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ABSTRACT: There is a growing interest in mediating informa-
tion transfer between biology and electronics. By the addition of
redox mediators to various samples and cells, one can both
electronically obtain a redox “portrait” of a biological system and,
conversely, program gene expression. Here, we have created a cell-
based synthetic biology−electrochemical axis in which engineered
cells process molecular cues, producing an output that can be
directly recorded via electronicsbut without the need for added
redox mediators. The process is robust; two key components must
act together to provide a valid signal. The system builds on the
tyrosinase-mediated conversion of tyrosine to L-DOPA and L-
DOPAquinone, which are both redox active. “Catalytic” transducer
cells provide for signal-mediated surface expression of tyrosinase.
Additionally, “reagent” transducer cells synthesize and export tyrosine, a substrate for tyrosinase. In cocultures, this system enables
real-time electrochemical transduction of cell activating molecular cues. To demonstrate, we eavesdrop on quorum sensing signaling
molecules that are secreted by Pseudomonas aeruginosa, N-(3-oxododecanoyl)-l-homoserine lactone and pyocyanin.

The Internet-of-things has emerged on the basis of
transformative developments in our ability to obtain,

store, and process information. Its vast networks are a key part
of a touted fourth industrial revolution aided by “smart”
machine−machine communication.1 As impactful as they are,
these information networks remain largely devoid of biological
information. In biological systems, network information is, in
part, contained in the structure of its molecules and the
transport of its ions. These processes are orthogonal to
traditional information transfer in electronics that relies on
electrons. We suggest that the redox modality combines
features of both electronic and molecular communication and
can serve as an effective bridge between biology and
electronics.2 Developments that facilitate biodevice communi-
cation, therefore, offer immense promise to monitor and
regulate “molecular” communication networks, including those
that indicate and control biological function.3−7 Already,
molecular networks have been purposely engineered to yield
“smart” metabolic engineering processes,8−12 synthetic gene
regulators,13−17 and even cell-based therapeutic systems.18−22

Electronic connection to these networks will enable user- and
machine-guided control.
While many forms of redox communication natively occur in

biological networks,23,24 a wide array of metabolically relevant
signals are electrochemically inaccessible without added
engineering. One approach is to design a biological−electronic
interface to transduce information between the two domains.

Specifically, we and others have created biodevice interface
systems that enable direct electronic interrogation of native
redox communication networks.25,26 Often these function by
the addition of redox active mediators that can donate, store,
and accept electrons from electrodes.27,28 In a process
somewhat analogous to SONAR, redox mediators are
“transmitted” by electrodes where they interact with the
biological system (e.g., undergo redox reactions) and then
return to the electrode where they are “recorded” by measuring
current at an applied voltage that is a voltage-based
characteristic of the specific mediator. By coupling with data
analytics, one can obtain data-rich streams of information.29

A potent method to expand the “bandwidth” of bioelec-
tronics information transfer, and even reverse the direction of
transfer, is to incorporate cells as computational elements in
the information pathway. For example, molecular information
in biological systems can be interpreted by sensor cells and
their transduced signals can be relayed to electrodes as current,
again using redox mediators.30 Such living systems can renew

Received: November 21, 2019
Published: March 25, 2020

Research Articlepubs.acs.org/synthbio

© 2020 American Chemical Society
1117

https://dx.doi.org/10.1021/acssynbio.9b00469
ACS Synth. Biol. 2020, 9, 1117−1128

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
M

A
R

Y
LA

N
D

 C
O

LG
 P

A
R

K
 o

n 
Ju

ne
 2

9,
 2

02
0 

at
 1

7:
01

:3
4 

(U
TC

).
Se

e 
ht

tp
s:

//p
ub

s.a
cs

.o
rg

/s
ha

rin
gg

ui
de

lin
es

 fo
r o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eric+VanArsdale"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+Ho%CC%88rnstro%CC%88m"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gustav+Sjo%CC%88berg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ida+Ja%CC%88rbur"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juliana+Pitzer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gregory+F.+Payne"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Antonius+J.+A.+van+Maris"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Antonius+J.+A.+van+Maris"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="William+E.+Bentley"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acssynbio.9b00469&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.9b00469?ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.9b00469?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.9b00469?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.9b00469?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.9b00469?fig=agr1&ref=pdf
https://pubs.acs.org/toc/asbcd6/9/5?ref=pdf
https://pubs.acs.org/toc/asbcd6/9/5?ref=pdf
https://pubs.acs.org/toc/asbcd6/9/5?ref=pdf
https://pubs.acs.org/toc/asbcd6/9/5?ref=pdf
pubs.acs.org/synthbio?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acssynbio.9b00469?ref=pdf
https://pubs.acs.org/synthbio?ref=pdf
https://pubs.acs.org/synthbio?ref=pdf


recognition elements without external input and interpret and
convey information based on homeostatic context.31 Specifi-
cally, heterologous genetic circuitry is capable of eavesdropping
on molecular communication across various time-scales and
reporting back information in a variety of contexts.30,32−34 To
accomplish this form of connectivity, in this work we linked
genetic recognition elements of molecular communication
signals to the expression of the enzymatic components
necessary for the production of the redox active 3,4-
dihydroxyphenyalanine (L-DOPA) (Figure 1). To do this,
we engineered two signal responsive plasmid-based circuits:
first, a “reagent” transducer circuit to synthesize L-tyrosine, the
natural precursor of L-DOPA, in response to a molecular
input; second, a “catalytic” transducer circuit to express
tyrosinase on the outer surface of a cell’s membrane through
an AIDA-linkage.35,36 L-Tyrosine is a naturally produced
aromatic amino acid that undergoes a variety of redox
reactions that greatly enhance its electronic activity.37,38 In
particular, tyrosine can be oxidized by the enzyme tyrosinase
into the premelanin intermediate, L-DOPA, that can undergo
reversible electron exchange between its catecholic and
quinone forms.37−40 This reaction can be interrogated
electrochemically to assess tyrosine concentrations and has
been exploited for the overproduction of L-DOPA.41 The
overproduction of L-tyrosine and our surface-linked tyrosinase
in Escherichia coli are, therefore, an attractive substrate/enzyme
pair that couples biological processing to electronics.
That is, we transformed these plasmid-based circuits into

separate “catalytic” and “reagent” transducer cells that work
together to produce the electronically active L-DOPA signal.
Importantly, we designed this coculture system such that, for
process robustness, each cell type is needed to establish the
bioelectronic connection. Together, the two-cell populations
allow for electrochemical eavesdropping on chemical and

bacterial communication networks. We demonstrate the
system first by electrochemically interrogating samples
containing the redox herbicide, paraquat, and then by
eavesdropping on the complex molecular communication
network in cultures of Pseudomonas aeruginosa by responding
to its quorum sensing signal molecule, N-(3-oxododecanoyl)-l-
homoserine lactone (AI-1) and its phenazine toxin, pyocyanin.

■ MATERIALS AND METHODS

Bacterial Strains and DNA Oligos. Escherichia coli K-12
strain MG1655 (F−, λ−, ilvG−, rfb-50, rph-1, New England
Biolabs, Ipswich, MA) was used for amplification of the DNA
sequence of soxR and PsoxRS. E. coli K-12 strain DH5α (F−,

φ80lacZΔM15, Δ(lacZYA argF)U169, recA1, endA1, hsdR17-
(rK

−, mK
+), phoA, supE44, λ−,thi-1, gyrA96, relA1, Invitrogen,

Carlsbad, CA) was used in all cloning procedures. E. coli K-12
strain 0:17 (ΔompT, sup+, F−) was used as template strain for
surface expression and tyrosine production. Bacterial strains
were stored at −80 °C in 25% (v/v) glycerol (Univar AB,
Chicago, IL). All primers were ordered from Integrated DNA
technologies (Coralville, IA).

Generation of Gene Knockouts. Single gene knockouts
were performed in E. coli K-12 strain 0:17 (ΔompT, sup+, F−)
as previously described,42 with the modification of the use of
nutrient agar supplemented with 50 mM L-rhamnose for
removal of the antibiotic gene. The template plasmid used to
generate the flippase recognition target flanked cat cassettes
was plasmid pCmFRT*,43 a modified version of pKD344 with
stop codons replacing either start codons or ribosomal binding
sites within the six reading frames of the flippase recognition
target sites. Temperature sensitive plasmid pSIJ842 was used
for expression of lambda red recombinase and flippase
recombinase. The pSIJ8 plasmid was a gift from Alex Nielsen
(Addgene plasmid # 68122; http://n2t.net/addgene:68122;

Figure 1. Schematic of the cellular−electronic transduction process. Molecular signals secreted from Pseudomonas aeruginosa are detected,
integrated, and reported on by direct electronic measurement. One signal, quorum sensing autoinducer-1 (AI-1) serves to coordinate multicellular
behavior. Pyocyanin is a phenazine toxin. We have engineered “transducer” E. coli cells to convert the “information” that exists by the presence of
both of these molecules into an electronic signal. In this way, the molecular communication process that exists in bacterial cultures is electronically
relayed via a redox modality. Specifically, “reagent” transducer cells produce L-tyrosine in response to AI-1 (N-(3-oxododecanoyl)-l-homoserine
lactone). Correspondingly, “catalytic” transducer cells produce an AIDA-tyrosinase fusion, which is localized to their outer membrane surfaces, in
response to pyocyanin. Together and only when both signals are present, a coculture of these cells catalyzes the formation of redox molecule L-
DOPA from L-tyrosine. L-DOPA is then electronically oxidized to L-DOPAquinone by the presence of a biased gold electrode, generating a
current that, in turn, depends on the original concentrations of the biological signaling molecules.
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RRID: Addgene_68122). Primers listed in Table S1 were used
to generate cat fragments resulting in ΔtyrR and ΔsoxRS.
Knockouts were confirmed by polymerase chain reaction and
sequencing (Eurofin Genomics, Edersberg, Germany) of the
resulting DNA fragment (Table S2).
Plasmid Construction. All plasmid assemblies was

performed according to Gibson plasmid assembly45 and
restriction-based cloning. All primers, fragments and resulting
plasmids are summarized in Tables S3−S4. Heat shock
competent E. coli DH5α were used for initial transformation
and screening. Plasmids were verified by sequencing before
further use. All enzymes used were from New England Biolabs
(NEB) (Ipswitch, MA).
Cultivation Media. Cell propagation for cloning purposes

was performed at 37 °C in Lysogeny broth (10 g/L peptone
(Merck, Darmstadt, Germany), 5 g/L yeast extract (VWR
International, Radnor, PA), 5 g/L NaCl (Scharlau, Barcelona,
Spain). Tyrosinase expression experiments were conducted in
minimal media (pH = 7.5): 7.0 g/L (NH4)2SO4 (Merck),
3.2 g/L KH2PO4 (VWR International), 13.2 g/L Na2HPO4·
2H2O (VWR International), 0.5 g/L (NH4)2-H-Citrate
(Merck). Prior to cultivation, 1 mL/L of trace element
solution, 1 mL/L of 1 M MgSO4 (Merck), 1 mL/L of 10
mM CuSO4 (Sigma, St. Louis, MO) were added along with 50
mg/L of targeted antibiotic (chloramphenicol, kanamycin, or
ampicillin) (Sigma). The trace element solution contained the
following (per liter, all purchased by Sigma): CaCl2·2H2O
(Sigma), 0.5 g; FeCl3·6H2O (Sigma), 16.7 g; ZnSO4·7H2O
(Sigma), 0.18 g; CuSO4·5H2O (Sigma), 0.16 g; MnSO4·4H2O
(Sigma), 0.15 g; CoCl2·6H2O (Sigma), 0.18 g; Na-EDTA
(Sigma), 20.1 g. For L-tyrosine production and cocultures,
minimal media supplemented with 100 mM of HEPES
(Sigma) and 7.5 g/L of glucose (Sigma) (pH = 8.0) was used.
Plate-Based Colorimetric Tyrosinase Activity Assays.

Cells were propagated from frozen stocks overnight in minimal
media. Cultures were reinoculated in minimal media
supplemented with 5 g/L of glucose (Sigma), to an OD600 ≈
0.25. Cells were induced at different concentrations of
paraquat (PQ) (0.01, 0.05, 0.10, 0.50, 1.00, 5.00 μM) at an
OD600 ≈ 0.5. After 3 h of incubation at 30 °C, cultures were
harvested (3000g, 15 min), washed (50 mM Tris-HCl
(Sigma), 10 μM CuSO4, pH 7.5), and centrifuged again.
Resulting pellets were suspended in Tyrosinase assay buffer (1
g/L L-tyrosine (Sigma), 50 mM Tris-HCl, 10 μM CuSO4, pH
7.5) and incubated at 30 °C. For colorimetric assays, cell
solutions were transferred to a 96-well plate and incubated at
30°, in static conditions. After 6 h, plates were centrifuged
(2254g, 15 min) and 100 μL of the supernatant was transferred
to a new 96-well plate. The absorbance of each sample was
measured at 400 nm with a plate reader (Molecular Devices,
San Jose, CA).
Electrochemical Measurement of “Catalytic” Trans-

ducer Cell Activation. Catalytic transducer cells were
reinoculated from overnight cultures at OD ∼ 0.25 in minimal
media supplemented with 10 g/L glucose and grown at 37 °C.
Cells were induced once the OD reached ∼0.5 with various
concentrations of paraquat (0−2 μM) and pyocyanin from
Pseudomonas aeruginosa (0−1 μM) (Sigma) and moved to 30
°C for optimal expression. After 4 h, cells were harvested
(3000g, 15 min), washed (50 mM Tris-HCl, 10 μM CuSO4,
pH 7.5), and centrifuged again. Resulting pellets were
resuspended in Tyrosinase assay buffer and incubated
overnight at 30 °C. In the morning (∼16 h; 12 h for timed

measurements), 1 mL of cell culture was moved to a glass vial
with a fitted cap to position a gold standard electrode (CH
Instruments, Austin, TX), a platinum counter wire (Alfa Aesar,
Haverhill, MA), and an Ag/AgCl2 electrode (BASi, West
Lafayette, IN). The amount of L-DOPA in solution was then
measured using cyclic voltammetry (0−0.55 V, 50 mV/s)
using a CH600E or CH1040c electrochemical analyzer (CH
Instruments). The L-DOPA oxidation peak was measured to
determine peak current between 0.35 and 0.5 V. Experiments
employing chronocoulometry were measured by a 30 s pulse at
0.5 V. Three gold electrodes were rotated for all measure-
ments, and electrodes were polished with 0.05 μm diameter
silica powder between measurements. If cells were to be
remeasured, the samples were returned to the 30 °C incubator
for later measurement.
For pulsed-time measurements, cells were grown and

washed as described above. Postwashing, cells were resus-
pended at an OD600 = 3 in Tyrosinase assay buffer and quickly
moved to glass vials preset with a gold standard electrode, a
platinum-wire counter, and a Ag/AgCl2 reference electrode. A
CH Instrument macro was then run applying a cyclic voltage
wave (0−0.55 V, 50 mV/s) every 15 min for 900 min to four
separate samples using a CH1040c multichannel electro-
chemical analyzer (CH Instruments). All CV files were
compiled and the peak currents between 0.35 and 0.5 V
were plotted versus time.

Measurement of Pyocyanin Concentration in PA01
P. aeruginosa Conditioned Media. Pseudomonas aeruginosa
PA01 cultures were grown overnight in 6 mL of LB, producing
a blue-green color as previously reported.46 The conditioned
media was harvested from the cultures by pelleting out the
cellular components (10 000g, 10 min) and filter sterilized with
0.2 μm filters (MilliporeSigma, Burlington, MA). Conditioned
media was then serially diluted in LB and added 1:1 with
catalytic transducer cells grown in minimal media at OD600 ∼
0.5. All tests also included an internal standard of pyocyanin
spiked LB to calibrate current measurements. After 4 h of
incubation, catalytic transducer cells were harvested, incubated
in tyrosinase assay buffer overnight at 30 °C, and analyzed by
cyclic voltammetry as described above. Measurements from
catalytic transducer cells were compared to the electrochemical
measurement of pyocyanin reduction using a gold standard
electrode (CH Instruments) as analytically validated and
described previously.47,48

Tyrosine Production and Measurement from “Re-
agent” Transducer Cells. Cells were reinoculated at an
OD600 ∼ 0.25 in 100 mM HEPES minimal media
supplemented with 7.5 g/L glucose. Once the cells reached
an OD600 ∼ 0.5, they were induced with various amounts of N-
(3-oxododecanoyl)-l-homoserine lactone (Cayman Chemicals,
Ann Arbor, MI), referred to as AI-1 in all results and figures for
simplicity, and grown at 37 °C for 24 h. The cell supernatant
was then harvested (10 000g, 5 min) and mixed 1:1 with
potassium phosphate buffer (0.1 M, pH 6.5) and 0.05 mg/L
mushroom tyrosinase (EC 1.14.18.1) isolated from Agaricus
bisporus (Sigma). Tyrosine amounts were estimated versus an
internal standard of tyrosine solutions by measuring the OD400
and OD475/492 after 15 min.36 Values reported in this paper are
calculated from the OD400 value, which is associated with
melanin formation.

Consortia Cultures. Reagent transducer cells (E. coli 0:17
ΔompT, ΔtyrR, ΔsoxRS, pAra-Tyrosine, pSox-Tyrosine, or
pZS-Las-Tyrosine) were grown overnight in HEPES minimal
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media (7.5 g/L of glucose, km or amp) at 37 °C. Reagent
transducer cells were reinoculated 1:50 in HEPES minimal
media (7.5 g/L of glucose, km or amp) and allowed to grow to
an OD600 about 0.5 before the addition of inducer molecule.
When the reagent transducer cells reached OD600 of ∼5,
catalytic transducer cells were added. Catalytic transducer cells
(E. coli 0:17 ΔompT, ΔtyrR, ΔsoxRS, pAIDA4Tyr1*0.85) were
produced as described above. After 3 h of induction, the cells
were harvested (3000g, 15 min) and resuspended in reagent
transducer cell cultures to an OD600 about 3 (experiment with
pAra-Tyrosine) or 5 (experiment with pSox-Tyrosine and pZS-
Las-Tyrosine). Hence, the starting OD in the consortia
cultures was ∼8 (experiment with pAra-Tyrosine) or ∼10
(experiment with pSox-Tyrosine and pZS-Las-Tyrosine). The
consortia culture was incubated at 30 °C and sampled
regularly.
Measurement of AI-1 in Pseudomonas aeruginosa

Conditioned Media. Pseudomonas aeruginosa PA01 cultures
were grown overnight in 6 mL of LB, producing a blue-green
color as previously reported.46 The conditioned media was
harvested from the cultures by pelleting out the cellular
components (10 000g, 10 min) and filter sterilized with 0.2 μm
filters (MilliporeSigma, Burlington, MA). AI-1 E. coli reporter
cells containing plasmid pAL10549 were grown overnight in
LB. The conditioned media samples were serially diluted in LB
and prepared alongside standard stock solutions of AI-1 (0−60
nM). Ten μL of each sample was then mixed with 90 μL of
reporter cells and grown at 30 °C for 3 h. The luminescence of
each sample tube was then measured using the GloMax-Multi
Jr (Promega, Madison, WI, USA) and normalized to the
negative control (fresh LB with 0 μM AI-1). The luminescence
of the standard curve was then used to estimate the AI-1
content of the conditioned media samples.
Creating Heat Map of Cocultures Exposed to

Pyocyanin and AI-1. In order to create a heat map of
control reactions, we grew reagent transducer cells (E. coli 0:17
ΔompT, ΔtyrR, ΔsoxRS, pZS-Las-Tyrosine) and catalytic
transducer cells (E. coli 0:17 ΔompT, ΔtyrR, ΔsoxRS,
pAIDA4Tyr1*0.85) as described above. We then added AI-1
and pyocyanin to each culture separately from a premeasured
stock. For PA01 conditioned media experiments, we first
added the inducers to an equal volume of LB and then added
the solution to the culture to account for the excess nutrient
supplementation left-over from conditioned media. After
induction, the experiment and electrochemical measurements
proceeded as described above.
To test the ability of our cell system to transduce molecular

information, we first harvested conditioned media from 6 mL
of PA01 culture as described earlier. We independently
measured AI-1 and pyocyanin as described above. We then
diluted the CM in LB 64x to create CM with approximately
1.25 nM and 0.25 μM, AI-1 and pyocyanin, respectively. This
dilution made sure the concentrations of AI-1 and pyocyanin
in the diluted CM were within the dynamic range of our
coculture system. The experiments then proceeded as
described above. The independent measurements were marked
on the heat map in Figure 6D by a faded red dot while the
result of the cellular transduction of the PA01 signals is marked
by the kidney-shaped dashed line.
Experimental Design and Statistics. All experiments

were performed in biological triplicates unless otherwise stated.
Error bars represent the standard deviation from the mean

value. All linear regressions have an R2 value of >0.9 and the
dotted lines represent the 95% confidence intervals.

■ RESULTS AND DISCUSSION
Electrochemical Detection of L-Tyrosine Oxidation.

The key enzyme to our transduction scheme, tyrosinase, is
capable of oxidizing L-tyrosine into the diphenol L-DOPA and
the subsequent oxidation of L-DOPA to DOPAquinone. L-
DOPA and DOPAquinone can subsequently oligomerize into
eumelanin aggregates. Previous work had indicated that the
intermediates L-DOPA and leucodopachrome can redox cycle
with a biased electrode and thereby generate an electro-
chemical signal.50,51 In Figure 2A we show how L-tyrosine is

oxidized (via tyrosinase) to produce L-DOPA, which can then
be measured by electronic oxidation to L-DOPAquinone. In
Figure 2B, we spiked tyrosine solutions with known
concentrations of L-DOPA and applied a cyclic voltage
sweep to determine the location of the voltage potentials at
which L-DOPA is uniquely oxidized. We found that tyrosine/
eumelanin has minimal oxidative electron transfer between 0
and 0.5 V compared to the oxidation current produced by the
conversion of L-DOPA to L-DOPAquinone (Figure 2B).
There was no observed overlap with the large tyrosine
oxidation peak occurring at ∼0.55 V. We plotted the oxidative
peak current between 0.35 and 0.5 V from the spiked L-DOPA
solutions versus concentration to determine our electro-
chemical range of detection. We found that the electrochemical
signal generated by L-DOPA was concentration dependent
between 0 and 100 μM (Figure 2C). We next added various
concentrations of mushroom tyrosinase to saturated L-tyrosine
solutions to determine the connection between L-DOPA and
enzyme concentration. After ∼30 min of incubation, the
oxidation peak current between 0.35 and 0.5 V directly
correlated to the amount of enzyme added to the solution

Figure 2. Electrochemical characterization of the enzymatic oxidation
of L-tyrosine. (A) Schematic of the enzymatic oxidation of L-tyrosine.
L-DOPA and L-DOPAquinone are capable of redox cycling with a
gold electrode, generating a measurable electronic signal. (B) Cyclic
voltammograms of L-DOPA at various concentrations (20−100 μM).
The zoomed in square depicts the measured current over a range of
applied voltages (0.50−0.35 V). (C) The measured peak current is
depicted as a function of L-DOPA concentration. (D) The peak
current associated with L-DOPA oxidation is found proportional to
the concentration of mushroom tyrosinase, the enzyme catalyst of L-
DOPA formation from solutions with saturated levels of L-tyrosine.
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below 1.25 μg/mL (Figure 2D). These results indicated that
tyrosine and tyrosinase can be coupled to produce a
concentration-dependent redox signal that can be accessed
between 0.35 and 0.5 V.
Creating a Surface-Displayed Tyrosinase “Catalytic”

Cell Population. We next aimed to connect the tyrosine-
tyrosinase electrochemical couple to genetic circuitry in E. coli
“catalytic” transducer cells. To do this, we used the
bidirectional soxRS promoter system for driving tyrosinase
expression and the AIDA transporter for translocation to the
outer surface of the cell. The soxRS promoter has previously
been used to detect herbicides (e.g., diquat, dicamba,
paraquat) and redox toxins (e.g., pyocyanin).30,52−54 Specifi-
cally, we coupled this promoter system to the previously
developed tyrosinase vector,35,36 creating the plasmid
pAIDA2Tyr10.85. We theorized that surface expression of
the tyrosinase-AIDA fusion would expose the tyrosinase to
extracellular tyrosine and copper cofactors thus decreasing the
need for cell membrane transporters that would be required for
import/export of the impermeable components (Figure 3A).
We also introduced a point mutation (V284G) to the
tyrosinase sequence as this had previously been shown to
increase the enzymatic formation of L-DOPA.55 Together,
these features link soxS promoter activation by molecular
signals to the number of AIDA-tyrosinase fusion constructs on
the surface of the cell, and ultimately increased enzymatic
activity. To test the plasmid system, we induced the expression
of the surface-displayed tyrosinase with paraquat and
immersed the cells in tyrosine-containing solutions at varying
cell densities. We then measured the optical signal at 400 nm
of each sample over time to determine the extent of eumelanin
formation, which follows the production of L-DOPA. That is,
eumelanin has broad-spectrum absorbance and has previously
been quantified by measuring absorbance at 400 nm.36 We
observed that the optical signal increased both with tyrosine
concentration and cell-density (Figure S1). These results
indicated that the catalytic transducer cells were producing L-
DOPA relative to the amount of enzyme and tyrosine present
in the system.
We next tested the concentration-dependence of transcrip-

tional regulation of the surface-expressed tyrosinase when the
cells were induced with varying concentrations of paraquat and

pyocyanin. Induced cells were incubated at 30 °C in a
saturated L-tyrosine solution and the L-DOPA concentration
was measured using cyclic voltammetry. We found that the
catalytic transducer cells produced inducer-dependent oxida-
tive peak currents between 0.35 and 0.5 V (pyocyanin Figure
3B; paraquat Figure 3C). We note that the signal decrease
above 1.0 μM paraquat is a result of cell death (data not
shown), in keeping with observations from prior work.56 In
control tests without tyrosine or prior to induction, oxidative
peaks could not be detected (Figure 3B,C; Figure S2). To
determine the dynamics of our system, we induced our cells as
previously described and, upon introduction to a saturated L-
tyrosine solution, we measured the oxidative peak currents by
cyclic voltammetry every 15 min. The cell-densities for each
sample were fixed at an OD600 of 3 to correct for the growth
rate retardation caused by inducer toxicity (data not shown),
consistent with previous studies.53 We observed concentration
dependent oxidative peak currents within ∼2 h (Figure 3D).
To determine the influence of surface-expression, we repeated
this experiment with both an AIDA-linked tyrosinase and a
parallel cytosolic tyrosinase expression system. Importantly, we
found that only surface-expressed tyrosinase produced redox
signals within the ∼16-h time period post induction (Figure
S3). These results indicated that the catalytic transducer cells
produced inducer concentration-dependent electrochemical
signals. The peak currents were consistent with tyrosine-
oxidation and the signal was relatively stable, as was indicated
by inducer-dependent measurements measured post overnight
incubation. Interestingly, however, the overnight samples in
Figure 3B, though still concentration-dependent, exhibited
lower values than the inducer-dependent peak currents
measured during the 15 min electronic pulses presented in
Figure 3D, suggesting overnight depletion of L-DOPA
components. Our initial OD measurements in Figure S1
indicated eumelanin formation was similarly concentration
dependent on tyrosine, cell density, and paraquat. One possible
explanation for the loss of signal in overnight samples could be
depletion of L-DOPA components due to eumelanin
formation.57 Prior work has indicated that eumelanin-
formation from mushroom tyrosinase could deplete electro-
active pools, albeit at different rates.50 After additional testing
(data not shown) we concluded instead that a significant

Figure 3. Development of a catalytic transduction system based on the soxRS promoter and surface-displayed tyrosinase. (A) Schematic of the
principles of the Escherichia coli-based “catalytic” transducer cells. Activation of the soxRS promoter drives expression of an AIDA-tyrosinase fusion.
Activated cells with tyrosinase on the outer membrane surface oxidize L-tyrosine to the redox active molecule, L-DOPA. L-DOPA is subsequently
oxidized at an electrode surface to L-DOPAquinone. The conversion results in current, which is directly proportional to the original soxRS activator
signal, pyocyanin (B) or paraquat (C). (D) The peak current is shown every 15 min for 15 h during experiments with different initial paraquat
concentrations.
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fraction of the decrease in current in Figure 3D post ∼2 h was
caused by electrode fouling from phenolic components, a
common problem in phenol electrochemistry,58 as the currents
had dropped below measurements taken of overnight
incubation samples, but with clean electrodes. In sum, our
data presented in Figure 3 shows that expression of a surface-
linked tyrosinase can be actuated in an inducer dose-
dependent manner and that electrochemically active signals
can be generated by exposing the induced cells to L-tyrosine.
In addition, the peak currents are formed rapidly after the L-
tyrosine and tyrosinase are placed in contact with each other.
Moreover, the signals generated persisted, albeit at lower
values, for nearly a day after initial exposure.
Catalytic Transducer Cell Evaluation of Pyocyanin

within Pseudomonas Secretome. To evaluate the ability of
our catalytic transducer cells to interpret molecular signals
within complex solutions, we incubated the cells with
conditioned media from cultures of Pseudomonas aeruginosa.
Virulent strains of Pseudomonas aeruginosa, such as PA01,46

secrete redox active compounds during phosphate-limited,
hypoxic growth.59 Among these compounds, pyocyanin is a
toxin typically secreted late in the growth phase due to earlier
accumulation of quorum sensing signals, acyl homoserine
lactones (AHLs). First, we harvested conditioned media from
PA01 cells grown in LB media overnight, we next serially
diluted the media with fresh LB, and then added the diluted
conditioned media (CM) to our catalytic transducer cells to
induce tyrosinase expression (Figure 4A). The cells were then
pelleted and assayed with tyrosinase buffer for L-DOPA
formation by cyclic voltammetry as previously described. We
performed serial dilutions to ensure the amount of pyocyanin
used to induce the catalytic transducer cells did not cause
significant toxicity or saturate the tyrosinase expression of the
cell. In parallel, we added known concentrations of pyocyanin
into fresh LB and added the media to catalytic transducer cell
cultures to mimic the Pseudomonas CM tests, but that omit
other secreted products. In this way, we constructed a
pyocyanin/current calibration curve specific to the exper-

imental conditions. We found low current levels in undiluted
CM and these levels increased with dilution until a dilution
factor of 8×, after which the current decreased with increasing
dilution (Figure 4B). We note, however, the apparent
pyocyanin concentration, which was calculated using the
calibration curve and the dilution factor (Figure 4C), increased
with dilution until 32×, suggesting that ill-defined components
that attenuate the cell response were being diluted out. Then,
that at larger dilutions the apparent concentration dropped and
by comparison to the controls (not shown here), only the
pyocyanin contributed to the cell response (Figure 4D). In
sum, the pyocyanin level in CM was found to be 16.3 μM.
Interestingly, our measurements were also consistent with our
previous findings that the induction of tyrosinase became
saturated at ∼0.5 μM pyocyanin, which was the approximate
amount of pyocyanin in the 32× dilution, as seen in Figure 3B.
Then, in order to compare our technique to an acellular

method, we used cyclic voltammetry to measure the direct-
electron transfer of pyocyanin, indicated by its peak reductive
current at ∼ −0.25 V, from the same conditioned media.47

Electrochemical detection has been previously verified as a
robust analytical detection method for phenazines secreted by
P. aeruginosa.48 Again, based on calibration curves, we found
the CM contained 13.2 μM pyocyanin. This was ∼3.0 μM less
than that measured by the catalytic transducer cell assay
(Figure 4E) and, importantly, was statistically significant (p-
value 0.019). We hypothesized that the difference was due to
the presence of alternative SoxRS inducer molecules (e.g.,
phenazine-1-carboxylic acid60) within the P. aeruginosa secre-
tome. To gain additional insight into the presence of additional
oxidative species, we spiked serially diluted CM with additional
pyocyanin and subtracted the measured standard from the
samples. Using this methodology, we found these contributing
and unidentified molecules were present at a 4.8 μM
“pyocyanin equivalent” (Figure S4). Interestingly, this roughly
coincides with the measurement gap in Figure 4E. Together,
these data suggest soxRS activation and the use of cellular
reporting methodologies can provide additional insight into

Figure 4. Characterization of a Pseudomonas aeruginosa supernatant (PA01) by the catalytic transducer cells. (A) Schematic representation of the
methodology used to characterize PA01 conditioned media (CM). CM was serially diluted (i.e., 1/2 dilution increments) in fresh LB, then added
to catalytic transducer cell cultures. Current measurements were made after overnight incubation in a saturated tyrosine buffer. (B) Current
measurements from the catalytic transducer cells at different dilutions of the original PA01 CM sample. (C) Current measurements from the
catalytic transducer cell assay in response to known concentrations of pyocyanin suspended in LB. (D) Estimated pyocyanin concentration
measured from serially diluted samples; dilution reduces confounding molecular interference. (E) A comparison of the pyocyanin level indicated by
catalytic transducer cells compared to an independent electrochemical measurement. Comparison of each measurement revealed a consistent ∼3.0
μM offset in pyocyanin level between the transducer cell assay and the independent electrochemical measurement. This was consistent with the
calculated offset from spiking conditioned media with known concentrations of pyocyanin (Figure S4).
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the biological context of redox active signals. Specifically, such
cellular “computation” serves to integrate the oxidative activity
or potentially toxicological information present in complex CM
samples, beyond that of the readily apparent phenazine toxin,
pyocyanin.
Molecular to Electronic Information Transfer by

Mediator-Independent Coculture. Next, in order to
generate a robust bio-to-electronic information circuit that is
less subject to cell variability, we extended our cellular
computation scheme by creating a dual plasmid format that
integrates signal specific expression of tyrosinase with signal
directed cellular production of tyrosine. In this way, two data
streams, each with an intrinsic level of uncertainty must be
combined in a specific way to generate a positive response. The
requirement for both circuits to be activated is analogous to an
AND logic gate, with L-DOPA oxidation to L-DOPAquinone
only occurring when both tyrosine is produced and tyrosinase
is expressed on the cell surface. Building upon existing
literature for tyrosine overproduction,61,62 we developed
vectors for expressing feedback resistant tyrA* and aroG*
alongside aroE to catalyze key steps in tyrosine biosynthesis.
Two variants of tyrosine producing plasmids were assembled
to test this concept: the first, pAra-Tyrosine, where the 3
tyrosine-associated enzymes were regulated by two araBAD
promoters; and the second, pSox-Tyrosine, where the same
enzymes were regulated by a single soxRS promoter system
having computationally optimized ribosomal binding sites
(∼90%).63 These two constructs were separately transformed
into an E. coli 0:17 ΔtyrR ΔsoxRS mutant strain to create
tyrosine “reagent” transducer cells. These transducer cells were
induced with varying levels of either arabinose (for pAra-
Tyrosine) or paraquat (for pSox-Tyrosine) and grown 24 h at
37 °C in ∼7.5 g/L glucose media. Cells expressing pAra-
Tyrosine showed inducer concentration dependent production
of tyrosine when titrated with arabinose. Cells produced up to
∼1 g/L tyrosine post 24 h of expression (Figure S5). There
was, however, no paraquat-dependent regulation from cells
expressing pSox-Tyrosine at levels of paraquat tested. Instead,
these cells produced ∼1 g/L tyrosine even without paraquat

induction as measured 24 h postinduction. Owing to its
simplicity, we decided to use the strain containing pSox-
Tyrosine when we wanted constitutive L-tyrosine production.
To couple the expression of tyrosinase with the production

of tyrosine, we developed two systems. We transformed the
plasmids into a single cell and also into two-separate
populations comprising a coculture. In the single cell case, L-
DOPA was formed as expected but the yields were low and
inconsistent (data not shown). Perhaps, this was a case in
which our desired function overburdened the redirection
capacity of a single cell.64−66 Instead, we focused our efforts on
the coculture system wherein each plasmid of an AND logic
gate was expressed in separate “catalytic” and “reagent” cell
populations (Figure 5A). To test the ability of our cell network
to produce an L-DOPA signal, we incubated a coculture of
pSox-Tyrosine reagent transducer cells and tyrosinase-express-
ing catalytic transducer cells with varying amounts of paraquat
and periodically measured the L-DOPA signal in the
conditioned media with cyclic voltammetry. We found that
the oxidative peak current produced by our coculture system
for the first 12 h was dependent on the amount of paraquat
(0−0.5 μM) added to induce tyrosinase in the catalytic
transducer cell population (Figure 5B). These results were
consistent with stepped oxidative pulses for both constitutive
and regulated tyrosine production (Figure S6A). Importantly,
the differences in current remained stable for up to 60 h
(Figure 5B). On the basis of these experiments, we analyzed
several coculture experiments at 24 h postmixing.
Specifically, we next tested the integration of multiple

molecular signals into a single electronic output by separately
inducing the catalytic and reagent transducer cell populations.
To the reagent transducer population harboring the arabinose
inducible promoter (pAra-Tyrosine), we added arabinose (0−
1 g/L) and grew the cells to an OD of ∼5. We then mixed
these cells with pelleted catalytic transducer cells that had been
preinduced with paraquat (0−1 μM) such that the final
catalytic transducer population was approximately OD 3. After
24 h of incubation, we observed that the peak currents
increased with both arabinose and paraquat concentrations

Figure 5. Coculture system comprised of “catalytic” and “reagent” transducer cells. (A) Schematic of the coculture. This system relies on “reagent”
transducer cells to generate L-tyrosine by signal-activated overexpression of the genes tyrA*, aroE, and aroG*. The “catalytic” transducer cells
express tyrosinase on their outer surfaces after activation of the psoxS promoter via paraquat (B) or after activation of the araBAD promoter by the
addition of arabinose (C). Also, in (C), a heat map is generated showing the peak currents after coculture of catalytic and reagent cells were
exposed to known concentrations of activator signals.
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(Figure 5C, Figure S7A). Arabinose significantly increased the
amount of current measured by cyclic voltammetry, and we
found the influence of paraquat had the most impact when the
reagent cells had been treated with 1 g/L arabinose (−2.8 μV
to −5.0 μV, Figure 5C, Figure S7A). We observed similar
trends when measuring output via chronocoulometry (Figure
S6B, Figure S7B). These results indicated that the two
biological inputs, arabinose and paraquat, could be integrated
by a mixture of cells into a single electronic output.
Next, we altered our coculture system to eavesdrop on the

cell−cell communication of Pseudomonas aeruginosa (PA).
These bacteria and many others coordinate their behaviors by
secreting and detecting autoinducer signaling molecules in a
widely recognized process called quorum sensing.67 Specifi-
cally, PA cells signal to each other via acyl homoserine
lactones, including N-(3-oxododecanoyl)-l-homoserine lactone
autoinducer-1 (AI-1) and they subsequently produce the toxin
pyocyanin at higher cell densities. In Figure 6, in a similar
manner to treatments with arabinose and paraquat shown in
Figure 5, we provided these signals to cells engineered to
respond by making either tyrosine or tyrosinase. To do this, we
first constructed a plasmid for AI-1 dependent tyrosine
production by exchanging the arabinose promoter and
repressor for the luxI promoter and LasR transcriptional
activator from a previously engineered GFP construct.68 We
then moved the promoter and coding region to the plasmid
pZS*luc13 with a pSC101* origin and evaluated AI-1-
dependent tyrosine production after 24 h growth in 7.5 g/L
glucose. The low-copy construct produced between ∼0.03−0.1
g/L tyrosine in response to AI-1 (0−5 nM) (Figure 6A). Using
this reagent transducer variant, pZS-Las-Tyrosine, we
evaluated the ability of a mixed coculture using AI-1 and

pyocyanin-sensitive catalytic transducer cells to simultaneously
evaluate both of the quorum sensing inputs. Together, these
cells produced an input-dependent change in oxidative peak
current (−0.55 to −0.78 μA) in response to both AI-1 and
pyocyanin (0−10 nM and 0−1 μM respectively; Figure 6B,
Figure S8A). Results are illustrated in a heat map showing the
amalgamation of many experiments covering a wide range of
concentrations. Analogously to Figure 5, results indicate that
the coculture system successfully integrates two molecular
signals into a single electrical output. Importantly, this function
proceeds based on the coupling of cell-based recognition and
signal transduction that is transmitted directly to electronically
observed signals. There is no need for exogenous redox
mediators, just a nearby biased electrode.
Finally, we tested the ability of the reagent and catalytic

transducer cells to determine the quantities of each quorum
sensing signal in conditioned medium after growth of
P. aeruginosa (see scheme in Figure 6C). That is, we tested
whether the cell coculture could be used to recognize
independent signals secreted by cells, integrate this informa-
tion, and then provide an electronic output that in turn might
approximate the relative levels of each signal. In this way, the
system could be used to gauge additional insight regarding the
presence of the pathogen. We first developed a control heat
map, analogously to that above. AI-1 and pyocyanin were first
added to LB medium, because LB was later used to culture PA
cells and from which CM was obtained. The LB containing
pyocyanin or AI-1 (10 mL) was added to an equal volume of
transducer cells that had been reinoculated and grown to mid
log phase in 100 mM HEPEs minimal media. The presence of
LB when inducing the cells resulted in greater L-DOPA peak
currents when compared to our previous tests (−1.3 to −3.2

Figure 6. Cocultures analyzing the Pseudomonas quorum sensing signals pyocyanin and autoinducer-1. (A) L-tyrosine production from reagent
transducer cells in response to N-(3-oxododecanoyl)-l-homoserine lactone (AI-1). (B) Heat map of coculture generated peak current as a function
of both pyocyanin and AI-1 concentrations. Cells suspended in 10 mL 100 mM HEPES minimal media were supplemented with known
concentrations of signal molecules similar to Figure 5C. (C) Schematic of the coculture experiments using Pseudomonas aeruginosa (strain PA01)
conditioned medium (CM). Catalytic and reagent transducer cultures grown in HEPES minimal media were first induced with known
concentrations of pyocyanin or AI-1 dissolved in LB medium. This recapitulates the heat map of (B) but allows for comparison to PA01 CM, which
contains residual LB. Then, PA01 CM was diluted with LB as in Figure 4 to dilute the secreted AI-1 and pyocyanin concentrations into the linear
response range of both cell populations. The diluted CM was then incubated with cocultures for 24 h to evaluate electronic output as a function of
the secreted signal molecules. (D) Peak currents from known concentrations are displayed as a control heat map. Overall, currents were higher than
(B) due to the addition of LB media (i.e., cell responses are amplified in LB). The independently measured concentrations of both AI-1 and
pyocyanin in the PA01 CM is depicted by the red dot. In concordance, the dashed line region represents the current generated by the coculture
treated with CM.
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μA compared to −0.55 to −0.78 μA, Figure 6B,D, Figure S8).
Using this methodology, we quantified the current output as a
function of both AI-1 and pyocyanin concentration.
We next grew the PA01 cells in 6 mL of LB medium and

independently measured the quantities of the signal molecules
(see Materials and Methods). We have marked these on the
heat map by a red dot (Figure 6D). In this way, we establish an
expectation for the current obtained by the coculture exposed
to the PA CM. That is, to evaluate the electronic transduction
of the molecular communication in P. aeruginosa CM, we
added the diluted CM to separate, mid log growth cultures of
catalytic and reagent transducer cells at a 1:1 volume ratio.
Following the creation of the heat map, a 10 mL culture of
transducer cells growing in 100 mM HEPEs minimal media
would be induced with 10 mL CM (diluted in LB so that
samples were in the linear range, see Materials and Methods).
After 24 h, we measured the oxidative peak current and found
a value of 1.63 ± 0.09 μA. On Figure 6D, we have highlighted
the areas of the heat map that correspond to that current by
the kidney shaped dotted line. We note that this area covers
regions of 0.25 μM pyocyanin and from 0 to 5 nM AI-1. As
indicated by the faded red dot on the heat map, our
independent measurements revealed that the concentrations
of AI-1 and pyocyanin were 0.25 μM and 1.25 nM.
Accordingly, the engineered coculture accurately communi-
cated both the AI-1 and pyocyanin concentrations that had
been naturally secreted into the CM by P. aeruginosa.
This cell-based electrochemical reporter system is unique in

that it produces a strong redox signal through the production
of tyrosinase and its substrate tyrosine without the need for
external mediators. The produced tyrosine is oxidized by
surface-expressed tyrosinase to L-DOPA, which has a distinct
electrochemical potential. This dual regulation allows for the
integration of gene-circuits by transcriptional regulation of the
enzymatic components. Using this regulation, our catalytic
transducer cell population was able to detect various
concentrations of soxRS activating substances. This informa-
tion, in turn, was used to measure the pyocyanin content of
conditioned media from the opportunistic pathogen Pseudo-
monas aeruginosa. Furthermore, we demonstrated that this
reporting system can be split between two-cell populations,
illustrating the ability of network computation to integrate
molecular communication. This feature provides for robust
computation in that a positive signal is not generated without
the independent input of two cell types. If a single engineered
sensor cell were used, a spurious false positive could more
readily occur. Further, we showed that the system is adaptable
and can report on various inducer signals, which we
demonstrated by eavesdropping on the communication signals
AI-1 and pyocyanin, either independently or from Pseudomonas
aeruginosa conditioned media, as well as signals from
environmental or bioprocessing environments, paraquat and
arabinose, respectively.
We suggest that this redox-based output system could be

extended to compute further molecular communication signals.
Tyrosinase is a promiscuous enzyme, able to display
monophenolase and biphenolase activity on diverse phenolic-
like substances69,70 including dopamine71 and bisphenol A.72,73

Future applications of this form of cellular communication
might utilize a range of substrates and the various products
might be detected at different voltages, or on different
electrodes where different reagent transducer cells are located.
The use of tyrosinase also allows integration with various

metabolic pathways relevant to biotechnology beyond tyrosine,
including opiates,74 alkaloids,75,76 and melanins.62,77 This
system can also be integrated with responsive electrode films,
to both enhance computational capacity and reduce phenolic
fouling.78

We believe future applications of this technology will take
advantage of the advanced processing abilities of cell
populations. The use of two cell populations allows for unique
information processing as compared to monocultures.79 The
use of cell consortia allows for divisions of labor to lower any
particular metabolic burden as well as the creation of plug-and-
play strains that might be mixed as needed.80 Our coculture
system might also be used to create an OR type logic gate by
similar strategies as we have presented in Figure 5B.
Alternatively, such cocultures might be used as a communi-
cation portal to enable external control systems in combination
with electronic “controller” populations. Examples of these
systems include “controller” cell populations that relay
electronic commands to molecular signals to modulate
population densities to meet user-specified objectives, as has
previously been explored with guided metabolite usage,
bacterial chemotaxis, and myocyte contraction.52,81 Combina-
tion of “controller” populations with our coculture trans-
duction system would allow for closed-loop applications with
the potential for active user-mediated intervention to oversee
completion of the taskas indicated by cellular current
generation. Finally, because the redox-based output is directly
detected as current under an applied voltage without any
additional mediators, and the cells remain intact through the
assay, this system will open the networking capabilities of
biological information into the greater Internet-of-things and
thereby advance the research fields of biological−electronic
information transfer.
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