Materials Today Bio 15 (2022) 100311

-

ELSEVIER

Contents lists available at ScienceDirect

Materials Today Bio

journal homepage: www.journals.elsevier.com/materials-today-bio

;;aterialstoday
BIO

Encoding with a fluorescence-activating and absorption-shifting tag ]

Check for

generates living bacterial probes for mammalian microbiota imaging

Zhenping Cao ', Lu Wang ', Rui Liu, Sisi Lin , Feng Wu , Jinyao Liu "

Shanghai Key Laboratory for Nucleic Acid Chemistry and Nanomedicine, Institute of Molecular Medicine, State Key Laboratory of Oncogenes and Related Genes, Shanghai
Cancer Institute, Renji Hospital, School of Medicine, Shanghai Jiao Tong University, Shanghai, 200127, China

ARTICLE INFO ABSTRACT

Keywords:
Fluorescence-activating
Absorption-shifting
Bacteria

Gut microbiota

Tumor

Imaging

The mammalian microbiota plays essential roles in health. A primary determinant to understand the interaction
with the host is the distribution and viability of its key microorganisms. Here, a strategy of encoding with a
fluorescence-activating and absorption-shifting tag (FAST) is reported to prepare living bacterial probes for real-
time dynamic, dual-modal, and molecular oxygen-independent imaging of the host microbiota. Carrying FAST
endows bacteria with rapid on-demand turn on-off fluorescence by adding or removal of corresponding fluor-
ogens. Encoded bacteria are able to reversibly switch emission bands for dual-color fluorescence imaging via

fluorogen exchange. Due to molecular oxygen-independent emission of FAST, encoded bacteria can emit fluo-
rescence under anaerobic environments including the gut and tumor. These living probes demonstrate the
applicability to quantify the vitality of bacteria transplanted to the gut microbiota. This work proposes a unique
fluorescence probe for investigating the dynamics of the host microbiota.

1. Introduction

The mammalian microbiota, which exists in different organs or tis-
sues including the skin, gut, lung, eyes, and ears, represents a huge
community of microorganisms that plays critical roles in immune mod-
ulation and homeostasis maintenance [1-4]. Microorganisms are also
able to inhabit various disease sites, for example, inflamed or tumor
tissues, forming pathogenic microflora [5,6]. Recently, increasing evi-
dences have proved that the microbiota performs extremely important
roles in the host health [7-10]. Disturbance in normal microbiome has
been associated with a variety of diseases, such as diabetes, obesity,
hypertensive heart disease, inflammatory bowel disease, and some can-
cers [11-14]. With the development of microbial sequencing technology,
both commensal and pathogenic microbes can be analyzed qualitatively
and quantitatively, which are instructive for the diagnosis, prevention,
and treatment of disease [15,16]. Despite its high throughput and pre-
cision, genome sequencing is difficult to track target microflora in
manners of dynamic and visual, leading to limited information regarding
the distribution and activity of key microbes within the microbiota.
Indeed, this information is crucial for understanding the interaction of
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the microbiota with its host [17]. Therefore, probes capable of real-time
labelling are highly desirable for microbial imaging and analysis.

A number of methods, for instance, the use of chemiluminescence-
based molecules or nano-probes as well as the expression of imageable
proteins via genetic engineering strategies, have been reported for mi-
crobial labelling [18-21]. Benefiting from the flexibility in structural
design and fabrication, chemical labelling turns to a widely used method
for bacterial marking, particularly the employment of D-amino
acid-based metabolic probes to label peptidoglycan in bacterial cell walls
[22-24]. Other fluorescent dyes mainly refer to traditional cell mem-
brane and nucleus staining agents that are capable of specifically label-
ling bacterial membrane or intracellular DNA [25-27]. However,
existing methods using chemical labelling are unable to retain consistent
fluorescence signal during bacterial proliferation due to the dilution of
dyes [28]. The introduced linkers or reactive groups for chemical label-
ling at specific sites can cause potential cytotoxicity to bacteria [29,30].
Genetic engineering, which endows bacteria with inductively or spon-
taneously expressed imageable proteins, such as fluorescence proteins
and gas vesicle proteins, is an elegant approach to solve these limitations
[31-34]. Representatively, as one of fluorescent proteins, green
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fluorescent protein (GFP) provides a simple yet robust way to genetically
tag proteins of interest in bacteria [35,36]. Although the revolutionary
significance in cell labelling, fluorescent protein probes suffer from
several inherent defects [37,38]. First, fusion process may result in pro-
tein dysfunction depending on the size of fluorescent proteins and the
fusion site of target proteins [39]. Second, a relatively long period of time
is required for fluorophore maturation of fluorescent proteins [40,41].
Third, fluorescent proteins solely emit in the present of molecular oxy-
gen, meaning that they are incapable of applying in anaerobic conditions
such as the microenvironments of gastrointestinal (GI) tract and tumor
tissue [42]. Lastly, the signal of fluorescent proteins is fixed and un-
suitable for dynamic and multimodal labelling of the host microbiota.
Here, a strategy of encoding with reversible on-off and emission-
switchable fluorescence is described to develop living bacterial probes
for real-time dynamic and dual-modal imaging of the mammalian
microbiota. We encode bacteria with a fluorescence-activating and
absorption-shifting tag (FAST), a small protein with a size of 14 kDa,
which is evolved from photoactive yellow protein via mutations in
several positions [43,44]. Carrying FAST not only possesses typical
merits of genetic engineering-based labelling, but also enables a few
unique characteristics: 1) prompt on-demand turn on-off fluorescence by
binding with or unbinding from specific fluorogens; 2) dynamically
reversible switching between different distinguishable emission bands
for dual modal imaging through exchanging fluorogens; 3) wide
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application of fluorescence imaging in both aerobic and anaerobic en-
vironments as the emission of FAST is molecular oxygen independent
[45]. As a proof-of-concept study, FAST is transformed into a well-known
probiotic bacterium, Escherichia coli Nissle 1917 (EcN) [46,47], to pre-
pare living bacterial probes (termed as EcN-FAST, Fig. 1a). In two mouse
models of gut and tumor localization, we demonstrate the advantages of
intelligent labelling and dual fluorescence modality toward the utiliza-
tion of EcN-FAST for in vivo imaging under anaerobic conditions
(Fig. 1b). We show the applicability of FAST-mediated living probes to
assess the viability of bacteria transplanted to the gut microflora. Given
the maturity of genetic engineering [48], encoding with FAST is antici-
pated as a versatile approach to prepare various living bacterial probes,
offering a platform to disclose the relationship between the mammalian
microbiota and its host.

2. Materials and methods
2.1. Materials and strains

Escherichia coli Nissle 1917 strain was purchased from China general
microbiological culture collection center (GMCC, China). Plasmids
pBBR1MCS2-Tac-mCherry (Kanamycin resistant) and pPBBR1MCS2-Tac-
eGFP (Kanamycin resistant), and all other reagents were purchased
from domestic suppliers and used as received. FAST applied in this work

Mammalian
microbiota
imaging

Fig. 1. Schematic illustration of mammalian microbiota imaging by FAST-encoded living bacterial probes. a Emission characteristics of FAST. b Preparation of EcN-
FAST and their applications for real-time dynamic, dual-modal, and molecular oxygen-independent imaging of microbiota associated with the intestinal tract

and tumor.
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is a variant of mutated photoactive yellow protein (PYP). The plasmids
PQE-FAST (Ampicillin resistant) for FAST expression in EcN was con-
structed by using the fast gene template and tagged with a poly-histidine
tag (His) [43]. All the bacteria were grown in Luria Bertani (LB) medium
at 37 °C with suitable antibiotics. The plasmid containing the fast gene
template together with 4-hydroxy-3-methylbenzylidene rhodanine
(HMBR, green fluorogenic dye) and 4-hydroxy-3,5-dimethoxybenzyli-
dene rhodanine (HBR-3,5-DOM, red fluorogenic dye) were kindly
gifted by Dr. Chenge Li and Prof. Arnaud Gautier [43,49].

2.2. Western blot

EcN carrying empty vector and EcN with FAST-His expression vector
were cultured overnight and resuspended in phosphate buffered saline
(PBS). Cells were mixed with loading buffer and boiled for 5 min. After
centrifuging to remove undissolved pallet, 10 pl of each sample was
loaded and run on 12% sodiumdodecylsulfate-polyacrylamide gel elec-
tropheresis (SDS-PAGE) gel. The separated samples were transferred onto
polyvinylidene difluoride (PVDF) membranes by Bio-rad semi-dry
transfer turbo using the preprogrammed protocol for 1.5 mm gel: 1.3 A,
25 V for 10 min (Bio-Rad, USA). The PVDF membrane was incubated in
TBS/Tween with 5% skim milk at room temperature for 1 h, followed by
incubating with Horseradish Peroxidase (HRP)-conjugated-anti-His
antibody (1:5000, AE028, ABclonal, China). The resultant membrane
was then incubated with 1 ml enhanced chemiluminescence (ECL) so-
lution for 1 min and captured by a chemiluminescence imager (Bio-rad,
USA).

2.3. Turn on in vitro

EcN carrying pQE-FAST were cultured in LB medium with supple-
ment of ampicillin and isopropyl-beta-D-thiogalactopyranoside (IPTG) at
37 °Cfor 12 h. Bacterial cells were harvested and washed with PBS before
incubating with HMBR and HBR-3,5-DOM at room temperature. Fluo-
rescence emission spectra were measured by a fluorospectrometer. The
activated EcN-FASTs were imaged by laser scanning confocal microscope
(LSCM) through eGFP or mCherry channel and analyzed by flow
cytometry using fluoresceine isothiocyanate (FITC) or phycoerythrin
(PE).

2.4. Turn-off in vitro

EcN expressing FAST were harvested and incubated with green and
red fluorogenic dyes at room temperature for several minutes to activate
FAST fluorescence fully. In order to turn off FAST by removing fluor-
ogens, pre-activated EcN-FASTs were resuspended in PBS and washed for
a few times. The dynamic turn-off process was visualized by LSCM and
analyzed by flow cytometry. The fluorescence intensities of green and red
FAST from bacterial cells after washing with PBS for indicated times were
recorded by a microplate reader.

2.5. Reversibility in vitro (green to red)

After culture at 37 °C for 12 h with addition of IPTG, EcN expressing
FAST were pre-activated by HMBR for several minutes. The green EcN-
FAST were fixed on agarose pad and imaged by LSCM as the start
point. In order to observe the reversibility of FAST from green to red, 4 pl
of red fluorogen HBR-3,5-DOM was added at one side of the agar pad and
the same field was continuously captured by both GFP and mCherry
channels until green fluorescence disappeared. In addition, the revers-
ibility was analyzed by measuring green and red fluorescence intensities.
EcN-FAST was pre-activated by green fluorogen in advance and resus-
pended in PBS for fluorescence detection, which was indicated as fluor-
ogen exchange time 0. Green EcN-FAST were collected by centrifuge and
resuspended into fresh PBS that contains red fluorogen at a higher con-
centration. Being co-incubated with red fluorogen for a while at 37 °C,
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both green and red fluorescence intensities were separately recorded by a
microplate reader, indicating as fluorogen exchange times 2. All these
procedures were repeated until the elimination of green fluorescence.

2.6. Reversibility in vitro (red to green)

EcN expressing FAST were activated by red fluorogen HBR-3,5-DOM
for several minutes after culture at 37 °C for 12 h with addition of IPTG.
The red EcN-FAST were fixed on agarose pad and imaged by LSCM as the
start point. To observe the reversibility of FAST from red to green, 4 pl of
green fluorogen HMBR was added at one side of the agar pad and the
same field was continuously captured by both GFP and mCherry channels
until red fluorescence disappeared. Furtherly, the reversibility was
analyzed by measuring green and red fluorescence intensities. ECN-FAST
were firstly incubated with red fluorogen for activation. Green fluorogen
in a higher concentration was added into PBS suspension of pre-activated
red EcN-FAST and co-incubated at 37 °C shortly. Cells were washed with
fresh PBS before the green and red fluorescence intensities of ECN-FAST
were separately recorded using a microplate reader.

2.7. Distinguishability of FAST from GFP/mCherry in vitro

HMBR pre-activated EcN-FAST were mixed with EcN expressing GFP
(EcN-GFP), fixed on agarose pad, and then observed by LSCM. After
focused on a certain view, red fluorogen was added at one side of agarose
pad and spread to the other side eventually. During the fluorogen
spreading time, the color changing of green EcN-FAST in the certain view
was observed. In contrast, the mixture of red EcN-FAST and EcN
expressing mCherry (EcN-mCherry) was observed after addition of green
fluorogen for separating red EcN-FAST from EcN-mCherry. The dynamic
processes were imaged by LSCM and further analyzed by flow cytometry.

2.8. Turn-on of EcN-FAST in anaerobic GI tract

Female ICR mice in 6-8 weeks were purchased from Shanghai Jiesijie
laboratory animal company (Shanghai, China) and bred under specific-
pathogen-free (SPF) conditions. All animal experiments were per-
formed under the guidelines evaluated and approved by the ethics
committee of Institutional Animal Care and Use Committee of Shanghai
Jiao Tong University. Each ICR mouse was orally administrated with 1 x
108 colony forming units (CFUs) of EcN-FAST 1 h before gavage of green
fluorogen (100 pl). The mice were euthanatized at 1, 2, 4, 8, and 24 h
post-administration of green fluorogen, respectively. The entire intestinal
tract was extracted and imaged by in vivo imaging system (IVIS) through
GFP channel. The fluorescence intensity of each intestinal tract was also
recorded.

2.9. Turn-on of EcN-FAST in tumor site

Experiments were performed on female nude BALB/C mice (6-8
weeks) purchased from Shanghai Jiao Tong University School of Medi-
cine (Shanghai, China) and bred under SPF conditions for 4 days. All
animal protocols were approved by the Institutional Animal Care and Use
Committee guidelines of Shanghai Jiao Tong University School of Med-
icine. The breast tumor cells (4T1) were collected and resuspended in
PBS. 100 pl of PBS containing 5 x 10° of tumor cells was subcutaneously
injected into the right flank. After tumor size reaching 1000 mm?, 1 x
107 CFUs of EcN producing FAST were injected into the tumor site of
each mouse, followed by injection of 50 pl green fluorogen 1 h post
administration of bacteria. The imaging of 4T1 tumor-bearing mice was
performed at 0, 3, 6, and 24 h post-intratumor injection of green fluor-
ogen by IVIS through GFP channel.

2.10. Reversibility in the GI tract

Each Institute of Cancer Research (ICR) mouse was fed with 1 x 108
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CFUs of green EcN-FAST that were activated by green fluorogen. Red
fluorogen was supplied orally 3 h later. The mice were euthanatized at
0.5, 1, 2 and 4 h post-intratumor injection of fluorogen and the GI tract
was sectioned for IVIS measurement through both GFP and mCherry
channels.

2.11. Reversibility in tumor tissue

After EcN-FAST were activated in tumor site by green fluorogen in-
jection, red fluorogen was injected into tumor site for FAST reversibility
test. IVIS measurement of the tumor in each mouse was performed at 3, 6,
and 24 h post-administration of red fluorogen through both GFP and
mCherry channels. The green and red fluorescence intensities were also
recorded by IVIS.
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2.12. Quantitative analysis of the viability of ECN-FAST by fluorescence
imaging

EcN-FAST were cultured for 12 h and diluted to a serial of concen-
trations (104, 10°, 10°, 107, 10% and 10° CFUs per milliliter). Equivalent
fluorogen was added into bacterial solutions for living probe activation
before measurement of fluorescence intensity. The relationship between
bacterial CFU and fluorescence intensity was recorded by a microplate
reader. To test the quantitative capability in the GI tract, 107, 108 and
10° CFUs of EcN-FAST were orally administrated in female ICR mice (6-8
weeks), following by fluorogen supplement for FAST activation. All the
mice were euthanatized 4 h post-administration of green fluorogen for
sampling the intestine, which was further imaged by IVIS. After
recording the fluorescent intensity, the contents sampled from the
stomach, intestine, colon, and cecum were serially diluted with PBS and
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then 50 pl of each dilution was spread onto solid LB agar plates for 24 h
culture before EcN-FAST in the intestinal tract were counted. The linear
regression analysis was performed by Microsoft Excel.

3. Results and discussion
3.1. Design, preparation and fluorescence turn on-off of ECN-FAST

Given the merits of biosynthetic technology, bacteria have been
broadly engineered to construct living materials that can be applied in
different fields, such as diagnostics, 3D printing, and environment
remediation [50-53]. Due to their natural behaviors of proliferation and
colonization in the host, bacteria expressing fluorescence proteins can be
explored as living fluorescence probes for tracking the interactions be-
tween the microbiota and its host [54]. To generate encoded bacteria,
FAST was fused with a His-tag and co-expressed in EcN. As confirmed in

a ECN FAST + HBR-3,5-DOM

Merged

d

EcN-FAST + HMBR
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Fig. S1, FAST-His was detected by western blot via HRP conjugated
mouse anti-His-tag monoclonal antibody, suggesting that FAST was
successfully expressed in EcN. Two fluorogens of HMBR and HBR-3,
5-DOM, which were stable in physiologically relevant conditions [43,
49], were used to specifically bind with FAST. To validate on-demand
fluorescence turn-on, a cytocompatible concentration of 20 pM of
HMBR was supplied into EcN-FAST culture [55], showing a significant
increment in green fluorescence signal compared to EcN carrying empty
vector upon excitation at 488 nm (Fig. 2a and b, Fig. S2). Similar to
HMBR, an immediate increase of red fluorescence was observed once
adding HBR-3,5-DOM, which in turn reflected the normal function of
homologous FAST to bind with corresponding fluorogens in recombinant
EcN. Emission max of HMBR and HBR-3,5-DOM was found to be 541 and
597 nm, respectively (Fig. 2c). Fluorescence turn-on of EcN-FAST was
further visualized via confocal microscopy, displaying fluorescently
activated bacteria following the addition of HMBR or HBR-3,5-DOM
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(Fig. 2d). Flow cytometric analysis was performed and histograms shown
in Fig. 2e also verified a large shift of individual bacterial fluorescence to
the higher intensity after complexing with HMBR or HBR-3,5-DOM. In
consideration of that the fluorescence intensity of FAST directly depends
on fluorogen concentration [37], we speculated that the emission of
bacteria could be turned off as needed by removing the bound fluor-
ogens. To prove this hypothesis, fluorescently activated EcN-FAST were
repeatedly resuspended in PBS to remove bound fluorogens gradually.
The intensity of bacteria fluorescence was measured by LSCM, flow
cytometry, and fluorescence microplate reader after each resuspension.
Representative confocal images showed that the signal of EcN-FAST
diminished with increasing rinsing times (Fig. 2f). This was ascribed to
the dissociation between FAST and HMBR/HBR-3,5-DOM caused by the
dilution of fluorogens. Consistent with the result of confocal imaging,
flow cytometry analysis also demonstrated fluorescent fading of
EcN-FAST with resuspension increasing from 1 to 5 times (Fig. 2g and
Fig. S3).

3.2. Reversible switch of emission bands

Having testified reversible on-off fluorescence of EcN-FAST, we
turned our attention to investigate whether the emission bands could be
distinguishably switched for dual modal imaging in light of dynamic
emission behavior of FAST. To validate this possibility, EcN-FAST fluo-
rescently pre-activated by green fluorogen of HMBR were added with red
fluorogen of HBR-3,5-DOM. The variation of fluorescence emission was
captured by LSCM. As shown in Fig. 3a and b, with increasing the con-
centration of HBR-3,5-DOM from 10 to 50 pM, the signal of green fluo-
rescence of EcN-FAST decreased continuously and no detectable
fluorescence signal was observed eventually. In the meantime, red fluo-
rescence signal increased with HBR-3,5-DOM concentration under the
same experimental conditions. Co-localization analysis in fluorescence
microscopy indicated a distinguishable switching of emission bands by
replacing HMBR with HBR-3,5-DOM. The switching of emission was
further quantified by a microplate reader, presenting a near complete
disappearance of green fluorescence signal, while a significant
enhancement of red fluorescence intensity was obtained during the same
period of time (Fig. 3c). The dynamic variation of fluorescence emission
was attributed to that higher HBR-3,5-DOM concentration could promote
the dissociation of bound HMBR via competing for complexation with
FAST in bacteria. On the contrary, bacteria fluorescently pre-activated by
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red fluorogen of HBR-3,5-DOM were supplemented with green fluorogen
of HMBR. As expected, similar emission switching was procured for EcN-
FAST, as supported by the results of fluorescence imaging and quantifi-
cation analysis, approaching a full conversion of emission from red to
green fluorescence (Fig. 3d—f). Briefly, all these results pointed out that
the emission bands of encoded bacteria could be distinguishably
switched in a dynamical and reversible fashion, demonstrating the suit-
ability of EcN-FAST for dual modal imaging.

In view of its dual modality of fluorescence emission, we then eval-
uated the capacity of FAST labelling to avoid fluorescence interference to
identify encoded bacteria from the microbiota. For this purpose, a fluo-
rescence crosstalk model was designed by mixing EcN-FAST with EcN-
GFP. After exposure to excitation at 488 nm, both EcN-GFP and HMBR
pre-activated EcN-FAST displayed similar emission, as reflected by sole
green fluorescence signal under confocal imaging (Fig. 4a). Under this
circumstance, the identification of encoded bacteria was interrupted by
fluorescence crosstalk. With the addition of HBR-3,5-DOM, a portion of
these fluorescent bacteria switched their emission from green to red
fluorescence signal, which was resulted from the exchange of fluorogen.
As further supported in Fig. 4b, flow cytometry histograms claimed the
elimination of emission at 541 nm together with an emergence of striking
emission at 597 nm. Namely, the dual imaging modality of FAST enabled
a distinction between encoded EcN and other bacteria even carrying
interferential fluorescence signals. Furthermore, another crosstalk model
was developed by mixing EcN-FAST with EcN-mCherry. At this point,
both EcN-mCherry and HBR-3,5-DOM pre-activated EcN-FAST glowed
red fluorescence signal after irradiation (Fig. 4c). Expectedly, once sup-
plementation with HMBR, a certain number of bacteria turned to green
fluorescence, meaning the replacement of HBR-3,5-DOM in the pre-
activated EcN-FAST. Fluorogen exchange mediated emission switching
was also affirmed by reversed shift of flow cytometry histograms
following the addition of HMBR (Fig. 4d). Distinct from fluorescently
unchangeable GFP and mCherry, the tunability and reversibility of FAST
conferred encoded EcN with feasibility to visualize the distribution of
bacteria of interest among the host microbiota.

3.3. In vivo imaging under anaerobic environments

Encouraged by the in vitro performances, we next assessed the fluo-
rescence labelling of EcN-FAST located in anaerobic in vivo environ-
ments including the GI tract and tumor. The gut microbiota, a wide

Fig. 4. Distinguishability of EcN-FAST in vitro. a
LSCM images of the mixture of HMBR-activated EcN-
FAST and EcN expressing GFP with or without the
addition of HBR-3,5-DOM. Scale bar: 10 pm b Flow
cytometry histograms of HMBR-activated EcN-FAST in
the mixture with or without supplementation with
HBR-3,5-DOM. ¢ LSCM images of the mixture of HBR-
3,5-DOM-activated EcN-FAST and EcN expressing
mCherry with or without the addition of HMBR. Scale
bar: 10 pm d Flow cytometry histograms of HBR-3,5-
DOM-activated EcN-FAST in the mixture with or
without supplementation with HMBR.
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variety of symbiotic bacteria as well as other microbes that inhabit the GI
tract, has been recognized as an important modulator in human health
[56]. Investigating the colonization distribution of a specific bacterial
strain within the gut microbiota is a key step toward the disclosure of
mutual interaction between the microbiota and its host [54]. In a mouse
model, 1 x 10% CFUs of EcN-FAST were gavaged, followed by oral
ingestion of 100 pl of 5 mM HMBR. At the indicated time points, the
intestinal tract was sampled and intraluminal distribution of EcN-FAST
was imaged by IVIS. IVIS images in Fig. 5a presented that EcN-FAST
were able to emit inside anaerobic intraluminal environment of the in-
testinal tract after supplementing with HMBR. With the increase of time
post-administration, orally delivered EcN colonized the intestine suffi-
ciently, as implied by rapid bacterial proliferation that was confirmed by
greatly enhanced fluorescence intensity. It was found that the coloniza-
tion of EcN in the intestine reached a peak value around 8 h after oral
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gavage and then decreased with time (Fig. 5b). We also studied the
property of in vivo imaging by detecting the dual fluorescence modality
of EcN-FAST in the gut. Each mouse was fed with 1 x 108 CFUs of HMBR
pre-activated EcN-FAST 3 h before applying HBR-3,5-DOM by gavage.
Both fluorescence imaging and quantified signal intensity acquired by
IVIS depicted that the emission of FAST-HMBR reduced, while the in-
tensity of fluorescence associated with FAST-HBR-3,5-DOM strengthened
evidently (Fig. 5c and d). The simultaneous presence of dual fluorescence
signal proposed the capability of EcN-FAST for double-mode imaging.
In addition, we characterized the labelling of EcN-FAST localized
inside hypoxic tumor tissue considering that genome sequencing has
recently highlighted the existence of intratumoral microbiota as well as
its importance in tumor progression and regression [16]. In a murine
model of 4T1 breast tumor, 1 x 10”7 CFUs of EcN-FAST were injected
intratumorally, followed by an intratumoral injection of HMBR. IVIS
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Fig. 5. In vivo imaging under anaerobic environments. a IVIS images of the intestinal tracts sectioned from mice treated with EcN-FAST and HMBR. b Fluorescence
intensity of EcN-FAST in the intestinal tract after HMBR supplementation. ¢ IVIS images of the intestinal tracts sampled from mice dosed with HMBR-activated EcN-
FAST and HBR-3,5-DOM. d Fluorescence intensity of HMBR-activated EcN-FAST in the intestinal tract after adding with HBR-3,5-DOM. Error bars represent standard
deviation. e IVIS images of mice after intratumoral injection with EcN-FAST and HMBR. f Fluorescence intensity of ECN-FAST in tumor site after adding HMBR. g IVIS
images of mice after intratumoral administration with HMBR-activated EcN-FAST and HBR-3,5-DOM. h Fluorescence intensity of HMBR-activated EcN-FAST in tumor
site after adding HBR-3,5-DOM. HMBR: Aex 488 nm, Aey 510 nm; HBR-3,5-DOM: Ay 587 nm, Aey 610 nm. Error bars represent the standard deviation (n = 3-4).
Significance was assessed using Student's t-test, giving p values, p < 0.05, *. Scale bar in IVIS image refers to radiance (p/s/cm?/sr).
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Fig. 6. Quantification of in vivo bacterial viability by EcN-FAST. a Relationship between the intensity of FAST fluorescence and the CFUs of EcN-FAST. b IVIS images
of the intestinal tracts sampled from mice orally gavaged with the indicated amounts of EcN-FAST and HMBR. ¢ Numbers of EcN-FAST in the intestine, colon, and
cecum quantified by plate counting. d Total amounts of EcN-FAST retaining in the intestinal tract. e Relationship between fluorescence intensity of HMBR-activated
EcN-FAST and the count of EcN-FAST in the intestine tract. Error bars represent standard deviation (n = 3-4). Significance was assessed using Student's t-test, giving p

values, p < 0.05, *; p < 0.01, **; p < 0.005, *

imaging together with quantitative analysis illustrated that EcN-FAST
could colonize tumor site, with the appearance of a maximum fluores-
cence intensity 6 h post injection (Fig. 5e and f). Different from the in-
testinal tract, transplanted bacteria exhibited continuous tumor
colonization, as suggested by a comparable signal intensity observed
even with time prolonging to 24 h. The adequate residence of ECN-FAST
could be resulted from the nutritious and immunosuppressive tumor
microenvironment [57]. Similarly, upon injection with HBR-3,5-DOM,
mice colonized with HMBR pre-activated EcN-FAST emerged fluores-
cence signal of FAST-HBR-3,5-DOM, displaying dual color chromogenic
tumors (Fig. 5g and h). Taken together, these data clarified the intelli-
gence and dual-modality of encoded bacteria for fluorescence imaging in
anaerobic in vivo environments of the gut and tumor.

3.4. Potential application of EcN-FAST

We further explored the applicability of encoded bacteria to evaluate
the activity of bacteria transplanted to the gut microbiota. The trans-
plantation of beneficial bacteria to the gut microbiome, including oral
microecologics and fecal microbiota transplantation, has been imple-
mented for treating autoimmune disorders, bowel inflammations,
metabolic dysfunctions, certain types of cancer, and others [58-60].
Quantitative analysis of bacterial viability is of great significance for
understanding the impact of transplanted bacteria on the modulation of
the gut microbiota [28]. The ability of EcN-FAST to quantitatively
analyze bacterial vitality was appraised by both in vitro and in vivo as-
sessments. ECN-FAST were cultured for 12 h and diluted to a serial of
incremental CFUs of 10%, 10°, 10°, 107, 108, and 10° per milliliter, which
were added by 10 pl of 50 pM HMBR or HBR-3,5-DOM. The measurement
of activated fluorescence indicated linearly fitted relationships between
bacterial number and fluorescence intensity of EcN-FAST, giving R2
values of 0.999 and 0.997 for FAST-HMBR and FAST-HBR-3,5-DOM,
respectively (Fig. 6a). This result meant that with the help of specific
fluorogens, the viability of EcN-FAST could be calculated by recording
their fluorescent intensity. To determine the accuracy for in vivo

Scale bar in IVIS image refers to radiance (p/s/cm?/sr).

evaluation of bacterial vitality, 107, 108, and 10° CFUs of EcN-FAST were
orally delivered into mice and fluorescently activated by HMBR via
gavage. The intestinal tract was harvested 5 h post-administration and
the overall fluorescence intensity of each sample was recorded by IVIS
imaging (Fig. 6b). To examine the relationship with the number of sur-
vived bacteria, contents extracted from the intestine, colon, and cecum
were serially diluted with PBS and then 50 pl of each dilution was spread
onto solid LB agar plates for bacterial counting (Fig. 6¢). As illustrated in
Fig. 6d and e, although passage through harsh and complicated envi-
ronments of the GI tract, the relation between fluorescent intensity and
the number of EcN survived in the intestinal tract was near linear, veri-
fying the value of EcN-FAST for assessing the activity of bacteria within
the microbiota.

4. Conclusion

In summary, we report an approach of encoding with a photoactive
yellow protein derived tag to prepare living bacterial probes for imaging
the mammalian microbiota. In addition to conventional advantages of
genetic engineering-mediated labelling, carrying a small FAST protein
endows encoded bacteria with several unique characteristics, including
sensitive on-demand turn on-off signals by binding with or dissociating
from fluorogen of HMBR or HBR-3,5-DOM, dynamically reversible
switching between distinguishable emissions at 541 and 597 nm for dual-
mode imaging via exchanging corresponding fluorogens, and wide
application in both aerobic and anaerobic environments by virtue of
molecular oxygen independent emission of FAST. Significantly, these
merits are further validated in two murine models of gut and tumor
localization. FAST-mediated living probes also demonstrate their appli-
cability to quantitatively analyze the activity of bacteria transplanted to
the gut microbiota. Our work provides an innovative bacterial probe to
fluorescently image the mammalian microbiota and offers an alternative
to study its interaction with the host.
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