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ABSTRACT: There are many strategies to actuate and control genetic
circuits, including providing stimuli like exogenous chemical inducers, light,
magnetic fields, and even applied voltage, that are orthogonal to metabolic
activity. Their use enables actuation of gene expression for the production of
small molecules and proteins in many contexts. Additionally, there are a
growing number of reports wherein cocultures, consortia, or even complex
microbiomes are employed for the production of biologics, taking advantage
of an expanded array of biological function. Combining stimuli-responsive
engineered cell populations enhances design space but increases complexity.
In this work, we co-opt nature’s redox networks and electrogenetically route
control signals into a consortium of microbial cells engineered to produce a
model small molecule, tyrosine. In particular, we show how electronically
programmed short-lived signals (i.e., hydrogen peroxide) can be transformed by one population and propagated into sustained
longer-distance signals that, in turn, guide tyrosine production in a second population building on bacterial quorum sensing that
coordinates their collective behavior. Two design methodologies are demonstrated. First, we use electrogenetics to transform redox
signals into the quorum sensing autoinducer, AI-1, that, in turn, induces a tyrosine biosynthesis pathway transformed into a second
population. Second, we use the electrogenetically stimulated AI-1 to actuate expression of ptsH, boosting the growth rate of tyrosine-
producing cells, augmenting both their number and metabolic activity. In both cases, we show how signal propagation within the
coculture helps to ensure tyrosine production. We suggest that this work lays a foundation for employing electrochemical stimuli and
engineered cocultures for production of molecular products in biomanufacturing environments.
KEYWORDS: coculture, signal propagation, electrogenetics, quorum sensing

Synthetic biology offers the promise of rationally engineered
cells that can be used in cell-based molecular manufactur-

ing or in hybrid biodevices where “programmed” cell function
is the desired output (e.g., cell-based biosensors). Many of
these systems utilize the unique capacity of biology to catalyze
difficult reactions, produce heterologous compounds, or
respond to various cues. To be effective, genetic circuits are
triggered by a variety of means to ensure proper resource
utilization and at the same time limit off-target action. For
instance, controlling metabolic flux through interactions with
carbon source utilization1,2 or by switching carbon flow
throughout the various stages of product formation3−5 has
resulted in significant product enhancement. In an analogous
manner, cell-based therapeutic devices act on specific cues to
both process a patient’s molecular data and mediate a
therapeutic regimen on-demand.6

At the forefront of these designs is the use of molecular,7

optical,8 magnetic,9 or other switches, each with attractive
features for initiating and controlling outcomes. For example,
optical genetic switches offer the promise of automated control
in specialized optically compliant reactors10,11 or biomedical

devices.12,13 Magnetic switches offer controlled gene expres-
sion deep within a patient’s body by targeting engineered cell
populations functionalized with nanomaterials.14 In these
examples, seemingly disparate components are pieced together
into a functioning system. In molecular manufacturing
applications, there is great interest in appending fractional
biosynthesis functions, including components from disparate
organisms, into complete synthesis pathways that are
assembled into two or more cell types that when cultivated
together confer unique advantages for the overall system.15 For
instance, coculture systems have been assembled such that one
cell can catabolize a particular sugar and produce an
intermediate while another cell can then turn that intermediate
into a useful product.16,17 This general scheme allows each task
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within a design structure to be optimized within an individual
cell population, which can then be modularly deployed.18−20

These advantages come at the cost, however, in that system
level dynamics, including elements of communication21 and
stochasticity can create unforeseen consequences. Controlling
subpopulation composition, while offering extra knobs for
engineering design, can be challenging, sometimes requiring
toxic or burdensome dampening to reduce or eliminate certain
subpopulations.22,23 Translating these systems to large volume
reactors can also be daunting and unpredictable24,25 making
continuous processes infeasible.
Electrogenetic methodologies that link electronically re-

sponsive genetic circuits with advanced signal processing and
control methodologies may provide a means for addressing
these challenges. Electrochemical methods that control
biological activity commonly employ inducible promoters26

or voltage-gated channels.6 Our group has specifically targeted
redox electrogenetic methods,27 which rely on diffusible
mediators to carry electrons between an electrode and
actuatable cells where redox reactions activate engineered
gene circuits. This specific design allows these systems to
operate in opaque solutions with little equipment and/or
power requirements. These systems also enable unique forms
of control, including those that exploit electrochemically
imposed gradients of induction28 or “living electrodes” wherein
engineered cells are directly attached to electrodes and
electrode-generated hydrogen peroxide mediates information
transfer to the electrogenetic circuits.29 In this way, a
conductive surface, but no chemical additives, are needed for
information transfer. Further, by employing electrogenetic
circuits that serve to generate bacterial quorum sensing signals,
one can propagate communication throughout a coculture.29

Note that redox-based electrochemical methodologies are also
well-paired with optical techniques, enabling more complex
and networked control schemes.30

In the current work, we designed and tested a general
electrogenetic control methodology, depicted in Scheme 1, as a
means to electronically initiate the synthesis and propagation
of quorum sensing (QS) signals that, in turn, regulate small
molecule (tyrosine) production. We further show the benefit
of a hybrid electrogenetic/QS signaling modality enables the
propagated signal to modulate tyrosine production in two
ways. In both cases, dissolved oxygen is reductively converted
to hydrogen peroxide via the 2-electron oxygen-reduction
reaction (ORR)31 at a gold electrode and this serves as an
initial signal relay. Hydrogen peroxide then permeates nearby
“transmitter” cells (Scheme 1, purple cells) activating oxyR-
based gene circuits through oxidative interactions with the
OxyR cysteine residues32 to generate the bacterial quorum
sensing autoinducer-1, N-3-oxo-dodecanoyl-L-homoserine lac-
tone (i.e., AI-1). In this way, the hydrogen peroxide
“information” is collected, assessed for concentration, and
then converted and conveyed throughout the culture to either
of two second populations. In the first case, the AI-1 controls
the synthesis of tyrosine by directly stimulating its biosynthesis
pathway (Scheme 1, green cells) or, in the second case by
stimulating the growth rate of a different population of cells
that constitutively produce tyrosine (Scheme 1, red cells).
Specifically, in this latter case, the AI-1 activates expression of
ptsH, which increases metabolic activity, growth rate, and the
fraction of cells constitutively producing tyrosine. Hence, in
both cases, the original electronic input is converted to quorum
sensing signals that, in turn, modulate tyrosine synthesis in a

coculture. Cells are engineered to receive, interpret, transmit,
and act on molecular stimuli in order to produce tyrosine.
In this work, we sought to address several design challenges

relative to information transfer, gene actuation and coculture
design. These include understanding how best to generate
hydrogen peroxide and how best to convert and transmit its
information content to a second population of cells responsible
for tyrosine synthesis. Issues such as coculture composition,
heterogeneity of signal transmission, and the dynamics of
signal generation, propagation, and gene expression all play a
role in a system design. Fortuitously, because tyrosine can be
measured electrochemically, both the initial transmission signal
and the final product measurement can be mediated using
common microelectronics devices.
We made a few key observations: (i) We found that the

H2O2-generating ORR reaction stimulates only a fraction of
the actuatable cells within the stirred culture likely due to the
localized nature of the reaction. This was in agreement
previous modeling predictions of H2O2 generation, distribu-
tion, and cell uptake.29 (ii) We found that a transmitter-
receiver modality is quite effective. Here, one population
transforms the electronic hydrogen peroxide signal into a
nonmetabolized biological quorum sensing signal molecule
(AI-1) that, in turn, serves as a “second messenger” that is
transmitted to a “receiver” population. (iii) We found that a
homogeneous and multileveled response can be created even
when the transmitter oxyR-gene circuit is best characterized by
an ON/Off modality activated in a small fraction of the overall
population. (iv) And last, we found that the basic design
construct that networks information propagation between
electronic and biological forms could function effectively, even
when using different genetic circuits that mediate product
synthesis. We suggest these attributes make this electronic
methodology simple and applicable for both laboratory and
biomanufacturing settings.

Scheme 1. Electronic Control over Coculture Production
and Compositiona

aElectrochemical information is input via applied voltages and total
charge at a gold electrode surface. These “commands”, in the form of
hydrogen peroxide, are sensed by cells to activate a gene circuit.
Referred to as “transmitter” cells, these bacteria interpret the
hydrogen peroxide signal, transform it to a quorum sensing signal,
and relay the information to other “receiver” cells, ultimately
stimulating tyrosine production.
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■ METHODS

Strains and Materials. All chemicals, unless specified,
were purchased from Sigma-Aldrich (St. Louis, Missouri). The
minimal media recipe used in this work was described
previously.33 N-3-oxo-dodecanoyl-L-homoserine lactone was
purchased from Cayman Chemicals (Ann Arbor, MI). E. coli
DH5α (F−, φ80lacZΔM15, Δ(lacZYA argF)U169, recA1,
endA1, hsdR17(rK−, mK+), phoA, supE44, λ−, thi-1, gyrA96,
relA1, Invitrogen, Carlsbad, CA) was the primary strain used in
this work unless otherwise specified. E. coli strain O:17 (F−,
Δ(ompT, soxRS, tyrR), sup+,) was constructed in a previous
work.34 E. coli strain PH04 (F−, Δ((argF-lac)169, lsrK, ptsH)
λ−) was constructed and cured previously.2,35 Restriction
enzymes, Gibson master mix, and T4 ligase were purchased
from New England Biolabs (Ipswitch, MA).
Plasmid Construction and Cloning. The plasmids listed

in Table 1 were used in this publication. All plasmids are
named using a general “Promoter/Inducer−general product”
system; e.g., OxyR-sfGFP is named as such because it has
sfGFP downstream of an OxyR-regulated oxyS promoter. AI-1-
tyrosine is named as such because AI-1 induces several genes
involved in tyrosine biosynthesis. OxyR-LasI-LAA,29 OxyR-
sfGFP,29 AI-1-GFPmut3,36 AI-1-tyrosine,34 and pAHL-ptsH2

were all constructed in previous publications. ZA-tyrosine was
constructed by digesting AI-1-tyrosine with the enzymes KpnI-
HF and EagI-HF and inserting the region containing aroG,
aroE, and tyrA into vector the ZA31MCS after an uninhibited
pLtet0−1 promoter using the existing KpnI-HF site and a PCR
added EagI-HF site. OxyR-LasI-LAA-GFPmut3 was con-
structed by inserting the RBS site and GFPmut3 gene from
AI-1-GFPmut3 behind the LasI-LAA sequence using a Gibson
reaction.
ORR Reaction in Biological Media. The ORR reaction

was performed in biological media as described previously37 in
a chamber resembling the one depicted in Scheme 1. A
standard gold-disk working electrode (2 mm diameter; CH
Instruments, Austin, TX), a 4-in. platinum counter wire (Alfa
Aesar; Havermill, MA), and a Ag/AgCl reference electrode
(Bioanalytical Systems Inc.; West Lafayette, IN) were each
placed in a 17 mm diameter glass vial using a fitted cap to
create a standard 3-electrode cell with 1 mL of minimal media.
All gold electrodes were precleaned first by polishing with 0.05
μm diameter silicon polishing powder (CH Instruments)
followed by 30 s incubation in a piranha solution of 7:3 ratio of
18.4 M sulfuric acid to 30% hydrogen peroxide. A small
Teflon-coated stir bar was carefully added to both increase
dissolved oxygen content and homogenize the solution. Using
a CHI1040c electrochemical analyzer (CH Instruments), an
IT procedure (i.e., Current vs Time) was run to apply a

constant voltage at −0.5 V vs Ag/AgCl while constantly
measuring current. Solutions were then stored on ice and
protected from light for later analysis. Electrodes were similarly
tested for fouling caused by multiple uses by removing the
media and replacing it with a fresh 1 mL sample. Hydrogen
peroxide content was determined using a Pierce quantitative
hydrogen peroxide assay (Thermo Fisher; Waltham, MA).
Current and charge analysis was performed in Matlab R2020b
(Mathworks; Natick, MA). Current waveforms were smoothed
using Matlab’s Smooth function to remove noise introduced
from the stir bar.

ORR Electrogenetic Induction and Fluorescent Meas-
urement. The ORR reaction was performed as described
above however electrodes first underwent a post cleaning
“passivation treatment” by running an IT-curve in cell-free
minimal media for 1800 s. We found this dramatically reduced
experiment-to-experiment variability. In monocultures, E. coli
cells were kept to an OD600 of 0.1. In cocultures, transmitter
and receiver cells were added at an OD600 of 0.005 and 0.1,
respectively. Three separate 1 mL cultures were induced at a
time using 3 separate electrochemical cells. After a particular
test variant was finished, the samples were removed and
returned to disposable culture tubes and the next sample was
loaded into the electrochemical cells. Once all tests were
completed, all culture tubes were moved to a 37 °C 250 rpm
shaker for 3 h. GFPmut3 and sfGFP expression were measured
using a Tecan Spark plate reader (Tecan Group Inc.;
Ma ̈nnedorf, Switzerland) and a BD FACSCelesta flow
cytometer (Becton, Dickinson, and Company; Franklin
Lakes, NJ). Flow cytometry analysis was performed using
FlowJo (FlowJo LLC; Ashland, OR). In flow cytometry
analysis, the activated cell threshold gate was defined as
fluorescence exceeding 2 standard deviations above the average
of the null control. Positive controls were established using
hydrogen peroxide and AI-1 added at various concentrations to
monocultures.

Tyrosine and Coculture Composition Measurements.
Tyrosine was measured using differential pulse voltammetry
(DPV), a 3 mm glassy carbon working electrode, a 4-in.
platinum counter wire, and a Ag/AgCl reference electrode.
DPV waveform settings were the same as used previously for
measuring clozapine,38 except the voltage range (0.5−0.8 V vs
Ag/AgCl). The peak current from these measurements were
then compared to a standard curve prepared from measure-
ments of known tyrosine concentrations. The percentage of
the growth-regulated cells was calculated from dsRed
fluorescence measurements in combination with a fluorescence
vs optical density calibration curve made with known
concentrations of cells.

Table 1. Plasmids

plasmid name defining features ref

OxyR-sfGFP Produces sfGFP in response to hydrogen peroxide; AmpR 29

OxyR-LasI-LAA Produces the LasI synthase with the LAA ssrA degradation tag in response to hydrogen peroxide; AmpR 29

AI-1-GFPmut3 Produces GFPmut3 in response to the autoinducer-1 species produced by the LasI synthase; AmpR 36

AI-1-tyrosine Expresses the genes aroG, aroE, and tyrA in response to the autoinducer-1 species produced by the LasI synthase;
AmpR

34

pAHL-pstH Produces the HPr protein of the phospotransferase system in response to the autoinducer-1 species produced by the
LasI synthase; AmpR

2

ZA-tyrosine Constitutively expresses the genes aroG, aroE, and tyrA from an uninhibited pLtet0−1 promoter; CmpR This
work

OxyR-LasI-LAA-GFPmut3
(OLG)

Produces both the LasI synthase with the LAA ssrA degradation tag and GFPmut3 in response to hydrogen peroxide;
AmpR

This
work
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■ RESULTS AND DISCUSSION

Electrode-Actuated Generation of Hydrogen Per-
oxide. We first characterized hydrogen peroxide formation
by ORR in a variety of conditions, including in biological
media. The ORR reaction involves the transfer of 2-electrons
at an electrode surface to dissolved oxygen.39 We focused on
three main issues: the influence of pH, electrode fouling in
biological media, and the relationship between charge
transferred and hydrogen peroxide generated. To do this, we
constructed a simple 3-electrode cell with a 2 mm diameter
gold working electrode positioned just above a small stir bar in
1 mL of minimal media (see chamber depicted in Scheme 1).
An electrochemical analyzer was used to continuously bias

the gold working electrode (@ −0.5 V vs Ag/AgCl). This
voltage maximizes hydrogen peroxide generation while
avoiding water reduction, which becomes more prevalent
below −0.55 V vs Ag/AgCl.40 Hydrogen peroxide was
measured using a commercially available kit (see Methods).
Results depicting pH-dependence and fouling are summarized
in Figure S1A,B. Briefly, we found that ORR is more efficient
at basic pH, as previously reported,41 and produced sufficient
peroxide at pH 7.5 (see Figure S1A) for subsequent cell-based
experiments. Similarly, fouling only significantly occurred
between the first and second uses of an electrode and was
mitigated by a pre-experiment “passivation” treatment in
minimal media (see Methods). We found passivated electrodes
were repeatably biased generating the same amount peroxide
over the course of at least 5 experiments (see Supporting
Information, Figure S1B).
That is, to test the relationship between charge and

hydrogen peroxide formation, we biased passivated electrodes
in fresh media at constant voltage for different amounts of
time. We then calculated the overall charge transferred and
plotted the peroxide formation vs both charge and the duration
of the applied charge. We observed linear relationships in both
cases: (i) H2O2 vs input time (i.e., reduction duration) and (ii)
H2O2 vs the total charge (see Figures 1B,C, respectively). We
then calculated that the overall energy efficiency of the
peroxide generation process (i.e., the number of electrons
added to oxygen in the form of H2O2 divided by the number of
electrons transferred into the liquid). We found this was
approximately ∼8% for all reduction durations greater than 60
s (Figure S1C). In sum, these results indicated that hydrogen
peroxide was controllably propagated into the biological media
by regulating the time over which we applied a −0.55 V vs Ag/
AgCl reductive potential.
Electrogenetic Activation of Green Fluorescent

Protein (GFP). Next, we investigated the extent to which
electrogenetic control could be propagated into a well-mixed
monoculture using ORR-generated hydrogen peroxide. We
used E. coli with an oxyR-sf GFP plasmid developed
previously29 to test whether increasing the duration of the
ORR procedure (i.e., increasing H2O2 generated) would result
in increasing activation of the oxyS promoter, thus resulting in
increased sfGFP fluorescence (see Figure 2A).
In previous work on hydrogen peroxide-induced cell

motility,42 we found that we needed to balance H2O2
concentration with cell number both to avoid toxicity and to
ensure oxyR-mediated gene expression. Beyond toxicity and
sufficiency for activating a genetic response, was the finding
that E. coli cells could rapidly consume/degrade hydrogen
peroxideeven when 50 μM was added to cultures at OD600

∼ 0.1.43 That said, after mixing both transmitter and receiver
cells together at fixed ratios and cell densities, we found that an
initial OD600 of 0.1 was optimal for generating GFP and for
minimizing deleterious effects on growth (data not shown) in
response to a range of hydrogen peroxide concentrations
(typically less than 50 μM). Then, using the same electro-
chemical cell as described above, we introduced cells into the
ORR cell, biased the electrode to −0.5 V vs Ag/AgCl for
specified times, and then followed cell growth and gene
expression for 3 h in a 37 °C 250 rpm shaker. As anticipated,
we found that increasing the reduction duration resulted in an
increase in fluorescence, but interestingly the response was less
than the fluorescent response of cells induced by a bolus of an
equivalent hydrogen peroxide level (Figure 2B). Specifically,
from Figure 1, we calculated the hypothetical concentration of
H2O2 generated corresponding to a given duration and added

Figure 1. The 2-electron oxygen reduction reaction (ORR) produces
hydrogen peroxide in biological media via a time-dependent
electrochemical electron exchange. (A) The ORR reaction consumes
dissolved oxygen to produce hydrogen peroxide using a reductively
biased gold electrode. The major inputs are (i) the applied voltage
and (ii) the duration of the applied voltage (i.e., the “reduction
duration”). (B) When applying a constant voltage of −0.5 V vs Ag/
AgCl, the amount of hydrogen peroxide measured in the bulk media
(stirred cell) was found to increase linearly with time. (C) Similarly,
the hydrogen peroxide formed was found to be linearly correlated
with the amount of charge transferred, indicating the electronic input
is guiding the overall rate of the reaction in this particular
electrochemical cell. Dotted lines represent 95% confidence interval
of linear fits (n = 3).
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this amount to uncharged cells. In Figure 2B, the cells
supplemented with hydrogen peroxide generated far more
GFP than those exposed to hydrogen peroxide generated at the
electrode, particularly when added at levels exceeding 5 μM.
We hypothesized that these observations were due to either
the degradation of hydrogen peroxide as a function of its
distance away from the electrode surface or the transient
nature by which cells would be induced near the electrode in
corroboration with our prior work modeling hydrogen
peroxide production and cellular degradation in a static
media.29 We note these induction methods are quite different.
In the case of a bolus of hydrogen peroxide added to a stirred
culture, the cells (or a fraction thereof) are exposed to a fairly
uniform concentration.44 In the case of the ORR-generated
peroxide, its appearance occurs over time as well as its
interactions with cells that are in the proximity of the
electrode. Most notably, even in quiescent fluids, our modeling
efforts showed that hydrogen peroxide generated in this
manner accumulated to ∼60 μM at the electrode surface, but
never accumulated beyond 5 mm away from the electrode

owing in large part to its consumption.29 Our data here for the
ORR generated H2O2 are consistent with a situation wherein
only cells that pass nearest the electrode during the reduction
period would experience a concentration of peroxide sufficient
to induce a strong genetic response. Other cells might
experience a far lower concentration, if at all. As a result,
both the per cell fluorescence would be lower and a significant
fraction of cells would be poorly induced throughout the
reduction process.
We ran an experiment to provide additional evidence for the

heterogeneity associated with this induction method. Specif-
ically, we cultivated cells in the presence of ORR run for the
longest reduction duration (1800 s). In parallel, we ran the
ORR reduction in fresh media for the same duration, but
added the cells only after the reaction had completed. In this
way, the peroxide generated would have fully equilibrated
throughout the solution and reached a maximal level. Each
group was then incubated for an additional 3 h and GFP
expression was measured to assess oxyR induction. Interest-
ingly, when cells were added after the peroxide had been fully
generated, we found a lower overall fluorescence (Figure 2C).
Previous modeling had similarly found that the hydrogen
peroxide produced by ORR varies dramatically within 1 mm of
the electrode surface and the gradient was further exasperated
by the presence of cells.29 These results similarly suggest there
exist localized concentration gradients experienced by the cells
during the ORR, and importantly, some cells actually
experienced higher levels of H2O2 than the average (which
would have been the case for the second culture).

Monoculture vs Transmitter/Receiver Signaling. To
further evaluate whether there was heterogeneity in signal
recognition, we characterized the same experiments using flow
cytometry. We also conceived of and tested an information
relay “transmitter-receiver” coculture model depicted in Figure
3A. In this later model, one cell population contains the
plasmid OxyR-LasI-LAA, which produces the LasI bacterial
autoinducer-1 synthase in response to hydrogen peroxide. The
encoded LasI synthase, in effect, “transmits” information in the
form of autoinducer-1 (i.e., N-3-oxododecanoyl homoserine
lactone, abbreviated AI-1) from these “transmitter” cells based
on their perception of the input hydrogen peroxide signal. This
AI-1 molecule then serves as a second chemical messenger. As
a native bacterial signaling molecule, AI-1 is not subject to
rapid degradation or other surface-generated local effects.
More importantly, the information conveyed by this second
messenger is of a different form and the energy provided for its
dissemination stems from the available nutrients. Moreover, it
is not associated with a pathogen, wound, or oxidative stress
alarm (as is H2O2), rather it is a principal form of bacterial
cell−cell conversation and cues bacterial quorum sensing
responses. QS signals are noted in that they provide for a
collective response among a population of cells.45 Incorpo-
ration of different information “types” is an advantage in a
transmitter/receiver communication system in that it enhances
the design space and offers increased opportunity to generate
multiple genetic circuits having different functions. Here, a
“receiver” population responds to the transmitted AI-1 signal
through an AI-1 regulated genetic circuit (i.e., AI-1-GFPmut3)
that can be monitored by measuring GFP fluorescence (Figure
S2A). We found in preliminary tests that an initial ratio of 0.05
transmitter/receivers and an initial overall OD600 of 0.1
resulted in minimal uninduced activation within the receiver
population, while preserving robust peroxide-dependent

Figure 2. ORR induction of OxyR gene circuits is sensitive to
transport limitations. (A) The ORR reaction occurs at the electrode
surface and H2O2 must diffuse into the bulk media. E. coli, however,
rapidly degrades hydrogen peroxide creating a strong localized
concentration gradient decreasing with distance away from the
electrode. The end result is heterogeneous activation within the
population. (B) Hydrogen peroxide induction via bolus (black)
exceeded ORR induction (green) when eliciting a fluorescent
response at equivalent concentrations. (C) When cells were added
after the ORR reaction had completed, thus allowing the produced
hydrogen peroxide to homogenize throughout the solution, the
overall induction was lower, suggesting that the fluorescent response
was subject to localized concentrations of hydrogen peroxide during
the ORR formation.
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activation (Figure S2B). Importantly, we also saw that the
fluorescent signal measured from the coculture seemed to
saturate above 12.5 μM hydrogen peroxide, which is near the
upper limit of producible concentrations using our particular
electrochemical cell (Figure 1B). This suggests that this ratio
of transmitter to receiver cells ought to have a titratable
expression level across the full range of electrochemical inputs.
In order to precisely compare the mono- and coculture

communication modalities via FACS, we reran experiments
with a monoculture of OxyR-LasI-LAA-GFPmut3 (OLG)
using the ORR induction process. That is, in this case, the
transmitter cells produce both the AHL synthase and GFP.
Fluorescence measurements, therefore, directly reflect percep-
tion of the hydrogen peroxide and induction of the AHL
synthase. In Figure 3B, we show results from experiments
where either hydrogen peroxide was added at various
concentrations (middle left panel) or the −0.5 V reducing
potential was applied for various times (bottom left panel).
The data depicted from samples taken 3 h after the charge was
initially applied. We found that the induction of OLG cells in
monoculture increased with hydrogen peroxide and reduction
duration, but the increase caused by ORR induction was
largely produced by a widening of GFP distribution (noted by
the vertical line placed at the leading edge of the t0 sample) or

by a large shift (at 1800 s). In the end and in both cases, the
mean GFP levels reached were ∼2−4 × 103 RFU.
By comparison, in Figure 3C, we found that for the

transmitter/receiver coculture model there was a monotonic
increase in the distribution of GFP with hydrogen peroxide,
irrespective of its mode of addition. Specifically, we observed a
fairly rapid increase in GFP production at the lower levels of
H2O2 addition that appeared to saturate at levels above 12.5
μM. In the case where H2O2 was generated by an electrode, a
steady increase in fluorescence was observed over all times. In
the end, the extent of GFP expression (median level reached)
was significantly greater (∼1−3 × 104 RFU) than the
monoculture model while simultaneously maintaining a lower
robust coefficient of variation (Figure S3). These results
indicate that the transmitter/receiver model resulted in greater
gene expression with a lower variation in fluorescence
activation. Interestingly, if one estimates the amount of H2O2
generated from our results in Figure 2, then for the 1800 s
duration the level of H2O2 would have been 15 μM in total,
suggesting far less electronic energy was expended to achieve
similar results. That is, a transmitter/receiver system that
builds on cell recognition and dissemination also incorporates
biological energy input (i.e., from other sources) and is
typically extraordinarily efficient. We should also highlight here
that the fraction of transmitter cells was initially ∼5% and our

Figure 3. Information transfer through a transmitter/receiver coculture model yielded superior electrogenetic control via the ORR reaction. (A)
Two models were proposed to analyze information transfer from the electrode to the culture: (i) a monoculture model (left) in which hydrogen
peroxide induces GFP expression in a monoculture; (ii) a coculture model (right) in which hydrogen peroxide induces production of an AI-1
molecule by a “transmitter” population which in turn activates expression of GFP in a “receiver” population. We analyzed the monoculture model
(B) and the transmitter/receiver model (C) for fluorescent activation using flow cytometry when adding hydrogen peroxide (middle panel) or
when hydrogen peroxide was produced by ORR (bottom panel). Hydrogen peroxide induction in both models produced bell curves that shifted to
the right in a uniform manner. ORR induction of the monoculture led to a right-shift of the leading edge of the bell curve (bottom left, see vertical
line), while the coculture model saw the entire curve shift with each increased concentration (bottom right). 30 000 cells were measured in every
histogram.

ACS Synthetic Biology pubs.acs.org/synthbio Research Article

https://doi.org/10.1021/acssynbio.1c00522
ACS Synth. Biol. XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/doi/suppl/10.1021/acssynbio.1c00522/suppl_file/sb1c00522_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.1c00522/suppl_file/sb1c00522_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssynbio.1c00522?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.1c00522?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.1c00522?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.1c00522?fig=fig3&ref=pdf
pubs.acs.org/synthbio?ref=pdf
https://doi.org/10.1021/acssynbio.1c00522?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


FACS data from 3 h later confirms that they did not
accumulate as a dominant fraction.
In Figure 4A,B, we defined activation gates for each model

system to analyze the percentage of induced cells in each case

relative to the median fluorescence of the entire system (see
Methods). The results of this gating (green dots, right axis) are
shown in the right panel for both the monoculture (Figure 4A)
and the coculture transmitter/receiver model (Figure 4B). The
median fluorescence of the entire population is shown on the
left axis (black dots). In the monoculture, the fraction that was
activated reached 25% after 960 s of applied charge.
Comparing the results at different reduction durations
confirmed that the induction process was uneven across the
population because the “activated” fraction remained low
despite increases in the median RFU. Therefore, the increases

in fluorescent for the monoculture model were predominantly
coming from a small-fraction of highly activated cells.
Conversely, virtually 100% of the cells in the coculture were
activated with less than 600 s of applied charge. Further, the
mean fluorescence in the coculture was ∼15-fold higher than
the monoculture. Given that the monoculture model is a
comparable indicator of transmitter activation within the
coculture model, this indicates that the enhanced activation in
the coculture occurs due to communication. This is evident by
comparing the activation at 600 s reduction duration: the
coculture model is 100% activated despite the monoculture
model being less than 15% activated at the same input.
It is particularly interesting to directly compare the specific

RFU values between the monoculture and the transmitter/
receiver cases (the transmitter/receiver fluorescence far
exceeding that of the monocultures). That is, there is
approximately 10-fold more GFP produced when the original
electronic signal is translated into a chemical QS signal and
propagated among the cells. Both the per cell expression level
was increased as well as the total number of activated cells. In
Figure 4C, we normalized the fluorescence data to the null
control samples and plotted the resultant fluorescence data per
cell as a function of the duration of our applied voltage. We
found a roughly 30-fold increase in the case of the coculture
signal propagation model, demonstrating even more clearly the
benefit of transforming the initial electrochemical signal to a
chemical second messenger as a means for controlling the
coculture output.

Signal Propagation for Small Molecule Production. In
order to demonstrate utility for electrogenetic actuation and
biological signal propagation, we designed a coculture system
wherein the receiver population makes a product of interest
instead of a GFP marker. Further, we engineered two receiver
strains that would synthesize and secrete the aromatic amino
acid, tyrosine, as a result of receiving the AI-1 signal
transmitted by the transmitter population. Additionally, to
demonstrate the added design flexibility brought about by
incorporating synthetic biology into signal propagation, we
introduced two independent strategies for information transfer,
both enabling tyrosine production (scheme in Figure 5A,B). In
the first case, the well-studied tyrosine enzymatic synthesis
pathway46 is activated by the AI-1 signal through the induced
expression of the aroG, aroE, and tyrA genes. In the other case,
the identical pathway is present but constitutively expressed. In
this case, we instead activate ptsH, the enzyme encoding HPr, a
key component of hexose uptake in the PTS system. As a
result, cells expressing the ptsH gene grow faster in response to
an AI-1 signal forwarded by the transmitter population.2 This
results in increased metabolic activity and number of faster-
growing tyrosine-producing cells. In both cases, all cells (i.e.,
transmitter and receiver) were electronically induced as
described earlier and then grown in a 37 °C, 250 rpm shaker
for 24 h. We subsequently measured tyrosine using an
electrochemical assay (Figure S4A,B). That is, at ∼0.65 V vs
Ag/AgCl the concentration of tyrosine is electronically
measured from the peak current (see Methods).
In the case where we induced the pathway enzymes (Figure

5A), the tyrosine concentration increased concomitantly with
reduction duration (from 0 to 900 s) with levels steadily
increasing from ∼0.04 to 0.08 g/L. This plateaued between
900 and 1800 s. These levels are consistent with our earlier
work measuring AI-1 from pathogen samples using the same
plasmid.34 For the growth-regulated model (Figure 5B), we

Figure 4. Coculture communication can relay electronically trans-
mitted signals to homogenize the response of the overall culture. To
analyze heterogeneous activation, for both the monoculture (A) and
transmitter/receiver models (B), a fluorescent “activation” gate was
defined such that any cell of greater that the ∼95th percentile of the
null control would be considered strongly induced. (A) Median
fluorescent intensity (black) increased with reduction duration (i.e.,
charge) in the monoculture model; however, the average percentage
of activated cells (green) remained low (<30%) over the full range of
applied charge (1800 s duration). (B) Within the transmitter/receiver
coculture model, both the median fluorescence (black) and the
percent of activated cells (green) increased rapidly with increasing
charge, indicating a homogeneous response. (C) The transmitter/
receiver model greatly outperformed the monoculture model,
achieving a ∼30 fold increase in gene expression across the charge
levels tested. Values were normalized to their uninduced condition.
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found that cells produced ∼0.15 g/L tyrosine or about twice
that of the pathway induced system. We should note that we
have not optimized either system, but instead provide these as
examples demonstrating the flexibility in developing synthetic
biology constructs with different genetic circuits that in effect
carry out the same overall function.
In this latter case, to test whether the increased tyrosine was

attributed to the relative number of tyrosine producing cells,
we modified the second population so that it would fluoresce
red and also grow faster. Specifically, we performed an
additional set of experiments wherein we constitutively
expressed dsRed in addition to the aroG, aroE, and tyrA
genes in the receiver cells. We first measured the fluorescence
as a function of OD in these cells expressing dsRed after
overnight induction with AI-1 (Figure S5A; see Methods). We
found a linear result (R2 > 0.99). Then, we carried out exactly
analogous experiments as in Figure 5B and measured the total
OD and fluorescence of the coculture. Using these numbers
and the standard curve in Figure S4A, we calculated a rough

composition of dsRed-expressing tyrosine-producing cells as a
function of reduction duration (Figure S5B). As anticipated,
the resulting trends were nearly identical with the previous
tyrosine measurements in Figure 5B. That is, we found that the
amount of tyrosine produced per OD increased with
composition and reduction duration (Figure S5C) but also
that the amount of tyrosine produced per OD was roughly
constant when adjusting the calculation to only use the cell
density of the producer fraction (Figure S5D).
These two modes by which the original electronic signal is

disseminated into the coculture demonstrates both the pros
and cons of either directly regulating metabolic flux or instead,
changing the proportion of cells within a coculture. More
importantly, however, it shows how an electronic signal can be
translated into a biological signal that, in turn, can be used in
many ways by integrating with designs of synthetic biology.
Direct regulation potentially has finer control if the promoter
(i.e., transcriptional regulation) is titratable. But, this method
may be more difficult to use for maximal output as a variety of
factors, such as repressor expression, gene copy number, and
metabolic burden might need to be optimized and this
optimization might be altered when in mixed culture and in
dynamically changing environments. Conversely, while it may
be challenging to exert fine control over coculture
composition, the total batch output might be more easily
maximized relative to the output of a monoculture as cell
growth perturbations might more easily accommodate internal
flux distributions, as noted by the benefits of QS-based
autoinduction systems.
These experiments further demonstrate the potential for an

electrochemical control process in which electrogenetic signals
can be used to increase genetic expression within a reactor,
particularly when signals can be transformed and stably
propagated. Finally, because we made tyrosine, one could
use oxidative voltammetry to dynamically monitor product
formation. While this is beyond the scope of the present work,
we are currently investigating such an approach, including with
other redox active outputs of receiver cells.29

In summary, we have shown that redox electrogenetics can
be used to stimulate and guide coculture production and
composition. We found that both the information transfer and
overall efficiency of signal transmission is high using the ORR
reaction in a transmitter/receiver architecture. That is, while
the information content transmitted from the original
electrode was only 8% efficient (i.e., electrons absorbed by
oxygen relative to transmitted electrons), the addition of
transmitter cells that use available carbon and other nutrients
serves to amplify and transform the original electrical signal
into a second and more robust message that reduces losses
from heterogeneous induction. As a result, we found the use of
the transmitter/receiver coculture system enabled a ∼30×
greater range of control than was possible for the monoculture.
These enhancements thereby enabled regulation of both
metabolite production and coculture composition in a manner
that would not be possible otherwise.
It is also noteworthy that our system takes partial advantage

of lossy, noisy signal activation (i.e., here meaning localized
signal presentation, uneven activation across the population,
and signal sensitivity to stochastic effects47). Specifically, the
number of cells in the transmitter population that were
induced by passing the electrode surface was essentially
proportional to the reduction duration (i.e., increasing the time
increases the probability a cell will pass close enough to the

Figure 5. ORR electrogenetic control is well-suited both for
controlling gene expression and for altering coculture composition
during small molecule synthesis. (A) Using ORR to regulate
transmission of an AI-1 signal, we found that an applied charge
could be used to directly control the synthesis of tyrosine in an AI-1
sensitive producer strain. Here, tyrosine is measured electrochemically
using differential pulse voltammetry (DPV), laying the framework for
a full electrochemical feedback system. (B) Similarly, ORR could also
be used to increase the growth rate of cells that constitutively produce
tyrosine, thereby changing the overall composition of the batch
culture. The end result was an increase in tyrosine concentration
alongside concurrent increases in producer density (see Figure S5).
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electrode to become activated). From the perspective of the
original input being the current associated with the applied
voltage, noisy (or partial) activation can also be attributed to
the relatively low conversion efficiency to hydrogen peroxide.
Our estimates are that roughly 109−10 electrons were
discharged into the solution that actually resulted in cell
activation (actuated genetic circuit). This reduces even further
the amount of original signal actually transmitted. Somewhat
paradoxically, the consequence is this lossy, noisy electro-
activation serves to fine-tune the population-level recruitment
of transmitters. Then, because the transmitters emit QS signals
that natively transition the receiver cells to a collective, the
incorporation of a second messenger relay further fine-tunes
the system-level response. Additionally, the propagation of the
second messenger is enabled by available nutrients, not
externally applied energy. By comparison, a lossless system
that has the same number of electrons dischargedbut with
perfect catalytic formation of hydrogen peroxide and complete
activation of the entire transmitter populationwould not
contain any intermediate population distributions of trans-
mitter activation between the maximum and minimum signal
inputs, and would therefore result in a step-function in receiver
cell fluorescence. Our reflection on noise propagation is
consistent with previous studies addressing how native cellular
ensembles enhance communication capacity through stochas-
tic and localized effects.48 We suggest that our study represents
a clear demonstration of the robust nature by which cocultures
might prove useful to mitigate design constraints of individual
cells (i.e., limited signal sensitivity and genetic responsiveness)
through communication flow between specialized modules.21

Lastly, our general structure of signal propagation, from
surface-based electronic to bulk biological, also shows how
electrogenetic control schemes might naturally and efficiently
fit within broader systems, such as those that rely on chemical
inducers, like acylated homoserine lactones, originating and
moving throughout a transport system from a variety of points
of originin this case cells induced near the electrode surface.
In the future, we believe this methodology can be extremely

effective at communicating with a variety of organisms
simultaneously, as is common in the various microbial niches
like the gut microbiome49 or the rhizosphere.50 Electrogenetic
devices might be constructed for use in these environments
enabling systemic changes to either natural and/or engineered
microbial networks that extend far beyond the original signal
source.51 Similarly, cocultures enable divisions of labor within
biomanufacturing and they can result in robust coordination.52

We suggest these activities can easily be plugged into modular
electronic-to-cell transmitter communication schemes.53 Orig-
inating signals can reverberate throughout a system based upon
the production or degradation of a variety of secondary
messengers, each activating autonomous circuits of simple or
more complex function (e.g., oscillators).54,55 It is also
possible, due to the spatial confinement of the electrochemi-
cally produced signal, to multiplex the response based upon the
positions of a variety of transmitter cells. We believe these new
types of devices will enable unique forms of biocontrol
throughout therapeutic, remedial, and manufacturing land-
scapes.
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