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(57) ABSTRACT

Disclosed herein are novel devices comprising small, ultra-
low power microelectronic components. In some instances,
the microelectronic components is combined with a biosen-
sor component that enables in situ detection of biomol-
ecules. Also disclosed herein are methods of detecting signal
analytes and methods of monitoring the health of a patient
using these novel devices.
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INGESTIBLE SYSTEM TO MONITOR
GASTROINTESTINAL HEALTH IN SITU

GOVERNMENT SUPPORT

[0001] This invention was made with Government support
under Grant No. CCF-1124247 awarded by the National
Science Foundation, and Grant No. N00014-13-1-0424
awarded by the Office of Naval Research. The Government
has certain rights in the invention.

FIELD

[0002] Disclosed herein are novel devices comprising
small, ultra-low power microelectronic components. In
some instances, the microelectronic components is com-
bined with a biosensor component that enables in situ
detection of biomolecules. Also disclosed herein are meth-
ods of detecting signal analytes and methods of monitoring
the health of a patient using these novel devices.

BACKGROUND

[0003] While electronics provide a versatile interface for
collecting, processing, and sharing information, their ability
to directly sense biomolecules in vivo has been limited due
to their dependence on labile biochemical transducers that
necessitate large, power-demanding circuits for sensitive
detection.

SUMMARY

[0004] In some aspects, the disclosure relates to devices
comprising small, ultra-low power microelectronic compo-
nents that overcome these limitations. In some embodi-
ments, a device comprises an electrical component wherein
the electrical component comprises: at least one detector
configured to charge a respective capacitance, wherein each
of the at least one detector is configured to detect an output
from biosensor component; a comparator configured to
compare respective voltage signals from each of the at least
one detector to a reference voltage, each voltage signal
indicating the charge stored by the respective capacitance;
an oscillation counter configured to, when the voltage signal
from a first detector of the at least one detector exceeds the
reference voltage, store a number of oscillator cycles taken
for the first detector to charge the capacitance; and a
transmitter configured to, when the voltage signals from
each of the at least one detector exceed the reference
voltage, wirelessly transmit the respective stored numbers of
oscillator cycles taken for the at least one detector to charge
the capacitance. In some embodiments, at least one of the at
least one detectors is a photodetector. In some embodiments,
the device contains a calibration scheme for detecting and
removing background light and temperature-induced drift.

[0005] In some embodiments, the device is shaped as a
capsule or spherocylinder. In some embodiments, the cap-
sule or spherocylinder comprises a cross-sectional diameter
that is shorter than 5 ¢m, 4.5 cm, 4 ¢m, 3.9 cm, 3.8 ¢m, 3.7
cm, 3.6 cm,3.5cm,3.4cm, 3.3 cm,3.2cm,3.1 cm, 3.0 cm,
2.9cm, 2.8cm, 2.7 cm, 2.6 cm, 2.5 cm, 2.4 cm, 2.3 ¢m, 2.2
cm,2.1cm,2.0cm,1.9cm, 1.8 cm, 1.7cm, 1.6 cm, 1.5 cm,
14 cem, 1.3cm, 1.2 cm, 1.1 cm, 1.0 cm, 0.9 cm, 0.8 cm, 0.7
cm, 0.6 cm, or 0.5 cm. In some embodiments, the device can
be swallowed by a patient.

[0006] In some embodiments, the device further com-
prises at least one biosensor component, wherein each of the
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at least one the biosensor component: is sensitive to the
presence of at least one signal analyte; and communicates
the presence of the at least one signal analyte to the electrical
component, optionally wherein the communication is pro-
portional to the abundance of the at least one signal analyte.
[0007] In some embodiments, the biosensor component is
separated from the outside environment by a semi-perme-
able membrane that permits diffusion of the at least one
signal analyte. In some embodiments, the semi-permeable
membrane is a polyethersulfone membrane filter.

[0008] In some embodiments, at least one of the at least
one biosensor component is an enzymatic biosensor or a
non-enzymatic biosensor. In some embodiments, the non-
enzymatic biosensor comprises an antibody, a binding pro-
tein, or a nucleic acid. In some embodiments, the enzymatic
biosensor or non-enzymatic biosensor is a cellular biosensor
comprising at least one microorganism. In some embodi-
ments, the at least one microorganism is present in the
device in a dormant state. In some embodiments, the at least
one microorganism is combined with additional substances
to aid in removing the at least one microorganism from its
dormant state, to provide nutrients to the at least one
microorganism, and/or to prolong the lifetime of the at least
one microorganism. In some embodiments, at least one of
the at least one microorganism comprises an engineered
genetic circuit. In some embodiments, the output of the
engineered genetic circuit is luminescence, fluorescence, ion
flow, or turbidity.

[0009] In some embodiments, at least one of the at least
one signal analyte is selected from the group consisting of a
microorganism, a biomolecule, or an inorganic molecule. In
some embodiments, at least one of the at least one signal
analyte is a biomolecule. In some embodiments, the biomol-
ecule is selected from the group consisting of heme, thio-
sulfate, and acyl-homoserine lactone.

[0010] In other aspects, the disclosure relates to methods
of detecting at least one signal analyte. In some embodi-
ments, a method comprises contacting a device as described
above with a sample and comparing the output of the device
to a control. In some embodiments, the sample is selected
from the group consisting of soil, water, air, or food.
[0011] In other aspects, the disclosure relates to methods
of monitoring the health of a patient. In some embodiments,
a method comprises contacting a device as described above
with a patient and comparing the output of the device to a
control. In some embodiments, the control is established
through analysis of a population of healthy patients.
[0012] Insome embodiments, the contacting of the device
with the patient occurs by oral administration or deposition
of the device in the esophagus, stomach, or intestine. In
some embodiments, the contacting of the device with the
patient occurs by surgical implantation.

[0013] In some embodiments, the patient is a human
patient. In some embodiments, the human patient is predis-
posed to a disease, disorder, morbidity, sickness, or illness.
In some embodiments, the human patient has been diag-
nosed with a disease, disorder, morbidity, sickness, or ill-
ness.

[0014] In other aspects, the disclosure relates to ingestible
devices—contained within a capsule or spherocylinder—
comprising an electrical component and at least one biosen-
sor component wherein: the electrical component comprises
wireless low-power electronics powered by (a) a battery, (b)
energy harvesting, or (¢) wireless power transfer, wherein
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the low-power electronics comprise at least one detector;
and each biosensor component (a) is separated from the
external environment via a semi-permeable membrane, (b)
is sensitive to the presence of at least one signal analyte, and
(c¢) communicates the presence of the at least one signal
analyte to the electrical component, optionally wherein the
communication is proportional to the abundance of the at
least one signal analyte. In some embodiments, at least one
of the at least one detectors is a photodetector. In some
embodiments, the capsule or spherocylinder comprises a
cross-sectional diameter that is shorter than 10 ¢m, 9 cm, 8
cm, 7 cm, 6 cm, 5 cm, 4 cm, 3 cm, 2 cm, or 1 cm. In some
embodiments, the semi-permeable membrane is a polyether-
sulfone membrane filter.

[0015] In some embodiments, at least one of the at least
one biosensor component is an enzymatic biosensor or a
non-enzymatic biosensor. In some embodiments, the non-
enzymatic biosensor comprises an antibody, a binding pro-
tein, or a nucleic acid. In some embodiments, the enzymatic
biosensor or non-enzymatic biosensor is a cellular biosensor
comprising at least one microorganism. In some embodi-
ments, the ingestible device further comprises at least one
control component comprising a reference microorganism
for calibration to remove background light and temperature
induced drift. In some embodiments, the at least one micro-
organism is present in the device in a dormant state. In some
embodiments, the at least one microorganism is combined
with additional substances to aid in removing the at least one
microorganism from its dormant state, to provide nutrients
to the at least one microorganism, and/or to prolong the
lifetime of the at least one microorganism. In some embodi-
ments, at least one of the at least one microorganism
comprises an engineered genetic circuit. In some embodi-
ments, the output of the engineered genetic circuit is lumi-
nescence, fluorescence, ion flow, or turbidity.

[0016] In some embodiments, at least one of the at least
one signal analyte is selected from the group consisting of a
microorganism, a biomolecule, or an inorganic molecule. In
some embodiments, at least one of the at least one signal
analyte is a biomolecule. In some embodiments, the biomol-
ecule is selected from the group consisting of henie, thio-
sulfate, and acyl-homoserine lactone.

[0017] In other aspects, the disclosure relates to methods
of monitoring the health of a patient using an ingestible
device as described above. In some embodiments, the
method comprises orally administering the device to a
patient and comparing the output of the device to a control.
In some embodiments, the control is established through
analysis of a population of healthy patients. In some embodi-
ments, the patient is a human patient. In some embodiments,
human patient is predisposed to a disease, disorder, morbid-
ity, sickness, or illness. In some embodiments, the human
patient has been diagnosed with a disease, disorder, mor-
bidity, sickness, or illness.

[0018] These and other aspects of the invention are further
described below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] The following drawings form part of the present
specification and are included to further demonstrate certain
aspects of the present disclosure, which can be better under-
stood by reference to one or more of these drawings in
combination with the detailed description of specific
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embodiments presented herein. It is to be understood that the
data illustrated in the drawings in no way limit the scope of
the disclosure.

[0020] FIGS. 1A-1C. Probiotic E. coli can be engineered
to sense blood in vitro and in vivo. FIG. 1A, Schematic of
the blood sensor gene circuit. Extracellular heme is inter-
nalized through the outer membrane transporter ChuA and
interacts with the transcriptional repressor HtrR to allow for
transcription of the bacterial luciferase operon luxCDABE.
FIG. 1B. Dose-response curves of prototype (V1) and opti-
mized (V2) heme sensing genetic circuits in laboratory
(MG1655) and probiotic (Nissle) strains of E. coli. Error
bars represent SEM of three independent biological repli-
cates. FI1G. 1C, C57BL6/] mice were administered vehicle
(PBS) or indomethacin (10 mg/kg) to induce gastrointestinal
bleeding and inoculated with blood sensor E. coli Nissle
cells the following day. Normalized luminescence values of
fecal pellets were significantly higher in mice administered
indomethacin compared to control animals (*P=0.04; Stu-
dent’s t-test; n=10).

[0021] FIGS. 2A-2E. Design and in vitro evaluation of
MBED for miniaturized wireless sensing with cellular bio-
sensors. FIG. 2A. Cross section, electrical system diagram,
and front and back-side photos of the device. FIG. 2B.
System photocurrent response measured without cells. The
incident photon flux was supplied by green LED (A=525
nm) and calibrated with an optical power meter (n=3
devices). FIG. 2C. Kinetic response of blood sensor MBED
in bacterial growth media supplemented with O ppm and 500
ppm blood. FIG. 2D. Dose-response of blood sensor
MBEDs in bacterial growth media containing different
blood concentrations 2 h post-exposure. The left-most data
point represents the background response in the absence of
blood. FIG. 2E. MBEDs are a modular platform for detec-
tion of multiple gut-relevant small molecules by employing
alternative probiotic biosensors. HrtR-, LuxR- and ThsRS-
containing £. coli Nissle strains in MBEDs were exposed to
500 ppm blood, 100 nM acyl-homoserine lactone (AHL) or
10 mM thiosulfate for 2 h. In C-E, error bars denote the SEM
for 3 independent biological replicates conducted with dif-
ferent MBEDs. *P<0.05, **P<0.01, Student’s t test.

[0022] FIGS. 3A-3E. MBEDs can rapidly detect porcine
gastric bleeding. FIG. 3A. Schematic depicting experiment
flow which consisted of blood administration in neutraliza-
tion solution, capsule deposition, and wireless readout to
commercial receiver connected to a laptop or a cellular
phone. FIG. 3B. Endoscopic image of a device immersed in
gastric contents. FIG. 3C. X-ray image of a device posi-
tioned inside the stomach. FIG. 3D. MBEDs deposited in
gastric cavity can rapidly discriminate between pigs admin-
istered blood versus buffer control. Error bars denote SEM
for six MBED experiments (3 animals on different days, 2
capsules per animal). FIG. 3E. Receiver operating charac-
teristic (ROC) curve of MBED sensing over time. Perfect
detection is achieved at t=120 minutes. *P<0.05, Student’s
1 test.

[0023] FIG. 4. Capsule for sensing biomarkers in vivo
with whole-cell bacterial sensors and wireless electronic
readout.

[0024] FIGS. 5A-5D. Design and in vitro evaluation of
prototype heme sensing genetic circuit. FIG. 5A. Promoter
design of heme-responsive promoter. The TetR operator
sites of a synthetic promoter based on the late promoter of
bacteriophage lambda (P ,0,) (Lutz R. and Bujard H.,



US 2019/0313942 Al

Nucleic Acids Res. 1997 Mar. 15; 25(6): 1203-10) were
replaced with the operator DNA sequences to which HrtR
binds. Spacing between the =10 and =35 sites was preserved.
FIGS. 5B-5D. Dose-response curves of prototype genetic
circuits in E. coli MG1655 in various concentrations of
hemin (FIG. 5B), whole horse blood (FIG. 5C), and blood
lysed in simulated gastric fluid (FIG. 5D). The genetic
circuit contains Py ,,0,-0xCDABE alone (Lux), Py .05
luxCDABE with the HrtR transcriptional repressor (HrtR+
Lux), or P; 4,0 luxCDABE, HrtR and the ChuA heme
transporter (ChuA+HrtR+Lux). Luminescence values are
measured 2 hours post-exposure to inducer and normalized
to the optical density of the culture. Error bars represent
SEM of three independent biological replicates.

[0025] FIGS. 6A-6D. Genetic circuit optimization by
varying translational initiation strength of HrtR. FIGS.
6A-6C. Dose-response curves of heme-sensing genetic cir-
cuits in E. coli MG1655 in various concentrations of hemin
(FIG. 6A), whole horse blood (FIG. 6B), and blood lysed in
simulated gastric fluid (FIG. 6C). The translational initiation
strength of HrtR was varied using different computationally-
designed ribosome binding sites (RBS) (Salis H M, Methods
Enzymol. 2011; 498: 19-42). FIG. 6D. Predicted RBS
strengths. Luminescence values are measured 2 hours post-
exposure to inducer and normalized to the optical density of
the culture. Error bars represent SEM of three independent
biological replicates.

[0026] FIG. 7. Blood biosensors responds to blood of
different mammalian origins. E. coli Nissle blood sensor
strains (Nissle V2 from FIG. 1B) were treated with various
concentrations of human or horse blood lysed in simulated
gastric fluid. Luminescence values are measured 2 hours
post-exposure to inducer and normalized to the optical
density of the culture. Error bars represent SEM of three
independent biological replicates.

[0027] FIG. 8. Kinetic response of blood biosensor strain.
E. coli Nissle blood biosensors (Nissle V2 from FIG. 1B)
were treated with 10 uM hemin (brown), 1000 ppm blood
(red) or PBS (black) and luminescence response was mea-
sured in a plate reader every 5 minutes for 2 hours. Lumi-
nescence values are normalized to the optical density of the
bacterial culture, Error bars represent SEM of three inde-
pendent biological experiments.

[0028] FIG. 9. Transit time of E. coli Nissle 1917 through
the murine gastrointestinal tract. C57BL/6] mice were
inoculated with approximately 2x10® CFU of blood biosen-
sors by oral gavage (n=4). Fecal pellets were collected from
mice prior to gavage and at 2, 4, 6, 8 and 24 hours
post-gavage and plated to determine CFU counts. All mice
contained biosensor bacteria in their stool 6 h post-gavage
and no colonization was observed. Dotted line indicates the
limit of detection (LOD) of the assay.

[0029] FIGS. 10A-10B. Heme biosensors can detect blood
in an in vivo murine model of indomethacin-induced gas-
trointestinal bleeding. FIG. 10A. Mice were inoculated with
approximately 2x10® CFU of E. coli Nissle blood sensors 6
hours prior to (Day 0) or 16 hours after (Day 1) adminis-
tration of indomethacin (10 mg/kg) or PBS buffer as a
negative control. Induction of bleeding was confirmed by
guaiac test. Fecal pellets were collected from animals 6
hours post-gavage, homogenized and analyzed for lumines-
cence production as well as plated to enumerate colony
forming units (CFU). Luminescence values were normalized
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to cell number in fecal pellets. (n=10). *P<0.05, Student’s t
test. FIG. 10B. CFU counts in fecal pellets 6 hours post-
gavage.

[0030] FIGS. 11A-11C. Capsule readout variation was
characterized across optical input power, temperature
change and fluid submersion. FIG. 11A. The coeflicient of
variation between measurements on three channels within a
single device, characterized across input light intensity (N=3
devices). At low signal levels, the measurement standard
deviation is limited by white noise (13%,,,, noise at 1.3 pA).
At higher signal levels, it is limited by mismatch between
the channels (<6%,,,, above 3p A). FIG. 11B. Residual
variation induced by temperature change, post-calibration.
The temperature was stepped from 35° C. to 40° C. (tem-
perature change 5° C.) and the standard deviation across
three sensor channels was measured (N=3 devices). FIG.
11C. Stability of the measurements from MBED devices in
Simulated Gastric Fluid (SGF) for 72 h (n=3). For two
devices, current values were stable for the duration of
measurement. The third system operated for 36 h before
corruption by humidity became evident.

[0031] FIGS. 12A-12H. Technical replicates of blood sen-
sor MBED across various blood concentrations. Overnight
cultures of F. coli Nissle blood biosensors were diluted in
fresh 2xYTPG and loaded in an MBED in triplicates.
Wild-type Nissle was loaded in the reference channel. The
assembled device was submerged in pre-warmed LB supple-
mented with the indicated concentration of blood. Each line
depicts a biological replicate of the mean response of a
single MBED for a given concentration of blood. Error bars
represent the standard deviation of the three replicate chan-
nels within a single device. FIG. 12A: 1000 ppm; FIG. 12B:
500 ppm; FIG. 12C: 250 ppm; FIG. 12D: 125 ppm; FIG.
12E: 62.5 ppm; FIG. 12F: 31.25 ppm; FIG. 12G: 15.625
ppm; and FIG. 12H: O ppm.

[0032] FIGS. 13A-13D. Design and characterization of
acyl-homoserine lactone (AHL) and thiosulfate-responsive
biosensors. FIG. 13A. AHL binds to the transcriptional
activator LuxR that activates transcription of the luxCDABE
operon downstream of the P, promoter. FIG. 13B. Titrating
increasing amounts of AHL yields higher levels of umines-
cence. FIG. 13C. The ThsRS two-component system medi-
ated thiosulfate-inducible expression of the luxCDABE
operon from the P, , promoter. Thiosulfate binds to the
membrane bound ThsS histidine kinase that, in turn, phos-
phorylates the ThsR response regulator such that it can
activate transcription from P,,.,. FIG. 13D. Titrating
increasing amounts of ThsS yields higher levels of lumines-
cence. Error bars indicate SEM from three independent
biological replicates.

[0033] FIGS. 14A-14B. Mobile phone and 900 MHz wire-
less receiver dangle used for visualizing MBED measure-
ment results and logging them to the cloud. The receiver
dongle connects to the phone via USB and delivers packets
received wirelessly from the MBED device to application
software. The software uploads data to a cloud service and
performs visualization for the user. Displayed are views of
the front (FIG. 14A) and the back (FIG. 14B) of the mobile
phone.

[0034] FIGS. 15A-15B. Application software displaying
MBED measurement results to the user on a mobile phone.
Representative data received from the MBED device during
a porcine study with administration of (FIG. 15A) the buffer
solution, and (FIG. 15B) the blood solution.
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[0035] FIG. 16. Individual replicates of blood sensing
MBEDs in the pig gastric environment. Blood sensor
MBEDs were deposited in the gastric cavity of pigs admin-
istered neutralization solution containing 0.25 mL of blood
(red) or buffer alone (black). Readings from MBEDs were
wirelessly collected for 120 minutes following device depo-
sition. Dark trace represent the mean of 6 replicate MBEDs
(3 animals on different days, 2 devices per pig) and pale
traces indicate the individual current values for a given
MBED.

[0036] FIG. 17. Functional blood biosensing genetic cir-
cuits are necessary for MBED detection of blood in the pig
gastric environment. E. coli Nissle strains containing a
functional biosensor circuit (Sensor), a circuit lacking the
luciferase output (Alux) and a circuit lacking the heme
transporter ChuA (AchuA) were loaded into a MBED.
Devices were deposited in the stomach of animals admin-
istered neutralization solution spiked with blood or with
buffer alone. MBED readings were wirelessly collected for
120 minutes post-device deposition. Only channels that
correspond to functional biosensors in pigs administered
blood display high levels of luminescence. Endogenous
levels of heme in the pig stomach as well as the cellular
response to the pig gastric environment are not sufficient to
generate high levels of bioluminescence. Error bars denote
SEM for six MBED experiments (3 animals on different
clays, 2 capsules per animal). Graph plots proceeding from
top to bottom at 120 min: + Blood, Senor; - Blood, Sensor;
- Blood. Alux; + Blood, Alux and - Blood, AchuA; + Blood,
AchuA.

[0037] FIG. 18 shows a block diagram of the electrical
component of an MBED, such as the MBED of FIG. 24,
according to an illustrative embodiment.

DETAILED DESCRIPTION

[0038] The scaling of semiconductor microelectronics
over the past few decades has delivered sophisticated, highly
sophisticated platforms for sensing, computating, and wire-
less communication (Otis B. and Parviz B., Google Off.
Blog, 2014, Wang H., IEEE Microw. Mag., Jill 2013; 14(5):
110-30; Norian H., et al., Lab Chip., 2014 Oct. 21; 14(20):
4076-84). These platforms have been incorporated into
devices that monitor health and disease. For example, in the
gastrointestinal tract, electronic capsules have been
deployed for taking visual images (Iddan G., et al., Nature,
2000 May; 405(6785): 417) (15), delivering drugs while
measuring temperature and pH (van der Schaar P. J., et al,,
Gastrointest. Endosc., 2013 September; 78(3): 520-28), and
recording patient compliance (Hafezi H., et al., IEEE Trans.
Biomed. Eng., 2015 January; 62(1): 99-109). While elec-
tronics provide a versatile interface for collecting, process-
ing, and sharing information, their ability to directly sense
biomolecules in vivo has been limited due to their depen-
dence on labile biochemical transducers that necessitate
large, power-demanding circuits for sensitive detection.

[0039] By combining the environmental resilience and
natural sensing properties of bacterial cells with the complex
data processing and wireless transmission afforded by
microelectronics, a device capable of in vivo biosensing in
harsh, difficult-to-access environments was developed.
Using gastrointestinal bleeding as a proof-of-concept model
system, strategies for genetic circuit design and optimiza-
tion, fabrication of an ingestible low-power, wireless lumi-
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nometer, and validation of integrated system functionality
were demonstrate both in vitro and in a large animal model.
[0040] As the field of whole-cell biosensors matures,
newly developed sensors of clinically-relevant biomarkers
can be rapidly integrated into a MicroBioElectronic Device
(MBED) to perform minimally-invasive detection in the
gastrointestinal tract. By creating a larger array of photode-
tectors, a panel of biochemical tests can be simultaneously
performed by a single device. With a test panel of candidate
biomolecules, MBEDs enable studies of biochemical activ-
ity in anatomical regions that are traditionally difficult to
access and lead to the discovery of novel clinical biomarkers
associated with health or disease. Further integration of
electronic modules, such as photodetectors, microprocessor
and transmitter, in a single integrated circuit allows for
further miniaturization of MBEDs as well as lower power
consumption. Additional measurement channels also
enables more precise biochemical readings, as the response
of replicate biosensors within the same device could be
averaged to mitigate the inherent variance of biological
sensors as well as the heterogeneity of the complex gastro-
intestinal environment. This integration of biological engi-
neering and semiconductor electronics offers opportunities
to transform diagnosis, management, and monitoring of
health and disease.

[0041] Disclosed herein are novel devices comprising
small, ultra-low power microelectronic components that
overcome these limitations. For example, integration of
electronic modules, such as photodetectors, microprocessor
and transmitter, in a single integrated circuit can allow for
further miniaturization of MBEDs as well as lower power
consumption.

[0042] FIG. 2A1illustrates a cross section, electrical system
diagram, and front and back-side photos of an MBED for
miniaturized wireless sensing with cellular biosensors. The
device includes multiple detectors, such as photodetectors
including NPN photodetector transistors. Each detector may
be associated with a measurement channel, and all or a
portion of the detectors may detect signals indicating an
output of the engineered genetic circuit. For example, a
genetic circuit may be configured to output luminescence in
response to the presence of an analyte. In some embodi-
ments, a control detector may detect background lumines-
cence and/or other sources of common mode signals.
[0043] The detectors are connected to an ultra-low power
(ULP) luminescence chip, which may be configured to
determine when the detectors are indicating the presence of
an analyte. For example, the ULP luminescence chip may
measure voltage and/or current signals generated by photo-
detectors in response to luminescence from an engineered
genetic circuit. The ULP luminescence chip may include any
suitable circuitry for interfacing with the detectors and
receiving signals indicating the presence of an analyte. For
example, the detectors may be used to charge a capacitance,
and the ULP luminescence chip may measure the voltage
across the capacitance. In some embodiments, the output
level of an engineered genetic circuit may be determined
based on the amount of time that is required for the respec-
tive detector to charge the capacitance, the amount of time
being related to a current signal generated by the detector in
response to the output luminescence) of the engineered
genetic circuit.

[0044] The ULP luminescence chip interfaces with a
microcontroller and radio chip that may be used to wire-
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lessly transmit indications of the detector outputs to a
receiver. The wireless transmission allows for monitoring
that may substantially continuous and performed in real
time. For example, data may be transmitted at regular
intervals or in response to signals from the detectors. In
some embodiments, as shown in FIG. 2A, the electrical
component may utilize a power source including both a
battery and a capacitor, which may provide power at a
relatively high rate needed for wireless transmissions. In
some embodiments, since the power required to transmit
data is much larger than the power required for detecting an
analyte, the transmitter may be configured to transmit only
after certain intervals have passed. In further embodiments,
the transmitter may transmit data only once signals from all
or a portion of the detectors exceeds a reference signal. For
example, the ULP luminescence chip may count a number of
oscillator cycles needed to charge the capacitances associ-
ated with each detector beyond a reference voltage, and the
radio chip may only transmit the counted numbers of cycles
when a threshold number of the capacitances are charged
beyond the reference voltage. This allows the device to save
power without adversely impacting the monitoring.

[0045] FIG. 18 shows a block diagram of the electrical
component of an MBED, such as the MBED of FIG. 24,
according to an illustrative embodiment. It should be appre-
ciated that the component layouts shown are provided by
way of illustration and other sufficiently miniaturized cir-
cuits may be employed without departing from the scope of
the present application.

[0046] The electrical component includes at least one
photodetector configured to charge a capacitance. In some
embodiments, the capacitance is internal to the photodetec-
tor. The photodetectors may be associated with at least one
biosensor component of the MBED. One or more photode-
tectors may be used as controls to detect common mode
signals that may be subsequently suppressed. The photode-
tectors may provide respective voltage signals, indicating
the charge stored by the capacitance, to a comparator that
may be configured to compare the respective voltage signals
to a reference voltage. When the voltage signal from one of
the photodetectors exceeds the reference voltage, an oscil-
lation counter may store a number of oscillator cycles that
occurred during the time required for the photodetector to
charge the capacitance. When the voltage signals from all or
a portion of the photodetectors exceed the reference voltage,
the wireless transmitter may wirelessly transmit the numbers
of oscillator cycles stored for each of the photodetectors
with voltages that exceeded the threshold.

[0047] In some embodiments, the device contains a cali-
bration scheme for detecting and removing background light
and temperature-induced drift (see e.g., Material and Meth-
ods).

[0048] The electrical component of the device can be
made small enough to perform detection in space-con-
strained environments. The low power consumption of the
device, which in some embodiments is on the order of 10
uW or less, enables the use of a millimeter-scale battery for
extended measurement. For example, in some embodiments,
the device comprises a battery, wherein the longest cross-
sectional measurement of the battery is shorter than 10 mm,
9 mm, 8 mm, 7 mm, 6 mm, 5 mm, 4 mm, 3 mm, 2 mm, or
1 mm. Other power sources known to those of skill in the art
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can be utilized in the device, in addition to or in place of the
battery, such as energy harvesting component(s) or wireless
power transfer component(s).

[0049] Semiconductor integration and packaging allow all
components of the device to be placed in a compact arrange-
ment. For example, in some embodiments, the device is
encapsulated within a capsule or spherocylinder comprising
a cross-sectional diameter that is shorter than 100 cm, 50 cm,
25cm, 20 cm, 15 cm, 10cm, 9 cm, 8 cm, 7 cm, 6 cm, 5 cm,
4cm,3 cm, 2cm, 1 cm, 0.9 cm, 0.8 cm, 0.7 cm, 0.6 cm, 0.5
cm, 0.4 cm, 0.3 ¢cm, 0.2 cm, or 0.1 cm. In some embodi-
ments, the device is ingestible (or “suitable for ingestion™)
or implantable.

[0050] The devices described herein are capable of detect-
ing a wide range of analytes or combinations of analytes. In
some embodiments, an analyte is selected from the group
consisting of a microorganism, a biomolecule, or an inor-
ganic molecule. As used herein, the term “biomolecule”
refers to a molecule generated by an organism. In some
embodiments, the biomolecule is a macromolecule.
Examples of macromolecules include, but are not limited to,
proteins (i.e., polypeptides), carbohydrates, lipids, nucleic
acids (i.e., polynucleic acids), and combinations thereof. In
some embodiments, the biomolecule is a small molecule
such as a metabolite, secondary metabolite, or a natural
product. Examples of small molecule biomolecules are
known to those having ordinary skill in the art In some
embodiments, the biomolecule is selected from the group
consisting of heme, thiosulfate, and acyl-homoserine lac-
tone. As used herein, the term “inorganic molecule” refers to
any molecule (including an element) that is not a biomol-
ecule. In some embodiments, the inorganic molecule is a
gas, a heavy metal (e.g., Hg, Cd, Ni, Co, Zn, Cu, Pb, Au),
a PCB, or a pesticide.

[0051] In some embodiments, the device facilitates the
detection of numerous analytes. For example, by creating a
large array of photodetectors, a panel of biochemical tests
can be simultaneously performed by a single device.
[0052] Also described herein are MBEDs that combine
biosensors with the ultra-low power electronics described
above to enable in situ detection of analytes (FIG. 4). As
such in some embodiments, a device comprises an electronic
component as described above and a biosensor component.
Various examples of biosensors are known to those having
skill in the art (Lim H. G., et al., Curr. Opin. Biotechnol,
2018 Feb. 3; 54: 18-25; Ragavan K. V., et al,, Biosens.
Bioelectron. 2018 May 15; 105: 188-210; Ali I, et al., I.
Biosens. Biolectron., 2017; §(1): doi: 10.4172/2155-6210.
1000233, Justino C. I. L., et al., Sensors (Basel), 2017 Dec.
15; 17(12): pii: E2918; Huang Y., et al., Sensors (Basel),
2017 Oct. 17, 17(10): pii: E2375), the contents of which are
incorporated herein.

[0053] In some embodiments, the biosensor component is
sensitive to the presence of at least one signal analyte and
communicates the presence of the at least one signal analyte
to the electronic component. As used herein the term “sen-
sitive to the presence of” refers to the ability of a biosensor
to detect the presence of an analyte above a threshold
amount. As such, the sensitivity of a biosensor will vary.
Methods of determining the sensitivity of a particular bio-
sensor are known to those having skill in the art (see e.g,,
Example 1).

[0054] As used herein the term “communicates the pres-
ence of” refers to the generation of an output that can be
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sensed by the electronic component of the device. In some
embodiments, the output of the engineered genetic circuit is
luminescence chemiluminescence, triboluminescence, pho-
toluminescence, fluorescence, phosphorescence), ion flow
(e.g., resulting from the opening of a channel or a redox
reaction), or turbidity (e.g., cell growth that precludes the
passage of light). For example, the sensing of a target
analyte by a biosensor may generate light, which can be
detected by photodetectors embedded in the electronic com-
ponent. These electrical signals can then be processed by
integrated bioluminescence detection incorporated into the
circuit (Nadeau P, et al., IEEE. 2017 Mar. 6; doi10.1109/
ISSCC.2017.7870406) and transmitted wirelessly from the
device to an external radio or cellular phone for convenient
readout.

[0055] In some embodiments, the communication is pro-
portional to the abundance of the at least one signal analyte
(i.e., the strength of a signal increase as the abundance of the
analyte increases).

[0056] In some embodiments, the biosensor lies adjacent
to readout electronics, separated from the outside environ-
ment by a semi-permeable membrane that permits diffusion
of analytes. As used herein, the term “permits diffusion”
relates to the pore size of the semi-permeable membrane. If
a barrier permits the diffusion of an analyte, the radius of the
pore of the membrane is larger than the radius of the analyte
(e.g., Stokes radius). In some embodiments, the semi-per-
meable membrane is a polyethersulfone (PES) membrane
filter.

[0057] In some embodiments, at least one of the at least
one biosensor is an enzymatic biosensor or a non-enzymatic
biosensor. An enzymatic biosensor, as used herein, com-
prises an enzyme that recognizes the target analyte to
produce an output that can be sensed by the electronic
component of the device. The output may be a signal
generated through: 1) the enzymatic conversion of the
analyte into a new product; 2) analyte-mediated inhibition or
activation of the enzyme; or 3) analyte-mediate modification
of enzyme properties. As used herein, the term “enzyme”
refers to a biomolecule that acts as a catalyst to bring about
a specific biochemical reaction.

[0058] In contrast, a non-enzymatic biosensor does not
require interaction between an enzyme and a target analyte.
For example, in some embodiments, a non-enzymatic bio-
sensor comprises a protein channel that facilitates the signal
flow (or output) when in the presence of an analyte. In some
embodiments, a non-enzymatic biosensor comprises an anti-
body or a binding protein that recognizes the presence of an
analyte. In some embodiments, the non-enzymatic biosensor
comprises a nucleic acid that hybridizes to an analyte or
otherwise hinds to it (e.g., as an aptamer). In some embodi-
ments, the non-enzymatic biosensor comprises of a tran-
scription factor that alters gene expression upon binding to
an analyte.

[0059] In some embodiments, the enzymatic biosensor or
non-enzymatic biosensor is a cellular biosensor comprising
at least one microorganism. As used herein, the term “micro-
organism” refers to microscopic living organisms including
archaea, bacteria, fungi, protista, microbial mergers or sym-
bionts, planarians (e.g., C. elegans), and suspensions of
mammalian cells, plant cells, or insect cells. In some
embodiments, the cellular biosensor is an E. coli bacterium.
In some embodiments, the at least one microorganism is
present in the device in a dormant state. For example, in
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some embodiments the at least one microorganism is freeze-
dried or lyophilized prior to or during device manufacture.
Microorganisms present in the device in a dormant state may
be removed from the dormant state prior to device use (e.g.,
through hydration) or as a result of device use. In some
embodiments, the at least one microorganism is combined
with additional substances to aid in removing the at least one
microorganism from its dormant state (e.g., a wetting agent),
to provide nutrients to the at least one microorganism, and/or
to prolong the lifetime of the at least one microorganism in
environments sub-optimal for the at least one microorgan-
ism (e.g., low pH or high pH).

[0060] Microorganisms living on and in the human body
constantly interrogate their biochemical surroundings and
alter gene expression to adapt to changing environments.
Whole-cell biosensors harness this sensing ability to detect
analytes of interest. In some embodiments, the cellular
biosensor lies adjacent to readout electronics in individual
wells separated from the outside environment by a semi-
permeable membrane that confines cells in the device and
allows for diffusion of analytes.

[0061] Synthetic biology enables the robust engineering of
living cells with increasingly complex genetic circuits to
sense multiple biological inputs and control gene expression
(Brophy J. A. and Voigt C. A., Nat. Methods., 2014 May;
11(5): 508-20.). In some embodiments, the cellular biosen-
sor comprises an engineered genetic circuit. Examples of
engineered genetic circuits are provided in Example 1,
Example 2, and Example 5. Other non-limiting examples of
engineered genetic circuits for detection of analytes of
interest include: US 2017/0058282 (describing genetically
engineered sensors for in vivo detection of bleeding), US
2017/0360850 (describing genetically engineered sensors
for in vivo detection of hydrogen peroxide, nitric oxide,
inflammatory cytokines such as IL-6, IL-18, or TNF-alpha),
US 2017/0335411 (describing genetically engineered sen-
sors for in vivo detection of signals including chemical
signals), and US 2017/0255857 (describing genetically engi-
neered analog-to-digital biological converter switches and
their use in biological systems including as sensors).
[0062] In some aspects, the disclosure relates to methods
of detecting at least one signal analyte. In some embodi-
ments, the method comprises contacting a device as
described above with a sample and comparing the output of
the device to a control, wherein the control contains a known
quantity of the at least one signal analyte. As described
herein, the term “lacks a detectable quantity” relates to a
threshold amount of analyte that is detectable by a device
above background level. As such, the term “lack a detectable
quantity” is tied to the sensitivity of the particular device.
Methods of determining the sensitivity of a particular device
are known to those having skill in the art (see e.g., Materials
and Methods and Example 5).

[0063] Whole-cell biosensors have been used previously
to detect analytes associated with environmental contami-
nation (Roggo C., and van der Meer J. R., Curr. Opin.
Biotechnol. 2017 June; 45: 24-33). In some embodiments,
the sample is selected from the group consisting of soil,
water, air, or food.

[0064] The integration of biological engineering and semi-
conductor electronics offers opportunities to transform diag-
nosis, management, and monitoring of health and disease.
Previously described biosensors have been developed to
sense clinically relevant biomarkers in serum or urine ex
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vivo (Courbet A., et al., Sci. Transl. Med., 2015 May 27,
7(289): 289-83) as well as gut biomolecules supplemented
in diet (Kotula J. W., et al., Proc. Natl. Acad. Sci. U.S.A,
2014 Apr. 1; 111(13): 4838-43; Mimee M., et al., Cell Syst.,
2016 March 23; 2(3): 214; Lim B, et al., Cell, 2017 Apr. 20,
169(3): 547-58.e15) or generated during disease (Daefller K.
N., et al., Mol. Syst. Biol., 2017 Apr. 3; 13(4): 923; Riglar
D. T, et al., Nat. Biotechnol., 2017 July; 35(7): 653-58;
Pickard J. M., et al., Nature, 2014 Oct. 30; 514(7524):
638-41). However, despite their promise as non-invasive
diagnostics, previously described biosensors have yet to be
employed for clinically compatible testing in an unobtru-
sive, real-time, and user-friendly way. Current research
applications of ingestible biosensors in animal models rely
on cumbersome analysis of bacterial gene expression or
DNA in stool samples (Kotula J. W., et al., Proc. Natl. Acad.
Sci. U.S.A, 2014 Apr. 1; 111(13): 4838-43; Mimee M., et al.,
Cell Syst., 2016 Mar. 23; 2(3): 214; Lim B., et al., Cell, 2017
Apr. 20; 169(3): 547-58.e15; Daefller et al., Mol. Syst. Biol.,
2017 Apr. 3; 13(4): 923; Riglar D. T., et al., Nat. Biotechnol.,
2017 July; 35(7): 653-58; Pickard I. M., et al., Nature, 2014
Oct. 30; 514(7524): 638-41), rather than real-time reporting
from within the body. Moreover, biomolecular monitoring is
often impeded by access to the remote and complex envi-
ronments. The MicroBioElectronic Devices (MBEDs)
described herein overcome the limitation of the prior art and
are capable of in vivo biosensing in harsh, difficult-to-access
environments.

[0065] In some aspects, the disclosure relates to methods
of monitoring the health of a patient. In some embodiments,
the method comprises contacting a device as described
above with a patient and comparing the output of the device
to a control, wherein the control is a reference value that
optionally is established through analysis of a population of
healthy patients.

[0066] In some embodiments the patient is a domestic or
wild animal. In some embodiments, the patient is a human
patient.

[0067] In some embodiments, the contacting occurs by
oral administration of the device to the patient or other
delivery methods that result in deposition of the device into
the esophagus, stomach, or intestine. In some embodiments,
deposition arises through the consuming or the swallowing
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of the device by the patient. In other embodiments, the
contacting of the device with the patient occurs by implan-
tation, such as by surgical implantation. In some embodi-
ments, the contacting occurs by attachment to the surface of
the patient, e.g., the skin.

[0068] In some embodiments, the patient is being moni-
tored in a pre-clinical or clinical trial.

[0069] In some embodiments, the patient is a human
patient. In some embodiments, the human patient is predis-
posed to a disease, disorder, morbidity, sickness, or illness.
In some embodiments, the human patient has been diag-
nosed with a disease, disorder, morbidity, sickness, or ill-
ness.

Examples

Materials and Methods

[0070] Bacterial Strains and Culture Conditions:

[0071] Routine cloning and plasmid propagation was per-
formed in E. coli DHS5a, Gene circuits were initially proto-
typed in E. coli MG1.655 and were transferred into probiotic
E. coli Nissle 1917 for capsule and in vivo experiments.
Cells were routinely cultured at 37° C. in Luria-Bertani (LB)
media (Difco). Where appropriate, growth media was
supplemented with antibiotics at the following concentra-
tions: 30 pg/ml. kanamycin, 100 pg/ml. carbenicillin, 25
ug/ml chloramphenicol and 100 pg/ml. spectinomycin.
[0072] Genetic Part and Plasmid Construction:

[0073] Genetics parts and plasmids used in this study are
listed in TABLE 1 and TABLE 2 and will be available from
Addgene upon publication. All plasmids were constructed
by combining PCR fragments generated by Kapa Hifi Poly-
merase using Gibson Assembly (Gibson D. G., et al., Nat
Meth., 2009 May; 6(5): 343-45). Assembly products were
transformed into chemically competent E. coli DHS5a
(Chung C.J., etal., Proc. Natl. Acad. Sci. U.S.A, 1989 April;
86(7): 2172-75) and sequences were confirmed using Sanger
sequencing. Ribosome binding sites (RBSs) of variable
strengths were computationally designed using the Salis lab
RBS calculator (Espah Borujeni A., et al., Nucleic Acids
Res., 2014 February; 42(4): 2646-59; Salis H. M., et al., Nat.
Biotechnol., 2009 October; 27(10): 946-50),

TABLE 1

Genetic Partsg

DNA sequence

SEQ

Part D

Name NO: Type

HrtRO 1 HrtR operator
sequence

PL (HrtO) 2 Heme-inducible
Promoter

Plux 3 AHL-inducible
promoter

PphsA 4 Thiosulfate-

inducible promoter

ATGACACAGTGTCAT

ATAAATGACACAGTGTCATTTGACAAAATGACACAGTG
TCATGATACTGAGCACA

ACCTGTAGGATCGTACAGGTTTACGCAAGAAAATGGTT
TGTTATAGTCGAATAAA

TTCAAGCATTATTATGCTGTTTTTTGAAGTGAATGTGCG
GCCATCTAGCCGCACATTTTGCATCTAAAACATGCAGT
CATCAGCAAPATAATAAACTTTTCCCCAATATGTGGTTT
ACCACAATTTACAGGAATTCACTCCTGTGGTGGTGCAA
ATTTGAACTGTGAATTGCTTCACAARACGCCGCTATCGC
AATGTCAGTATGTGGTTTACCACAATATCTAATATCACT
CTGCTCAATAACAATGATGAAAACCTTAGGAAGAAGTT
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TABLE 1-continued

Genetic Parts

SEQ
Part D
Name NO: Type DNA sequence
AATTGTGTTAAACAGTTAACTAGGGGCTTTATCTAACG
CTCTCCTAAGGACAACTGTCATTGGGAGATTTAAC
J23107 5 Constitutive TTTACGGCTAGCTCAGCCCTAGGTATTATGCTAGCACAT
Promoter + RBS for TTCCAACACTAACCCAAGGGAGCTTTAARATC
Chua
ProD 6 Consitutive CACAGCTAACACCACGTCGTCCCTATCTGCTGCCCTAG
Promoter for HrtR GTCTATGAGTGGTTGCTGGATAACTTTACGGGCATGCA
TAAGGCTCGTATAATATATTCAGGGAGACCACAACGGT
TTCCCTCTACAAATAATTTTGTTTAACTTT
K176009 7 Consitutive TTTACGGCTAGCTCAGTCCTAGGTATTATGCTAGCACTA
Promoter + RBS for GAAARAGAGGAGAAAACTAGA
LuxR
J23104 8 Constitutive TTGACAGCTAGCTCAGTCCTAGGTATTGTGCTAGCCTAG
Promoter + RBS for TATCGATCTCCATAACTATCCTATAGATC
Thss
J23105 9 Constitutive TTTACGGCTAGCTCAGTCCTAGGTACTATGCTAGCAGA
Promoter + RBS for AATATAAAGAACGATCTATTTATCCGCGTAC
ThsR
RBS1 10 HrtR RBS variant GCTATAAGARAACACCCTTTATAATCTAGGT TAAT
RBS2 11 HrtR RBS variant ATTAAAGAGGAGAAAG
RBS3 12 HrtR RBS variant TATACTCTAATTAATCACATAATAAGGACGAATTT
RBS4 13 HrtR RBS variant AGCCGCAAACATATAAGGAGGAACCCC
HrtR 14 Heme-responsive ATGCCAARATCAACCTATTTTAGTCTTTCTGACGAAAA
transcriptional ACGARAACGTGTCTATGATGCCTGTTTACTAGAATTTCA
repressor AACGCACTCTTTCCATGAAGCTAAAATCATGCACATCG
TAAAAGCACTTGATATCCCAAGAGGAAGTTTTTATCAA
TACTTTGAAGATTTGAAGGATTCATACTATTATATCTTG
TCACAGGARACTGTCGAGATTCATGATTTATTTTTTAAT
TTACTAAARGAATATCCTCTAGAAGTTGCTCTTAATAA
ATACAAGTATCTTCTTCTTGAAAATTTAGTAARATTCGCC
CCAATATAATCTTTATAAATATCGATTTTTAGATTGGAC
TTATGAATTAGAAAGAGATTGGAAGCCTAAAGGCGAG
GTAACTGTTCCCGCTCGTGAACTTGATAATCCTATTTCC
CAAGTATTAAAATCAGTCATTCACAATCTAGTTTATCGC
ATGTTTAGTGAAAATTGGGATGAACAAARGTTTATTGA
AACTTACGATAAAGAAATCAAAT TGCTCACAGAGGGCT
TGCTTAATTATGTTACTGAAAGCAAARAATAG
Chua 15 Outer membrane ATGTCACGTCCGCAATTTACCTCGTTGCGTTTGAGTTTA

heme transporter

TTGGCCTTAGCTGTTTCTGCCACCTTGCCAACGTTTGCT
TTTGCTACTGAAACCATGACCGTTACGGCAACGGGGAA
TGCCCGTAGTTCCTTCGAAGCGCCTATGATGGT CAGCGT
CATCGACACTTCCGCTCCTGAAAATCAAACGGCTACTT
CAGCCACCGATCTGCTGCGTCATGTTCCTGGAATTACTC
TGGATGGTACCGGACGAACCAACGGTCAGGATGTAAAT
ATGCGTGGCTATGATCATCGCGGCGTGCTGGTTCTTGTC
GATGGTGTTCGTCAGGGAACGGATACCGGACACCTGAA
TGGCACTTTTCTCGATCCGGCGCTGATCAAGCGTGTTGA
GATTGTTCGTGGACCTTCAGCATTACTGTATGGCAGTGG
CGCGCTGGGTGGAGTGATCTCCTACGATACGGTCGATG
CAAAAGATTTATTGCAGGAAGGACAAAGCAGTGGTTTT
CGTGTCTTTGGTACTGGCGGCACGGGGGACCATAGCCT
GGGATTAGGCGCGAGCGCGTTTGGGCGAACTGAARATC
TGGATGGTATTGTGGCCTGGTCCAGTCGCGATCGGGGT
GATTTACGCCAGAGCAATGGTGAAACCGCGCCGAATGA
CGAGTCCATTAATAACATGCTGGCGAAAGGGACCTGGC
AAATTGATTCAGCCCAGTCTCTGAGCGGT TTAGTGCGTT
ACTACAACARCGACGCGCGTGAACCAAAAAATCCGCA
GACCGTTGGGGCTTCTGAAAGCAGCAACCCGATGGTTG
ATCGTTCAACAATTCAACGCGATGCGCAGCTTTCTTATA
AACTCGCCCCGCAGGGCAACGACTGGTTAAATGCAGAT
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TABLE 1-continued

Genetic Parts

Part
Name

SEQ
ID
NO: Type

DNA sequence

ThssS

16 Thiosulfate-
responsive
histidine kinase

GCAARAATTTTATTGGTCGGAAGTCCGTATTAATGCGCA
AAACACGGGGAGTTCCGGCGAGTATCGTGAACAGATA
ACAAAAGGAGCCAGGCTGGAGAACCGTTCCACTCTCTT
TGCCGACAGTTTCGCTTCTCACTTACTGACATATGGCGG
TGAGTATTATCGTCAGGAACAACATCCGGGCGGCGCGA
CGACGGGCTTCCCGCAAGCAAAAATCGATTTTAGCTCC
GGCTGGCTACAGGATGAGATCACCTTACGCGATCTGCC
GATTACCCTGCTTGGCGGAACCCGCTATGACAGTTATC
GCGGTAGCAGTGACGGTTACARAGATGTTGATGCCGAC
AAATGGTCATCTCGTGCGGGGATGACTATCAATCCGAC
TAACTGGCTGATGTTATTTGGCTCATATGCCCAGGCATT
CCGCGCCCCGACGATGGGCGAAATGTATAACGATTCTA
AGCACTTCTCGATTGGTCGCTTCTATACCAACTATTGGG
TGCCAAACCCGAACTTACGTCCGGAAACTAACGAAACT
CAGGAGTACGGTTTTGGGCTGCGTTTTGATGACCTGAT
GTTGTCCAATGATGCTCTGGAATTTAAAGCCAGCTACTT
TGATACCAARGCGAAGGATTACATCTCCACGACCGTCG
ATTTCGCGGCGGCGACGACTATGTCGTATAACGTCCCG
AACGCCARAATCTGGGGCTGGGATGTGATGACGAAATA
TACCACTGATCTGTTTAGCCTTGATGTGGCCTATAACCG
TACCCGCGGCAAAGACACCGATACCGGCGAATACATCT
CCAGCATTAACCCGGATACTGTTACCAGCACTCTGAAT
ATTCCGATCGCTCACAGTGGCTTCTCTGT TGGGTGGGT T
GGTACGTTTGCCGATCGCTCAACACATATCAGCAGCAG
TTACAGCAARCAACCAGGCTATGGCGTGAATGATTTCT
ACGTCAGTTATCAAGGACAACAGGCGCTCAAAGGTATG
ACCACTACTTTGGTGTTGGGTAACGCTTTCGACAAAGA
GTACTGGTCGCCGCAAGGCATCCCACAGGATGGTCGTA
ACGGAAARATTTTCGTGAGTTATCAATGGTAA

ATGTCCCGCCTGCTGCTGTGTATCTGTGTTCTGCTGTTC
TCTTCTGTGGCGTGGTCTAARACCGCAGCAGTTTTATGTG
GGCGTACTGGCTAACTGGGGTCATCAGCAAGCCGTTGA
ACGTTGGACCCCGATGATGGAGTATCTGAACGAACATG
TGCCGGACGCGGAATTTCACGTCTACCCGGGCAACTTC
AAAGCACTGAACCTGGCAATGGAACTGGGCCAGATTCA
GTTCATTATCACTAACCCGGGCCAATATCTGTACCTGAG
CAATCAGTACCCGCTGTCTTGGCTGGCGACCATGCGTTC
TAAGCGTCACGATGGTACCACTTCTGCGATCGGTTCCG
CCATTATTGTCCGCGCGGACAGCGACTACCGCACCCTG
TACGACCTGAAAGGTAAAGTGGTGGCTGCGTCCGACCC
GCATGCTCTGGGTGGCTACCAAGCGACCGTCGGTCTGA
TGCATTCCCTGGGCATGGATCCGGACACCTTCTTCGGTG
AAACCAAGTTTCTGGGCTTTCCACTGGATCCGCTGCTGT
ACCAAGTTCGTGATGGCAACGTTGACGCGGCCATTACC
CCACTGTGCACTCTGGAGGACATGGTTGCACGCGGCGT
ACTGAAATCTTCCGATTTTCGTGTGCTGAACCCTAGCCG
CCCGGATGGTGTAGAATGCCAGTGCTCTACCACCCTGT
ACCCGAACTGGTCTTTCGCTGCGACTGAGTCTGTATCCA
CCGAACTGTCTAAAGAAATCACGCAGGCACTGCTGGAA
CTGCCATCCGACAGCCCGGCAGCTATCAAAGCGCAACT
GACCGGCTGGACCAGCCCGATCTCCCAACTGGCGGTAA
TCAAACTGTTCAAAGAGCTGCACGTARAAACCCCGGAC
TCTAGCCGTTGGGAAGCCGTTAAGAAGTGGCTGGAAGA
AAACCGTCACTGGGGTATCCTGTCTGTTCTGGTGTTCAT
CATTGCAACGCTGTATCACCTGTGGATTGAATACCGCTT
CCACCAAAARAGCTCTTCTCTGATCGAATCTGAACGTC
AGCTGAAACAGCAAGCTGTTGCCCTGGAACGTCTGCAA
TCTGCTAGCATCGTTGGTGAAATTGGTGCGGGT CTGGC
CCACGAGATTAATCAGCCGATCGCTGCAATTACCTCTT
ATTCTGAAGGTGGCATCATGCGCCTGCAAGGTAAAGAA
CAGGCGGATACGGATAGCTGCATCGAACTGCTGGAARA
AATCCACAARACAGAGCACTCGCGCAGGCGAAGTGGTG
CACCGCATCCGTGGTCTGCTGAAACGT CGTGAAGCGGT
GATGGTAGATGTTAACATCCTGACCCTGGTGGAAGAAT
CCATCAGCCTGCTGCGTCTGGAGCTGGCACGTCGCGAA
ATCCAGATCAACACTCAGATCAAAGGTGAACCGTTCTT
CATTACTGCCGACCGCGTTGGCCTGCTGCAAGTTCTGAT
TAACCTGATCAAAAACTCCCTGGACGCGATCGCTGAAT
CTGATAATGCCCGTTCTGGTAAAATCAACATCGAACTG
GACTTTAAAGAGTACCAGGTARACGTCTCCATCATCGA

Oct. 17,2019
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TABLE 1-continued

Genetic Parts

SEQ
Part D
Name NO: Type DNA sequence

TAACGGTCCGGGCCTGGCGATGGATTCTGACACTCTGA
TGGCTACGTTTTACACTACCAAAATGGATGGCCTGGGC
CTGGGTCTGGCAATCTGCCGCGAAGTTATCAGCAACCA
CGACGGCCACTTCCTGCTGTCCAACCGTGACGACGGCG
TTCTGGGCTGTGTGGCAACCCTGAATCTGAAAAAACGC
GGTTCTGAAGTGCCGATCGAAGTCTAA

ThsR 17 Thiosulfate- ATGCAGCAGCARATCAACGGCCCGGTCTACCTGGTGGA
responsive TGATGATGAAGCCATTATCGACTCCATCGATTTTTTGAT
response regulator GGAGGGCTACGGTTACAAACTGAACTCGTTTAACTGCG

GCGATCGCTTTTTGGCAGARAGTCGATCTCACCCAGGCA
GGATGTGTAATTCTGGATGCGCGTATGCCAGGCTTAAC
TGGTCCTCAGGTGCAACAGCTGCTGAGCGACGCGARAAA
GCCCGCTTGCGGTCATCTTCCTGACCGGCCATGGCGAT
GTTCCGATGGCGGTTGATGCGTTCAAARATGGCGCGTT
CGATTTCTTTCAAAAACCTGTGCCGGGTAGCTTGCTCAG
TCAGTCAATTGCCAAAGGCTTGACTTATTCAATCGATCA
ACATCTGAAACGTACTAACCAAGCGTTAATCGACACGC
TCTCGGAACGCGAAGCTCAAATTTTTCAACTGGTGATT
GCAGGCAACACCAACAAACAGATGGCTAACGAGCTTTG
CGTGGCTATTCGTACCATTGAGGTTCACCGTAGCARAAC
TGATGACCARACTGGGTGTTAACAACCTGGCTGAACTG
GTTAAACTGGCGCCGCTGCTGGCACATAAATCCGAATA
A

LuxR 18 AHL-responsive ATGAAAAACATAAATGCCGACGACACATACAGAATAA

transcription factor TTAATAAAATTAAAGCTTGTAGAAGCAATAATGATATT
AATCAATGCTTATCTGATATGACTAAAATGGTACATTGT
GAATATTATTTACTCGCGATCATTTATCCTCATTCTATG
GTTAAATCTGATATTTCAATCCTAGATAATTACCCTAAA
AAATGGAGGCAATATTATGATGACGCTAATTTAATAAA
ATATGATCCTATAGTAGATTATTCTAACTCCAATCATTC
ACCAATTAATTGGAATATATTTGAAAACAATGCTGTAA
ATAAAAAATCTCCAAATGTAATTAAAGAAGCGAAAAC
ATCAGGTCTTATCACTGGGTTTAGTTTCCCTATTCATAC
GGCTAACAATGGCTTCGGAATGCTTAGTTTTGCACATTC
AGAAAAAGACAACTATATAGATAGTTTATTTTTACATG
CGTGTATGAACATACCATTAATTGTTCCTTCTCTAGTTG
ATAATTATCGAAAAATAAATATAGCAAATAATAAATCA
AACAACGATTTAACCAAAAGAGAAAAAGAATGT TTAG
CGTGGGCATGCGAAGGAAAAAGCTCTTGGGATATTTCA
AAAATATTAGGTTGCAGTGAGCGTACTGTCACTTTCCAT
TTAACCAATGCGCAAATGAAACT CAATACAACAAACCG
CTGCCAAAGTATTTCTAAAGCAATT TTAACAGGAGCAA
TTGATTGCCCATACTTTAAAAAT TAATAR

LuxCDABE 19 Photorhabdus TCAGCAGGACGCACTGACCATTAAAGAGGAGAAAGGT
luminescens ACCATGACTAAAAAAATTTCATTCATTATTAACGGCCA
luciferase operon GGTTGAAATCTTTCCCGAAAGTGATGATTTAGTGCAAT
including RBSs CCATTAATTTTGGTGATAATAGTGTTTACCTGCCAATAT

TGAATGACTCTCATGTAAAAAACATTATTGATTGTAAT
GGAAATAACGAATTACGGTTGCATAACATTGTCAATTT
TCTCTATACGGTAGGGCAAAGATGGAAAAATGAAGAAT
ACTCAAGACGCAGGACATACATTCGTGACTTAAAARAAA
TATATGGGATATTCAGAAGAAATGGCTAAGCTAGAGGC
CAATTGGATATCTATGATTTTATGT TCTAAAGGCGGCCT
TTATGATGTTGTAGAAAATGAACTTGGTTCTCGCCATAT
CATGGATGAATGGCTACCTCAGGATGAAAGTTATGTTC
GGGCTTTTCCGAAAGGTAAATCTGTACATCTGTTGGCA
GGTAATGTTCCATTATCTGGGATCATGTCTATATTACGC
GCAATTTTAACTAAGAATCAGTGTATTATAAAAACATC
GTCAACCGATCCTTTTACCGCTAATGCATTAGCGTTAAG
TTTTATTGATGTAGACCCTAATCATCCGATAACGCGCTC
TTTATCTGTTATATATTGGCCCCACCAAGGTGATACATC
ACTCGCARARAGAAATTATGCGACATGCGGATGTTATTG
TCGCTTGGGGAGGGCCAGATGCGATTAATTGGGCGGTA
GAGCATGCGCCATCTTATGCTGATGTGAT TARATTTGGT
TCTAAAAAGAGTCTTTGCATTATCGATAATCCTGTTGAT
TTGACGTCCGCAGCGACAGGTGCGGCTCATGATGTTTG
TTTTTACGATCAGCGAGCTTGTTTTTCTGCCCARAACAT
ATATTACATGGGAAATCATTATGAGGAATTTAAGTTAG
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TABLE 1-continued

Genetic Parts

Part
Name

SEQ
ID
NO: Type

DNA sequence

CGTTGATAGAAAAACTTAATCTATATGCGCATATATTA
CCGAATGCCAAAAAAGATTTTGATGAAAAGGCGGCCTA
TTCTTTAGTTCAAAAAGAAAGCTTGTTTGCTGGATTAAA
AGTAGAGGTGGATATTCATCAACGTTGGATGATTATTG
AGTCAAATGCAGGTGTGGAATTTAATCAACCACTTGGC
AGATGTGTGTACCTTCATCACGTCGATAATATTGAGCA
AATATTGCCTTATGTTCAAAAAAATAAGACGCAAACCA
TATCTATTTTTCCTTGGGAGTCATCATTTAAATATCGAG
ATGCGTTAGCATTAAAAGGTGCGGARAGGATTGTAGAA
GCAGGAATGAATAACATATTTCGAGTTGGTGGATCTCA
TGACGGAATGCGACCGTTGCAACGATTAGTGACATATA
TTTCTCATGAAAGGCCATCTAACTATACGGCTAAGGAT
GTTGCGGTTGAAATAGAACAGACTCGATTCCTGGAAGA
AGATAAGTTCCTTGTATTTGTCCCATAATAGGTAAAAGT
ATGGAAAATGAATCAAAATATAAAACCATCGACCACGT
TATTTGTGTTGAAGGAAATAAAAAAATTCATGT TTGGG
AAACGCTGCCAGAAGAAAACAGCCCAAAGAGAAAGAA
TGCCATTATTATTGCGTCTGGTTTTGCCCGCAGGATGGA
TCATTTTGCTGGTCTGGCGGAATATTTATCGCGGAATGG
ATTTCATGTGATCCGCTATGATTCGCTTCACCACGTTGG
ATTGAGTTCAGGGACAATTGATGAATTTACAATGTCTA
TAGGAAAGCAGAGCTTGTTAGCAGTGGTTGATTGGTTA
ACTACACGAAAAATAAATAACTTCGGTATGTTGGCTTC
AAGCTTATCTGCGCGGATAGCTTATGCAAGCCTATCTG
AAATCAATGCTTCGTTTTTAATCACCGCAGTCGGTGTTG
TTAACTTAAGATATTCTCTTGAAAGAGCTTTAGGGTTTG
ATTATCTCAGTCTACCCATTAATGAATTGCCGGATAATC
TAGATTTTGAAGGCCATAAATTGGGTGCTGAAGTCTTT
GCGAGAGATTGTCTTGATTTTGGTTGGGAAGATTTAGCT
TCTACAATTAATAACATGATGTATCTTGATATACCGTTT
ATTGCTTTTACTGCAAATAACGATAATTGGGTCAAGCA
AGATGAAGTTATCACATTGTTATCARATATTCGTAGTA
ATCGATGCAAGATATATTCTTTGTTAGGAAGTTCGCATG
ACTTGAGTGAARATTTAGTGGTCCTGCGCAATTTTTATC
AATCGGTTACGAAAGCCGCTATCGCGATGGATAATGAT
CATCTGGATATTGATGTTGATATTACTGAACCGTCATTT
GAACATTTAACTATTGCGACAGTCAATGAACGCCGAAT
GAGAATTGAGATTGAAAATCAAGCAATTTCTCTGTCTT
AAAATCTATTGAGATATTCTATCACTCAAATAGCAATA
TAAGGACTCTCTATGAAATTTGGAAACTTTTTGCTTACA
TACCAACCTCCCCAATTTTCTCAAACAGAGGTAATGAA
ACGTTTGGTTAAATTAGGTCGCATCTCTGAGGAGTGTG
GTTTTGATACCGTATGGTTACTGGAGCATCATTTCACGG
AGTTTGGTTTGCTTGGTAACCCTTATGTCGCTGCTGCAT
ATTTACTTGGCGCGACTAAAAAATTGAATGTAGGAACT
GCCGCTATTGTTCTTCCCACAGCCCATCCAGTACGCCAA
CTTGAAGATGTGAATTTATTGGATCAAATGTCAAAAGG
ACGATTTCGGTTTGGTATTTGCCGAGGGCTTTACAACAA
GGACTTTCGCGTATTCGGCACAGATATGAATAACAGTC
GCGCCTTAGCGGAATGCTGGTACGGGCTGATAAAGAAT
GGCATGACAGAGGGATATATGGAAGCTGATAATGAAC
ATATCAAGTTCCATAAGGTAARAGTAAACCCCGCGGCG
TATAGCAGAGGTGGCGCACCGGTTTATGTGGTGGCTGA
ATCAGCTTCGACGACTGAGTGGGCTGCTCAATTTGGCC
TACCGATGATATTAAGTTGGATTATAAATACTAACGAA
AAGAAAGCACAACTTGAGCTTTATAATGAAGTGGCTCA
AGAATATGGGCACGATATTCATAATATCGACCATTGCT
TATCATATATAACATCTGTAGATCATGACTCAATTARA
GCGAAAGAGATTTGCCGGAAATTTCTGGGGCATTGGTA
TGATTCTTATGTGAATGCTACGACTATTTTTGATGATTC
AGACCAAACAAGAGGTTATGATTTCAATAAAGGGCAGT
GGCGTGACTTTGTATTAAAAGGACATAAAGATACTAAT
CGCCGTATTGATTACAGTTACGARATCAATCCCGTGGG
AACGCCGCAGGAATGTATTGACATAATTCAAAAAGACA
TTGATGCTACAGGAATATCAAATATTTGTTGTGGATTTG
AAGCTAATGGAACAGTAGACGAAATTATTGCTTCCATG
AAGCTCTTCCAGTCTGATGTCATGCCATTTCTTAAAGAA
AAACAACGTTCGCTATTATATTAGCTAAGGAGAAAGAA
ATGAAATTTGGATTGTTCTTCCTTAACTTCATCAATTCA
ACAACTGTTCAAGAACAAAGTATAGTTCGCATGCAGGA
AATAACGGAGTATGTTGATAAGT TGAATTTTGAACAGA

Oct. 17,2019
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TABLE 1-continued

Genetic Parts

SEQ
Part D
Name NO: Type DNA sequence

TTTTAGTGTATGAAAATCATTTTTCAGATAATGGTGTTG
TCGGCGCTCCTCTGACTGTTTCTGGTTTTCTGCTCGGTTT
AACAGAGAAAATTAAAATTGGTTCATTAAATCACATCA
TTACAACTCATCATCCTGTCGCCATAGCGGAGGAAGCT
TGCTTATTGGATCAGTTAAGTGAAGGGAGATTTATTTTA
GGGTTTAGTGATTGCGAAAAARAAGATGAAATGCATTT
TTTTAATCGCCCGGTTGAATATCAACAGCAACTATTTGA
AGAGTGTTATGAAATCATTAACGATGGTTTTAACAACAG
GCTATTGTAATCCAGATAACGATTTTTATAGCTTCCCTA
AAATATCTGTAAATCCCCATGCTTATACGCCAGGCGGA
CCTCGGAAATATGTAACAGCAACCAGTCATCATATTGT
TGAGTGGGCGGCCAAAAAAGGTATTCCTCTCATCTTTA
AGTGGGATGATTCTAATGATGTTAGATATGAATATGCT
GAAAGATATAAAGCCGTTGCGGATAAATATGACGTTGA
CCTATCAGAGATAGACCATCAGTTAATGATATTAGTTA
ACTATAACGAAGATAGTAATAAAGCTAAACAAGAGAC
GCGTGCATTTATTAGTGATTATGTTCTTGAAATGCACCC
TAATGAAAATTTCGAAAATAAACTTGAAGAAATAATTG
CAGAAAACGCTGTCGGARATTATACGGAGTGTATAACT
GCGGCTAAGTTGGCAATTGAARAGTGTGGTGCGAAAAG
TGTATTGCTGTCCTTTGAACCAATGAATGATTTGATGAG
CCAAAAARNATGTAATCAATATTGTTGATGATAATATTA
AGAAGTACCACATGGAATATACCTAATAGATTTCGAGT
TGCAGCGAGGCGGCAAGTGAACGAATCCCCAGGAGCA
TAGATAACTATGTGACTGGGGTGAGTGAAAGCAGCCAA
CAAAGCAGCAGCTTGAAAGATGAAGGGTATAAAAGAG
TATGACAGCAGTGCTGCCATACTTTCTAATATTATCTTG
AGGAGTARAAACAGGTATGACTTCATATGT TGATAAACA
AGAAATTACAGCAAGCTCAGAAATTGATGATTTGATTT
TTTCGAGCGATCCATTAGTGTGGTCTTACGACGAGCAG
GAAAAAATCAGAAAGAAACTTGTGCTTGATGCATTTCG
TAATCATTATAARACATTGTCGAGAATATCGTCACTACTG
TCAGGCACACAAAGTAGATGACAATATTACGGAAATTG
ATGACATACCTGTATTCCCAACATCGGTTTTTAAGTTTA
CTCGCTTATTAACTTCTCAGGAAAACGAGAT TGAAAGT
TGGTTTACCAGTAGCGGCACGAATGGT TTAAAAAGTCA
GGTGGCGCGTGACAGATTAAGTATTGAGAGACTCTTAG
GCTCTGTGAGTTATGGCATGAAATATGTTGGTAGTTGGT
TTGATCATCAAATAGAATTAGTCAATT TGGGACCAGAT
AGATTTAATGCTCATAATATTTGGTTTAAATATGTTATG
AGTTTGGTGGAATTGTTATATCCTACGACATTTACCGTA
ACAGAAGAACGAATAGATTTTGT TARAAACATTGAATAG
TCTTGAACGAATAAAAAATCAAGGGAAAGATCTTTGTC
TTATTGGTTCGCCATACTTTATTTATTTACTCTGCCATTA
TATGAAAGATAAAAAAATCTCATTTTCTGGAGATAARA
GCCTTTATATCATAACCGGAGGCGGCTGGAAAAGTTAC
GAAAAAGAATCTCTGAAACGTGATGATTTCAATCATCT
TTTATTTGATACTTTCAATCTCAGTGATATTAGTCAGAT
CCGAGATATATTTAATCAAGTTGAACT CAACACTTGTTT
CTTTGAGGATGAAATGCAGCGTAARACATGTTCCGCCGT
GGGTATATGCGCGAGCGCTTGATCCTGAAACGTTGAAA
CCTGTACCTGATGGAACGCCGGGGTTGATGAGT TATAT
GGATGCGTCAGCAACCAGTTATCCAGCATTTATTGTTAC
CGATGATGTCGGGATAATTAGCAGAGAATATGGTAAGT
ATCCCGGCGTGCTCGTTGARATTTTACGTCGCGTCAATA
CGAGGACGCAGAAAGGGTGTGCTTTAAGCTTAACCGAA
GCGTTTTGATAGTTGA

TABLE 2

Plasmids
Table S3. Plasmids

Identifier ~ Plasmid Relevant Features Source

pMMS532  pZA1D-hrtR HitR expressed constitutively from promoter ProD with  This
RBS2, pl15a origin, AmpR work
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Plasmids
Table S3. Plasmids

Identifier ~ Plasmid Relevant Features Source
pMM534  pZE2-PLhrtO- LuxCDABE expressed constitutively from promoter This
luxCDABE PLhrtO, ColE1 origin, KanR work
pMMS549  pZAl1D-hrtR-chuA  HrtR expressed consitutively from promoter ProD with — This
RBS2, ChuA expressed consitiutively from promoter work
123107, pl5a origin, AmpR
pMM627  pZE2-PLhrtO-lux-  Composite plasmid of pMM534 and pMM3549, ColE1 This
hrtR-RBS2-chuA origin, KanR work
pMM637  pZE2-PLhrtO-lux-  HrtR RBS variant of plasmid pMM627 (Strength 1783.6 This
hrtR-RBS1-chuA AU), ColEl origin, KanR work
pMM638  pZE2-PLhrtO-lux-  HrtR RBS variant of plasmid pMM627 (Strength This
HitR-RBS4-chuA  599195.9 AU), ColEl origin, KanR work
pMM643  pZE2-PLhrtO-lux-  HrtR RBS variant of plasmid pMMG627 (Strength This
hrtR-RBS3-chuA 33545.5 AU), ColEl origin, KanR work
pMM1157 pZE2-PLhrtO-lux-  ChuA transciptional unit deletion of plasmid pMM643,  This
hrtR-RBS3 ColE1 origin, KanR work
pMM1161 pZEl-LuxR-Plux-  AHL-inducible plasmid; LuxR constitutively expressed  This
[uxCDABE from promoter K176009, LuxCDABE under promoter ~ work

Plux, ColE1 origin, AmpR

pMM1162 pZE2-hitR-RBS3-
chuA pMM643, ColEL origin, KanR

pMM1489 pKD236-4b

pMMI1532 pKD237-3a-3-Lux
control of PphsA, ColE1 origin, CamR

ThsS constitutively expressed, pl5a origin, SpecR

LuxCDABE transcriptional unit deletion of plasmid This

work
Daeffler

K. N, et
al., Mol.
Syst. Biol.,
2017 Apr. 3;
13(4): 923

ThsR constitutively expressed, LuxCDABE under This

work

[0074] Growth and Induction:

[0075] For genetic circuit characterization, overnight cul-
tures were diluted 1:100 in fresh LB and incubated with
shaking at 37° C. for 2 hours. Cultures were removed from
the incubator and 200 pL of culture was transferred to a
96-well plate containing various concentrations of inducer.
The plate was returned to a shaking incubator at 37° C.
Following 2 hours of incubation, luminescence was read
using a BioTek Synergy H1 Hybrid Reader using a is
integration time and a sensitivity of 135. Luminescence
values, measured in relative luminescence units (RLUs),
were normalized by the optical density of the culture mea-
sured at 600 nm. For in vitro kinetic studies, subcultured
cells were mixed with inducer in a 96-well plate and
immediately placed in the plate reader set at 37° C. without
shaking. Luminescence and absorbance was read at 5 minute
intervals.

[0076] A stock solution of hemin (Sigma) was prepared by
dissolving hemin powder in 1M NaOH (Sigma) to a con-
centration of 25 mM, diluting with double distilled water to
a final concentration of 500 uM and sterilizing with a 0.2 pm
polyethersulfone (PES) filter. Defibrillated horse blood (He-
mostat) was used as the source of blood for most experi-
ments. Blood was lysed by first diluting 1:10 in simulated
gastric fluid (SGF) (0.2% NaCl, 0.32% pepsin, 8¢ mM HCl,
pH 1.2) before further dilution in culture media. Stock
solutions of sodium thiosulfate (Sigma) and 3-O—C,-HSL
(referred to as acyl homoserine lactone (AHL)) (Cayman
Chemical) were made in double distilled water.

[0077] Indomethacin Mouse Experiments:

[0078] All mouse experiments were approved by the Com-
mittee on Animal Care at the Massachusetts Institute of
Technology. Specific-pathogen free (SPF), male C57BL/6]
mice (8-10 weeks of age) were purchased from Jackson

Labs and were housed and handled under conventional
conditions. Mice were acclimated to the animal facility 1
week prior to the commencement of experiments. Animals
were randomly allocated to experimental groups. Research-
ers were not blinded to group assignments. Prior to indo-
methacin experiments, a pilot experiment was conducted to
determine the transit rate of bacteria through the mouse
gastrointestinal tract (FIG. S5). Overnight cultures of . coli
Nissle were centrifuged at 5000xg for 5 minutes and resus-
pended in an equal volume of 20% sucrose. Animals were
inoculated with 200 pL, of bacteria culture (approximately
2x10® CPU) by oral gavage. Fecal pellets were collected 2,
4, 6, 8 and 24 hours’ post-gavage, weighed, and homog-
enized in 1 mL of PBS with a 5 mm stainless steel bead using
a TissueLyser 1I (Qiagen) at 25 Hz for 2 minutes. Samples
were centrifuged at 500xg for 30 seconds to pellet large
fecal debris. Supernatant was serially diluted in sterile PBS
and spot plated on MacConkey agar supplemented with
kanamycin. Colonies were enumerated following overnight
incubation at 37° C. For luminescence assays, luminescence
in fecal homogenate was measured in a Biotek Synergy H1
Hybrid Reader with an integration time of 1 second and a
sensitivity of 150. Luminescence values were normalized to
stool weight normalized CFU values and reported in RUT/
ULT.

[0079] For indomethacin experiments, animals were
inoculated with blood sensor bacteria and fecal pellets were
collected 6 hours later for luminescence analysis and CFU
enumeration. Indomethacin (Sigma) solution was prepared
by dissolving the compound in absolute ethanol to a con-
centration of 20 mg/ml.. Immediately prior to mouse gav-
age, the indomethacin stock solution was diluted to 1.25
mg/mL in PBS and 0.2 mL of dilute indomethacin solution
was administered to each animal (10 mg/kg). Preparation of
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indomethacin solution using this method was essential to
ensure reliable and reproducible induction of gastrointesti-
nal bleeding. The following morning, gastrointestinal bleed-
ing was confirmed by performing a guaiac test (Hemoccult,
Beckman Coulter) on fecal pellets from each animal. All
mice administered indomethacin were guaiac positive,
whereas those administered a PBS control were uniformly
guaiac negative. Subsequently, mice were again adminis-
tered blood sensor bacteria and fecal pellets were collected
6 hours later for luminescence analysis and CFU enumera-
tion.

[0080] Preparation of Capsules:

[0081] The electronic component in the capsules consisted
of four phototransistor detectors (SFH3710, Osram Opto
Semiconductors GmbH), a custom bioluminescence detec-
tor chip fabricated in a TSMC 65 nm process (Nadeau P., et
al., IEEE, 2017 Mar. 6; doil0.1109/ISSCC.2017.7870400),
a microcontroller and radio chip (PIC12LF1840T39A,
Microchip Technology Inc.), 22 MHz crystal resonator (7M-
22.000MEEQ-T, TXC Corporation), 915 MHz chip antenna
(0915AT43A0026, Johanson Technology Inc.), two 220 pF
ceramic capacitors (CL32A227MQVNNNE, Samsung Elec-
tro-Mechanics America, Inc.), and a 5 mAh lithium manga-
nese button-cell battery (MS621FE-FL11E, Seiko Instru-
ments Inc.). The electronics were soldered onto custom
four-layer printed circuit boards (Advanced Circuits Inc.)
and two screws were epoxied into mounting holes for later
attachment of the plastic cell carriers. The assembly was
coated with 4-15 um of Parylene C to act as a moisture
barrier (additional methods describing Parylene C deposi-
tion described below). A clear rectangular polycarbonate
window (500 wm thickness, Rowland Technologies Inc.)
was epoxied above the four phototransistor detectors to
provide a flat optical interface. The boards were coated with
1-3 mm of epoxy (20845, Devcon) for mechanical stability
and then casted into PDMS capsules 13 mm in diameter
(Sylgard 184, Dow Corning).

[0082] Parylene C Deposition:

[0083] Di-chloro-di-p-xylylene (brand name: diX C)
dimer was purchased from Daisan Kasei Co. (now a KISCO
partner company). Thin film Parylene C coating was pre-
formed using an in-house pyrolysis CVD coating tool. After
loading the capsules, 10 grams of dimer was loaded into a
thermal evaporation heater and the system was evacuated to
1.3 pbar. The pyrolysis furnace and all other vacuum com-
ponents were pre-heated prior to deposition. During depo-
sition the dimer was evaporated between 105° C. to 120° C.
in order to maintain a constant deposition rate of around 3
A/s. Upon reaching the desired thickness the deposition
chamber was isolated, the system was cooled, the deposition
chamber was vented, and the capsules were removed.
[0084] Preparation of Cell Carriers:

[0085] Cell carriers were machined or injection-molded in
ABS plastic (Protolabs Inc.). Semipermeable membranes
(0.22 um pore size, EIMF22205, Millipore Sigma) were
affixed to one side of the cell carriers via heat sealing for
35-45 seconds at 230° C. with a stainless steel die. Rubber
gaskets for fluidic sealing were die-cut from 380 pm silicone
rubber (86435K13, McMaster-Carr) and epoxied to the
opposite side of the cell carriers to provide a seal between
the carrier and the optical window during experiments.
[0086] System Operation, Packet Transmission and
Reception: The NPN phototransistor detectors, which may
examples of the detectors in FIG. 2A, were operated in a
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charge-integration mode using each device’s intrinsic
capacitance as the charge storage mechanism (measured
capacitance, C,=8.7 nF). The collector of each detector was
connected to the supply rail of the system and the emitters
were connected to the system ground through independent
low-leakage switches (one per detector) in the custom
integrated circuit, which may be an example of the IMP
luminescence chip shown in FIG. 2A. At the beginning of a
measurement, the emitters were shorted to the system
ground via the switches and device capacitances were
charged to the system voltage. Then, switches were opened
and emitter voltages would start to increase independently in
response to the dark currents and photo currents in each
detector.

[0087] The custom integrated circuit contained a low-
power voltage reference (V;=0.625 V) and local oscillator
counter (oscillator period, T,s=5 ms). In each oscillator
cycle, the detector voltages for each channel were compared
to the reference voltage and, if the reference was exceeded,
a count value was saved corresponding to the number of
oscillator cycles required the charge the channel. The on-
board microprocessor polled the custom circuit once every
8 seconds to determine whether all four channels had
exceeded the reference voltage. Once all were exceeded, the
microprocessor read the four counter values through a serial
peripheral interface and transmitted a short wireless packet
at +1.0 dBm with count data using an on-board transmitter,
which may be an example of the radio chip in FIG. 2A. The
data were received wirelessly by a 900 MHz radio (CC1120
Evaluation Kit, Texas Instruments Inc.) attached to a laptop
and processed offline in Matlab (The Mathworks, Inc.).

[0088] Photocurrent Estimation with Temperature and
Offset Calibration:

[0089] The photocurrent detected by the system was esti-
mated using measured quantities and an algorithm for tem-
perature drift and offset calibration, which is described as
follows:

[0090] Let there be three potentially luminescing sensor
channels with counts denoted by N;: i={1,2,3}. The time
required for the photocurrent stimulated by luminescing
cells (I, ;) and the dark background current intrinsic to the
photodetectors (I,,) to charge the channel capacitance (C,)
of a channel (i) to the threshold voltage (V) was quantized
using the number of cycles (N,) counted by the internal
oscillator (period, T,s-). The measured cycles were then
used to estimate the photocurrent level. The number of
cycles required to charge a sensor channel is given by:

G,V
N[:( 0 R)
Tosc

7
Ipi+1Ipyi |

[0091] Let there be one reference channel containing no
luminescing cells (I,,,=0) with a count denoted by N . The
number of cycles required to charge the reference is given
by:

it
"\ Tosc Mip |
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[0092] The desired photocurrent signal on a channel (I,,,)
is corrupted by the channel’s dark current, which has been
modelled as:

Ip,=Ip 05 RT),

by separating a temperature-independent, channel-specific
dark current offset (I, 5s,) from a temperature dependent
scaling function [f(T)].

[0093] To calibrate the temperature and offset, the counts
from each sensor channel were first compared to the refer-
ence channel by calculating a relative signal R;:

L/N; =1/N; (Ipos;-f(T) [ 1 }
R = = - Ipy ;-
I7N, (In,os,r'f(T) J* s 7 e
[0094] In the first term of R,, the temperature dependence

is cancelled, leaving only a dependence on the relative
offsets between channels. This term can denoted as R, ..
Early segments of the count data can be used for each
experiment, prior to induction of luminescence from the
whole-cell biosensors (I,,;=0) to estimate R, ¢ for each
channel. For all experiments, the samples between 0.2 and
0.3 hours (12 to 18 minutes) were used to estimate R, . By
substituting the measured offset (R, ), as well as the
expression for N, the final expression for the estimated
photocurrent was obtained in terms of known and measured
quantities.

CoVr

s = [ 222 \IR: = Ripsl.
P (TSNr][ s

[0095] This calibration procedure was performed using
Matlab software (R2017a, The Mathworks, Inc.).

[0096] Optical Calibration:

[0097] A green LED (=525 nm, WP70832GD/G, King-
bright) was first calibrated across four decades of input
current using an optical power meter located 30 cm away
(PM100D and S130C, Thor Labs Inc.). Three capsules were
then placed at the same distance as the power meter and
measured across the same LED current conditions. The
optical power readings were scaled by the ratio of the area
of the phototransistor detectors (0.29 mm?) to the area of the
S130C sensor (70.9 mm?) in order to estimate the optical
power incident on the detectors.

[0098] Mobile Phone “App” for Real-Time Reception and
Visualization of Results:

[0099] A 900 MHz USB dongle (CC1111 USB Evaluation
Module Kit, Texas instruments, Inc.) was attached to an
Android mobile phone (Galaxy SIII, SCH-I535, Samsung
Electronics Co. Ltd.) running a custom application created
in Android Studio (Google, Inc.). Temperature and offset
calibration was performed on the phone after receiving the
first 18 minutes of data to enable offset calibration and the
photocurrent estimate was displayed to the user. The raw
data was simultaneously uploaded to a cloud service for later
analysis.

[0100] In Vitro MBED Experiments:

[0101] LB culture media supplemented with or without
inducer (500 ppm lysed blood (unless otherwise noted), 1.0
mM thiosulfate, or 100 nM AHL) was pre-warmed for at
least 2 hours prior to the start of experiments. For blood

Oct. 17,2019

sensor experiments, overnight cultures were diluted 1:10 in
2xYTPG (20 g tryptone, 5 g NaCl, 10 g yeast extract, 22 mL
of 1 M potassium phosphate monobasic, 40 mL of 1 M
potassium phosphate dibasic, 0.2% glucose, pH 7.2) and 15
uL of diluted culture was added to wells in the cell carrier
(approximately 10° cells per well). Wild-type E. coli Nissle
1917 was added in the reference channel for all experiments.
Blood sensor bacteria were added in triplicates to three wells
in a single device and values from these three channels were
averaged to obtain a single replicate plotted in FIGS. 2C-2E.
Technical replicates are depicted in FIGS. 11A-11C. For
thiosulfate and AHL experiments, overnight cultures of
ThsRS or LuxR containing cells were subcultured for 2
hours in LB prior to addition to cell carriers. Once all four
channel were loaded, the cell carrier was fastened to the
capsule and fully submerged in pre-warmed media, Cultures
were wrapped several times in thick black fabric to block
external light, placed in an incubator at 37° C. and data was
collected wirelessly for 2 hours. At the end of the experi-
ment, devices were dissembled and cell carriers were dis-
carded. Capsules were sterilized with 70% ethanol and
thoroughly washed with distilled water. Capsules were left
to air-dry and re-used for future experiments.

[0102] Pig Experiments:

[0103] All pig experiments were approved by the Com-
mittee on Animal Care at the Massachusetts Institute of
Technology. Female Yorkshire pigs (50-95 kg) were
obtained from Tufts University and housed under conven-
tional conditions. Animals were randomly selected for the
experiments. The animals were placed on a clear liquid diet
for 24 hours prior to the experiment with the morning feed
held on the day of the experiment. At the time of the
experiment, the pigs were sedated with Telazol® (tilet-
amine/zolazepam 5 mg/kg), xylazine (2 mg/kg) and atropine
(0.04 mg/kg). An endoscopic overtube (US endoscopy) was
placed in the esophagus under endoscopic (Pentax) visual
guidance during esophageal intubation. Prior to deposition
of devices, 250 mL of neutralization solution (1% sodium
bicarbonate and 0.2% glucose) with or without 0.25 mL of
pig blood was administered directly to the stomach through
the endoscope. Overnight bacterial cultures were diluted
1:10 in 2xYTPG and 15 pL of diluted culture was added to
wells in the cell carriers. Devices were assembled and
deposited in the pig gastric cavity via endoscopic overtube.
Full submersion in gastric fluid was confirmed by endo-
scopic observation. For 2 hours, data from deposited cap-
sules was acquired via a 900 mHz radio attached to a laptop
or the Android cellular phone. Endoscopic videos and radio-
graphs of capsules inside the pig stomach were acquired.
Devices were retrieved from the gastric cavity using a
hexagonal snare. A total of 6 animals were included in the
experiments; 3 were administered neutralization solution
containing blood and 3 served as negative controls. Two
devices were deposited per pig, such that each group has a
sample size of 6.

[0104] Data Analysis, Statistics and Computational Meth-
ods:
[0105] All data were analyzed using GraphPad Prism

version 7.03 (Graph Software, San Diego, Calif., USA,
graphpad.com). Sequence analysis was performed using
Geneious version 9.1.8 (geneious.com) (Kearse M., et al.,
Bioinformatics, 2013 Jun. 15; 28(12): 1647-49). As noted,
error bars represent the SEM of at least three independent
experiments carried out on different days. Significance
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between groups was determined using an unpaired, two-
tailed Student’s t-test assuming unequal variance. Fold
change or signal-to-noise ratio was determined by dividing
the normalized luminescence values (RLU/CFU) of samples
treated with the maximal inducer concentration with unin-
duced samples. Response curves were fit to a Hill function:
Y=(B,,.X")/(K"+X")+C, where X is the inducer concentra-
tion, Y is the normalized luminescence output, B, is the
maximum luminescence, K is the threshold constant, n is the
Hill coeflicient and C is the baseline luminescence.

Example 1: Development of Heme Biosensor

[0106] A biosensor was developed for gastrointestinal
bleeding as a proof-of-concept MBED for a clinically rel-
evant biomarker. Bleeding in the gastrointestinal tract can be
a result of a wide range of causes, including inflammation,
cancer, peptic ulcers, non-steroidal anti-inflammatory drug
use, portal vein hypertension, among others (Hearnshaw S.
A., et al,, Gut, 2011 October; 60(10): 1327-35), While
cost-effective fecal occult-blood testing exists (Rockey D.
C., et al, N. Engl. J. Med., 1998 Tul. 16; 339(3): 153-59),
rapid diagnosis of acute bleeding in the upper gastrointes-
tinal tract requires endoscopic observation or aspiration of
gastric fluid (Barkun A., et al., Ann. Intern. Med., 2003 Nov.
18; 139(10): 843-57). Importantly, early diagnosis and
appropriate treatment of individuals with upper gastrointes-
tinal bleeding has been found to reduce hospital stays and
overall medical costs (Lee J. G., et al., Gastrointest. Endosc.,
1999 December; 50(6): 755-61). Blood sensing MBEDs
could offer an additional means of diagnosing upper gastro-
intestinal bleeds or monitoring patients at high risk for
re-bleeding following endoscopic therapy (Cheng C. L., et
al., Dig. Dis. Sci., 2010 September; 5(9): 2577-83) to aid in
the triage of individuals who may require further endoscopic
or surgical intervention.

[0107] As a bleeding event leads to an accumulation of
free heme liberated from lysed red blood cells, the literature
was examined for bacterial transcription factors responsive
to heme. Lactococcus lactis encodes a heme-regulated TetR-
family transcriptional repressor, HrtR, which naturally con-
trols expression of an efflux pump to control intracellular
heme-mediated toxicity (Lechardeur D., et al., J. Biol.
Chem., 2012 Feb. 10; 287(7): 4752-58). In the absence of
heme, HrtR binds to cognate palindromic HrtO operator
sequences in the P, promoter, repressing promoter
activity (FIG. 1A). Conformational changes in HrtR upon
heme binding abrogate DNA binding and lead to down-
stream gene expression (Sawai H., et al., J. Biol. Chem.,
2012 Aug. 31; 287(36): 30755-68). To adapt the native
P,,,..5 promoter to an Escherichia coli chassis, a synthetic
promoter was created, P; ., based on the strong late
promoter of bacteriophage lambda with HrtO operator
sequences directly upstream of the -35 and -10 boxes (FIG.
5A). Although photon flux is lower than eukaryotic
Iuciferases, the Phoiorhabdus Iluminescens IxCDABE
luciferase operon was used as the output of Py 0 as it
functions at body temperature and encodes all components
necessary for intracellular substrate production, thus obvi-
ating the need for exogenous substrate (Close D., et al,,
Sensors, 2012; 12(1). 732-52). Co-transformation of
Py 710y luxCDABE with a constitutively expressing HrtR
construct in E. coli MG1655 led to a 4.4-fold reduction in
luminescence, indicating HrtR-mediated repression of
Pr a0y (FIG. §89). However, luminescence levels remained
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constant irrespective of heme concentration, suggesting that
heme could not penetrate the Gram-negative cell envelope.
Pathogenic strains of E. coli have evolved heme scavenging
systems to acquire scarcely available iron during infection
(Torres A. G. and Payne S. M., Mol. Microbiol., 1997
February; 23(4): 825-33). It was hypothesized that introduc-
ing the ChuA heme transporter from E. coli O157:H7 into
the gene circuit would allow for the transit of extracellular
heme into the periplasm, where it could subsequently inter-
act with other cellular components to enter cytoplasm and
finally complex with HrtR (FIG. 1A) (Nobles C. L., etal., I.
Microbiol. Methods., 2015 November; 118: 7-17). Expres-
sion of both HrtR and ChuA yielded a biosensor (MG1655
V1) that responded to increasing heme input with lumines-
cence output with a signal-to-noise ratio (SNR) of 5.9 and a
K, of 1 uM heme (FIG. 5B). Luminescence production was
also induced by whole horse blood (FIG. 5C) and lysis of red
blood cells in simulated gastric fluid greatly improved the
sensitivity of detection by liberating heme (K,=115 ppm
blood) (FIG. 1B; FIG. 5D).

Example 2: Optimization of Heme Genetic Circuit

[0108] Next, the prototype genetic circuit was iteratively
optimized with the goal of improving SNR without com-
promising maximum luminescence output. Genetic compo-
nents were combined onto a single high-copy plasmid to
minimize plasmid burden as well as the risk of plasmid loss.
Increasing the translation initiation strength of HrtR using
computationally designed ribosome binding site (RBS)
sequences (Salis H. M., et al, Nat. Biotechnol., 2009
October; 27(10): 946-50) decreased baseline luminescence
and improved SNR to 132 (MG1655 V2; FIG. 1B; FIGS.
6A-6D). Variations in promoter sequence, number and posi-
tion of HrtO operator sites in P ., as well as ChuA RBS
strength did not lead to appreciable improvements in gene
circuit performance. The final gene circuit was transferred to
the probiotic E. coli Nissle 1917 strain (Nissle V2) and
retained similar performance characteristics compared to the
laboratory strain in response to lysed horse blood
(SNR=310; K,,=95 ppm) (FIG. 19) as well as human blood
(FIG. 7). Luminescence was induced rapidly, reaching half-
maximal levels within 45 minutes of exposure to heme or
lysed blood (FIG. 8).

Example 3: Demonstration of Optimized Heme
Biosensor Functionality

[0109] To examine functionality of the bacterial blood
sensor in vivo, a murine model of indomethacin-induced
gastrointestinal bleeding was employed. Gastroduodenal
ulceration is a common adverse effect of non-steroidal
anti-inflammatory drug use, as decreased prostaglandin pro-
duction leads to a thinning of the gastric mucosa and
acidification of gastric contents (Lancs A. and Chan F. K. L.,
Lancet., 2017 Aug. 5; 390(10094): 613-24). Upper gastro-
intestinal bleeding elicited by oral indomethacin adminis-
tration could be detected by bacterial blood sensors passing
through the gut and measured by observing luminescence
activity in fecal pellets (FIG. 1C). Bacterial transit to stool
was maximal 6 hours post-inoculation and the blood sensor
bacteria could not be recovered from mouse stool 24 hours
after administration, suggesting that the engineered strains
did not appreciably colonize the murine gut (FIG. 9). At
baseline, administration of blood sensor bacteria did not lead
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to detectable luminescence activity in stool, indicating that
the basal heme levels in the murine gut are insuflicient to
activate the gene circuit (FIGS. 10A-10B). Oral administra-
tion of indomethacin generated overt gastrointestinal bleed-
ing overnight as noted by black, tarry stool and positive
guaiac tests. Mice subsequently inoculated with blood sen-
sor bacteria demonstrated 18-fold higher luminescence val-
ues in fecal pellets as compared to controls (FIG. 1C).
Biosensor detection events were fully concordant with
guaiac tests and could perfectly discriminate between indo-
methacin treated and untreated animals. The biosensor can
thus effectively detect the presence of gastrointestinal bleed-
ing in vivo.

Example 4: Integrating Biosensors with Electronic
Sensors and Wireless Transmission

[0110] Ways of integrating the bacterial biosensor with an
electronic sensor and wireless transmission platform were
then investigated. Interrogation of cellular bioluminescence
is typically performed by power and area-expensive lab
equipment that is ill-suited for in situ measurements in the
body. Prior demonstrations of custom sensitive biolumines-
cence detection electronics have required external wiring
and have been limited to bench-top assays (Nadeau P, et al.,
WEE, 2017 Mar. 6; doil0.1109/ISSCC.2017.7870406;
Eltoukhy H., et al., IEEE J. Solid-State Circuits, 2006 April,
41(3): 651-61; 36. Singh R. R., et al.,, IEEE J. Solid-State
Circuits, 2012 November; 47(11): 2822-33). For this reason,
the first miniaturized, fully-integrated, wireless readout cap-
sule for targeted in vivo sensing of small molecules in the
gastrointestinal tract was developed (FIG. 2A). The system
encapsulates the previously described nanowatt-level time-
based luminometer (Nadeau P., et al., IEEE, 2017 Mar. 6;
doil0.1109/ISSCC.2017.7870406), with a microprocessor
and wireless transmitter, and provides containment for engi-
neered cells for molecular sensing. The MBED consists of
two parts: (1) a molded capsule containing the electronic
components, and (2) a plastic carrier for containing cells in
one of four cavities. Bioluminescence from activated cells is
detected by phototransistors located below each cavity and
converted to a digital code using the low-power luminom-
eter chip. In each MBED, one channel acts as a reference to
calibrate for background light and temperature-induced dark
current variation, while the remaining three are used for
independent measurements. Incident photocurrent is sup-
plied to an on-board microcontroller and 900 MHz wireless
radio for transmission outside the body. A small button-cell
battery (5 mAh) powers the device and the extrapolated
MBED power consumption (TABLE 3) suggest a nominal
device shelf-life of over 9 months and active operation time
of 1.5 months on a full charge. The low power consumption
achieved also could allow for battery-free operation in the
gastrointestinal tract, using energy harvested from gastric
acid (Nadeau P, et al., Nat. Biomed. Eng., 2017; 1: pii:
0022) (33). In addition, two 220 pF ceramic capacitors
supplied the instantaneous peak energy required by the radio
transmitter. Electronic components were coated in
Parylene-C to provide necessary humidity resilience for the
sensitive picoampere-level photocurrent measurements.
Devices were subsequently encapsulated with a rigid epoxy
for mechanical robustness, followed by a molded PMDS
capsule for biological compatibility. This multi-layered elec-
tronics packaging strategy allows for the creation of a robust
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cm-scale wireless capsule that, when paired with biosensor
cells, can perform continuous, minimally-invasive sensing
in vivo.

[0111] The electronic system is highly sensitive and cap-
tured photon flux down to 5x10* photons/s incident on the
0.29 mm? area of the detectors (white-noise limited coeffi-
cient of variation 13%,,,,., FIG. 2B and FIG. 11A). The mean
channel mismatch was less than 6%,,,,. (F1G. 11A) and mean
temperature-induced drift across 5° C. variation was less
than 2 pA (FIG. 11B). In addition, MBEDs were stable in
simulated gastric fluid for up to 36 h (FIG. 11C), providing
sufficient time to perform an ingestible measurement during
gastrointestinal transit. To demonstrate integration of the
ingestible luminometer capsule and engineered biosensors,
the probiotic blood sensor strains were tested in an MBED
in vitro. Upon exposure to 500 ppm blood, induced biolu-
minescence could be observed as soon as 30 minutes (FIG.
2C). This slight delay as compared to plate-reader measure-
ments (FIG. 8) likely owes to diffusion time of heme into the
cell cavities. The dose-response curve of blood sensor
MBEDs was similar to plate-reader measurements
(SNR=76; K,=135 ppm; compare FIG. 2D and FIGS.
12A-12H), with saturation achieved at 250 ppm and signifi-
cant detection down to 32.5 ppm blood (Student’s t-test;
p=0.03). Together, MBEDs serve as a flexible platform for
sensitive detection of bleeding in fluidic environments.

TABLE 3

Average current consumption of the capsule system. The System Leakage is
the static current consumed with all functions of the capsule disabled. The
commercial Microcontroller average consumption arises from polling of the
luminescence chup every 8 seconds to determine whether a measurement has
been completed. The ULP Luminescence Chip consumption results from the
continuous opetation of the luminescence quantification cireuitry. The Wire-
less consumption results from the transmission of packets. The commercial
wireless transmitter dominates the total system consumption (84.4%),
wheteas the custom illuminometer consumes only a small fraction of the total
(<0.2%). Running from the 5 mAh button cell, the system can be expected to
last for over 9 months in sleep mode, and for 1.5 months uring continuous
active operation.
Current Consumption

System (excluding wireless)

System Leakage 0.30 pA

Microcontroller 0.42 pA

ULP Luminescence Chip 0.01 pA

Wireless

Active Wireless Current 165 mA

Packet Bits 396 bits

Bit Rate 50 kbps

Packet Time 5.92 ms

Sampling Interval 25 s

Duty Cycle 2.4 x 10-4

Average Wireless Current 3.96 pA
Total 4.69 pA

Example 5: Demonstration of MBED Adaptability

[0112] The sensing functionality of MBEDs can be readily
adapted to alternative biomarkers. To illustrate this, thiosul-
fate and acyl-homoserine lactone (AHL) sensors were devel-
oped in bacteria to act as bioluminescent reporters. Thio-
sulfate could serve as a biomarker of gut inflammation as it
1s elevated in murine models of colitis (Daefller K. N., et al.,
Mol. Syst, Biol.,, 2017 Apr. 3; 13(4): 923). AHLs are
molecular signatures of particular bacteria used to coordi-
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nate gene expression across populations and their detection
in the context of the gut microbiota can indicate the presence
of commensal or infectious agents in the gut (Hwang 1. Y.,
et al., Nat. Commun., 2017 Apr. 11; 8: 15028; Schuster M.,
et al., Annu. Rev. Microbiol., 2013; 67: 43-63; Balagadde F.
K., et al., Mol. Syst. Biol., 2008; 4: 187). Thiosulfate- and
AHL-inducible genetic circuits were introduced into E. coli
Nissle and exposure to increasing concentrations of inducer
led to increasing levels of bioluminescence (FIGS. 13A-
13D). When integrated with MBEDs, biosensing of different
analytes was readily detectable in a fluidic environment
(FIG. 2E). As synthetic biologists continue to develop
additional biosensors of clinically-relevant gut biomarkers,
the breadth of potential analytes of the MBED platform will
continue to grow.

Example 6: Demonstration of MBED Functionality

[0113] To examine wireless in situ detection of biomol-
ecules with whole-cell biosensors, a blood sensor MBEDs
was deployed in a porcine model of gastrointestinal bleed-
ing. Prior to device deposition, pigs were administered a
bicarbonate-glucose neutralization solution with or without
0.25 mL of blood (FIG. 3A). The blood sensor MBED was
subsequently deposited into the stomach via orogastric tube
(FIGS. 3B and 3C). Photocurrent data was wirelessly trans-
mitted from the stomach over the course of 2 hours to a
wireless receiver outside of the animal and logged on a
laptop computer. In parallel, reception was demonstrated on
an Android phone equipped with a 900 MHz wireless
receiver dongle and custom application for real-time data
processing and visualization (FIG. 14 and FIGS. 15A-15B).
The presence of blood in the porcine gastric environment
could be observed as early as 52 minutes (Student’s t test;
p<0.05) and led to a 5-fold increase in photocurrent after 120
minutes as compared to animals given buffer alone (FIG.
3D; FIG. 16). Luminescence production was not detected in
biosensors lacking the ChuA heme transporter or the
luciferase operon, indicating that observed light production
was dependent on a functional genetic circuit activated in
the presence of heme (FIG. 17). The receiver operating
characteristic of the blood sensing MBED improved over
time, with a sensitivity and specificity of 83.3% at 60
minutes and perfect detection at 120 minutes (FIG. 3E).
MBEDs can thus detect low-levels of analyte in the gastric
environmental with high specificity and sensitivity.
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OTHER EMBODIMENTS

[0154] All of the features disclosed in this specification
may be combined in any combination. Fach feature dis-
closed in this specification may be replaced by an alternative
feature serving the same, equivalent, or similar purpose.
Thus, unless expressly stated otherwise, each feature dis-
closed is only an example of a generic series of equivalent
or similar features.

[0155] From the above description, one skilled in the art
can easily ascertain the essential characteristics of the pres-
ent disclosure, and without departing from the spirit and
scope thereof, can make various changes and modifications
of the disclosure to adapt it to various usages and conditions.
Thus, other embodiments are also within the claims.

EQUIVALENTS

[0156] While several inventive embodiments have been
described and illustrated herein, those of ordinary skill in the
art will readily envision a variety of other means and/or
structures for performing the function and/or obtaining the
results and/or one or more of the advantages described
herein, and each of such variations and/or modifications is
deemed to be within the scope of the inventive embodiments
described herein. More generally, those skilled in the art will
readily appreciate that all parameters, dimensions, materials,
and configurations described herein are meant to be exem-
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plary and that the actual parameters, dimensions, materials,
and/or configurations will depend upon the specific appli-
cation or applications for which the inventive teachings
is/are used. Those skilled in the art will recognize, or be able
to ascertain using no more than routine experimentation,
many equivalents to the specific inventive embodiments
described herein. It is, therefore, to be understood that the
foregoing embodiments are presented by way of example
only and that, within the scope of the appended claims and
equivalents thereto, inventive embodiments may be prac-
ticed otherwise than as specifically described and claimed.
Inventive embodiments of the present disclosure are directed
to each individual feature, system, article, material, kit,
and/or method described herein. In addition, any combina-
tion of two or more such features, systems, articles, mate-
rials, kits, and/or methods, if such features, systems, articles,
materials, kits, and/or methods are not mutually inconsis-
tent, is included within the inventive scope of the present
disclosure.

[0157] All definitions, as defined and used herein, should
be understood to control over dictionary definitions, defini-
tions in documents incorporated by reference, and/or ordi-
nary meanings of the defined terms.

[0158] All references, patents and patent applications dis-
closed herein are incorporated by reference with respect to
the subject matter for which each is cited, which in some
cases may encompass the entirety of the document.

[0159] The indefinite articles “a” and “an,” as used herein
in the specification and in the claims, unless clearly indi-
cated to the contrary, should be understood to mean “at least
one.”

[0160] The phrase “and/or,” as used herein in the speci-
fication and in the claims, should be understood to mean
“either or both” of the elements so conjoined, i.e., elements
that are conjunctively present in some cases and disjunc-
tively present in other cases. Multiple elements listed with
“and/or” should be construed in the same fashion, i.e., “one
or more” of the elements so conjoined. Other elements may
optionally be present other than the elements specifically
identified by the “and/or” clause, whether related or unre-
lated to those elements specifically identified. Thus, as a
non-limiting example, a reference to “A and/or B”, when
used in conjunction with open-ended language such as
“comprising” can refer, in one embodiment, to A only
(optionally including elements other than B); in another
embodiment, to B only (optionally including elements other
than A); in yet another embodiment, to both A and B
(optionally including other elements); etc.

[0161] As used herein in the specification and in the
claims, “or” should be understood to have the same meaning
as “and/or” as defined above. For example, when separating
items in a list, “or” or “and/or” shall be interpreted as being
inclusive, i.e., the inclusion of at least one, but also including
more than one, of a number or list of elements, and,
optionally, additional unlisted items. Only terms clearly
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indicated to the contrary, such as “only one of” or “exactly
one of,” or, when used in the claims, “consisting of,” will
refer to the inclusion of exactly one element of a number or
list of elements. In general, the term “or” as used herein shall
only be interpreted as indicating exclusive alternatives (i.e.
“one or the other but not both”) when preceded by terms of
exclusivity, such as “either,” “one of,” “only one of,” or
“exactly one of.” “Consisting essentially of,” when used in
the claims, shall have its ordinary meaning as used in the
field of patent law.

[0162] As used herein in the specification and in the
claims, the phrase “at least one,” in reference to a list of one
or more elements, should be understood to mean at least one
element selected from any one or more of the elements in the
list of elements, but not necessarily including at least one of
each and every element specifically listed within the list of
elements and not excluding any combinations of elements in
the list of elements. This definition also allows that elements
may optionally be present other than the elements specifi-
cally identified within the list of elements to which the
phrase “at least one” refers, whether related or unrelated to
those elements specifically identified. Thus, as a non-limit-
ing example, “at least one of A and B” (or, equivalently, “at
least one of A or B,” or, equivalently “at least one of A and/or
B”) can refer, in one embodiment, to at least one, optionally
including more than one, A, with no B present (and option-
ally including elements other than B); in another embodi-
ment, to at least one, optionally including more than one, B,
with no A present (and optionally including elements other
than A); in yet another embodiment, to at least one, option-
ally including more than one, A, and at least one, optionally
including more than one, B (and optionally including other
elements); etc.

[0163] It should also be understood that. unless clearly
indicated to the contrary, in any methods claimed herein that
include more than one step or act, the order of the steps or
acts of the method is not necessarily limited to the order in
which the steps or acts of the method are recited.

[0164] In the claims, as well as in the specification above,
all transitional phrases such as “comprising,” “including,”
“carrying,” “having,” “containing,” “involving,” “holding,”
“composed of,” and the like are to be understood to be
open-ended, i.e., to mean including but not limited to. Only
the transitional phrases consisting of and “consisting essen-
tially of” shall be closed or semi-closed transitional phrases,
respectively, as set forth in the United States Patent Office
Manual of Patent Examining Procedures, Section 2111.03. 1t
should be appreciated that embodiments described in this
document using an open-ended transitional phrase (e.g.,
“comprising™) are also contemplated, in alternative embodi-
ments, as “consisting of”” and “consisting essentially of” the
feature described by the open-ended transitional phrase. For
example, if the disclosure describes “a composition com-
prising A and B”, the disclosure also contemplates the
alternative embodiments “a composition consisting of A and
B” and “a composition consisting essentially of A and B”.

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 19

«<210> SEQ ID NO 1
«<211> LENGTH: 15
«212> TYPE: DNA
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<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223>» OTHER INFORMATION: HrtR operator sequence

<400> SEQUENCE: 1

atgacacagt gtcat

<210> SEQ ID NO 2

<211> LENGTH: 55

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Heme-inducible Promoter

<400> SEQUENCE: 2

ataaatgaca cagtgtcatt tgacaaaatg acacagtgtc atgatactga gcaca

<210> SEQ ID NO 3

<21l> LENGTH: 55

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: AHL-inducible promoter

<400> SEQUENCE: 3

acctgtagga tcgtacaggt ttacgcaaga aaatggtttg ttatagtcga ataaa
<210> SEQ ID NO 4

<211> LENGTH: 342

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Thiosulfate-inducible promoter

<400> SEQUENCE: 4

ttcaagcatt attatgetgt tttttgaagt gaatgtgcgg ccatctagec gcacattttyg
catctaaaac atgcagtcat cagcaaaata ataaactttt ccccaatatg tggtttacca
caatttacag gaattcactc ctgtggtggt gcaaatttga actgtgaatt gcttcacaaa
cgccgetate gcaatgtcag tatgtggttt accacaatat ctaatatcac tctgetcaat
aacaatgatg aaaaccttag gaagaagtta attgtgttaa acagttaact aggggcttta
tctaacgete tectaaggac aactgtcatt gggagattta ac

<210> SEQ ID NO 5

<211> LENGTH: 70

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Constitutive Promoter+RBS for Chul

<400> SEQUENCE: 5

tttacggcta gctcagecct aggtattatg ctagcacatt tccaacacta acccaaggga

gctttaaate

<210> SEQ ID NO 6

<211> LENGTH: 144

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Consitutive Promoter for HrtR

15

55

55

60

120

180

240

300

342

60

70
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<400> SEQUENCE: 6
cacagctaac accacgtcgt coctatcetge tgccctaggt ctatgagtgyg ttgctggata
actttacggg catgcataag gctcgtataa tatattcagg gagaccacaa cggtttccct

ctacaaataa ttttgtttaa cttt

<210>» SEQ ID NO 7

<21l> LENGTH: 59

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Consitutive Promoter+RBS for LuxR

<400> SEQUENCE: 7

tttacggeta gctcagtecet aggtattatyg ctagcactag aasaagaggay aaaactaga

<210> SEQ ID NO 8

<21l> LENGTH: 68

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Constitutive Promoter+RBS for ThsS

<400> SEQUENCE: 8
ttgacageta gotcagteet aggtattgtg ctagectagt atcgatctec ataactatcec

tatagate

<210> SEQ ID NO 9

<211l> LENGTH: 69

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Constitutive Promoter+RBS for ThsR

<400> SEQUENCE: 9
tttacggeta gctcagtcet aggtactatg ctagcagaaa tataaagaac gatctattta

tecgegtac

<210> SEQ ID NO 10

<211> LENGTH: 35

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: HrtR RBS variant

<400> SEQUENCE: 10

gctataagaa aacacccttt ataatctagg ttaat

<210> SEQ ID NO 11

<21l> LENGTH: 16

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: HrtR RBS variant

<400> SEQUENCE: 11
attaaagagg agaaag
<210> SEQ ID NO 12

«<211> LENGTH: 35
«212> TYPE: DNA

60

120

144

59

60

68

60

69

35

16
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<213>
<220>
<223>

<400>

ORGANISM: Artificial Sequence
FEATURE:
OTHER INFORMATION: HrtR RBS variant

SEQUENCE: 12

tatactctaa ttaatcacat aataaggacg aattt

<210>
<21ll>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 13

LENGTH: 27

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: HrtR RBS variant

SEQUENCE: 13

agccgcaaac atataaggayg gaaccce

<210>
<21ll>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 14

LENGTH: 570

TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: Heme-responsive transcriptional repressor

SEQUENCE: 14

atgccaaaat caacctattt tagtctttet gacgaaaaac gaaaacgtgt ctatgatgec

tgtttactag aatttcaaac gcactcttte catgaagcta aaatcatgca catcgtaaaa

gcacttgata tcccaagagg aagtttttat caatactttg aagatttgaa ggattcatac

tattatatct tgtcacagga aactgtcgag attcatgatt tattttttaa tttactaaaa

gaatatccte tagaagttgc tcttaataaa tacaagtatc ttettcttga aaatttagta

aattcgcccce aatataatct ttataaatat cgatttttag attggactta tgaattagaa

agagattgga agcctaaagg cgaggtaact gttcccgcte gtgaacttga taatcctatt

tcccaagtat taaaatcagt cattcacaat ctagtttatce gcatgtttag tgaaaattgg

gatgaacaaa agtttattga aacttacgat aaagaaatca aattgctcac agagggcttg

cttaattatg ttactgaaag caaaaaatag

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 15

LENGTH: 1983

TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: Cuter membrane heme transporter

SEQUENCE: 15

atgtcacgte cgcaatttac ctcgttgegt ttgagtttat tggecttage tgtttetgec

accttgccaa cgtttgettt tgctactgaa accatgaccyg ttacggcaac ggggaatgece

cgtagttect tcgaagegec tatgatggtc agegtcatcg acacttccge tcoctgaaaat

caaacggceta cttcagecac cgatctgetg cgtcatgtte ctggaattac tcotggatggt

accggacgaa ccaacggtea ggatgtaaat atgegtgget atgatcateg cggegtgety

gttcttgteg atggtgtteg tcagggaacyg gataccggac acctgaatgg cacttttetce

gatccggege tgatcaageg tgttgagatt gttogtggac cttcageatt actgtatgge

agtggcgege tgggtggagt gatctcoctac gatacggtcg atgcaaaaga tttattgcag

35

27

60

120

180

300

360

420

480

540

570

60

120

180

240

300

360

420

480



US 2019/0313942 A1 Oct. 17,2019
24

-continued

gaaggacaaa gcagtggttt tcgtgtcttt ggtactggey gcacggggga ccatagectg 540

ggattaggcey cgagegegtt tgggegaact gaaaatctgg atggtattgt ggectggtece 600

agtcgogatce ggggtgattt acgccagage aatggtgaaa ccgcgecgaa tgacgagtec 660

attaataaca tgctggcgaa agggacctgg caaattgatt cagcccagtce tctgageggt 720
ttagtgcgtt actacaacaa cgacgcgcegt gaaccaaaaa atccgcagac cgttgggget 780
tctgaaagea gcaacccegat ggttgatcgt tcaacaatte aacgegatge gcagetttet 840
tataaactcg ccecgcaggy caacgactgg ttaasatgcag atgcaaaaat ttattggteg 900
gaagtcegta ttaatgegca asacacgggg agttceggey agtatcgtga acagataaca 960

aaaggagcca ggctyggagaa ccgttcecact ctetttgecg acagtttege ttetecactta 1020
ctgacatatg gcggtgagta ttatcgtcag gaacaacatc ¢gggceggcegce gacgacgggce 1080
ttcoccgcaayg caaaaatcga ttttagetcee ggctggetac aggatgagat caccttacge 1140
gatctgccga ttaccectget tggceggaace cgctatgaca gttatcgegg tagcagtgac 1200
ggttacaaayg atgttgatgc cgacaaatgg tcatctcgtyg cggggatgac tatcaatccyg 1260
actaactggce tgatgttatt tggctcatat geccaggcat toegegeceee gacgatggge 1320
gaaatgtata acgattctaa gcacttcteg attggteget tcetataccaa ctattgggtyg 1380
ccaaacccga acttacgtec ggaaactaac gaaactcagg agtacggttt tgggctgegt 1440
tttgatgacc tgatgttgtc caatgatgct ctggaattta aagccagcta ctttgatacce 1500
aaagcgaagg attacatctc cacgaccgtc gatttcgcegg cggcgacgac tatgtcgtat 1560
aacgtcccga acgccaaaat ctggggctgg gatgtgatga cgaaatatac cactgatctg 1620
tttagccttg atgtggccta taaccgtacc cgcggcaaag acaccgatac cggcgaatac 1680
atctccagca ttaacccgga tactgttacc agcactctga atattccgat cgctcacagt 1740
ggcttctetg ttgggtgggt tggtacgttt gecgatcget caacacatat cagcagcagt 1800
tacagcaaac aaccaggcta tggcgtgaat gatttctacg tcagttatca aggacaacag 1860
gcgctcaaag gtatgaccac tactttggtg ttgggtaacg ctttcgacaa agagtactgg 1920
tcgecgcaag gcatcecccaca ggatggtcegt aacggaaaaa ttttegtgag ttatcaatgg 1980
taa 1983
<210> SEQ ID NO 16

<211> LENGTH: 1785

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Thiosulfate-responsive histidine kinase

<400> SEQUENCE: 16

atgtcccgee tgctgetgtg tatctgtgtt ctgetgttet cttetgtgge gtggtctaaa 60

ccgcagcagt tttatgtggg cgtactgget aactggggte atcagcaage cgttgaacgt 120

tggacccega tgatggagta tctgaacgaa catgtgecogg acgceggaatt tcacgtctac 180

cegggeaact tcaaageact gaacctggea atggaactgyg gecagattea gtteattate 240
actaaccecgg gccaatatcet gtacctgage aatcagtacce cgctgtettg getggegacce 300
atgcgtteta agegtcacga tggtaccact tctgcgateyg gttecgecat tattgtecge 360

gcggacageyg actaccgcac cctgtacgac ctgaaaggta aagtggtgge tgegtcecgac 420
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ccgcatgete tgggtggeta ccaagcgace gtcggtctga tgcattccct gggcatggat 480
ccggacacct tcetteggtga aaccaagttt ctgggettte cactggatce getgetgtac 540
caagttcgty atggcaacgt tgacgcggce attaccccac tgtgeactcet ggaggacatyg 600

gttgcacgcey gegtactgaa atcttecgat tttegtgtge tgaacccetag ccgeccggat 660

ggtgtagaat gccagtgcte taccaccctg tacccgaact ggtctttege tgcgactgag 720
tctgtateca ccgaactgte taaagaaatc acgcaggcac tgcetggaact gccatccgac 780
agcccggeayg ctatcaaage gcaactgace ggctggacca gcccgatctce ccaactggey 840
gtaatcaaac tgttcaaaga gctgcacgta aaaaccccgg actctageceyg ttgggaagece 900

gttaagaagt ggctggaaga aaaccgtcac tggggtatce tgtctgttet ggtgttcate 960
attgcaacgce tgtatcacct gtggattgaa taccgcttcece accaaaaaag ctettetetyg 1020
atcgaatctg aacgtcaget gaaacagcaa getgttgoce tggaacgtet gcaatctget 1080
agcatcgttg gtgaaattgg tgcgggtetg geccacgaga ttaatcagec gatcgetgea 1140
attacctectt attctgaagg tggcatcatyg cgcctgcaag gtaaagaaca ggcggatacy 1200
gatagctgca tcgaactget ggaaaaaatc cacaaacaga gcactegegce aggcgaagtg 1260
gtgcaccgeca teegtggtet gcetgaaacgt cgtgaagegyg tgatggtaga tgttaacatce 1320
ctgaccctgg tggaagaatc catcagecctg ctgcgtectgg agctggcacg tcgcgaaatc 1380
cagatcaaca ctcagatcaa aggtgaaccg ttcettcatta ctgccgacceg cgttggecty 1440
ctgcaagttc tgattaacct gatcaaaaac tccctggacg cgatcgctga atctgataat 1500
gcccgttetyg gtaaaatcaa catcgaactg gactttaaag agtaccaggt aaacgtctcce 1560
atcatcgata acggtccggg cctggcgatg gattctgaca ctctgatgge tacgttttac 1620
actaccaaaa tggatggcct gggcctgggt ctggcaatct gccgecgaagt tatcagcaac 1680
cacgacggcc acttcectget gtccaaccgt gacgacggeg ttctgggetg tgtggcaacc 1740
ctgaatctga aaaaacgcgg ttctgaagtg ccgatcgaag tctaa 1785
<210> SEQ ID NO 17

<211> LENGTH: 612

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Thiosulfate-responsive response regulator

<400> SEQUENCE: 17

atgcagcagce aaatcaacgg cccggtctac ctggtggatg atgatgaagce cattatcgac 60
tccatcgatt ttttgatgga gggctacggt tacaaactga actcgtttaa ctgcggegat 120
cgctttttgg cagaagtcga tctcacccag gcaggatgtg taattctgga tgcgegtatg 180

ccaggcttaa ctggtectea ggtgcaacag ctgctgageg acgcgaaaag cccgettgey 240

gtcatcttee tgaccggcca tggcgatgtt ccgatggcgy ttgatgegtt caaaaatgge 300

gcegttogatt tctttcaaaa acctgtgceg ggtagettge tcagtcagtce aattgecaaa 360
ggcttgactt attcaatcga tcaacatctyg aaacgtacta accaagegtt aatcgacacy 420
ctcteggaac gecgaagetca aatttttcaa ctggtgattg caggcaacac caacaaacag 480

atggctaacyg agetttgegt ggctattegt accattgagg ttcaccgtag caaactgatg 540

accaaactgg gtgttaacaa cctggctgaa ctggttaaac tggcgceget getggcacat 600
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aaatccgaat

aa

<210> SEQ ID NO 18
<211> LENGTH: 756

<212> TYPE:

DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: AHL-responsive transcription factor

<400> SEQUENCE: 18

atgaaaaaca

agcaataaty

tatttactcy

aattacccta

atagtagatt

gctgtaaata

gggtttagtt

tcagaaaaag

attgtteett

aacgatttaa

tgggatattt

gcgcaaatga

ggagcaatty

taaatgccga

atattaatca

cgatcattta

aaaaatggag

attctaactc

aaaaatctcc

tcectattcea

acaactatat

ctetagttyga

ccaaaagaga

caaaaatatt

aactcaatac

attgcccata

<210> SEQ ID NO 19
<211> LENGTH: 5838

<212> TYPE:

DNA

cgacacatac

atgcttatet

tcctecattet

gcaatattat

caatcattca

aaatgtaatt

tacggctaac

agatagttta

taattatcga

aaaagaatgt

aggttgcagt

aacaaaccgc

ctttaaaaat

agaataatta

gatatgacta

atggttaaat

gatgacgcta

ccaattaatt

aaagaagcga

aatggcttey

tttttacaty

aaaataaata

ttagcgtggg

gagegtacty

tgccaaagta

taataa

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Photorhabdus luminescens luciferase operon

including RBSs

<400> SEQUENCE: 19

tcagcaggac
cattattaac
ttttggtgat
tgattgtaat

agggcaaaga

aaaatatatg

tttatgttct

catggatgaa

tgtacatctyg

tttaactaag

attagcgtta

tatatattgg

tgttattgte

ttatgetgat

gcactgacca

ggccaggttyg

aatagtgttt

ggaaataacg

tggaaaaatg

ggatattcag

aaaggcggece

tggctaccte

ttggcaggta

aatcagtgta

agttttattg

ccecaccaay

gcttggggag

gtgattaaat

ttaaagagga

aaatctttece

acctgccaat

aattacggtt

aagaatactc

aagaaatggc

tttatgatgt

aggatgaaag

atgttccatt

ttataaaaac

atgtagaccce

gtgatacatc

ggccagatge

ttggttctaa

gaaaggtacc

cgaaagtgat

attgaatgac

gcataacatt

aagacgcagyg

taagctagag

tgtagaaaat

ttatgttegy

atctgggate

atcgtcaacc

taatcatccg

actcgcaaaa

gattaattgyg

aaagagtett

ataaaattaa
aaatggtaca
ctgatatttc
atttaataaa
ggaatatatt
aaacatcagyg
gaatgcttayg
cgtgtatgaa
tagcaaataa
catgegaagy
tcacttteca

tttctaaage

atgactaaaa

gatttagtgce

tctcatgtaa

gtcaattttce

acatacattc

gccaattgga

gaacttggtt

gcttttecga

atgtctatat

gatcetttta

ataacgecgcet

gaaattatgce

gcggtagage

tgcattatey

agcttgtaga
ttgtgaatat
aatcctagat
atatgatcct
tgaaaacaat
tcttatcact
ttttgcacat
cataccatta
taaatcaaac
aaaaagctet
tttaaccaat

aattttaaca

aaatttcatt

aatccattaa

aaaacattat

tctatacggt

gtgacttaaa

tatctatgat

ctcgecatat

aaggtaaatc

tacgcgcaat

ccgctaatge

ctttatctgt

gacatgcgga

atgcgccatc

ataatcctgt

612

60

120

180

240

300

360

420

480

540

600

660

720

60

120

180

240

300

360

420

480

540

600

660

720

780

840
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tgatttgacyg tccgcagega caggtgcgge tcatgatgtt tgtttttacg atcagcgage 9200
ttgtttttct gcccaaaaca tatattacat gggaaatcat tatgaggaat ttaagttagc 960
gttgatagaa aaacttaatc tatatgcgca tatattaccyg aatgccaaaa aagattttga 1020
tgaaaaggcyg gcctattett tagttcaaaa agaaagcttg tttgctggat taaaagtaga 1080
ggtggatatt catcaacgtt ggatgattat tgagtcaaat gcaggtgtgg aatttaatca 1140
accacttgge agatgtgtgt accttcatca cgtcgataat attgagcaaa tattgcectta 1200
tgttcaaaaa aataagacgc aaaccatatc tatttttcct tgggagtcat catttaaata 1260
tcgagatgcyg ttagcattaa aaggtgcgga aaggattgta gaagcaggaa tgaataacat 1320
atttcgagtt ggtggatctc atgacggaat gcgaccgttyg caacgattag tgacatatat 1380
ttctecatgaa aggccatcta actatacgge taaggatgtt gcggttgaaa tagaacagac 1440
tcgattectyg gaagaagata agttecttgt atttgtccca taataggtaa aagtatggaa 1500
aatgaatcaa aatataaaac catcgaccac gttatttgtg ttgaaggaaa taaaaaaatt 1560
catgtttggg aaacgctgcece agaagaaaac agceccaaaga gaaagaatgce cattattatt 1620
gcegtetggtt ttgccecgcag gatggatcat tttgctggte tggcggaata tttatcgegg 1680
aatggatttc atgtgatcceg ctatgattceg cttcaccacg ttggattgag ttcagggaca 1740
attgatgaat ttacaatgtc tataggaaag cagagcttgt tagcagtggt tgattggtta 1800
actacacgaa aaataaataa cttcggtatg ttggcttcaa gcttatctgc gcggataget 1860
tatgcaagce tatctgaaat caatgcttceg tttttaatca ccgcagtegg tgttgttaac 1920
ttaagatatt ctcttgaaag agctttaggg tttgattatc tcagtctacc cattaatgaa 1980
ttgccggata atctagattt tgaaggccat aaattgggtg ctgaagtctt tgcgagagat 2040
tgtcttgatt ttggttggga agatttagct tctacaatta ataacatgat gtatcttgat 2100
ataccgttta ttgcttttac tgcaaataac gataattggg tcaagcaaga tgaagttatc 2160
acattgttat caaatattcg tagtaatcga tgcaagatat attctttgtt aggaagttcg 2220
catgacttga gtgaaaattt agtggtcctg cgcaattttt atcaatcggt tacgaaagcc 2280
gctatcgega tggataatga tcatctggat attgatgttg atattactga accgtcattt 2340
gaacatttaa ctattgcgac agtcaatgaa cgccgaatga gaattgagat tgaaaatcaa 2400
gcaatttctce tgtcttaaaa tctattgaga tattctatca ctcaaatagc aatataagga 2460
ctctctatga aatttggaaa ctttttgctt acataccaac ctccccaatt ttctcaaaca 2520
gaggtaatga aacgtttggt taaattaggt cgcatctctg aggagtgtgg ttttgatacc 2580
gtatggttac tggagcatca tttcacggag tttggtttge ttggtaaccc ttatgtcget 2640
gctgcatatt tacttggcgc gactaaaaaa ttgaatgtag gaactgccgce tattgttett 2700
cccacagece atccagtacg ccaacttgaa gatgtgaatt tattggatca aatgtcaaaa 2760
ggacgatttc ggtttggtat ttgccgaggg ctttacaaca aggactttcg cgtattcggce 2820
acagatatga ataacagtcg cgccttageg gaatgcetggt acgggctgat aaagaatggce 2880
atgacagagg gatatatgga agctgataat gaacatatca agttccataa ggtaaaagta 2940
aacceecgegyg cgtatagecag aggtggegca ccggtttatg tggtggetga atcagetteyg 3000
acgactgagt gggctgctca atttggccta ccgatgatat taagttggat tataaatact 3060

aacgaaaaga aagcacaact tgagetttat aatgaagtgg ctcaagaata tgggcacgat 3120
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attcataata tcgaccattg cttatcatat ataacatctg tagatcatga ctcaattaaa 3180
gcgaaagaga tttgccggaa atttctgggg cattggtatyg attcttatgt gaatgctacyg 3240
actatttttg atgattcaga ccaaacaaga ggttatgatt tcaataaagg gcagtggcgt 3300
gactttgtat taaaaggaca taaagatact aatcgccgta ttgattacag ttacgaaatc 3360
aatcccgtgg gaacgcegca ggaatgtatt gacataattc aaaaagacat tgatgctaca 3420
ggaatatcaa atatttgttg tggatttgaa gctaatggaa cagtagacga aattattget 3480
tccatgaage tettecagte tgatgtcatg ccatttcetta aagaaaaaca acgttcegceta 3540
ttatattagce taaggagaaa gaaatgaaat ttggattgtt cttcecttaac ttcatcaatt 3600
caacaactgt tcaagaacaa agtatagttc gcatgcagga aataacggag tatgttgata 3660
agttgaattt tgaacagatt ttagtgtatg aaaatcattt ttcagataat ggtgttgtcyg 3720
gcgetectet gactgtttet ggttttetge teggtttaac agagaaaatt azaattggtt 3780
cattaaatca catcattaca actcatcatc ctgtcgecat ageggaggaa gettgcettat 3840
tggatcagtt aagtgaaggg agatttattt tagggtttag tgattgcgaa aaaaaagatg 3900
aaatgcattt ttttaatcgc ccggttgaat atcaacagca actatttgaa gagtgttatyg 3960
aaatcattaa cgatgcttta acaacaggct attgtaatcce agataacgat ttttataget 4020
tcectaaaat atctgtaaat ccccatgett atacgcecagg cggacctegg aaatatgtaa 4080
cagcaaccag tcatcatatt gttgagtggg cggccaaaaa aggtattcct ctcatcttta 4140
agtgggatga ttctaatgat gttagatatg aatatgctga aagatataaa gccgttgegyg 4200
ataaatatga cgttgaccta tcagagatag accatcagtt aatgatatta gttaactata 4260
acgaagatag taataaagct aaacaagaga cgcgtgcatt tattagtgat tatgttcttg 4320
aaatgcaccc taatgaaaat ttcgaaaata aacttgaaga aataattgca gaaaacgctg 4380
tcggaaatta tacggagtgt ataactgcgg ctaagttggce aattgaaaag tgtggtgcga 4440
aaagtgtatt gctgtccttt gaaccaatga atgatttgat gagccaaaaa aatgtaatca 4500
atattgttga tgataatatt aagaagtacc acatggaata tacctaatag atttcgagtt 4560
gcagcgaggce ggcaagtgaa cgaatcccca ggagcataga taactatgtg actggggtga 4620
gtgaaagcayg ccaacaaagc agcagcttga aagatgaagg gtataaaaga gtatgacagce 4680
agtgctgcca tactttctaa tattatcttg aggagtaaaa caggtatgac ttcatatgtt 4740
gataaacaag aaattacagc aagctcagaa attgatgatt tgattttttc gagcgatcca 4800
ttagtgtggt cttacgacga gcaggaaaaa atcagaaaga aacttgtgct tgatgcattt 4860
cgtaatcatt ataaacattg tcgagaatat cgtcactact gtcaggcaca caaagtagat 4920
gacaatatta cggaaattga tgacatacct gtattcccaa catcggtttt taagtttact 4980
cgcttattaa cttctcagga aaacgagatt gaaagttggt ttaccagtag cggcacgaat 5040
ggtttaaaaa gtcaggtggc gcgtgacaga ttaagtattyg agagactctt aggctctgtg 5100
agttatggca tgaaatatgt tggtagttgg tttgatcatc aaatagaatt agtcaatttg 5160
ggaccagata gatttaatgc tcataatatt tggtttaaat atgttatgag tttggtggaa 5220
ttgttatatc ctacgacatt taccgtaaca gaagaacgaa tagattttgt taaaacattyg 5280
aatagtcttg aacgaataaa aaatcaaggg aaagatcttt gtcttattgg ttcgeccatac 5340

tttatttatt tactctgcca ttatatgaaa gataaaaaaa tctcatttte tggagataaa 5400
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agcctttata tcataaccgyg aggcggcetgyg aaaagttacy aaaaagaatc tctgaaacgt

gatgatttca atcatctttt atttgatact ttcaatctca gtgatattag

gatatattta atcaagttga actcaacact tgtttcttty aggatgaaat

catgtteege cgtgggtata tgcgegageyg cttgatcctyg aaacgttgaa

gatggaacgc cggggttgat gagttatatg gatgcgtcag caaccagtta

attgttaccy atgatgtcgyg gataattagce agagaatatyg gtaagtatcc

gttgaaattt tacgtcgcgt caatacgagg acgcagaaag ggtgtgettt

gaagcgttty atagttga

5460
tcagatccga 5520
gcagcgtaaa 5580
acctgtacct 5640
tccagcattt 5700
cggegtgcetce 5760
aagcttaacc 5820

5838

1. A device comprising an electrical component wherein
the electrical component comprises:

at least one detector configured to charge a respective
capacitance, wherein each of the at least one detector is
configured to detect an output from a biosensor com-
ponent, optionally wherein at least one detector is a
photodetector;

a comparator configured to compare respective voltage
signals from each of the at least one detector to a
reference voltage, each voltage signal indicating the
charge stored by the respective capacitance;

an oscillation counter configured to, when the voltage
signal from a first detector of the at least one detector
exceeds the reference voltage, store a number of oscil-
lator cycles taken for the first detector to charge the
capacitance; and

a transmitter configured to, when the voltage signals from
each of the at least one detector exceed the reference
voltage, wirelessly transmit the respective stored num-
bers of oscillator cycles taken for the at least one
detector to charge the capacitance.

2. (canceled)

3. The device of claim 1, wherein the device contains a
calibration scheme for detecting and removing background
light and temperature-induced drift.

4. The device of claim 1, wherein the device is shaped as
a capsule or spherocylinder; optionally wherein the capsule
or spherocylinder comprises a cross-sectional diameter that
is shorter than 10 cm, 9 ¢cm, 8 cm, 7 cm, 6 cm, 5 cm, 4 cm,
3cm, 2 cm, or 1 cm.

5. (canceled)

6. The device of claim 1, wherein the device can be
swallowed by a patient.

7. The device of claim 1, further comprising at least one
biosensor component, wherein each of the at least one
biosensor component:

is sensitive to the presence of at least one signal analyte;
and

communicates the presence of the at least one signal
analyte to the electrical component, optionally wherein
the communication is proportional to the abundance of
the at least one signal analyte; and

optionally wherein each of the at least one biosensor
component is separated from the outside environment
by a semi-permeable membrane that permits diffusion
of the at least one signal analyte.

8. (canceled)

9. The device of claim 7, wherein the semi-permeable
membrane is a polyethersulfone membrane filter.

10. The device of claim 7, wherein at least one of the at
least one biosensor component is an enzymatic biosensor or
a non-enzymatic biosensor; optionally wherein: (i) the non-
enzymatic biosensor comprises an antibody. a binding pro-
tein, or a nucleic acid and/or (ii) the enzymatic or non-
enzymatic biosensor is a cellular biosensor comprising at
least one microorganism.

11.-12. (canceled)

13. The device of claim 10, wherein the enzymatic or
non-enzymatic biosensor is a cellular biosensor comprises at
least one microorganism. wherein the at least one microor-
ganism is present in the device in a dormant state; optionally
wherein the at least one microorganism: (i) is combined with
additional substances to aid in removing the at least one
microorganism from its dormant state, to provide nutrients
to the at least one microorganism, and/or to prolong the
lifetime of the at least one microorganism; and/or (i)
comprises an engineered genetic circuit.

14.-15. (canceled)

16. The device of claim 13, wherein the output of the
engineered genetic circuit is luminescence, fluorescence, ion
flow, or turbidity; optionally wherein at least one analyte is
selected from the group consisting of a microorganism, a
biomolecule, or an inorganic molecule.

17.-18. (canceled)

19. The device of claim 16, wherein at least one signal
analyte is a biomolecule selected from the group consisting
of heme, thiosulfate, and acyl-homoserine lactone.

20. A method of detecting at least one signal analyte in
situ comprising contacting the device of claim 1 with a
sample and comparing the output of the device to a control;
optionally wherein the sample is selected from the group
consisting of soil, water, air, or food.

21. (canceled)

22. A method of monitoring the health of a patient
comprising contacting the device of claim 1 with a patient
and comparing the output of the device to a control; option-
ally wherein: (i) the control is established through analysis
of a population of healthy patients; (ii) the contacting of the
device with the patient occurs by oral administration or
deposition of the device in the esophagus, stomach, or
intestine; and/or (iii) the contacting of the device with the
patient occurs by surgical implantation.

23.-25. (canceled)
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26. The method of claim 22, wherein the patient is a
human patient; optionally wherein the human patient is
predisposed and/or diagnosed to a disease, disorder, mor-
bidity, sickness, or illness.

27.-28. (canceled)

29. A device contained within a capsule or spherocylinder
suitable for ingestion comprising an electrical component
and at least one biosensor component wherein:

the electrical component comprises wireless low-power

electronics powered by (a) a battery, (b) energy har-
vesting, or (c¢) wireless power transfer, wherein the
low-power electronics comprise at least one detector,
optionally wherein at least one detector is a photode-
tector; and

each biosensor component (a) is separated from the

external environment via a semi-permeable membrane,
(b) is sensitive to the presence of at least one signal
analyte, and (¢) communicates the presence of the at
least one signal analyte to the electrical component,
optionally wherein: (i) the communication is propor-
tional to the abundance of the at least one signal analyte
and/or (ii) the semi-permeable membrane is a
polyethersulfone membrane filter; and

optionally wherein the capsule or spherocylinder com-

prises a cross-sectional diameter that is shorter than 10
cm, 9em, 8 cm, 7em, 6 cm, 5 cm, 4 cm, 3 cm, 2 cm,
or 1 cm.

30.-32. (canceled)

33. The device of claim 29, wherein at least one of the at
least one biosensor component is an enzymatic biosensor or
a non-enzymatic biosensor, optionally wherein: (i) the non-
enzymatic biosensor comprises an antibody, a binding pro-
tein, or a nucleic acid; and/or (ii) the enzymatic biosensor or
non-enzymatic biosensor is a cellular biosensor comprising
at least one microorganism.
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34.-35. (canceled)

36. The device of claim 33, wherein: (i) at least one
microorganism is present in the device in a dormant state;
(ii) at least one microorganism is combined with additional
substances to aid in removing the at least one microorganism
from its dormant state, to provide nutrients to the at least one
microorganism, and/or to prolong the lifetime of the at least
one microorganism; and/or (iii) at least one microorganism
comprises an engineered genetic circuit;

optionally wherein the device further comprises at least

one control component comprising a reference micro-
organism for calibration to remove background light
and temperature induced drift.

37.-39. (canceled)

40. The device of claim 36, wherein the output of the
engineered genetic circuit is luminescence, fluorescence, ion
flow, or turbidity; optionally wherein at least one signal
analyte is selected from the group consisting of a microor-
ganism, a biomolecule, or an inorganic molecule.

41.-42. (canceled)

43. The device of claim 42, wherein at least one signal
analyte is a biomolecule selected from the group consisting
of heme, thiosulfate, and acyl-homoserine lactone.

44. A method of monitoring the health of a patient
comprising orally administering the device of claim 29 to a
patient and comparing the output of the device to a control;
optionally wherein the control is established through analy-
sis of a population of healthy patients.

45. (canceled)

46. The method of claim 44, wherein the patient is a
human patient, optionally wherein the human patient is
predisposed and/or diagnosed to a disease, disorder, mor-
bidity, sickness, or illness.

47 .-48. (canceled)
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