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SYNTHETIC BIOLOGY

Interfacing gene circuits with microelectronics through
engineered population dynamics

M. Omar Din'*, Aida Martin'*, lvan Razinkov?, Nicholas Csicsery?, Jeff Hasty

While there has been impressive progress connecting bacterial behavior with electrodes, an attractive observation
to facilitate advances in synthetic biology is that the growth of a bacterial colony can be determined from impedance
changes over time. Here, we interface synthetic biology with microelectronics through engineered population
dynamics that regulate the accumulation of charged metabolites. We demonstrate electrical detection of the
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bacterial response to heavy metals via a population control circuit. We then implement this approach to a
synchronized genetic oscillator where we obtain an oscillatory impedance profile from engineered bacteria. We
lastly miniaturize an array of electrodes to form “bacterial integrated circuits” and demonstrate its applicability as
an interface with genetic circuits. This approach paves the way for new advances in synthetic biology, analytical

chemistry, and microelectronic technologies.

INTRODUCTION
Our ability to investigate gene expression through various monitor-
ing methods plays an essential role in advancing our understanding
of biology (I, 2). Synthetic biology is a field where these methods are
of critical importance for characterizing genetic circuit behavior and
applications where the output of circuit expression is used to ac-
complish a certain task, such as sensing. Most methods rely on
fluorescent reporter genes, which can convert a biological response
into a detectable signal (3, 4). These methods generally require
sophisticated optics and may have some intrinsic challenges such as
the presence of background signal, toxicity, or the need for substrates.
Meanwhile, advances in microelectronics have provided a promis-
ing alternative in the progress of smart analytical tools (5, 6). In
particular, the properties of biological molecules have been leveraged
in microelectronic devices for sensing (7, 8) and mechanical actuation
applications (9). In these approaches, optical and electrochemical
transducers have been coupled with enzymes, antibodies, and ap-
tamers (10, 11). Despite the high selectivity of these technologies,
they are limited by their detection capabilities due to the saturation
after several measurements, the requirement of expensive purifica-
tion procedures, and complex immobilization or labeling steps (12).
Connecting bacterial gene expression to electrodes is an appeal-
ing approach to interface genetic circuits with microelectronics for
multiple applications. General progress in this direction has been
focused on energy generation applications from bacterial cultures
where electrons are transferred via extracellular pathways (13-19).
In addition, redox species have been included or produced in the
cell cultures to serve as a molecular connection between electronics
and bacterial colonies (20-24). Although linking redox molecules
to engineered expression allows a simple electronic output, these
molecules are usually toxic at high levels and do not provide a general
platform for tracking gene expression (25). A complementary focus
is the creation of a general interface between cells and electronics
that does not rely on electron transfer from bacteria to electrodes or
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redox intermediaries. Such a strategy would serve to facilitate ad-
vances in synthetic biology where the output of different kinds of
genetic circuits may be easily connected to an electrical measure.

During bacterial growth, charged ions are naturally released be-
cause of metabolic processes (26-28). As a result, the surrounding
medium becomes more conductive, which decreases the impedance
to electrical current (29, 30). To leverage this phenomenon for the
measurement of gene circuit behavior, we engineered the expression
of a bacterial killing gene as the output. The resulting behavior can
be conceptualized as a bacterial population decreasing in culture im-
pedance over time due to the release of charged ions, after which cell
death decreases ion generation and increases impedance (Fig. 1A).
We monitor electrochemical impedance spectroscopy of the bacterial
culture in a device that includes electrodes and a turbidity sensor as
a secondary output measurement. We have developed a set of appli-
cations including a heavy metal sensor via a population control circuit
and a dynamic genetic oscillator, which is synchronized to lyse pe-
riodically. We lastly pair an array of miniaturized electrodes to form
“bacterial integrated circuits” (bICs) to demonstrate a portable inter-
face with genetic circuits for new science advances in synthetic biology,
analytical chemistry, and microelectronic technologies.

RESULTS

To transduce gene circuit output to an electronic signal, we engi-
neered bacterial circuits capable of controlling the release of ionic
species via cell growth and death. We used inert gold electrodes
to measure the AC impedance when applying a small sinusoidal
voltage to the bacterial population without externally added redox
mediators (fig. SIA). This measurement naturally includes resistive
and capacitive effects (31, 32). These can be decoupled by using
different input potential frequencies explored between 1 Hz to
100 kHz (fig. S1B). The correspondent Bode plots (representing
impedance over frequency) indicate that at high frequencies, the
AC current and voltage signals are in phase with each other. At
these frequencies, the phase is virtually 0, and therefore, the circuit
is simplified to an active bacterial media resistance. Since the im-
pedance resulting from these resistive effects (fig. S1C) was generally
more robust to changes in the input frequency than the one at lower
frequencies (fig. S1D), we elected to track the culture resistance. In
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Fig. 1. Interfacing genetic circuits with electrical measurement. (A) Schematic of the approach using a culture of bacteria with a killing gene as the circuit output
in contact with inert gold electrodes. The impedance of the culture reduces during growth (left) and increases upon the induction of bacterial death due to the clearance
of charged metabolites (right). (B) Profile of the admittance (red), which is the inverse of impedance, using an IPTG-inducible lysis construct (pE35GFP) (42) in an electro-
chemostat device. The pink shaded region represents induction of lysis with 1 mM IPTG in the medium. (C) Schematic of the equivalent electrical circuit for our strategy
using an alternating input voltage. The bacterial population is simplified to a resistor, which is controlled by a genetic circuit. (D) Schematic showing a microelectronic
platform to interface between engineered bacteria and electronics. Several chambers may contain unique genetic circuits, connected via electrodes to an impedance

output system.

addition, this optimized measurement was found to accurately
correlate with the population density (monitored via turbidity) as
opposed to measurements at lower frequencies (fig. S2 and Sup-
plementary Text). To demonstrate the electrochemical interface
with a minimal expression system in bacteria, we tested a previously
described construct pE35GFP containing a bacterial lysis gene. The
engineered bacteria grew to a stable density in the continuous culture
before triggering the lysis gene upon chemical induction with isopro-
pyl B-p-1-thiogalactopyranoside or IPTG. We observed a decrease of
more than half in culture density upon lysis induction, corresponding
to an admittance (inverse of the impedance) change of approximately
2 millisiemens (mS; Fig. 1B). This demonstrates that the induction
of bacterial lysis was sufficient to cause a marked change in the con-
ductive properties of the culture.

In addition, we found that the impedance was lower in a heat-
killed culture than in an intact one (fig. S1C). We also investigated
the contribution of the bacterial cells and their metabolic by-
products to the culture resistance (fig. S1, C to E). We found that the
resistive effects were dependent on the metabolic by-products from
the bacterial growth and not the bacterial cells (fig. S1E). Since the
engineered bacteria are essentially modulating the flow of electrical
current in this circuit, they can be viewed as a bacterial “conductor”
(or “resistor”), where the conductance or admittance can be modu-
lated by genetic modifications that control the population dynamics
(Fig. 1C). A platform interfacing this property with genetic circuits
can be envisioned, where bacterial colonies with unique circuit
behaviors (sensors, logic gates, or oscillators) are directly connected
to electrodes (Fig. 1D).
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Interfacing to engineered biosensors

The dynamics of gene circuits have primarily been investigated
using well-defined submillimeter-scale bacterial colonies (33-35).
Interfacing synthetic biology with electrodes requires robust popu-
lation behavior at larger scales (36), where dynamical behaviors are
less characterized. To study the dynamic behavior in a macroscale
continuous culturing system, we fabricated a customized milliliter
scale chemostat with disposable gold electrodes in contact with the
culture (Fig. 2A and fig. S3A). In addition, an in-house turbidity
sensor provides real-time data and direct correlation between
impedance and culture density, resulting in an “electrochemostat”
system (fig. S3, B and C).

We explored the capabilities of interfacing electrochemistry
with synthetic biology using a construct capable of inducing lysis
in the presence of a heavy metal toxin, probing the concept with an
arsenic-sensitive strain (As-lysis; Fig. 2B). We observed, after steady
population state, that a fast triggering of lysis resulted from the
induction with arsenic, in both admittance and turbidity (Fig. 2C).
Good reproducibility was found for the drop in signal with relative
standard deviations (RSDs) of 7.2 and 2.1% for turbidity readouts,
respectively, in n = 3 experiments. On the other hand, this bacterial
construct did not lyse in response to a related toxin such as copper
(Fig. 2D). Furthermore, the absence of sensitive bacteria showed a
negligible increase in conductivity and no change in turbidity when
induced with arsenic (fig. S4A). This arsenic biosensor was com-
pared with a chemical sensing methodology, stripping voltammetry.
This approach relies on the reduction of the arsenic ions on the gold
electrode and next stripping and study of the arsenic oxidation at
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Fig. 2. Interfacing bacterial circuits for impedimetric sensing. (A) Schematic and picture of electrochemostat components included in a 3D-printed holder containing
a culture tube, in which the disposable electrode consisting of gold counter/reference (C/RE) and working (WE) electrodes are immersed, and an external turbidimeter
detector. (B) Equivalent electrical circuit for a bacterial population engineered with an inducible promoter driving the expression of the lysis gene, E, and schematic of
engineered bacterial (As-lysis) death upon arsenic induction. (C) Profiles of the admittance (red) and turbidity (blue) using an arsenic-sensitive strain in an electrochemostat
device. The shaded region represents the duration of 250-ppb arsenic induction. (D) Profiles for the As-lysis strain induced with 250-ppb copper. a.u., arbitrary units.
(E) Square-wave voltammetry profiles for 250-ppb arsenic (purple) and 250 ppb copper (orange). Dashed line shows the signal of the HNO; buffer (background). The
oxidation potential at the maximum current intensity versus background signal is indicative of the presence of the metal. (F) Heat maps of selectivity to arsenic versus
copper using our bacterial lysis and chemical approaches. Photo credit: M. O. Din, UCSD.

different potentials (37, 38). Arsenic and copper can be individually
detected at +0.20 V versus Ag/AgCl (Fig. 2E); however, the similarity
in oxidation potential causes copper to interfere in the chemical
approach for arsenic analysis but not for the bacterial approach
(Fig. 2F). A further control using a copper-sensitive strain (Cu-
lysis) demonstrated the lysis triggering in the presence of copper
(fig. S4B). Thus, using our approach, we may discriminate between
two related heavy metal toxins compared to the standard electro-
chemical assay for this application.

Electrochemical population dynamics
Apart from the analytical capabilities, we also sought to implement
this strategy to oscillatory synthetic circuits such as the synchronized
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lysis circuit (SLC; Fig. 3A). This bacterial circuit was previously
shown to generate oscillatory population dynamics in microfluidic
devices and in animal models, which occurs via cycles of growth and
lysis (35). The genetic circuit contains a common promoter (pLuxI)
that drives the expression of LuxI, which produces the quorum sensing
molecule acyl homoserine lactone (AHL) that further activates the
promoter by binding the activator LuxR. The promoter also drives
the expression of the lysis gene from the phage phiX174, E. AHL
provides an intercellular synchronization mechanism: after reaching
a threshold level, synchronized lysis at the population level ensues.
A remaining population of bacteria yields new AHL where the cycle
repeats, resulting in oscillatory growth and lysis behavior. When mea-
suring the SLC strain with our electrochemostat, we observe oscillatory
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Fig. 3. Interfacing genetic oscillators. (A) Schematic of the equivalent electrical
circuit when using a SLC connected to the potential source. The circuit is com-
posed of an AHL-based quorum sensing system driving a phage lysis gene (35). The
protein LuxI regulates the synthesis of autoinducer, AHL, which binds to LuxR and
activates lysis after a threshold population level. (B) Profiles of the admittance (red
line) and turbidity (blue line) using this strain in an electrochemostat device. The
SLCis harbored by a strain Salmonella enterica subsp. enterica serovar Typhimurium
(see Materials and Methods).

culture density and corresponding behavior in the admittance sig-
nal over time (Fig. 3B). Good correlation of the periodical lysis
events were found between the admittance and turbidity signals,
with a period of 3.2 + 0.6 hours. It is likely that the long-term bacte-
rial population oscillations result in accumulation of bacterial
debris overtime, leading to increasing baseline in the turbidity sig-
nal. Compared to common variable resistors, which usually require
manual manipulation or computer coding to modify the resistance,
the SLC allows a bacterial population to exhibit autonomous oscil-
latory resistance variations over time.

Bacterial integrated circuits
One substantial challenge in synthetic biology is minimally tracking
gene expression without the need for fluorescent proteins and asso-
ciated complex imaging equipment. Given recent efforts in the
development of electrochemical platforms (8, 36) and the minimal
nature of impedance measurement for circuit dynamics by directly
connecting bacteria with electrodes, we sought to develop a miniature
device to demonstrate the utility of our approach. To accomplish
this, we fabricated a fluidic chip with multiple milliscale growth
chambers, where each chamber contained electrodes (Fig. 4A). The
electrodes were composed of conductive interlayers of chrome and
gold, which made up the reference/counter and working electrodes
(fig. S5, A, B, and E). Each of the electrode-containing growth
chambers was seeded with engineered bacteria, which were referred
to as bICs, since each one connects genetic circuit output to electro-
chemical measurement. Multiple bICs are connected in parallel to a
single potentiostat and a multiplexing module, allowing for the
measurement of multiple strains (Fig. 4B). We found that the resistive
effects can be measured in the growth chambers of this device over
a wide range of input frequencies (fig. S5C). We then showed that
these electrodes can detect changes in environmental ion concen-
tration via admittance measurement (fig. S5D). Thus, the bIC chip
displayed potential to detect gene circuit behavior via impedance
detection of ions in solution.

We next characterized the capabilities of the electrochemical
platform using the miniaturized device. We first investigated the
SLC strain, using both impedance and transmitted light (TL)
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measurements to confirm that the impedimetric output corresponded
to population dynamics. We observed bacterial growth oscillations
in both TL and admittance, showing that we can achieve oscillatory
impedance output with this circuit as a bIC (Fig. 4, C and D, and
movie S1). Periodical lysis events were found every 7.6 + 1.2 hours
for both admittance and turbidity signals. In comparison with the
electrochemostat, the admittance values in this device are lower,
likely due to the lower electrode surface area. The period discrepancy
is related to the differences between approaches and culture sizes.
We also explored the sensing capabilities of the device using a con-
struct capable of inducing lysis in the presence of arsenic. We ob-
served that the bacterial population reaches a steady state in both
TL and admittance before induction with arsenic. Subsequent lysis
resulted in the admittance sharply decreasing to another steady state
within 1 hour (Fig. 4, E and F, and movie S2). The TL exhibited a
slight drift after the lysis event, likely due to a small portion of the
bacterial population exhibiting both growth and lysis in the presence
of arsenic, but where the population was small enough not to be
detected by electrochemical measurement. Reproducibility between
traps indicated RSDs of 10.8 and 13.0% (n = 4) for TL and admit-
tance, respectively. These results demonstrate the functionality of
the bIC device as a miniature platform for electrochemically mea-
suring genetic circuit output. More generally, the electrochemical
monitoring of engineered bacteria provides a simple, label-free means
for the real-time collection of expression data, in contrast to standard
optical modalities.

DISCUSSION

The development of synthetic biology has been motivated by ideas
from electrical engineering, with gene circuits built to act as logic
gates, switches, clocks, sensors, and actuators. Assessment of these
gene circuit functionalities has been predominately reliant on de-
tection of specific fluorescent or colorimetric proteins. A largely
unexplored area is the direct integration of synthetic biology with
electronic circuitry. A platform for direct interfacing of engineered
microorganisms with microelectronics would provide a framework
for a new class of hybrid biological electronic devices and biosensors
where cellular “logic” informs electronic output. We have demon-
strated that engineered bacterial circuits can be interfaced with
microelectronics with simple impedance readouts via population lysis.
Although changes in admittance with population growth have been
demonstrated (27), the biochemical basis still requires further studies.
The rise of conductivity of the solution is generally due to energy
metabolism or transportation of ions through the cell membrane,
where uncharged or weakly charged substrates are transformed into
highly charged smaller ions (31). Direct interfacing of electrodes with
the cell culture represents the most simplified format with which we
can connect bacteria to an electrical output. This was performed
without the requirement of additional substrates (6) or redox probes
(20). Consequently, the bacterial population dynamics are not af-
fected by other external inputs rather than the targets of interest. In
this sense, bacterial lysis, engineered or otherwise induced, are pro-
posed here as a general interface for electronics.

The use of engineered population control circuits with electro-
chemical measurement may lead to new opportunities for simple
and cost-effective sensing, bypassing optical requirements. As an
alternative to conventional optics, the impedance measurement
allows exploring more complex nonoptically transparent materials
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Fig. 4. blCs in millifluidic devices. (A) Photograph of the bIC device (left) and schematic showing the design of the growth chamber and adjoining gold electrodes. Each
bIC integrates lithography-fabricated electrodes, including a reference/counter electrode (R/CE) and a WE electrode, on 0.6-mm-diameter traps where bacteria form 3D
continuous cultures. (B) Schematic of the equivalent electrical circuit illustrating multiple parallel interconnecting bICs measured with a single potentiostat. The dynamics
in each bIC is measured sequentially in time intervals (At). A device containing n unique bICs may output an oscillatory signal at t;, a steady signal at t;;, and other distinct
signals up to t,. (C) Images of a bIC, containing the Salmonella SLC strain, were taken using transmitted light (TL). The bacteria begin at a low cell density (i) from which
they reach the quorum threshold and lyse (ii and iii), and repeat the process (iv) cell growth in red is superimposed with the original time lapses in movie S1. (D) Profiles
of admittance (red line) and inverse of the TL (blue line) for the strain in (C). (E) Images of the response of the bIC with the arsenic-inducible construct in E. coli MG1655
showing the steady growth state (i) and after 250-ppb arsenic induction (ii). (F) Profiles of admittance (red line) and inverse of the TL (blue line) for the strain in (E). Photo

credit: A. Martin, UCSD.

and samples. Compared to other electrochemical approaches such
as stripping voltammetry, these genetic circuits can provide the
selectivity expected from a biosensor by connecting genetic sensing
elements naturally present in cells to impedimetric output via lysis.
By connecting the bacterial sensing output directly to electrodes,
isolation and preparation steps are not required to build a biochemical
sensor. In addition, compared to common molecular-based biosensors,
which use enzymes or antibodies, the proposed lysis triggering of
bacteria enables dynamic sensing because cells can be grown in con-
tinuous environmental conditions.

One of the main challenges of our approach is to reduce the re-
sponse time. For example, the sensor responds in 40 + 10 min after
triggering (Fig. 2C). The response is likely dependent on the trans-
lation of the proteins. Thus, further efforts in the analysis and new
gene circuits may decrease these times. Another challenge in mea-
suring bacterial cultures with electrodes is the long-term stability
due to biofouling (39). Some of these processes could be a reason for
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the overtime divergence between turbidity and admittance (Fig. 3B).
To mitigate these challenges, each experiment used a new disposable
screen-printed or lithography-fabricated electrode. In addition, the
population control and the interfacing of genetic lysis circuits with
electronics provide an inherent antibiofouling mechanism because
of the continuous clearing of the chamber after certain periods of
time or after certain triggering conditions.

Here, we have included arsenic, copper, and IPTG as manual trig-
gering factors. Other triggering factors may include light, temperature,
other chemicals, and bacteriophages (Fig. 1A). Further analytical ef-
forts will be focused on improving bICs, which may include isolating
the electrodes from the bacterial culture using permeable membranes
(40) or using microfluidic chambers that exclusively allow the su-
pernatant to be measured. Three-dimensional (3D) layering could
be possible with the use of electrodes compared to conventional im-
aging methods, as well as in vivo depth tissue measurements using
implantable electronics for applications where bacteria reside in vivo.
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Last, the capabilities of multiplexing have been evaluated using
microelectronics integrated to a microfluidic device. The compart-
mentalization of bacterial colonies in the bIC paves the way for
high-throughput monitoring of large libraries. The presented ap-
proach may be broadly applicable to readily connect microelectronics
with a variety genetic circuits such as logic gates, switches, oscillators,
sensors, and more sophisticated microbial communities (41). We
envision that these strategies may lead to the construction of hybrid
computational devices, where an array of bacterial colonies process
external information through genetic circuitry, which is then trans-
ferred via impedance, to an electronic device for analysis. The real-
ization of this platform may lead to bIC-based devices that sense
environmentally relevant molecules or enable unexplored investigations
of engineered bacterial populations in the context of synthetic biology.

MATERIALS AND METHODS

Bacterial circuit strains

All of our circuits used plasmids constructed by the circular poly-
merase extension, standard restriction digest/ligation, or Gibson
assembly cloning methods. Attenuated Salmonella enterica subsp.
enterica serovar typhimurium, SL1344 strain ELH1301, and Escherichia
coli MG1655 were used as the bacterial hosts for transformation and
electroporation of the experimental plasmids. For the IPTG-induced
lysis experiments, we used the plasmid pE35GFP, which was provided
by R. Young (42). This plasmid contains a lac promoter that tran-
scribes gene E after IPTG induction, which causes lysis of the host.
The arsenic-induced lysis experiments were performed with the As-lysis
plasmid. This plasmid contains an arsenic-sensitive promoter driving
the expression of its repressor (ArsR, from E. coli plasmid R773) (43)
and the lysis gene, E. The control with copper-sensitive (Cu-lysis)
strain contains a copper-sensitive promoter driving the expression
of its repressor (CueR, from E. coli plasmid) (44) and the lysis gene,
E. For the SLC, we used the strains designated MOD46A and MOD101,
previously described by our group (35).

Electrochemical measurements

Impedance characterization was performed using a two-electrode
format using inert gold material. All electrochemical measurements
were performed with a commercial potentiostat (PalmSens4 with
an impedance module, Enschede, Holland) at a 10-mV voltage
amplitude and zero DC bias to avoid possible electrochemical reac-
tions. We performed the measurements in the range of frequencies
starting from 1 MHz to 1 Hz. Corresponding impedance versus
frequency plots were analyzed using the Randles model as the elec-
trical equivalent circuit in a non-Faradaic system (32). Under these
conditions, the total impedance could be expressed by the medium
resistance (R;) and the double-layer capacitance (Cq) in series. By
treating the impedance as a vector, the total impedance is divided
into real and imaginary parts (45). Thus, when the phase is zero, the
real impedance is the main component of the total impedance and
can be represented as the medium resistance.

Stripping voltammetry measurements (Fig. 2E) were performed
using commercial screen-printed gold electrodes using Ag/AgCl as
the reference electrode (C220AT, DropSens-Metrohm, Riverview, FL,
USA) and a commercial potentiostat (PalmSens4, Enschede, Holland).
The arsenic and copper solutions were prepared in 0.2 M HNO;
from standard solutions at 10 ppm (ERA Waters, Golden, CO, USA).
Deposition of metals on the working electrode was performed at
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—0.6 V for 300 s. Square-wave voltammetry profiles were obtained
between 0 to +0.3 V versus Ag/AgCl, at 25 Hz, 5mVs ', and 40 mV,
applying a cleaning step at +0.3 V for 60 s between measurements.

Electrochemostat setup

The macroscale bacterial characterization was performed using an
electrochemostat composed of a custom-built 3D printed housing
where the electrochemical and turbidity detectors are enclosed (fig. S3).
This assembly was placed in a 37°C incubator for experiments. The
3-ml bacterial culture, confined in an autoclavable beaker, is stirred
at 700 rpm. Fresh LB media (containing 0.075% Tween-20; BD Difco,
LB broth, Miller) is continuously supplied with a P625/10K.143
peristaltic pump (Instech, Plymouth Meeting, PA, USA) at a typical
flow rate of 25 pl/min. A removable lid holds in place inlet and outlet
tubings and the disposable screen-printed electrochemical sensor
consisting of a 3-mm diameter gold working electrode and a 4-mm
gold counter/reference electrode (C220AT, DropSens-Metrohm,
Riverview, FL, USA). The lid also has an extra opening for aerobic
conditions. A new electrode is used for each experiment and
connected to a type B screen—printed electrode adapter (I0 Rodeo,
Pasadena, CA, USA) interfaced to the potentiostat. The optimal
potential frequency for impedance measurement in these experiments
was 100 kHz. Turbidity and impedance values were taken every 30 s
and transmitted via USB to a PC.

bIC device

Photolithography was used to pattern the multi-bICs on a 75 mm by
50 mm glass slide. Interconnected layers of Cr (20 nm)/Au (200 nm)
were deposited (Denton Discovery 18 Sputter System) and chemi-
cally etched to form the eight pairs of electrodes. A second layer of
polyimide (PI-2545, HD Microsystems, USA) as electrical insulation
was coated to yield a 1.2-um film. This top layer was etched by reactive
ion etching (Plasmalab Oxford P80), exposing only the electrodes and
connection pads. All the contact pads are aligned to a 3D-printed
holder, which enables easy alignment with the microscope and con-
nection using conductive screws interconnected to a flat ribbon cable
attached to the MUXS8-R2 multiplexer (fig. S5E). This module is
controlled by the potentiostat that measures the eight electrodes with
a 30-s delay between measurements. Optical and impedance mea-
surements were taken every 4 and 5 min, respectively, for every
bIC. A potential frequency of 1 MHz was used for the impedance
measurements. Our millifluidic devices were constructed from poly-
dimethylsiloxane (Dow Corning, Sylgard 184), which was molded
and baked on a silicon master with customized features (more
details about flow conditions, bacterial seeding microscope features,
and data analysis are included in the Supplementary Materials).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/21/eaaz8344/DC1

View/request a protocol for this paper from Bio-protocol.
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