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Microbial communities that form surface-attached biofilms must release and disperse their constituent cells into the environment
to colonize fresh sites for continued survival of their species. For pathogens, biofilm dispersal is crucial for microbial transmission
from environmental reservoirs to hosts, cross-host transmission, and dissemination of infections across tissues within the host.
However, research on biofilm dispersal and its consequences in colonization of fresh sites remain poorly understood. Bacterial cells
can depart from biofilms via stimuli-induced dispersal or disassembly due to direct degradation of the biofilm matrix, but the
complex heterogeneity of bacterial populations released from biofilms rendered their study difficult. Using a novel 3D-bacterial
“biofilm-dispersal-then-recolonization” (BDR) microfluidic model, we demonstrated that Pseudomonas aeruginosa biofilms undergo
distinct spatiotemporal dynamics during chemical-induced dispersal (CID) and enzymatic disassembly (EDA), with contrasting
consequences in recolonization and disease dissemination. Active CID required bacteria to employ bdIA dispersal gene and flagella
to depart from biofilms as single cells at consistent velocities but could not recolonize fresh surfaces. This prevented the
disseminated bacteria cells from infecting lung spheroids and Caenorhabditis elegans in on-chip coculture experiments. In contrast,
EDA by degradation of a major biofilm exopolysaccharide (Psl) released immotile aggregates at high initial velocities, enabling the
bacteria to recolonize fresh surfaces and cause infections in the hosts efficiently. Hence, biofilm dispersal is more complex than
previously thought, where bacterial populations adopting distinct behavior after biofilm departure may be the key to survival of

bacterial species and dissemination of diseases.

The ISME Journal (2023) 17:1290-1302; https://doi.org/10.1038/541396-023-01446-5

INTRODUCTION

Unicellular prokaryotes and lower eukaryotes spend most of their
time in the biofilm life cycle, which cycles between planktonic cell
adhesion, biofilm formation, maturation, and dispersal. The biofilm
lifecycle is highly dependent on c-di-GMP signalling found in most
bacterial species, where c-di-GMP is synthesized by diguanylate
cyclase (DGC) to form biofilms, and c-di-GMP is degraded by
phosphodiesterases (PDE) to achieve biofilm dispersion [1].

As the final stage of biofilm life cycle, biofilm dispersal is the
detachment of bacteria from the biofilm and dissemination into
the environment. The biological dispersal is essential for
continued survival of microbial species in the environment. In
microbial ecology, dispersal is important for nutrient cycling and
bacteriovorous predator-bacterial prey interactions [2]. For patho-
genic microbes, biofilm dispersal plays important roles in disease
transmission, where microbes can be disseminated from environ-
mental reservoirs to hosts, cross-host transmission, and across
tissues and organs within the host. In mammalian hosts, bacteria
dispersed from biofilms can spread into the bloodstream, leading
to fatal infections in other tissues and sepsis [3-5]. Although

biofilm formation and maturation are well studied [6, 7], the
population dynamics of biofilm dispersal, its impact on recoloni-
zation of fresh sites and even dissemination of infection remain
poorly understood, necessitating in-depth investigation of the last
step in biofilm life cycle.

Similar to other stages of biofilm life cycle, dispersal is a
complex process that involves different environmental stimuli,
bacterial pathways and effectors. There are two strategies adopted
by microbes to achieve biofilm dispersal: (1) chemically-induced
dispersal (CID) of biofilms using dispersal cues, such as nitric oxide
[8, 9], and (2) enzymatic disassembly (EDA) of the biofilm matrix to
break down biofilms and release bacterial cells passively [10, 11].
Environmental cues, such as nitric oxide, can induce the
expression of PDEs, such as DipA and NdeA [8], leading to
down-regulation of c-di-GMP signalling, expression of motility
apparatus, and degradation of biofilm matrix components,
thereby enabling the CID of biofilms [12]. During this transient
phase, bacterial cells have the unique physiology of biofilms and
planktonic cells, which have high virulence potential but are
susceptible to iron limitation [13]. Depleting nutrients such as
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pyruvate can also induce biofilm diffusion [14]. In contrast, biofilm
disintegration caused by enzymatic degradation of the biofilm
substrate can expel bacteria from the biofilm. Enzymes include
glycosidases, proteases, and DNases [15-17], which degrade their
respective biofilm matrix components. Both CID and EDA are also
promising anti-biofilm approaches for eliminating biofilm diseases
in humans or biofouling in the environment, since bacteria
released from biofilms are susceptible to antimicrobial removal
and immune attacks [18]. However, little is known about the
population dynamics of bacteria released during biofilm dispersal
or disassembly, which hinders the practical application of
antibiofilm approaches in environmental and clinical settings.

Here we show that Pseudomonas aeruginosa populations
generated from biofilm dispersal and disassembly adopt different
fates in dissemination and recolonization of new areas, with
contrasting implications in host infection. P. aeruginosa is a
ubiquitous biofilm-forming bacterial species found in most
environmental ecosystems [19] and in opportunistic infections of
the organ systems (lung and gastrointestinal system) [20, 21] and
medical devices [22, 23]. Moreover, it could disseminate from the
origin of infection to other organs, leading to bacteremia and
sepsis [24, 25]. Our findings were achieved by developing a dual-
chamber “biofilm-dispersal-then-recolonization” (BDR) microfluidic
lab-on-a-chip platform that rapidly cultures and disperses 3D-
biofilms in the primary chamber for subsequent colonization of
biofilm-released bacterial populations in a secondary chamber.
Moreover, human lung 3D-spheroid culture or Caenorhabditis
elegans models were incorporated in the secondary chamber to
evaluate disease dissemination.
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In CID, the bacteria activate the biofilm dispersal gene bdIA and
leave the biofilm as single cells in a flagella-dependent manner
but are surprisingly unable to colonize fresh surfaces. This has a
significant implication, as these dispersed cells could not
effectlvely establish an infection on the lung spheroids and
Caenorhabditis elegans in on-chip coculture experiments. In
contrast, EDA caused by enzymatic degradation of Psl, the major
exopolysaccharide in P. aeruginosa biofilm infections [26, 27],
could cause the release of small immotile bacterial aggregates at
high initial speeds. The passive-released bacterial aggregates then
colonize new surfaces and establish effective infections on
the hosts.

Our work demonstrated that biofilm dispersal is more complex
than previously thought, where adopting distinct behavior and
population dynamics after biofilm departure may increase the
chances of bacterial survival. Our work also provides insights into
bacterial dissemination and colonization of fresh sites in microbial
ecology and diseases.

RESULTS

Establishment of the 3D-bacterial “biofilm dispersion-and-
recolonization” (BDR) microfluidic model

Existing bacterial models, such as the flow chamber and Calgary
biofilm assay, do not fully recapitulate the 3D structure of biofilms
found in vivo [28], and cannot examine dispersion and
recolonization in a single device. To overcome these limitations,
we developed the BDR platform (Fig. 1A) to evaluate both biofilm
dispersal and recolonization. The BDR platform comprised of a
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Tracking of physiological biofilm dispersal using a bacterial “biofilm-dispersal-and-recolonization” (BDR) microfluidic chip.

A Biochip design, containing gradient generator, primary channel and downstream secondary channel. Each channel includes 300 microwells,
where bacteria could colonize and grow biofilms in the microwells. B Experimental design of biofilm formation in the primary chamber,
followed by biofilm dispersal and subsequent recolonization in the secondary chamber. C gfp-tagged WT biofilm formation over 24 h.
Representative images are shown, where the scale bar is 50 um. D Physiological biofilm dispersal over 2 h. E Time-resolved cell trajectories of
physiologically biofilm dispersed cells. Legend: color scheme from purple to red indicated chronological order from 0 to 2 h. F Average
velocity of physiologically biofilm dispersed cells. G Colonization of physiological biofilm dispersed cells in recolonization chamber over 2 h.
H Time-resolved cell trajectories of physiologically biofilm dispersed cells upon recolonization. Legend: color scheme from purple to red
indicated chronological order from 0 to 2 h. | Average velocity of physiological biofilm dispersed cells upon recolonization. The means and s.d.

from triplicate experiments were shown.
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primary chamber for initial biofilm formation dispersion and a
secondary chamber for capturing biofilm-released cells for
recolonization under continuous flow (Fig. 1B). Each channel
contains up to 300 tapered microwells, compared to flat surfaces
commonly used in conventional biofilm cultures [29], which
enabled P. aeruginosa to rapidly colonize and form biofilms within
12 h under continuous flow as 3D cultures (Fig. 1C, Supplementary
Fig. S1).

It is important to note that the tapered microwells with
dimensions 150 x 250 X 150 um (length x width x depth), are dif-
ferent from the larger microwells from microplates. These tapered
microwells in microfluidics devices are typically used for establish-
ment of 3D cultures, which recapitulates the physiology and
behavior of cells in humans [30-32]. A large number of microwells
in each channel also provided simultaneous observation of
multiple technical replicate wells, enabling us to confirm the
reproducibility of our observations (Fig. 1A). We showed that
the bacterial communities cultivated in each microwell are true
biofilms, as they possessed increased expression of biofilm
markers (pcga-gfp biosensor and c-di-GMP) [13, 33] in bacterial
cells (Supplementary Fig. S2). Hence, both biofilm markers
indicated that the microwells can be used to cultivate 3D biofilms
in BDR device which have similar physiology as a typical biofilm
cultivated in vitro or in vivo.

After biofilm cultivation in the primary chamber for 12 h, we
evaluated the dispersion process and the performance of the
secondary chamber in capturing biofilm-released cells by turning
on the valve that enables media flow from the primary chamber
into the secondary chamber. Under normal conditions under
media flow without antibiofilm treatment, the biofilms remained
intact after 2 h, while basal levels of biofilm dispersal occurred
continuously (Fig. 1D, Supplementary Video 1). Freshly dispersed
cells would enter the media space of the microwell for microscopic
observation and eventually exit the microwell (Fig. 1E). The tapered
microwells provided sufficient confined boundaries to retain newly
dispersed cells for observation, allowing long-term monitoring of
cell velocity immediately after dispersion (Fig. 1F). We demon-
strated bacterial velocities immediately after dispersion (Fig. 1F),
where the average velocity of bacteria released from biofilm in
general remained consistent over time with a value of ~30 ums ™"
Although this corroborated with the flagellar-dependent velocities
of planktonic bacteria [34], our goal was not to track individual
bacteria due to limitations of the confocal microscopy in capturing
3D images, but to demonstate the general trend of how bacteria
departed from the biofilm over time.

To recolonize bacterial cells released from biofilms in the primary
chamber, we then flowed the bacterial suspension from the primary
chamber into the secondary chamber, where microwells in the
secondary recolonization chamber could capture biofilm-dispersed
cells for recolonization (Fig. 1G, Supplementary Video 2). Time-
resolved cell trajectories revealed the consistent recolonization of
dispersed cells (Fig. 1H), which maintained consistent velocities
when they were freshly dispersed from the biofilm (Fig. 11).

CID induces rapid release of bacterial cells

Bacterial cells released from biofilms under physiological condi-
tions can comprise mixed populations of actively dispersed cells
departing on their own and passively dispersed cells released
from biofilms. Passive dispersal can occur due to biofilm matrix
degradation or shear stress [10]. Hence, we next aim to generate
homogenous populations of biofilm-dispersed cells and biofilm-
disassembled cells for subsequent study.

To study the dynamics of these two modes and their implications
in disease dissemination, we employed two antibiofilm strategies,
namely the [1] induced biofilm dispersal and [2] biofilm disassembly.
To evaluate strategies for inducing dispersal in biofilms, we
generated dispersed cells from biofilms by reducing c-di-GMP based
on chemical stimuli with nitric oxide (NO) in the form of sodium
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nitroprusside (SNP) or by inducing the expression of plasmid-
encoded YhjH PDE to degrade c-di-GMP [35] (Supplementary
Fig. S3A). This would eliminate the possibility of pleiotropic effects
caused purely by SNP treatment or YhjH PDE expression. For biofilm
disassembly, we generated biofilm disassembled cells by enzymatic
treatment with 2 different enzymes (cellulase and pectinase) [21]
(Supplementary Fig. S3B). Pectinase could degrade Psl exopolysac-
charide in P. geruginosa biofilms (Supplementary Fig. S4). The Psl-
containing ApelA mutant biofilm would then be dispersed by
pectinase, while Psl-deficient Aps/BCD mutant biofilm remained
intact after pectinase treatment (Supplementary Fig. S5). Exogenous
addition of Psl to ApelAApsIBCD mutants, which were biofilm-
deficient, enabled biofilm formation. Biofilm formation could then be
abrogated by pectinase treatment (Supplementary Fig. S6), indicat-
ing that biofilm disassembly required enzymes that specifically
degrade biofilm matrix components.

During the induced biofilm dispersal, bacterial cells left the
biofilms within 2h (Fig. 2A, Supplementary Videos 3 and 4).
Mathematical models for inducing biofilm dispersal revealed an
exponential decay in biofilm biomass, indicating that many
bacteria dispersed in the initial stage and slowed down in the
later stage (Fig. 2C). The majority of bacteria dispersed from
the biofilm and entered the media space of the microwells within
the 1st hr, but completely departed from the microwell within the
2nd hr (Fig. 2D). We observed a similar trend of CID bacterial
motility as compared to that of physiologically dispersed cells
during the initial phase, but CID bacterial motility decreased
significantly over time, which was attributed to the majority of
bacteria leaving the microwells by the end of 2 h (Fig. 2E).

EDA leads to the explosive release of bacterial aggregates
We found that EDA resulted in a continuous reduction of biofilm
from top to bottom of the microwells (Fig. 3A, B, Supplementary
Videos 5 and 6), indicating the action by enzymes from the exterior
to the interior of biofilms. Mathematical models for inducing
biofilm disassembly revealed a polynomial decay in biofilm
biomass, indicating that bacteria remained in the microwell longer
and left the microwell slower than induced biofilm dispersal
(Fig. 3C). Bacteria were retained in the microwells after biofilm EDA
(Fig. 3D). The rate of biofilm disassembly accelerated, which was
then followed by a rapid decrease in rate (Fig. 3E), resembling an
initial explosive release of cells from the biofilms.

Bacteria undergo distinct spatiotemporal dynamics between
CID and EDA
Our next aim was to determine the mechanism underlying the
difference between induced biofilm dispersal and biofilm
disassembly, where CID appeared to be actively undertaken by
bacteria. In contrast, EDA is a passive expulsion of bacteria from
the matrix. There are several reasons to support this hypothesis.
We observed a decrease in intracellular c-di-GMP levels in bacteria
during the induction of biofilm diffusion, while, biofilm-
disassembling bacteria retained c-di-GMP levels similar to biofilm
cells. This was supported by observing and measuring the GFP
fluorescence intensity of the PAO1/p.4,4-gfp biosensor (Fig. 4A, B),
and quantifying c-di-GMP levels with the ELISA assay (Fig. 4Q).

This was also reflected in the role of the c-di-GMP signalling-
controlled gene bd/A in biofilm dispersal [36, 37]. Therefore, we
found that the AbdIA mutant could not undergo induced biofilm
dispersal but could still be released by pectinase during biofilm
disassembly (Fig. 4D, E, Supplementary Fig. S7A, Supplementary
Videos 7 and 8). On the other hand, we observed the restoration
of biofilm dispersal phenotype in the AbdIA/pja-bdIA comple-
mentation strain, as it could undergo induced biofilm dispersal by
SNP (Supplementary Fig. S7B).

We also demonstrated another difference related to flagellar
motility, which we previously observed in biofilm-dispersed cells,
as they expressed flagella to actively depart from the biofilm.

The ISME Journal (2023) 17:1290 - 1302
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Fig.2 Dynamics of CID mediated by c-di-GMP signalling reduction. A Representative images of biofilm dispersal over time, where the scale
bar is 50 um. B Reduction of biofilm biomass (GFP intensity) over time. C Mathematical modeling revealed biofilm dispersal follows an
exponential decay. D Time-resolved cell trajectories of induced biofilm dispersal. Legend: color scheme from purple to red indicates
chronological order from 0 to 2 h. E Reduced speed of biofilm dispersed cells over time. The means and s.d. from triplicate experiments

were shown.

The flagella-deficient AfliM mutants lost the ability to leave the
microwells during induced biofilm dispersal, but AfliM could still
be released during biofilm disassembly (Fig. 4F, G, Supplementary
Fig. S8A, Supplementary Videos 9 and 10). The AfliM/p,-fliM
complementation strain could undergo induced biofilm dispersal
by SNP, indicating that flagella is important in active biofilm
dispersal (Supplementary Fig. S8B).

Furthermore, we observed that biofilm disassembled bacteria
present as small aggregates instead of biofilm dispersed bacteria,
which were predominantly single cells (Fig. 4H). This observation
further suggested that bacteria released biofilm disintegration
retains some aspects of their previous life as a biofilm.

Bacteria generated from CID cannot recolonize fresh surfaces
The biofilm life cycle usually involves bacterial recolonization of
new areas. Since biofilm dispersal differs from biofilm disassembly,
we asked if bacterial cells generated from both approaches would
have differing recolonization dynamics. It is important to note
that bacteria released from biofilm dispersal and disassembly
remained viable, where Pl dead stain did not label the bacterial
cells (Supplementary Fig. S9), indicating that their recolonization
was not affected by cell death. While bacteria derived from

The ISME Journal (2023) 17:1290 - 1302

physiological biofilm dispersal could rapidly colonize secondary
chambers, bacteria released due to c-di-GMP-reduced CID could
not colonize the microwells (Fig. 5A-D, Supplementary Videos 11
and 12), despite the ability of biofilm dispersed bacteria to
maintain consistent speeds in general (Fig. 5E). This could be
attributed to the fact that induced biofilm dispersed cells
maintained their physiology for at least 6 h [13], so they could
not recolonize the microwells.

Bacterial aggregates from biofilm disassembly slowly
recolonized new areas

EDA-released bacteria could colonize the secondary chamber,
albeit at a lower magnitude than physiological dispersal over time
(Fig. 6A, B, Supplementary Videos 13 and 14). Our mathematical
model showed exponential recolonization of biofilm disassembled
bacteria, but still at a lower magnitude than physiological
dispersal (Fig. 6C). Recolonization of these bacteria occurred
mainly in the 2nd hr (Fig. 6D), as they required some time to
migrate from the primary chamber to the secondary chamber.
This corresponded to faster recolonization of bacteria expelled
from the biofilm (Fig. 6E), when they were initially released from
the biofilm at high speeds.
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means and s.d. from triplicate experiments were shown.

Similar dispersal and recolonization behavior adopted by

P. aeruginosa clinical isolates

To evaluate if our findings in PAO1 could be applicable to other P.
aeruginosa strains, we tested the effects of biofilm CID and EDA on
PA14 and 2 other clinical isolates (CF173 and CF273) [38]. For PA14,
CID could induce biofilm dispersal, with minimum recolonization of
dispersed bacteria. However, as PA14 possessed the ability to
produce Pel but not Psl [39], pectinase-mediated EDA was not very
effective in breaking down the biofilm matrix, resulting in minimal
bacterial aggregates which recolonized the surface of secondary
chamber (Supplementary Fig. S10a). Till date, no Pel-degrading
enzymes was commercially available for testing. As for CF173 and
CF273, they were pro-biofilm-forming clinical isolates collected
from cystic fibrosis patients, so we employed higher concentra-
tions of antibiofilm agents to elicit CID and EDA. Nonetheless, we
observed similar trends between both clinical isolates and PAO1,
where CID-generated bacteria could not recolonize fresh areas and
EDA-generated bacterial aggregates could recolonize the second-
ary chamber (Supplementary Fig. S10b, c). This indicated that our
findings are common across different P. aeruginosa strains, albeit
different concentrations of antibiofilm agents may be required.

SPRINGER NATURE

Unique characteristics of biofilm-released bacteria determine
the fate of recolonization and dissemination of diseases
in vivo
Since CID and EDA could lead to different fates in bacterial
migration and subsequent recolonization of fresh surfaces, we
then evaluate if disseminated bacteria could cause infections in
both in vitro human lung 3D-spheroids and in vivo C. elegans
models. The lung spheroid culture model is a clinically relevant
model for personalized medicine and it can recapitulate similar
findings in animals and humans [40, 41]. C. elegans is a common
animal model used to study P. aeruginosa pathogenesis [42, 43],
and its small size and transparency were advantageous in
establishing animal models in microfluidics models [44, 45].
Under normal conditions, P. aeruginosa bacteria freshly released
from biofilms could colonize the lung spheroid cells (Fig. 7A-C).
The EDA cells could colonize on the lung spheroids at higher
numbers and cause infections similarly to control cells (Fig. 7A-C).
However, CID cells could not colonize on the eukaryotic models at
lower numbers, thereby causing minimal infections and killing
cells (Fig. 7A-C). These in vitro data were similar to the C. elegans
infection model, where we observed lesser killing of animals by

The ISME Journal (2023) 17:1290 - 1302
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Fig. 5 Recolonization dynamics of CID-released bacteria. A Representative images of recolonization of CID-released cells over time, where
the scale bar is 50 um. B No increase in biofilm biomass (GFP intensity) over time. C Time-resolved cell trajectories of recolonization by
induced biofilm dispersed cells. Legend: color scheme from purple to red indicated chronological order from 0 to 2h. D Mathematical
modeling revealed biofilm dispersed cells recolonization follows no pattern. E Consistent velocities of biofilm dispersed cells over time. The

means and s.d. from triplicate experiments were shown.

CID cells than in control (Fig. 7D). This was attributed to minimal
colonization of bacteria within the C. elegans intestine (Fig. 7E, F).
Hence, this provides insights into both antibiofilm strategies,
which could be adopted in clinical settings.

DISCUSSION

In this study, we tracked the dynamics of the spread and
recolonization of biofilms in space and time, to provide insights
into how multicellular structures return to unicellular form for
migration. This was achieved by using the BDR microfluidic-based
platform to monitor biofilm dispersal and recolonization. Advances
in microfluidics enable better control and precision of miniaturized
biofilm growth at a lower cost than conventional biofilm cultivation
approaches [33, 46, 47], so our BDR platform has several advantages
over conventional biofilm cultivation approaches (Supplementary
Table S1). Moreover, we could incorporate in vitro human cell
spheroid cultures or in vivo animal models within the device,
indicating the added flexibility of evaluating bacterial virulence. The
BDR platform can also be applied for high-throughput cultivation
and antimicrobial testing of biofilms. In combination with a gradient

SPRINGER NATURE

generator with the BDR platform, different concentrations of
antibiotics can be generated against biofilms to evaluate their
antimicrobial efficacy (Supplementary Figs. S11 and S12).

Biofilm dispersal has been touted as a strategy to combat
biofilm-mediated infections in clinical settings. Still, questions
remained regarding the differences between CID and EDA
[10, 11]. Here, we unveiled the new mechanisms underlying biofilm
CID and EDA by employing spatiotemporal imaging, mutagenesis,
biosensor quantification and mathematical modeling (Fig. 8,
Supplementary Table S2). Bacteria resulting from CID are usually
single-celled, where they require bdIA gene for dispersal and
employ flagella to leave biofilms. They cannot immediately
recolonize on fresh surfaces, which corroborated our previous
study that the dispersed cells maintained their physiology for
6 h [13]. However, EDA of biofilm releases “biofilm-like” bacteria
aggregates, bypassing the need for activating biofilm dispersal
genes and motility apparatus. They can recolonize fresh surfaces,
albeit at lower efficiencies than physiological biofilm dispersal,
possibly due to the low metabolism of biofilm cells.

We also showed that antibiofilm strategies adopting either
biofilm dispersal or disassembly have varying implications for
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time. The means and s.d. from triplicate experiments were shown.

pathogenesis and disease dissemination. As biofilm-dispersed
cells could not colonize on host surfaces, there were lower levels
of the killing of eukaryotic hosts. Although this appeared to
contradict our previous work showing that CID cells possessed
heightened virulence factors against the host macrophages upon
direct exposure in a static infection model [13], our current work
showed that CID-released bacteria could not colonize on the host
and inflict virulence on the host, while EDA-relased bacteria could
colonize and kill the hosts more efficiently in continuous flow. It
could be possible that the larger EDA-released aggregates could
settle downward onto the lung spheroids more efficiently than
CID-released bacteria (Supplementary Fig. S13), and the presence
of flow could cause the unattached CID-released bacteria to be
washed off from the lung spheroids, resulting in higher contact-
based killing of lung spheroids by the EDA-released aggregates.
Our work supported the findings from prior studies using mouse
models of biofilm infection, where the animals could tolerate CID
[48], whereas lethal septicaemia could occur in the animals with
EDA [3]. This indicated that biofilm dispersal might be a better
antibiofilm strategy than biofilm disassembly, where there was
lower disease dissemination and damage to other organs by
biofilm-dispersed cells than biofilm biofilm-disassembled cells.

The ISME Journal (2023) 17:1290 - 1302

Our work has several limitations. Firstly, the biofilms were
exposed to continuous flow of liquid, enabling the introduction of
fresh nutrients and oxygen, and removal of waste and bacterial
cells. While continuous flow is relevant to natural aquatic
environments with shear stress [49], or human infections such
as catheter-related infections and urinary tract infections [50, 51],
we did not evaluate our results in static conditions with limited
nutrient supply and retainment of waste. Bacteria released by CID
or EDA may behave differently in static conditions, especially in
recolonization of fresh areas and infections. Next, we observed the
effects of CID and EDA on biofilms for short periods of time, which
may not be sufficient to evaluate long-term effects on biofilms.
Lastly, we did not test other types of antibiofilm agents which may
impose different effects on biofilms, such as nanoparticles,
bacteriophages, photosensitizer and N-acetyl-cysteine [52-55].
This indicated that it is crucial to evaluate each antibiofilm agent
carefully in different applications.

In summary, our work demonstrated that multicellular commu-
nities that undergo induced dispersal or disassembly, experience
different fates in migration and colonization of new areas. The
principles defining these collective cell movement patterns may
be relevant to the multicellular organization and development of
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other prokaryotic and eukaryotic systems, and the establishment
of suitable antibiofilm strategies adapted for different situations.

METHODS

Bacterial strains and growth conditions

The bacterial strains used in this study are listed in Supplementary Table S3.
E. coli DH5a strain was used for standard DNA manipulations. LB medium
(Difco, Becton Dickinson and Company, USA) was used to cultivate E. coli, and
P. aeruginosa strains for bacterial growth. For experiments, P. aeruginosa
strains were grown in ABTGC (ABT minimal medium supplemented with
2gL"" glucose and 2gL™' casamino acids at 37°C [35]. For plasmid
maintenance in E. coli, the medium was supplemented with 100 ug ml~’
ampicillin and 15 ug ml~" gentamicin. For marker selection in P. aeruginosa,
30 ug ml~" gentamicin and 100 ug ml~" streptomycin were used.

SPRINGER NATURE

Fabrication of device

The CAD software designed the microfluidic device as four components
using standard fabrication methods [33]. The master mold was fabricated
by diffuser back-side lithography procedures [46]. The base layer is
composed of an array of 300 microwells with dimensions
150 x 250 X 150 pm (length x width x depth) [30]. The second 8-channel
layer comprises the primary and serpentine secondary chamber, each with
a 6 mm depth separated by a valve. The third layer comprised a tree-
shaped gradient generator composed of two inlet channels and eight
output channels [30]. The material for the fabrication of the microfluidic
device was PDMS (Polydimethylsiloxane), prepared using a Sylgard
184 silicone elastomer kit (Dow Corning, USA) by thoroughly mixing the
base resin and curing agent in a ratio of 10:1 by weight [56]. The cured
PDMS molds were plasma treated and exposed to trichloro(1H,1H,2H,2H-
perfluorooctyl) silane (Sigma-Aldrich, #448931, Germany) overnight in a
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vacuum desiccator [30, 57]. The different layers were bonded together
using plasma technology and placed in a 70 °C oven for 2 h.

Calibration of the gradient generator

The device was primed with ethanol and checked to ensure no trapped air
bubbles. The ddH,0 and 10 uM SYTO-9 fluorescent dye (Invitrogen, USA)
were pumped into the gradient generator at 30 ulmin~' through both
inlets separately with a syringe pump (New Era Pump Systems, Farming-
dale, USA). Liquid samples were collected from each outlet for fluorescence
density measurement with a microplate reader (Tecan, Infinite M1000 Pro,
Switzerland). To visualize the gradient distribution generated in the device,
blue and red food dyes were introduced separately into both inlets with
the syringe pump. The simulated flow profile was generated using the
multiphysics modeling software (COMSOL).

Cultivation of biofilms in device

P. aeruginosa biofilms were cultivated in an ABTGC medium at 37 °C. The
device was supplied with a medium flow using the syringe pump, while
the waste medium was removed into a waste beaker. Each channel was
inoculated with 100 ul of a 100X diluted overnight culture using a
syringe and needle, followed by incubation without flow for 20 min to
allow bacteria to colonize the microwells. The medium flow was started
for continuous flow and maintained at a velocity of 0.2 mm/s by the
syringe pump (New Era Pump Systems, Farmingdale, USA) for 12h
at 37°C.

Biofilm CID and EDA

The device comprises primary and secondary chambers. The primary
chamber was used for biofilm cultivation and subsequent dispersal, and
the secondary chamber filled with only media was left isolated via a closed
valve. For biofilm dispersal and disassembly, the valve was opened to
connect both chambers, enabling the movement of bacteria from the
primary to the secondary chamber.

During CID, the 150 uM sodium nitroprusside dihydrate (SNP, Sigma-
Aldrich, Germany) was used for P. aeruginosa wild-type PAO1 strain, while
5% (w/v) L-arabinose (Sigma-Aldrich, Germany) was used for PAO1/pgap-
yhjH strain. For biofilm EDA, the 100 units/ml cellulase (from Trichoderma
reesei, Sigma-Aldrich, Germany) and 12.5 units/ml pectinase (from
Aspergillus aculeatus, Sigma-Aldrich, Germany) were employed as biofilm
disrupting agents. The syringe pump flowed the chemicals into the device
at a constant speed for 2 h at 37 °C. Biofilm-released bacterial cells were
collected from the waste outlet for further analysis.

Microscopy and video acquisition of biofilms

All microscopic images of biofilms and dispersed cells were captured by a
Leica TCS SP8 MP Multiphoton/Confocal Microscope system using a 10x
objective and secondary lens zoom of 40x to monitor brightfield and GFP
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fluorescence in Z-stacks. For closer observation of biofilm-released PAO1/
Peara-gfp cells, these cells were collected from the device and directly
observed using the Leica TCS SP8 MP Multiphoton/Confocal Microscope
system with a 63x objective. Imagel, LAS X, and Imaris software (Bitplane
AG, Zurich, Switzerland) were used to process the images. The formula
used to quantify GFP fluorescence levels was corrected total cell
fluorescence (CTCF) = integrated density — (area of selected cells x mean
fluorescence of background readings).

Bacterial biofilm video capturing

Time-lapse photography was performed using the biofilm tracking
function in Imaris software and ImageJ according to the manufacturer’s
instructions. Cell movement trajectories and associated data such as
average fluorescent intensities and average velocities were exported for
analysis.

Mathematical modeling

Mathematical modeling of the bacterial fluorescence signals comprises
video processing using a Python program and data processing using
MATLAB. The modeling program can be divided into two parts: 1. video
processing and 2. data processing. During video processing, the program
grayscales the photo, and then counts all the pixels with brightness. Most
of the background noise is at 0-30, while Fig. 2A showed that most of the
fluorescence signal was within range of 60-90.

For data processing, the program will count the number of white pixels
in each image and save the value into a txt file. The program would
normalize the starting value to the same intensity during data processing
and use cftool in MATLAB to fit data. The regression formulas used by
MATLAB are polynomial and exponential regression, as follows.

First-order polynomial regression:

y=ax+b m

Second-order polynomial regression:

y=ax®>+bx+c )

Fourth-order polynomial regression:

y=ax*+bx® + o +dx+e (3)

Exponential regression:
y=a-e” @
a, b, ¢, d and e are the parameter that needs to be fitted. x is the number
of each frame in video, y is the intensity after normalization.

The R? is a value to measure how well a model can predict the data.
The higher the value of R?, the better the model is at predicting the data.
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The value of R? can be calculate as the equation below:

n 52
R 1 ,M .
Zi:1 vi—Y)

y the calculated values of regression equation, y is the mean value of y.

Quantification of bacterial numbers by colony-forming units
(CFU)

Biofilm-released bacteria were collected directly from the waste outlet of
the secondary chamber. 1ml of 0.9% NaCl (w/v) saline was flushed
repeatedly into each chamber to dislodge biofilms and retrieve biofilm
bacteria from primary and secondary chambers. Biofilm cells were then
homogenized by sound sonication (Elmasonic P120H, power=50%,
frequency =37 KHz) in an ice-cold water bath for 15min, followed by
vigorous vortexing for 5 min. As previously described [28], cell suspensions
were serially diluted in saline and transferred to LB agar plates (5 replicates)
for incubation for 16 h at 37°C. Colonies were enumerated, where the
CFU ml~ " is tabulated by (colony number X dilution factor)/volume.

Quantification of c-di-GMP levels in bacterial biofilms by ELISA
As described previously [29], bacterial samples were collected and then
sonicated at 40% amplitude for 5min through a sonicate machine (SFX
550, SSE-1, Branson, Emerson, USA) with 45s on/60s off output to lyse
bacteria. The c-di-GMP concentration was tested by a c-di-GMP ELISA kit
(LMAI, Shanghai, China) according to the manufacturer's protocol and
measured at OD490 by a microplate reader (Tecan, Infinite M1000 Pro,
Switzerland).

Isolation and quantification of exopolysaccharide
concentration

As previously described [58], Psl was extracted by growing ApelA/p;,-YedQ
static biofilms on standard Petri dishes containing 15 ml LB supplemented
with appropriate antibiotics at 37 °C for 16 h. The biofilms were centrifuged
for separation from the supernatant at 10,000 x g for 5 min. The cell pellet
was resuspended in 5 ml of 0.9% NaCl and subjected to mild water-bath
sonication (Elmasonic P120H, power = 50%, frequency = 37 kHz, 5 min) to
separate the cells from the surface-associated matrix. Centrifugation
separated the cells from the matrix, leaving the crude matrix extract
behind in the supernatant. The crude extract was then further treated by
removing eDNA by precipitation with 25% ethanol and 0.1 M CaCl,,
followed by degradation of extracellular proteins by 0.5mgml™
Proteinase K at 60°C for 1h and inactivation at 80°C for 30 min. The
crude extract was then filtered with a centrifugal filter (<3 kDa) to remove
the metabolites. The extract was then lyophilized and resuspended in
sterile ddH,0. The polysaccharide concentration was determined by the
phenol-sulfuric acid colorimetric method [59].

Biofilm disruption assay in 24 wells plate

Bacteria were cultivated in 1 ml ABTGC medium in each well of a 24-well cell
culture plate (SPL Life Science Co., Ltd) at 37 °C for 12 h for biofilm formation.
The biofilms were washed trice with 0.9% NaCl to remove planktonic
bacteria, followed by pectinase treatment at various concentrations in an
ABTGC medium. After further incubation at 37 °C for 12 h, the biofilms were
washed three times with 0.9% NadCl, scraped from the well surface with a cell
scraper, and resuspended in 1 ml 0.9% NaCl for CFU assay.

Exogenous addition and coating of exopolysaccharides on
microwells

The Pel and Psl exopolysaccharides were extracted as described previously
[42]. The extracted 10 ug ml~" Pel or Ps| were evenly coated on the surface
of the microwells at 4°C for 16 h and dried. The ApelAApsIBCD/pjqc-gfp
biofilm was then cultivated on the microwells coated with Pel or Ps| for
further analysis.

Cultivation of human lung fibroblasts and 3D spheroids

Human lung fibroblasts (ATCC PCS-201-013, HLF) were cultivated in
Dulbecco’s Modified Eagle Medium (DMEM, Gibco, USA) supplemented
with 10% fetal bovine serum (FBS, Gibco, USA) at a density of 1.0 x 10° cells
ml~" in a T25 flask (SPL, Korea) at 37 °C, 5% CO,, 99% humidity for 72 h. For
the generation of 3D spheroids as previously described [60], the cell
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droplets (20 pl) were placed on the lid of a hydrated 60 x 15 mm cell
culture dish and incubated at 37 °C, 5% CO,, 99% humidity for 24 h. The
spheroids were transferred into the secondary chamber of the BDR
platform using a sterile syringe and needle, followed by incubation at
37°C, 5% CO,, and 99% humidity for 20 min to enable attachment to the
bottom of microwells.

Infection of human lung spheroids by biofilm-released
bacteria

After the biofilm growth and bacteria dispersion in the primary chamber,
the gfp-tagged bacterial cells were introduced into the secondary chamber
containing the lung spheroids at a flow rate of 4 ml hr™". The infection was
established at 37°C, 5% CO,, 99% humidity for O0h, 2h and 5h. Lung
spheroids were stained with 3 um CellTracker Deep Red Fluorescent Stain
(Invitrogen, USA) and Propidium lodide (PI, Invitrogen, USA) to observe the
infection directly using the confocal microscope (Leica TCS SP8 MP) with a
40x objective. ImagelJ, LAS X, and Imaris software (Bitplane AG, Zurich,
Switzerland) were used to process the images. The fluorescence intensities
of Deep Red and Pl were measured using Imagel. The PI fluorescence/
CellTracker deep-red fluorescence ratio x 100% was quantified to tabulate
the percentage of dead cells in the lung spheroids.

Cultivation of C. elegans

As previously described [42], the E. coli OP50 strain was prepared as
nematode feed by growing the bacterial lawn on Nematode growth
medium (NGM) agar plates at 37 °C for 16 h. The C. elegans N2 strain was
cultivated on an OP50 lawn at room temperature for 72 h to expand the
population.

Cultivation and infection of C. elegans in the BDR platform
Prior to the experiment, the L3 stage animals were introduced into the
secondary chamber of the BDR platform with syringe injection, where at
least one worm was introduced into each microwell of the channels. After
biofilm growth and bacteria dispersion in the primary chamber, the gfp-
tagged bacterial cells were flown into the secondary chamber containing
the lung spheroids at a flow rate of 4 ml hr™". The infection was established
at 37°C, 5% CO,, 99% humidity for 0 h, 3h, 6 h and 12 h. The number of
live (moving) and dead (non-motile) nematodes from the microwells were
observed and tabulated under a stereomicroscope (Zeiss). For imaging,
the C. elegans-biofilm model was observed using the confocal microscope
(Leica TCS SP8 MP) with a 40x objective.

The live nematodes were collected from the secondary chamber and
washed 3 times with 0.9% NaCl to quantify the PAO1 numbers in the
animals. The animals were then ground by the microtube pellet pestle
(Sigma-Aldrich, Germany) for release of bacteria and resuspension in 1 ml
0.9% NaCl. The bacterial suspension was serially diluted in 0.9% NaCl and
plated on Pseudomonas isolation agar (PIA) for CFU assay.

Statistical analysis

The results were expressed as means + standard deviation. Data groups
were analyzed using the one-way ANOVA and Student'’s t test to evaluate
associations between independent variables, and the p values were
calculated. Three independent trials were conducted in triplicates for each
experiment, where the results were shown as the mean + standard
deviation.

DATA AVAILABILITY
The datasets generated during and/or analyzed during the current study are available
from the corresponding author on reasonable request.
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