OI'_q, 02" q, 03’_q, and 04’_q were purchased from Integrated
DNA Technologies (IDT) with HPLC purification (Supplementary
Table 1). All other oligonucleotides were purchased under standard
desalting conditions. Triphosphates (NTPs) were purchased from
ThermoFisher Scientific (RO481). T7 RNAP was purchased in bulk
(300,000 U) from Cellscript (200 U pl™, C-T7300K) as well as from
ThermoFisher Scientific (200 Uul™, EPO113). NEB RNAPol reaction
buffer (M0251S; 10X) and yeast inorganic pyrophosphatase (YIPP;
M2403S; 0.1 U ulI™) were purchased from New England Biolabs (NEB).
RNase H was purchased from ThermoFisher Scientific (ENO201;
5Upl™). Fetal bovine serum (FBS; 26140079) and RNase inhibitor
(N8080119; 0.5U ul™) were purchased from ThermoFisher Scientific.
CHOZN cell line (Sigma-Aldrich) expressing the VRCO1 monoclonal
antibody was cultured in imMEDIAte Advantage Medium (Catalog No.
87093C; Millipore-Sigma-Aldrich) in batch mode. The suspension cells
were cultured in 125 ml shake flask with working volume of 30 ml at 125
RPM, 37°C, and 5% carbon dioxide. Cells were inoculated at 5.0 x 10°

cells mL™. Culture media supernatants were collected after 4 days of
culture.

Recombinant Human IFN-y (285-IF), IL-6 (206-IL), TNF-a (210-TA),
and VEGF 165 (293-VE) were all purchased from R&D Systems Inc. (USA)
in lyophilized form. Recombinant Human IFN-y was reconstituted in
sterile, deionized water, whereas Recombinant Human IL-6, TNF-a, and
VEGF were all reconstituted in sterile PBS containing 0.1% BSA. Human «-
thrombin (HCT0020) was purchased from Haematologic Technologies,
Inc. (Essex, VT) and dissolved in 50% H,O/glycerol.

dART annealing and preparation

dARTs were assembled by annealing their three strands, a promoter
non-template strand (Prom-dART-nt), a non-template strand encoding
the output sequence of choice (i.e., O1-dART-nt, 02-dART-nt, O3-
dART-nt) and a template strand that contains the aptamer domain of
choice that is complementary to the two non-template strands (i.e.,
IFN-O1-dART-t, Thr-O1-dART-t, IL6-O1-dART-t, TNF-O1-dART-t) at
equimolar concentrations. As an example, Prom-dART-nt, O1-dART-nt,
and IFN-O1-dART-t were combined in a standard 200 uL PCR tube
(VMR; 20170-010) at concentrations of 1uM per strand in 1X NEB
RNAPol reaction buffer supplemented with KCI to a final concentration
of 100 mM. To anneal, mixtures were heated to 90 °C, incubated for
5min, then cooled to 20 °C at a rate of 1°C min™.

Reporter annealing and preparation

DNA reporters were prepared by diluting the fluorophore-modified
DNA strand with its partially complementary quencher-modified DNA
strand at a concentration of 10 uM per strand in 1X NEB RNAPol reac-
tion buffer. The reporter mixture was heated to 90 °C, incubated for
5 min, then cooled to 20 °C at a rate of 1°C min™.

Amplified comparator annealing and preparation

Genelet initially in a blocked state (G104:B1) was prepared by mixing
G104-nt, 04-t, and BI1 together in 1X NEB RNAPol reaction buffer at
equimolar concentrations. The genelet mixture was heated to 90 °C,
incubated for 5 min, then cooled to 20 °C at a rate of 1°C min™.

Reaction conditions

Reactions were all conducted at 37 °C in 1X NEB RNAPol reaction buffer
supplemented with KCI to a final concentration of 100 mM and NTPs
(ATP, UTP, CTP, GTP) at a final concentration of 2mM each unless
otherwise stated. We included 100 mM KCI to promote the proper
folding of G-quadruplex structures within aptamer domains”. In
addition to T7 RNA polymerase, YIPP was also included in reactions
(1.35 x107 U pl™) to extend the duration of the transcription reactions.
The reaction conditions mentioned above are referred to as ARTIST
reaction conditions. The concentrations of each of the molecules in
each experiment are given in Supplementary Tables 10-31 under
Supplementary Information Note 8. The total volume of the reaction
was set at 25 uL for all assays.

To perform experiments, solutions containing dART templates
under ARTIST reaction condition mentioned were first added to wells
of a 384-well plate. Proteins were then added at the concentrations
described set at a volume of 0.5uL and in most experiments incu-
bated for 30 min to 60 min at room temperature. In Supplementary
Fig. 6, IFN-y was added after 30 min of transcription to measure
repression of IFN-O1-dART. In Fig. 3b, we also added 0.5 uL of sterile
PBS containing 0.1% BSA into the assays with 10 nM of 1L6-O1-dART
or TNF-O1-dART reacting with O nM of IL-6 or TNF-«, respectively.
This was done to ensure equal salt concentrations from the PBS
buffer. Similarly in Supplementary Fig. 15, we added 0.5 uL of sterile
PBS containing 0.1% BSA into all assays that did not have 100 nM of
IL-6 or TNF-a. IFN-C-01-50 was mixed in 10 (v/v)% FBS (Supplemen-
tary Fig. 33) or 10 (v/v)% CHO cell culture media (Supplementary
Fig. 34), and O to 100 nM of IFN-y. The reaction mix was incubated
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with 0.5 U uL™ of RNase inhibitor for 2 h before adding in T7 RNAP
and YIPP.

Data acquisition

Fluorescence readings were then taken for 10 min to 25 mins to mea-
sure minimum fluorescence values before T7 RNAP, and YIPP were
added to initiate the reactions (Supplementary Information Note 1.2,
Supplementary Fig. 3a). At the end of the experiments, 0.5 uL of a DNA
strand fully complementary to ol’_q or 04’_q was mixed into each assay
at a final concentration of 2.5 uM to obtain a maximum O1 or O4 DNA
reporter fluorescence intensity. Fluorescence data were then normal-
ized using Eq. 1 as follows (Supplementary Fig. 3b):

[Reacted Reporter] = (Total [DNA Reporter])

Fluorescence — Min (Fluorescence) 1)
Max (Fluorescence) — Min (Fluorescence)

*

All kinetic data were obtained using either a BioTek Synergy H1
or Cytation 5 plate reader (Agilent Technologies). All fluorescence
readings were measured using Gen5 3.11 (BioTek Synergy H1) and
3.12 (Cytation 5). HEX was measured with an excitation peak of
533 nm and an emission peak of 559 nm with a gain of 80 to 100 to
ensure fluorescence values were within the linear range of detection.
Cy3 was measured with excitation peak of 555 nm and emission peak
of 569 nm with a gain 60 to 100 to ensure fluorescence values were
within the linear range of detection. FAM was measured with exci-
tation peak of 487 nm and emission peak of 527 nm with a gain of 60.
Fluorescence measurements were taken every minute during
reactions.

Data analysis

Determination of standard deviations for all data points shown in
Supplementary Figs. 13, 14, and 15 were determined from the covar-
iance estimates using SciPy’s curvefit function.

Statistics and reproducibility

For technical replicates, all experiments were conducted using the
same instrument, reagents, and experimental conditions on two or
three separate days. Error bars and shadings indicate + one s.d. Ran-
domization is not relevant to our study. Under Supplementary Note 3,
the 95% confidence intervals of ECsp and p parameters were deter-
mined from the covariance estimates supplied by SciPy’s curvefit
function.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data generated in this study are provided in the Supplementary
Information and Source data file. Source data are provided with
this paper.

Code availability

All data analysis, simulations for Ky apparent, réacted reporter kinetics of
dARTSs, reacted reporter kinetics, dose-response curves of the com-
parator, and LogFit analysis of sensitivity and LOD are available at:
https://doi.org/10.7281/T1/IRLOIE".
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