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A B S T R A C T   

There is much to be gained by enabling electronic interrogation and control of biological function. While the 
benefits of bioelectronics that rely on potential-driven ionic flows are well known (electrocardiograms, de-
fibrillators, neural prostheses, etc) there are relatively few advances targeting nonionic molecular networks, 
including genetic circuits. Redox activities combine connectivity to electronics with the potential for specific 
genetic control in cells. Here, electrode-generated hydrogen peroxide is used to actuate an electrogenetic “relay” 
cell population, which interprets the redox cue and synthesizes a bacterial signaling molecule (quorum sensing 
autoinducer AI-1) that, in turn, signals increased growth rate in a second population. The dramatically increased 
growth rate of the second population is enabled by expression of a phosphotransferase system protein, HPr, 
which is important for glucose transport. The potential to electronically modulate cell growth via direct genetic 
control will enable new opportunities in the treatment of disease and manufacture of biological therapeutics and 
other molecules.   

1. Introduction 

Synthetic biologists have engineered microbes to carry out wide- 
ranging functions in an array of applications (Cameron et al., 2014). 
Examples include microbes that detect hazardous molecules in envi-
ronmental samples (Roggo and van der Meer, 2017; Cai et al., 2018; 
Kang et al., 2018), seek out a specific locale (McKay et al., 2017), and 
synthesize and secrete pathogen-specific toxins or disease-specific 
therapeutics in complex environments (Hwang et al., 2017; McKay 
et al., 2018). The power of these systems often lies in the cell’s ability to 
synthesize a wide range of biological molecules, and to do so as pro-
grammed (at specific times, in response to specific environmental con-
ditions, etc.). Notably, there has also been a rapid expansion of studies in 
which the function-triggering cue has not been an environmental factor 
or chemical, but a signal completely orthogonal to the metabolic activity 
of the host cells. For example, systems built on optical (Olson et al., 
2014), magnetic (Stanley et al., 2015) and even electronic inputs have 
appeared (Tschirhart et al., 2017). These stimuli are particularly 
attractive in that they can be applied via external means, including for 

applications in vivo where adding a chemical inducer can be difficult or 
impossible. For instance, Stanley et al. developed a system for magnet-
ically triggered release of insulin from mammalian cells (Stanley et al., 
2015). We introduced electronic control of target gene expression by 
tapping into the switchable oxidation state of native redox active mol-
ecules (Tschirhart et al., 2017; Bhokisham et al., 2020). This allowed 
electronic access to an array of biological molecules or functions that 
can be synthesized or carried out by cells. This strategy expanded the 
capabilities of electronic systems, which are ubiquitous in modern 
society. 

Electronic control of target gene expression using redox-active 
molecules is still in its infancy, however, with few examples that have 
appeared. Weber et al. electrochemically oxidized ethanol to acetalde-
hyde to regulate expression from an acetaldehyde-inducible promoter in 
mammalian cells (Weber et al., 2009). Krawczyk et al., developed 
transgene expression based on voltage-gated ionic currents for insulin 
release in diabetic mice (Krawczyk et al., 2020). To engineer electronic 
actuation of gene expression in bacteria, Tschirhart et al. coopted the 
SoxRS system (Tschirhart et al., 2017), which natively regulates the cell 
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oxidative stress response (Tsaneva and Weiss, 1990). The authors found 
that by using the redox-active molecule pyocyanin (Dietrich et al., 2008) 
and the mediator ferricyanide, soxS promoter activity could be 
controlled electrically. They demonstrated electronic control of both 
quorum sensing (QS) signaling and chemotaxis. Bhokisham et al., used a 
similar system for electronic control of CRISPR components in 
spatially-controlled environments (Bhokisham et al., 2020). More 
recently, Terrell et al. generated hydrogen peroxide at an electrode 
surface to regulate a gene of interest from the oxyS promoter (Terrell 
et al., 2021). That is, the OxyRS regulon is sensitive to hydrogen 
peroxide (Virgile et al., 2018; Rubens et al., 2016), which in turn can be 
generated at a gold electrode surface through reduction of oxygen 
(Qiang et al., 2002; Sanchez-Sanchez and Bard, 2009). By engineering 
cells so they could adhere to a gold electrode surface, they showed that 
an electrical signal could be imparted to a surface-bound population, 
transformed to a biological signal (bacterial autoinducer), and then 
emitted to second and third populations in the bulk media. The second 
population confirmed signal fidelity while the third population was 
programmed to release cargo, such as a GI tract biotherapeutic. 

In parallel and in an analogous manner, synthetic biologists have 
also designed co-cultures and consortia to carry out desired functions 
wherein tasks are divided among subpopulations (Jawed et al., 2019). 
Each subtask of an overall function is built into an individual strain 
optimized to carry out a part of the whole. Then, optimized sub-
populations are assembled so that the overall function is enabled from 
the component parts. These systems provide more design options and 
potentially more capability, but their compositions must be regulated. 
We showed how rewired bacterial quorum sensing could enable 
autonomous subpopulation control, based on endogenous signaling 
(Stephens et al., 2019). 

Recognizing that compositional control might also benefit by the use 
of exogenous cues, in this work, we rewired the OxyRS system to enable 
electronic control of cell growth. To enable cell growth rate control of a 
target population, we chose to use an intermediate population that 
would first detect the electrically generated signal and convert that into 
a more stable, longer lasting signal that subsequently regulates the 
growth rate of the target population. Hence, our system consists of two 
cell populations (Fig. 1). The first population, the “relay” cells, detect 
hydrogen peroxide generated at a gold electrode, and produce bacterial 
autoinducer, AI-1. The specific AI-1 signal used here, N-3-oxo- 

dodecanoyl-L-homoserine lactone, is native to Pseudomonas aeruginosa 
(Miller and Bassler, 2001). This quorum sensing autoinducer has been 
widely used within synthetic biology systems that rely on cell-cell 
signaling because of its simplicity (i.e., one signal synthase, LasI, and 
a cognate transcriptional regulator, LasR) and well-characterized ge-
netic control. Moreover, AI-1 freely diffuses through cell membranes, so 
the message can be carried to many cells. The second population that 
responds to the relayed signal and, in effect, controls the population 
profile, is referred to as the “controller” cells; they detect AI-1 (the signal 
relayed from the electrode) and grow faster in response. The relay cells, 
which detect hydrogen peroxide, are based on our previous work with 
cells that are adhered to a gold electrode (Terrell et al., 2021). Here, we 
altered the design by showing that these cells need not be adhered to a 
gold electrode but can translate hydrogen peroxide signals while in the 
bulk media. Importantly, the “relay” strain converts the hydrogen 
peroxide signal that is generated at the electrode, into a relatively more 
stable AI-1 signal. That is, E. coli rapidly consume hydrogen peroxide 
(Virgile et al., 2018), which is not the case with AI-1. The AI-1 signal is 
then dispersed throughout the bulk media (through stirring or shaking), 
where it regulates the growth of the “controller” strain. We used a 
slow-growing host as the relay strain so that the relayed signal generated 
at the electrode is imparted to the main population of interest (the 
controller strain) and the “relay” strain remains a minor constituent of 
the whole. We also chose to use the P. aeruginosa LasI-synthesized AI-1 as 
the intermediate signal, as this quorum sensing molecule can be easily 
produced by a small number of cells at high concentrations (relative to 
the concentration required for induction of the AI-1 promoter in the 
controller population). The “controller” strain was previously developed 
for AI-1 modulated cell growth by repurposing the phosphotransferase 
system (PTS) protein, HPr (Stephens et al., 2019), which is important in 
uptake of PTS sugars (such as glucose) into the cell (Deutscher, 2008). In 
that work, we showed that an engineered co-culture could detect the QS 
molecule AI-2 and autonomously adjust its culture composition through 
AI-1 signaling (Stephens et al., 2019). Here, we show that an external 
user can electrically modulate the growth rate of the controller strain 
and hence, the culture composition. 

We first constructed and characterized the “relay” strain in a new 
host with attenuated growth and accentuated relay capabilities. Then, 
we co-culture the relay and controller strains, and demonstrate the 
ability to increase the growth rate of the controller strain by applying an 
electric potential using a gold electrode. In doing so, we also demon-
strate electrical alteration of the resulting co-culture composition. 

2. Results 

2.1. Design and characterization of the “relay” cell 

The relay population was designed to detect hydrogen peroxide and 
respond by synthesizing AI-1. Plasmid pOxyRS-LasI (Terrell et al., 2021) 
contains lasI, which synthesizes AI-1 under the hydrogen 
peroxide-sensitive oxyS promoter (Fig. 2a) and is adapted from a vector 
designed for peroxide induced gene expression (Rubens et al., 2016). We 
previously modified lasI to incorporate a degradation tag (Andersen 
et al., 1998) at the C-terminus to limit AI-1 production after the 
hydrogen peroxide has been consumed (Terrell et al., 2021). In Fig. 2, 
we tested the lasI construct in the original NEB10β host, as well as a slow 
growing PH04 host. PH04 is a ptsH knockout derived from E. coli W3110 
(Stephens et al., 2019; Ha et al., 2018), and is deficient in glucose up-
take. We note that ptsH encodes the protein HPr. We hypothesized that 
by using PH04 as the host, the relay strain would not compete well with 
other populations for glucose in the media and would be less likely to 
overtake the culture if cultured with other populations. Here, we tested 
whether PH04 pOxyRS-LasI could synthesize AI-1 at sufficient levels to 
enable genetic control in engineered receiver cells (>~20 nM23). We 
compared AI-1 synthesis in both the PH04 and NEB10β hosts (Fig. 2b). 
Cultures were inoculated at a starting OD600 of 0.01 and 0–50 μM 

Fig. 1. Scheme for electronic control of cell growth rate through hydrogen 
peroxide generation. 
Hydrogen peroxide is generated at the surface of a gold electrode. The “relay” 
cells (blue) detect hydrogen peroxide and synthesize AI-1 in response. The 
“controller” cells (red) detect AI-1 which activates production of HPr, enabling 
these cells to grow faster. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 

K. Stephens et al.                                                                                                                                                                                                                               



Metabolic Engineering Communications 13 (2021) e00176

3

hydrogen peroxide was added. We chose to use 0–50 μM hydrogen 
peroxide, as previous results showed that 25 μM hydrogen peroxide 
resulted in strong activation of the oxyS promoter (Virgile et al., 2018). 
After 5.5 h, cell density was measured and conditioned media samples 
were collected for analysis of extracellular AI-1. This time frame was 
expected to be sufficient for the cells to both consume the hydrogen 
peroxide and produce AI-1 (Virgile et al., 2018). Hydrogen peroxide 
resulted in significant synthesis of AI-1 (as expected). PH04 cultures 
produced less AI-1 than NEB10β cultures. However, both strains pro-
duced sufficient AI-1 for signaling to a second population (previous re-
sults show that around 100 nM AI-1 produces the maximum response in 
the controller cells (Stephens et al., 2019)). Importantly, the PH04 relay 
cells grew to significantly lower cell densities over the 5.5 h than the 
NEB10β cells. PH04 densities ranged from OD 0.036 (0 μM H2O2) to 
0.020 (50 μM H2O2), while NEB10β densities ranged from OD 0.94 to 
0.10. We note that the insert shows the PH04 cell density data on an 
expanded y-axis to clearly see the effect of hydrogen peroxide on cell 
density in this strain. Hydrogen peroxide addition caused this drop in 
final cell density. In previous studies using a much higher starting cell 
density (approximately OD600 ~ 0.5 compared to OD600 ~ 0.01 used 
here), 50 μM hydrogen peroxide did not affect cell growth (Virgile et al., 
2018). The difference here was likely due to the low initial cell density, 
which affects the rate of hydrogen peroxide consumption and hence, 
overall toxicity (Virgile et al., 2018). Although the cell density after 5 h 
is lower for higher hydrogen peroxide concentrations, it remains evident 
that the cells were highly activated as the AI-1 production remained 

high despite the lower cell density. 
Next, we characterized AI-1 production in the PH04 relay strain over 

time for a range of hydrogen peroxide concentrations. We started with 
an initial OD600 of approximately 0.03, added 0–50 μM hydrogen 
peroxide, and collected samples to measure extracellular AI-1 every 
hour (Fig. 3a). Cultures without hydrogen peroxide produced little to no 
AI-1. Generally, higher concentrations of hydrogen peroxide resulted in 
higher synthesis of AI-1, and the majority of the AI-1 synthesis occurred 
within the first 2 h. We also measured cell density over time and found 
that the effects of hydrogen peroxide with a 0.03 initial OD600 had only a 
minimal effect on growth (Fig. 3b). This is contrary to Fig. 2, where 
similar hydrogen peroxide conditions decreased cell growth rate but 
with initial OD600 of ~0.01. Cells naturally consume and remove 
hydrogen peroxide. Starting with a higher cell density increases the rate 
of hydrogen peroxide removal and reduces the amount of hydrogen 
peroxide consumed on a per cell basis, which likely explains the toxicity 
of hydrogen peroxide at lower starting cell densities. These data reflect 
the transient nature of the initial hydrogen peroxide signal relative to 
the number of relay cells and the potential for influencing the subse-
quent AI-1 levels and signal propagation. 

3. Electronic control of cell growth through peroxide generation 

To demonstrate electronic control of cell growth rate, we co-cultured 
the relay cells, PH04 pOxyRS-LasI, with the growth controller cells, 
PH04 pAHL-HPr (Stephens et al., 2019) (Fig. 4). pAHL-HPr contains the 

Fig. 2. Comparison of relay cell behavior in different host strains. 
a) Scheme of peroxide-induced AI-1 from plasmid pOxyRS-LasI. Hydrogen peroxide reduces OxyR, which then activates the oxyS promoter and initiates transcription 
of lasI and subsequent synthesis of AI-1. b) NEB10β pOxyRS-LasI and PH04 pOxyRS-LasI were inoculated to a starting OD of 0.01. Hydrogen peroxide, ranging from 
0 to 50 μM, was added to each culture as indicated. After 5.5 h of growth, samples were collected for measurement of AI-1 levels and cell density (OD600). Error bars 
represent s.d. of technical duplicates. The small insert shows the cell density data for the PH04 strain with an expanded y-axis. 

Fig. 3. AI-1 Production in relay cells over time 
PH04 pOxyRS-LasI were inoculated to a starting OD of 0.03. A range of hydrogen peroxide concentrations were added to cultures as indicated (t = 0). Samples were 
collected for measurement of extracellular AI-1 (a) and cell density (OD600) (b) every 60 min. Error bars represent s.d. of technical duplicates. 
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ptsH gene (encoding HPr) under the AI-1-activated promoter. We pre-
viously showed that the growth rate of the controller cells increases with 
increasing AI-1 (up to about 100 nM AI-1). This strain also constitutively 
expresses the fluorescent protein dsRedExpress2 so that it can be 
distinguished from other populations in the culture. HPr is a small, 
cytoplasmic protein that is involved in uptake of all PTS carbohydrates 
(as opposed to other PTS enzymes that specifically recognize particular 
carbohydrates or are associated with the cell membrane) (Deutscher, 
2008). PH04 pAHL-HPr and PH04 pOxyRS-LasI were grown initially as 
monocultures in M9 minimal media to mid-exponential phase. They 
were then inoculated to a combined starting cell density of approxi-
mately OD600 0.05 at a ratio of 4:1 relay to controller cells. The 
co-cultures were transferred to glass vials for electrical induction 
(Fig. 4a). A gold electrode (2 mm diameter circle), 4-inch platinum 
counter wire, and Ag/AgCl reference electrode were inserted into the 

liquid culture. To electrically induce each culture, a fixed voltage of 
− 0.5 V vs. Ag/AgCl was applied using the gold electrode for a specified 
amount of time. The applied voltage results in reduction of oxygen at the 
surface of the electrode and hydrogen peroxide formation (Qiang et al., 
2002; Sanchez-Sanchez and Bard, 2009). Increasing the time duration of 
the applied voltage increases the amount of peroxide generated by the 
electrode. Electrical induction took place at room temperature, and a stir 
bar and stir plate were used to continuously mix cultures during in-
duction in order to both maintain the dissolved oxygen availability as 
well as to distribute the generated peroxide throughout the bulk solu-
tion. An experimental condition where 25 μM hydrogen peroxide was 
added instead of an applied voltage was used as a positive control. After 
induction, all cultures were transferred to culture tubes and placed in a 
shaker at 37 ◦C. We note that this is a modified scheme compared to our 
previous work. In our previous work (Terrell et al., 2021), the peroxide 

Fig. 4. Electronic control of cell growth rate. 
PH04 pOxyRS-LasI (relay cells) and PH04 pAHL-HPr (controller cells) were co-cultured together. The co-cultures were induced at an approximate starting cell density 
of OD600 = 0.05 at a ratio of 4:1 relay to controller cells. A fixed voltage of − 0.5 V was applied to the cultures for the amount of time indicated (in seconds). As a 
positive control, 25 μM hydrogen peroxide was added in place of electric charge. The controls labeled “Ctl” indicate that strain PH04 pCT6 (which does not synthesize 
AI-1) was used instead of PH04 pOxyRS-LasI to test the effect of charge application or peroxide addition on the co-cultures (independent of AI-1). Time (x-axis) 
represents the length of time the cultures were incubated after induction. Scheme of experiment (a), AI-1 levels (b), cell density (c), fluorescence measured via a plate 
reader (d), and the fraction of the controller cells measured via microscopy and ImageJ analysis (e) are shown. Note that the controller cells constitutively express the 
fluorescent protein dsRedExpress2. Error bars represent s.d. of biological triplicates. 
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detecting cells were adhered to a gold chip. Further, two half-cell re-
actions were used, where the gold electrode and sample were in one cell 
and the counter electrode was in a second cell (connected by a salt 
bridge). Here, the relay cells are in the bulk media with the controller 
cells and the working and counter electrodes are both in a single cell, 
negating the requirement for the second cell and salt bridge. We also 
used a standard gold electrode instead of a larger gold chip. The different 
schemes may have use for different applications depending on whether 
the bulk solution can be mixed or whether there is a need to localize 
different populations in specific spaces. 

After electrical induction and incubation of the relay and controller 
co-cultures, samples were collected for measurement of AI-1, cell den-
sity, and culture composition at various time points (Fig. 4b–e). As ex-
pected, applying voltage increased AI-1 levels in the culture (measured 
after 5 h, Fig. 4b). The difference in AI-1 levels between a 900 s and 450 s 
applied charged was nearly two fold, while increasing the charge length 
to 1800 s (30 min) did not have a significant additional influence. That 
said, in all induced cases, sufficient AI-1 was made and secreted to 
activate a maximal response in the controller cells (>~100 nM). 

To confirm increased growth rate in the controller strain, we 
collected samples of the co-cultures 5 h and 8 h after induction for 
measurement of cell density (Fig. 4c). We engineered the controller 
strain to constitutively express a fluorescent marker, dsRed, so that 
measurement of red fluorescence over time served an indicator of the 
controller cell fraction within the co-culture (Fig. 4d). At 5 h, induced 
cultures were observed with increased cell density and, importantly, 
dsRed expression relative to uninduced cultures. This trend was also 
observed in samples from 8 h of culture. For the conditions tested, these 
results appeared to be “on” or “off” rather than a gradient of response; all 
induced cultures synthesized sufficient AI-1 to fully activate the 
controller cells. Additional experimental controls were used to test the 
effect of application of voltage on cell growth and culture composition 
independent of AI-1 generation (Fig. 4c, d, green bars labeled ‘Ctl’). In 
these cultures PH04 pCT6 was used in place of PH04 pOxyRS-LasI as a 
defective relay population. The plasmid pCT6 was included to maintain 
ampicillin resistance. In this way, no AI-1 was generated (due to a lack of 
lasI) so that any potential detrimental effects of the applied voltage or 
hydrogen peroxide generation on cell growth could be assessed. As 
indicated in Fig. 4c–d, no deleterious effects on either cell growth or 
culture composition were observed. 

After 24 h of culture, we collected final samples and used microscopy 
and ImageJ to estimate the culture compositions. Electrical activation 
resulted in a shifted consortia population from less than 25% to over 
70% of controller cells (expressing dsRed) compared to cultures where 
no charge was applied (Fig. 4e). A bulk fluorescence measurement 
(using a plate reader) was also taken at this point (Fig. 4d) and showed 
similar trends to the microscopic analyses. 

We then calculated the specific growth rate of the cultures using the 
5 and 8 h cell density data, and found the cultures with no applied 
charge had a specific growth rate of 0.17 hr− 1 compared to a growth rate 
of 0.27 hr− 1 for the cultures with an 1800 s applied voltage (Fig. 4f). 
These are the average specific growth rates for the entire co-culture 
(accounting for both the relay and controller cells); the differences in 
growth rate of the controller cells in the induced and un-induced strains 
accounted for this difference. We estimated the growth rate of the 
controller cells between the 5 and 8 h marks by assuming that the ratio 
in the uninduced culture at 5 h was the same as at the start of the 
experiment (about 20% controller cells) and that the relay population 
and uninduced controller population grow at the same rate. We found 
that the controller cells in the population with an 1800 s applied voltage 
grew about 60% faster than the controller cells in the uninduced pop-
ulation (Fig. 4f). This growth rate increase was similar for the cells 
induced for shorter times (i.e., 450 & 900 s). 

4. Discussion 

Electronic modulation of gene expression provides a new avenue for 
programming and controlling synthetic biology systems. Here, we 
demonstrate electronic modulation of target gene expression and sub-
sequent biomolecular signal generation to stimulate growth rate of one 
population in a bacterial co-culture. In this case, we exploit the con-
version of an electronically stimulated redox active molecule with 
limited half-life to a QS autoinducer known to affect cells in mixed 
cultures and at different length and time scales. That is, the “relay” 
subpopulation detects the hydrogen peroxide generated by the electrode 
and produces an AI-1 signal. This signal alters the growth rate of the 
“controller” strain. We found a significant effect – a 60% increase in the 
cell growth rate. Electrically induced cultures grew to more than 3 times 
the cell density after 5 h compared to cultures that were not induced. 

We constructed the relay population in a slow-growing host strain 
(~μ = 0.2 hr− 1 in M9 media), and showed that the relay population was 
able to produce sufficient AI-1 to activate the controller cells. It is also 
possible that the relay cells, by producing AI-1 which can diffuse 
throughout the culture, may allow the controller cells to be activated 
more uniformly than if HPr was directly modulated by hydrogen 
peroxide, which is rapidly consumed by the cells nearest the electrode 
(Virgile et al., 2018). We note that there is likely a steep gradient of 
hydrogen peroxide within the culture (which is stirred during induc-
tion). We expect, however, that the AI-1 signal will persist much longer 
in the culture, contributing to the sustained and significant changes 
observed in cell growth rate. 

Interestingly, the data shown here suggest a robust “on/off” switch, 
more so than finely tuned control that might generate an intermediate 
growth rate at intermediate levels of signal generation. This “on/off” 
attribute can be a strength in that one could employ a separate control 
variable to depress growth rate, rather than focus on developing a more 
sophisticated genetic circuit within the engineered cell that would “hit” 
the intended growth rate based on the prevailing signal molecule con-
centration. The latter is particularly challenging in that the initial signal 
molecule concentration perceived by the cell determines the future 
genetically-encoded trajectory of that cell (Servinsky et al., 2016; Ueda 
et al., 2019). Further, this process is often characterized by long time 
constants, longer than those that could change the extracellular signal 
molecule concentration. Indeed, other control variables could be 
employed in parallel with a modified genetic circuit, to enable more 
rapid response, such as dilution. We suggest that by incorporating 
electronics, one can more easily control a complex biological system, 
wherein one accommodates the overall process time constants rather 
than the dynamics of a specific genetic circuit. The utility of an elec-
trogenetic “on/off” switch can be envisioned by the analogous “on/off” 
thermostat that controls the temperature in a house (that may take a 
long (or short) time to heat or cool based on the prevailing conditions). 

In sum, we believe there is great utility for electronically modulating 
cell growth rate, an additional feature to our earlier work showing 
electronic actuation of gene expression (Tschirhart et al., 2017). We 
anticipate wide ranging applicability for this concept. Consider appli-
cation in microfluidic systems, such as animal-on-a-chip devices, where 
controlled cell growth rate would be advantageous but has yet to be 
reported. To alter growth rate, one would typically alter nutrient levels 
and because fluids are spatially segregated, additional serpentine mixing 
modules, pumps, valves, etc, would be needed. Instead, the placement of 
an electrode that spans the width of a microfluidic channel could, at one 
time, stimulate all cells in that channel and in a specific region of that 
channel. By extension and by incorporating the results here, one could 
potentially modulate the growth rate of a specific strain within a mi-
crobial community and at a specific site, thereby guiding a population of 
cells to perform complex functions. In turn, complex microbiomes, 
where consortia provide for homeostasis might be a target. For example, 
ingested miniaturized devices, such as “smart” pills, are now integrating 
constructs of synthetic biology (Mimee et al., 2018). Mimee et al. 

K. Stephens et al.                                                                                                                                                                                                                               



Metabolic Engineering Communications 13 (2021) e00176

6

demonstrated in vivo application of an ingestible pill containing 
heme-detecting bacteria (Mimee et al., 2018). A next step might be 
signal or therapeutic delivery from other resident electronically-cued 
bacteria, or alteration of nearby strains within the microbiome that 
are engineered to receive signals from the pill. We anticipate both 
increased application of electrogenetic control and increased complexity 
of synthetic biology constructs in similar devices for diagnosis and 
treatment of disease, particularly in complex environments like the GI 
tract where modulation of chemical signaling is extremely difficult. 
Technologies for electronic actuation of gene expression, or control of 
cell growth rate, as demonstrated here, would complement methodol-
ogies designed for electronic reporting of gene expression (Tschirhart 
et al., 2016), or population size (Din et al., 2020). Additional applica-
tions might be in wound healing, regenerative medicine, and immuno-
therapy, as well as in areas beyond human health including 
environmental security and food production. 

5. Materials and methods 

5.1. Strains and plasmids 

Strains, plasmids, and primers used in this study are listed in Sup-
plementary Tables 1 and 2 Plasmid pOxyRS-LasI (Terrell et al., 2021) is 
derived from pOxyRS-LacZ-ssRA. Gibson Assembly (New England Bio-
labs) was used to insert LasI-ssRA in place of LacZ-ssRA. Primers 
OxySv2Assem-R, ssRA-F, OxySv2-LasI-F, and LasI-ssRA-R were used to 
amplify the vector and insert for pOxyRS-LasI. 

5.2. Cell culture conditions 

Cultures were incubated at 37 ◦C with 250 rpm shaking. Prior to each 
experiment, strains were inoculated into LB media from glycerol stocks. 
After overnight growth, cultures were then re-inoculated into in M9 
minimal media (1x M9 salts, 2 mM MgSO4, 0.1 mM CaCl2, 0.2%, 0.4% 
glucose) and grown for at least 1 h. Then, cultures or co-cultures were re- 
inoculated into M9 minimal media at the desired starting cell densities 
for the experiments. During electronic induction, all cultures remained 
at room temperature. After induction, cultures were moved to the 
incubator. Media contained 50 μg/mL ampicillin to maintain plasmids. 

5.3. Electrochemical setup for hydrogen peroxide generation 

For electrochemical induction of cultures, 1 mL cultures were placed 
in a closed glass vial (17 × 60 mm, Fisher Scientific). The gold standard 
electrode (2 mm diameter, CH Instruments), a 4-inch counter platinum 
wire (Alfa Aesar), and Ag/AgCl reference electrode (BASi) were secured 
by punctured holes in the vial cap. To begin the reaction, the electrodes 
were positioned near the surface of the liquid culture and biased to − 0.5 
V vs. Ag/AgCl for variable times. The oxygen reduction current was 
measured over time to monitor the reaction (generation of hydrogen 
peroxide). Each sample was continuously stirred using a stir bar. After 
completion of induction, the culture was transferred to a culture tube 
before being moved to a 37 ◦C shaker. 

5.4. Measurement of AI-1 

Cell-free experimental conditioned media samples were collected by 
filtering samples through a 0.2 μM filter. Samples were stored at − 20 ◦C 
until ready for AI-1 analysis. AI-1 was measured using a luminescent 
reporter assay, as performed previously (Stephens et al., 2019). E. coli 
reporter cells containing plasmid pAL 105 (Lindsay and Ahmer, 2005) 
were grown overnight in LB media. Overnight reporter cells were 
diluted 2500x in LB media. The experimental samples were thawed and 
diluted 5x in LB media. Standard curve samples consisting of 0, 12, 24, 
36, 48, and 60 nM AI-1 in LB media were generated. 10 μL of experi-
mental or standard curve sample were added to 90 μL of reporter cells in 

flow cytometry culture tubes. After 3 h of growth at 30 ◦C, 250 rpm 
shaking, luminescence values were recorded (Promega GloMAX lumin-
ometer). The standard curve was used to calculate the AI-1 level in the 
assay, and then this number was multiplied by the dilution factor to 
estimate the AI-1 concentration in the original experimental sample. 

The experiment shown in Fig. 3 used a slightly modified reporter 
assay where luminescence was measured using a plate reader (Tecan 
Spark multimode microplate reader, with a 500 ms integration time). 
The overnight reporter cells were diluted 100x in LB media. 20 μL of 
experimental sample (diluted 5x) or standard curve sample were added 
to 180 μL of reporter cells in a white wall/white bottom 96-well plate. 
Calculation of AI-1 was again based on the standard curve, which was 
run in parallel with the experimental samples, so results are comparable 
between the original and modified assay. 

5.5. Measurement of dsRed fluorescence 

A SpectraMax M2e plate reader was used to measure bulk dsRed 
fluorescence in the experimental samples. 200 μL samples were 
collected from experimental cultures and added to a black wall, clear 
bottom, 96-well plate. 550 nm and 579 nm were used for the excitation 
and emission wave lengths, respectively, with a cutoff of 570 nm. 

Microscopy and ImageJ were used to estimate the fraction of dsRed- 
expressing cells in the cultures, using a previously developed method 
(Stephens et al., 2019). Briefly, for each sample, bright field images and 
fluorescent images were taken at four different locations. ImageJ was 
used to count the cells in the bright field images and the cells in the 
fluorescent images. The reported fraction is the fluorescent image cell 
count divided by the bright field image cell count, multiplied by a factor 
of 1.18. This factor accounts for an undercount of red cells using this 
method and is based on previous work developing the method. 
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