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Abstract: The feasibility of utilising bacteria as vectors for gene therapy is becoming increasingly 
recognised. This is primarily due to a number of intrinsic properties of bacteria such as their tumour 
targeting capabilities, their ability to carry large genetic or protein loads and the availability of well-
established genetic engineering tools for a range of common lab strains. However, a number of issues 
relating to the use of bacteria as vectors for gene therapy need to be addressed in order for the field to 
progress. Amongst these is the need for the development of non-invasive detection/imaging systems 
for bacteria within a living host. In vivo optical imaging has advanced preclinical research greatly, and 
typically involves engineering of bacteria with genetic expression constructs for luminescence (e.g. the 
lux operon) or fluorescent proteins (GFP etc.). This requirement for genetic modification can be restrictive, where engi-
neering is not experimentally appropriate or technologically feasible (e.g. due to lack of suitable engineering tools). We 
describe a novel strategy exploiting endogenous bacterial enzymatic activity to specifically activate an exogenously ad-
ministered fluorescent imaging probe. The red shifted, quenched fluorophore CytoCy5S is reduced to a fluorescent form 
by bacterial-specific nitroreductase (NTR) enzymes. NTR enzymes are present in a wide range of bacterial genera and ab-
sent in mammalian systems, permitting highly specific detection of Gram-negative and Gram–positive bacteria in vivo. In 
this study, dose-responsive bacterial-specific signals were observed in vitro from all genera examined – E. coli, Salmo-
nella, Listeria, Bifidobacterium and Clostridium difficile. Examination of an NTR-knockout strain validated the enzyme 
specificity of the probe. In vivo whole-body imaging permitted specific, dose-responsive monitoring of bacteria over time 
in various infection models, and no toxicity to bacteria or host was observed. This study demonstrates the concept of ex-
ploiting innate NTR activity as a reporting strategy for wild-type bacteria using optical imaging, while the concept may 
also be extended to NTR-specific probes for use with other imaging modalities. 
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INTRODUCTION 

Bacteria represent an attractive and viable alternative to 
viruses as gene therapy vectors. Bacteria are capable of car-
rying large genetic or protein loads and also possess a reser-
voir of enzymes and proteins that are not found in mammal-
ian cells or tissue. These bacterial-specific products can be 
exploited to confine activation of imaging probes or pro-
drugs to bacteria infected tissue and hence minimise off-
target effects. GMP has been established for relevant bacteria 
and the availability of invasive and non-invasive strains al-
lows researchers to choose whether a payload is delivered 
externally or internally to target cells. The development of a 
non-invasive imaging system for the detection of live bacte-
ria within a host is of interest and importance to the field of 
bacterial gene therapy as a whole, and also to researchers 
from a number of other fields such as infectious disease and 
cancer. The benefits provided to researchers in translational 
fields by the increasing availability of preclinical imaging 
technologies are multi-fold [1, 2], while at a clinical level, 
the European Centre for Disease Prevention and Control and  
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the European Medicines Agency have recently highlighted 
the critical need to develop novel screening techniques and 
methods for the early detection of infectious diseases [3]. 
The accessibility of multiple preclinical imaging modalities 
such as micro Positron Emission Tomography (µPET), micro 
Magnetic Resonance Imaging (µMRI) and Optical Imaging 
(OI) has led to the development of an ever increasing array 
of probes and reporter systems to facilitate non-invasive im-
aging in vivo [4]. Preclinical imaging systems allow for lon-
gitudinal studies of small animals and contribute to a consid-
erable reduction in the number of animals required for stud-
ies. Optical imaging has become the most utilised preclinical 
in vivo imaging modality in academic and industrial research 
laboratories due to its relative cost-effectiveness, ease of use, 
and high-throughput potential [5, 6, 7]. 

Optical imaging is a non-invasive imaging technique that 
uses light based excitation of a molecule by an exogenous 
light source such as a laser, resulting in emission of light at a 
different wavelength by the molecule. The emitted light can 
be detected and quantified using specialised software. Opti-
cal imaging of bacterial luminescence afforded by the lux 
operon is currently the mainstay of preclinical in vivo imag-
ing in this space. The luxCDABE operon isolated from Vi-
brio harveyi and other species has facilitated the generation 
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of bioluminescent strains in different bacterial genera [8]. 
However, the degree of genetic tractability of a given bacte-
rial strain limits its use, due to the large size of the operon 
(approaching 6 Kb) and the requirement for stably integrated 
constructs, ideally, to permit accurate longitudinal monitor-
ing. Furthermore, light emission from lux varies dramatically 
between species due to variations in co-factor availability 
(FMNH2 and molecular oxygen), in addition to the level of 
expression afforded by different gene-expression systems 
(copy number and promoter variables). Eukaryotic lumines-
cence genes have also been introduced to certain bacteria in 
an attempt to overcome such problems, such as beetle lu-
ciferases [9, 10]. Strains have also been engineered to ex-
press fluorescent proteins [11]. While genetic engineering 
tools for bacterial strains which are traditionally difficult to 
engineer are becoming available for some species, highly 
sophisticated technology permitting genomic integration of 
large heterologous sequences such as the lux operon are still 
unavailable for many species of interest. Furthermore, it is 
frequently not feasible to engineer strains in studies involv-
ing mixed or undefined populations of bacteria (microbiome 
research etc.). 

If the full potential for bacteria as vectors for gene ther-
apy is to be exploited, it is imperative that advances in the 
field of preclinical imaging are achieved to not only improve 
the technology and systems available, but also to develop 
novel imaging modalities and preclinical imaging systems 
that can be used to image un-engineered bacteria in vivo. 
Interest in the development of targeted or activatable probes 
in recent years has strongly contributed to many of the main 
advancements in preclinical imaging [12]. Since 2008, bacte-
rial probes based on bis-dipicolylamine-Zinc(II) binding to 
bacterial anionic surfaces have been described, but these 
probes have not entered widespread use [13-15]. A novel 
fluorescent bacterial-specific probe has recently been de-
scribed [16]. This strategy utilises a fluorescently-labelled 
sugar, maltodextrin, which specifically accumulates within 
bacteria, enabling focusing of the fluorescent signal follow-
ing systemic administration of probe. We hypothesised that 
exploitation of enzymatic activity unique to bacteria would 
permit identification of suitable substrate chemistry and 
therefore the downstream development of a wider range of 
probes. Endogenous bacterial enzymes that catalyse poten-
tially suitable reactions have been described as evidenced by 
in vitro terminal assays [17], but to date, very few have been 
exploited with substrates for in vivo imaging. Kong et al. 
[18] have elegantly demonstrated the potential for use of 
endogenous bacterial enzymes for in vivo imaging of Myco-
bacterium tuberculosis infection with a system that exploits 
the intrinsic β-lactamase activity of M. tuberculosis to acti-
vate a β-lactam ring-containing fluorescent probe. However, 
expression of β-lactamases is confined to certain bacteria and 
the variety of β -lactamases found in Gram + and Gram – 
bacteria (reviewed in [19]) could make the production of a 
universally applicable probe for imaging of β-lacatamse ac-
tivity a difficult task. Therefore, the need to develop an im-
aging system based on probe activation by a widely ex-
pressed, endogenous bacterial enzyme that is not produced 
by mammalian cells still exists. 

Nitroreductases are a family of bacterial enzymes that 
share the ability to reduce nitro functional groups and may 

be categorised as oxygen insensitive (type I) or oxygen sen-
sitive (type II), and are widespread across the bacterial king-
dom[20]. Nitroreductases are generally regarded as being 
unique to bacteria, (although have been described in species 
such as certain parasites), and therefore, their use for explicit 
reduction of NTR activatable drugs and imaging probes pre-
sents a highly viable method for targeted in vivo drug or 
probe activation. Isolation of NTR genes (in particular the E. 
coli nfsB gene) and engineering of gene delivery vectors 
(viruses) has permitted highly specific cancer therapeutic 
strategies –Gene Directed Enzyme Prodrug Therapy 
(GDEPT) [21]. In this context, NTR-based imaging probes 
have been under investigation as eukaryotic reporters [22, 
23]. The cell permeable, quenched fluorophore CytoCy5S is 
a red-shifted cyanine fluorophore that is reduced to its fluo-
rescent form by nitroreductase (NTR) enzymes. Recently, 
CytoCy5S has been demonstrated to be an effective reporter 
in eukaryotic settings, in the context of cancer cell lines and 
a virus engineered to express nfsB, and has been shown to be 
non-toxic to mammalian cells [24, 25]. We hypothesised that 
endogenous production of nitroreductase by bacteria might 
permit imaging of viable bacteria through reduction of Cy-
toCy5S. By harnessing the intrinsic ability of bacteria to ac-
tivate this near infra-red probe, the localisation of bacteria in 
vivo can be quickly and easily visualised by non-invasive 
optical imaging, and represents a novel in vivo bacterial im-
aging strategy, for a wide range of bacteria. 

MATERIALS AND METHODS 

Bacterial Strains 

Bacterial cultures used for each experiment were in the 
late log growth phase unless otherwise stated. E. coli K-12 
MG1655 containing the integrated p16SluxABCDE was 
grown aerobically at 37oC in LB medium containing 300 µg 
ml-1 erythromycin (Em). The NTR knockout strain, E. coli 
K-12 AB502NemA [26] and its parent strain AB1157 were a 
kind gift from Dr. Antonio Valle (University of Cádiz, 
Cádiz, Spain) and were cultured at 37oC in LB medium sup-
plemented with 20 µg ml-1 streptomycin (AB1157) or 50 µg 
ml-1 Kanamycin (AB502NemA). Salmonella enterica Ty-
phimurium UK-1 containing the integrated p16SluxABCDE 
cassette was cultured aerobically at 37oC in LB medium sup-
plemented with 300 µg ml-1 Em. For anaerobic growth of 
Bifidobacterium breve and infantis 35624 and Clostridium 
difficile TL176 ribotype R014 [27], bacteria were grown in 
static culture conditions in RCM medium (Oxoid) and in an 
anaerobic culture incubator (Don Whitley Scientific) at 
37oC. Lactococcus lactis subspec. cremoris MG1363 was 
grown at 30°C in M17 medium (Oxoid) supplemented with 
1% (w/v) glucose. Listeria monocytogenes EGD-e was cul-
tured at 37oC in Brain Heart Infusion medium (Oxoid). For 
in vitro experiments wells contained 107 bacteria unless oth-
erwise stated. 

Detection of NfsB by Western Blotting 

Bacteria in log growth phase were pelleted by centrifuga-
tion (3,000g for 15 min) and the pellets were frozen at – 
70oC overnight. Pellets were resuspended in lysis buffer 
(25mM Tris-Cl, 2mM EDTA, 15mg.mL-1 lysozyme) at 37oC 
for 1 hour before being briefly sonicated on ice. A Bradford 
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assay standard curve was used to determine the protein con-
centration of total cell lysates. Equal levels of total protein 
were loaded in each lane of the gel. Proteins were separated 
using the Novex NuPAGE SDS-PAGE Gel System (Invitro-
gen) and electroblotted onto PDVF membranes. Membranes 
were blocked using Odyssey blocking buffer (LI-COR) and 
probed with a polyclonal antibody to NfsB diluted 1:1000. 
Immune complexes were detected using an Odyssey infrared 
scanner (LI-COR). 

Animals and Tumour Induction 

6-8 week old female BALB/c mice weighing approxi-
mately 18-20 grams were kept as previously described [28]. 
For tumour induction, a 200 µl suspension of 5 x 104 4T1 
cells in serum free Dulbecco’s Modified Eagle’s Medium 
(DMEM) culture medium or 2 x 105 CT26 cells were in-
jected subcutaneously into the flank of BALB/c mice. The 
viability of inoculated cells was determined using the Nu-
cleocounter system (ChemoMetec). Tumour growth was 
monitored twice weekly and mice were randomly assigned to 
groups when the tumours reached approximately 100 mm3 in 
volume. 

Ethics Statement 

All murine experiments were approved by the animal eth-
ics committee of University College Cork (AERR #2010/003 
and #2012/015). 

Bacterial Administration to Mice 

Bacteria were grown overnight as described above. These 
bacteria were used to inoculate fresh growth medium con-
taining the relevant antibiotic and allowed to grow until 
reaching OD600 0.6. Cultures were harvested by centrifuga-
tion (4000 x g for 10 min) and washed three times in phos-
phate buffered saline (PBS) before resuspension in one-tenth 
volume PBS. For tumour colonisation studies 106 bacteria 
were injected via the lateral tail vein (E.coli) 1 week before 
imaging [29] or intratumouraly (B.breve) 3 days before im-
aging . Mice used for intramuscular bacteria studies received 
a 50 µl injection of bacteria directly into the rear right or left 
quadriceps. These mice received 107 bacteria via intramuscu-
lar injection unless otherwise stated. For infection studies 
with S. Typhimurium UK-1, mice were injected via the tail 
vein with 104 bacteria and were monitored for progression of 
infection and localisation of bacteria within the liver and 
spleen before CytoCy5S administration. 

Bacterial Recovery from Mice 

Following in vivo fluorescence imaging, tumours were 
resected aseptically and the tissue was homogenised by 
pushing through a 70 µm pore nylon filter in sterile PBS. 
The resultant cell suspension was then plated on selective 
agar following serial dilution in sterile PBS. 

Preparation of CytoCy5S 

The fluorogenic, red-shifted substrate CytoCy5S (GE 
Healthcare) (excitation 628 nm/emission 638 nm) was dis-
solved in dimethyl sulfoxide to prepare a 1 mg ml-1 stock 
solution that was further diluted in PBS to a final working 
concentration of 10 µg ml-1. Mice were injected with 100 ng 

CytoCy5S in a volume of 200 µl before in vivo imaging un-
less otherwise stated. 

Image Acquisition and Formation 

In vivo bioluminescence and fluorescence imaging was 
carried out using the IVIS100 or IVIS Lumina II system 
(Perkin Elmer). At defined timepoints following injection of 
CytoCy5S mice were imaged for bioluminescence and re-
gions of interest were quantified using LivingImage 3.2 or 
4.3.1 software. For fluorescent image acquisition, mice were 
imaged for excitation/emission 640 nm/660 nm. Representa-
tive images of mice show a randomly selected mouse from 
each group (minimum of n=3 in all cases). 

Effect of CytoCy5S on Bacterial Viability Assay 

E. coli K-12 MG1655 and E. coli K-12 AB502NemA 
were cultured aerobically and anaerobically overnight as 
described. Bacteria were then subcultured and divided into 
three groups (untreated, CytoCy5S treated and DMSO/PBS 
treated) in triplicate in fresh medium and grown until cul-
tures reached OD600 of 0.2. At this point, the CytoCy5S 
treated group was administered 100 ng CytoCy5S in an in-
jection volume of 200 µl. The DMSO/PBS group received 
equal quantities of the diluent without CytoCy5S. At hourly 
timepoints, all cultures were subjected to serial dilution be-
fore plating on selective agar to determine cfu ml-1 values. 
Cultures were also tested for changes in OD600 readings as 
well as bioluminescence and fluorescence. 

Conversion of CytoCy5S by Intracellular L. welshimeri 

RAW 264.7 cells were grown in 6 well plates until a 
monolayer of cells was formed. Cells were washed twice in 
DMEM before incubation with L. welshimeri (suspended in 
DMEM) at a multiplicity of infection of 1000:1 for 2 hours. 
Cells and bacteria were coincubated at 37oC. Following co-
incubation, the media was removed and the monolayer was 
washed twice with DMEM. Media containing 1% pen/strep 
antibiotics was then added to each well to kill extracellular 
bacteria. This incubation step was allowed to proceed for 1.5 
h before the cell monolayer was washed and trypsinised. The 
resultant cell suspension was transferred to 1.5 ml tubes be-
fore imaging for fluorescence. 

Imaging of Intramuscular Bacteria Using CytoCy5S as a 
Fluorescent Probe 

BALB/c mice were anaesthetised and the fur on the rear 
limbs was removed. Mice were injected directly into the 
right quadriceps muscles at a depth of approximately 5 mm 
with 50 µl of bacteria suspended in PBS. The number of 
bacteria injected ranged from 5 x 102 to 5 x 107. Mice also 
received an intramuscular injection of 50 µl sterile PBS in 
the left rear quadriceps. 1 h after bacterial injection, mice 
received an IP injection of 100 ng CytoCy5S. Mice were 
imaged for bioluminescence and fluorescence a regular in-
tervals beginning immediately after probe injection. 

In vivo Tracking of S. Typhimurium Infection 

BALB/c mice received an IV injection of 104 lumines-
cent Salmonella Typhimurium UK-1 suspended in PBS. Pro-
gression of infection was tracked by BLI until bacteria were 
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were localised to the liver and spleen approximately 3 days 
post bacteria injection. Mice then received an IP injection of 
CytoCy5S followed by fluorescence imaging 90 min post 
probe injection. Mice were culled and the livers and spleens 
removed for ex vivo luminescence and fluorescence imaging 
before homogenisation of the tissue to allow for creation of a 
single cell suspension and plating on selective agar to deter-
mine the presence and number of bacteria in each of the re-
sected organs. 

Non-Invasive Imaging of Tumour Colonising Bacteria 

BALB/c mice bearing subcutaneous 4T1 or CT26 flank 
tumours were injected with bacteria intravenously (E. coli) 
or intratumourally (B. breve). Following tumour colonisation 
by bacteria (1 week post injection for E. coli or 3 days post 
injection for B.breve) mice received an intraperitoneal injec-
tion of CytoCy5S and were imaged for fluorescence at regu-
lar timepoints thereafter. 

Statistical Analysis 

All statistical analysis was carried out using GraphPad 
Prism® 5.0. Statistical differences were determined using a 
Two-tailed Student’s t-test or Two-way ANOVA with Bon-
ferroni post-test where applicable. Statistical significance 
was defined at the 5% level. 

RESULTS 

In vitro Monitoring of CytoCy5S Activation by Bacteria 

Bacteria were incubated with 50 ng of CytoCy5S (per 
well) in vitro and were IVIS imaged for fluorescence. A 
fluorescent signal that exceeded autofluorescence was evi-
dent in wells containing E. coli MG1655 (MG1655), Salmo-
nella enterica Typhimurium UK-1, Lactococcus lactis 
MG1363 and Listeria monocytogenes EGD-e, Clostridium 
difficile and Bifidobacterium infantis 35624 immediately 
after probe addition (Fig. 1b). The signal increased over time 
and was maintained for over 2.5 h (data not shown). 

As can be seen in Figs. (1c and 1d), the level of fluores-
cent signal obtained following probe incubation with bacteria 
is dependent on the number of bacteria per well and the con-
centration of CytoCy5S. CytoCy5S activation by MG1655 
bacteria reaches saturation at 50 ng/well of the probe (Fig. 
1d). Macrophage engulfed L. welshimeri have also been 
shown (Fig. 1e) to be capable of probe activation in vitro. 
Fluorescence from CytoCy5S activated by RAW 264.7 en-
gulfed L. welshimeri was seen to be significantly (Student’s 
t-test, p<0.05) greater than autofluorescence from probe 
alone or from RAW 264.7 cells coincubated with CytoCy5S 
in the absence of bacteria. 

NfsB Nitroreductase Activity is Primarily Responsible 
for CytoCy5S Activation 

Western blot analysis of NfsB expression levels in E. coli 
revealed that the protein is differentially expressed between 
strains (Fig. 2a). High levels of NfsB expression were ob-
served in the E. coli AB1157 strain when compared with the 
NTR knockout strain E. coli AB502NemA which is a deriva-
tive of AB1157 that has had nfsB knocked out as well as two 
of the other most enzymatically active E. coli nitroreductases 

(nfsA, nemA) [30, 31]. NfsB expression was rescued follow-
ing transformation of bacteria with a plasmid expressing 
nfsB (Fig. 2a). An increase in NfsB expression following 
pNfsB transformation was seen to correlate with an increase 
in fluorescence from bacteria incubated with CytoCy5S (Fig. 
2b). Although the fluorescent signal from AB502NemA is 
significantly (P<0.001) less than AB1157 expressing the full 
NTR complement, a signal is still evident, indicating that 
multiple NTRs (other than NfsA, NfsB and NemA) are ca-
pable of CytoCy5S activation. 

The Effect of CytoCy5S on Bacterial Cell Viability In 
vitro and In vivo 

As can be seen in Fig. (3a) coincubation of the probe 
with bacteria in vitro for a period of 7.5 h did not signifi-
cantly affect the viability of bacterial cells. Similarly, no 
significant toxicity to bacteria was observed in vivo (Fig. 3b) 
where bioluminescence from lux tagged bacteria was used as 
a readout for bacterial cell viability. 

In vivo Fluorescence from Bacterial Activated CytoCy5S 
Reflects Bacterial Numbers 

The utility of CytoCy5S for in vivo bacterial imaging was 
examined in various mouse models. BALB/c mice were di-
rectly injected in the quadriceps with escalating numbers of 
E. coli MG1655 or PBS. Mice received 5x102, 5x104, 5x106 
or 5x107 bacteria before IP injection of 100 ng CytoCy5S. 
Use of lux-tagged bacterial cells permitted correlation with 
bacterial location, quantity and viability [28]. Luminescence 
imaging of mice showed that viable bacteria remained within 
the muscle tissue over time. The location of the fluorescent 
signal (corresponding to CytoCy5S) overlapped with the 
location of bacteria within the tissue as determined by lumi-
nescence (corresponding to lux luminescence from the same 
bacteria) (Fig. 4a). A bacterial dose response was evident, 
and while the level of fluorescence from muscle bearing 
5x102 and 5x104 bacteria was below the detection limit, 
strong and sustained fluorescence was observed from muscle 
bearing 5x106 and 5x107 bacteria (Fig. 4a). IP injection of 
CytoCy5S showed no significant improvement on bacteria 
mediated fluorescence over IV (data not shown), and hence 
IP administration was utilised in subsequent experiments for 
logistical reasons. 

A probe dose response was also observed (Fig. 4b). Fluo-
rescence saturation in vivo was achieved at a probe dose of 
100 ng and was maintained at equal levels to that measured 
from mice that received 150 ng of the probe at 24 h post 
probe injection. The fluorescent signal was maintained for 
over 72 h in mice that received 5x107 bacteria plus Cy-
toCy5S, with a peak fluorescent signal at 1 h post probe in-
jection (Fig. 4c). Mice that received an intramuscular injec-
tion of PBS instead of bacteria showed no fluorescence or 
bioluminescence from the hind limbs. 

In vivo Imaging of S. Typhimurium Infection in Mice 

BALB/c mice were infected with 1 x 104 bioluminescent 
S. Typhimurium UK-1 by tail vein injection and progression 
of infection to a chronic stage was monitored using BLI. 
Mice were deemed to have established infection once BLI 
showed bacterial luminescence concentrated to the liver and 
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Fig. (1). In vitro analysis of CytoCy5S activation by bacteria. (a) Schematic representation of CytoCy5S reduction by bacteria. (b) Bar 
graph showing the change in fluorescence for a panel of bacteria 1 h post incubation with 50 ng/well CytoCy5S. Although a robust fluores-
cent signal is obtained following probe activation by all strains tested, the level of activation varies between strains, although without statisti-
cal significance between any strains (Two-way ANOVA). The dotted red line represents fluorescence from probe in PBS and the dotted black 
line shows fluorescence from bacteria alone. (c) Fluorescence from activated CytoCy5S increases with the number of E. coli MG1655 per 
well. The dotted line represents fluorescence from probe alone. (d) Incubation of representative Gram-positive and Gram-negative bacteria 
with concentrations of CytoCy5S ranging from 10 ng ml-1 to 2 µg ml1. The dotted line represents fluorescence from probe alone. (e) RAW 
264.7 cell phagocytosed L. welshimeri are capable of activating CytoCy5S. Probe activation as determined by fluorescence is significantly 
greater than that seen when RAW 264.7 cells are coincubated with CytoCy5S is the absence of bacteria (p<0.05, Student’s t-test). n=3 in all 
cases. The dotted black line represents fluorescence from probe in PBS. Error bars represent standard deviation (SD). 
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Fig. (2). Analysis of NfsB expression levels in E. coli and the effect of nitroreductase gene knockout on CytoCy5S activation. (a) West-
ern blot analysis of protein extracts from E. coli AB1157 and AB502NemA +/- pTrc NfsB probed with an anti-NfsB antibody. The band rep-
resenting the NfsB protein is seen at 23.9 kDa. (b) Graph showing the integrated intensities of bands from a western blot of protein extracts 
from E. coli AB1157 and AB502NemA +/- pTrc NfsB, probed with an anti-NfsB antibody (primary Y axis). Fluorescence from live bacteria 
1 h post incubation with CytoCy5S is represented on the secondary Y axis. Although the fluorescent signal from AB502NemA is significantly 
(P<0.0001, Student’s t-test) less than AB1157 expressing the full NTR complement, a signal is still evident, indicating that multiple NTRs 
(other than NfsA, NfsB and NemA) are capable of CytoCy5S activation. Error bars represent SEM. 
 
spleen (approximately 4 days post IV bacterial administra-
tion). When mice reached this peak state of infection Cy-
toCy5S was administered. Fluorescence imaging 90 min 
post probe injection showed a strong signal from livers 
(2.38 x 105 p/sec/cm2/sr +/- 1.34 x 104) and spleens (3.08 x 
105 p/sec/cm2/sr +/- 3.7 x 104) which correlated with the 
location of bacteria within the mice as determined by BLI 
(Fig. 5b). Following imaging, mice were culled and the 
livers, spleens and kidneys were removed (Fig. 5c). Ex vivo 
luminescence and fluorescence imaging of the organs con-
firmed that infection was confined to the liver and spleen 
with no luminescence or fluorescence apparent from other 
organs. 

In vivo Imaging of Tumour Targeting Bacteria 

We have previously demonstrated high-level, specific 
bacterial growth within mouse tumour xenografts [28]. 

BALB/c mice bearing subcutaneous 4T1 xenograft tumours 
were IV administered 1 x 105 E. coli MG1655 and allowed 
one week to permit colonisation of the tumours and clearing 
of bacteria from the rest of the body. Following tumour 
colonisation as evidenced by BLI, CytoCy5S was IP admin-
istered and mice imaged for fluorescence at a range of time-
points. A strong tumour-specific fluorescent signal was 
maintained in probe-administered mice for up to 4 h (Fig. 
6a). Upon excision and dissection of tumours 8 h post probe 
injection, robust fluorescence from the tumour was still evi-
dent (Fig. 6b). Colocalisation of luminescence and fluores-
cence from the tumour confirmed that CytoCy5S activation 
was occurring specifically in the presence of bacteria. 
MG1655 colonisation of the tumour was further confirmed 
and quantified by plating of single cell suspensions from 
tumours on selective agar. Mice bearing subcutaneous tu-
mours that did not receive bacteria showed no fluorescence 
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Fig. (3). Analysis of the effect of CytoCy5S on bacterial viability in vitro and in vivo. (a) E. coli MG1655 bacterial cultures were coincubated 
with 500 ng ml-1 CytoCy5S at 37oC. At hourly timepoints aliquots from cultures (+/- CytoCy5S) were plated on selective agar and the resultant 
colony forming unit (cfu) counts were compared with untreated bacterial cultures. (b) The effect of CytoCy5S on bacteria in vivo was assessed 
via correlation with luminescence from muscle bearing luminescent E. coli MG1655. Luminescence from infected muscle before injection of the 
fluorescent probe is represented as 100% (of bacteria in muscle) and changes in luminescence following probe injection are represented as a 
change in percentage. No significant difference (Student’s t-test) in luminescence between mice that received CytoCy5S and mice that received 
PBS was observed at any timepoint tested. n=3 mice per group. Error bars represent SD for panel a and SEM for panel b. 
 
following IP injection of CytoCy5S. Similarly, mice that 
bore bacteria colonised tumours and did not receive any Cy-
toCy5S showed no fluorescence. CytoCy5S was also exam-
ined for utility in detection of Gram-positive bacteria in vivo. 
BALB/c mice bearing subcutaneous CT26 flank tumours 
received an intratumoural injection of B. breve. Three days 
post injection of bacteria, mice received an IP injection of 
CytoCy5S and were imaged for fluorescence 1.5 h later (Fig. 
6c). As was seen with E. coli colonised tumours, probe acti-
vation was confined to the tumour site and no off target acti-
vation of the probe was observed. The fluorescent signal 
from the tumour following bacteria mediated probe activa-
tion was significantly (Student’s t-test, p<0.01) greater than 
that seen in mice that did not receive bacteria. 

DISCUSSION 

In this study, we describe a novel in vivo optical imaging 
system based on the exclusive activation of a fluorophore 
specific for bacterial nitroreductase enzymatic activity, to 
provide a highly targeted strategy for preclinical imaging of 
in vivo bacterial localisation. Natural levels of bacterial ni-
troreductases were shown to be capable of reducing the 
quenched fluorophore CytoCy5S to its fluorescent form in 
vitro in a range of bacteria, thereby demonstrating the versa-
tility of the system for the non-invasive detection of metab-
olically active bacteria. 

Beyond the strategies necessitating genetic engineer-
ing of bacteria, only a small number of other strategies 
have been reported. In addition to studies by Kong et al. 
and Leevy et al., the maltodextrin-based system men-
tioned earlier and an ex vivo –labelling approach involv-
ing quantum dots (QD) have been described [32]. How-
ever, transiently labelled bacteria do not offer much by 
way of longitudinal monitoring due to dilution of the re-
porter. Furthermore, the QD system was restricted to cer-
tain Gram-negative species as a result of probe uptake 
issues. The probe-enzyme strategy outlined here is appli-
cable to a broad range of Gram-negative and Gram-
positive species, even traditionally poorly genetically 
tractable genera such as Clostridium and Bifidobacterium, 
while repeat in situ probe administration overcomes probe 
dilution, providing real-time read-out with a degree of 
quantitation. Fluorescence from activated CytoCy5S 
strongly correlated with the number of bacteria within the 
muscle and was seen to reduce over time in line with the 
reduction in luminescence observed from infected quadri-
ceps. The considerable longevity of the fluorescent signal 
(72 h following IP injection of the probe) is most likely 
due to saturation of cells with CytoCy5S leading to steady 
and continual probe activation as NTRs perpetually re-
duce single CytoCy5S molecules before becoming avail-
able for the activation of subsequent probe molecules. 
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Fig. (4). E. coli -related CytoCy5S fluorescence in vivo. (a) An increase in fluorescence from quadriceps muscle injected with E. coli 
MG1655 was seen to correlate with increasing numbers of luminescent bacteria injected into the muscle. BALB/c mice were injected with 
5x102, 5x104, 5x106 or 5x107E. coli MG1655 in the right quadriceps and PBS in the left. 1 hour post bacterial injection, mice received 100 ng 
CytoCy5S IP and were imaged for bioluminescence and for fluorescence. The dotted line represents autofluorescence from PBS injected 
limbs. (b) In vivo CytoCy5S dose escalation study showing the effect of CytoCy5S concentration on fluorescence from intramuscular bacte-
ria. Mice received IP injections of 25 ng, 50 ng, 100 ng or 150 ng CytoCy5S. Fluorescence saturation from BALB/c mice bearing 5x106 bac-
teria in the quadriceps was achieved at 100 ng CytoCy5S. The dotted line represents autofluorescence. (c) Change in fluorescence from acti-
vated CytoCy5S within muscle localised E. coli MG1655 over time. A robust fluorescent signal exceeding autofluorescence was still evident 
at 72 h post probe injection. n=3 in all cases. Error bars represent SEM. 
 

Two studies involving CytoCy5S have been published by 
other groups. The first report of this probe, by Bhaumik and 
colleagues [24], exploited CytoCy5S as a reporting system 
for cancer gene therapy based on NTR activation of a pro-
drug (GDEPT), with CytoCy5S facilitating imaging of the 
NTR-engineered viral vector in mouse xenograft experi-
ments. A subsequent publication described the utility of Cy-
toCy5S for imaging of mouse xenograft growth using cancer 
cells engineered to stably express NTR [25]. Both papers 
demonstrated the utility of this probe in mice in terms of 
high sensitivity, low background and lack of toxicity to 
mammalian cells, and were entirely focused on reporting 
transfected cancer cells. Of interest, Bhaumik et al. observed 

that when a 10x dose of probe was administered, fluores-
cence was evident from the abdominal region after 48 h. The 
authors proposed that this may be due to non-specific back-
ground signal due to NTR activity from E. coli and some 
other gut species, which might interfere with their desired 
imaging of transduced tumour cells, but that could be re-
duced by antibiotic administration. 

Our study is the first to demonstrate the potential for this 
probe as a specific bacterial imaging agent. This strategy 
proved to be exquisitely specific to bacterial cells, with no 
increase in organ fluorescence upon administration of probe 
to untreated mice. For example, in tumour experiments, tu-
mours that did not harbour bacteria did not show a 
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Fig. (5). In vivo imaging of Salmonella Typhimurium UK-1 infection. (a) Metabolically active S. Typhimurium UK-1 cells are capable of 
reducing CytoCy5S to its fluorescent form in vitro. A significant (P<0.0001, Student’s t-test) increase in fluorescence signal from S. Typhi-
murium UK-1 incubated in vitro with 50 ng CytoCy5S over autofluorescence from S. Typhimurium UK-1 alone was observed. n=3 mice per 
group. (b) BALB/c mice were infected with 104 S. Typhimurium UK-1 by tail vein injection. Use of lux-tagged bacteria permitted determina-
tion of the specific location of these bacteria within the host using BLI. Once established infection with S. Typhimurium UK-1 was confirmed 
by BLI, bacteria were tracked by fluorescence imaging of activated CytoCy5S 120 min post probe injection. The fluorescent signal produced 
following administration of 100 ng CytoCy5S colocalised with the luminescent signal from the bacteria. The pictures of mice in this panel are 
randomly selected representative images of infected mice. n=3 mice per group (c) Ex vivo BLI and FLI of the liver, spleen and kidneys (unin-
fected) of UK-1 infected mice shows that luminescence and fluorescence were localised to bacteria infected organs. 
 
fluorescent signal, while activated CytoCy5S within infected 
mouse liver and spleen was readily observed with no off-site 
probe activation in uninfected organs. The reduction in fluo-
rescence that resulted from the co-incubation of the NTR 
knockout strain with CytoCy5S validates the specificity of 
this probe to nitroreductase activity, while demonstrating 

that a broad range of relevant enzymes capable of its activa-
tion are present within a single strain. In the presence of the 
full complement of bacterial nitroreductases a robust and 
sustained fluorescent signal can be obtained and longitudinal 
fluorescence imaging can be carried out for up to 7.5 h post 
single administration. 
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Fig. (6). In vivo imaging of bacterial-colonised tumours. (a) BALB/c mice bearing subcutaneous 4T1 flank tumours colonised with E. coli 
MG1655 or PBS show a tumour localised bioluminescent signal. Following IP injection of CytoCy5S, mice were imaged at various time-
points for fluorescence. A peak fluorescent signal was reached 45 min post CytoCy5S injection. Fluorescence from E. coli bearing mice that 
received CytoCy5S was maintained for over 120 min while no signal exceeding autofluorescence was evident in the PBS group. n=3 mice per 
group. Autoluminescence is represented as a dotted blue line on the graph and autofluorescence is shown as a dotted red line. (b) Ex vivo 
imaging of an E. coli colonised tumour from a mouse that received CytoCy5S. The dissected tumour maintained a strong fluorescent signal at 
8 h post CytoCy5S injection (c) BALB/c mice bearing subcutaneous CT26 flank tumours colonised with B. breve show a tumour localised 
fluorescent signal 1.5 h following IP administration of CytoCy5S. The level of fluorescence is significantly higher (Student’s t-test, p<0.01) 
than in mice that did not have bacteria colonised tumours (PBS group). n=3 mice per group.. Pictures of mice shown below the graphs are 
randomly selected representative images for each group. Error bars represent SEM in (a) and (c). 
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The pursuit of highly targeted in vivo imaging strategies 
is an aim that unites a number of research fields. The appli-
cation of this imaging strategy to the non-invasive detection 
of Salmonella infection in vivo represents an important addi-
tion the current state of the art imaging systems. In vitro 
validation of functionality with other infectious disease-
related agents such as L. monocytogenes, E. coli and C. diffi-
cile indicates applicability to in vivo monitoring of a wide 
range of infectious diseases in internal organs. Since com-
mon GIT commensal genera such as Bifidobacterium and E. 
coli also proved to activate the probe, this strategy can add 
value to other research fields involving microbiome research, 
probiotics etc. The ability of systemically circulating bacteria 
to specifically home to and grow within solid tumours to 
high numbers provided for the tumour localised production 
of NTR. Through the utilisation of this tumour-targeting 
phenomenon, it was possible to achieve highly targeted Cy-
toCy5S activation specifically within the tumour site. Acti-
vation of CytoCy5S within the tumours also permitted non-
invasive visualisation of the tumour. All current tumour im-
aging and therapy strategies strive to achieve high levels of 
specificity for tumours while avoiding healthy tissue. The 
tumour specific replication of systemically administered bac-
teria is a phenomenon common to all bacteria tested to date 
[33-39]. This capacity for tumour targeting makes bacteria 
ideal vectors for the delivery of genes, proteins or therapeu-
tic payloads to the tumour microenvironment and the ability 
to image ‘bacterial therapeutics’ is of high value. Further-
more, this system could also be used as a reporter for track-
ing conversion of NTR activated prodrugs such as CB1954 
to analyse the therapeutic efficacy of treatment with these 
prodrugs [40]. 

This study demonstrates the concept of NTR enzymes as 
a reporting strategy for wild-type bacteria using optical im-
aging and a fluorescent probe, but the concept may also be 
extended to NTR-specific ‘caged’ probes for use with other 
imaging modalities with more immediate clinical relevance, 
such as PET, MRI and SPECT [41, 42]. Overall, the ability 
to non-invasively monitor bacterial infection in a pre-clinical 
setting using relatively cheap and accessible optical imaging 
methods provides infection researchers with a valuable tool, 
which has the potential for clinical translation for both diag-
nostic and clinical trial uses. 
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