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The asocial existence of the bacterial cell has been a major paradigm in microbiology. In
the 300 years since van Leeuwenhoek’s descriptions of the microbial world, bacteria have
been regarded as deaf-mute individual cells designed to proliferate but unable to
communicate and interact with each other.

“It is perfectly possible to imagine a rather boring
universe without sex, without hormones and without
nervous system; a universe peopled only by individual
cells reproducing ad infinitum. This universe, in fact,
exists. It is the one formed by a colture of bacteria.”

François Jacob, 1973 – Nobel Laureate for Medicine in 1965.

From the asocial existance of bacteria to socio-microbiology



Actually, in 1965, Alexander Tomasz reported that the ability of a Streptococcus
pneumoniae population to acquire exogenous DNA, i.e. the entry into the competent
state, is governed by an extracellular factor that is manufactured by Streptococcus itself.
This competence factor, which was later shown to be a modified peptide, was described
as a “hormone-like activator” that synchronizes the behaviour of the bacterial
population.

Alexander Tomasz

From the asocial existance of bacteria to socio-microbiology

“Since the activator - a cell-produced chemical - seems to
impose a high degree of physiological homogeneity in a
pneumococcal population with respect to competence, one
is forced to conclude that in this case a bacterial population
can behave as a biological unit with considerable
coordination among its members. One wonders whether
this kind of control may not be operative in some other
microbial phenomena also.”

Tomasz A (1965) Nature 208:155-159.
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NEALSON, PLATT, AND HASTINGS

during the first few hours. Thus, electron channel-
ing does occur during this period, and it can be
redirected, presumably by cyanide inhibition of
respiration.
At the same time, the stimulation by cyanide

never results in an in vivo activity exceeding that
which was present at the time of inoculation,
thereby supporting the thesis that there is no in-
crease in the quantity of the luciferease during
the eclipse period. Actually, cyanide alone fails
to restore the original in vivo activity, but if alde-
hyde (n-decanal) is added after the cyanide stimu-
lation has come to a steady state (about 1 min),
an increase occurs to a level of light emission
comparable to that which the cells exhibited at
the time of inoculation (Fig. 1 and 3).

In summary, the decrease in the in vivo ac-
tivity during the eclipse period is not due to the
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FIG. 3. Details of the in vivo luminescence of the
experiment ofFig. I during the first few hours, showing
the stimulation by cyanide and aldehyde, individually
and together. The luminescence of 1-ml samples of the
cells was measured at the times indicated, and then 0.1
ml of either 0.015 M KCN in sea water or a saturated
decanal solution was injected. When both were added,
the cyanide was added first, and after the maximal
response (-1 min) the aldehyde was added. The re-
sponse to aldehyde was rapid and the luminescence
then declined rather quickly (inset, Fig. 1).

loss of luciferase, but to a combination of two
other factors: (i) substrate (electron) deficiency
which can be restored by cyanide, and (ii) the
loss or dilution out of the endogenous cellular
aldehyde or aldehyde factor. With regard to the
phenomenon under consideration, namely the
apparent delay in the synthesis of new luciferase,
the fact that there is no increase in luminescence
(either in vivo or in vitro) during the first few
hours cannot be attributed to substrate control.
The second possibility is that luciferase syn-

thesis actually does accompany cell growth, but
that the enzyme is produced in an inactive form
requiring only some specific activation step. On
the assumption that the hypothetical zymogen
is antigenically reactive with antiluciferase, this
hypothesis predicts that antigenically CRM
would be produced during the early phases of
growth and that its quantity would be propor-
tional to cell mass. The titer of CRM (as deter-
mined by activity inhibition with anti-luciferase)
closely parallels the extractable activity (Fig. 4).
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FIG. 4. The kinetics of the appearance of anti-
genically cross-reacting material (CRM) to antibody
prepared against highly purified MAV luciferase (8),
showing that it closely parallels the activity ofextracta-
ble luciferase. Culture and growth conditions similar
to those of the experiment ofFig. 1. Values ofordinates
also the same as in Fig. 1; the CRM values were
normalized.
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culture of A. fischeri

Bioluminescence is
emitted only at high 

cell density

Nealson KH et al. (1970) J Bacteriol 104:313-322.

Five years later, Hastings and co-workers noticed that light production in the
bioluminescent marine bacterium Allivibrio fischeri (previously known as Vibrio fischeri)
occurred at high cell density but not in diluted bacterial cultures.
Light production could be induced at low cell density by the exogenous provision of cell-
free supernatants from bacterial cultures grown to high cell density.
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Light emission in controlled by a signal 
molecule produced by the single cells and 
released in the environment. 

At a certain concentration, corresponding 
to the quorum cell density, the signal 
molecule binds to and activates a 
transcriptional regulator, that in turn 
activates the expression of genes required 
for light emission. 
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A. fischeri is a marine bacterium that colonizes the light organ of the squid Euprymna
scolopes, an ecological niche rich in nutrients that allows the growth of the bacterial
population to high cell density.
The emission of light by A. fischeri is exploited by the squid to mask its shadow when
hunting at night, allowing it to escape predation by animals living on the seabed.

Euprymna scolopes

Light organ colonized
by A. fischeri

From the asocial existance of bacteria to socio-microbiology



From the asocial existance of bacteria to socio-microbiology

Signal molecule

Biofilm Differentiation

Collective movements Interaction with the host

Bioluminescence Secondary metabolites

This intercellular communication system, know as quorum sensing (QS), 
controls group-behaviours in many bacteria. 
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2.2 Sistemi di quorum sensing 

Come è stato già accennato nel Capitolo 1, molti batteri possiedono sistemi di QS. 

Tenendo presente che nell’ambiente le differenti specie batteriche si trovano spesso a 

condividere la stessa nicchia ecologica, risulta immediatamente chiara l’importanza di 

comunicare mediante molecole che siano specie-specifiche al fine di mantenere un chiaro 

significato ed una specificità del messaggio scambiato tra batteri appartenenti alla stessa 

specie. Negli anni sono state identificate, infatti, molecole segnale del QS appartenenti a 

diverse classi chimiche nei vari batteri. Alcuni esempi sono i 2-alchil-4-chinoloni, i γ-

butirrolattoni, i metilesteri di acidi grassi, i derivati a catena lunga degli acidi grassi, gli 

autoinduttori di classe 3, i peptidi lineari o ciclici, i furanoni e gli acil-omoserina lattoni 

(Figura 2.2; Winzer et al., 2002; Sperandio et al., 2003; Winzer & Williams, 2003; 

Vendeville et al., 2005; Williams, 2007). Nei seguenti paragrafi verranno discusse più 

approfonditamente solo le molecole più diffuse e studiate: gli acil-omoserina lattoni, 

particolarmente diffusi nei batteri Gram-negativi, i peptidi, prodotti da molti batteri Gram-

positivi, ed i furanoni, prodotti sia dai batteri Gram-negativi, sia da quelli Gram-positivi 

(Waters & Bassler, 2005; Atkinson & Williams, 2009). 

 

 

 

Figura 2.2: Esempi di alcune tra le più importanti molecole segnale del QS (Stano et al., 2012a). 

This intercellular communication system, know as quorum sensing (QS), 
controls group-behaviours in many bacteria. 



Exploitation of QS in synthetic biology

The study of QS elucidates the mechanisms controlling collective behaviours and the 
evolution of social traits in individual cells.

In the last decade QS has been exploited for many biotechnological applications, 
including the development of biosensors and new therapeutic approaches.

In some cases, the engineering of bacterial cells with heterologous QS systems follows 
the principles of synthetic biology.

1) Engineering of non-pathogenic cells to sense and kill bacterial pathogens

2) Generation of new antitumor agents

3) Construction of new whole-cell biosensors

4) Generation of synthetic cells able to interface with natural cells



As early as 2006, synthetic biology was proposed as a new discipline which aims to apply
engineering approaches and methods to design and implement new bio-inspired
components, systems, and organisms that do not exist in nature.

The difference between genetic engineering and synthetic biology is not the aim (which
may be the same), but the approach used to achieve it.

Key principles of synthetic biology are standardization of parts, modularity in their
assembly, and orthogonality of processes. As in engineering fields, synthetic biology
often makes use of in silico modelling.

The principles of synthetic biology



Standardization and modularity are necessary to be able to get to the point of
generating complex artificial systems in an engineering-like design mode.

Could you build a skyscraper or aircraft carrier with screws, bolts and beams all of
different sizes and whose functional properties you do not know?

Genetic engineering Synthetic biology

Standardization and modularity



Standard part:  Roman arch Modular assembly:  Roman aqueduct

Standardization and modularity

Standardization and modularity are necessary to be able to get to the point of
generating complex artificial systems in an engineering-like design mode.

Could you build a skyscraper or aircraft carrier with screws, bolts and beams all of
different sizes and whose functional properties you do not know?



Orthogonality, or lack of interaction between various processes, is necessary in order to
achieve a controllable and predictable process. What would happen if your process altered
other processes that are related to it? Could it in turn be affected by them? How can we
predict the performance of a process that interacts with other processes? When
interactions become multiple and reciprocal, the system can become chaotic.

It is important to consider in what cellular background you want to put a synthetic genetic
circuit so that it does not interfere with endogenous processes. A “chassis” must be
defined!

Orthogonality



To predict the behavior of new genetic circuits generated to functionalize cells once they
are placed inside a chassis, synthetic biology often makes use of computer simulations (in
silico modelling).

 

In silico modelling
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The study of QS elucidates the mechanisms controlling collective behaviours and the 
evolution of social traits in individual cells.

In the last decade QS has been exploited for many biotechnological applications, 
including the development of biosensors and new therapeutic approaches.

In some cases, the engineering of bacterial cells with heterologous QS systems follows 
the principles of synthetic biology.

1) Engineering of non-pathogenic cells to sense and kill bacterial pathogens

2) Generation of new antitumor agents
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During certain bacterial infections, the level of QS signal molecules correlates with clinical status.
As an example, the QS signal molecules alkyl-quinolones (AQs) produced by Pseudomonas aeruginosa
are detectable in sputum, blood and urine of ca. 80% of cystic fibrosis (CF) patients suffering with P.
aeruginosa chronic lung infections.
Levels of the AQ molecule NHQ increased at the start of a pulmonary exacerbation and positively
correlated with quantitative measures of P. aeruginosa cells in the lung.

Machan et al. (1992) J Antimicrob Chemother 30:615-623; Collier et al. (2002) FEMS Microbiol Lett 215:41-46; Barr HL et al. (2015) Eur Respir J 46:1046-1054
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sensing device (i.e., pTetR-LasR-pLuxR-GFP; the plasmid map
is shown in Supplementary Figure 1B) and the GFP expression
was monitored at a range of concentrations of 3OC12HSL. From
the measured GFP synthesis rates (Figure 2A), we observed a
basal expression level of 0.216 RFU per OD per minute without
induction, followed by a sharp increase in GFP production rate
as the concentration of 3OC12HSL was increased beyond 1.0E-7M.
This transition peaked at 1.0E-6 M of 3OC12HSL and exhibited
a sharp decline afterward. These results suggest that the
optimal detection range of the sensing device was between
1.0E-7 and 1.0E-6 M 3OC12HSL. Note that previous studies
estimated extracellular concentration of 3OC12HSL to be in the
range of 1.0E-6 to 1.0E-4 M within proximity to the site of
P. aeruginosa infection (Pearson et al, 1995; Charlton et al, 2000).

Transfer function of the sensing device

One important characteristic of the sensing device was the
transfer function that describes the static relationship between
the input (3OC12HSL) and output (GFP production rate) of the
sensing device. The transfer function was determined by fitting
an empirical mathematical model (Hill equation) to the
experimental data where the input 3OC12HSL concentration
is o1.0E-6 M. The resulting best fit model demonstrated that
the static performance of the sensing device follows a Hill
equation below the input concentration of 1.0E-6 M 3OC12HSL
(Figure 2B). The model showed that the sensing device
saturated at a maximum output of 1.96 RFU per OD per
minute at input concentration 43.3E-7 M but o1.0E-6 M
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Figure 2 Characterization results of sensing device coupled with GFP reporter. (A) GFP production rate per cell over time at different 3OC12HSL inducer
concentrations. (B) Time-averaged GFP production rate per cell at different input 3OC12HSL concentrations, showing that the optimal operating concentrations for the
sensing device range from 1.0E-7 to 1.0E-6 M 3OC12HSL. Error bar represents the standard deviation of statistical means between 20 and 80 m after induction. The
experiment was performed with six replicates. Source data is available for this figure at www.nature.com/msb.

Our engineered E. coli

P. aeruginosa 

PluxRlasR Lysis E7 Pyocin S5
PluxRPtetR

3OC12 HSL

Pyocin S5 protein

Lysis E7 protein 

lasR protein

PluxR activator Quorum sensing

Pathogen inhibition

Lysis activationPyocin accumulation

Figure 1 Schematic of ‘Pathogen Sensing and Killing’ system. luxR promoter is activated by LasR-3OC12HSL complex, leading to production of E7 lysis protein and S5
pyocin within E. coli chassis. After the E7 protein attains the threshold concentration that causes the chassis to lyse, the accumulated S5 is released into the exogenous
environment and kills P. aeruginosa.
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sensing device (i.e., pTetR-LasR-pLuxR-GFP; the plasmid map
is shown in Supplementary Figure 1B) and the GFP expression
was monitored at a range of concentrations of 3OC12HSL. From
the measured GFP synthesis rates (Figure 2A), we observed a
basal expression level of 0.216 RFU per OD per minute without
induction, followed by a sharp increase in GFP production rate
as the concentration of 3OC12HSL was increased beyond 1.0E-7M.
This transition peaked at 1.0E-6 M of 3OC12HSL and exhibited
a sharp decline afterward. These results suggest that the
optimal detection range of the sensing device was between
1.0E-7 and 1.0E-6 M 3OC12HSL. Note that previous studies
estimated extracellular concentration of 3OC12HSL to be in the
range of 1.0E-6 to 1.0E-4 M within proximity to the site of
P. aeruginosa infection (Pearson et al, 1995; Charlton et al, 2000).
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the input (3OC12HSL) and output (GFP production rate) of the
sensing device. The transfer function was determined by fitting
an empirical mathematical model (Hill equation) to the
experimental data where the input 3OC12HSL concentration
is o1.0E-6 M. The resulting best fit model demonstrated that
the static performance of the sensing device follows a Hill
equation below the input concentration of 1.0E-6 M 3OC12HSL
(Figure 2B). The model showed that the sensing device
saturated at a maximum output of 1.96 RFU per OD per
minute at input concentration 43.3E-7 M but o1.0E-6 M
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1.0E-6 M 3OC12HSL using the LIVE/DEAD cell viability assay.
As seen under microscope, many P. aeruginosa cells exposed
to the supernatant of the engineered E. coli were stained with
the PI dye, which stains a dead cell, whereas those that were
incubated with the wild-type E. coli were mostly stained with
the SYTO 9 dye, which stains a live cell (Supplementary Figure
2B). This result suggests that our engineered E. coli carrying
the final system can kill P. aeruginosa in response to as low as
1.0E-6 M 3OC12HSL. Since our earlier estimation indicated
that the concentration of 3OC12HSL natively produced by
P. aeruginosa was B1.0E-6 M, this outcome may imply that
this killing activity would be sustained against P. aeruginosa in
response to its producing 3OC12HSL.

Therefore, subsequently, to confirm the killing activity by
the native 3OC12HSL produced by P. aeruginosa, the filtered
supernatant of P. aeruginosa cultures was mixed with the

E. coli cultures, whose supernatant was then added to
P. aeruginosa-grown agars. Figure 5A shows that P. aeruginosa
growth was significantly inhibited by the engineered E. coli
cultures exposed to the supernatant of P. aeruginosa cultures,
while neither with the wild-type E. coli cells nor without the
P. aeruginosa supernatant led to growth inhibition. This result
indicates that our final system produces pyocin S5 and E7 in
response to the 3OC12HSL natively produced by P. aeruginosa,
which resulted in the killing of P. aeruginosa.

To further visualize the inhibition effects on P. aeruginosa by
our engineered E. coli, P. aeruginosa cells were stained using
the LIVE/DEAD cell viability assay. Figure 5B shows that many
P. aeruginosa cells exposed to the supernatant of the
engineered E. coli induced with native 3OC12HSL were stained
with the PI dye, whereas the cells incubated with the wild-type
E. coli were mostly stained with the SYTO 9 dye (green). This
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Figure 3 Characterization results of lysis device using 3OC12HSL. (A) Growth curve of E. coli expressing E7 lysis protein after induction with different concentrations of
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range of 1.0E-7 to 1.0E-6 M 3OC12HSL, which was in line with
the concentration of 3OC12HSL secreted by P. aeruginosa. We
further confirmed the activity of the killing and lysing devices
in response to this range of 3OC12HSL concentration. Finally,
we demonstrated that our engineered E. coli with the complete
system effectively kills P. aeruginosa in both planktonic and
biofilm states when those two microbes were grown together.
As a proof of concept, E. coli, a natural inhabitant of the
gastrointestinal tract, was chosen as the chassis in this study.
The synthetic biology framework and genetic devices devel-
oped in this work could potentially be transferred into other
microbial chassis such as probiotics and residential microbes
of the upper respiratory tract (Brook, 2005; Charlson et al,
2010). Further, this study presents the possibility of engineer-

ing potentially beneficial microbiota into therapeutic bioa-
gents to arrest Pseudomonas infection. Given the stalled
development of new antibiotics and the increasing emergence
of multidrug-resistant pathogens, this study provides the
foundational basis for a novel synthetic biology-driven
antimicrobial strategy that could be extended to include other
pathogens such as Vibrio cholera and Helicobacter pylori.

Materials and methods

Strains and media
All cells involved in cloning and characterization experiments are
E. coli TOP10 (Invitrogen) unless otherwise stated. Commercial
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Figure 5 Inhibition of P. aeruginosa by the engineered E. coli induced with native 3OC12HSL produced by P. aeruginosa. (A) Agar overlay assay of P. aeruginosa after
exposure to supernatant of four different cultures. First, P. aeruginosa exposed to supernatant of wild-type E. coli showed no bactericidal activity. Second, P. aeruginosa
exposed to supernatant of wild-type E. coli mixed with P. aeruginosa produced no inhibition zones. Third, exposure to supernatant of E. coli carrying pTetR-LasR-pLuxR-
S5-pLuxR-E7 (final system) did not produce any inhibition as well. Fourth, only P. aeruginosa exposed to supernatant of E. coli carrying final system with P. aeruginosa
displayed clear inhibition zones, which suggested that the system produced sufficient pyocin S5 to exhibit bactericidal activity. (B) P. aeruginosa cells stained using the
LIVE/DEAD cell viability assay. Many P. aeruginosa cells were stained with PI dye, which indicate dead cells, when exposed to supernatant of engineered E. coli carrying
the final system that was induced by native 3OC12HSL produced by P. aeruginosa. Scale bar: 5 mm. (C) Fluorescence measurement of P. aeruginosa that constitutively
expresses GFP in mixed culture with engineered E. coli. The result from the mixed culture with the engineered E. coli carrying pTetR-LasR-pLuxR-E7 and pTet-LasR-
pLuxR-S5 shows an exponential increase in the fluorescence readings, whereas the mixed culture with E. coli carrying pTetR-LasR-pLuxR-S5-pLuxR-E7 (the final
system) exhibited no increase in the readings. This suggests that the growth of P. aeruginosa was significantly inhibited in the mixed culture with engineered E. coli
carrying the final system. PAO1, which pyocin S5 was derived from, was included as a negative control. Error bar represents the standard deviation of six replicates.
(D) Percentage survival of P. aeruginosa carrying chloramphenicol-resistant plasmid in mixed culture with the engineered E. coli. Pseudomonas in the mixed culture was
quantified by viable cell count using chloramphenicol selection. The result shows that our engineered E. coli inhibited the growth of Pseudomonas by 99%. In contrast,
inhibition was less observed in Pseudomonas co-cultured with incomplete E. coli systems missing either the pyocin S5 killing device or E7 lysis device. Error bar
represents the standard deviation of three replicates. Source data is available for this figure at www.nature.com/msb.
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P. aeruginosa cells imaged with 
LIVE/DEAD staining. 

range of 1.0E-7 to 1.0E-6 M 3OC12HSL, which was in line with
the concentration of 3OC12HSL secreted by P. aeruginosa. We
further confirmed the activity of the killing and lysing devices
in response to this range of 3OC12HSL concentration. Finally,
we demonstrated that our engineered E. coli with the complete
system effectively kills P. aeruginosa in both planktonic and
biofilm states when those two microbes were grown together.
As a proof of concept, E. coli, a natural inhabitant of the
gastrointestinal tract, was chosen as the chassis in this study.
The synthetic biology framework and genetic devices devel-
oped in this work could potentially be transferred into other
microbial chassis such as probiotics and residential microbes
of the upper respiratory tract (Brook, 2005; Charlson et al,
2010). Further, this study presents the possibility of engineer-

ing potentially beneficial microbiota into therapeutic bioa-
gents to arrest Pseudomonas infection. Given the stalled
development of new antibiotics and the increasing emergence
of multidrug-resistant pathogens, this study provides the
foundational basis for a novel synthetic biology-driven
antimicrobial strategy that could be extended to include other
pathogens such as Vibrio cholera and Helicobacter pylori.
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The engineered E. coli strain can detect
and kill P. aeruginosa.

This engineered bacterium can be also
considered as an intelligent

drug delivery vehicle



The same approach can be used to engineer probiotics



Exploitation of QS in synthetic biology

The study of QS elucidates the mechanisms controlling collective behaviours and the 
evolution of social traits in individual cells.

In the last decade QS has been exploited for many biotechnological applications, 
including the development of biosensors and new therapeutic approaches.

In some cases, the engineering of bacterial cells with heterologous QS systems follows 
the principles of synthetic biology.

1) Engineering of non-pathogenic cells to sense and kill bacterial pathogens

2) Generation of new antitumor agents

3) Construction of new whole-cell biosensors

4) Generation of synthetic cells able to interface with natural cells



Bacteria are promising anti-tumour agents

In 1868 Karl David Wilhelm Busch intentionally provoked erysipelas infection in a young girl
with a big solid tumour on the neck. The tumour mass significantly decreased in few days.

In 1882 Friedrich Fehleisen isolated the etiological agent of erysipelas, Streptococcus
pyogenes. He injected S. pyogenes in 7 patients with solid tumours and described complete
tumour regression in 3 patients.

New York Times, July 29th, 1908
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Figura 2: Foto di un paziente con sarcoma alla mascella e metastasi addominali trattato da Coley nel 1898. (A) 

Fotografia del paziente dopo sessantatré trattamenti con “tossina” di Coley, in cui veniva riportato che il sarcoma alla 

mascella si era ridotto a circa la metà rispetto alle condizioni iniziali. (B) Foto dopo ulteriori trattamenti con la “tossina” 

di Coley. Nel 1910, durante una conferenza alla Royal Society of Medicine, Coley mostrò queste foto ed assicurò che il 

paziente era ancora vivo e in buona salute. (C) Articolo pubblicato sul New York Times il 29 Luglio 1908. Immagine 

modificata da Balkwill (2009). 

 

Il lavoro di Coley suscitò molto interesse, tanto che a partire dal 1899 una delle prime e più 

importanti case farmaceutiche americane, la Parke-Davis & Company (fondata a Detroit nel 1860 

ed oggi parte della Pfizer), cominciò a produrre su larga scala e a commercializzare la “tossina” di 

Coley, in modo che questa potesse essere utilizzata anche da altri medici per la cura dei tumori 

(Bickels et al., 2002). 

Tuttavia, molti medici mostrarono scetticismo nei confronti della cura proposta da Coley, in 

quanto per molti dei casi trattati con successo dal medico americano non era disponibile una 

documentazione precisa relativa al trattamento, e molti pazienti non erano stati seguiti in modo 

adeguato dopo essere stati dimessi. Inoltre, la “tossina” di Coley sembrava avere effetti apprezzabili 

solo nei confronti dei sarcomi, una piccola parte delle varie forme di neoplasia. Anche il fatto che la 

“tossina” di Coley venisse somministrata secondo vie differenti dai diversi medici (a volte per 

endovena, altre intra-muscolarmente o direttamente nella massa tumore), e che negli anni vennero 

proposte ed utilizzate tredici diverse formulazioni per la “tossina” di Coley, contribuì ad aumentare 

la variabilità nei risultati ottenuti. Negli anni, infatti, l’uso della “tossina” di Coley nel trattamento 

dei tumori fece registrare sia successi, sia completi fallimenti (Hobohm, 2001; McCarthy, 2006). 

Molti dei casi descritti da Coley furono rifiutati dal “Bone Sarcoma Registry”, fondato in 

America nel 1921 dal medico Ernest Codman con l’intento di standardizzare la diagnosi e il 

Nature Reviews | Cancer

a b

The tumour necrosis factor family
Around the same time, Granger and co-
workers described a protein produced 
by lymphocytes that was toxic to tumour 
cells25, but it took another 18 years for two 
different proteins with related sequences 
to be isolated from human HL-60 and 
RPMI-1788 cells. These were named 
tumour necrosis factor and lymphotoxin 
respectively26–28. The first indication that 
there might be a family of related cytotoxic 

proteins came when TNF and lymphotoxin 
were found to bind to the same cell surface 
receptor29. The availability of the protein 
sequences soon led to gene cloning of 
human TNF and lymphotoxin at Genentech 
in the United States30,31, and human and 
mouse TNF in Walter Fier’s laboratory in 
Belgium32,33 (TIMELINE). In the same year, 
the first monoclonal antibody to TNF was 
made by David Wallach’s laboratory at the 
Weizmann Institute in Israel34.

The relationship between TNF and 
lympho toxin was the first indication of the 
existence of a whole superfamily of 19 lig-
ands related to TNF and 29 receptors with 
a wide range of roles beyond cytotoxicity, 
being involved in the development and func-
tion of the immune system as well as in tis-
sue homeostasis4,11,35–37 (see Supplementary 
information S1 (box)). However, within this 
gene family, TNF (also known as TNFα) was 
recognized as a uniquely powerful intercel-
lular communicating molecule with crucial 
and non-redundant roles in innate and 
adaptive immunity. Lymphotoxin (or TNFβ, 
as it is now commonly known) has not been 
studied so extensively in terms of malignant 
disease and, for reasons of space, will not be 
considered further in this article.

The next frontier was the identification 
of cell surface receptors for TNF. In 1985, 
Aggarwal et al. reported that radiolabelled 
recombinant TNF and lymphotoxin bound 
to a single class of receptor on carcinoma 
cells29. Proteins that bound TNF were abun-
dant in urine and David Wallach’s group 
correctly surmised that these could be shed 
surface receptors. Purification was pos-
sible because the pharmaceutical company 
Serono had amassed large quantities of con-
centrated urine proteins from menopausal 
women (specifically, from Italian nuns) for 
their hormone research. Chromatographic 
purification of a binding protein, now 
known to be TNFR1 (also known as 
TNFRSF1A), was achieved in 1989 (REF. 38), 
and a soluble form of the TNFR2 (also 
known as TNFRSF1B) was affinity purified 

Timeline | Tumour necrosis factor and cancer

1892 1896 1931 1944 1962 1975 1984 1985 1987 1989 1990 1992 1994 1996 1999 2001 2003 2004 2007

Coley’s mixed 
toxins used 
clinically for 
the first time20  

William Coley 
treats his first 
sarcoma patient 
with erysipelas2

Transfer of tumour 
necrotic activity in 
serum of endotoxin- 
treated animals24

Bacterial extracts 
shown to cause tumour 
necrosis in a guinea pig 
model of sarcoma22

(1984–1985)  
Human and 
mouse TNF 
genes cloned30,32

(1989–1990) TNF detected 
in human cancer biopsies; 
made by macrophages or 
tumour cells80,81

First clinical 
trials of TNF 
in advanced 
cancer71–74

TNF-knockout 
mice are 
resistant to skin 
carcinogenesis5

TNF, interferon-γ and mild 
hyperthermia treatment 
using isolated limb 
perfusion causes tumour 
necrosis in patients with 
sarcoma and melanoma55

TNF: a therapeutic 
target in advanced 
renal cancer14

TNF 
discovered1

Endotoxin is the 
active principle 
of tumour 
necrosis serum23

TNF and 
cachectin are 
identical161

Cloning of 
TNFR1  
(REFS 41,169)

First TNF-knockout 
mouse96

Cloning of 
TNFR2 
(REFS 40,170)

Resurgence of 
interest in links 
between cancer and 
inflammation98,171

First report of 
clinical activity of 
TNF antagonists 
in rheumatoid 
arthritis46

Nuclear factor-κB signalling pathway is a 
link between TNF and tumour promotion6,127

First clinical trial of TNF 
antagonists in cancer12

(1984–1988)  
Local treatment with 
recombinant TNF causes 
tumour necrosis in a range 
of mouse models30,47–49

(1984–present) 
Identification and 
characterization of other 
members of the TNF and 
TNF receptor families4,31,168

(1989–1993) TNF may increase 
experimental cancer growth 
and spread92–94 The tumour suppressor 

VHL is a translational 
repressor of TNF110

(2003–2008) Anti-TNF 
antibodies inhibit 
murine cancer 
growth6,103,113,131,132

TNF produced by 
cancer cell lines79

Angiogenic activity 
of TNF reported90,91

TNF, tumour necrosis factor; TNFR, tumour necrosis factor receptor

Figure 1 | Treatment with Coley’s toxins. A patient with round cell sarcoma of the jaw and abdominal 
metastases seen by Coley in 1899. a | Photograph after 63 injections with Coley’s toxins; tumour had 
diminished to about half its original size. b | Photograph after further treatment with Coley’s toxins. In 
his 1910 lecture at the Royal Society of Medicine Coley reported that the patient was still alive and 
well. Images reproduced, with permission, from REF. 17 � (1910) Royal Society of Medicine. 
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In 1893 William Bradley Coley described the anti-
tumour effect of the “Coley toxic”, an injectable
medication based on filtered S. pyogenes e Serratia
marcescens cultures.

In 1936 Coley published a manuscript reporting
complete regression of solid tumours in hundreds of
patients treated with the “Coley toxic”.



Bacteria are promising anti-tumour agents

! 2!

meglio le metodiche e gli approcci che potrebbero portare, nel prossimo futuro, allo sviluppo di 

microrganismi ingegnerizzati utilizzabili come nuovi agenti antitumorali. 
 

 
 

Figura 1: Grafico in cui è riportato il numero di lavori scientifici pubblicati ogni anno identificabili sul sito PubMed 

(http://www.ncbi.nlm.nih.gov/pubmed) con le parole chiave “bacteria AND tumor AND therapy”. 

 

1.1 Dalle prime osservazioni di Busch alla “tossina” di Coley 

Una prima evidenza storica del possibile utilizzo di microrganismi per il trattamento di tumori 

risale al 1868, quando il chirurgo tedesco Karl David Wilhelm Busch applicò intenzionalmente sul 

collo di una ragazza di diciannove anni, che presentava in tale sito un tumore “grande quanto la 

testa di un neonato”, delle bende precedentemente utilizzate da un paziente affetto da erisipela 

(Busch, 1868). L’erisipela è un'infezione batterica acuta della pelle, che coinvolge il derma 

profondo ed in parte l'ipoderma, e che era molto diffusa nei secoli scorsi, con un tasso di mortalità 

di quasi il 100% in bambini ed anziani (Bisno e Stevens, 1996). La giovane donna contrasse la 

malattia e presentò i sintomi relativi, ma il tumore al collo regredì fino a divenire “paragonabile alla 

grandezza di una mela”. Dopo aver curato l’erisipela, però, il tumore riprese a crescere. Il tentativo 

del medico tedesco fu primariamente quello di indurre sintomi febbrili nel paziente, in modo da 

studiarne gli effetti sul tumore (Busch, 1868). 

Quattordici anni dopo, un altro medico tedesco, Friedrich Fehleisen, identificò l’agente 

eziologico dell’erisipela, attualmente noto come Streptococcus pyogenes, lo coltivò in vitro e lo 

iniettò a sette pazienti affetti da tumore, ottenendo tre casi di completa remissione (Fehleisen, 

1882). 

Scientific manuscripts retrieved in Pubmed (www.ncbi.nlm.nih.gov/pubmed) 

with the query “bacteria AND tumour AND therapy”.
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Many genera of bacteria have been shown to preferentially accumulate in tumours, 
including Salmonella, Escherichia, Clostridium and Bifidobacterium. Bacteria administered by 

tail vein injection co-localize with solid tumours.
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Abstract

The ability to track microbes in real time in vivo is of enormous value for preclinical investigations in infectious disease or
gene therapy research. Bacteria present an attractive class of vector for cancer therapy, possessing a natural ability to grow
preferentially within tumours following systemic administration. Bioluminescent Imaging (BLI) represents a powerful tool for
use with bacteria engineered to express reporter genes such as lux. BLI is traditionally used as a 2D modality resulting in
images that are limited in their ability to anatomically locate cell populations. Use of 3D diffuse optical tomography can
localize the signals but still need to be combined with an anatomical imaging modality like micro-Computed Tomography
(mCT) for interpretation. In this study, the non-pathogenic commensal bacteria E.coli K-12 MG1655 and Bifidobacterium breve
UCC2003, or Salmonella Typhimurium SL7207 each expressing the luxABCDE operon were intravenously (IV) administered to
mice bearing subcutaneous (s.c) FLuc-expressing xenograft tumours. Bacterial lux signal was detected specifically in
tumours of mice post IV-administration and bioluminescence correlated with the numbers of bacteria recovered from
tissue. Through whole body imaging for both lux and FLuc, bacteria and tumour cells were co-localised. 3D BLI and mCT
image analysis revealed a pattern of multiple clusters of bacteria within tumours. Investigation of spatial resolution of 3D
optical imaging was supported by ex vivo histological analyses. In vivo imaging of orally-administered commensal bacteria
in the gastrointestinal tract (GIT) was also achieved using 3D BLI. This study demonstrates for the first time the potential to
simultaneously image multiple BLI reporter genes three dimensionally in vivo using approaches that provide unique
information on spatial locations.
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Introduction

The study of bacteria in small animal models is of high
importance to a range of medical research fields, including
infectious diseases, gut health and gene therapy. The value of
non-invasive, longitudinal monitoring of bacterial strains in vivo is
well accepted, not only because such methodologies drastically
reduce animal usage, but also the data generated are more
statistically relevant than end-point assays. The bacterial cells,
kinetics of transgene expression and host cell responses may be
quantitatively assessed simultaneously over time. BLI is based on
the detection of bioluminescent light from the subject through use
of a cooled charged coupled device (CCD) camera. The relatively
simple instrumentation and lack of requirement for radioactivity
puts the technology well within the reach of the average
laboratory.

Visualisation of bacteria in animal models has become
widespread in recent years [1,2]. The luxCDABE operon isolated

from Vibrio harveyi [3] and Photorhabdus luminescens (formerly
Xenorhabdus luminescens), amongst others, has enabled microbiolo-
gists to generate constitutively bioluminescent cells in a diverse
range of bacterial genera, without the necessity of exogenous
substrate [4]. The first experiments demonstrating in vivo detection
of a bioluminescent signal were reported in 1995 by Contag and
co-workers and involved the imaging of mice infected with lux-
tagged Salmonella Typhimurium [5]. Other luminescent gene
systems are also available for bacteria, such as beetle luciferases
which have been expressed in Bifidobacterium longum [6] and E. coli
[7]. Strains have also been engineered to express fluorescent
markers [8]. However, high background levels and poor tissue
penetration of both excitation and emission light restricts the
application of fluorescence in vivo to predominantly subcutaneous,
shallow depth models. Luminescence-based reporter systems
display fewer drawbacks, since autoluminescence is almost
nonexistent, allowing significantly higher sensitivity and specificity
than fluorescent reporters in vivo.
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preferentially within tumours following systemic administration. Bioluminescent Imaging (BLI) represents a powerful tool for
use with bacteria engineered to express reporter genes such as lux. BLI is traditionally used as a 2D modality resulting in
images that are limited in their ability to anatomically locate cell populations. Use of 3D diffuse optical tomography can
localize the signals but still need to be combined with an anatomical imaging modality like micro-Computed Tomography
(mCT) for interpretation. In this study, the non-pathogenic commensal bacteria E.coli K-12 MG1655 and Bifidobacterium breve
UCC2003, or Salmonella Typhimurium SL7207 each expressing the luxABCDE operon were intravenously (IV) administered to
mice bearing subcutaneous (s.c) FLuc-expressing xenograft tumours. Bacterial lux signal was detected specifically in
tumours of mice post IV-administration and bioluminescence correlated with the numbers of bacteria recovered from
tissue. Through whole body imaging for both lux and FLuc, bacteria and tumour cells were co-localised. 3D BLI and mCT
image analysis revealed a pattern of multiple clusters of bacteria within tumours. Investigation of spatial resolution of 3D
optical imaging was supported by ex vivo histological analyses. In vivo imaging of orally-administered commensal bacteria
in the gastrointestinal tract (GIT) was also achieved using 3D BLI. This study demonstrates for the first time the potential to
simultaneously image multiple BLI reporter genes three dimensionally in vivo using approaches that provide unique
information on spatial locations.
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Introduction

The study of bacteria in small animal models is of high
importance to a range of medical research fields, including
infectious diseases, gut health and gene therapy. The value of
non-invasive, longitudinal monitoring of bacterial strains in vivo is
well accepted, not only because such methodologies drastically
reduce animal usage, but also the data generated are more
statistically relevant than end-point assays. The bacterial cells,
kinetics of transgene expression and host cell responses may be
quantitatively assessed simultaneously over time. BLI is based on
the detection of bioluminescent light from the subject through use
of a cooled charged coupled device (CCD) camera. The relatively
simple instrumentation and lack of requirement for radioactivity
puts the technology well within the reach of the average
laboratory.

Visualisation of bacteria in animal models has become
widespread in recent years [1,2]. The luxCDABE operon isolated

from Vibrio harveyi [3] and Photorhabdus luminescens (formerly
Xenorhabdus luminescens), amongst others, has enabled microbiolo-
gists to generate constitutively bioluminescent cells in a diverse
range of bacterial genera, without the necessity of exogenous
substrate [4]. The first experiments demonstrating in vivo detection
of a bioluminescent signal were reported in 1995 by Contag and
co-workers and involved the imaging of mice infected with lux-
tagged Salmonella Typhimurium [5]. Other luminescent gene
systems are also available for bacteria, such as beetle luciferases
which have been expressed in Bifidobacterium longum [6] and E. coli
[7]. Strains have also been engineered to express fluorescent
markers [8]. However, high background levels and poor tissue
penetration of both excitation and emission light restricts the
application of fluorescence in vivo to predominantly subcutaneous,
shallow depth models. Luminescence-based reporter systems
display fewer drawbacks, since autoluminescence is almost
nonexistent, allowing significantly higher sensitivity and specificity
than fluorescent reporters in vivo.
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bearing mice, and compared these data with those obtained using
the ‘gold-standard’ cancer therapy strain S. Typhimurium.

Various preclinical therapeutic trials have shown the ability of
different bacterial strains to traffic to tumour sites, primarily in the
context of delivery of DNA for subsequent tumour cell expression.
Pathogenic invasive species are utilised for this purpose [29]. S.
Typhimurium has been examined in clinical trials for tumour
targeting [14,15,16]. However, even with safety attenuation, the
inherent pathogenicity and immunogenicity of these bacteria has
outweighed therapeutic responses in patients. To address these
failings, we explored the use of non-pathogenic bacteria and
validated that these strains colonise tumours with efficiencies
similar to the best-described species in the field, S. Typhimurium.
The E. coli and B. breve strains employed here are non-invasive. In
the context of gene and cell therapy, such bacteria do not act as
cell transfection agents, but rather replicate within the tumour
stroma, external to tumour cells. Therapeutic strategies employing
these bacteria are analogous to cell therapy approaches, with
bacterial expression of therapeutic genes (e.g. anti-angiogenic or
immune modulating) within the environment of the tumour [10].
The non-invasive nature of these strains bestows further tumour-
specificity and safety, as was indicated here with B. breve and E. coli,
where their bioluminescence was confined to just tumours, unlike
that of S. Typhimurium which was also observed elsewhere in the
animal.

The E. coli and S. Typhimurium strains in this study were
labelled by genomic integration of the lux operon. p16sLux
integrates in single copy into the 16s rDNA site in the chromosome
of Gram-negative strains [30]. The use of a site-specific integrating
plasmid permits labelling of bacteria without interference in the
behaviour of the strain following integration. Bifidobacteria are
much less genetically tractable, and such genomic integration
strategies are unavailable. The lower levels of bioluminescence
observed from B. breve are likely to reflect lower lux gene
expression compared with E. coli and Salmonella, given the nature
of the episomal plasmid construct, but might also be reflective of
lower metabolic activity within this particular bacterium (this is
currently being investigated). Nonetheless, the pMC3 plasmid-

based lux system used here proved sufficiently robust to permit BLI
tracking in a range of situations, and this system is still the only
reported luxABCDE expression system for bifidobacteria [25].
Fluorescent protein tagging also proved useful in this study for ex
vivo analysis of B. breve in tumour tissue, since to date we have been
unable to visualise this strain in tumours by Gram-staining. Use of
the cherry red fluorescent strain, in conjunction with a green
fluorescent tumour cell line validated and provided further detail
on in vivo findings with 3D BLI.

While other studies using 2D BLI have demonstrated localisation
of bacteria to various regions of the mouse body (abdomen, lung, s.c.
tumour etc.), no depth information is available with 2D imaging.
The 2D image obtained is at the level of the animal surface and is
dispersed over an area broader than the source. This poor spatial
resolution limits conclusions that can be drawn. This is exemplified
in Figure 4a, where 2D imaging suggests that bacteria are
distributed throughout the tumour, whereas 3D tomography
(Movie S2) elucidates brighter source locations and implies that
the bacteria are concentrated non-uniformly within the tumour
mass. The histological analysis confirmed the presence of B. breve in
clusters, primarily in less viable regions of tumour as evidenced by
less green cells. While DAPI-stained nuclei were present proximal to
bacteria, the absence of GFP suggests that DAPI-positive cells are
not metabolically active U87 cells, and may relate to other cell types
of tumour stroma, such as immune or fibroblast. It should be noted
that tissue sections were 6 mm in thickness, and therefore not all cells
visualised are in the same plane.

Bifidobacterial growth in non-viable tumour regions has
previously been established by us and others. As tumours grow
over 2 mm3, the vascular supply becomes inadequate to supply
metabolic demands, resulting in areas of hypoxia. There are
multiple areas in tumours with ,1% oxygen compared with a
standard 3–15% in normal tissues. This is apparent with 3D
imaging in Figure 4b, where FLuc bioluminescence from U87
tumours is seen to be non-uniform throughout the tumour. Early
observations with strictly anaerobic bacteria (clostridia and
bifidobacteria) lead to the hypothesis that, unlike normal tissues,
hypoxic environments in tumours provide anaerobic growth

Figure 6. Co-registration with mCT. (a) Whole Body 3D co-registration of lux, FLuc and mCT. Combined luminescence and mCT
demonstrating co-localisation of B. breve (bacterial lux - orange) and subcutaneous HCT116-luc2 tumour (FLuc - green). (b) Intratumoural Imaging.
Combined mCT and luminescence imaging. Magnification of subcutaneous tumour from mouse in (a), top, side and base view. Viable tumour (FLuc
green/blue), vasculature (contrast agent – red) and bacterial (orange/yellow) signals are visualised. Movie on website (Movie S3).
doi:10.1371/journal.pone.0030940.g006
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Bacteria co-localize with different tumour types.
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mice bearing subcutaneous (s.c) FLuc-expressing xenograft tumours. Bacterial lux signal was detected specifically in
tumours of mice post IV-administration and bioluminescence correlated with the numbers of bacteria recovered from
tissue. Through whole body imaging for both lux and FLuc, bacteria and tumour cells were co-localised. 3D BLI and mCT
image analysis revealed a pattern of multiple clusters of bacteria within tumours. Investigation of spatial resolution of 3D
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Introduction

The study of bacteria in small animal models is of high
importance to a range of medical research fields, including
infectious diseases, gut health and gene therapy. The value of
non-invasive, longitudinal monitoring of bacterial strains in vivo is
well accepted, not only because such methodologies drastically
reduce animal usage, but also the data generated are more
statistically relevant than end-point assays. The bacterial cells,
kinetics of transgene expression and host cell responses may be
quantitatively assessed simultaneously over time. BLI is based on
the detection of bioluminescent light from the subject through use
of a cooled charged coupled device (CCD) camera. The relatively
simple instrumentation and lack of requirement for radioactivity
puts the technology well within the reach of the average
laboratory.

Visualisation of bacteria in animal models has become
widespread in recent years [1,2]. The luxCDABE operon isolated

from Vibrio harveyi [3] and Photorhabdus luminescens (formerly
Xenorhabdus luminescens), amongst others, has enabled microbiolo-
gists to generate constitutively bioluminescent cells in a diverse
range of bacterial genera, without the necessity of exogenous
substrate [4]. The first experiments demonstrating in vivo detection
of a bioluminescent signal were reported in 1995 by Contag and
co-workers and involved the imaging of mice infected with lux-
tagged Salmonella Typhimurium [5]. Other luminescent gene
systems are also available for bacteria, such as beetle luciferases
which have been expressed in Bifidobacterium longum [6] and E. coli
[7]. Strains have also been engineered to express fluorescent
markers [8]. However, high background levels and poor tissue
penetration of both excitation and emission light restricts the
application of fluorescence in vivo to predominantly subcutaneous,
shallow depth models. Luminescence-based reporter systems
display fewer drawbacks, since autoluminescence is almost
nonexistent, allowing significantly higher sensitivity and specificity
than fluorescent reporters in vivo.
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This ability is partly due to the ”enanched permeability and retention effect”.

Possiamo+rendere+un+baVerio+innocuo+un+killer+di+tumori+?++
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The study of bacteria in small animal models is of high
importance to a range of medical research fields, including
infectious diseases, gut health and gene therapy. The value of
non-invasive, longitudinal monitoring of bacterial strains in vivo is
well accepted, not only because such methodologies drastically
reduce animal usage, but also the data generated are more
statistically relevant than end-point assays. The bacterial cells,
kinetics of transgene expression and host cell responses may be
quantitatively assessed simultaneously over time. BLI is based on
the detection of bioluminescent light from the subject through use
of a cooled charged coupled device (CCD) camera. The relatively
simple instrumentation and lack of requirement for radioactivity
puts the technology well within the reach of the average
laboratory.

Visualisation of bacteria in animal models has become
widespread in recent years [1,2]. The luxCDABE operon isolated

from Vibrio harveyi [3] and Photorhabdus luminescens (formerly
Xenorhabdus luminescens), amongst others, has enabled microbiolo-
gists to generate constitutively bioluminescent cells in a diverse
range of bacterial genera, without the necessity of exogenous
substrate [4]. The first experiments demonstrating in vivo detection
of a bioluminescent signal were reported in 1995 by Contag and
co-workers and involved the imaging of mice infected with lux-
tagged Salmonella Typhimurium [5]. Other luminescent gene
systems are also available for bacteria, such as beetle luciferases
which have been expressed in Bifidobacterium longum [6] and E. coli
[7]. Strains have also been engineered to express fluorescent
markers [8]. However, high background levels and poor tissue
penetration of both excitation and emission light restricts the
application of fluorescence in vivo to predominantly subcutaneous,
shallow depth models. Luminescence-based reporter systems
display fewer drawbacks, since autoluminescence is almost
nonexistent, allowing significantly higher sensitivity and specificity
than fluorescent reporters in vivo.
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reduce animal usage, but also the data generated are more
statistically relevant than end-point assays. The bacterial cells,
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the detection of bioluminescent light from the subject through use
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puts the technology well within the reach of the average
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Xenorhabdus luminescens), amongst others, has enabled microbiolo-
gists to generate constitutively bioluminescent cells in a diverse
range of bacterial genera, without the necessity of exogenous
substrate [4]. The first experiments demonstrating in vivo detection
of a bioluminescent signal were reported in 1995 by Contag and
co-workers and involved the imaging of mice infected with lux-
tagged Salmonella Typhimurium [5]. Other luminescent gene
systems are also available for bacteria, such as beetle luciferases
which have been expressed in Bifidobacterium longum [6] and E. coli
[7]. Strains have also been engineered to express fluorescent
markers [8]. However, high background levels and poor tissue
penetration of both excitation and emission light restricts the
application of fluorescence in vivo to predominantly subcutaneous,
shallow depth models. Luminescence-based reporter systems
display fewer drawbacks, since autoluminescence is almost
nonexistent, allowing significantly higher sensitivity and specificity
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Bacteria also co-localize with lung
and liver metastasis.

Figure 5. Salmonella targets breast cancer metastases
Contiguous hepatic (A, B) and pulmonary (C, D) sections were stained with hematoxylin
and eosin (A, C) and Salmonella immunohistochemistry (brown in B, D). A–B, Salmonella
accumulated in hepatic metastases with greater specificity than normal liver parenchyma.
Bacterial colonies (boundary indicated with dark arrows in B) colocalized with metastatic
tissue (boundary indicated with white arrows in A). Scale bars are 250μm. C–D, Salmonella
(e.g. white arrow) accumulated in small pulmonary micro-metastases. The micro-metastasis
encased a vascular channel containing an inflammatory infiltrate (black arrow). Scale bars
are 50μm.
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In tumors Salmonella migrate away from vasculature toward the
transition zone and induce apoptosis
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Abstract
Motile bacteria can overcome diffusion resistances that substantially reduce the efficacy of
standard cancer therapies. Many reports have also recently described the ability of Salmonella to
deliver therapeutic molecules to tumors. Despite this potential, little is known about the
spatiotemporal dynamics of bacterial accumulation in solid tumors. Ultimately this timing will
affect how these microbes are used therapeutically. To determine how bacteria localize, we
intravenously injected Salmonella typhimurium into BALB/c mice with 4T1 mammary carcinoma
and measured the average bacterial content as a function of time. Immunohistochemistry was used
to measure the extent of apoptosis; the average distance of bacteria from tumor vasculature; and
the location of bacteria in four different regions: the core, transition, body and edge. Bacteria
accumulation was also measured in pulmonary and hepatic metastases. The doubling time of
bacterial colonies in tumors was measured to be 16.8 hours, and colonization was determined to
delay tumor growth by 48 hours. From 12 and 48 hours after injection, the average distance
between bacterial colonies and functional vasculature significantly increased from 130 to 310μm.
After 48 hours, bacteria migrated away from the tumor edge toward the central core and induced
apoptosis. After 96 hours, bacteria began to marginate to the tumor transition zone. All observed
metastases contained Salmonella and the extent of bacterial co-localization with metastatic tissue
was 44% compared to 0.5% with normal liver parenchyma. These results demonstrate that
Salmonella can penetrate tumor tissue and can selectively target metastases, two critical
characteristics of a targeted cancer therapeutic.
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In tumors Salmonella migrate away from vasculature toward the
transition zone and induce apoptosis

Sabha Ganai1,2, Richard B. Arenas1,2,3, Jeremy P. Sauer4, Brooke Bentley3, and Neil S.
Forbes2,3,4,*

1 Department of Surgery, Baystate Medical Center / Tufts University School of Medicine,
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2 Program in Molecular and Cellular Biology, University of Massachusetts Amherst, Amherst,
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3 Pioneer Valley Life Sciences Institute, Springfield, Massachusetts
4 Department of Chemical Engineering, University of Massachusetts Amherst, Amherst,
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Abstract
Motile bacteria can overcome diffusion resistances that substantially reduce the efficacy of
standard cancer therapies. Many reports have also recently described the ability of Salmonella to
deliver therapeutic molecules to tumors. Despite this potential, little is known about the
spatiotemporal dynamics of bacterial accumulation in solid tumors. Ultimately this timing will
affect how these microbes are used therapeutically. To determine how bacteria localize, we
intravenously injected Salmonella typhimurium into BALB/c mice with 4T1 mammary carcinoma
and measured the average bacterial content as a function of time. Immunohistochemistry was used
to measure the extent of apoptosis; the average distance of bacteria from tumor vasculature; and
the location of bacteria in four different regions: the core, transition, body and edge. Bacteria
accumulation was also measured in pulmonary and hepatic metastases. The doubling time of
bacterial colonies in tumors was measured to be 16.8 hours, and colonization was determined to
delay tumor growth by 48 hours. From 12 and 48 hours after injection, the average distance
between bacterial colonies and functional vasculature significantly increased from 130 to 310μm.
After 48 hours, bacteria migrated away from the tumor edge toward the central core and induced
apoptosis. After 96 hours, bacteria began to marginate to the tumor transition zone. All observed
metastases contained Salmonella and the extent of bacterial co-localization with metastatic tissue
was 44% compared to 0.5% with normal liver parenchyma. These results demonstrate that
Salmonella can penetrate tumor tissue and can selectively target metastases, two critical
characteristics of a targeted cancer therapeutic.
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Co-localization of the orally administered probiotic strain E. coli Nissle 1917 
with liver metastasis in mouse.  



Some bacteria, especially Closdtridium sp., are endowed with oncolythic activity.
Bacteria can be used in combination with “passive” chemotherapy. 

Forbes (2010) Nat Rev Cancer 10:785-794. 



tumour

Bacteria can be engineered to convert
pro-drugs in anticancer drugs or to 
produce anticancer drugs in situ.

Toxin

Forbes (2010) Nat Rev Cancer 10:785-794. 



Din et al. (2016) Nature 536:81–85
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than unmodified bacteria or non-SLC strains producing constitutive 
therapy (Fig. 4g). Although further targeted studies are required to 
systematically explore the effect of these bacteria on host health, these 
preliminary experiments suggest that the SLC design can reduce the 
burden of bacterial injections.

To explore a proof-of-principle for the application of our circuit in 
the context of in vivo tumours, we examined the efficacy of our sys-
tem in an experimental syngeneic transplantation model of colorectal 
metastases within the liver. We had previously established that oral 
delivery of these bacterial strains led to safe and efficient colonization 
of hepatic colorectal metastases (see Methods), and that mice toler-
ated repeated dosing without overt adverse effects (Fig. 5a, b)22. In 
the context of bacteria-based therapeutic candidates, previous studies  
have shown that anaerobic bacteria can occupy avascular tumour com-
partments where chemotherapy is thought to be ineffective due to poor 
drug delivery11. Thus a synergistic effect may arise when bacteria are 
used to deliver drugs to the necrotic core of a tumour, while standard 
chemotherapy is used for the vascularized regions11,26. Inspired by this 
paradigm, we tested the combination of SLC-3 bacteria with a com-
mon clinical chemotherapy of 5-fluorouracil (5-FU). Tumours exhib-
ited similar growth trajectories in response to repeated oral delivery  
of either the bacterial therapy alone, or two i.v. doses of 5-FU on day 0 
and day 21 (Fig. 5c). In contrast, combination of these two applica-
tions led to a marked decrease in tumour activity over a period of  
18 days, followed by a return to growth (Fig. 5d). During the initial 
18-day period, a large fraction of the tumours was scored as eliciting at 
least a 30% reduction in tumour activity (Fig. 5e). The overall response 
led to roughly a 50% increase in the mean survival time for animals 
harbouring incurable colorectal metastases (Fig. 5f). Improvements 
may arise from strategies for long-term circuit stability or the utilization 
of additional therapeutic cargo.

The synchronized lysis circuit exemplifies a methodology for  
leveraging the tools of synthetic biology to exploit the ability of certain 
bacteria to colonize disease sites. In contrast to most drug delivery strat-
egies, the synchronized lysis paradigm does not require pre-loading  
of a drug or the engineering of additional secretion machinery. In  
addition, it has the potential to decrease the likelihood of a systemic 

average ∼ 300-fold lower than the constitutive control strain, indicating 
a significant decrease in bacterial population levels within the tumour 
(Extended Data Fig. 3c).

Given the ability to engineer bacterial population dynamics in 
tumour grafts, we leveraged the versatility of the SLC bacteria as a 
delivery system to compare different classes of previously developed 
payloads. In addition to the haemolysin strain that was characterized in 
microfluidic devices, we created two additional SLC strains expressing  
genes to activate a host immune response (via T-cell and dendritic cell 
recruitment, using mouse CCL21) or trigger tumour cell apoptosis 
(using the cell death domain of Bit1 fused to the tumour-penetrating  
peptide iRGD, or CDD-iRGD)24,25. Upon intratumoral injection, the 
immune recruitment strain elicited the strongest effect on tumour 
growth when compared to the haemolysis or apoptotic strains (Fig. 4d).  
We observed that an equal mixture of the three strains generated a 
stronger response than any single strain (Fig. 4d and Extended Data 
Fig. 3e–g), and on this basis we elected to pursue the ‘triple-strain’ dose 
for further testing in order to minimize animal usage. In a side-by-side  
comparison, we observed that the tumour response to SLC triple-strain 
(SLC-3) injections was significantly larger than the response to unmod-
ified bacteria (Fig. 4e). Upon necropsy, histopathological analysis of 
remnant tumours was performed for mice treated with the SLC-3 
strains, chemotherapy or unmodified bacteria. In mice treated with 
SLC-3 and non-circuit bacterial strains, robust staining of bacteria 
was observed by anti-Salmonella antibodies, showing localization of 
Salmonella within tumours. TUNEL staining indicated higher levels 
of apoptosis and cell death in SLC-3 treated tumours (Extended Data 
Fig. 4).

As a first step towards monitoring the effect of bacterial injections 
on the host, we compared how the triple-strain system affected body 
weight when administered intratumorally and intravenously, as the 
administration route affects bacterial localization (Extended Data 
Fig. 3d). We found that treatment with the SLC strains generated 
the same weight change as unmodified bacteria when administered 
intratumorally (Fig. 4f). However, intravenous administration of the 
SLC conferred a greater health benefit on the basis of observations 
that SLC strains producing constitutive therapy were better tolerated 

Figure 5 | In vivo testing in an experimental model of colorectal 
metastases in the liver via oral delivery of bacteria. a, Schematic of 
the experimental syngeneic transplantation model of hepatic colorectal 
metastases in a mouse, with the dosing schedule of either engineered 
bacteria (SLC-3) or a common cytotoxic chemotherapeutic, the 
antimetabolite 5-FU. The SLC-3 strains were delivered orally. 5-FU was 
delivered via intraperitoneal injection. b, Relative body weight over time 
for the mice with hepatic colorectal metastases fed with the SLC-3 strains 
(blue), injected with 5-FU chemotherapy (red), or a combination of the 

two (green). Error bars indicate ±  1 s.e. for 5–7 mice. c, Median relative 
tumour activity, measured via tumour cell luminescence using in vivo 
imaging, for the chemotherapy and SLC-3 cases from b. d, Median relative 
tumour activity for the combination therapy case from b. Error bars for  
c and d indicate the interquartile ranges for 5–7 mice. The dashed line  
marks relative tumour activity of 0.70. e, Fraction of mice from the  
cases in b which respond with 30% reduction of tumour activity over  
time. f, Fraction survival over time for the mice in b (* * P <  0.01, log rank 
test; n =  5–7 mice).
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than unmodified bacteria or non-SLC strains producing constitutive 
therapy (Fig. 4g). Although further targeted studies are required to 
systematically explore the effect of these bacteria on host health, these 
preliminary experiments suggest that the SLC design can reduce the 
burden of bacterial injections.

To explore a proof-of-principle for the application of our circuit in 
the context of in vivo tumours, we examined the efficacy of our sys-
tem in an experimental syngeneic transplantation model of colorectal 
metastases within the liver. We had previously established that oral 
delivery of these bacterial strains led to safe and efficient colonization 
of hepatic colorectal metastases (see Methods), and that mice toler-
ated repeated dosing without overt adverse effects (Fig. 5a, b)22. In 
the context of bacteria-based therapeutic candidates, previous studies  
have shown that anaerobic bacteria can occupy avascular tumour com-
partments where chemotherapy is thought to be ineffective due to poor 
drug delivery11. Thus a synergistic effect may arise when bacteria are 
used to deliver drugs to the necrotic core of a tumour, while standard 
chemotherapy is used for the vascularized regions11,26. Inspired by this 
paradigm, we tested the combination of SLC-3 bacteria with a com-
mon clinical chemotherapy of 5-fluorouracil (5-FU). Tumours exhib-
ited similar growth trajectories in response to repeated oral delivery  
of either the bacterial therapy alone, or two i.v. doses of 5-FU on day 0 
and day 21 (Fig. 5c). In contrast, combination of these two applica-
tions led to a marked decrease in tumour activity over a period of  
18 days, followed by a return to growth (Fig. 5d). During the initial 
18-day period, a large fraction of the tumours was scored as eliciting at 
least a 30% reduction in tumour activity (Fig. 5e). The overall response 
led to roughly a 50% increase in the mean survival time for animals 
harbouring incurable colorectal metastases (Fig. 5f). Improvements 
may arise from strategies for long-term circuit stability or the utilization 
of additional therapeutic cargo.

The synchronized lysis circuit exemplifies a methodology for  
leveraging the tools of synthetic biology to exploit the ability of certain 
bacteria to colonize disease sites. In contrast to most drug delivery strat-
egies, the synchronized lysis paradigm does not require pre-loading  
of a drug or the engineering of additional secretion machinery. In  
addition, it has the potential to decrease the likelihood of a systemic 

average ∼ 300-fold lower than the constitutive control strain, indicating 
a significant decrease in bacterial population levels within the tumour 
(Extended Data Fig. 3c).

Given the ability to engineer bacterial population dynamics in 
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delivery system to compare different classes of previously developed 
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We observed that an equal mixture of the three strains generated a 
stronger response than any single strain (Fig. 4d and Extended Data 
Fig. 3e–g), and on this basis we elected to pursue the ‘triple-strain’ dose 
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(SLC-3) injections was significantly larger than the response to unmod-
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bacteria (SLC-3) or a common cytotoxic chemotherapeutic, the 
antimetabolite 5-FU. The SLC-3 strains were delivered orally. 5-FU was 
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tumour activity, measured via tumour cell luminescence using in vivo 
imaging, for the chemotherapy and SLC-3 cases from b. d, Median relative 
tumour activity for the combination therapy case from b. Error bars for  
c and d indicate the interquartile ranges for 5–7 mice. The dashed line  
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Exploitation of QS in synthetic biology

The study of QS elucidates the mechanisms controlling collective behaviours and the 
evolution of social traits in individual cells.

In the last decade QS has been exploited for many biotechnological applications, 
including the development of biosensors and new therapeutic approaches.

In some cases, the engineering of bacterial cells with heterologous QS systems follows 
the principles of synthetic biology.

1) Engineering of non-pathogenic cells to sense and kill bacterial pathogens

2) Generation of new antitumor agents

3) Construction of new whole-cell biosensors

4) Generation of synthetic cells able to interface with natural cells



Some negative feedback loops  generate oscillations. Circadian rhythms are based
on this kind of network motif. 

Figure 1.
Synchronized genetic clocks. (a) Network Diagram. The luxI promoter drives production of
the luxI, aiiA, and yemGFP genes in three identical transcriptional modules. LuxI
enzymatically produces a small molecule AHL, which can diffuse outside of the cell
membrane and into neighboring cells, activating the luxI promoter. AiiA negatively
regulates the circuit by acting as an effective protease for AHL. (b) Microfluidic device used
for maintaining E. coli at a constant density. The main channel supplies media to cells in the
trapping chamber, and the flow rate can be externally controlled in order to change the
effective degradation rate of AHL. (c) Bulk fluorescence as a function of time for a typical
experiment in the microfludic device. The red circles correspond to the image slices in (d).
(d) Fluorescence slices of a typical experimental run demonstrate synchronization of
oscillations in a population of E.coli residing in the microfluidic device (Supplementary
Movie 1). Inset in the first snapshot is a 100× zoom of cells.
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Synchronized genetic clocks. (a) Network Diagram. The luxI promoter drives production of
the luxI, aiiA, and yemGFP genes in three identical transcriptional modules. LuxI
enzymatically produces a small molecule AHL, which can diffuse outside of the cell
membrane and into neighboring cells, activating the luxI promoter. AiiA negatively
regulates the circuit by acting as an effective protease for AHL. (b) Microfluidic device used
for maintaining E. coli at a constant density. The main channel supplies media to cells in the
trapping chamber, and the flow rate can be externally controlled in order to change the
effective degradation rate of AHL. (c) Bulk fluorescence as a function of time for a typical
experiment in the microfludic device. The red circles correspond to the image slices in (d).
(d) Fluorescence slices of a typical experimental run demonstrate synchronization of
oscillations in a population of E.coli residing in the microfluidic device (Supplementary
Movie 1). Inset in the first snapshot is a 100× zoom of cells.
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A synchronized quorum of genetic clocks

Tal Danino1,*, Octavio Mondragón-Palomino1,*, Lev Tsimring2,†, and Jeff Hasty1,2,3,4,†
1Department of Bioengineering, University of California, San Diego, La Jolla, California, USA
2BioCircuits Institute, University of California, San Diego, La Jolla, California, USA
3Molecular Biology Section, Division of Biological Science, University of California, San Diego, La
Jolla, CA 92093, USA

Abstract
The engineering of genetic circuits with predictive functionality in living cells represents a
defining focus of the expanding field of synthetic biology. This focus was elegantly set in motion
a decade ago with the design and construction of a genetic toggle switch and an oscillator, with
subsequent highlights that have included circuits capable of pattern generation, noise shaping,
edge detection, and event counting. Here, we describe an engineered gene network with global
intercellular coupling that is capable of generating synchronized oscillations in a growing
population of cells. Using microfluidic devices tailored for cellular populations at differing length
scales, we investigate the collective synchronization properties along with spatiotemporal waves
occurring on millimeter scales. We use computational modeling to quantitatively describe the
observed dependence of the period and amplitude of the bulk oscillations on the flow rate. The
synchronized genetic clock sets the stage for the use of microbes in the creation of a macroscopic
biosensor with an oscillatory output. In addition, it provides a specific model system for the
generation of a mechanistic description of emergent coordinated behavior at the colony level.

Synchronized clocks are of fundamental importance in the coordination of rhythmic
behavior among individual elements in a community or a large complex system. In physics
and engineering,the Huygens paradigm of coupled pendulum clocks 1–3 has permeated
diverse areas from the development of arrays of lasers 4 and superconducting junctions 5 to
GPS 6 and distributed sensor networks 7. In biology, a vast range of intercellular coupling
mechanisms lead to synchronized oscillators which govern fundamental physiological
processes such as somitogenesis, cardiac function, respiration, insulin secretion, and
circadian rhythms 8–15. Typically, synchronization helps stabilize a desired behavior arising
from a network of intrinsically noisy and unreliable elements. Sometimes, however, the
synchronization of oscillations can lead to a severe malfunction of a biological system, as in
epileptic seizures 16.
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A genetic oscillator



Figure 1.
Synchronized genetic clocks. (a) Network Diagram. The luxI promoter drives production of
the luxI, aiiA, and yemGFP genes in three identical transcriptional modules. LuxI
enzymatically produces a small molecule AHL, which can diffuse outside of the cell
membrane and into neighboring cells, activating the luxI promoter. AiiA negatively
regulates the circuit by acting as an effective protease for AHL. (b) Microfluidic device used
for maintaining E. coli at a constant density. The main channel supplies media to cells in the
trapping chamber, and the flow rate can be externally controlled in order to change the
effective degradation rate of AHL. (c) Bulk fluorescence as a function of time for a typical
experiment in the microfludic device. The red circles correspond to the image slices in (d).
(d) Fluorescence slices of a typical experimental run demonstrate synchronization of
oscillations in a population of E.coli residing in the microfluidic device (Supplementary
Movie 1). Inset in the first snapshot is a 100× zoom of cells.
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Fluorescence emission from bacteria containing the oscillating control system during
time. These pictures are from a single microcell (or biopixel) of a microfluidic device in 

which the bacteria are contained. 

Some negative feedback loops  generate oscillations. Circadian rhythms are based
on this kind of network motif. 
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A sensing array of radically coupled
genetic ‘biopixels’
Arthur Prindle1*, Phillip Samayoa2*, Ivan Razinkov1, Tal Danino1, Lev S. Tsimring3 & Jeff Hasty1,2,3,4

Although there has been considerable progress in the development of engineering principles for synthetic biology, a
substantial challenge is the construction of robust circuits in a noisy cellular environment. Such an environment leads to
considerable intercellular variability in circuit behaviour, which can hinder functionality at the colony level. Here we
engineer the synchronization of thousands of oscillating colony ‘biopixels’ over centimetre-length scales through the
use of synergistic intercellular coupling involving quorum sensing within a colony and gas-phase redox signalling
between colonies. We use this platform to construct a liquid crystal display (LCD)-like macroscopic clock that can be
used to sense arsenic via modulation of the oscillatory period. Given the repertoire of sensing capabilities of bacteria such
as Escherichia coli, the ability to coordinate their behaviour over large length scales sets the stage for the construction of
low cost genetic biosensors that are capable of detecting heavy metals and pathogens in the field.

Synthetic biology can be broadly broken down into the ‘top-down’
synthesis of genomes1 and the ‘bottom-up’ engineering of relatively
small genetic circuits2–10. In the field of genetic circuits, toggle
switches11 and oscillators12 have progressed into triggers13, counters14

and synchronized clocks15. Sensors have arisen as a major focus in the
context of biotechnology6,16,17, while oscillators have provided insights
into the basic-science functionality of cyclic regulatory processes18–20.
A common theme is the concurrent development of mathematical
modelling that can be used for experimental design and characteriza-
tion, as in physics and the engineering disciplines.

The synchronization of genetic clocks provides a particularly
attractive avenue for synthetic biology applications. Oscillations
permeate science and technology in a number of disciplines, with
familiar examples including alternating current (AC) power21, the
global positioning system (GPS)22 and lasers23. These technologies
have demonstrated that operating in the frequency domain can offer
considerable advantages over steady-state designs in terms of
information gathering and transmission. In particular, oscillatory
sensors confer a number of advantages to traditional ones24, as
frequency is easily digitized and can be quickly updated with repeated
measurements. For sensors that use optical reporters, measurements
of frequency are less sensitive to experimental factors such as beam
power and exposure time than intensity measurements, which must
be normalized and calibrated.

Although the bottom-up approach to synthetic biology is increas-
ingly benefiting from DNA synthesis technologies, the general design
principles are still evolving. In this context, a substantial challenge is
the construction of robust circuits in a cellular environment that is
governed by noisy processes such as random bursts of transcription
and translation25–29. Such an environment leads to considerable inter-
cellular variability in circuit behaviour, which can impede coherent
functionality at the colony level. An ideal design strategy for reducing
variability across a cellular population would involve both strong and
long-range coupling that would instantaneously synchronize the res-
ponse of millions of cells. Quorum sensing typically involves strong
intercellular coupling over tens of micrometres8,15,30, yet the relatively

slow diffusion time of molecular communication through cellular
media leads to signalling delays over millimetre scales. Faster com-
munication mechanisms, such as those mediated in the gas phase,
may increase the length scale for instantaneous communication, but
are comparatively weak and short lived because the vapour species
more readily disperse.

Synergistic synchronization
To develop a frequency-modulated biosensor, we designed a gene
network capable of synchronizing genetic oscillations across multiple
scales (Fig. 1a and Supplementary Fig. 1). We constructed an LCD-
like microfluidic31 array that allows many separate colonies of sensing
bacteria to grow and communicate rapidly by gas exchange (Fig. 1b, c
and Supplementary Fig. 9). As previous work15 has demonstrated that
coupling through quorum sensing leads to incoherent oscillations at
the millimetre scale, this mode of cellular communication is too
slow for the generation of macroscopic synchronized oscillations.
However, the slower quorum sensing can be used to synchronize small
local colonies, provided there is a second level of design that involves
faster communication for coordination between the colonies.
Therefore, rather than attempting to engineer a sensor from a single
large-colony oscillator, we wired together thousands of small oscil-
lating colonies, or ‘biopixels’, in a microfluidic array. Coupling between
biopixels involves redox signalling by hydrogen peroxide (H2O2) and
the native redox sensing machineries of E. coli. The two coupling
mechanisms act synergistically in the sense that the stronger, yet
short-range, quorum sensing is necessary to coherently synchronize
the weaker, yet long-range, redox signalling. Using this method we
demonstrate synchronization of approximately 2.5 million cells across
a distance of 5 mm, over 1,000 times the length of an individual cell
(Fig. 1c, d and Supplementary Movies 1 and 2). This degree of syn-
chronization yields extremely consistent oscillations, with a temporal
accuracy of about 2 min compared to 5–10 min for a single oscillator15

(Fig. 1d).
The global synchronization mechanism is comprised of two modes

of communication that work on different scales. The quorum-sensing
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In this study, published in Nature, researchers want to generate a biosensor system that
relies on frequency variations of the emitted signal, rather than on the amplitude of that
signal. Frequency variations can be easily monitored, transferred and digitized. In addition,
frequency variations are less sensitive to differences in the readout instrument and do not
require frequent calibration.

To this aim, they want to construct a microfuidic divice in which fluorescence emission by
hundreds of biopixels is synchronized, and in which the frequency of signal oscillation is
modulated by a pollutant.

Use of a synchronized genetic oscillator to generate a new 
biosensor system for arsenite



machinery (LuxI, AiiA) uses an acyl-homoserine lactone (AHL) to
mediate intracolony synchronization. In our device, the degree to
which neighbouring colonies are able to influence each other via
AHL diffusion is negligible owing to the high media channel flow
rates. Instead, we engineered the cells to communicate via gas
exchange by placing a copy of the gene coding for NADH dehydro-
genase II (ndh) under the control of an additional lux promoter.
NDH-2 is a membrane-bound respiratory enzyme that produces
low levels of H2O2 and superoxide (O2

2)32. As H2O2 vapour is able
to pass through the 25-mm oxygen-permeable polydimethylsiloxane
(PDMS) walls that separate adjacent colonies, periodic production of
NDH-2 yields periodic exchange of H2O2 between biopixels. When
H2O2 enters the cell, it transiently changes its redox state, interacting
with our synthetic circuit through the native aerobic response control
systems, including ArcAB, which has a binding site in the lux pro-
moter region33,34. Under normal conditions, ArcAB is partially active
so lux is partially repressed. In contrast, oxidizing conditions triggered
by H2O2 inactivate ArcAB, relieving this repression. Each oscillatory
burst promotes firing in neighbouring colonies by relieving repression
on the lux promoter. This constitutes an additional positive feedback
that rapidly synchronizes the population (Supplementary Fig. 2 and
Supplementary Movie 1).

We investigated the effects of catalase and superoxide dismutase
(SOD) to probe the nature of H2O2 communication. When a popu-
lation of synchronized colonies was exposed to a step increase of
200 U ml21 catalase, an enzyme that rapidly degrades extracellular
H2O2

35, synchronization was broken and colonies continued to oscil-
late individually (Supplementary Fig. 3). As the cell membrane is
impermeable to catalase, asynchronous colony oscillations confirm
that communication between colonies depends on external H2O2
whereas oscillations within a colony do not. Conversely, when we
enhanced the rate of superoxide conversion to H2O2 by expressing

sodA36,37 from an additional lux promoter, colonies quickly fired in a
spatial wave and failed to oscillate further despite no changes to growth
rate or cell viability (Supplementary Fig. 4). Because H2O2 is produced
internal to the cell, this confirms that H2O2 is capable of escaping the
cell and activating lux-regulated genes in neighbouring colonies via
diffusion. The apparent higher output of H2O2 by SOD as compared to
NDH-2 is probably due to its very high catalytic efficiency38. Lastly, we
observed synchronization between arrays of traps even when they
were fluidically isolated but held in close proximity (Supplementary
Fig. 5). These devices share no common fluid sources or channels,
making communication by dissolved molecules like AHL impossible.
Taken together, these results confirm that gaseous H2O2 is the mode of
communication between oscillating colonies.

On the basis of our understanding of the mechanism for global
synchronization, we expected that we could simplify the circuitry by
eliminating ndh and achieve the same effect with intermittent bursts of
high-intensity blue light. In this design, the GFP molecule acts as a
photosensitizer, releasing free radicals upon exposure that produce
reactive oxygen species (ROS) including H2O2

39. At the peak of oscil-
lation, considerable vapour-phase H2O2 is produced by exposing GFP-
containing cells to fluorescent light. Conversely, at the trough of oscil-
lation, cells contain almost no GFP, and therefore produce very little
H2O2 upon fluorescing. Bursts of light thus generate bursts of H2O2
vapour whose concentration depends on the oscillating GFP level, just
as periodic production of NDH-2 did previously. Indeed, this strategy
was similarly able to synchronize our sensor array (Fig. 1d and
Supplementary Movie 2). Numerous controls were performed to
ensure that synchronized oscillations did not occur at low fluorescence
intensities (Supplementary Fig. 6 and Supplementary Movie 9).

To probe this mode of synchronization, we investigated the effects of
thiourea and the antibiotics ampicillin and kanamycin. When a syn-
chronized population of colonies was exposed to 35 mM thiourea, a

AHL

LuxR-AHL

luxI aiiA

ndh sfGFP

H2O2

Reporter

Oscillator

Coupling

5,000 cells per biopixel 
2.5 million total cells

0
0

0.5

1

100 200 300 400 500 600 700 800 900 1,000

Time (min)

Biopixel GFP
Mean

00

250

500

100 200 300 400 500 600 700 800 900 1,000

Time (min)

Fl
uo

re
sc

en
ce

(a
rb

itr
ar

y 
un

its
)

B
io

pi
xe

l n
um

be
r

a c

b d

Dissolved AHL

H2O2 vapour

Media

Figure 1 | Sensing array of radically coupled genetic biopixels. a, Network
diagram. The luxI promoter drives expression of luxI, aiiA, ndh and sfGFP
(superfolder variant of GFP) in four identical transcription modules. The
quorum-sensing genes luxI and aiiA generate synchronized oscillations within
a colony via AHL. The ndh gene codes for NDH-2, an enzyme that generates
H2O2 vapour, which is an additional activator of the luxI promoter. H2O2 is
capable of migrating between colonies and synchronizing them. b, Conceptual

design of the sensing array. AHL diffuses within colonies while H2O2 migrates
between adjacent colonies through the PDMS. Arsenite-containing media is
passed in through the parallel feeding channels. c, Fluorescent image of an array
of 500 E. coli biopixels containing about 2.5 million cells. Inset, bright-field and
fluorescent images display a biopixel of 5,000 cells. d, Heat map and trajectories
depicting time-lapse output of 500 individual biopixels undergoing rapid
synchronization. Sampling time is 2 min.
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machinery (LuxI, AiiA) uses an acyl-homoserine lactone (AHL) to
mediate intracolony synchronization. In our device, the degree to
which neighbouring colonies are able to influence each other via
AHL diffusion is negligible owing to the high media channel flow
rates. Instead, we engineered the cells to communicate via gas
exchange by placing a copy of the gene coding for NADH dehydro-
genase II (ndh) under the control of an additional lux promoter.
NDH-2 is a membrane-bound respiratory enzyme that produces
low levels of H2O2 and superoxide (O2

2)32. As H2O2 vapour is able
to pass through the 25-mm oxygen-permeable polydimethylsiloxane
(PDMS) walls that separate adjacent colonies, periodic production of
NDH-2 yields periodic exchange of H2O2 between biopixels. When
H2O2 enters the cell, it transiently changes its redox state, interacting
with our synthetic circuit through the native aerobic response control
systems, including ArcAB, which has a binding site in the lux pro-
moter region33,34. Under normal conditions, ArcAB is partially active
so lux is partially repressed. In contrast, oxidizing conditions triggered
by H2O2 inactivate ArcAB, relieving this repression. Each oscillatory
burst promotes firing in neighbouring colonies by relieving repression
on the lux promoter. This constitutes an additional positive feedback
that rapidly synchronizes the population (Supplementary Fig. 2 and
Supplementary Movie 1).

We investigated the effects of catalase and superoxide dismutase
(SOD) to probe the nature of H2O2 communication. When a popu-
lation of synchronized colonies was exposed to a step increase of
200 U ml21 catalase, an enzyme that rapidly degrades extracellular
H2O2

35, synchronization was broken and colonies continued to oscil-
late individually (Supplementary Fig. 3). As the cell membrane is
impermeable to catalase, asynchronous colony oscillations confirm
that communication between colonies depends on external H2O2
whereas oscillations within a colony do not. Conversely, when we
enhanced the rate of superoxide conversion to H2O2 by expressing

sodA36,37 from an additional lux promoter, colonies quickly fired in a
spatial wave and failed to oscillate further despite no changes to growth
rate or cell viability (Supplementary Fig. 4). Because H2O2 is produced
internal to the cell, this confirms that H2O2 is capable of escaping the
cell and activating lux-regulated genes in neighbouring colonies via
diffusion. The apparent higher output of H2O2 by SOD as compared to
NDH-2 is probably due to its very high catalytic efficiency38. Lastly, we
observed synchronization between arrays of traps even when they
were fluidically isolated but held in close proximity (Supplementary
Fig. 5). These devices share no common fluid sources or channels,
making communication by dissolved molecules like AHL impossible.
Taken together, these results confirm that gaseous H2O2 is the mode of
communication between oscillating colonies.

On the basis of our understanding of the mechanism for global
synchronization, we expected that we could simplify the circuitry by
eliminating ndh and achieve the same effect with intermittent bursts of
high-intensity blue light. In this design, the GFP molecule acts as a
photosensitizer, releasing free radicals upon exposure that produce
reactive oxygen species (ROS) including H2O2

39. At the peak of oscil-
lation, considerable vapour-phase H2O2 is produced by exposing GFP-
containing cells to fluorescent light. Conversely, at the trough of oscil-
lation, cells contain almost no GFP, and therefore produce very little
H2O2 upon fluorescing. Bursts of light thus generate bursts of H2O2
vapour whose concentration depends on the oscillating GFP level, just
as periodic production of NDH-2 did previously. Indeed, this strategy
was similarly able to synchronize our sensor array (Fig. 1d and
Supplementary Movie 2). Numerous controls were performed to
ensure that synchronized oscillations did not occur at low fluorescence
intensities (Supplementary Fig. 6 and Supplementary Movie 9).

To probe this mode of synchronization, we investigated the effects of
thiourea and the antibiotics ampicillin and kanamycin. When a syn-
chronized population of colonies was exposed to 35 mM thiourea, a
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Figure 1 | Sensing array of radically coupled genetic biopixels. a, Network
diagram. The luxI promoter drives expression of luxI, aiiA, ndh and sfGFP
(superfolder variant of GFP) in four identical transcription modules. The
quorum-sensing genes luxI and aiiA generate synchronized oscillations within
a colony via AHL. The ndh gene codes for NDH-2, an enzyme that generates
H2O2 vapour, which is an additional activator of the luxI promoter. H2O2 is
capable of migrating between colonies and synchronizing them. b, Conceptual

design of the sensing array. AHL diffuses within colonies while H2O2 migrates
between adjacent colonies through the PDMS. Arsenite-containing media is
passed in through the parallel feeding channels. c, Fluorescent image of an array
of 500 E. coli biopixels containing about 2.5 million cells. Inset, bright-field and
fluorescent images display a biopixel of 5,000 cells. d, Heat map and trajectories
depicting time-lapse output of 500 individual biopixels undergoing rapid
synchronization. Sampling time is 2 min.
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Fluorescence emission by different biopixels is not synchronized due to slow diffusibility of
the QS signal molecule at the macroscopic scale. To solve this problem, the researchers
coupled the QS-based oscillating system with an intercellular signaling system based on
the production and sensing of H2O2. This molecule can rapidly diffuse from one biopixel to
another in the microfluidic device, and therefore can synchronize oscillation in individual
biopixels.

The material that divides the biopixels, 
polydimethylsiloxane (PDMS), is H2O2 permeable.

Use of a synchronized genetic oscillator to generate a new 
biosensor system for arsenite



machinery (LuxI, AiiA) uses an acyl-homoserine lactone (AHL) to
mediate intracolony synchronization. In our device, the degree to
which neighbouring colonies are able to influence each other via
AHL diffusion is negligible owing to the high media channel flow
rates. Instead, we engineered the cells to communicate via gas
exchange by placing a copy of the gene coding for NADH dehydro-
genase II (ndh) under the control of an additional lux promoter.
NDH-2 is a membrane-bound respiratory enzyme that produces
low levels of H2O2 and superoxide (O2

2)32. As H2O2 vapour is able
to pass through the 25-mm oxygen-permeable polydimethylsiloxane
(PDMS) walls that separate adjacent colonies, periodic production of
NDH-2 yields periodic exchange of H2O2 between biopixels. When
H2O2 enters the cell, it transiently changes its redox state, interacting
with our synthetic circuit through the native aerobic response control
systems, including ArcAB, which has a binding site in the lux pro-
moter region33,34. Under normal conditions, ArcAB is partially active
so lux is partially repressed. In contrast, oxidizing conditions triggered
by H2O2 inactivate ArcAB, relieving this repression. Each oscillatory
burst promotes firing in neighbouring colonies by relieving repression
on the lux promoter. This constitutes an additional positive feedback
that rapidly synchronizes the population (Supplementary Fig. 2 and
Supplementary Movie 1).

We investigated the effects of catalase and superoxide dismutase
(SOD) to probe the nature of H2O2 communication. When a popu-
lation of synchronized colonies was exposed to a step increase of
200 U ml21 catalase, an enzyme that rapidly degrades extracellular
H2O2

35, synchronization was broken and colonies continued to oscil-
late individually (Supplementary Fig. 3). As the cell membrane is
impermeable to catalase, asynchronous colony oscillations confirm
that communication between colonies depends on external H2O2
whereas oscillations within a colony do not. Conversely, when we
enhanced the rate of superoxide conversion to H2O2 by expressing

sodA36,37 from an additional lux promoter, colonies quickly fired in a
spatial wave and failed to oscillate further despite no changes to growth
rate or cell viability (Supplementary Fig. 4). Because H2O2 is produced
internal to the cell, this confirms that H2O2 is capable of escaping the
cell and activating lux-regulated genes in neighbouring colonies via
diffusion. The apparent higher output of H2O2 by SOD as compared to
NDH-2 is probably due to its very high catalytic efficiency38. Lastly, we
observed synchronization between arrays of traps even when they
were fluidically isolated but held in close proximity (Supplementary
Fig. 5). These devices share no common fluid sources or channels,
making communication by dissolved molecules like AHL impossible.
Taken together, these results confirm that gaseous H2O2 is the mode of
communication between oscillating colonies.

On the basis of our understanding of the mechanism for global
synchronization, we expected that we could simplify the circuitry by
eliminating ndh and achieve the same effect with intermittent bursts of
high-intensity blue light. In this design, the GFP molecule acts as a
photosensitizer, releasing free radicals upon exposure that produce
reactive oxygen species (ROS) including H2O2

39. At the peak of oscil-
lation, considerable vapour-phase H2O2 is produced by exposing GFP-
containing cells to fluorescent light. Conversely, at the trough of oscil-
lation, cells contain almost no GFP, and therefore produce very little
H2O2 upon fluorescing. Bursts of light thus generate bursts of H2O2
vapour whose concentration depends on the oscillating GFP level, just
as periodic production of NDH-2 did previously. Indeed, this strategy
was similarly able to synchronize our sensor array (Fig. 1d and
Supplementary Movie 2). Numerous controls were performed to
ensure that synchronized oscillations did not occur at low fluorescence
intensities (Supplementary Fig. 6 and Supplementary Movie 9).

To probe this mode of synchronization, we investigated the effects of
thiourea and the antibiotics ampicillin and kanamycin. When a syn-
chronized population of colonies was exposed to 35 mM thiourea, a
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Figure 1 | Sensing array of radically coupled genetic biopixels. a, Network
diagram. The luxI promoter drives expression of luxI, aiiA, ndh and sfGFP
(superfolder variant of GFP) in four identical transcription modules. The
quorum-sensing genes luxI and aiiA generate synchronized oscillations within
a colony via AHL. The ndh gene codes for NDH-2, an enzyme that generates
H2O2 vapour, which is an additional activator of the luxI promoter. H2O2 is
capable of migrating between colonies and synchronizing them. b, Conceptual

design of the sensing array. AHL diffuses within colonies while H2O2 migrates
between adjacent colonies through the PDMS. Arsenite-containing media is
passed in through the parallel feeding channels. c, Fluorescent image of an array
of 500 E. coli biopixels containing about 2.5 million cells. Inset, bright-field and
fluorescent images display a biopixel of 5,000 cells. d, Heat map and trajectories
depicting time-lapse output of 500 individual biopixels undergoing rapid
synchronization. Sampling time is 2 min.
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The researchers inserted an additional element into the system, an second luxI gene
under the control of a promoter repressed by ArsR. The constitutively expressed ArsR
regulator represses the expression of the second luxI gene, and thus the synthesis of
additional QS signal molecule, unless arsenite is present in the growth medium. In the
presence of arsenite, ArsR will no longer be able to repress the expression of the second
luxI gene, and this will lead to an increase in the levels of QS signal molecule produced.
This effect is detectable as an increase in the oscillation period.

potent radical quencher40,41, we observed sharply decaying synchronized
oscillations whereas growth rate and cell viability were unaffected
(Supplementary Fig. 7). This suggests that without radical species,
oscillations cannot be produced. Next, we ran a series of experiments
switching the antibiotic resistance genes on our plasmids. We noted
that radical-producing antibiotics42, particularly ampicillin, signifi-
cantly reduced the degree of synchronization, showing that an excess
of radical species also hinders communication (Supplementary Fig. 8).
As our final constructs included a plasmid with kanamycin resistance,
which was also found to produce some radicals, we used full (50mg
ml21) selection when growing up the cells but very low (5mg ml21)
selection during the experimental run. Persistence of oscillations,
sequencing, and subsequent growth in full selection following the
run confirmed the presence of all three plasmids despite this low
experimental selection. Catalase and SOD results were identical to
those with NDH-2 synchronization (not shown). These results show
that fluorescence-mediated synchronization involves the production
of radical species after fluorescence exposure and communication via
H2O2.

Sensing array of biopixels
With a platform for generating consistent and readily detectable oscil-
lations, we sought to use the circuit to engineer an arsenic-sensing
macroscopic biosensor. We rewired the network to include an extra
copy of the positive-feedback element, the AHL synthase LuxI, under
the control of a native arsenite-responsive promoter that is repressed
by ArsR in the absence of arsenite (Fig. 2a, right). When arsenite is not
present in the media, supplementary luxI is not transcribed and the
circuit functions normally, generating baseline oscillations. However,
the addition of trace amounts of arsenite relieves this repression and

allows supplementary luxI to be transcribed, increasing the oscillatory
amplitude and period. Tuning the level of LuxI by varying arsenite
concentration results in clear changes to the oscillatory period (Fig. 2b
and Supplementary Movie 2). To determine the range of detection, we
swept arsenite concentrations from 0–1 mM and measured the oscil-
latory period (Fig. 2c, top). Using statistical methods (Supplementary
Methods), we generated a sensor calibration curve (Fig. 2c, bottom)
that depicts the maximum possible arsenite concentration present
(a 5 95%) for a given measured period. This curve is an illustration
of how data generated by our array would be used to measure arsenite
concentrations in an unknown sample using our device. Our system
was able to reliably quantify arsenite levels as low as 0.2 mM, below
the 0.5 mM World Health Organization-recommended level for
developing nations43.

As an alternative sensing strategy, we rewired the network to
include a copy of the luxR gene controlled by an arsenite-responsive
promoter while removing it from the rest of the circuit (Fig. 2a, left).
Because the LuxR–AHL complex must be present to activate the lux
promoter30, cells produce no LuxR when the media is free of arsenite,
generating no fluorescence or oscillations. The addition of arsenite
stimulates the production of LuxR, restoring circuit function and
producing clear, synchronized oscillations (Fig. 2d and Supplemen-
tary Movie 3). This ON/OFF detection system has a threshold of
0.25 mM, a detection limit that can be adjusted by changing the copy
number, ribosome binding site (RBS) strength, or promoter strength
of the sensing plasmid (Supplementary Methods).

The sensing array is also capable of producing complex behaviours
arising from the dynamic interaction of cellular colonies. By making
modifications to the size, number and arrangement of biopixels in the
device, we are able to markedly alter the output waveforms. For
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Figure 2 | Frequency-modulated genetic biosensor. a, Network diagrams
depicting two constructed sensing modules. In thresholding (1), the luxR gene
is removed from the oscillator network and supplemented by a new copy driven
by an arsenite-responsive promoter. In period modulation (2), a supplementary
luxI gene tagged for increased degradation is driven by the arsenic-responsive
promoter, which affects the period of oscillation. b, A sample period
modulation sensor output following a step increase of 0.8mM arsenite.
Oscillatory period increases from 69 min to 79 min. c, Top, period versus

arsenite concentration for the sensor array. Error bars indicate 6 1 standard
deviation averaged over 500 biopixel trajectories. Dotted line represents model-
predicted curve. Bottom, sensor calibration curve generated from experimental
data. Points indicate the maximum arsenite level with 95% certainty for a given
measured period as determined statistically from experimental data.
d, Thresholder output following a step increase of 0.25mM arsenite. A marked
shift from rest to oscillatory behaviour is observed within 20 min after the
addition of arsenite.
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machinery (LuxI, AiiA) uses an acyl-homoserine lactone (AHL) to
mediate intracolony synchronization. In our device, the degree to
which neighbouring colonies are able to influence each other via
AHL diffusion is negligible owing to the high media channel flow
rates. Instead, we engineered the cells to communicate via gas
exchange by placing a copy of the gene coding for NADH dehydro-
genase II (ndh) under the control of an additional lux promoter.
NDH-2 is a membrane-bound respiratory enzyme that produces
low levels of H2O2 and superoxide (O2

2)32. As H2O2 vapour is able
to pass through the 25-mm oxygen-permeable polydimethylsiloxane
(PDMS) walls that separate adjacent colonies, periodic production of
NDH-2 yields periodic exchange of H2O2 between biopixels. When
H2O2 enters the cell, it transiently changes its redox state, interacting
with our synthetic circuit through the native aerobic response control
systems, including ArcAB, which has a binding site in the lux pro-
moter region33,34. Under normal conditions, ArcAB is partially active
so lux is partially repressed. In contrast, oxidizing conditions triggered
by H2O2 inactivate ArcAB, relieving this repression. Each oscillatory
burst promotes firing in neighbouring colonies by relieving repression
on the lux promoter. This constitutes an additional positive feedback
that rapidly synchronizes the population (Supplementary Fig. 2 and
Supplementary Movie 1).

We investigated the effects of catalase and superoxide dismutase
(SOD) to probe the nature of H2O2 communication. When a popu-
lation of synchronized colonies was exposed to a step increase of
200 U ml21 catalase, an enzyme that rapidly degrades extracellular
H2O2

35, synchronization was broken and colonies continued to oscil-
late individually (Supplementary Fig. 3). As the cell membrane is
impermeable to catalase, asynchronous colony oscillations confirm
that communication between colonies depends on external H2O2
whereas oscillations within a colony do not. Conversely, when we
enhanced the rate of superoxide conversion to H2O2 by expressing

sodA36,37 from an additional lux promoter, colonies quickly fired in a
spatial wave and failed to oscillate further despite no changes to growth
rate or cell viability (Supplementary Fig. 4). Because H2O2 is produced
internal to the cell, this confirms that H2O2 is capable of escaping the
cell and activating lux-regulated genes in neighbouring colonies via
diffusion. The apparent higher output of H2O2 by SOD as compared to
NDH-2 is probably due to its very high catalytic efficiency38. Lastly, we
observed synchronization between arrays of traps even when they
were fluidically isolated but held in close proximity (Supplementary
Fig. 5). These devices share no common fluid sources or channels,
making communication by dissolved molecules like AHL impossible.
Taken together, these results confirm that gaseous H2O2 is the mode of
communication between oscillating colonies.

On the basis of our understanding of the mechanism for global
synchronization, we expected that we could simplify the circuitry by
eliminating ndh and achieve the same effect with intermittent bursts of
high-intensity blue light. In this design, the GFP molecule acts as a
photosensitizer, releasing free radicals upon exposure that produce
reactive oxygen species (ROS) including H2O2

39. At the peak of oscil-
lation, considerable vapour-phase H2O2 is produced by exposing GFP-
containing cells to fluorescent light. Conversely, at the trough of oscil-
lation, cells contain almost no GFP, and therefore produce very little
H2O2 upon fluorescing. Bursts of light thus generate bursts of H2O2
vapour whose concentration depends on the oscillating GFP level, just
as periodic production of NDH-2 did previously. Indeed, this strategy
was similarly able to synchronize our sensor array (Fig. 1d and
Supplementary Movie 2). Numerous controls were performed to
ensure that synchronized oscillations did not occur at low fluorescence
intensities (Supplementary Fig. 6 and Supplementary Movie 9).

To probe this mode of synchronization, we investigated the effects of
thiourea and the antibiotics ampicillin and kanamycin. When a syn-
chronized population of colonies was exposed to 35 mM thiourea, a
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Figure 1 | Sensing array of radically coupled genetic biopixels. a, Network
diagram. The luxI promoter drives expression of luxI, aiiA, ndh and sfGFP
(superfolder variant of GFP) in four identical transcription modules. The
quorum-sensing genes luxI and aiiA generate synchronized oscillations within
a colony via AHL. The ndh gene codes for NDH-2, an enzyme that generates
H2O2 vapour, which is an additional activator of the luxI promoter. H2O2 is
capable of migrating between colonies and synchronizing them. b, Conceptual

design of the sensing array. AHL diffuses within colonies while H2O2 migrates
between adjacent colonies through the PDMS. Arsenite-containing media is
passed in through the parallel feeding channels. c, Fluorescent image of an array
of 500 E. coli biopixels containing about 2.5 million cells. Inset, bright-field and
fluorescent images display a biopixel of 5,000 cells. d, Heat map and trajectories
depicting time-lapse output of 500 individual biopixels undergoing rapid
synchronization. Sampling time is 2 min.
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potent radical quencher40,41, we observed sharply decaying synchronized
oscillations whereas growth rate and cell viability were unaffected
(Supplementary Fig. 7). This suggests that without radical species,
oscillations cannot be produced. Next, we ran a series of experiments
switching the antibiotic resistance genes on our plasmids. We noted
that radical-producing antibiotics42, particularly ampicillin, signifi-
cantly reduced the degree of synchronization, showing that an excess
of radical species also hinders communication (Supplementary Fig. 8).
As our final constructs included a plasmid with kanamycin resistance,
which was also found to produce some radicals, we used full (50mg
ml21) selection when growing up the cells but very low (5mg ml21)
selection during the experimental run. Persistence of oscillations,
sequencing, and subsequent growth in full selection following the
run confirmed the presence of all three plasmids despite this low
experimental selection. Catalase and SOD results were identical to
those with NDH-2 synchronization (not shown). These results show
that fluorescence-mediated synchronization involves the production
of radical species after fluorescence exposure and communication via
H2O2.

Sensing array of biopixels
With a platform for generating consistent and readily detectable oscil-
lations, we sought to use the circuit to engineer an arsenic-sensing
macroscopic biosensor. We rewired the network to include an extra
copy of the positive-feedback element, the AHL synthase LuxI, under
the control of a native arsenite-responsive promoter that is repressed
by ArsR in the absence of arsenite (Fig. 2a, right). When arsenite is not
present in the media, supplementary luxI is not transcribed and the
circuit functions normally, generating baseline oscillations. However,
the addition of trace amounts of arsenite relieves this repression and

allows supplementary luxI to be transcribed, increasing the oscillatory
amplitude and period. Tuning the level of LuxI by varying arsenite
concentration results in clear changes to the oscillatory period (Fig. 2b
and Supplementary Movie 2). To determine the range of detection, we
swept arsenite concentrations from 0–1 mM and measured the oscil-
latory period (Fig. 2c, top). Using statistical methods (Supplementary
Methods), we generated a sensor calibration curve (Fig. 2c, bottom)
that depicts the maximum possible arsenite concentration present
(a 5 95%) for a given measured period. This curve is an illustration
of how data generated by our array would be used to measure arsenite
concentrations in an unknown sample using our device. Our system
was able to reliably quantify arsenite levels as low as 0.2 mM, below
the 0.5 mM World Health Organization-recommended level for
developing nations43.

As an alternative sensing strategy, we rewired the network to
include a copy of the luxR gene controlled by an arsenite-responsive
promoter while removing it from the rest of the circuit (Fig. 2a, left).
Because the LuxR–AHL complex must be present to activate the lux
promoter30, cells produce no LuxR when the media is free of arsenite,
generating no fluorescence or oscillations. The addition of arsenite
stimulates the production of LuxR, restoring circuit function and
producing clear, synchronized oscillations (Fig. 2d and Supplemen-
tary Movie 3). This ON/OFF detection system has a threshold of
0.25 mM, a detection limit that can be adjusted by changing the copy
number, ribosome binding site (RBS) strength, or promoter strength
of the sensing plasmid (Supplementary Methods).

The sensing array is also capable of producing complex behaviours
arising from the dynamic interaction of cellular colonies. By making
modifications to the size, number and arrangement of biopixels in the
device, we are able to markedly alter the output waveforms. For
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Figure 2 | Frequency-modulated genetic biosensor. a, Network diagrams
depicting two constructed sensing modules. In thresholding (1), the luxR gene
is removed from the oscillator network and supplemented by a new copy driven
by an arsenite-responsive promoter. In period modulation (2), a supplementary
luxI gene tagged for increased degradation is driven by the arsenic-responsive
promoter, which affects the period of oscillation. b, A sample period
modulation sensor output following a step increase of 0.8mM arsenite.
Oscillatory period increases from 69 min to 79 min. c, Top, period versus

arsenite concentration for the sensor array. Error bars indicate 6 1 standard
deviation averaged over 500 biopixel trajectories. Dotted line represents model-
predicted curve. Bottom, sensor calibration curve generated from experimental
data. Points indicate the maximum arsenite level with 95% certainty for a given
measured period as determined statistically from experimental data.
d, Thresholder output following a step increase of 0.25mM arsenite. A marked
shift from rest to oscillatory behaviour is observed within 20 min after the
addition of arsenite.
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Use of a synchronized genetic oscillator to generate a new 
biosensor system for arsenite



In the final chip (24 mm x 12
mm; 12,000 biopixels) the
synchronization of oscillations
and the arsenite-induced
frequency change are
maintained.

This chip can be “read” with a
simple optical instrument
containing an LED to excite
GFP, a photodetector and a
processor that transduces the
light signal into an image
(commercially available for 50
USD).

example, when we constructed a device in which trap separation dis-
tance is increased (45mm versus 25mm), we observed local anti-phase
synchronization between neighbouring colonies (Fig. 3d, top right). To
explore this phenomenon on a larger scale, we constructed a device that
contains an array of 416 traps constructed according to the specifica-
tions above. In these experiments, we observe initial global synchron-
ization that gradually falls into local anti-phase synchronization across
the array (Fig. 3d, middle. and Supplementary Movie 4). Phase align-
ment is maintained over at least 48 h, with patches of synchronization
typically 3–6 colonies in size. Alternatively, by changing dimensions
such that the array contains traps of two slightly different sizes, we
observe a 1:2 resonance synchronization where larger traps pulse at
double the frequency of smaller traps while maintaining synchroniza-
tion (Fig. 3d, top left and Supplementary Movie 7). Lastly, when LuxR
is limited, as in the thresholding scheme, we observe synchronized
oscillations of alternating large and small peaks in both experiment
and model (Supplementary Fig. 12). Our computational model (Box 1)
captures these effects (Fig. 3d, bottom, and Supplementary Figs 11
and 12) and indicates that further array manipulation will yield new,
richer dynamics that could not be produced directly by changing cir-
cuit structure.

Although our sensor array is capable of performing a variety of
complex functions in the laboratory, adapting this technology to a
real-world device will require the elimination of the expensive and
bulky microscopy equipment. However, measuring genetic oscilla-
tions in the absence of any magnification or powerful illumination
will require an even further increased signal. Using this mechanism of
global synchronization, we were able to scale up to a 24 mm 3 12 mm
array that houses over 12,000 communicating biopixels (Fig. 4a).
Synchronization is maintained across the entire array, a distance over
5,000 times the length of an individual cell, using an inexpensive light-
emitting diode (LED; Fig. 4b, c and Supplementary Movie 5). The

signal strength generated by the large number of cells in the array
(about 50 million) will allow us to adapt the device to function as a
handheld sensor. In our conceptual design (Fig. 4d), the sensor will
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Figure 3 | Computational modelling of radical synchronization and
biosensing. a, Time series of a population of biopixels producing varying
amounts of H2O2 vapour. Synchronization occurs only for moderate levels
whereas high levels lock ON and low levels oscillate asynchronously. b, A
typical time series for our period modulation sensor undergoing a step increase
of arsenite. Oscillations increase in both amplitude and period. c, A typical time
series output for the thresholding sensor. Oscillations arise after the addition of
arsenite. d, Experimental and computational output depicting complex

dynamic behaviours between neighbouring traps. Top, 1:2 resonance and anti-
phase synchronization observed when trap size (left, black/blue 5 95mm depth
and red/magenta 5 85mm depth) and separation distance (right, same colours)
are modified experimentally. Middle, scaled-up array experimental data for
increased trap separation experiments demonstrating anti-phase
synchronization. Bottom, computational model trajectories depicting 1:2
resonance and anti-phase synchronization when trap size (same colours as
experimental data) and separation distance are changed.

Figure 4 | Radical synchronization on a macroscopic scale. a, The scaled-up
array is 24 mm 3 12 mm and houses over 12,000 biopixels that contain
approximately 50 million total cells when filled. b, Global synchronization is
maintained across the array. Heat map of individual trajectories of all 12,224
oscillating biopixels. c, Image series depicting global synchronization and
oscillation for the macroscopic array. Each image is produced by stitching 72
fields of view imaged at 34 magnification. d, Schematic diagram illustrating
our design for a handheld device using the sensing array. An LED (1) excites the
array (2) and emitted light is collected by a photodetector (3), analysed by an
onboard processor (4), and displayed graphically (5).
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example, when we constructed a device in which trap separation dis-
tance is increased (45mm versus 25mm), we observed local anti-phase
synchronization between neighbouring colonies (Fig. 3d, top right). To
explore this phenomenon on a larger scale, we constructed a device that
contains an array of 416 traps constructed according to the specifica-
tions above. In these experiments, we observe initial global synchron-
ization that gradually falls into local anti-phase synchronization across
the array (Fig. 3d, middle. and Supplementary Movie 4). Phase align-
ment is maintained over at least 48 h, with patches of synchronization
typically 3–6 colonies in size. Alternatively, by changing dimensions
such that the array contains traps of two slightly different sizes, we
observe a 1:2 resonance synchronization where larger traps pulse at
double the frequency of smaller traps while maintaining synchroniza-
tion (Fig. 3d, top left and Supplementary Movie 7). Lastly, when LuxR
is limited, as in the thresholding scheme, we observe synchronized
oscillations of alternating large and small peaks in both experiment
and model (Supplementary Fig. 12). Our computational model (Box 1)
captures these effects (Fig. 3d, bottom, and Supplementary Figs 11
and 12) and indicates that further array manipulation will yield new,
richer dynamics that could not be produced directly by changing cir-
cuit structure.

Although our sensor array is capable of performing a variety of
complex functions in the laboratory, adapting this technology to a
real-world device will require the elimination of the expensive and
bulky microscopy equipment. However, measuring genetic oscilla-
tions in the absence of any magnification or powerful illumination
will require an even further increased signal. Using this mechanism of
global synchronization, we were able to scale up to a 24 mm 3 12 mm
array that houses over 12,000 communicating biopixels (Fig. 4a).
Synchronization is maintained across the entire array, a distance over
5,000 times the length of an individual cell, using an inexpensive light-
emitting diode (LED; Fig. 4b, c and Supplementary Movie 5). The

signal strength generated by the large number of cells in the array
(about 50 million) will allow us to adapt the device to function as a
handheld sensor. In our conceptual design (Fig. 4d), the sensor will
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Figure 3 | Computational modelling of radical synchronization and
biosensing. a, Time series of a population of biopixels producing varying
amounts of H2O2 vapour. Synchronization occurs only for moderate levels
whereas high levels lock ON and low levels oscillate asynchronously. b, A
typical time series for our period modulation sensor undergoing a step increase
of arsenite. Oscillations increase in both amplitude and period. c, A typical time
series output for the thresholding sensor. Oscillations arise after the addition of
arsenite. d, Experimental and computational output depicting complex

dynamic behaviours between neighbouring traps. Top, 1:2 resonance and anti-
phase synchronization observed when trap size (left, black/blue 5 95mm depth
and red/magenta 5 85mm depth) and separation distance (right, same colours)
are modified experimentally. Middle, scaled-up array experimental data for
increased trap separation experiments demonstrating anti-phase
synchronization. Bottom, computational model trajectories depicting 1:2
resonance and anti-phase synchronization when trap size (same colours as
experimental data) and separation distance are changed.

Figure 4 | Radical synchronization on a macroscopic scale. a, The scaled-up
array is 24 mm 3 12 mm and houses over 12,000 biopixels that contain
approximately 50 million total cells when filled. b, Global synchronization is
maintained across the array. Heat map of individual trajectories of all 12,224
oscillating biopixels. c, Image series depicting global synchronization and
oscillation for the macroscopic array. Each image is produced by stitching 72
fields of view imaged at 34 magnification. d, Schematic diagram illustrating
our design for a handheld device using the sensing array. An LED (1) excites the
array (2) and emitted light is collected by a photodetector (3), analysed by an
onboard processor (4), and displayed graphically (5).
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Use of a synchronized genetic oscillator to generate a new 
biosensor system for arsenite



Exploitation of QS in synthetic biology

The study of QS elucidates the mechanisms controlling collective behaviours and the 
evolution of social traits in individual cells.

In the last decade QS has been exploited for many biotechnological applications, 
including the development of biosensors and new therapeutic approaches.

In some cases, the engineering of bacterial cells with heterologous QS systems follows 
the principles of synthetic biology.

1) Engineering of non-pathogenic cells to sense and kill bacterial pathogens

2) Generation of new antitumor agents

3) Construction of new whole-cell biosensors

4) Generation of synthetic cells able to interface with natural cells
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- Production of fine chemicals, drugs, biofuels

- Bioremediation

- Generation of biosensors

- Biomedical applications

- etc…

Din et al. (2016) Nature 536:81-85Saeidi et al. (2011) Mol Syst Biol 7:521

Engineered cells are useful in many fields



DNA

The complexity of modern cells limits our understanding of their 
functionality



Proteins

The complexity of modern cells limits our understanding of their 
functionality



Metabolites

The complexity of modern cells limits our understanding of their 
functionality



We cannot predict possible interactions between synthetic gene circuits and 

endogenous cellular functions, hence orthogonality is not guaranteed.

The complexity of modern cells limits our understanding of their 
functionality
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Top-Down Approach Bottom-Up Approach

The complexity of modern cells limits our understanding of their 
functionality

We cannot predict possible interactions between synthetic gene circuits and 

endogenous cellular functions, hence orthogonality is not guaranteed.

To solve this problem, synthetic gene circuits could be used in minimal cells.
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Synthetic cells are models of primitive/simplified cells

Shimizu et al. (2001) Nat Biotechnol 19:751-755.



Keber et al. (2014) Science 345:1135-1139.

Asahara and Chong (2010) NAR 38:e141.

Adamala et al. (2017) Nat Chem 9:431-439.Shin and Noireaux (2012) ACS Synth Biol 1:29-41.

Drive gene transcription

Regulate gene transcription

Move

Exchange information with the 
environment

Synthetic cells can be programmed to accomplish specific tasks



Kuruma et al. (2009) Biochim Biophys Acta 1788:567-574.

Osawa and Erickson (2013) PNAS 110:11000-11004.

Divide into two synthetic cells

Produce energySynthesize lipids

Altamura et al. (2017) PNAS 114:3837-3842.

Synthetic cells can be programmed to accomplish specific tasks
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Nanotechnology is having a major impact on medicine and the treatment of disease, notably in 
imaging and targeted drug delivery. It may, however, be possible to go even further and design 
‘pseudo-cell’ nanofactories that work with molecules already in the body to fi ght disease.

C
urrent medical treatment for many 
diseases, including cancer and 
heart disease, involves drugs being 
manufactured in pharmaceutical 
factories and then administered 

to patients through a range of delivery 
mechanisms that include intravenous 
injections, timed release from implants, and 
oral ingestion. ! ere is much research into 
targeted drug delivery to speci" c locations 
with controlled release schemes because this 
approach ensures that the drug goes where 
it is intended, which reduces unwanted side 
e# ects and may be particularly important 
for highly localized diseases such as certain 
cancers (for example, prostate, breast, lung). 
! ere is, however, a more radical approach 
that draws its inspiration from the ability of 
the human body to self-medicate by actively 
adapting molecular production in response 
to its intrinsic biochemistry. ! is new 
approach proposes that molecular machinery 
could, in principle, be introduced into the 
body to convert pre-existing materials 
into therapeutic compounds, or to change 

molecules that a patient is unable to process, 
owing to some medical condition, into other 
compounds that the body can process. In this 
article we discuss the potential applications 
of nanotechnology to human health and the 
life sciences, and then propose a concept for a 
‘pseudo-cell factory’ that might enable a high-
impact new approach to medicine.

Nanotechnology research has already 
produced many technologies with 
potential medical applications that exploit 
the novel properties of quantum dots, 
fullerenes, carbon nanotubes, proteomic 
nanotechnologies, gold nanoshells, 
liposomes, self-assembled monolayers, 
nanoelectromechanical systems and 
nanocomposites. Quantum dots, carbon 
nanotubes that emit near-infrared radiation, 
and gold-based nanoparticles that absorb at 
these wavelengths have potential for both 
in vivo sensing and imaging1, but these 
technologies may have limitations because, 
depending on their chemical composition 
or preparation, some have been shown to 
be toxic2,3. Self-assembled monolayers have 

been studied by chemists and have been 
used to manipulate biological responses4. 
Non-titanium orthopaedic implants 
comprising crystalline hydroxyapatite and 
peptide/hydroxyapatite are examples of 
nanostructured composite biomaterials5. 
! ese di# erent approaches have led to 
numerous patents and clinical trials (for 
example, AmBisome, DOXIL6).

Drug delivery is an area where 
nanotechnology has already had a signi" cant 
impact7. In one ideal mode for delivery, 
the drug compound is: (i) encapsulated in 
a delivery agent; (ii) introduced into the 
human body with minimal discomfort; (iii) 
transported to a speci" c location avoiding 
damage to the surrounding tissue or organs; 
and (iv) released in the speci" ed location 
with a controlled concentration–time 
delivery pro" le. Packaging, release and 
coatings can be varied to control the 
introduction of drugs into the body. Daily 
or multiple injections, transdermal skin 
patch release and microneedle delivery are 
mechanisms that have also been used in the 
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LeDuc et al. (2006) Nature Nanotech 2:3-7.

Synthetic cells able to process external stimuli and to consequently react (i.e., to interface
with natural cells) could be employed as “soft nano-robots” for future intelligent drug
delivery approaches, as biosensors, as cell-free nanofactories, etc...

Notably, liposomes are already used for drug delivery.

Can we generate synthetic cells interfacing with natural cells?



Liposomes are used as delivery systems in diverse medical fields, including anti-cancer, anti-
fungal and anti-inflammatory drugs.

In 1995, liposomal doxorubicin (DoxilTM) was first introduced in U.S., to treat ovarian cancer
and AIDS-related Kaposi’s sarcoma.

DaunoXome® was developed by NeXstar Pharmaceuticals (Boulder, CO, USA) for the delivery
of daunorubicin, and was FDA approved in 1996 for the management of advanced HIV-
associated Kaposi’s sarcoma.

Other anticancer-liposomal products: Mepact® by Takeda Pharmaceutical (Deerfield, IL,
USA), DepoCyt® by SkyPharma Inc. (Belgravia, London, UK), Marqibo® by Talon Therapeutics
(San Francisco, CA, USA) and a fluorouracil, leucovorin combination with liposomes
(Merrimack Pharmaceuticals Inc., Cambridge, MA, USA), Myocet® by Elan Pharmaceuticals
(San Francisco, CA, USA).

Liposomal products were also developed for other diseases such as fungal infections
(Amphotec® and AmBisome®). Liposomes have become an important carrier systems for
vaccine development leading to the development of vaccines such as Epaxal® and Inflexal
V® for hepatitis and influenza, respectively.

Lamichhane et al. (2018) Molecules 23:288.

Liposomes as drug carriers



biodegradable.

Liposomes are biocompatible, they are naturally nontoxic, non-immunogenic, and
biodegradable. They have a role in enhancing drug solubility, providing targeted drug
delivery, reducing the toxic effect of drugs, providing protection against drug degradation,
enhancing circulation half-life.

Olusanya et al. (2018) Molecules 23:907.

Liposomes as drug carriers



Engineered P. aeruginosa biosensor
strain that does not produce C4-HSL, 
and emits light in response to 
exogenous C4-HSL.

Quorum sensing-based communication between synthetic cells 
and Pseudomonas aeruginosa



biological systems. By reasoning on the analogy between

chemical signals and electric signals manipulation, in this

context SB often makes use of the concept of ‘‘logical
gates’’ to describe such behavior (Baldwin et al. 2012).

The model presented here is based on the Multimedia Box

approach that is largely used in the environmental exposure
assessment (Van deMeent and De Bruijn 2007). It consists in

dividing an ecosystem in different spatially homogenous

(zero-dimensional) compartments (boxes) of fixed volume
that can exchange chemical compounds by transport process

taking place accross the compartment surface boundaries. The

time evolution of chemical species present in each single box
can be obtained by numerically solving a set of ordinary dif-

ferential equations (ODEs) according to the supposed kinetic

mechanism occurring in each compartment. This is a quite
convenient choice for a first modeling attempt, although a

more realistic model would instead consider the system as a

stochastic one (Mavelli and Ruiz-Mirazo 2010; Mavelli
2012). Therefore, the time evolutions of both bacteria and

synthetic cells are described only in average, so neglecting the
rule of random fluctuations at this level of description (as an

example of a different approach seeMavelli and Stano 2010).

Our model, shown in Fig. 4, has been built to describe a
realistic case of synthetic cells producing a short chain AHL

(freely permeable), that in turn triggers a response in bacte-

ria. The system we have in mind consists in the synthesis of
the QS AHL signal molecule N-butyryl homoserine lactone

(C4-HSL) catalyzed by a PURE system-produced RhlI

enzyme, and an engineered P. aeruginosa as biological
partner. However, the same model, with minor modifica-

tions, can be applied to other analogous cases.

We have modeled our system in a fixed solution volume
V (0.2 mL) where a number of bacteria Nbact and of

synthetic cells Nsc coexist together in a precise ratio (320-

to-1, as estimated from their concentrations). The synthetic

cell diameter (5.4 lm) has been estimated from image
analysis. The simulation refers to 4 h.

Inside the synthetic cell it takes place a sequence of two

steps (see Fig. 4): (1) production of an enzyme E (a syn-
thase, devoted to the synthesis of the signal molecule S);

(2) generation of the signal molecule S from the substrates

A and B by the synthase-catalized reaction. Next, S freely
diffuses, according to the concentration gradient, from the

synthetic cell to the environment (3), and from the envi-

ronment to the bacterium (4). Inside each bacterium, S
binds to a cytosol receptor R, to give the non-covalent

complex RS (5), followed by the dimerization of RS to

give the transcription factor R2S2 (6). The transcription of a
reporter gene to produce the messenger RNA (mRNA),

controlled by the concentration of R2S2 in a cooperative

fashion (7), and the translation of mRNA into the reporter

Fig. 4 Simplified model of synthetic cell sending a freely diffusible
chemical signal (S) to a natural cell. The corresponding ODEs set and
the parameters used for the simulation are reported in Fig. 10 and
Table 1, respectively

Fig. 5 Results of numerical integration (the ODEs set is shown in
Fig. 10)
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reporter bacterial strain able to detect a signal molecule in a

range of concentration that fits well with the calculated amount
of signal molecule produced by a synthetic cell, as inferred by

our mathematical model. In the near future we will report the

outcome of experiments aimed at testingwhether synthetic cells
are indeed able to send chemical messages to these engineered

bacteria.

We also believe that grounding these experimental sce-
narios on an accurately chosen theoretical framework will

allow them to be relevant not only for applications in bio-
technological fields, but also for further progress in funda-

mental science.

As mentioned above, the bottom up SB approach, on which
the semi-synthetic minimal cells are based, relies on autopoi-

esis, and the autopoietic approach is allowing experimental

research on minimal life and the origins of life since the early
1990s (Luisi and Varela 1990; Luisi 1996). We are convinced

that the experimental scenarios proposed here can allow the

extension of this research to the fascinating issue of minimal
cognition, and, in this way, can enable SB to contribute to AI

research. In particular, this can happen with regard to the

investigation of (minimal/chemical) communication, which is
the biological basis of the development of minimal forms of

cognition in higher forms. On this basis, we think that the SB

approach we present here might generate a SB program in AI
based on autopoiesis. Further work (both experimental and

theoretical) is required to fully develop and expand these pre-

liminary ideas, which promise to be very fecund.
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Appendix: Details about the mathematical model

The ODE set (Fig. 10) has been numerically integrated by

writing a homemade program based on the Rosenbrock

method suitable for stiff differential equations (Hairer and
Wanner 1996). The parameters involved in the model are

shown in detail in Table 1.

Fig. 10 Complete set of the
kinetic differential equations
used in the model. The time
evolution of the internal species
concentration for synthetic cells
and bacteria represents the
average over the two
populations, assuming that each
compartment behaves similarly,
that is, by neglecting stochastic
fluctuations
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Schematic representation of the communication process Kinetic differential equations used in the model

Rampioni et al. (2006) Nat Comput doi:10.1007/s11047-014-9425-x

Generation of synthetic cells interfacing with bacteria
1) in silico modelling



Physical parameters, thermodynamic and kinetic constants 
used in the model

Results of numerical integration
Table 1 Physical parameters, thermodynamic and kinetic constants used in the model

Step Symbol Meaning Value Units Note

V Reaction volume 2 105 lm3 1

Nsc Number of synthetic cell in V 1 2

Nbact Number of bacteria in V 320 3

Synthetic cell radius 2.7 lm 4

rsc Synthetic cell surface 91.6 lm2 5

Vsc Synthetic cell volume 84.2 lm3 6

Vbact Bacterium volume 1 lm3 7

rbact Bacterium surface 4.8 lm2 8

1 kTXPS Transcription rate (PURE system) 9

kTLPS Translation rate (PURE system) 10

kTXPS kTLPS Product of TX-TL rates (PURE system) 2.8 10-7 lM s-2 11

kinactPS Translation inactivation constant (PURE system) 5.3 10-4 s-1 12

2 kcat Catalytic constant of the enzyme E 0.1 s-1 13

KMA Michaelis–Menten constant for A 10 lM 14

KMB Michaelis–Menten constant for B 200 lM 15

[A]0 Initial concentration of A 500 lM 16

[B]0 Initial concentration of B 2,000 lM 17

3,4 } Permeability coefficient 0.1 lm s-1 18

5 Kbinding RS thermodynamic binding constant 103 lM-1 19

kon RS binding rate constant 102 lM-1 s-1 20

koff RS dissociation rate constant 0.1 s-1 21

[R]0 Initial concentration of the receptor 0.1 lM 22

6 Kdim R2S2 thermodynamic dimerization constant 103 lM-1 23

kdim R2S2 dimerization rate constant 1 lM-1 s-1 24

kdiss R2S2 dissociation of the dimer rate constant 10-3 s-1 25

7 3L Length of the mRNA 750 Bases 26

kTX Transcription rate 50 NTP s-1 27

KMTX RNA polymerase/DNA binding constant 0.5 lM 28

KMR2S2 Hill affinity constant of R2S2/DNA promoter 2.5 10-5 lM 29

n Hill cooperative coefficient 1.5 30

kdeg-mRNA mRNA degradation rate constant 3 10-3 s-1 31

CRNApol RNA polymerase concentration 6 10-2 lM 32

CDNA Promoter/reporter gene concentration 2 10-3 lM 33

8 L Length of the reporter protein P 250 aa 34

kTL Translation rate 15 aa s-1 35

KMTL Ribosome/mRNA binding constant 0.1 lM 36

kdeg-P Protein degradation rate constant 3 10-4 s-1 37

Crib Ribosome concentration 0.04 lM 38

1, Calculated by considering the number of GVs typically produced in one experiment (about 20,000) dispersed in a sample volume of 200 lL; 2, See 1; 3,
Calculated by considering typical bacterial OD600 of about 0.8, in 200 lL (ca. 8 108 E. coli cells/mL gives OD600 * 1); 4, Rough average of GVs radius; 5, –; 6, –;
7, Rough estimate of single bacterium volume; 8, From 7., and by considering a spherical shape; 9, –; 10, –; 11, From (Sunami et al. 2010) by considering a working
DNA concentration (in synthetic cells) of 20 nM; 12, See 11; 13, Referred to the in vitro synthesis of short-chain (C4) AHL, from (Parsek et al. 1999); 14, See 13;
15, See 13; 16, Estimated by considering realistic experimental conditions; 17, See 16; 18, Referred to short-chain (C4) AHL diffusion (equilibration time\30 s),
from (Pearson et al. 1999); 19, A rough estimate of the binding constant of long-chain (3-O-C12) AHLs to their receptor (see also Schuster et al. 2004) could be
106 lM (DGbinding * -8.3 kcal mol-1). From this value, an educated guess of short chain (C4) AHLs binding to their receptor can be calculated under the
simplifying hypothesis that—other things being equal—the binding energy is reduced due to missing hydrophobic interactions (minor number of CH2 groups). By
considering a contribution of *0.6 kcal mol-1 per each methylene group (Nakatani et al. 1980), an estimate of -4.1 kcal mol-1 is obtained
(i.e. Kbinding * 103 lM); 20, Estimated in order to consider a rapid binding kinetics; 21, See 20; 22, Estimated; 23, Estimated by considering a significant (*90 %)
dimerization (Ventre et al. 2003); 24, Estimated; 25, Estimated; 26, Referred to a reporter protein 250 amino acid long; 27, Geometric mean from values in
B10NUMB3R5 database; 28, Estimated; 29, Estimated as the geometric mean of values referred to similar transcription factors (Schuster et al. 2004); 30, Estimated
as a value between 1 and 2 in order to consider a cooperative binding between the dimer R2S2 and possibly palindromic promoters; 31, From B10NUMB3R5
database; 32, Estimated as the fraction (1/100) of the total RNA polymerase pool in E. coli (6 lM from B10NUMB3RS database, geometric mean) involved in the
transcription of the reporter protein; 33, Calculated by considering one promoter region (one reporter gene) in the E. coli chromosome (1 molecule/cell); 34, See 26;
35, Geometric mean from values in B10NUMB3R5 database; 36, Estimated; 37, From B10NUMB3R5 database; 38, Estimated as the fraction (1/100) of the total
ribosome pool in E. coli (40 lM from B10NUMB3R5 database, geometric mean) involved in the translation of the reporter protein
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biological systems. By reasoning on the analogy between

chemical signals and electric signals manipulation, in this

context SB often makes use of the concept of ‘‘logical
gates’’ to describe such behavior (Baldwin et al. 2012).

The model presented here is based on the Multimedia Box

approach that is largely used in the environmental exposure
assessment (Van deMeent and De Bruijn 2007). It consists in

dividing an ecosystem in different spatially homogenous

(zero-dimensional) compartments (boxes) of fixed volume
that can exchange chemical compounds by transport process

taking place accross the compartment surface boundaries. The

time evolution of chemical species present in each single box
can be obtained by numerically solving a set of ordinary dif-

ferential equations (ODEs) according to the supposed kinetic

mechanism occurring in each compartment. This is a quite
convenient choice for a first modeling attempt, although a

more realistic model would instead consider the system as a

stochastic one (Mavelli and Ruiz-Mirazo 2010; Mavelli
2012). Therefore, the time evolutions of both bacteria and

synthetic cells are described only in average, so neglecting the
rule of random fluctuations at this level of description (as an

example of a different approach seeMavelli and Stano 2010).

Our model, shown in Fig. 4, has been built to describe a
realistic case of synthetic cells producing a short chain AHL

(freely permeable), that in turn triggers a response in bacte-

ria. The system we have in mind consists in the synthesis of
the QS AHL signal molecule N-butyryl homoserine lactone

(C4-HSL) catalyzed by a PURE system-produced RhlI

enzyme, and an engineered P. aeruginosa as biological
partner. However, the same model, with minor modifica-

tions, can be applied to other analogous cases.

We have modeled our system in a fixed solution volume
V (0.2 mL) where a number of bacteria Nbact and of

synthetic cells Nsc coexist together in a precise ratio (320-

to-1, as estimated from their concentrations). The synthetic

cell diameter (5.4 lm) has been estimated from image
analysis. The simulation refers to 4 h.

Inside the synthetic cell it takes place a sequence of two

steps (see Fig. 4): (1) production of an enzyme E (a syn-
thase, devoted to the synthesis of the signal molecule S);

(2) generation of the signal molecule S from the substrates

A and B by the synthase-catalized reaction. Next, S freely
diffuses, according to the concentration gradient, from the

synthetic cell to the environment (3), and from the envi-

ronment to the bacterium (4). Inside each bacterium, S
binds to a cytosol receptor R, to give the non-covalent

complex RS (5), followed by the dimerization of RS to

give the transcription factor R2S2 (6). The transcription of a
reporter gene to produce the messenger RNA (mRNA),

controlled by the concentration of R2S2 in a cooperative

fashion (7), and the translation of mRNA into the reporter

Fig. 4 Simplified model of synthetic cell sending a freely diffusible
chemical signal (S) to a natural cell. The corresponding ODEs set and
the parameters used for the simulation are reported in Fig. 10 and
Table 1, respectively

Fig. 5 Results of numerical integration (the ODEs set is shown in
Fig. 10)
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If containing a plasmid with the rhlI gene, the PURE system and the substrates 
SAM and C4-CoA, the C4-HSL signal molecule produced by the synthetic cells 

expressing RhlI should reach the concentration of about 150 nM in the 
environment within 2.5 hours.

Rampioni et al. (2006) Nat Comput doi:10.1007/s11047-014-9425-x

Generation of synthetic cells interfacing with bacteria
1) in silico modelling



Kanamycin 200 μg/mL, 37 °C, 
shaking, low cell density.

Kanamycin 200 μg/mL, 37 °C, 
shaking, low cell density, depletion of 
3OC12-HSL.

Kanamycin 500 μg/mL, 37 °C, 
shaking, blow cell density, depletion 
of 3OC12-HSL.

Kanamycin 500 μg/mL, 30 °C, static, 
high cell density, depletion of
3OC12-HSL.
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Rampioni et al. (2018) Chem Commun (Camb) 54:2090-2093.
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Transcription 
of the rhlI gene

Expression
of the RhlI enzyme

Synthesis
of the C4-HSL signal molecule

Rampioni et al. (2018) Chem Commun (Camb) 54:2090-2093.
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Activation of target genes

Rampioni et al. (2018) Chem Commun (Camb) 54:2090-2093.
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Reception of
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The generation of minimal cells interfacing with natural cells has interesting
implications also in theoretical-philosophical fields.

The Imitation Game




