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ARTICLE INFO ABSTRACT

Keywords: Bacterial genotyping is important for understanding the complex microbiota. Although fluorescence in situ

Bioassf"y hybridization (FISH) has enabled bacterial community identification with high spatial resolution, its unavoidable

léaRitSe;ll{a/ngergtype cell fixation steps and signal generation by multi-probe stacking greatly limit its application in living bacterial
aslza

genotyping. Here, we designed polyethyleneimine-encapsulated CRISPR/Casl2a-circular reporter nanoprobes
(CasCLR) for rapid and sensitive visualization of gene information in living bacteria. We found that, nanoprobe-
based sequential delivery of Cas12a/crRNA and circular reporter into bacteria allowed single genomic loci to
initiate trans-cleavage activity of Casl2a, thereby cleaving CLR to generate amplified fluorescent signals for
imaging of target gene. Using CasCLR, we can sensitively analyze the percentage of target bacteria in co-culture
experiments and directly detect pathogenic bacteria in uncultured mouse gut microbe. In addition, CasCLR has
the ability to sensitively analyze specific genotype of microbial communities in vivo. This nanobiotechnology-
based bacterial gene analysis is expected to advance understanding of in vivo bacterial cytogenetic information.

Biopolymer materials
In vivo imaging

1. Introduction

Classification of bacteria is the first step for bacterial community
research and treatment of clinical infection (Kwon et al., 2019; Peukert
etal., 2022; Xing et al., 2021). Conventional bacteria classification steps
are mainly based on phenotypic features, such as cellular composition,
cellular metabolism and cellular structure (Lim et al., 2019; Parks et al.,
2018), which have been widely used but lacks genetic information in
taxonomic classification. With the development of polymerase chain
reaction (PCR) (Shang et al., 2005), fluorescence in situ hybridization
(FISH) (Mark Welch et al., 2017) and next generation sequencing (NGS)
(Elmentaite et al., 2021; Gosiewski et al., 2017), genetic analysis
methods are regarded as more powerful techniques for bacterial
identification.
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Among them, FISH is a molecular cytogenetic technique that utilizes
fluorescent DNA probes with high sequence complementarity to target
bacterial 16S rRNA for in situ visualization and identification of mi-
croorganisms (Mark Welch et al., 2017; Ranasinghe et al., 2018; Valm
et al., 2011; Wagner et al., 2003). The newly developed FISH technol-
ogy, such as CLASI-FISH (combinatorial labeling and spectral imaging)
strategy (Valm et al., 2011) and high-phylogenetic-resolution FISH
(HiPR-FISH) technique (Shi et al., 2020), can provide rich information
on the spatial distribution of gut microbe, which is helpful for under-
standing the structure and organization of microbial communities at the
micron level. However, limited by the high degree of sequence conser-
vation of subunits of 16S rRNAs, FISH is generally not suitable for dis-
tinguishing microbe below the species level (Lee et al, 2022).
Furthermore, the necessary cell fixation steps, complex probe designs,
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long time-cost and labor-intensive experimental procedures greatly
hinder its applications (Lin et al., 2021a). To date, sensitive and rapid
imaging of living bacterial genotypes in different environments without
fixation is still a challenge.

The clustered regularly interspaced short palindromic repeats
(CRISPR) system, which consists of a CRISPR-associated (Cas) nuclease
and a guide RNA (gRNA), is a powerful gene editing system developed in
recent years (Dai et al., 2020). Beyond its remarkable genome editing
ability, recent advances toward CRISPR system have provided a new
molecular recognition tool for displaying genetic information in living
cells with high spatiotemporal resolution (Feng et al., 2021; Knight SC
et al., 2017; Teng et al., 2022; Zhang et al., 2022). Of these, the
CRISPR/Cas12a effector protein, which is an RNA-guided nuclease that
binds and cleaves target DNA to activate trans-cleavage activity for
indiscriminately reducing nearby single-stranded DNA (ssDNA) mole-
cules, deserves attention (Chen et al., 2018; Kleinstiver et al., 2019).
This collateral ssDNA cleavage capability led to the development of
Cas12a system as a highly efficient nucleic acid diagnostic tool, such as
SHERLOCK (Gootenberg et al., 2018) and DETECTR (Chen et al., 2018),
for sensitive detection of multiple clinical nucleic acid biomarkers (Feng
et al., 2021). Moreover, such attractive features have been employed to
achieve live-cell biosensing applications (Chen et al., 2022; Huang et al.,
2021; Pan et al., 2022; Wang et al., 2022). Unlike FISH which needs
probes stacking to generate fluorescent signal, Casl2a enables single
crRNA-mediated generation of amplified fluorescent signals by targeting
a single genetic locus. This property enables microbe distinguish below
the species level with subtle 16S rRNAs variation. Nonetheless,
Casl2a-based probes have not been applied for living bacterial geno-
typing, due to the challenges of efficient living bacteria delivery of
Cas12a probes and fluorescent reporter groups.

In this work, we developed CRISPR/Casl2a-circular reporter
nanoprobes (CasCLR) for visualizing genotypes of living bacteria, which
uses polymer biomaterials-polyethyleneimine (PEI) as the transfection
vector for CRISPR/Cas12a effectors and circular reporter (CLR) designed
to avoid non-specific signals (Fig. 1). As a non-viral gene carrier with a
high density of positive charges, PEI can be stably combined with
Cas12a/crRNA complex and CLR to form uniform spherical complex to
achieve safe and efficient bacterial transformation. On the other hand,
the design of CLR greatly improved the stability of fluorescent reporters
in living bacteria to ensure the accuracy of CasCLR detection of target
gene fragment.

We found that the high fidelity of base pairing between crRNA and
target dsDNA allow CasCLR to recognize sophisticated target genotypes
in a variety of living bacteria. With the robust fluorescent signal
generated by CasCLR targeting single copy genomic loci, we can
differentiate bacterial subtypes and sensitively analyze the percentage of
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target bacteria in complex samples. Furthermore, the practical ability of
CasCLR to image target bacterial genotypes in uncultured complex
bacterial communities (the mouse gut microbiota) was demonstrated. In
addition, CasCLR enables specifically analysis of bacterial genotypes in
superficial tissues. With excellent reliability, sensitivity, and ease of
implementation, this method offers great potential for real-time analysis
of in vivo bacterial community heterogeneity and distributional
composition.

2. Materials and methods

For experimental details, please refer to the supplementary
information.

3. Results and discussion
3.1. Design and characterization of CasCLR

To deliver Cas12a and fluorescent reporter probes into living bac-
teria, the first challenge to overcome is the complex cell wall located on
the outermost layer of bacterial cells, wraps around the cell membrane
(Liu et al., 2021; Pasquina-Lemonche et al., 2020). Cationic polymers is
one of the most widely used carrier materials for gene delivery (e.g.
siRNA, plasmid DNA) and is available in branched or linear types of
various molecular weights (Chen et al., 2022). We firstly investigated
the oligonucleotide transfection efficiency of different cationic poly-
mers, including polyamidoamine (PAMAM)(Wu et al., 2021), poly-
lysines (PLL) (Laurino et al., 2011), and branched polyetherimides (PEI)
(Kang et al, 2017) of different molecular weights, respectively
(Fig. S1A). Particle size and Zeta potential of different transfection
agents indicated that PEI 1000 and PEI 25000 encapsulate oligonucle-
otides to form smaller nanoparticles and carry a positive charge that
facilitates bacterial uptake (Fig. S1B). Then flow cytometry results
demonstrate that PEI with a molecular weight of 1000 can efficiently
deliver DNA probes into bacteria (Fig. S1C). These results encouraged us
to use PEI 1000 to construct nanoprobes for transient transfection of
oligonucleotides into living bacteria (Fig. 2A).

Although PEI has been employed for the delivery of various genetic
medicines, it still has certain cytotoxicity issue (Haldar et al., 2006). To
this end, the ratio of Cas12a protein in different PEIs were investigated
(Fig. S2). The confocal imaging results of living bacteria showed that the
fluorescence intensity of bacteria was positively correlated with the
mass of PEI (Fig. S2A). However, the significant change of bacterial
morphology illustrates the potential cytotoxicity of the PEI. Then, mini
broth dilution susceptibility test was used to investigate the cytotoxicity
of Casl2a protein transfected with different mass of PEI (Fig. S2B).

Fig. 1. Design of CRISPR/Casl2a-circular reporter
nanoprobes (CasCLR) for visualizing living bac-
teria genotype. Firstly, polyethyleneimine (PEI, MW
= 1000) encapsulated Casl2a/crRNA complex is
delivered into the bacteria as probe I, which identifies
target gene and activates the trans-cleavage activity
of Casl2a. Secondly, PEI encapsulated circular re-
porter (CLR) is delivered into the bacteria as probe II,
’// which is cleaved by Casl2a, lighting up to show the
genotype of target bacteria.
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Fig. 2. Design and characterization of CasCLR. (A) Design of CLR. Detailed sequence information is provided in Table S1. (B) Polyacrylamide gel electrophoresis
(PAGE) analysis of the assembly process of CLR. (C) Stability analysis of SSR and CLR after incubation with Mueller-Hinton Broth (MHB) medium, 0.25 U/pL Exo I
and mechanical bacterial lysate (MBL) for 1 h. (D) Design of two nanoprobes for bacteria targeting delivery. Probe I: PEI encapsulated Cas12a/crRNA complex; Probe
II: PEI encapsulated CLR. (E) Agarose gel electrophoresis analysis of PEI encapsulated Cas12a/crRNA (lane I) and CLR (lane II) forming nanoparticles, respectively.
(F) TEM characterization of PEI/Cas12a/crRNA and PEI/CLR probes. Scale bar, 100 nm. (G) Particle size (left) and zeta potential (right) of PEI/Cas12a/crRNA and
PEI/CLR probes. (H) In vitro real-time fluorescence assay of target gene activated PEI/Casl2a/crRNA trans-cleavage.

These results indicated that the optimal ratio of PEI/Casl2a/crRNA
nanoprobes was 10.

Since bacteria contain and keep secreting many kinds of nucleases,
the classical CRISPR/Cas12a fluorescent reporter, which is a 5 nt short
ssDNA (FAM-TTATT-BHQ1), is not suitable for sensing gene information
in living bacteria. In recent years, the circularization strategy, which
utilizes DNA ligase to ligate single-stranded oligonucleotides into cir-
cular structures, has been used to obtain oligonucleotide drugs with high
in vivo stability (Zhang et al., 2020). Therefore, we hypothesized that a
circular reporter (CLR) may display enhanced stability in living bacterial
environment.

The design of CLR is shown in Fig. 2A. Specifically, the commonly
used fluorescent reporter group of Casl2a, Cy5-TTATT-BHQ2, was
extended by 4 nt and 21 nt at the 5 and 3 ends, respectively, which
named ssDNA reporter (SSR). After annealing and cooling to room
temperature, the dumbbell-shaped structures with 1 nick were sealed
using T4 DNA ligase. The TTATT motif preferentially cleaved by Casl12a
is at end of the CLR dumbbell-shaped structure and remains single-
stranded.  Synthesized CLR was initially characterized by

polyacrylamide gel electrophoresis (Fig. 2B). The band that moved up
obviously did not change significantly after the exonuclease treatment,
which proved the successful preparation of the closed-loop structure. By
semi quantifying the intensity of the main band and other residual bands
of the gel, the yield of CLR was estimated to be ~ 84%.

Subsequently, we investigated the stability of CLRs under different
physiological conditions using gel electrophoresis and in vitro fluores-
cence assay. The CLR structure is resistant to cleavage by exonuclease I
(Fig. S3), and its stable structure prevents nonspecific fluorescent signals
in bacterial extracts (Fig. 2C), setting the stage for accurate responses of
Casl2a trans-cleavage activity in living bacteria. The responsiveness of
CLRs to target-initiated Cas12a trans-cleavage activity was subsequently
assessed (Figs. S4A-C). The significantly enhanced fluorescence signal of
CLR in the presence of target suggests that the circular structure does not
affect its ability to serve as a substrate for Cas12a nuclease.

To prepare PEI/CLR (PEI encapsulated circular reporter), we
compared the bacterial transformation efficiency of PEI/DNA complexes
with different PEI/DNA ratios (also known as nitrogen-to-phosphorus,
N/P ratios) (Fig. S5). Agarose gel electrophoresis, particle size and



Y. Li et al.

Zeta potential results showed that when N/P = 8, PEI and DNA formed
nanoparticles, maintaining a small particle size and carrying a positive
charge (Figs. SSA-B). In addition, flow cytometry proved that when N/P
= 8, PEI/DNA nanoparticles can efficiently enter bacteria (Fig. S5C).
Therefore, we choose an N/P ratio of 8 to construct PEI/CLR.
According to the above optimized conditions, we synthesized two
kinds of nanoprobes, PEI/Cas12a/crRNA and PEI/CLR, respectively.
Agarose gel electrophoresis analysis showed that both the Casl2a/
crRNA complex and CLR formed nanoparticles with PEI (Fig. 2E). The
results of transmission electron microscopy (TEM) showed that the two
probes of CasCLR were both with regular spherical shape (Fig. 2F), the
diameter of PEl/Cas12a/crRNA and PEI/CLR were 96.67 + 6.24 nm and
110 + 1.63 nm, respectively (Fig. 2G). Both probes for CasCLR are
positively charged (Fig. 2G), favorable for binding to living bacteria and
transient transfection. To verify that the PEl-encapsulated Casl2a/
crRNA complex still possesses target-initiated trans-cleavage activity, a
fluorescent reporter cleavage study was performed. In the absence of
DNA activator, minimal fluorescence signal was observed. When CLR
was incubated with PEI/Cas12a/crRNA and DNA activator, a consider-
able fluorescence signal was shown (Fig. 2H), indicating that the
Casl2a/crRNA complex in PEI maintained efficient trans-cleavage
ability after recognizing target DNA. Therefore, CasCLR is expected to
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enter bacteria and report target DNA, enabling the visualization of
different bacterial genotypes.

3.2. CasCLR for imaging target gene loci in living bacteria

To test the ability of CasCLR to detect specific genotype in living
bacteria, we used NDM-1 gene as a proof-of-concept model. NDM-
EC1322 bacteria, an E. coli isolate produced by clinical NDM-1 (a
most common NDM isoform) (Dong et al., 2022), were first examined for
uptake of PEI/CLR and PEI/Casl2a/crRNA using flow cytometry
(Fig. S6). The selected NDM-EC1322 antibiotic-resistant bacteria was
subsequently sequenced to confirm it contained the target NDM-1 gene
loci (Fig. S7). According to the sequencing results, we designed a single
crRNA for a 20 bp site in the NDM-1 gene to construct CasCLRnpp-1-

The effect of co-delivery and sequential delivery of CasCLR to living
bacteria were firstly tested (Fig. S8). When Cas12a/crRNA and CLR were
co-delivered with a small amount of PEI, no obvious fluorescent signal
was found in the bacteria. Although increasing the amount of PEI can
significantly improve the delivery efficiency to generate a fluorescent
signal comparable to that of sequential delivery, the confocal images
showed significant changes in bacterial morphology, demonstrating the
high toxicity of this method to bacteria. This result drive us to explore
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Fig. 3. CasCLR for imaging NDM-1 gene in living NDM-EC1322 bacteria. (A) Analysis of NDM-EC1322 bacteria uptake PEI/Cas12a/crRNA probe, PEI/CLR
probe, and both of them. Scale bar, 1 pm. Confocal imaging is on left panel and the flow cytometry analysis is on the right. (B) Bio-SEM characterization of NDM-
EC1322 bacteria incubated with PEI/Cas12a/crRNA (100 nM) for 30 min and PEI/CLR (2.5 pM) for 1 h. Scale bar, 1 pm. (C) Analysis of the toxicity of different
probes to NDM-EC1322 bacteria, n = 3 independent experiments. (D) Confocal imaging of NDM-EC1322 bacteria treated with different probes. I: Casl12a/crRNA; II:
PEI/Cas12a/crRNA; III: PEI/CLR; IV: CasCLRyr; V: CasCLRypwm.1, Scale bar, 1 pm. Semi-quantitative analysis of the fluorescence intensity in each bacterium is shown
on the right. n = 50. (E) Flow cytometry analysis of each group corresponding to panel D. (F) Time-lapse confocal imaging of NDM-EC1322 bacteria incubated with
CasCLR for different time interval. Scale bar, 1 pm. (G) Mean fluorescence intensity of bacteria in panel F over time. n = 50.
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sequential delivery of CasCLR for imaging of living bacterial genotypes.

When PEI/Cas12a/crRNA and PEI/CLR were delivered sequentially,
the green fluorescence of PEI/CLR and purple fluorescence of PEI/
Cas12a/crRNA had good co-localization, with a Pearson’s correlation
coefficient (PCC) of 0.40 (Fig. 3A). Although the separate delivery of the
two probes caused non-uniformity in bacterial uptake, i.e., inconsistent
green and purple fluorescence intensities for some bacteria, flow
cytometry showed that after the sequential delivery of PEI/Casl2a/
crRNA and PEI/CLR, up to 76.4% of bacteria were double positive for
FAM and Cy3 (Fig. 3A). The result of scanning electron microscope
(SEM) indicated that the morphology and integrity of NDM-EC1322
bacteria did not change significantly before and after the uptake of
CasCLR (Fig. 3B).

After checking the toxicity of CasCLR to bacterial cells (Fig. 3C), we
tried to image genotype in living NDM-EC1322 bacteria with the
developed nanoprobes. As shown in Fig. 3D, after treated with
CasCLRypwm.1, strong red fluorescence signals were observed in 78%
living NDM-EC1322 bacteria, while no obvious signal was observed in
other treated NDM-EC1322 bacteria. Semi-quantitative analysis of

Biosensors and Bioelectronics 216 (2022) 114641

fluorescence intensity (Fig. 3D) and flow cytometry analysis (Fig. 3E)
further confirmed these results, demonstrating successful detection of
specific genomic region in living bacteria using CasCLR. As shown in
Fig. S9, fluorescence signals are only observed in NDM-EC1322 bacteria
when mammalian cells spiked with NDM-EC1322 bacteria are treated
with CasCLRnpm-1 for 1 h, confirming the specificity of CasCLR for
bacteria.

Using a cyclization strategy, CLR has shown superior stability and
Casl2a nuclease responsiveness in vitro, and we subsequently examined
its application in living bacteria imaging. As shown in Fig. S10A, when
the fluorescent reporter group was delivered into the living bacteria, the
nuclease resistance of CLR provides extremely low non-specific back-
ground signals compared to SSR. In the presence of the Casl12a/crRNA
complex, the target-initiated trans-cleavage activity can rapidly cleave
CLR, showing strong signal amplification ability (Figs. S1I0B-C). The
signal-to-background ratio (S/B) of CasCLR (~33.85) was more than
~14.5 fold higher than that of CasSSR (~2.34). These results indicated
that CasCLR achieve high signal-to-noise ratio for more accurate sensing
of living bacterial gene information.
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Fig. 4. Quantitative analysis of NDM-EC1322 bacteria content in a co-culture system. (A) crRNA sequence information (left) for bacteria identification based on
16S rRNA target region. S.a.: Staphylococcus aureus (ATCC 29213); E.f.: Enterococcus faecalis (ATCC 29212); E.c.-1: Escherichia coli (ATCC 25922); E.c.-2: Escherichia
coli (BL 21); E.c.-3: Escherichia coli Nissle 1917. Heat map (right) analysis of in vitro fluorescence assay for orthologous identification of bacteria based on statistics
from 3 independent experiments. (B) Confocal imaging analysis of orthologous identification of bacteria using CasCLR. Scale bars, 1 ym. (C) Schematic diagram of
CasCLR’s for selective imaging of target bacteria in a co-culture system. (D) Confocal imaging of NDM-EC1322 bacteria (Red) with S.a. or E.c.-1 (Green). S.a.:
Staphylococcus aureus (ATCC 29213); E.c.-1: Escherichia coli (ATCC 25922). Scale bar, 1 pm. S.a. or E.c.-1 were cultured overnight in MHB medium supplemented with
FITC-d-Lys (100 pM) for pre-label with FITC. (E) Imaging of different percentage of NDM-EC1322 bacteria (Red) and E.c.-1 (Green) in a bacteria co-culture system, E.
c.-1 bacteria were pre-labeled with FITC-d-Lys. Scale bar, 10 ym. (F) Semi-quantitatively analyze the changes of different percentage of two bacteria of fluorescence
intensity to panel E by Fiji. Inset shows the corresponding PCC analyze of green and red fluorescence in panel E by Fiji. (G) Flow cytometry analysis relative detection
rate of each group corresponding to panel E. n = 3, data show mean + SD.
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Subsequently, time-lapse confocal imaging of NDM-EC1322 bacteria
incubated with CasCLR (Fig. 3F) was performed to test the optimal
timing of CasCLR for gene sensing in live bacteria. After 30 min of in-
cubation, red fluorescence generated by CasCLR in individual NDM-
EC1322 bacteria raised with time and reaching a plateau at around
60 min (Fig. 3G). Besides, it was found that, NDM-EC1322 maintained
its moving ability after incubation with CasCLR, demonstrating the
living bacteria imaging application. Considering the tradeoff between
time and detection efficiency, we chose incubation time of 60 min to
achieve bacterial genotype imaging.

3.3. Bacterial genotyping and quantitative monitoring of NDM-EC1322
bacteria fluctuations in co-culture models

Although FISH has been used for bacterial identification for decades,
continued advances in microbial genomics research have created new
challenges for finer bacterial genotyping due to its insensitivity to highly
homologous shorter (<20 bp) genetic information (A M Pirttila 2000;
Greuter et al., 2016). To further evaluate the genotyping ability of
CasCLR as assured by the macromolecular recognition ability of Cas12a,
we selected 2 Gram-positive bacterial and 3 Gram-negative bacterial to
test the specificity of CasCLR, and the result is shown as a heat map in
Fig. 4A. CasCLR detects all living bacteria using crRNA targeted a
species-specific low copy site in the 16S rRNA gene. Each CasCLR
selectively responded to genome from its target bacterial with a low
cross-response. Furthermore, confocal imaging assays were employed to
investigate the orthogonal specificity of CasCLR in genotyping of living
bacteria. As shown in Fig. 4B, the red fluorescent signal produced by
CasCLR was only found inside target bacteria rather than other different
types of bacteria. These results indicated that CasCLR can analyze the
genotypes of both Gram-positive bacteria and Gram-negative bacteria,
and has the ability to sensitively distinguish different subtypes of the
same kind bacteria.

Given that CasCLR shows great excellence in bacterial homology
identification, we first validated the utility of CasCLR in analyzing the
genotypes of target bacteria in different bacterial co-culture models. A
1:1 mixture of NDM-EC1322 and FITC-labeled Escherichia coli (ATCC
25922, E.c.-1) or Staphylococcus aureus (ATCC 29213, S.a.) was
sequentially incubated with the two probes of CasCLR for 1.5 h and
analysed by confocal imaging (Fig. 4C). When incubated with FITC-
labeled Gram-positive (S.a. ATCC 29213) or Gram-negative bacteria
(E.c.-1, ATCC 25922), only NDM-EC1322 bacteria showed red fluores-
cent signals generated by CasCLR (Fig. 4D). The spatial co-localization
of Cy3 fluorescence signal and FITC fluorescence signal further states
CasCLR can detect living bacteria containing target gene in co-culture
model.

Subsequently, we attempted to evaluate the detection sensitivity of
CasCLR. After treated co-cultured bacteria with different ratio of NDM-
EC1322: FITC-labeled E. coli ATCC 25922 (0, 25, 50, 75, 100%) using
CasCLR (Fig. 4E-G). Confocal imaging of living bacteria showed red
fluorescence signal produced by CasCLR increased with the increase of
NDM-EC1322 bacteria ratio, and did not co-localize with the decreasing
green fluorescence signal (Fig. 4E and F). The results of flow cytometry
further showed that the proportion of Cy3 signal in the co-culture model
increased with the proportion of NDM-EC1322 bacteria (Fig. S11). After
normalizing all groups, the proportion of Cy3-positive bacteria closely
matched the proportion of NDM-EC1322 bacteria (Fig. 4G). These re-
sults demonstrate that CasCLR can rapidly detect living bacteria con-
taining target genotypes in bacteria co-culture environments, laying the
foundation for bacterial community research and clinical infection
analysis.

3.4. CasCLR for detecting NDM-EC1322 bacteria in uncultured mouse
gut microbiota

Imaging of living bacterial genotype has broad applications in
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understanding the complex microbiota that exist on or within our
bodies. Yet, due to the lack of suitable tools for distinguishing specific
bacteria species in vivo, it remains a significant challenge (Daims and
Wagner, 2007; Earle et al., 2015; Shi et al., 2020). To this end, we
attempted to employ CasCLR to detect living bacteria of a specific ge-
notype in a heterogeneous bacterial community. Using NDM-EC1322
bacteria as a model with antibiotic-resistant gene, we investigated its
distribution in the complex environment of gut microbe (Fig. 5A).
Specifically, we administered FITC-labeled NDM-EC1322 bacteria to
C57 mice by gavage. After 12 h, the microbe of their ileum, cecum and
colon were extracted respectively. PCR and sanger sequencing analysis
of the NDM-1 gene confirmed colonization of the gut by NDM-EC1322
bacteria (Fig. S12). After incubating with CasCLR, bacteria containing
FITC and Cy3 fluorescence signals were detected using laser confocal
microscope and flow cytometry, respectively. An obvious red fluores-
cence signal appeared in the gut microbiota, co-localized well with the
green fluorescence of FITC, and the red fluorescence in the colon was
significantly weaker than that in the ileum and cecum (Fig. 5B, Fig. S13).
Notably, the morphology of identified NDM-EC1322 bacteria in mouse
gut was significantly different from in vitro study, possibly due to the
differences in culture environment, such as intestinal pH, oxygen partial
pressure levels, and mucopolysaccharide levels (Lin et al., 2021b).

Flow cytometry showed around 7.42% and 7.39% of FITC and Cy3
double-positive bacteria detected in the ileum and cecum, only 5.02% in
the colon (Fig. 5C), which show similar tendency as the confocal im-
aging results. In addition, some bacteria with only green or red fluo-
rescence were observed. This may because the heterogeneity of
sequential delivery (Fig. 3A), inevitable self-fluorescence of gut flora,
loss of fluorescent label, or the transmission of genetic information be-
tween bacteria (Carattoli, 2009). All these possibilities further illustrate
the challenge of living bacteria genotyping in complex physiological
environment.

3.5. CasCLR for imaging specific bacteria in superficial tissues

In vivo identification of bacteria has been a long-sought goal.
Although nanoparticles that rely on bacterial-specific uptake are able to
detect bacterial distribution in mouse models (Tang et al., 2019), they
cannot provide further detailed information such as bacterial types. One
major advantage of CasCLR is its low-copy-specific locus-responsive
fluorescence signal, which has the potential for in vivo imaging of bac-
teria containing specific loci. To demonstrate that the CasCLR have the
potential to specifically genotype bacteria in vivo, two bacteria-infected
mice models are constructed (Fig. S14). First, we examined the superior
stability of CLR in in vivo imaging (Fig. S15A). As shown in Fig. S15,
PEI/SSR produced significant autofluorescence in bacterially infected
epidermal tissue, whereas no fluorescent signal was observed at the
PEI/CLR -injected infection site, demonstrating that the
cyclization-designed CLR has significantly improved in vivo stability.

Then, mouse models with NDM-EC1322 bacterial infection sites on
the left and right forelimbs were treated with in situ injection of PEI/
Casl2a, PEI/CLR, CasCLRyT and CasCLRypwm.1(Fig. 6A). As shown in
Fig. 6B, compared with other different treatment groups, the left
infection site of CasCLRypy.1 group showed obvious fluorescent signal.
Ex vivo fluorescence imaging of the infection site also showed similar
results (Fig. 6C), indicating that only CasCLRnpw-1 specifically recognize
the NDM-1 gene to obtain a significant fluorescence signal at the
infection site. In addition, there were obvious fluorescent signals in the
abdomen of mice in each group, which mainly existed in the gastroin-
testinal tract (Fig. S16), possibly from autofluorescence from feed and
feces (Kwon and Sevick-Muraca, 2017).

To test the specificity of CasCLR for in vivo imaging of bacterial ge-
notypes, a mouse model of bilateral xenogeneic bacterial infection was
constructed (Fig. 6D-F). After CasCLRyppm-1 treatment, only the NDM-
EC1322 infection site had obvious fluorescent signal (Fig. 6D). A
distinct fluorescent signal was observed only at the infection site of



Y. Li et al.

A
FITC-labeled
NDM-EC1322 bacteria
in gavage 0:;
Dissect the Collect the
gut bacteria
— [E—
Cecum |
B
lleum Cecum

Colon

Biosensors and Bioelectronics 216 (2022) 114641

Incubation with

P CasCLR Y
° ——
IFlow
o cytometry \I\
C
lleum Cecum Colon
“ 132 | ° 035 | ° 0.42
1044 CasCLR(+) | «* o
1 FITC(+) n No
B N | S gavage
o ? o w ‘ o ;’ mice
Cy3 “ﬂ”.w" R
N 742 " 7.39
: . Gavage
b * mice
16 | e
FITC

Fig. 5. Detection of gavaged NDM-EC1322 bacteria in the mouse gut using CasCLR. (A) Schematic illustration of CasCLR for the detection of NDM-EC1322
bacteria in the mouse gut. The gavaged NDM-EC1322 bacteria were pre-labeled with FITC-d-Lys. (B) Imaging of NDM-EC1322 bacteria labeled with FITC (green)
in the gut microbiota using CasCLR (red). NDM-EC1322 bacteria were imaged in the ileum, cecum and colon, respectively. Scale bar, 10 pm. Representative images
from at least three independent experiments are shown. BF, bright field. (C) Flow cytometry analysis of each group corresponding to panel B.

NDM- E. coli High
EC1322 ATCC 25922 |
& PR J
AN 7/

4 -
i
i

NDM-
EC1322

E. coli
ATCC 25922

Y,

Y

R N
1 CasCLRyse, E AN
i

16SRNA | i

Intensity (a.u.)

Intensity (a.u.)

Cc

4000

5 3000+ n
s T
£ 2000-
7}
8
£ wo| 5 1 KD
- E = = -
- T T T T T
E F oF o
& WV &
R AN o
NV & L
& 1%
©
&
Q
Rk NDM- E. coli
EC1322 ATCC 25922
2000 \ W
frommmem———n N ramaa
i RN /| CasCLRys0p |
1000 i caSCLR”DM'1§ S 0 16SRNA |
0~
Left Right
Aok 'Hiqh
3000+ 3
=
2000 2
7]
c
&
1000 £
0- Low
Left Right Left Right

Fig. 6. Invivo imaging of bacteria with specific genotype in infected mouse model using CasCLR. (A) Schematic of in situ injection of CasCLRyt or CasCLRnpm-
; into a mouse model bearing with NDM-EC1322 bacterial infection sites on the left forelimbs to detect NDM-1 gene in vivo. (B) In vivo imaging of NDM-EC1322
bacterial infected mice after injection of CasCLRyt or CasCLRypwm.1- The experiment was independently repeated three times with similar results. (C) Evaluation
of the fluorescence intensity of dissected mouse infected tissue. n = 3, data show mean + SD. (D-F) Schematic of in situ injection of CasCLRnpm.1 (D) or CasCLR2s922
165 rRna (E) into a dual-infect mouse model (bearing an NDM-EC1322 bacterial infected site (NDM-EC1322) on the left (Red circle) and an E. coli ATCC 25922
bacterial infected site (E. coli ATCC 25922) on the right (Blue circle)) to detect specific gene loci in vivo.



Y. Li et al.

E. coli ATCC 25922 bacteria after CasCLR3s5922 165 RNa treatment
(Fig. 6E). When the corresponding CasCLR was injected in situ, a fluo-
rescent signal was observed at both sites of infection (Fig. 6F). In vitro
fluorescence imaging of infection sites and major organs further
demonstrated the ability of CasCLR to accurately image bacterial com-
munities carrying target genes in vivo (Fig. S17). These findings indi-
cated that CasCLR is capable of specifically discriminating bacterial
genotypes in vivo.

4. Conclusion

Bacterial genotyping has broad applications in understanding the
complex microbial lineages. Here, we report polyethyleneimine-
encapsulated CRISPR/Casl2a-circular reporter nanoprobes for visual-
izing genomic information in living bacterial, which demonstrates
robust genotyping capabilities for different types of living bacteria in
vivo (Table S3). PEI can encapsulate CRISPR/Casl2a and CLR respec-
tively to form spherical nanoparticles, efficiently delivered CasCLR
probes to the interior of living bacteria sequentially, in which Cas12a as
both sensing and reporting system to detection low-copy gene loci; CLR
as signal amplification system to increase the signal-to-noise ratio by
14.5-fold.

For different bacteria (Gram-positive and Gram-negative) of
different genotypes, CasCLR showed strong orthogonal identification of
bacterial homology. It can sensitively detect trace amounts of target
bacteria in co-culture environments with single bacteria resolution.
Moreover, CasCLR can be applied not only to the imaging analysis of
cultured bacteria, but to the analysis of target bacteria colonizing in the
mouse gut without culture. In addition, CasCLR exhibits excellent
capability for in vivo bacterial genotyping. The uneven distribution of
probes caused by step-by-step delivery limits imaging efficiency, which
is expected to be solved by integrating Cas12a/crRNA and CLR to form
an integrated nanoprobe. Nanotechnology-based CasCLR probes have
unique and powerful properties that enable previously difficult studies,
such as real-time in vivo imaging of bacterial community composition
and distribution with high selectivity and sensitivity.
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