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ABSTRACT

Transient molecules in the gastrointestinal (Gl) tract, such as nitric oxide and
hydrogen sulfide, are key signals and mediators of inflammatory bowel disease (IBD). Because
these molecules are extremely short-lived in the body, they are difficult to detect. To track these
reactive molecules in the Gl tract, we have developed a miniaturized device that integrates
genetically-engineered probiotic biosensors with a custom-designed photodetector and readout
chip. Leveraging the molecular specificity of living sensors, we genetically encoded bacteria to
respond to IBD-associated molecules by luminescing. Low-power electronic readout circuits
(nanowatt power) integrated into the device convert the light from just 1 uL of bacterial culture into
a wireless signal. We demonstrate biosensor monitoring in the Gl tract of small and large animal
models and integration of all components into a sub-1.4 cm?® ingestible form factor capable of
supporting wireless communication. The wireless detection of short-lived, disease-associated
molecules could support earlier diagnosis of disease than is currently possible, more accurate
tracking of disease progression, and more timely communication between patient and their care
team supporting remote personalized care.
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INTRODUCTION

Our ability to diagnose and monitor inflammatory Gl disorders would be transformed if we
could profile labile, oxidation-related biomarkers and their responses to dietary change and
therapies in situ. Many microbiome-related conditions, notably inflammatory bowel disease (IBD),
are associated with chronic intestinal inflammation resulting from dysregulated immune
homeostasis, specifically, increased oxidation'. Malnutrition?, antibiotic resistance?, antibiotic
dysbiosis*®, neurodegenerative diseases’, and mitochondrial genetic disorders® are also
associated with redox imbalance in the Gl tract, and poor responses to chemotherapy® and
vaccines'?, as well as aging'!, may also be underpinned by oxidative stress.

While the etiology of IBD is not well defined, bacterial infections' and antibiotics* may
substantially increase concentrations of oxidants, such as reactive oxygen and reactive nitrogen
species (ROS/RNS). These molecules are labile, which can make it difficult to detect their
presence or accurately measure their concentration in the body. While there have been reports
of devices that sense labile molecules in the Gl tract (e.g. oxidizing gases, volatile organic
compounds), they are limited to off-the-shelf sensors that use non-specific metal-oxide sensing
elements''4. Thus, the current standard of clinical care is limited with respect to our capacity to
provide evaluation of the chemical environment underlying the metabolic pathways of both the
human host and its resident microbes. Developing non-invasive technologies that can
continuously monitor the Gl environment in situ would both expand our understanding of what
causes inflammation and improve the effectiveness of therapies. Furthermore, diagnosing multi-
faceted diseases such as IBD, in which biomarker levels vary greatly among patients, would
greatly benefit from the simultaneous detection of a panel of oxidation-related biomarkers (e.g.
nitric oxide'® [NO], ROS'®"7, thiosulfate'® [TS] and tetrathionate'® [TT]).

Current methods of diagnosing gastrointestinal (Gl) inflammation include (i) endoscopy'®,
which is invasive and should only be performed with limited frequency, and (i) stool analysis,
which may not accurately reflect intestinal conditions due to differential growth of certain
species?®, ambient oxidation', and loss of labile disease-mediating molecules. Culture
enrichment?' (e.g. as is done for analyzing low-abundance microorganisms in stool samples with
“omics” techniques) may also distort the initial bacterial ratio. Because the fecal microbiota only
partially represents the autochthonous microbiota in direct contact with the intestinal mucosa, a
biopsy may be required for a complete analysis?223,

Electronic devices that continuously collect, process, and wirelessly transmit information can
also be used to analyze the Gl tract. However, capsule endoscopy cameras currently approved
by the US Food and Drug Administration (FDA)?** can not directly measure the molecular
mediators of disease, such as ROS/RNS. Other ingestible, ultra-low power electronic devices
currently under development can be used to visually evaluate the Gl tract and measure gas
concentrations, temperature, and pH levels™2?> but require functionalization with fragile
transducers to convert biochemical information into electronic signals, which limits specificity and
robustness™.

To overcome these challenges and to leverage the promise of transient biomarker-panels,
we combined natural protein-based sensing elements for NO, hydrogen peroxide (H202), TT, and
TS with genetically encoded memory circuits, incorporated them into probiotic bacteria, and
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validated their function in a rodent and porcine model of inflammation. We then integrated these
bacterial sensors with a custom-designed integrated photodiode array and readout chip. Our
integrated system has a volume below 1.4 cm?® and pill form factor conforming with a safe
ingestible size for non-deformable dosage forms?®. This significantly builds on our early
prototype?” which was only validated for detection of blood in vivo and was considerably larger
(>9 cm?) than any known safe ingestibles. In addition, our miniaturized wireless bio-electronic pill
can safely process data with low-power consumption and transmit it to a portable device such as
a smartphone. We have tested this multi-diagnostic pill in pigs, demonstrating that a human-scale
diagnostic device can be built to detect transient mediators of Gl inflammatory diseases (Fig. 1).

RESULTS

Design of biosensing genetic circuits

Intestinal bacteria have natural sensors that continuously detect specific molecules in the gut.
Considering the potential immunogenic response to diagnostic microbes, we chose probiotic
Escherichia coli Nissle 1917 as a chassis due to its resilience in the Gl tract and excellent safety
profile for long-term use?®?° and engineered it to detect the labile IBD-mediating molecules NO,
H.O,, TS, and TT (Fig. S1).

We first created memory circuits that could record NO exposure of bacterial biosensors as
they travel through the Gl tract and then report any exposure when recovered from feces. Several
bacterial NO sensors control the expression of NO reductases, which detoxify NO inside the gut®.
We chose the sensor NorR because it differentiates NO from other reactive nitrogen species
(NOx)?0:3132 that are abundant in the gut environment. NorR activates transcription from the norV
promoter (PnorV).

Recombinases recognize specific DNA sequences and can invert them, leaving long-lasting
changes in DNA®. To create memory circuits to report NO exposure, we combined a bacterial
NO biosensor with a DNA recombinase core circuit (Fig. 2A). Once an exposure is recorded, the
information is stored in the DNA of the bacteria and passed from generation to generation. The
information can then be retrieved by measuring green fluorescent protein (GFP) expression.

Using flow cytometry, we measured GFP expression and compared it to the concentration
of DETA/NO (diethylenetriamine/nitric oxide adduct). The percentage of cells that were GFP ‘ON’
(% GFP - positive cells)'® was calculated at each concentration of NO. After multiple rounds of
optimization to improve the signal-to-noise ratio (SNR) of the genetic circuits and controls (Fig.
S2A-C), our NO recombinase-based memory system responded to a concentration threshold of
30 pyM diethylenetriamine/nitric oxide (DETA/NO) and was not influenced by NOx compounds
present in the diet, showing high specificity for NO (Fig. 2A). The performance of the NO sensor
was tested under anaerobic conditions (Fig. S2D) and over time (Fig. S2E). Similarly, we built
recombinase-based memory circuits for ROS, TS, and TT detection (Fig. S3A).

We also created a disease stage detector (DSD) based on the concentration of NO
detected, in which each stage could indicate a different level of inflammation - mild, moderate and
severe (Fig. 2B). The incorporated recombinase-based switch was also used to discretize the
biomarker input levels and create digital memories in the cells®. Tuning the sensitivity of the NO
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biosensor resulted in different activation thresholds, so that physiologically relevant
concentrations of the biomarker (low, medium, or high) could be measured in animal models. All
of the sensors developed for in vivo validation in mice measured GFP expression as a readout of
the memory system activation; the sensors were activated within minutes (Fig. S2E).

Disease detection in animal models of IBD via bacterial sensors

To examine functionality in vivo, we first evaluated whether bacterial sensors passing through
the Gl tract could detect chemically-induced Gl inflammation in a mouse model of colitis (Fig. 2C).
After inflammation was induced with dextran sodium sulfate (DSS), control and treated mice were
orally gavaged with the NO biosensors. After six hours?’, the percentage of GFP+ cells recovered
from fecal samples was analyzed by flow cytometry. NO biosensors demonstrated significantly
more GFP+ activation in fecal pellets from treated mice than in those from healthy controls (Fig.
2C). Our novel biosensor design thus was able to detect the presence of NO as a marker of Gl
inflammation in vivo. Inflammation in the colitis model was measured over time (Fig. S4A) and
independently validated (Fig. S4B-C).

GFP activation increased significantly at day nine after the start of DSS treatment (Fig. S4A)
correlating with the peak of nitric oxide synthase (iNOS) activation34. Tracking NO with the DSD
revealed an exacerbated inflammatory response following antibiotic treatment in a chronic
inflammation model (Fig. S4D). We also tested our bacterial sensors for ROS (H20,), TT and TS;
activation was detected as inflammation progressed, with TS detection at day six after the start
of DSS treatment and TT (TS product of oxidation) at day eight, which overlapped with ROS
detection (Fig. S3B-C).

To validate the bacterial sensors in a disease model comparable in physiology and scale to
human anatomy?®®, we also tested the bacterial biosensors in pigs via an ischemia/reperfusion
injury model of intestinal inflammation®®. We injected the bacterial biosensors directly into the
intestinal lumen of a sedated animal, in either inflamed segments, or healthy segments with or
without added biomarkers. The NO sensing bacteria could detect different concentrations of NO
in the control-treated group (Fig. 2D) and lead to a positive signal in the disease group
(ischemia/reperfusion, Fig. 2E); the ROS, TS, and TT sensors also detected significant quantities
of analytes in control-treated pigs (Fig. S4E).

Validation of an integrated, sub-1.4 mL, ingestible bacterial-electronic pill.

To advance the diagnostic potential of the bacterial sensors towards clinical application, we
next integrated them into a bacterial-electronic pill. Specifically, we sought to design a system
with a size and form factor conforming to a proven non-deformable dosage form (Fig. S5). To
achieve this goal, we developed an optimized luminescent readout, a custom microelectronic
bioluminescence detector and bacterial chambers built directly into the pill casing.

Our multi-diagnostic device requires nutrients and analytes to be exchanged efficiently while
retaining the engineered microbes and simultaneously allowing the generated light signal to
reach the electronic detectors. To meet this design requirement, we developed a pill casing that
incorporates a bacterial-electronic chamber interface in a unibody design (Fig. 3A-B). This small
tablet-shaped housing precisely aligns the bacteria in a two by two array with the microelectronic
photodiodes while maintaining a hermetic seal around the electronic components. This design
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enables sensing from an array of engineered microbial strains designed to express luciferase in
response to several biomarkers (i.e., NO, ROS, TT and negative reference). The integrated
chambers (Fig. S6) are sealed with porous membranes (nominal pore size, 0.4 um) to retain the
bacterial cells. The porous membranes, when placed in feces, did not interfere with the detection
of the target molecules (Fig. S7).

To generate bacterial sensors compatible with the photosensitive electronics, we replaced
the GFP readout with a self-contained bioluminescence readout (i.e. the luxCDABE operon from
Photorhabdus luminescens)?’. We constructed this genetic circuit in E. coli Nissle 1917 and
exposed the resultant strain to DETA/NO as a source of NO. The NO biosensing bacteria
responded rapidly to DETA/NO exposure (tmax = 60 mins) with a high luminescence output and a
SNR of 170 (Fig. 3C). Luminescence production was also induced by DETA/NO under anaerobic
conditions (Fig. S8). The other inflammatory sensors were also built and characterized in vitro
(Fig. S9A-C), with TT sensor reaching the highest luminescence values in simulated intestinal
fluid (Fig. S9B).

Lastly, we designed a millimeter-scale capsule printed circuit board (PCB) housing a
complementary metal-oxide-semiconductor (CMOS) bioluminescence detector chip with an
integrated photodiode array achieving high sensitivity (Fig. 3A). The custom chip integrates a
threshold-based bioluminescence detector, time-to-digital converter, voltage references, voltage
regulators, and four 1 mm by 1 mm CMOS-compatible photodiodes?* (Fig. S10)¥. In addition to
the custom chip, the ingestible capsule also includes a commercial microcontroller and wireless
transmitter.  Bioluminescence from activated cells was detected by CMOS-integrated
photodiodes located below each chamber. Custom-designed electronics processed the
luminescence data by periodically sampling the photon-generated charge (with a programmable
integration time of ~26s). The detected luminescence was converted to a digital code by the low-
power luminescence readout chip and transmitted wirelessly for calibration, display, and
recording.

When tested in vitro, using 1 pL of sensor bacteria culture per chamber, the integrated
device successfully detected the presence of TT. We recorded a net 175 fA photocurrent
produced by the induced TT bacteria sensor, with a baseline of ~0 fA from the uninduced control
(Fig. 3D).

The integrated device was also tested in vivo in pig small intestines as a model for the
complex milieu of the GI tract. Upon induction, luminescence was detected by the custom-
designed electronic readout circuits in the capsule; the information was wirelessly transmitted in
real time from inside the body of the pig to an external recording device (Fig. 4A-B). This design
allowed remote monitoring of biomolecules in the gut for four hours, with 75 fA relative
photocurrent detected in the induced compartment, and a baseline of -90 fA from the uninduced
control (Fig. 4C and Fig. S11). The receiver operating characteristic of the TT sensing reaches a
sensitivity and specificity of 100% at 60 min. The miniaturized device can thus detect small
amounts of analyte in the harsh intestinal environmen with high specificity and sensitivity (Fig. 4D
and Fig. S12).
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DISCUSSION

We have built an ingestible microbial biosensor that can sense an array of biomarkers in situ,
as they are being produced. This technology can be applied as a tool to support remote disease
management by providing quantitative, real-time, and multiplexed information linking GI tract
microbiome perturbations to disease. To validate the cell-based biosensors in preclinical disease
models, we coupled engineered sensing bacteria with a recombinase-based memory system. Our
memory system records information as soon as metabolites are produced in the gut, activating
switches within minutes of exposure. The recombinase-based switch discretizes the magnitude
of a given biomarker; this quantitative response may align with disease stage and therefore
indicate severity of inflammation. Although some of the parameters that can be measured with
this device may have no absolute "healthy range”, measurements taken over time would reveal
patterns predictive of acute disease episodes (flares); disease symptoms could then be
anticipated. Similarly, the switch acts as a peak detector for sensing and recording maximum
levels of intestinal biomarkers.

To create our miniaturized low-power ingestible electronic device, we integrated CMOS-
compatible photodiodes with discrete-time signal processing circuits, which made it possible to
miniaturize the whole capsule to a size below 1.4 cm? and simultaneously detect multiple disease
biomarkers on a stringent power budget. This integrated CMOS system combined with our
unibody chamber pill casing design allowed us to detect the bioluminescent signal from just 1 pL
of bacterial culture in the milieu of the intestinal lumen. In addition, the coin-cell battery can power
the ingestible capsule for a month®, so this device could also potentially be used as an implant®.

The diagnostic accuracy and specificity of our device are based on the simultaneous testing
of an array of labile by-products of inflammation (e.g., NO and ROS), intestinal gases (e.g., H2S
measured as TS), and microbiome-derived biomolecules (e.g., TT). As biomarker levels may vary
greatly among patients, a panel of biomarkers would be required to accurately diagnose IBD and
other multi-faceted diseases.

Our ingestible device offers a route for non-invasively evaluating changes in the intestinal
biochemical milieu and overcomes the limitations of microbiome characterization by 16S rRNA or
metagenomic sequencing®®4°, as well as current research applications of ingestible biosensors in
animal models, which require the complex analysis of bacterial gene expression or RNA/DNA in
stool'®41°, The biosensors described here also have the potential to expand on the range of
biomarkers being targeted by other ingestible electronic systems*. The capsule could be
designed to report its location while in transit*’ and perform cell-based computation to further
expand the multiplex capabilities of the underlying electronic system. For example, AND-gates*®
could be incorporated to determine the co-localization of biomarkers for understanding metabolic
pathways or biomarker discovery in animal models for many microbiome-linked diseases.

This device can be developed as a first-line at-home screen for non-invasive continuous
monitoring of the chemical environment of the Gl tract and customized for numerous Gl disorders,
thus offering a safe and inexpensive point-of-care alternative to imaging capsules for endoscopy.
Tracking and quantitatively assessing multiple biomarkers can potentially provide a framework for
patients to assess the effects of diet, lifestyle, and other interventions that require routine
screening to improve health outcomes.
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Fig. 1. General platform for developing an ingestible capsule for real-time detection of
labile mediators of disease. A. Probiotic bacteria are engineered to respond to an array of IBD-
biomarkers (BM). A recombinase-based genetic memory system is used to validate the bacterial
biosensors in animal models. Biosensing bacteria (BS) are then re-engineered to respond by
luminescing and packaged in an ingestible capsule along with miniaturized electronics (illustration
shows the design and dimension of our fabricated device). B. While in transit through the
intestines of patients, the biosensing bacteria can sense the metabolites as they are being
produced in the body and the integrated ingestible capsule can transmit the bacterial
luminescence signal wirelessly to an external device (e.g., a cellular phone). C. The device
enables remote detection for immediate follow-up after therapy (the clock), as well as monitoring
the gut chemical environment for longer-term treatment with personalized therapies or dietary and
lifestyle changes (calendar). Microbiome dynamics are depicted at the bottom right, as a simplified
model. Starting from infancy, the microbiome gradually reaches one of several adult states,
characterized by health or disease. Monitoring the gut chemical environment is essential for timely
treatments, since either perturbations that would lead to an unhealthy state can be resisted (red
blocked arrow) or the effective treatment plan can be assessed to return to a healthy state (green
arrows)*®. The patient and BS images are reproduced from ref.%°.
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Fig. 2. Validation in vitro and in vivo of probiotic bacteria engineered to detect nitric oxide
(NO). A. To sense NO, the transcription factor NorR, which activates the PnorV promoter, was
constitutively expressed from a low copy number plasmid (LCP, left panel). In response to NO,
NorR binds to the PnorV promoter, activating the transcription of bxb1 recombinase, leading to
inversion of the GFP expression cassette (located between attB and attP sites, triangles, in a
bacterial artificial chromosome, BAC) and expression of GFP. Flow cytometry was used to
determine the percent of GFP-positive cells at various NO concentrations (right panel). Other
reactive nitrogen species (NOx) did not activate the system. B. The NO biosensor was evaluated
for its use as an NO disease stage detector: NorR, constitutively expressed from a library of
ribosome-binding sites (RBS), exhibited different NO activation thresholds. Selected NO sensors
detected three concentrations (15, 30, and 80uM), which could correspond respectively to mild,
moderate, and severe states of inflammation®'. Based on the recombinase system described in
(A), flow cytometry was used to measure the percentage of GFP-positive cells at different
concentrations of NO (right panel). For each point, the mean of three biological replicates, each
with n=10,000 flow cytometry events is plotted, and the error bars are the standard error of the
mean (SEM). C. The NO biosensor was validated in murine models of chemically-induced colitis.
Experimental timeline (left panel): C57BL/6 male mice were treated for 7 days with 3% DSS in
drinking water and gavaged every other day with engineered E. coli carrying the NO memory
system. Stool was collected 6 hours post-gavage. Control mice (no DSS treatment) were
simultaneously gavaged with the same engineered bacterial strain. The sensor for NO was
significantly activated on day 6 of DSS treatment (right panel). Eight-week-old C57BL/6 male mice
were used for this study. “DSS” samples, n = 10, “Control” samples, n =10. ***p <0.001, Student’s
t-test. D. The NO sensor was validated in pigs. Experimental design (inset, left panel): intestines
were clamped to separate the different compartments to test control vs treated compartment.
Bacterial sensors were placed in the different compartments (left panel). NO Sensor 1 was
significantly activated in the presence of 0.6mM DETA-NO. NO Sensor 3 only detected 6 mM
DETA-NO. NO Sensor 2, could detect the intermediate range, from 0.6 to 6mM. E.
Ischemia/Reperfusion model of inflammation in pigs. For (D-E) the bacteria were collected from
the intestine after two hours of exposure to the analyte or the ischemia/reperfusion, and the
percent of GFP-positive cells was measured by flow cytometry (n=10,000 events) from separately
grown culture post retrieval. Lines represent the mean of these replicates and error bars are the
SEM. Here, we show data of three independent experiments (three animals [H, M, K] on different
days, multiple compartments per animal). *p<0.5, **p<0.01, ***p<0.001, Student’s t test.
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Fig. 3. Design and in vitro characterization of the device for miniaturized wireless sensing
with cell-based biosensors. A. Basic components and dimensions of the device. B. Design of
a miniaturized pill casing with a bacterial-electronic chamber interface. Photos showing: (top) side
view of the device; (bottom) fully assembled pill with the permeable membrane attached. The
bacterial chamber/casing unibody design uses a thin clear backing film to place the bacteria as
close to the photosensitive electronic chip as possible. A double-sided adhesive film enables a
low-profile seal to the permeable outer filter membrane. Scale bar = 5 mm. C. The outputs of
multiple biosensors (BS) intended to be studied together can be measured with this array (for
example, the H,O,, TS, and TT sensors).The detailed schematic of microelectronics PCB is
shown in Fig. S10. A threshold-based bioluminescence detector with a CMOS-integrated
photodiode®” array was used to detect bacterial sensor output. D. Genetic circuit and kinetic
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response of NO sensors in bacterial growth media supplemented with 3 mM NO; RLU, relative
luminescence units. Error bars represent SEM of three independent biological replicates. E.
Wireless signal over time from the TT sensor encapsulated in the device and immersed in
bacterial growth media supplemented with 100 mM TT. Low-power CMOS-integrated
photodiodes converted bioluminescence emitted from the bacterial sensor into a photocurrent,
which was converted into quantifiable digital data and transmitted wirelessly to the external
device. Lines represent the mean, and error bars denote the SEM for three independent replicates
conducted with one induced device (TT) and one uninduced device (buffer); Rel. photocurrent,
Relative Photocurrent.
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Fig. 4. Validation of the whole integrated device for miniaturized wireless biosensing in
pigs. A. Schematic of the experimental flow, the bacterial biosensors encapsulated in the device
were tested in situ in a terminal procedure in swine, for which anesthetized Yorkshire pigs of
around 90 kg were used. After opening the abdominal cavity, we placed the device through a
small incision directly into the lumen of the pig’s small intestine, compartmentalized with clamps.
Compartmentalized intestines were kept inside the abdomen, at 37°C. Wireless signals
transmitted from inside the abdomen were detected by a commercial receiver, which is connected
to a device, such as a laptop computer or, alternatively, by a cellular phone. B. Schematic diagram
of compartmentalization of a section of the intestine clamped for experimentation. (1) TT (100
mM) was injected with a syringe into the clamped intestinal compartment. Buffer was added as a
control, in another compartment. C. Kinetics of TT sensor embedded in the abdominal cavity of
the pig. The response of the device placed in the compartment with TT was clearly distinguishable
from that of the device in the compartment with the buffer control. Dark lines represent the mean
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of independent experiments in different pigs with up to two devices in separate compartments
(+TT and +buffer). Shading represents the SEM. “TT” measurements, n = 3 and “Buffer”
measurements, n =2. *P < 0.05, Student’s t test; Rel. photocurrent, Relative Photocurrent. D.

Receiver operating characteristic (ROC) of the device sensing over time. Perfect detection is
achieved at t = 60 min.
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