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An emerging focus in synthetic biology is to engineer micro-
organisms to grow selectively within specific niches of the 
environment and human body1–9. As genetic programming 

enables bacteria to sense and respond to physiological conditions 
in situ, this approach is poised to change existing paradigms for 
diagnosing and treating diseases such as inflammation10,11, infec-
tion12,13 and cancer14–16. A critical consideration of using engineered 
bacteria for medicine is the need for the containment of microbial 
growth to disease sites to prevent off-target tissue damage and sep-
tic shock17,18. Thus, engineering genetic circuits to confine bacterial 
growth at specific locations in the human body has the potential 
to address the challenge of translating next-generation microbial 
therapies.

To date, the majority of bacterial therapies have relied on the 
natural tropism of bacteria, defined here as the preferential growth 
within specific host tissues or microenvironments such as the gas-
trointestinal tract, skin and tumours10,15,19–21. Although relying on 
inherent bacterial growth preferences can sometimes control bac-
teria localization, many bacteria can grow outside of their natural 
niches—quickly spreading to unintended locations and resulting 
in off-target effects. Genetic engineering approaches, such as 
metabolite auxotrophy, dependence on synthetic amino acids and 
toxin/anti-toxin-based systems, have been used to control bacte-
rial growth22–26. Coupling these techniques with environmentally 
responsive biosensors can improve the containment of engineered 
bacteria and prevent unintended spread27–31, but precise localization 
to specified organs remains a challenge. In this Article, we dem-
onstrate an approach to engineer bacterial tropism with genetic 
circuits programmed to sense one or multiple distinct physiologi-
cal signatures allowing for enhanced bacterial growth in predeter-
mined conditions of organ niches (Fig. 1).

Results
Development and characterization of engineered biosensors.  
To construct bacterial biosensors that can distinguish unique 
organ environments, we chose oxygen, pH and lactate as common  

physiological indicators with substantial previous quantification in 
mice and humans32–36 (Supplementary Table 1). To sense oxygen, we 
used a hypoxia-sensing promoter (pPepT) that is primarily regu-
lated by the transcriptional activator, fumarate and nitrate reduction 
regulatory protein (FNR)28 (Fig. 2a). In the absence of oxygen, FNR 
binds to a [4Fe–4S]2+ cluster to generate a transcriptionally active 
homodimer. However, the cluster is degraded in the presence of 
oxygen, which dissociates the FNR dimer into inactive monomers37. 
Measuring green fluorescent protein (GFP) expressed under the 
control of the pPepT promoter on a plasmid, we detected elevated 
levels of fluorescence in response to hypoxic conditions (Fig. 2a). 
We next designed an l-lactate biosensor, derived from the native 
lldPRD operon38–40, to detect lactic acid fermentation by host mam-
malian cells. This lactate-sensing system was constructed on two 
plasmids: a lactate-inducible reporter plasmid driving expression 
of a gene of interest and a repressor plasmid, which produces the 
repressor LldR that dimerizes to inhibit expression of the reporter 
gene unless bound to lactate (Fig. 2a). In response to increasing 
concentrations of l-lactate in the culture medium, we observed a 
corresponding increase in GFP (Fig. 2a). Finally, we engineered the 
pH-sensitive promoter pCadC among other systems41,42 that is regu-
lated by a membrane-tethered activator protein (CadC)43–45, which 
shows increased activity in acidic medium compared with medium 
at a neutral pH (Fig. 2a).

We next built a library of biosensor variants by tuning genetic 
parameters to establish systems that specifically activate in con-
trasting environmental conditions. For hypoxia biosensors, we 
tested three distinct hypoxia promoters (pPepT, FF+20 and 
pVgb)28,46,47 and demonstrated that hypoxia induces gene expres-
sion downstream of each promoter when compared to a constitu-
tive promoter (Fig. 2a). For lactate biosensors, we varied the origin 
of replication as a knob to tune the copy numbers of the plasmids 
encoding the promoter (pLldR) and the regulatory protein (LldR). 
Using this approach, several biosensor variants showed notable 
activation under increasing lactate concentrations with varied sen-
sitivity and dynamic ranges (Fig. 2a and Supplementary Fig. 1).  
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Finally, for pH biosensors, we also constructed a library of biosensor 
variants by changing the plasmid copy numbers and we observed 
biosensor activation within the physiological pH range (Fig. 2a and 
Supplementary Fig. 2).

We chose to further characterize a single biosensor variant for 
oxygen, lactate and pH conditions. The variants pPepT, pTC1908 
and pTC37 were selected owing to their activation under physi-
ological concentrations that are similar to naturally occurring lev-
els in various organs, such as the gastrointestinal tract and solid 
tumours48,49. Here, the hypoxia biosensor pPepT demonstrated 
low basal expression, which is suitable for preventing non-specific 
activation (Supplementary Fig. 3a). The lactate biosensor vari-
ants generally demonstrated low basal expression, and we also 
chose pTC1908 on the basis of its relatively high dynamic range 
(Supplementary Fig. 1). Specifically, pTC1908 is composed of a 
middle-copy-number reporter plasmid and its basal expression is 
quenched by the LldR repressor on a high-copy-number plasmid. 
For the pH biosensor, we chose pTC37, engineered on a single 
low-copy-number plasmid as it exhibited robust sensing at lower 
pH ranges (Supplementary Fig. 2a). As bacteria are often subjected 
to multiple environmental conditions simultaneously in vivo, we 
also tested the cross-reactivity of the biosensors in overlapping 
environmental conditions. Here we observed functional activity 
of biosensors exposed to multiple conditions, suggesting that these 
biosensors could be used in a combinatorial manner (Fig. 2b).

Engineering biosensors as containment strains to control bac-
terial growth. We next sought to restrict bacterial replication in 

response to distinct biochemical signatures by expressing essential 
genes under the control of the biosensor promoters. This coupled 
design allows for potentially larger fold differences in bacterial 
number between environmental conditions despite the relatively 
low dynamic range of an individual biosensor. We chose an essen-
tial gene (asd) that is required in lysine, threonine and methionine 
biosynthesis. Supplementation by diaminopimelic acid (DAP), a 
bacteria-specific amino acid, allows for growth in asd-knockout 
strains28. Importantly, DAP cannot be produced or metabolized 
from the host cellular environment, which provides an ideal strat-
egy for biocontainment in vivo. We knocked out asd from the 
genome of Escherichia coli (Supplementary Fig. 4a) and placed  
the gene under the control of the three biosensor promoters. As the 
initial circuits showed high levels of basal expression, we reduced 
this expression by constructing a library of variants with a range 
of gene copy numbers and introducing additional gene regulators 
(Fig. 3a). In brief, we first decreased the plasmid copy number to 
lower basal gene expression level (colE1, p15a or sc101 plasmid ori-
gin of replications and a single genome integration). We also tuned 
expression levels by introducing transcriptional (ribosomal-binding 
site (RBS) strength and antisense RNA) and translational (protein 
degradation tag) controls (Fig. 3a). A complete list of modifications 
and sequences is provided in Supplementary Tables 2 and 4.

To assess the impact of these modifications, we measured circuit 
function as the ratio of bacterial growth in non-permissive envi-
ronments (normoxia, 0 mM lactate or neutral pH) to permissive 
conditions (0% oxygen, 10 mM lactate or pH 6), which represents 
the ‘escapee rate’ for characterizing the containment capabil-
ity of the engineered bacteria, as has been used in other publica-
tions24,25,29. We identified several strain variants with low escapee 
rates that could grow selectively under permissive conditions  
(Fig. 3b). For the hypoxia containment circuit (pTH6-1), we genom-
ically integrated the construct containing an additional gene (gfp) 
upstream of asd to reduce asd gene expression levels, followed by 
an antisense normoxia promoter, pSodA (Supplementary Fig. 3b),  
to reduce basal expression of asd. This optimized circuit design 
achieved selective bacterial growth under hypoxic conditions  
(Fig. 3b and Supplementary Table 2). For the lactate containment cir-
cuit (pBK3-2/8), lowering RBS strength and building on the low-copy 
plasmid were required for lactate-dependent bacterial growth  
(Fig. 3b and Supplementary Table 2). Finally, for the pH-containment 
circuit (pTC085), in addition to a reduced RBS strength, we also 
included a degradation tag downstream of asd to lower basal gene 
expression (Fig. 3b and Supplementary Table 2). The proportions of 
bacteria that grew in non-permissive conditions (escapee rate) were 
less than 10−4, 10−3 and 10−2 for the hypoxia, lactate and pH contain-
ment circuits, respectively. We further sampled oxygen, lactate and 
pH levels and demonstrated that these containment strains grew in 
ranges similar to biosensor activation (Supplementary Fig. 5). Taken 
together, we demonstrated engineered bacterial growth driven by 
three different environmental cues.

Multiplexing biosensors to improve specificity. As a single physio-
logical condition can be similar in two organs, for example, hypoxia 
in both the large intestine and in tumours, integration of multiple 
signals can enable further distinguishing of organ locations. Thus, 
to further enhance the specificity of our biocontainment circuits, we 
designed an AND logic gate circuit that permits bacterial replication 
only in the presence of two different environmental conditions. To 
do this, we engineered an additional containment strain with the lac-
tate biosensor driving expression of glms, an essential gene orthogo-
nal to asd that encodes a glucosamine-6-phosphate synthase that 
can be rescued with d-glucosamine50 (Supplementary Fig. 4b). This 
engineered lactate containment circuit exhibited selective growth in 
the presence of 10 mM lactate with a 2.6 × 10−4 escapee rate (Fig. 3d  
and Supplementary Fig. 6a). Before combining with the hypoxia 
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Fig. 1 | Schematic of biosensors for engineered bacteria tropism. 
Engineered biosensors detect specific oxygen, lactate and pH levels in 
organs to enable tropism of bacteria in vivo. Different organs, including the 
liver (L), spleen (Sp), small intestine (SI), large intestine (LI) and tumour 
(T), exhibit varying biochemical signatures (Supplementary Table 1). The 
schematic shows that bacteria programmed to sense pH and oxygen 
enhance bacterial colonization in the small and large intestine, respectively. 
Bacteria with multiplexed lactate and oxygen AND logic gate sensing grow 
selectively within the tumour microenvironment.
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containment circuit, we tested the lactate containment strain under 
hypoxic conditions and consistently observed lactate-dependent 
growth (Supplementary Fig. 6b). We next combined the glms-based 
lactate containment circuit with the asd-based hypoxia contain-
ment circuit in a double-knockout strain (Fig. 3c). This AND logic 
gate system grew when cultured under both low oxygen and high 
lactate, while we measured no colonies up to the limit of detection 
(LOD, 102 c.f.u. per ml) for hypoxic- or lactate-only culture condi-
tions (Fig. 3d and Supplementary Fig. 7). Importantly, the AND 
logic gate system demonstrated ~104 improvement in escapee rate 
(10–8) compared with single biosensor containment circuits. These 
findings highlight that using multiplexed biosensor-based logic gate 
circuit architecture can improve growth specificity.

To further examine the functionality of single- and multi-input 
biocontainment circuit architectures, we developed a mathemati-
cal model to simulate bacteria growth regulated by one or more 
biosensor promoters. To do this, we described the rate of reporter 
protein (GFP) production governed by different biosensor regula-
tors (activators for hypoxia and pH biosensors, repressors for lac-
tate biosensor) with a system of ordinary differential equations 
(Supplementary Materials). We simulated bacterial growth on the 
basis of biosensor activation (Extended Data Fig. 1), and explored 
multiplexed environmental biocontainment using various bio-
sensor combinations (Supplementary Fig. 8). We observed that 
the relatively low dynamic range of the promoters, when coupled 
to essential gene production and tuned, was sufficient to drive  

bacterial growth and result in substantial differences in bacterial 
number based on environmental inputs in the physiological ranges 
of interest (Supplementary Fig. 8 and Extended Data Fig. 2). While 
some biosensors displayed slight differences in activation kinet-
ics, our model predicted the growth of bacteria in various speci-
fied environmental combinations over longer time scales in in vitro 
experimental observations (Supplementary Fig. 9), and provides a 
generalizable model of circuit architectures to explore beyond our 
immediate system and applications.

Bacterial biosensors and containment strains alter bacterial pop-
ulation levels in physiological environments. As a step towards 
in vivo characterization of biosensors, we first assessed the capabil-
ity of bacterial biosensors to sense metabolic activity of mammalian 
cell cultures in vitro (Fig. 4a). We cultured cell lines from various 
origins, including colorectal, lung, lymph nodes and breast, over 5 d 
and measured the levels of lactate and pH in the culture medium 
after collection (Supplementary Fig. 10). Subsequently, we cultured 
biosensor-containing bacteria (pPepT, pTC1908, pTC37) in the 
collected cell medium supernatant and measured the fluorescence 
from the biosensor strains after 16 h. We observed a concomitant 
increase in the bacterial fluorescent signal as lactate concentrations 
increased and the pH level decreased (Fig. 4b,c). To confirm that the 
biosensor activity is independent of cell origin, we assayed medium 
supernatant samples from six different lung cancer cell lines and a 
lung fibroblast cell line51. We found that the biosensor showed an 
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FNR to drive gene expression under low oxygen levels. The lactate biosensor contains constitutive production of an LldR repressor, which derepresses 
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membrane-tethered transcriptional factor CadC. Right: biosensor strains were grown in a specified environment (0% and 20% oxygen, 0–10 mM lactate, 
and pH 5.5, 6, 6.5 and 7) for 16 h. The fold change was calculated as the ratio of fluorescence in the induced to uninduced state. n = 3 biological replicates. 
Data are mean ± s.e.m. (Supplementary Table 2). b, Three biosensors (pPepT, pTC1908 and pTC37; Supplementary Table 2) were chosen from the variants 
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increase in fluorescent signal in only the cancer cell lines that pro-
duced ~10 mM lactate, suggesting that the activation range of our 
lactate biosensor is within in vivo tumour levels (Supplementary 
Fig. 11 and Supplementary Table 1). To characterize the hypoxia 
biosensor in culture medium, we incubated the bacteria with cell 
medium in a culture chamber with varying oxygen levels (0%, 10%, 
20%). We observed consistent increases in the fluorescence sig-
nal following decreasing oxygen levels across cell lines (Fig. 4d). 
Collectively, these results demonstrate that our engineered bacteria 
can sense and enhance growth in distinct biochemical signatures 
found in host environments.

As oxygen and acidity levels decrease along the longitudinal 
axis of the intestine49, we examined whether our engineered strains 
could lead to enhanced biocontainment. We transformed pH and 

oxygen biosensors driving asd gene expression into a probiotic bac-
terium, E. coli Nissle 1917, which is currently used for oral admin-
istration in humans with gastrointestinal disorders52,53. To test the 
biocontainment circuits under physiological conditions, we first 
grew the pH and hypoxia containment strains in media matching 
gut environments of the small intestine, caecum and large intestine 
in vitro (Fig. 4e). The pH containment strain demonstrated highly 
specific growth in the acidic small intestine environment, whereas 
the hypoxia containment strain showed preferential growth in the 
hypoxic caecum and large intestine environment (Fig. 4f). To test 
biocontainment in vivo, we collected faecal samples over several 
days after oral delivery of bacteria. For both the hypoxia and pH 
containment strains, approximately 100-fold to 10,000-fold less 
bacteria from faecal samples grew during the course of one week 
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compared with the control strain (labelled Nislux, E. coli Nissle 1917 
with integrated luxCDABE cassette; Fig. 4g). However, with DAP 
supplementation in the agar, containment strains were rescued to 
similar colony-forming units (c.f.u.) as the control strain. These 
results suggest that the reduced bacterial numbers outside the host 
occurred through engineered auxotrophy.

We subsequently examined the bacterial distribution along the 
axis of the gut by measuring c.f.u. from homogenized tissue along 
five regions of the gastrointestinal tract. Generally, more bacteria 
were found in the distal colon (caecum and large intestine) for 
all strains, as expected from previous studies49,54–56 (Fig. 4h and 
Supplementary Fig. 12a–c). Compared to the control Nislux strain, 
fewer hypoxia-containment bacteria (pTH6-1) were found in the 
S1 region of the small intestine probably due to high oxygen, and 
similar bacteria counts were found in the large intestine regions, as 
expected (Fig. 4h). The pH containment strain (pTC085) showed 
lower levels of bacteria overall compared with the Nislux control 
strain. This was potentially due to reduced growth rates observed 
for pH values of >6 (Supplementary Fig. 13), which correspond to 
gastrointestinal tract measurements (Supplementary Fig. 14). To 
analyse relative bacterial profiles across the gastrointestinal tract, 
we scaled by c.f.u. per gram measurements of S1 for each strain 

(Supplementary Fig. 12d). Compared with the Nislux control 
strain, we found an approximately tenfold relative enrichment in 
hypoxia-dependent bacteria in the large intestine compared with 
in the small intestine. By contrast, we observed a decrease in rela-
tive bacteria levels in the distal colon of the gastrointestinal tract 
for pH-dependent bacteria compared with the control Nislux 
strain. To confirm that the altered biodistribution of pTC085 was 
not solely due to a reduced growth rate in general or low viability 
of this strain, we created a strain that constitutively expresses asd 
in the same Nissle Δasd background (pTC012). Here we observed 
that pTC012 had similar viability and maximal growth rate to that 
of pTC085 (as well as Nislux) at pH 6, but no pH-growth depen-
dence (Supplementary Figs. 13e and 15). Although the single con-
tainment strains demonstrated selective growth in gut environment 
conditions in vitro, we did not observe specific targeting in vivo. 
To explain this, we constructed a mathematical model by factoring 
in the escapee rates we observed for these strains. This model was 
able to recapitulate the shift in bacteria distribution along the gut 
axis (Supplementary Fig. 16) with a corresponding input of oxygen 
and pH values (Supplementary Fig. 14 and Supplementary Table 1). 
Thus, although engineered strains could preferentially grow in the 
simulated environmental conditions of different gut compartments, 
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activation of lactate (b; red), pH (c; green) and hypoxia (d; blue) biosensors when cultured in the collected supernatant overnight at 37 °C. The hypoxia 
biosensor cultured in cell medium supernatant was grown under conditions with or without oxygen. The GFP signal from the hypoxia biosensor was 
normalized to the constitutive promoter control. n = 3 biological replicates. Data are mean ± s.e.m. e, Bacteria strains were cultured under the following 
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(L; pH 7 and 0% oxygen). f, End-point optical density at 600 nm (OD600) of bacteria grown in gut-mimicking conditions with a starting density of 106 
cells per ml for 12–16 h. n = 6 (pTC085) and n = 6 (pTH6-1) biological replicates. Data are mean ± s.e.m. Statistical analysis was performed using two-way 
ANOVA with Tukey’s multiple-comparisons test; ****P < 0.0001; Hyp, hypoxia g, Fresh faecal pellets were collected every day for 7 d, homogenized 
and plated on LB agar plates with an antibiotics (Ab.) selection with or without DAP. n = 7 (Nislux), n = 7 (pH (pTC085)) and n = 8 (hypoxia (pTH6-1)) 
biological replicates per time point. Data are mean ± s.e.m. Statistical analysis was performed using ANOVA with Tukey’s multiple-comparisons test; 
***P = 0.0005. LOD, 103 c.f.u. per gram. h, Mice were euthanized at the end of the experiment (day 7), and the gastrointestinal tract was sectioned into five 
regions (upper small intestine track (S1); lower small intestine track (S2); caecum (C); upper large intestine track (L1); lower large intestine track (L2)). 
The regions were homogenized and plated on LB agar plates with antibiotic selection and DAP. Colonies were counted the next day. Absolute c.f.u. per 
gram of recovered bacteria from each gut compartment. n = 13 (Nislux), n = 8 (pH (pTC085)) and n = 15 (hypoxia (pTH6-1)) biological replicates. Data are 
median ± interquartile range. Statistical analysis was performed using Kruskal–Wallis ANOVA; *P < 0.04, **P < 0.009, ***P = 0.0003, ****P < 0.0001; NS, 
not significant. LOD, 103 c.f.u. per gram.
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single sensors were not sufficient to achieve targeting or overall pro-
file shifts in the gastrointestinal tract in vivo, potentially due to their 
high escapee rates. These results provided further motivation for 
the need for combining sensors to improve specificity by reducing 
escapee rates.

Combined hypoxia–lactate containment strain improves tumour 
specificity. Aside from modulation of bacterial growth in the 
healthy gastrointestinal tract, we next tested whether multiplexed 
containment circuits can enhance specificity in diseased sites such 
as tumours. In this context, bacteria such as Salmonella enterica 
serovar Typhimurium have been commonly studied as a cancer 
therapy due to their increased growth in tumour environments57. 
While S. Typhimurium has been reported to colonize tumours, it 
can also reach and survive in the liver and spleen28,58–60, suggesting 
the need to improve safety by reducing off-target bacterial load. We 
sought to improve on the natural tropism of S. Typhimurium for 
tumours by integrating multiple unique metabolic signatures from 

the tumour microenvironment, such as hypoxia, high lactate and 
low pH levels48,61–63 (Supplementary Table 1).

We first used a recently designed three-dimensional (3D) bac-
teria spheroid coculture system that recapitulates properties of the 
tumour microenvironment, including oxygen and nutrient gradi-
ents, mammalian cell metabolism and local 3D growth of the bacte-
rial population in tumours64 (Fig. 5a). Attenuated S. Typhimurium 
ELH1301 was transformed with biosensor plasmids (Supplementary 
Fig. 17) and cocultured with the tumour spheroid system. Once in 
the spheroid core, we observed an increase in the total fluorescence 
signal from bacteria carrying hypoxia, lactate or pH biosensors 
driving GFP (Fig. 5b,c,d and Supplementary Fig. 18 and 19). We 
consistently measured the highest reporter signals in the centre of 
the spheroid, reflecting the expected biochemical gradients in the 
spheroid core64–66. The combined lactate–hypoxia AND logic gate 
containment strain showed comparable tumour-colonizing capabil-
ities as the control strain (ELH1301) in tumour spheroids (Fig. 5e).  
To verify that the containment strain requires the expression of 
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(n = 5 per group) were implanted subcutaneously with 5 × 106 CT26 cells in one hind flank. When the tumour volumes were 100–150 mm3, the mice were 
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g,h, Bacteria colonizing tumour (g) and liver (h) tissues were quantified and counted after 1 d. n = 5 biological replicates. Data are mean ± s.e.m. Statistical 
analysis was performed using one-way ANOVA with Bonferroni’s multiple-comparisons test; ****P < 0.0001, ***P = 0.0002. Tumour and spleen LOD, 
103 c.f.u. per gram; liver LOD, 102 c.f.u. per gram. i, The tumour:liver ratio of bacterial c.f.u. per gram was calculated on the basis of recovered c.f.u. 
from extracted organs. n = 5 biological replicates. Data are mean ± s.e.m. Statistical analysis was performed using one-way ANOVA with Bonferroni’s 
multiple-comparisons test; ****P < 0.0001. Tumour LOD, 103 c.f.u. per gram; liver LOD, 102 c.f.u. per gram.
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both essential genes, we constructed strains in which one biosensor 
drives a single essential gene in a double-knockout strain (ELH1301 
ΔasdΔglms). After co-culture, these strains could not effectively 
colonize tumour spheroids (Supplementary Fig. 20), indicating that 
bacteria required both essential genes to grow.

We next intravenously injected our tumour-containment strain 
(ELH1301 ΔasdΔglms with the lactate–hypoxia AND gate) in a 
subcutaneous syngeneic mouse tumour model (Fig. 5f). To measure 
improvement in tumour localization by the containment strain, we 
administered positive control (ELH1301 with no circuit) and nega-
tive control (ELH1301 ΔasdΔglms) strains that set the maximum 
and minimum bacterial load we can expect from the organs after 
systemic delivery, respectively. Organs and tumours were collected 
and homogenized to assess bacterial colonization 2 d after injection 
by c.f.u. enumeration. As expected, we observed that the lactate–
hypoxia AND gate containment strain was able to colonize tumours 
to a similar level as the control strain (Fig. 5g). These results sug-
gest that the containment strain was able grow in the tumour envi-
ronment that provides permissive lactate and oxygen levels. In 
comparison, the recovered c.f.u. of the containment strain was low-
ered in the spleen and liver compared with 104–105 c.f.u. per gram  
bacterial load of the control strain (Fig. 5h and Supplementary  
Fig. 21a). As the double-knock-out (ΔasdΔglms) negative control 
strain was found to be at similar levels as the containment strain 
in the spleen and liver, we reasoned that the non-tumour environ-
ment was unable to induce essential gene expression and permit 
growth. On the basis of these results, we conclude that multiplexed 
bacteria decreased off-target colonization in the spleen and liver 
with a demonstrated increase in tumour-targeting specificity  
(Fig. 5i and Supplementary Fig. 21b). Finally, we showed that the 
AND gate strain exhibits a tumour/liver ratio that is significantly 
higher than the hypoxia-only and lactate-only circuit strains,  
demonstrating increased tumour specificity with multiplexing  
containment circuits in vivo (Fig. 5g,h,i).

To test whether observed differences in bacterial growth were 
dependent on environmental signatures in situ, we grew engineered 
bacteria in extracted organs ex vivo (tumour, liver and spleen). No 
bacterial growth was observed in any homogenized organs that no 
longer possessed native physiological environments that were per-
missive for growth (20% oxygen, <1 mM lactate; Supplementary 
Fig. 22). By contrast, we observed a significant increase in bacte-
rial number when we modulated these conditions for activation 
by spiking in 10 mM lactate and incubating at 0% oxygen condi-
tions (Supplementary Fig. 22). Similar levels of bacterial growth 
were observed when rescued with essential supplements (DAP and 
d-glucosamine). These results indicate that the in vivo growth tro-
pism of the engineered bacteria was independent of organ types and 
was primarily driven by the local hypoxia and lactate levels.

Discussion
Our engineered system demonstrates the proof-of-concept that 
bacterial growth distributions can be enhanced towards conditions 
of the mouse gastrointestinal tract and tumours harbouring distinct 
environmental signatures. By tuning and multiplexing biosensors 
responsive to physiological cues to construct biocontainment cir-
cuits, we demonstrated enhanced tropism of microbial growth.

One critical design of our biocontainment circuit is the cou-
pling of bacterial growth to environmentally responsive promot-
ers. Although inducible promoters have been used widely to highly 
express genes of interest with low basal expression, many native 
promoters possess relatively low dynamic ranges67–69. This pres-
ents a challenge for in vivo microbial applications as insufficient or 
high basal expression of diagnostic or therapeutic payloads leads to 
lack of efficacy and safety. Here we coupled engineered promoter– 
biosensor machinery with bacterial growth through the expression 
of essential genes to address this limitation. Owing to the low gene 

expression needed for essential genes, minimal promoter activity 
was sufficient to enable bacterial growth at specified environmental 
conditions. We observed that, coupled with the signal, amplifica-
tion through replication successfully achieved >1,000-fold differ-
ences in bacterial number using three independent biosensors. In 
terms of specificity, the ideal promoter would possess threshold-like 
activation in the desired environmental condition compared with a 
control. However, most natural and engineered promoters display 
a more graded response, as we observed in our biosensor variants. 
Nonetheless, amplification of the promoter signal through coupling 
to essential genes produces an improved profile due to the nonlinear 
amplification of exponential growth.

While the amplification through a single biosensor-growth cou-
pling results in condition-specific growth, we ultimately see that sin-
gle sensors could be combined with others to improve the escapee 
rate, leading to more precise organotropism. For example, although 
in vitro data support preferential growth of pH containment strains 
at levels found in small intestine compared with the caecum and large 
intestine, the escapee rate of this single strain is near 10−2, imply-
ing that the strain will produce escapees at a high frequency, which 
could then lose pH dependence and grow in unwanted regions. We 
therefore engineered the system to incorporate multiple biosen-
sors and containment circuits to further enhance tropism. By using 
orthogonal biosensor–essential-gene pairs, bacterial growth can be 
regulated with multiple environmental signatures in an AND logic 
gate manner. This is particularly important for systemic bacterial 
delivery, whereby microorganisms have access to multiple organs 
and can induce severe toxicity after off-target colonization. As a 
proof-of-concept, we showed an improvement in bacterial tumour 
specificity by multiplexing oxygen and lactate biosensors. Although 
similar oxygen or lactate conditions can individually be found in 
other organs, the use of two environmental signatures increased the 
specificity to the tumour, resulting in reduction in off-target colo-
nization. Using a computational model, we demonstrated that cou-
pling of multiple biosensors can indeed lead to improved tropism 
in relevant physiological range. Furthermore, this model allows for 
future predictions as to the expected tropism enhancements and 
generalizability of multiplexed containment circuit designs.

Looking forwards, the approach described here can enable future 
precision targeting of specific physiological regions. For example, 
we envision the use of the multiplexed biosensors to control the 
expression of therapeutic payloads to enhance efficacy and avoid 
off-target toxicity. More precise activation using multiplexed bio-
sensors can be used to differentiate microenvironment of various 
tumour types, potentiating the use of bacteria as precision diagnos-
tic devices70,71. Furthermore, we propose generalizing this approach 
to other bacterial species and targeting other organs for biomedical 
research and translation to human disease. As translation of engi-
neered microorganisms for various technological applications con-
tinues, robust and precise engineering of bacterial localization to 
desired environments will provide a useful method to improve bio-
containment and safety to target specific sites for the local delivery 
of treatment options.

Methods
Host strains and culturing. ELH1301 was provided by E. Hohmann. E. coli Nissle 
1917 was obtained from the Bhatia lab15. Full strain information is provided in 
Supplementary Table 3. All bacteria were cultured in LB media (Sigma-Aldrich) 
with appropriate antibiotic selection (100 μg ml−1 ampicillin, 50 μg ml−1 kanamycin, 
25 μg ml−1 chloramphenicol) at 37 °C.

Plasmids and biosensor library constructions. Plasmids were constructed 
using Gibson Assembly or using standard restriction digest and ligation cloning 
and transformed into Mach1 competent cells (Invitrogen). The biosensors were 
constructed by synthesizing promoters from IDT, except for the pPepT, pLldR 
and pCadC promoters, which were obtained using colony PCR from E. coli Nissle 
1917. Promoters were cloned in front of the sfGFP gene of a previously used ColE1 
pTD103 sfGFP plasmid72. To construct biocontainment circuits, the essential gene 

NATuRE BioMEDiCAl ENGiNEERiNG | www.nature.com/natbiomedeng

http://www.nature.com/natbiomedeng


Articles NATurE BIomEDIcAl ENgINEErINg

asd or glms was added after the sfGFP gene. To tune the circuit sensitivity, gene copy 
numbers (colE1, p15a or sc101 replication origins and single genome integration), 
antisense promoters, RBSs and protein-degradation tags were engineered by cloning 
each segment using synthesized DNA followed by Gibson assembly. A detailed table 
of biosensor plasmids is provided (Supplementary Table 2).

Chromosomal gene deletion and integration in bacteria. The essential genes 
asd and glms were deleted using the λ-Red recombination system73. Linear DNA 
with ploxp-cmR-loxp template were PCR amplified using pkD3 plasmid and 
electroporated into bacteria carrying pKD46 plasmid. Bacteria were recovered 
and plated with supplement DAP and d-glucosamine. Chromosomal deletions of 
the essential genes were verified by PCR and sequencing. To integrate biosensor 
circuits into the bacterial genome, the CRIM plasmid system was employed74. 
Plasmid pAH162 carrying a tetracycline resistance gene was used to integrate the 
construct at φ80 sites73. Hypoxia promoter driving asd gene was cloned into the 
plasmid followed by genomic integration. Integration was verified using PCR and 
sequencing.

Characterization of biosensors in vitro. Each bacterial strain was grown in 
liquid culture overnight, and then used to inoculate induction experiments. For 
hypoxia biosensors, each variant was cultured overnight in normoxic and hypoxic 
conditions. Hypoxia was achieved by growing bacteria in BD GasPak EZ anaerobic 
pouches and static culture at 37 °C. For lactate biosensors, each lactate biosensor 
variant strain was grown in 6 wells of a 24-well Qiagen Block overnight in LB broth 
with the relevant antibiotics and at lactic acid concentrations of 0, 0.1, 1, 5 and 
10 mM. For pH biosensors, each variant was cultured in 96-well plates with a pH 
ranging from around 4.4–8. Negative controls of untransformed Mach1 and Nissle 
cells, along with a positive control of pTac sfGFP, a strain that expresses sfGFP 
using the synthetic Tac promoter, were grown in the same conditions. All cultures 
were started at a bacterial OD600 of 0.1. After 16–20 h of growth, fluorescence and 
absorbance data were collected using the Tecan Infinite MicroPlate reader.

Characterization of biocontainment circuit in vitro. All containment strains were 
grown in LB medium overnight with supplements (DAP and/or d-glucosamine) 
added. Cultures were then washed three times with PBS to remove residual 
supplements, followed by serial tenfold dilutions ten times into LB with inducers 
(10 mM lactate, pH 5.5, 6, 7 or cultured under hypoxia). All variants were cultured 
for 12–16 h and plated on LB agar plates with supplements, and c.f.u values were 
calculated the next day.

Biosensor in vitro characterization data analysis. All biosensor in vitro 
fluorescence signals were calculated by dividing raw GFP pixel intensity by the 
OD600 value, both obtained from plate reader data. The background fluorescence 
signal (no plasmid control of the same strain) was subtracted. For the hypoxia 
biosensor, the fluorescence signal was normalized to constitutive promoter (pTac) 
control, to account for protein folding maturation under hypoxia, as has been 
observed our group and others47,75–79 (Supplementary Fig. 3c). The fold change of 
each biosensor was quantified as the ratio between normalized fluorescence signal 
of induced and non-induced conditions. All triplicate values were averaged. For 
Fig. 1c, the baseline condition was at 20% oxygen concentration, 0 mM lactate 
concentration and pH 7.3.

Mammalian cell culture. The 393T5, 373T1, 802T1, 482T1, 368T1 and 393T1 
cell lines were provided by T. Jacks. All other cell lines were obtained from 
ATCC. Mammalian cells were cultured in DMEM/F-12 medium with GlutaMAX 
supplement (Gibco; for 393T5, 373T1, 802T1, 482T1, 368T1 and 393T1) or RPMI 
1640 medium (Gibco; for CT26, 4T1, A20 and 368T1) and supplemented with 10% 
fetal bovine serum (FBS, Gibco) and 1% penicillin–streptomycin (CellGro); human 
lung fibroblasts were cultured in Fibroblast Growth Kit-Low serum (ATCC PCS-201-
041) with 2% FBS and placed inside a tissue culture incubator at 37 °C maintained at 
5% CO2. Full cell line information is provided in Supplementary Table 2.

Bacterial culture with monolayer cell supernatants. All cell lines were seeded in 9 
identical wells on 6-well plates in 3 ml of DMEM/10% FBS with sodium bicarbonate 
or RPMI/10% FBS medium without buffer at an initial cell count of 100,000. Twice 
daily over the next 5 d, in 8–12 h intervals, the entire contents of each well were 
removed and transferred to a 15 ml tube. The sample was centrifuged at 200 r.c.f. 
for 5 min, and the medium supernatant was collected into another tube, which was 
frozen at −80 °C to preserve the lactate concentration at the time of collection. After 
collection, each monolayer cell supernatant was separately incubated with the 3 
biosensors, negative control and positive control. Hypoxia biosensor was tested with 
varying levels of oxygen in a culturing chamber connected to the CO2–O2 controller 
(Okolab). All bacteria were grown for 12–16 h and assayed for fluorescence and 
absorbance using the Tecan Infinite MicroPlate reader.

Bacteria coculture with tumour spheroids. Tumour spheroids were generated 
by seeding cells in round-bottom ultra-low attachment 96-well plate (Corning). 
Each well contained 2,500 CT26 cells in 100 μl of RPMI/10% FBS medium without 
antibiotics. The plate was centrifuged at 3,000 r.c.f. for 5 min to aggregate cells at 

the bottom of the plate and placed inside a tissue culture incubator for 4 d before 
coculture with bacteria.

Bacteria were cultured in a 37 °C shaker overnight to reach stationary phase 
before use. S. Typhimurium (106 c.f.u.) was inoculated into wells containing 
4-day-old mature tumour spheroids and placed back into the tissue culture 
incubator. After 2 h of bacteria inoculation, medium was removed. Tumour 
spheroids were washed with 200 μl of PBS repeatedly, while leaving spheroids at the 
bottom of plate. After washing, 200 μl of medium containing 2.5 μg ml−1 gentamicin 
(Gibco) was added, and tumour spheroids were monitored for growth. Acquisition 
of spheroid still images was performed with EVOS FL Auto 2 Cell Imaging 
Systems. The scope and accessories were programmed using the Celleste Imaging 
Analysis software.

Bacterial colonization quantification using colony counts. Spheroids containing 
bacteria were repeatedly washed with 200 μl of PBS, while leaving spheroids at 
the bottom of plate. After washing, spheroids were resuspended in 100 μl of PBS 
and homogenized using mechanical dissociation with sterile tips and repeated 
pipetting. Destruction of spheroids was confirmed using microscopy. Serial tenfold 
dilutions of the samples were inoculated on appropriate agar plates.

GFP average fluorescence and radial histograms for spheroids. To measure the 
spatiotemporal dynamics of bacteria invading tumour spheroids, we first found a 
threshold brightness value for each transmitted light (TL) image to distinguish the 
dark spheroid from the light background. Scikit-image implementations of two 
popular thresholding methods were used: the minimum method80 for images taken 
daily, and Yen’s method81 for other images. The largest region within the resulting 
threshold-based image mask was identified as the tumour spheroid, and the mean 
intensity of sfGFP fluorescence within this region was calculated. To compute 
radial histograms, mean sfGFP fluorescence for many thin annuli with variable 
mean radii was measured and centred on the centroid of the spheroid mask region.

Animal gastrointestinal models. All animal experiments were approved by the 
Institutional Animal Care and Use Committee (Columbia University, protocol 
AC-AAAN8002). Animal experiments were performed on BALB/c mice (aged 
4–6 weeks; Taconic Biosciences) after pretreatment with antibiotics (ampicillin 
and neomycin) for 7–10 d before oral gavage of bacterial strains82. Faecal 
matter was collected daily and plated on selective plates with or without DAP 
to quantify containment. Animals were euthanized at the end point of 7 d, and 
the whole gut was excised, separated into five sections (S1, S2, C, L1 and L2), 
weighed and then homogenized to plate on DAP-supplemented plates for colony 
counting the next day.

Measurements of gastrointestinal bacteria distribution. Recovered c.f.u.  
values were all normalized by weight of organ in grams as described previously10,83 
(Supplementary Figs. 14 and 18). Absolute c.f.u. per gram of individual mice  
was divided by the respective c.f.u. per gram from the S1 region to compute 
the relative bacterial distribution along the gastrointestinal axis (Fig. 5c and 
Supplementary Fig. 14).

Animal tumour models. All animal experiments were approved by the 
Institutional Animal Care and Use Committee (Columbia University, protocol 
AC-AAAN8002). The protocol requires animals to be euthanized when tumour 
burden reaches 2 cm in diameter or under veterinary staff recommendation. Mice 
were randomized into various groups in a blinded manner.

Animal experiments were performed on female BALB/c mice (aged 6–8 weeks; 
Taconic Biosciences) with bilateral subcutaneous hind flank tumours from CT26 
colorectal cells. The concentration for implantation of the tumour cells was 5 × 107 
cells per ml in RPMI medium (no phenol red). Cells were injected at a volume 
of 100 μl per flank, with each implant consisting of 5 × 106 cells. Tumours were 
grown to an average of approximately 150 mm3 before bacterial injections. Tumour 
volume was quantified using calipers to measure the length, width and height of 
each tumour (V = L × W × H).

Bacterial administration for in vivo experiments. Bacterial strains were grown 
overnight in LB medium containing the appropriate antibiotics. A 1:100 dilution 
into medium with antibiotics was started the day of injection and grown until an 
OD600 of approximately 0.4. Bacteria were centrifuged and washed three times with 
sterile PBS before injection into mice. Oral gavage and intravenous injections of 
bacteria were performed at a concentration of 5 × 1010 and 5 × 108 cells per ml in 
PBS respectively and administered at a total volume of 100 μl.

Biodistribution. After 2 d of bacterial injection, mice were euthanized to collect 
the tumours, spleen and liver. Subsequently, the organs were weighed and 
homogenized using a gentleMACS tissue dissociator (Miltenyi Biotec; C-tubes). 
Homogenates were serially diluted and plated on LB agar plates at 37 °C overnight. 
Colonies were counted and computed as c.f.u. per gram of tissue. Tumour-targeting 
capability was calculated by comparing the tumour:spleen and tumour:liver ratios 
of the control ELH1301 and engineered lactate hypoxia AND gate circuit strains. 
LOD values were determined by the lowest c.f.u. detectable per dilution of sample.
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Ex vivo organ measurements. pH was determined using a precalibrated 
microprocessor-based pH metre with a spear ending (Oakton Instruments). Gut 
pH measurements were taken from mice pretreated with antibiotics and after oral 
gavage. Measurements were then taken with the gastrointestinal tract cut open 
and the lumen exposed to measure the pH level of lumen with the pH metre in 
contact with the lumen surface. The tumour, liver and spleen were extracted, 
weighed and homogenized using the gentleMACS tissue dissociator (Miltenyi 
Biotec; C-tubes) in 5 ml PBS containing 15% glycerol. pH measurements were 
taken from homogenates with compensation for added PBS. A pH reading was 
taken immediately after the animals were euthanized to minimize the influence of 
post-mortem time on the pH. The samples were covered by a probe tip and a stable 
reading was acquired. The pH metre was washed with distilled water between 
measurements. Lactate assays were also performed on the extracted organs. The 
standard protocol using the lactate colorimetric assay kit II (BioVision) was 
performed, and we compensated for dilution from the added PBS by calculation.

Mathematical model. To describe the behaviour of biosensors, we developed a 
system of ordinary differential equations that describe the dynamic expression of 
GFP (y) in response to varying levels of environmental lactate (L; equation (1)), 
oxygen (O2; equation (2)) and pH (H+; equation (3)), regulated by transcriptional 
factors LldR, FNR and CadC, respectively. Each biosensor’s simplified equation 
is derived from mass action equations describing the binding of transcription 
factors to DNA operators with regulation by lactate, oxygen and pH, on the basis of 
previous approaches for describing promoter activity through repressor and activator 
occupancy84,85. For simplicity we assumed that the timescales for binding and 
transcription reactions are substantially faster than translation86–88. Bacterial growth 
is modelled using the logistic equation with Nmax as the maximum population size, 
γ is the degradation rate and μ is the growth rate (equation (4)). For containment 
circuits, we assumed that protein concentrations produced from the asd and glms 
genes follow GFP concentrations from the below biosensor equations. For the general 
AND gate containment circuit, we assumed that the growth rate is proportional to 
the product of glms and asd expression (equation (5); Supplementary Fig. 4d,e).

dy
dt =

αy

1 + ( K1
1+KLL )

− γyy (1)

dy
dt =

αy

1 + K2(1 + KO2O2)
− γyy (2)

dy
dt =

αy

(1 + K3)H+ + KH
− γyy (3)

dN
dt = μN

(

1 −

N
Nmax

)

− γN (4)

μ = a × glms × asd (5)

Model parameter values. We chose model parameters based on fitting 
experimental GFP biosensor data (Supplementary Fig. 8). We saw GFP activation 
with increase of L (lactate concentration) and H+ (protons) and decrease of O2 
(oxygen level). Other parameters used include the following: αy (production rate), 
1,750–3,000; γy (degradation rate), 0.01–1; K1(lldR dimer binding affinity to plldR 
promoter), 200; KL (Lactate binding affinity to lldR dimer), 200; K2 (FNR dimer 
binding affinity to pPepT promoter), 0.5; KO2 (O2 binding affinity to FNR dimer), 
0.4; K3 (CadC binding affinity to pCadC promoter), 0.7; KH (H+ interaction with 
CadC transcription activator), 10−6; Nmax(maximum population), 1,000; γ (rate 
of bacterial degradation), 2.5; a (gene expression to growth rate proportionality 
constant), 1.3 × 10−7 for more than one essential gene, 4.6 × 10−4 for single 
essential gene. The parameter a was derived from experimental data of comparing 
supplement concentration to bacterial growth (Supplementary Fig. 4d,e).

Statistical analysis. Statistical tests were performed using either GraphPad Prism 
7.0 (Student’s t-test and analysis of variance (ANOVA)) or Microsoft Excel. The 
details of the statistical tests are indicated in the respective figure legends. When 
data were approximately normally distributed, values were compared using a 
Student’s t-test, one-way ANOVA for a single variable or a two-way ANOVA for 
two variables with Bonferroni correction for multiple comparisons. Mice were 
randomized into different groups before the experiments.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The main data supporting the results in this study are available within the paper 
and its Supplementary Information. The raw fluorescence and OD600 data in Fig. 2b,  

and the raw c.f.u. counts and measured weights in Supplementary Fig. 12 are 
provided as Supplementary Information. Additional data are available from the 
corresponding author on request.

Code availability
The MATLAB code used in this study is available from the corresponding author 
on request.
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Extended Data Fig. 1 | Computational modelling of biosensors. Biosensors are modelled under regulation of transcription activators (FNR, CadC) or 
repressors (LldR) with varying environmental conditions. (Left) biosensor circuit schematics as shown in Fig. 1 with (middle) modeling in silico predictions 
compared to (right) in vitro experimental results (n = 3, ±S.E.M). See supplementary materials for detailed equations and parameters used in this study. 
Lactate and pH biosensor in vitro GFP fluorescent result is normalized by OD. Hypoxia biosensor in vitro GFP fluorescence was measured in an anaerobic 
chamber and are normalized by data from constitutive promoter pTac.
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Extended Data Fig. 2 | Computational simulation of three 2-input AND-gate containment circuits. a, Computational modelling of lactate hypoxia AND 
gate containment strain growth over time in permissive (high lactate and hypoxia) and non-permissive (none, high lactate or hypoxia only) conditions. b, 
Growth simulation of pH hypoxia AND gate containment strain in permissive (low pH and hypoxia) and non-permissive (none, low pH or hypoxia only) 
conditions. c, Growth simulation of lactate pH AND gate containment strain in permissive (high lactate and low pH) and non-permissive (none, high 
lactate or low pH only) conditions. Lines not shown are covered by overlapping lines.
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Mycoplasma contamination All cell lines tested negative for mycoplsma contamination. 

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified cell lines were used.

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals 6–8 week old BALB/c females were purchased from Taconic Biosciences.

Wild animals The study did not involve wild animals.



3

nature research  |  reporting sum
m

ary
April 2020

Field-collected samples The study did not involve samples collected from the field. 

Ethics oversight All animal experiments were approved by the Institutional Animal Care and Use Committee of Columbia University (protocol 
ACAAAN8002).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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