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Abstract

Microbial biofilms are composed of surface-adhered microorganisms enclosed in extracellular polymeric substances. The
biofilm lifestyle is the intrinsic drug resistance imparted to bacterial cells protected by the matrix. So far, conventional drug
susceptibility tests for biofilm are reagent and time-consuming, and most of them are in static conditions. Rapid and easy-
to-use methods for biofilm formation and antibiotic activity testing need to be developed to accelerate the discovery of new
antibiofilm strategies. Herein, a Lab-On-Chip (LOC) device is presented that provides optimal microenvironmental conditions
closely mimicking real-life clinical biofilm status. This new device allows homogeneous attachment and immobilization
of Pseudomonas aeruginosa PAO1-EGFP cells, and the biofilms grown can be monitored by fluorescence microscopy. P.
aeruginosa is an opportunistic pathogen known as a model for drug screening biofilm studies. The influence of flow rates on
biofilms growth was analyzed by flow simulations using COMSOL® 5.2. Significant cell adhesion to the substrate and biofilm
formation inside the microchannels were observed at higher flow rates > 100 uL/h. After biofilm formation, the effectiveness
of silver nanoparticles (SNP), chitosan nanoparticles (CNP), and a complex of chitosan-coated silver nanoparticles (CSNP)
to eradicate the biofilm under a continuous flow was explored. The most significant loss of biofilm was seen with CSNP
with a 65.5% decrease in average live/dead cell signal in biofilm compared to the negative controls. Our results demonstrate
that this system is a user-friendly tool for antibiofilm drug screening that could be simply applied in clinical laboratories.
Key Points

e A continuous-flow microreactor that mimics real-life clinical biofilm infections was developed.

e The antibiofilm activity of three nano drugs was evaluated in dynamic conditions.

o The highest biofilm reduction was observed with chitosan-silver nanoparticles.
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work.

Biofilms are composed by microorganisms’ communities
enclosed in a self-synthesized extracellular polymeric
matrix or substances (EPS), composed of proteins, lipids,
polysaccharide nucleic acids, which attach to abiotic or
abiotic surface in the solid-liquid interface. This EPS also
impedes antimicrobial’s access to the bottom layer cells,
resulting in increased multidrug resistance. Apart from
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EPS components, cell-to-cell communication, i.e., quorum
sensing, performs an important role in the faster progres-
sion and pathogenesis of the biofilm community (Singh
et al. 2019). Pseudomonas aeruginosa is a Gram-nega-
tive opportunistic pathogen recognized for its proclivity
to form biofilms (Mulcahy et al. 2014). It is a notoriously
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resistant bacterium that is much feared in clinical settings
(Andersson 2003; Thi et al. 2020). Infections with P. aer-
uginosa can be fatal in immune-compromised and cystic
fibrosis patients (Maurice et al. 2018). It is one of the most
common biofilm generators in “chronic wounds” that are
wounds without healing in 3 months (Drago et al. 2019;
Sutlief et al. 2019). The National Institutes of Health,
USA, reported that biofilm formation causes more than
80% of wound complications and infections (Qayyum and
Khan 2016). As well, biofilm formation plays a signifi-
cant risk role during the osseointegration process, as well
as tissue regeneration (Souza et al. 2021). Many research
efforts are dedicated to the eradication of biofilm in health-
care (Bowler et al. 2020). Some approaches employed so
far to control biofilm formation in healthcare settings are
the development of biofilm inhibitors based on the under-
standing of the molecular mechanism of biofilm forma-
tion and to modify the biomaterials in medical devices to
prevent biofilm formation (Subhadra et al. 2018). Numer-
ous modification techniques of biomaterials, introducing
chemical functional groups to surface, have been adopted
to produce functionalized biomaterial surface with bio-
logical properties and for clinical applications (Kyziot
etal. 2017).

A vital attribute of the biofilm lifestyle is the intrinsic
drug resistance imparted to bacterial cells protected by
the matrix. Bacterial cells encapsulated within the biofilm
require nearly 1000 times the antimicrobial concentra-
tion necessary to kill their living unicellular planktonic
counterparts (Brandenburg et al. 2018). Inconsistencies
between several in vitro studies (Coenye et al. 2007; Spit-
taels and Coenye 2018) argue the need for experimental
setups that approach in vivo conditions. An actual wound
site has numerous dynamic events such as flowing wound
exudates, increased blood flow at the wound site, increased
temperature, etc. A continuous culture in the microfluidic
devices that we propose can close approximation to in vivo
conditions.

Since biofilm is difficult to eradicate, alternate treatment
strategies, including the use of different antibacterial nano-
materials, have been explored (Qayyum and Khan 2016;
Benoit et al. 2019). These nanomaterials, specifically metal-
lic silver nanoparticles (SNPs) (Ganem-Rondero et al. 2018),
have been effectively used in wound dressings (Negut et al.
2018; Choudhury et al. 2020). SNPs, chitosan nanoparticles
(CNP), and chitosan-coated SNPs (CSNP) (Soledad et al.
2019) were selected for the present study. These SNPs pos-
sess a broad spectrum of antibacterial properties and have
been previously investigated (Vu et al. 2018; Singh et al.
2019; Affes et al. 2020; Choudhury et al. 2020), but their
interaction in a fluid flow condition (akin to a pus environ-
ment) remains unclear. The application of SNPs against
biofilms will deliver understandings into the mechanism of
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biofilm response and regulation, help to fight biofilm resist-
ant infections, and contribute to improving human health.

Microfluidics devices are identified as Lab On a Chip
(LOC), and they consist of a network of microchannels
that incorporate different sections, chambers, columns, and
reservoirs (Whitesides 2006). The LOC application for the
study of microorganisms and their microenvironment is an
emerging field that has not been widely explored until now
(Illath et al. 2021). The benefits of the miniaturization of the
system offer new opportunities. In particular, accurate spa-
tiotemporal control across the microenvironments of organ-
isms in combination with high-resolution images monitoring
provide a unique view of biological events. These innova-
tive techniques open new ways to study the environment
and organisms, allowing an excellent approximation to the
environmental conditions. It is possible to study at the level
of a single cell or biofilm (micron level) (Stanley et al. 2016;
Burmeister et al. 2019).

This article proposes a microfluidic device as a tool that
mimics the real-life clinical environment to study biofilm
formation and antibiofilm activity using nanoparticles (NPs)
in continuous-flow conditions. In this work, we have devel-
oped and explored a microfluidic platform to study P. aer-
uginosa biofilm formation and evaluate nanoparticle-based
treatments. This study’s long-term goal is to assess nanopar-
ticle efficacy as an anti-biofouling agent and its use in wound
healing via smart wound bandages.

Materials and methods
Bacterial strain

Green fluorescent—labeled Pseudomonas aeruginosa PAO1-
EGFP (Wu et al. 2000) was used in all the experiments.
EGFP strain allows in situ biofilm analysis using fluores-
cence microscopy because it is a mutant form of GFP with
high fluorescence properties (Sutlief et al. 2019). The strain
was kept at — 20 °C in LB broth (% m/v: tryptone 1.0; yeast
extract 0.5; NaCl 1.0; pH 7.0) added with 20% (v/v) glyc-
erol. Before experiments, the microorganism was propagated
in LB broth at 37 °C in an orbital shaker at 200 rpm for 24 h,
and it was used as inoculum in all experiments.

Synthesis of silver, chitosan, and silver-chitosan
nanoparticles

The silver nanoparticles (SNPs) were synthesized using sil-
ver nitrate (99.99% pure, Sigma) with sodium borohydride
(NaBH, 99% pure) and tri-sodium citrate (99.99% pure) as
reducing and capping agent, respectively. For all the experi-
ments, solutions were prepared in Milli-Q grade deionized
water (Millipore). A 100-mL 3 M solution of silver nitrate
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was prepared and mixed with 10-mL 1 M sodium citrate
solution (capping agent). A 5-mL 2x 10~ M sodium boro-
hydrides solution was added progressively to the solution.
The color of the solution turns golden yellow which visu-
ally confirms reduction reaction and synthesis of SNP (Vu
et al. 2018).

The chitosan nanoparticles (CNPs) were synthesized
using the ionic gelation method (Kamat et al. 2016). Briefly,
chitosan 0.5 mg/mL (Sigma, Cat no: 448877) (deacetyla-
tion degree < 75%) was prepared in 1% glacial acetic acid
(Sigma, Cat no: 695092) and sodium tripolyphosphate
0.2 mg/mL (TPP, Sigma Cat n0:238503) in deionized water.
The TPP (1.25 mL) was added dropwise with a micropipette
to 5 mL of 0.5 mg/mL chitosan solution, under magnetic
stirring (1000 rpm) at room temperature, keeping the ratio
of chitosan to TPP 2.5:1(Kamat et al. 2016).

The synthesis of silver-chitosan nanoparticles (CSNP)
was carried out using 0.5 mg/mL pre-synthesized SNPs pre-
pared using the above method and mixed with chitosan solu-
tion of the same concentration. The solution was allowed to
mix at 500 RPM for 30 min, and 0.2 mg/mL TPP solution
was added in a dropwise manner to get the final concentra-
tion of 0.5 mg/mL CSNP. The crosslinking between TPP and
chitosan polymer encapsulated silver nanoparticles. After
adding the TPP solution, the mixture was stirred for another
30 min. Synthesized NPs were characterized for particle
size, zeta potential, and UV Vis-absorbance using Malvern
Dynamic Light Scattering (DLS) and Thermo fisher UV-V
spectrometer (Thermo Fishers, USA).

Chips for biofilm studies: design and manufacture

Layout Editor software was used for the architecture micro-
channels design (KLayout 2018). The microchip design
involves four channels (496 um width) with four cisterns
each (1690 um width), one inlet and one outlet (Fig. 1). The
microchannel design has 28 pL as a total internal volume.
The channel height is 150 pm, and curved wave channels
were designed to avoid cells’ accumulations in square cor-
ners and the formation of bubbles (Pefaherrera et al. 2016).
The high relief design mold was manufactured using a
150-um-thick SU-8 photolithographic pattern (Pefiaherrera
et al. 2016). A silicon wafer (Virginia Semiconductor, Inc.),
used as the substrate, was cleaned by sonication in acetone
and isopropyl alcohol and dehydrated for 10 min at 200 °C
on a hotplate. Then, SU-8 negative photoresist (Microchem)
was dispensed on the silicon wafer and spin in two identical
cycles. The spinner was ramped at 100 rpm/s from zero to
500 rpm to spread the resin; this speed was held for 5 s. In
the spin cycle, the spinner was ramped at 300 rpm/s from
zero to 3000 rpm, and this speed was held for 30 s. The resin
was soft baked at 65 and 95 °C for 3 and 6 min, respectively.
The substrate was aligned, and the resin was exposed to UV

37.75mm

Fig. 1 Microfluidic device for antibiofilm susceptibility testing. a
Microchannels design and dimensions and b PDMS device with tub-
ing connections

at 250 mJ/cm?. The resin was post-exposure baked at 65 and
95 °C for 1 and 6 min, respectively. Finally, the SU-8 resin
was developed for 10 min under agitation.

The microdevices were built using polydimethylsiloxane
(PDMS; Sylgard 184, Dow; Corning) on the top and glass
on the base. The PDMS microfluidic device manufactur-
ing technique was previously described (Pefiaherrera et al.
2016; Bourguignon et al. 2018). The PDMS replica was cut
and unmolded, and 1-mm-diameter fluidic connection ports
were punched. By exposure to oxygen plasma for 3 min (BD
10AS, Chicago, USA), the PDMS replica was irreversibly
attached to a glass substrate. Finally, the setup was com-
pleted by assembling with the tubing and connected to a
peristaltic pump.

Computational fluid dynamics characterization

To investigate the effects of the dynamic flow on bacterial
growth and biofilm formation in the microchip, we devel-
oped a model using COMSOL 5.2 to study the flow field at
the experimentally relevant flow rate of 50, 75, 100, and 150
pL/ min. We selected these flow rates as they coincide with
a blood flow rate in wound sites ranging from 50 to 110 pL/
min for 1 g tissue. The resting capillary blood flow velocity
is reported to be ~0.65 mm?/s at skin temperature of 30.4 °C,
corresponding to 0.04 mL/min (Stiicker et al. 1996). The
computational calculation was based on the Navier—Stokes
equations, and due to the very low Reynolds number in
microfluidic devices, the inertial component was neglected,
allowing a higher mesh density for computation. Boundary
conditions for the 3D model included water properties for
flowable materials, zero pressure at the outlet, progressive
laminar flow, and no-slip. From the simulation parameters,
we selected fine meshing which generated the design with
mesh density of 900,000 elements and solved it multiple
times (by changing boundary conditions to avoid changes
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in thresholds). Final output was generated. The methodol-
ogy was modified from Bourguignon et al. (Bourguignon
et al. 2018).

In vitro biofilm formation and susceptibility assay

Pseudomonas aeruginosa PAO1-EGFP was used to form
the biofilms in 96-well microplates. The 96-well plate was
inoculated with 100 pL of a 1/100 dilution of an exponential
phase culture (0.01 optical density) for 48 h at 37 °C. After
48 h incubation, the plate was washed with PBS, and differ-
ent concentrations (1.25, 2.50, and 5 pg/mL) of SNP, CNP,
and CSNP were added to the wells (4 X) and incubated for
different time points (e.g., for 3, 6, and 24 h) at 37 °C. Lastly,
the luminescence was measured using Synergy HIHybrid
Multi-Mode Reader (BioTek Instruments, USA). This exper-
iment was performed in triplicate.

In vitro microfluidic assay for studying the efficacy
of antibacterial nanoparticles under dynamic
condition

The empty microchannels were exposed to oxygen plasma
for 3 min to make PDMS more hydrophilic. The oxygen
plasma was produced by BD-10A High-frequency genera-
tor (Electro-Technic Products, USA), the point electrode tip
was placed in the inlet of the microchannel, and a needle
was positioned in the outlet to ensure the treatment with
high voltage (45,000 V) and frequency (500 kHz) of the
entire length of the microchannel. Then, the microchannels
were filled with 70% ethanol to remove any bubble in the
microchannel. After that, 0.5 M NaOH for 30 min was used
to disinfect and 4 mL of sterile water to rinse. Biofilms were
cultured under hydrodynamic (laminar) conditions using a
microfluidic device schematized in Fig. 1.

P. aeruginosa PAO1-EGFP was inoculated into LB
medium as pre-inoculum and incubated overnight at 37 °C at
200 rpm. The culture was then diluted in fresh LB (OD 0.05)
and was flowed from the inlet well through the channel at the
flow rates of 50, 75, 100, and 150 pl/min at 37 °C for 48 h.

After the biofilm was obtained in the microchips, it was
treated with SNP, CNP, and CSNP at 1.25 pg/mL for 6 h
phosphate buffer (pH 7) was used to flow in the microchips
with biofilm as a control condition.

Assessing biofilm susceptibility using fluorescence
microscopy

After biofilm growth and treatment, the biofilms were
stained using a mixture of 10 pL each of the SYTO9
(Thermo Fisher), a green fluorescent nucleic acid stain for
live cells and propidium iodide (red dead cells) stains intro-
duced at a flow rate of 20 pL/h per channel. The biofilms
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were then imaged using an FSX100 inverted fluorescence
microscope (Olympus, USA); images were captured at
three different spots per channel with 100 x and 42 X mag-
nification. The images were analyzed using the Fiji plat-
form (Rueden et al. 2017). Using ImageJ, the intensity of the
green and red fluorescence was measured at 6 different loca-
tions in the captured image keeping a constant area, and an
average value was calculated. The graphs are plotted using
the calculated intensity to give a semiquantitative analysis
of the effect of the NPs.

Statistical analysis

ANOVA and Tukey’s tests were used to perform statistical
analysis with the significance level set at p < 0.05.

Results
Fabrication of the chip and flow simulations

The fabricated microchip was connected to a syringe pump,
and a test run was conducted with 1 XPBS (phosphate buffer
saline) solution to check for probable leaks and formation
of air bubbles. It was found that the design of the chip does
not allow for the formation of air bubbles and obstruction
of fluid flow and, therefore, most suitable for long study
(in our case, seven days). The flow velocity pattern shows
a gradient of increasing flow rates from 50 to 150 pL/min
(Fig. 2). The flow rate increases the velocity at the periphery
and the junction of two chambers compared to other loca-
tions, which suggests a higher shear rate at these locations.
High flow velocities have been reported (Park et al. 2011)
to be advantageous to the establishment of bacterial biofilm
and also induces anchorage-dependent proteins. The higher
shear has also been reported to aid in bacterial growth and
establishing new colonies (Rizk et al. 2019). We conclude
that a flow rate of 150 uL/min was optimal to obtain and
study the bacterial biofilm from these studies.

Characterization of the nanoparticles

The synthesized nanoparticles (SNP, CNP, and CSNP)
were characterized for size, shape, and charge (Fig. 3a).
Absorbance spectra of SNP show a redshift as size
increases (Fig. 3a). Visually, the CSNP particles are
darker yellow in color. All the nanoparticles are within
the nano range in size (Fig. 3b). The SNPs showed the
smallest size (23 nm), whereas the CNPs were the largest
size (152 nm). The latter could be due to agglomeration
formation, while when complexing with silver. The size
of the CSNP is smaller (48 nm), which would increase
their antibiofilm activity by (a) increasing the surface of
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Fig.2 Computational flow
simulation. Simulation output
from COMSOL showing a
graphical representation of flow
velocity at different flow rates: a
50 pL/min, b 75 pL/min, ¢ 100
pL/min, and d 150 pL/min
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Fig. 3 Characterization of nanoparticles. a Absorbance spectra, b Size, and ¢ Zeta potential determined using Malvern size analyzer. SNP silver
nanoparticles, CNP chitosan nanoparticles, and CSNP chitosan-coated silver nanoparticles

contact with the biofilm as smaller size of nanoparticles
is associated with offering large surface to volume ratio,
and (b) smaller size of nanoparticles shows more adher-
ence and uptake by cells. The zeta potentials for SNP and
CNP and CSNP are— 18 mV +5, CNP+22 mV +7, and
CSNP + 12 mV =+ 6, respectively (Fig. 3c). The binding
of silver nanoparticles with free amino group in chitosan
is further confirmed by the lower zeta potential value of
the silver-loaded chitosan nanoparticles. The negative zeta
potential is due to the nature of the reduction reaction pro-
cess, which involves sodium borohydride and trisodium
citrate, which act as capping agent imparting net negative
charge. In all the following 3 cases SNP, CNP and CSNP
have shown antibacterial activity in non-dynamic environ-
ment, but activity in dynamic continuous flow has not been
explored fully in terms of particle flow, adherence, and
uptake in living systems.

Assessing biofilm formation and flow rate
optimization

This microfluidic chip is designed to reduce the variance of
in vitro biofilms’ growth while providing integrated high
control; consequently, it enables more reliable assessments
of new treatments for biofilm on a single device (Subrama-
nian et al. 2016). The microfluidic device allows the ability
to get a high spatiotemporal resolution and live-cell imaging.
PDMS was selected as a manufacturing microchip material,
and it brings many advantages as easy to use, transparency,
biocompatibility, and gas permeability (Burmeister et al.
2019). To form a mature biofilm in the microchannels to
be exposed at the different treatments, four flow rates were
evaluated: 50, 75, 100, and 150 pL/min (Fig. 4). The differ-
ence in the architecture biofilms grown under the different
flow rates after two days was evaluated (Fig. 4a). Biofilm
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Fig.4 Formation of P. aeruginosa PAO1-EGFP biofilm at different flow rates in the microfluidic device. a Representative fluorescence micro-
scopic images of the biofilm and b fluorescence intensity of biofilm growth at different flow rates

data reveals the development of different morphologies
involving cover and shape depending on flow velocities in
the microchannels. Reduced biofilm growth at the lowest
flow rate (50 pL/min) was observed. The biofilm showed
a fluid streamline pattern in the microchannel in the flow
direction at intermediate flow rates (75 and 100 pL/min).
Furthermore, a more robust biofilm, denser, thicker, and
more homogeneous architecture, was observed at the high-
est flow tested that was 150 uL/min (Fig. 4). Figure 5 shows
SEM images of the biofilm grown in the microchannels.

Biofilm inhibition properties of the nanoparticles

The NPs are reactive entities that can easily penetrate into
a biofilm matrix that often behaves as a barrier for many

b 1554.0 pm
635.2 ym

antibiotics (Qayyum and Khan 2016). This study shows
a concentration-dependent reduction in biofilm forma-
tion (i.e., antibiofilm activity) of all the tested nanopar-
ticles (e.g., SNP, CNP, and CSNP) indicated by the loss
of fluorescence (Fig. 6). The fluorescence at time O for all
the treatments was 100%. SNP and CSNP resulted > 50%
biofilm reduction after 3 h at all concentrations, and CNP
showed > 40% biofilm reduction at 6 h for 2.5 pg/mL and
5 pg/mL. As the duration of CSN treatment time increased,
there was a decrease in the fluorescence signal, indicating
inhibition. According to these results, the 6-h treatment
time, because at this time the highest attenuation of GFP
(green) intensity, and the concentrations (1.25 pg/mL) of
NPs were selected to evaluate the antibiofilm effect under
continuous flow in microfluidic devices.

Fig.5 SEM images. a Microchamber in the chip, b 2-day-old bacterial biofilm, and ¢ magnified image of bacterial biofilm in the microchannels

growing in continuous flow
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Fig. 6 Inhibition effects of nanoparticles on matured biofilm growth
on 96-well microplate
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Fig. 7 Screening of antibiofilm activity of nanoparticles in the micro-
fluidic device. Representative fluorescence microscopic images of P.
aeruginosa PAO1-EGFP biofilm exposed with SNP, CNP and CSNP.
Microphotographs with 4xand 10X magnification. Live cells are
shown in green fluorescence, and dead cells are marked with propid-
ium iodide with red fluorescence

Antibiofilm effect of SNP, CNP, and CSNP
in a continuous flow

The microfluidic flow chamber biofilms closely mimic
in vivo conditions during infections (Lebeaux et al. 2013;
Brackman and Coenye 2015). The impacts of SN, CNP,
and CSNP on the biofilm architecture and cell morphology
were determined using fluorescence microscopy (Fig. 7). A
2-day-old formed P. aeruginosa biofilm was treated with
the NPs (at 1.25 ug/mL) and with saline solution as a con-
trol for 6 h. The formed biofilm decreased simultaneously

in biomass and live/dead cell relationship (Fig. 7; Table 1).
The live/dead relationship was established according to the
signals’ intensity in the microchannels’ cisterns. Control
biofilm without NPs treatment (buffer) exhibited the high-
est live/death ratio value of 6.15 (live cells/green intensity:
51.87+1.16 and dead cells/red intensity: 8.42 +0.02). A
significant reduction in the biomass live/dead cells ratio
(p <0.05) was detected after the addition of SNP, CNP, and
CSNP (Table 1). The highest (%) reduction was observed
with CSNP compared to the control.

Semiquantitative analysis of the images by live/dead
cells intensity measurement estimates bacterial detach-
ment of 65.5% from the biofilm after CSNP treatment.
In comparison, it was 59% and 51% for CNP and SNP,
respectively. Slight differences were observed between
SNPs and the control group. However, treatment with
CSNP enlisted the inhibition with only 0.45 live/dead
cells. While chitosan alone (CNP) showed a reasonable
extent of biofilm eradication, its antibacterial activity
was significantly improved in the presence of SNP. This
could be due to the release of silver ion from silver-
loaded chitosan nanoparticles and or the combined activ-
ity of chitosan and silver nanoparticles (Ali et al. 2011).

Discussion

Bacteria quickly develop different mechanisms that allow
adapting to the environment in which they live. The abil-
ity of bacterial pathogens to establish biofilm structures is
considered an important virulence factor associated with
the disease’s persistence, allowing bacteria to avoid host
immune response and antibiotic treatment (Soledad et al.
2019). On the other hand, it has been proposed that robust
biofilm was formed as an adaptive response to increase bac-
teria survival under stress conditions like high shear stress,
so biofilm tends to develop in presence of the most increased
shear stress value (Rizk et al. 2019). Multilayer structure
morphology of the biofilms grown in a nutrient broth (LB
in this work) under flow conditions has been previously
observed (Kanthawong et al. 2018; Yang et al. 2019).

In this context, microfluidics have involved a rapidly
growing attention in the imitation of biological phenom-
ena by providing identical and reproducible natural condi-
tions, addressing unprecedented control over the flow con-
ditions, as well as real-time observation (Liu et al. 2019b).
A high-throughput microfluidic platform was developed
for screening drugs under continuous-flow conditions that
closely mimic the in vivo conditions. Previous reports
have explored the use of microfluidics for examining bio-
film formation at pore scale under various hydrodynamic
conditions (Liu et al. 2019a). The developed LOC technol-
ogy offers advantages as a closed system where bacterial
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Table 1 Image analysis of the biofilm treated with different nanoparticles. Values of fluorescent green intensity (live cells), red intensity (dead

cells) and their relationship (live/dead cells)

Live cells (a.u.) Dead cells (a.u) Live/dead cells
Control 51.87+1.16 8.42+0.02 6.15
Silver NP (SNP) 25.62 +0.60%* 16.36 +0.37* 1.57
Chitosan NP (CNP) 21.25+0.35% 24.87+0.18* 0.85
Chitosan-silver NP (CSNP) 17.86+0.34* 39.84 +0.85%* 0.45

Two-day biofilms were treated with 1.25 pug/mL nanoparticles. Values indicate the amount of live and dead cells (green and red fluorescence,
respectively, in the assay) inside the biofilm. Values represent the mean + SD from six random areas

“Significant differences compared to control (non-treated) biofilm (p <0.05, Student’s ¢ test)

NP nanoparticle

biofilms can interact with hydrodynamic environments (for
example, shear stress) (Kim et al. 2012).

We observed that the best properties and highest effi-
ciency in biofilm formation were obtained at the highest
flow rate (150 pL/min). Our results agree with those of Liu
et al. (Liu et al. 2019b), who reported that biofilm accu-
mulation in microchannels increased with flow rate and
shear stress. The higher shear appears optimal for biofilm
growth, possibly because the media is provided with more
nutrients so that the biofilm can propagate more rapidly
(Sutlief et al. 2019) and increase its metabolic rate (Jones
and Buie 2019).

Here, we proposed the first comparative report on the
usage of SNP, CNP, and CSNP for eradicating pre-formed
matured biofilm of P. aeruginosa evaluated in a continuous
flow using a microfluidics system. The results showed high
inhibitory activity of SNP, which is also evident in the tradi-
tional assay as silver nanoparticles are more toxic and act via
releasing silver ions which damage oxidative mitochondrial
pathway and in turn cell machinery. In the case of chitosan
nanoparticles in continuous flow allows better interaction
with bacterial cells. There are two possible mechanisms for
chitosan toxicity: (a) the interaction of positive charged chi-
tosan nanoparticles with negative charged cell membranes
causes a leakage of cellular plasma and proteins and its
internalization causes damage to the microbial DNA and
(2) chitosan nanoparticles interfere with protein synthesis
(Khan et al. 2019; Baelo et al. 2015).

In the case of CSNP, which showed a greater inhibitory
effect of biofilm of 65.5%, chitosan helps in adherence to
bacterial cells, and silver nanoparticles promote ion leach-
ing, and this dual effect causes maximum killing activity.
Also, the dual nature of chitosan and silver nanoparticles is
advantageous in dislodging the biofilm via adhering in the
biofilm matrix in continuous flow, and silver ion leaching
acts by killing localized cells. The modification can work
in synergy for an array of nanoparticle combinations which
can have dual activity in inhibiting a wide range of bacterial
biofilm. Further studies have to be conducted to clarify the
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mechanism of biofilm inhibition and reduction of virulence
factors by CSNP in P. aeruginosa at the molecular level.

In conclusion, this study shows that the LOC proposed
as a dynamic culture system allows a good biofilm for-
mation and is a valuable fast and low-cost tool for quickly
screening the antimicrobial activity of nano-drugs in bio-
films. This microchip can be used in drug testing for
clinical applications. In addition, it may be useful for
studying cell-cell interaction and biofilm-drug/nanopar-
ticle response. The small volume applied compared to
other systems makes it suitable for screening of biofilm
inhibitors in continuous flow. It was also observed that
in such a dynamic environment, the biofilm is much more
sensitive to treatment groups as compared to traditional
plate assay and is closer to the natural environment. With
this setup, a lower dose is required to achieve the same
effect as traditional static cultures.

The high efficacy in the biofilm inhibition using a micro-
fluidic device would be explained due to the continuous
replenishment of the NPs in the miniaturized microenviron-
ment. The use of this innovative tool is highly promising for
screening the treatment and prevention against the formation
of antibiotic-resistant biofilm infection, in clinical and envi-
ronmental situations.

In conclusion, this work provides a detailed descrip-
tion of a microfluidic platform to improve the study of
P. aeruginosa biofilms. The technology could easily be
extended to biofilms of other strains of bacteria, fungi, or
algae. The platform can be used as an excellent system to
study drug susceptibility and screenings assays using low
doses. The results are encouraging and pave the way for
the screening of more types of carriers and combinations
of antimicrobial compounds to treat resistant bacterial
infections. In addition, among the possible applications
of the system would be to study the treatment of biofilm
infections in wounds, medical implants such as urinary
catheters and artificial joints, and in environmental bio-
films such as those found in water pipes and biofouling.
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