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Abstract

The field of synthetic biology has used the engineered assembly of synthetic gene networks to
create a wide range of function in biological systems. As part of this work, gene circuit-based
sensors have primarily used optical proteins (e.g. fluorescent, colorimetric) as reporter outputs,
which has limited the potential to measure multiple distinct signals. Here we present an
electrochemical interface that permits expanded multiplexed reporting for cell-free gene circuit-
based sensors. We have engineered a scalable system of reporter enzymes that cleave specific
DNA sequences in solution, which results in an electrochemical signal when these newly liberated
strands are captured at the surface of a nanostructured microelectrode. We describe the
development of this interface and show its utility using a ligand-inducible gene circuit and toehold
switch-based sensors, including the detection of multiple antibiotic resistance genes in parallel.
This technology has the potential to expand the field of synthetic biology by providing an interface
with materials, hardware and software.
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Introduction

The field of synthetic biology uses genetically-encoded tools to create biological systems
with new functions!-2. Work to date has generated organisms with engineered metabolic
pathways for bioproduction34, embedded synthetic logic and memory®>~" and the capacity to
sense and respond®9. Despite being poised to revolutionize many aspects of modern life, this
cell-based approach requires that all processes be laboriously encoded within a living
organism9, and introduces significant complexity into the application of synthetic biology
including limits to the distribution of these tools over concerns of biosafety. Recent efforts
have aimed to tackle this long-standing challenge by creating cell-free synthetic biology
applications that use the enzymes of transcription and translation11-13 to provide a biosafe
format for applications ranging from point-of-care diagnostics to biomanufacturing to
classroom education14-20, Cell-free systems are particularly advantageous as they can be
freeze-dried for distribution without refrigeration and so the central motivation for many of
these projects has been to provide portable diagnostics/sensors for global health, agriculture,
national security and other applications that would benefit from sensing outside of
laboratory settings. Sensors used in these and conventional synthetic biology studies have
relied on the expression of optical reporter proteins (e.g. colorimetric, fluorescence), which,
while successful, generally provide the capacity for one, or at most two or three, reporter
signals from a single reaction.

Here we describe a direct gene circuit-to-electrode interface that allows for the output from
engineered, cell-free gene circuits to be transformed into a signal that can be detected
electrochemically. Electrochemical methods have previously been developed to detect
nucleic acids?1-2%, small molecules?6-29, and proteins30:31 with high sensitivity and
specificity. However, by amalgamating programmable gene circuit-based sensors with
electrochemical detection, we have created a biohybrid system that is adaptive, broadly
capable and has the potential to allow 5-10 multiplexed sensors to operate with parallel but
distinct signals. Importantly, this approach can be adapted to retrofit other gene circuit-based
sensors by simply swapping the respective reporter proteins. We envision that
electrochemical interfaces will enable multiplexed gene circuit-based portable diagnostics
and, more broadly, will foster greater interaction between synthetic biology and electronic
device development.

Using DNA-functionalized nanostructured microelectrodes as electrochemical
detectors26:32, the activation of gene circuits is linked to specifically paired electrodes
through the expression of orthogonal reporters (Fig. 1). Sequence-specific and scalable, this
approach uses the production of restriction enzyme-based reporters to catalyze the release of
methylene blue-labelled ssDNA (reporterDNA), which in turn interacts with complementary
ssDNA (captureDNA) conjugated to the electrode surface. Upon hybridization of
reporterDNA with captureDNA, methylene blue, a redox reporter molecule, is brought in
close proximity to the electrode surface, allowing for a large increase in the measured
current at that electrode?227. 1t is this conversion of gene circuit-based sensor activation into
sequence-specific DNA interactions that enables distinct and multiplexed signals to operate
without crosstalk. Here, we demonstrate the power of this new electrochemical interface by
detecting the activation of rationally designed toehold-switch-based RNA sensors, a small-
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molecule actuated synthetic gene network and demonstrate the multiplexed detection of
colistin antibiotic resistance genes.

Results and Discussion

Screening for high-performing restriction enzyme-based reporters

The creation of this electrochemical approach to gene circuit-based sensor signaling required
that we first identify a set of restriction enzymes capable of rapid and robust performance.
We screened 66 commercially available restriction enzymes for cleavage activity under
buffer conditions required for the cell-free transcription and translation system (Fig. 2a, b)1L.
The ability of restriction enzymes to cleave target DNA was evaluated using gel
electrophoresis (data not shown). The commercially available PURExpress cell-free system
(NEB) was selected for experiments because of its recombinant nature, meaning that it is
free from background nuclease activity. Of the 37 restriction enzymes that were capable of
cleavage, DNA sequences encoding for 26 restriction enzymes were designed and proteins
were successfully expressed upon transcription by T7 RNA polymerase (RNAP) in the cell-
free system (Supplementary Table 1, Supplementary Fig. 1). After a three-hour expression
period, restriction enzyme activity was tested using gel-electrophoresis-based analysis
(Supplementary Fig. 2, Supplementary Table 2).

Given that restriction enzyme expression and processivity are critical for reporter
performance, we developed a fluorescence-based molecular beacon assay to monitor DNA
cleavage in real-time as the restriction enzymes were expressed /n vitro. The hairpin-based
molecular beacons contain a DNA recognition site for each of the respective restriction
enzymes and are designed with a 5 FAM-6 fluorophore and a 3° BHQ-1 quencher (Fig. 2c,
Supplementary Table 3)33. Upon restriction-enzyme-mediated cleavage, the FAM-6
fluorophore is released, allowing for tracking of enzyme activity over time. De novo
expression of candidate restriction enzymes resulted in significant cleavage activity by six
restriction enzymes in as early as fifteen minutes (Acil, Banll, BsaAl, BstEll, Clal, EcoRV)
and by others at later time points (Hincll, Bglll, Ncol, Pstl; Supplementary Fig. 3). The
orthogonality of these ten restriction enzymes was then tested by expressing each enzyme in
the presence of all ten respective molecular beacons individually. Results indicated good
orthogonality, with little crosstalk between restriction enzymes (Fig. 2d).

Electrochemical detection of restriction enzyme-activated redox reporters

With a set of restriction enzymes established, we next developed the companion electrode
and redox reporter systems. Each chip contains an array of fifteen micropatterned electrodes
arranged in five sets of three, which were prepared using standard photolithography
techniques (Fig. 3a, b). Briefly, gold electrodes were patterned on a glass wafer, followed by
a layer of photoresist, to create six 400 um x 20 um openings over each electrode and to
prevent nonspecific interactions (Supplementary Fig. 4). Electrodeposition in a gold chloride
solution was then employed to create nanostructured microelectrode topologies, which were
found to provide optimal speed of detection and sensitivity (Supplementary Fig. 5)34.
Nanostructured electrodes were tested over time and found to perform stably, with little
decrease in current, when stored under ambient atmosphere, humidity and temperature
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(Supplementary Fig. 6). After electrode preparation, captureDNA complementary to the
reporterDNA for each restriction enzyme was conjugated to each of the five triplicate
electrode sets via a terminal thiol group; 6-mercaptohexanol (MCH) was added as a co-
adsorbent to minimize electrostatic repulsion on the electrode surface (Supplementary Table
4).

Release of the complementary reporterDNA is catalyzed by restriction enzyme-dependent
cleavage of free-floating DNA duplexes in cell-free reactions (Fig. 3c). These stable DNA
duplexes are comprised of a full-length reporterDNA strand and a complementary inhibitor
DNA strand (iDNA), which prevents interaction with electrodes in the absence of cleavage
(Supplementary Fig. 7). Conversely, upon duplex cleavage, the truncated reporterDNA is
designed to hybridize with captureDNA and bring the terminal methylene blue label to the
electrode surface, enabling electron transfer to create a restriction enzyme-dependent
electrochemical signal (Fig. 3d). The preference of the truncated reporterDNA for the
captureDNA is driven by mismatched base pairing with the iDNA, which leads to greater
relative stability (higher melting temperature, AG) when hybridized to on-chip captureDNA
(Supplementary Table 5). As in the molecular beacon assay, restriction enzyme specificity
results from recognition of sequence-specific DNA cleavage sites, and electrochemical
detection requires conjugation of the complementary captureDNA on the electrode surface.

Using T7-RNAP expression, we showed that the restriction enzyme-mediated
electrochemical signal can be detected in as little as 20 minutes after transcription initiation
using square wave voltammetry (Fig. 3e, Supplementary Fig. 8). We next determined that
this model of restriction enzyme-mediated signaling is scalable with the demonstration of
ten restriction enzyme-electrode pairs (Fig. 3f, Supplementary Fig. 9). Here expression
constructs for each restriction enzyme were combined in cell-free reactions with their
respective reporterDNA duplexes (reporter DNA-iDNA) and electrodes containing one of
the ten captureDNA strands. After a 1-hour off-chip incubation reaction at 37 °C, all ten
pairs led to significant electrochemical signal fold change at 30 minutes once applied to the
electrodes. The orthogonality of all ten restriction enzymes was then tested by repeating the
expression of each enzyme in the presence of the ten reporterDNA duplexes individually.
The resulting electrochemical signaling demonstrated strong orthogonality and little
crosstalk (Fig. 3g). A subset of these restriction enzymes could also be co-expressed in a
single reaction mixture to generate clear electrochemical signals on chip. In this
experimental set-up, all five restriction enzyme expression constructs and their
corresponding reporterDNA duplexes were combined in a single cell-free reaction volume
(Fig. 3h left). When expressing multiple restriction enzymes in a single pot, it is important to
ensure that enzymes are not cross-reactive towards the DNA encoding the respective
restriction enzymes. To address this, restriction enzyme expression was performed using
methylated DNA to prevent restriction enzyme-mediated cleavage (Fig. 3h, Supplementary
Figs. 10, 11) and, alternatively, by modifying their DNA sequences to remove restriction
enzyme cleavage sites (Supplementary Fig. 11, Supplementary Table 6). These strategies
effectively limited cross-reactivity and broadened the pool of restriction enzymes that could
be used as reporters. With reporter validation complete, we now refer to these restriction
enzymes simply as reporter enzymes.
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Electrochemical detection of gene circuit driven expression: TetO and toehold switches

Application:

With the fundamental components for the electrochemical interface complete, we next
developed applications to demonstrate electronic sensing of gene circuit activation. We
began with TetO-regulated expression of a reporter enzyme (Fig. 4a, Supplementary Table
7). TetO is a 19-bp operator sequence that can be placed between a promoter and a gene of
interest to provide tetracycline-responsive expression. In this system, transcription is
regulated through Tet repressor (TetR) binding to the T7-TetO promoter region, which
inhibits transcription, and the small molecule tetracycline analog anhydrotetrcycline (ATc),
which relieves this inhibition (Fig. 4a, left). By placing the reporter enzyme Acil under TetO
regulation, we were able to demonstrate the corresponding activation and inhibition of
electrochemical signaling in the presence and absence of ATc, respectively (Fig. 4a, right).
These signals corresponded closely with positive and negative controls.

The multiplexed linkage of gene circuits to electronics has the potential to enable automated
and high-capacity biosensing. We have previously demonstrated that toehold switches can be
designed to recognize specific RNA sequences and that these RNA sensors can be used to
identify the presence of pathogens#15. To explore the potential of multiplexing such
sensing capacity, we used six toehold switches designed to recognize six synthetic model
sequences (Supplementary Table 8)3°. Cell-free reactions containing a toehold switch, with
or without its respective RNA trigger sequence, were monitored electrochemically at 37 °C
on microelectrode arrays containing the complementary captureDNA and free-floating
reporterDNA duplex. This resulted in the sequence-specific RNA activation of toehold
switches and electrochemical outputs that increased 7- to 30-fold (Fig. 4b) compared to
background. The fold change values represent the maximum signal between 60 and 90
minutes, with significant signals observable in as little as 15-20 minutes (Supplementary
Fig. 12). Importantly, as previously demonstrated1435, the performance of riboregulators is
switch-dependent (Supplementary Fig. 13), and here we show that this signal can also be
modulated by the choice of reporter enzyme (Supplementary Fig. 14), providing a further
layer of engineering control.

Detection of colistin antibiotic resistance genes

The overuse of antibiotics has given rise to the growing threat of drug resistance. With the
vast majority of antibiotic use related to agricultural settings, farms represent a significant
risk for the emergence of resistance36:37. Here we developed toehold switch-based sensors
specific to the coding regions of resistance genes for the key last-line antibiotic colistin
(MCR-1, MCR-2, MCR-3 and MCR-4). These genes have recently been identified in
livestock globally and represent a dangerous threat to the efficacy of an antibiotic of last
resort.

Using a purpose-built algorithm for toehold switch design!®, each MCR gene was
computationally screened for regions of low structural complexity that could be targeted by
toehold switches. We then synthesized toehold switch designs complementary to the 24 top
ranked binding sites within each MCR gene and ligated a unique reporter enzyme gene to
each set of switches (MCR-1_EcoRV, MCR-2_Acil, MCR-3_Banll, MCR-4_Clal). Reporter
enzyme selection was based on the speed of DNA cleavage in time-course assays (Fig. 2¢
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and Supplementary Fig. 3). The performance of the resulting 96 sensors was then screened
against their respective RNA sequences for optimal ON/OFF ratios using molecular beacons
(Supplementary Fig. 15, Supplementary Tables 9, 10). Top performing sensors were then
validated on microelectrode arrays. With the activity of each MCR sensor linked to a unique
reporter enzyme, we first demonstrated that the corresponding electrode array for all four
MCR genes could detect each gene independently (Fig. 5a, samples A-D). Each of the MCR
RNAs (1nM, samples A-D) were added to four cell-free reactions each containing one set of
the toehold sensors (MCR-1_EcoRV, MCR-2_Acil, MCR-3_Banll, MCR-4_Clal) and
corresponding reporterDNAS, and incubated for 30 minutes off-chip at 37°C. After separate
incubation, the four reactions were pooled together on-chip (e.g. samples A, B, C and D) for
incubation at 37°C. The electrochemical response for each of the four MCR genes
individually provided a clear signal enhancement of ~20-fold after 50 minutes. We then
demonstrated that this capacity could be multiplexed, enabling the specific and simultaneous
detection of RNA sequences from MCR-3 and MCR-4 (Fig. 5a, Supplementary Fig. 16).
The full data sets with standard error can be found in Supplementary Fig. 16.

As with other cell-free sensors1520, we next used an isothermal amplification reaction (1
hour) to specifically amplify target sequences before adding the sample to cell-free reactions
containing toehold sensors. The limit of detection (LOD) without an amplification step was
determined through on-chip sensing of MCR-1 at RNA concentrations between 10 nM and
150 nM using 200 nM MCR-1_EcoRV switch following the experimental design described
above. These measurements yielded a calculated LOD of 64.5 nM (Supplementary Fig. 17).
With the addition of a Nucleic Acid Sequence Based Amplification (NASBA) step upstream
of the electrochemical workflow, we were able to extend the detection of the antibiotic
resistance gene MCR-4 to the low femtomolar range (1 fM), an improvement of over seven
orders of magnitude (Supplementary Fig. 18). In these experiments, MCR-4 RNA at 1 fM
was added to a NASBA reaction (1 hour) and this amplified RNA was then added to cell-
free reactions at 14% of total cell-free reaction volume. Here the combined workflow led to
a robust increase in electrochemical signal on-chip after 120 minutes of incubation at 37 °C.
This level of performance compares well with the turnaround time and sensitivity of other
recently published cell-free synthetic biology-based detection schemes (2—3 hours)15:38,

Finally, with a long-term goal of applying this approach to the interrogation of real-world
samples, we wanted to determine the capacity of our on-chip detection for more complex
samples (Fig 5b). Here the MCR-4 gene was expressed in £. coliand then total RNA was
collected from the resulting culture. Total cellular RNA was then added to the NASBA
reaction (1 hour) at a concentration of 30 ng/ul for isothermal amplification using MCR-4
specific primers. The amplified MCR-4 mix was added without purification to the cell-free
reactions containing the MCR-4_Clal switch, followed by 30 minutes of off-chip and 15
minutes of on-chip incubation at 37 °C prior to taking the first electrochemical measurement
(Fig. 5¢). Electrochemical activation of the system was specific to MCR-4 RNA in the
presence of high background off-target RNA sequences and provided a strong, distinct
signal against negative controls.
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Conclusion

Methods:

Taken together, we have presented a series of proof-of-concept experiments for a direct and
scalable interface between engineered gene circuits and electronics. Interfacing cell-free
synthetic biology with electronics will enable engineered gene networks to curate mixed
molecular information and rapidly share data with computational tools, a capability that
promises to drive more sophisticated and interactive applications. Potential uses include
high-content multiplexing systems for decentralized sensing in health, agriculture, national
security and industry, among others. Using low-cost electronics, ultimately, we envision this
interface to enable dozens of diagnostics to operate for the cost of a single test in our current
colorimetric format (<$1/test)1°. Moreover, by simply modifying the upstream molecular
sensor elements in the system, the same reporter enzyme-electrode pairs can be left
unchanged, along with common microelectrode hardware, to serve any sensor application in
principle. Toehold switches can be rationally designed3® and therefore the platform can be
tailored to detect virtually any nucleic acid sequence. The stable and biosafe nature of the
cell-free format also means that the technology can be used without the limitations of
cellular systems, potentially enabling new applications and operating environments outside
of the laboratory.

This approach also holds exciting technical implications for the field of synthetic biology.
First, this work highlights the potential for chemistry to enable and mediate signaling for
synthetic gene networks, creating a much-needed mechanism for increasing the bandwidth
of sensor outputs. This contrasts with conventional reporters, which are optical and have a
limited capacity for multiplexing®15. While sensing arrays can be contemplated for optical
detection (e.g. microarrays), the complexity of these devices and the optics needed for
detection are major disadvantages. Second, tackling another key challenge in the field, here
we demonstrate that rather than having to encode decision making and memory features
genetically into gene circuits, we can off-load these features to attached electronics. The
system continues to take advantage of biology’s incredible capacity to sense, but has the
potential to dramatically reduce the time needed to develop synthetic biology applications.
With this approach, the underlying connectivity of sensory outputs can be re-programmed at
will, easily creating any number of logic calculations (e.g. AND gates, etc.) by simply
modifying the code at the level of the software rather than at the level of the DNA or RNA.
Looking forward, we see this bioelectrochemical approach as providing the field a new
enabling venue and one that provides new opportunities for even greater interdisciplinarity
and rational design of chemical and biological systems.

Chip fabrication:

Microelectrode patterns including reference, counter, and working electrodes were generated
using standard contact photolithography techniques from glass substrates layered with
chrome, gold, and with or without positive photoresist (AZ1600) obtained from Telic
Company or EMF. The working electrodes were nanostructured using electrodeposition in a
solution of 50 mM AuCl3 in 0.5 M HCI. A standard three-electrode system with an Ag/AgCI
reference electrode and a platinum counter electrode was run at a constant potential of 0 mV
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for 100 s using Bioanalytical Systems Epsilon potentiostat (West Lafayette, IN, USA).
Finally, 100-um high PDMS channels were fabricated and bonded to chips using standard
soft lithography techniques. See supplementary methods for detailed protocols for each step.

CaptureDNA deposition:

CaptureDNA strands were obtained from Integrated DNA Technologies containing a 6-
carbon linker with a terminal thiol. Final concentrations of 10.5 uM of captureDNA along
with 5 uM of mercaptohexanol (MCH) were deposited on nanostructured working
electrodes, and incubated in a humid environment at room temperature for approximately 14
hr. In order to deposit multiple DNA capture strands on a single chip, 3145 RTV silicone
adhesive sealant (Dowsil, Midland, Michigan, USA) was used to create separate chambers
for DNA deposition (Supplementary Fig. 4), and the glue was removed after overnight
incubation with the DNA solutions. Chips were then washed 3x with 1x PBS. A solution of
1 mM MCH was added to cover the working electrodes of each chip to backfill any gold
surface and prevent nonspecific interaction. After incubation for 3 hr at room temperature,
chips were washed 3x with 1x Phosphate-Buffered Saline, pH 7.4 (PBS), then rinsed with
ddH,0 and dried under a stream of N».

Reporter DNA preparation:

ReporterDNA was ordered from Integrated DNA Technologies with a terminal amine, which
was used for labeling with a methylene blue NHS Ester (Glen Research, Sterling, VA, USA)
according to manufacturer’s protocol. Labeled DNA was then purified using reverse phase
HPLC, dried via lyophilization, and re-dissolved in 1x PBS. Then reporter and inhibitor
DNA strands were annealed at ratio of 1:4 (for initial proof-of-concept experiments) or 1:10
(for multiplexed experiments) in 1x PBS incubated at 95 °C for 4 min. The solutions were
then cooled slowly to room temperature.

Cell-Free expression of restriction enzymes:

All experiments were performed using the recombinant cell-free protein expression system
(CFS), PUREXxpress (E6800S, NEB, Ipswich, MA, USA) following manufacturer’s
procedures with an additional 0.5% by volume RNase inhibitor (M0314S, NEB). All DNA
constructs and gene-circuits were designed to be compatible with this cell-free system.
Restriction enzyme expression reactions were assembled using 10 nM linear DNA encoding
for the restriction enzyme in CFS. To measure restriction enzyme expression and activity
electrochemically, the reporterDNA-iDNA complex was added to a final concentration of
100-280 nM reporterDNA. If measurements were to be made in real-time, the solution was
then added directly to the electrochemical chips for measurement during incubation at 37
°C. Unless otherwise stated, the reactions were incubated at 37 °C for 1 hr before addition to
chips. The reactions were then incubated on the chips for 15-30 min at 37 °C before
electrochemical measurements were obtained.

Electrochemical Measurements:

All measurements were performed using either a Bioanalytical Systems Epsilon potentiostat
or a PalmSens PSTrace potentiostat, both with a three-electrode system. An on-board gold
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reference electrode was used in addition to a platinum wire auxiliary electrode. The
multiplex chip was designed to house both an on-board gold reference and counter
electrodes. Square wave voltammetry (SW) signals were obtained with a potential pulse step
of 1 mV at a frequency of 60 Hz and an amplitude of 25 mV, with measurements taken from
100 to —450 mV.

Toehold switch-based multiplexed sensing of MCR antibiotic resistances:

For proof of concept experiments (Fig. 4b) cell-free reactions were set up as described above
supplied with 10 nM DNA encoding the toehold switches. For multiplexed MCR detection,
switches were supplied as RNA, with concentrations of 200 nM MCR-1_EcoRV, 25 nM
MCR-2_Acil, 250 nM MCR-3_Banll, and 100 nM MCR-4_Clal. Respective switches were
triggered by 1 nM RNA trigger sequences in presence of 100 nM reporterDNA (Fig. 5a).

Data and materials availability

All raw data presented and used in the manuscript are available upon request from the
corresponding authors.

Code availability

All custom computer code used in the manuscript are available upon request from the
corresponding authors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. A genecircuit-electrodeinterface for cell-free synthetic gene networks.

By combining cell-free transcription and translation systems with engineered gene circuits
on nanostructured microelectrodes, distinct and multiplexed output signals can be tracked in
parallel. This approach uses toehold switch-based RNA sensors, which, in the presence of
trigger RNA, express one of ten restriction enzyme-based reporters. Upon sensor activation,
expressed restriction enzymes cleave annealed reporterDNA, which is free floating in cell-
free reactions, releasing the redox reporter-labelled reporterDNA (blue circle).
Nanostructured microelectrodes with conjugated captureDNA then recruit the redox-active
reporterDNA to their surface, generating an electrochemical signal. Each toehold switch is

engineered to produce a unique restriction enzyme-based reporter that is coupled to a
distinct reporterDNA and captureDNA pair for multiplexed signaling
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Figure 2. Development of orthogonal, restriction enzyme-based reporters.
a. Candidate restriction enzymes were evaluated through a four-step screening pipeline (/-/V)

designed to find enzymes with high rates of expression and processivity in the cell-free
expression system (CFS). /) 37 of 66 commercially available enzymes demonstrated activity
in the cell-free (CF) buffer system that replicates the pH, buffer and salt composition found
in the complete transcription and translation system, 7/) 26 of the 37 above restriction
enzymes were successfully expressed de novo in the cell-free system (Supplementary Fig.
1), 7ii) 14 of these 26 cell-free expressed enzymes showed high levels of cleavage activity
(Supplementary Fig. 2), /V) 10 of the 14 enzymes demonstrated high rates of enzyme-
mediated cleavage from de rnovo cell-free expression. b. A summary of the performance for
screened restriction enzymes with colors matching the categories described in Figure. 2a. c.
Representative data of three candidate restriction enzyme-based reporters in molecular
beacon cleavage assays. Data presented as percent of maximum fluorescence for each
molecular beacon, error bars represent SE (N=3, Supplementary Fig. 3). d. Heat map of
specific enzyme activity. All combinations of restriction enzymes and molecular beacons
were tested. Values are average of triplicates at 180 min.
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Figure 3. Electrochemical detection of restriction enzymereporters.
a. A schematic of the electrochemical detection chip designed to detect (in triplicate)

reporterDNA generated by five restriction enzyme-based reporters in parallel. b. Scanning
electron microscopy images of nanostructured microelectrodes. Scale bar is 50 um. c. In
solution, restriction enzymes cleave a reporter/inhibitor DNA duplex. The reporterDNA
strand carrying methylene blue (blue circle) is then recruited to the surface of the electrode
through duplex formation with conjugated captureDNA, bringing the electrochemical
reporter molecule to the electrode surface. d. Representative square wave voltammetry data
showing the measured current with (black) and without (gray) restriction enzyme
expression. e. On-chip square wave voltammetry measurements in real-time as the
restriction enzyme Acil is expressed (Supplementary Fig. 8). f. Fold turn-on of measured
peak current in the presence of restriction enzymes for each of the ten respective
reporterDNA-captureDNA systems. Data was normalized to the measured current in the
absence of DNA encoding each restriction enzyme, represented as dotted line
(Supplementary Fig. 9). g. Electrochemical reporterDNA-captureDNA systems were tested
to evaluate cross-reactivity between respective restriction enzyme reporters. Values on heat
map represent the average current of triplicates at 30 min. h. Using methylated DNA, fold
turn-on from the co-expression of five restriction enzyme reporters in a single solution and
measured on a single chip. Data was normalized to the measured current in the absence of
DNA encoding each restriction enzyme, represented as dotted line (Supplementary Fig. 10).
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Data represents the mean £SE of three replicates. All electrochemical measurements were
performed with square wave voltammetry and peak current is used for calculation of fold
turn-on.
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Figure 4. Application of the gene-circuit electrochemical interface for small molecule- and RNA-
actuated electrochemical signaling.

a. Anhydrotetracycline (ATc)-mediated derepression of TetR-regulated TetO expression of
the restriction enzyme-based reporter Acil (left). ATc-dependent induction (40 uM) of
electrochemical signaling on-chip (right). Data represents the mean +SE of three replicates.
b. Toehold switches specific to synthetic RNA sequences were designed to control the
expression of six different restriction enzyme-based reporters. RNA-dependent activation of
toehold switches induces electrochemical signaling. Dotted line indicates switch alone
negative controls. All electrochemical measurements were performed with square wave
voltammetry and peak current is used for calculation of fold turn-on. Data represents the
mean +SE of three replicates.
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Figure5. Detection of Mobilized Colistin Resistance (M CR) genes.
a. Toehold switch-based RNA sensors were designed and screened for the detection of four

MCR genes. Five separate experiments were performed on-chip in the presence of all
components except the corresponding MCR-specific trigger RNA(S). The first four
experiments (samples A-D) test the detection of single MCR-related RNAs (1 nM) based on
the electrochemical response (Sample A: MCR-3 RNA trigger, Sample B: MCR-1 RNA
trigger, Sample C: MCR-4 trigger and Sample D: MCR-2 trigger). Sample E tests the co-
detection of MCR-3 and MCR-4 RNA triggers (1 nM each) in parallel (for standard error
data see Supplementary Fig. 16). Data was normalized to the measured current in the
absence of trigger RNA (5 uM). Graphs represent peak current for methylene blue using
square-wave voltammetry. Data represents the mean + SE of three replicates. b. Work flow
for detection of MCR-4 RNA from a complex sample. c. On-chip electrochemical signaling
from activation of MCR-4_Clal in the presence of MCR-4 RNA from complex whole cell
RNA samples isolated from £. coli. Tested with a combination of inputs, the real-time signal
is only detected in the presence of MCR-4 RNA and isothermal amplification. Cellular RNA
was isolated from DH5a £. colicells in the presence or absence of a plasmid expressing
MCR-4. All electrochemical measurements were performed with square wave voltammetry
and peak current is used for calculation of fold turn-on. Switch, MCR-4_Clal; Amp,
NASBA with primers (+) or without primers (=). Data represents the mean + SE of three
replicates.
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