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Detection of the biofilm of bacteria would be a counter strategy to
detect hidden bacteria in their camouflage. Through unbiased
screening of bacteria biofilm, we discovered a long wavelength
probe CDr15 with extracellular DNA as the molecular target. CDr15
revealed a real-time geometric distribution of eDNA in a 3D
bacterial colony.

Biofilm is the protecting and camouflaging structure of bac-
terial colonies. Biofilm is composed of extracellular polymeric
substances (EPS) including extracellular proteins, polysacchar-
ides and extracellular DNA (eDNA), to form the 3D structure of
a bacterial colony." The composition of EPS or biofilms con-
stantly changes through the regulation of the environment on
EPS related genes.”® Therefore, understanding the spatial and
temporal characteristics of biofilms requires direct observation
of biofilms using fluorescent probes.” Detection of eDNA, the
primary component for cell-to-cell interconnection, by fluo-
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Visualizing biofilm by targeting eDNA with long
wavelength probe CDr15+
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rescent probes helps to clinically diagnose biofilm infection in
the early stages.® While chronically infected bacteria are often
associated with the formation of biofilm, there are very few
probes available for direct biofilm detection so far.
Commercial NIR dye TO-PRO®-3 was developed to stain the
DNA of dead cells,” but it cannot be utilized to distinguish
eDNA from the DNA of mammalian cell hosts. In our previous
study, we established an unbiased screening method for
biofilm and developed a yellow fluorescent probe CDy14,"
which targets the exopolysaccharide, psl, of the biofilm. In this
work, we intended to expand the scope of the biofilm probe to
longer wavelengths and also to orthogonal targets of biofilm.
In this study, we adopted P. aeruginosa AwspF with a highly
elevated cyclic-di-GMP content (mimicking the biofilm mode
of growth) and a pYljH strain with a low intracellular cyclic-di-
GMP content'"'* (representative of the planktonic mode of
growth) for unbiased biofilm screening. Around 2000 com-
pounds with long wavelengths (em >700 nm) from the
Diversity Oriented Fluorescence Library (DOFL)"™ were
screened using a high throughput imaging microscope.'® The
candidate compounds with higher fluorescence contrast in the
AwspF biofilm over pYhjH were collected as the primary hits
and subjected to further selectivity testing of their target. The
screening panel of P. aeruginosa is PAO1 (wild type), AwspF,
pYWH, Afap (amyloid), Apsl, Apel (exopolysaccharide), and
lasIrhll mutant (Fig. 1A and ESI, Fig. S1t). One unique com-
pound (CDr15, Compound of Designation red 15, Fig. 1B)
showed a selective non-staining only in lasirhll mutant unlike
PAO1; the lasIrhll mutant strain does not secret DNA into the
extracellular matrix when it forms biofilms (Fig. 1C)."* In con-
trast, CDy14 showed negative staining for the psl mutant (ESI,
Fig. S2t). The new probe, CDr15 was from the BODIPY
library®® and showed deep red (733 nm) emission (ESI, Fig. S8,
and Table S271). Due to photoinduced electron transfer (PET),
the quantum yield of CDr15 is rather low as 0.009 in DMSO."®
CDr15 was examined with the two polysaccharide deficient
mutants PAO1Apel-GFP and PAO1Apsl-GFP, but the CDri15
signals did not show any significant difference in the staining
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Fig. 1 Development of biofilm selective probes CDrl15. (A) Screening scheme for development of the biofilm probe. PAO1, AwspF, pYhjH, Apsl, Apel,
Afap and lasIrhll mutant strain were used for screening of eDNA selective probes. The selected compounds were applied to biofilm on a slide as
screening and analysed by fluorescent microscopy. (B) Structure of CDr15. (C) The staining CDr15 on the biofilm of the different strains, respectively.

Images were taken by fluorescent microscopy. Scale bars, 10 pm.

pattern of the two mutants (ESI, Fig. S3A, and BY). However,
CDr15 did not stain the biofilm of the lasIrhll mutant strain,
while CDy14 stains the biofilm of the lasirhll mutant strain
(ESI, Fig. S3Ct). This result indicates that CDr15 may target
the eDNA of the biofilm.

To verify whether eDNA is indeed the binding target of
CDr15, we investigated the binding response of CDr15 to
nucleic acids and DNA from different sources (bacteria and
HEK293) (ESI, Fig. S4Af). We observed a significant dose-
dependent increase of CDr15 to DNA (ESI, Fig. S4Bf), but a
decrease to RNA may be due to aggregation-caused quenching
(ACQ) effects (ESI, Fig. S4C71)."” Both the quantum yield and
fluorescence lifetime of CDr15 increased upon DNA binding
(ESI, Fig. $4D, and Ef). We further tested the staining intensity
of CDr15 in PAO1 biofilms after DNase treatment. When DNA
in the biofilm matrix was degraded by DNase, the fluorescent
intensity of CDr15 was significantly decreased compared to the
non-treated biofilms (ESI, Fig. S4Ff). Also, the characteristic
twitching structure of eDNA'® was confirmed by CDr15 stain-
ing (ESI, Fig. S4Gt). The super resolution-SIM and confocal
images showed CDr15 signals in the broad region of the extra-
cellular matrix of biofilm, and the signals did not overlap with
individual bacteria (GFP expressing live bacteria and mem-
brane staining bacteria ESI, Fig. S4HY). Interestingly, CDr15
did not stain the animal cell nucleus in live, fixed, and fixed
and permeablized status (ESI, Fig. $41, ], and K¥). The majority
of DNA dyes are cations because of highly negatively charged
DNA chains.'® Therefore, we think that when binding to
eDNA, CDr15 is protonated and shows fluorescence enhance-
ment. Compared to eDNA, the crowded environment sur-
rounding the mammalian nucleus makes CDr15 difficult to
enter and bind DNA, resulting in dim fluorescence,
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suggesting the possibility of selective staining of eDNA over
infected host cells.

To figure out the CDr15-eDNA binding format, we conducted a
competition test between CDr15 and intercalating DNA dye
(crystal violet), as well as minor groove-binding DNA dye (Hoechst
33342)."> CDr15 showed decreasing fluorescence intensity when
the concentration of crystal violet increased but no significant
intensity change when competing with Hoechst 33342, suggesting
that CDr15 binds to eDNA as an intercalator (Fig. S57).

The localization of the CDr15 staining pattern was further
examined by confocal microscopy during the biofilm formation
of the 1, 3, and 5-day culture time points. CDr15 staining was
found in the basal and core regions of the microcolonies
(Fig. 2A), which is well fitted with the previously described local-
ization of eDNA.>® The vertical section images (Fig. 2B, black
box) and the schematic figure (Fig. 2B, lower) shows the spatio-
temporal distribution of eDNA in the 3D biofilm microcolonies.

To study the relative localization of eDNA and polysacchar-
ide in the biofilm, CDr15 was co-stained with HHA
(Hippeastrum hybrid Lectin, Amaryllis) lection protein, which
binds to the Psl polysaccharide of the biofilm.>* While CDr15
stained the core of the biofilm, HHA-FITC signals occupied
the peripheral areas embracing the eDNA region (ESI,
Fig. S671). The relative pattern is well matched to the previously
reported eDNA localization,*” indicating the useful application
of CDr15 as an eDNA imaging probe.

Subsequently, we examined the feasibility of CDr15 as a
diagnostic tool for detecting biofilms in vivo. The chronic
infection of bacteria is usually troublesome to detect by con-
ventional culturing techniques, so it would be of great use for
detecting biofilm directly from the infection site. Except for
culturing, the currently available technique to detect bacteria

Biomater. Sci., 2019, 7, 3594-3598 | 3595
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Fig. 2 Localization of CDrl5 on biofilm with different development
times. (A) Different localization of CDr15 on biofilm showed at different
forming times. PAO1-GFP; wild type P. aeruginosa was cultured in a
chamber slide for 1, 3, and 5 days. CDrl15 was applied to biofilm with
different development times. The images were taken using a confocal
microscope. Scale bars, 10 pm. (B) The CDrl5 stain patterns during the
biofilm formation were shown in the schematic figure and vertical sec-
tioned images and (black box). Scale bars, 10 pm.

is in situ hybridization (FISH), a cytogenetic technique using
fluorescently labeled complementary DNA or PNA sequences
that bind to specific sequences on ribosomal RNA, to judge
the presence of bacteria by observing fluorescence.>® However,
the limitation of this technique is that the samples have to be
fixed with formaldehyde prior to staining, a methodology
which is clearly not ideal for detecting biofilms in clinically
relevant conditions. To demonstrate the potential of CDr15 to
overcome the current limitation, we chose the mouse corneal
infection as the practical H P. aeruginosa in contact lens
users.?* Therefore, the corneal infection model, which mimics
the natural disease, was generated by scratching cornea in
mice with a mini-blade under anesthesia conditions.
Subsequently, GFP expressing PAO1 (1-2 pL, 5 x 10’-10° CFU)
was inoculated to the scratched cornea for infections to occur.
As controls, PBS and an eDNA deficient P. aeruginosa (lasIrhli-
GFP) strain was inoculated into the scratched corneal regions
of different mice. After 1 day of incubation, all the images of
the infected corneal regions were examined with CDr15 treat-
ment by a fluorescent stereomicroscope (Fig. 3). When CDr15
(10 pM) was applied to non-infected corneas, no CDr15 back-
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Fig. 3 Detection of biofilm in the infection model with CDr15. (A) Eyes
were infected by bacteria (PAO1-GFP, laslrhll-GFP) through the
scratched conical region inducing infection for 1 day. CDr15 (10 pM) was
treated on eyes and incubated for 10 minutes. (B) Upper images: non-
infection eye, middle images: the infected eye by PAO1-GFP; wild type,
bottom images: the infected eyes by laslrhll-GFP; eDNA-deficient
P. aeruginosa. All images were observed by a fluorescent stereomicro-
scope. Scale bars, 2 mm.

ground signal was observed (Fig. 3B, upper row). On the other
hand, the CDr15 signal was specifically detected only in PAO1
infected cornea (Fig. 3B, middle row), but the fluorescent
signals were negative if the infected biofilm was devoid of
eDNA (lasIrhll-GFP, Fig. 3B, lower row). These results suggested
that CDr15 can visualize the biofilm forming regions from the
in vivo model by selectively targeting the eDNA components.
The animal model data along with the long wavelength of the
probe, cast the possibility of CDr15 as a diagnostic tool in
corneal infection by visualizing biofilm eDNA.

Combination of fluorescent probes with different targets
can be of benefit in order to understand biofilm architecture.
CDy14 and CDr15 were applied to the 3-day-old biofilm of wild
type GFP-expressing P. aeruginosa and incubated for 30 min to
confirm the different structure imaging in the same biofilm
microcolonies (Fig. 4). The CDy14 and CDrl15 stain localiz-
ations obviously differed as judged from the 3D reconstruction
images (Fig. 4A, and ESI, Fig. S7t). CDr15 preferentially
showed core and base staining patterns, while CDy14 distinctly

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Double staining of CDyl14 and CDr15 on biofilm. PAO1-GFP; wild
type P. aeruginosa was cultured in the chamber slide for 3 days. Biofilm
of PAO1 was stained with CDy14 (blue) and CDr15 (red) for 30 min. (A)
3D images were taken by the confocal microscopy with size 119 pm X
119 pm X 9 um (x, y and z); calibration xy: 0.23 pm, z: 0.5 um. (B) The
schematic figure showed the different localization of CDy14 and CDr15
in the microcolony of biofilm.

stained the surface and peripheral areas of the microcolonies.
These localization data corroborate that CDyl14 and CDr15
target Psl or eDNA,*° and this is the first experimental demon-
stration of the co-localization of Psl and eDNA in real-time
monitoring as depicted in the schematic Fig. 4B.

Conclusions

In this report, we developed a new fluorescent bioimaging
probe CDr15, which targets the extracellular matrix DNA
(eDNA) and plays an important role in the construction, main-
tenance and perpetuation of bacterial biofilms***® in
P. aeruginosa. Without being influenced by mammalian cells,
the relative localization of eDNA and other components in
biofilm could be visualized by CDr15. In a corneal infection
model, we also successfully demonstrated the feasibility of
CDr15 as a diagnostic tool by visualizing P. aeruginosa bio-
films. Therefore, it is possible to detect bacteria in the early
stages by selective eDNA staining of infected host cells in the
mode of biofilm. In addition, our developed Psl targeted
probe, CDy14, and eDNA targeted probe, CDr15, could be used
as biofilm imaging probes for in vitro and in vivo experiments.
Hence, by combining different targeted probes such as
CDy11,”” CDy14 '° and CDr15, biofilm types can be identified
based on the different matrix components. This is of certain
guiding significance for the accurate diagnosis and treatment
of patients with biofilm infection.
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