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Abstract

Biofilms are communities of bacterial cells encased in a self‐produced polymeric

matrix and exhibit high tolerance towards environmental stress. Despite the plethora

of research on biofilms, most biofilm models are produced using mono‐interface

culture in static flow conditions, and knowledge of the effects of interfaces and

mechanical forces on biofilm development remains fragmentary. This study

elucidated the effects of air–liquid (ALI) or liquid–liquid (LLI) interfaces and

mechanical shear forces induced by airflow and hydrodynamic flow on biofilm

growing using a custom‐designed dual‐channel microfluidic platform. Results from

this study showed that comparing biofilms developed under continuous nutrient

supply and shear stresses free condition to those developed with limited nutrient

supply, ALI biofilms were four times thicker, 60% less permeable, and 100 times

more resistant to antibiotics, while LLI biofilms were two times thicker, 20% less

permeable, and 100 times more resistant to antibiotics. Subjecting the biofilms to

mechanical shear stresses affected the biofilm structure across the biofilm thickness

significantly, resulting in generally thinner and denser biofilm compared to their

controlled biofilm cultured in the absence of shear stresses, and the ALI and LLI

biofilm's morphology was vastly different. Biofilms developed under hydrodynamic

shear stress also showed increased antibiotic resistance. These findings highlight the

importance of investigating biofilm growth and its mechanisms in realistic

environmental conditions and demonstrate a feasible approach to undertake this

study using a novel platform.
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1 | INTRODUCTION

Biofilms are microbial communities encased within a self‐

produced extracellular polymeric substance (EPS). The extracel-

lular matrix regulates essential features of the biofilm, such as

their adherence to surfaces, hydration, permeability, and toler-

ance to mechanical forces (Stoodley et al., 2002). The formation

of biofilm commences when planktonic bacteria adhere to a

surface and forms irreversible attachments. The anchored

bacteria multiply and produce EPS, gradually forming a complex

3D biofilm structure that matures over time, which ensues

infectious bacteria's dispersal to colonize other areas

(Ranganathan, 2014). This biofilm feature enhances their ability

to propagate and develop tolerance against adverse conditions,

including limited nutrients and when exposed to high concentra-

tions of antimicrobial agents such as biocides, antibiotic and

antifungal compounds (Lebeaux et al., 2013).

It has been estimated that 65%−80% of human infections are

associated with biofilms, with Pseudomonas aeruginosa biofilms as the

major cause of many chronic lung infections such as cystic fibrosis,

chronic obstructive pulmonary disease, and bronchiectasis (Maurice

et al., 2018). Established biofilm infection in the lung is extremely

difficult to eradicate. In addition to biofilm's deleterious impact on

human health, they also present formidable challenges to many other

industries, such as the fouling and corrosion of pipes, which

drastically reduce the pipes' life span and present imminent health

risks contaminating the water. In agriculture, biofilms may colonize

the surfaces and interiors of plants which negatively impact the

health and growth of the plant, and this alone is associated with more

than 10% of annual loss of global food production (Strange &

Scott, 2005).

The growth of biofilms can be affected by the properties of the

surfaces they adhere to, such as surface roughness (Cowle

et al., 2020), topography (Scheuerman et al., 1998), and hydropho-

bicity (Callow & Fletcher, 1994). Biofilm proliferation is also likely

affected by environmental conditions (e.g., temperature, humidity,

and dynamic flow conditions) (Toyofuku et al., 2016), although the

detailed effects of these factors on biofilm development remain

unclear. In general, there are four different types of interfaces where

biofilm develops: air–liquid interface (ALI), liquid–liquid interface

(LLI), solid–liquid interface (SLI), and solid–air interfaces (SAI). It is

important to model biofilms by considering these interfaces because

critical aspects of biofilm developmental processes, such as

their attachment, nutrient uptake, mass exchange, are likely

incontrovertibly linked to the interfaces. Hence, biofilms proliferating

in the respiratory system should be investigated in an ALI environ-

ment, whereas biofilms in the urinary tract or interior of the plant

should be cultured in LLI. Biofilms in pipes, ship hulls, and medical

devices embedded in the sea should be studied using the SLI

interface. Moreover, in most of the scenarios, biofilms grow in

dynamic conditions where airflow and/or liquid flow are involved.

The shear stresses induced by these flows will modulate the

development of biofilms.

The majority of experimental biofilm models investigated to

date were developed on SLI, and they were cultured using

microtiter plate (Peeters et al., 2008), CDC biofilm reactor

(Williams & Bloebaum, 2010), rotating disk biofilm reactor

(Schwartz et al., 2010), the Calgary Biofilm Device (Ceri

et al., 1999) or microfluidic devices (Kim et al., 2010). Only a

handful of studies have studied biofilms cultured on LLI, and they

are also limited to studying biofilms under static flow conditions

(Rühsa et al., 2014). ALI biofilms have previously been produced

and studied using the Transwell plate (Woodworth et al., 2008)

and the drip flow reactor (Goeres et al., 2009). However, in both

systems, understanding the effects of dynamic flow conditions on

biofilm growth are challenging. While the Transwell plate can only

facilitate biofilm culture under a static flow environment,

manipulating airflow rate in the drip flow reactor is limited to a

low and small range of flow rates. In general, there remains a

significant lack of knowledge of the effects of mechanical shear

stresses (induced by airflow and/or hydrodynamic flow) and the

multidimensional flow transport mechanisms (e.g., diffusion and

convection) of flow medium across different types of interfaces

and their comparisons, on biofilms growth and development.

This study aimed to understand the effects of environmental factors

specifically, nutrient availability, mechanical shear stress and interface

type on the development of biofilm. A dynamic platform was set up in the

ALI and LLI configuration using a dual‐channel microfluidic device (Ye

et al., 2022) for this purpose, with the dynamic system providing a

controllable air or liquid flow rate for biofilm culture. We hypothesized

that biofilm properties, as determined by the viable cell number, spatial

distribution, resistance to physical disruption, permeability, and antibiotic

susceptibility to a model antibiotic (ciprofloxacin—CIP) was significantly

different between biofilms cultured in ALI and LLI. We further

hypothesized that mechanical shear stresses would result in significant

changes in biofilm physical structures but could enhance bacteria growth,

at least at the surface of the biofilms contacting the dynamic flow.

2 | EXPERIMENTAL METHODS

2.1 | Dual‐chamber microfluidic device design and
fabrication

A dual‐chamber microfluidic device was designed and fabricated to

undertake the experiments in this study. The device consists of two

polydimethylsiloxane (PDMS) chips containing flow channels sepa-

rated by an interchangeable membrane. The PDMS chips were

mechanically bonded with two plexiglass covers using temporary

joints (screws and nuts; Figure 1a). Hence, the device is reversibly

bonded to allow reuse and provide flexibility to study biofilm using

different interfaces. In this study, the polyester (PETE) membrane was

chosen, which is gas permeable and contains hydrophilic pores (PETE

0.2 μm, STELITECH, USA). The design layout of the flow chamber is

shown in Figure 1b. The bottom flow channel functions as the media

supply channel. The top channel serves as the biofilm culture channel
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and has two inlets, one for bacteria inoculation and the other for air or

liquid flow to study the effects of dynamic flow conditions on biofilm

growth. The PDMS chips were cast using 3‐D printing microfluidic

techniques, and fabrication details have been illustrated in previous

work (Ye et al., 2022).

2.2 | Experimental design and setup for culturing
biofilms

2.2.1 | ALI dynamic culture

The design and setup of the microfluidic device platform for

culturing biofilm on ALI are presented in Figure 2a. Airflow was

generated by an air pump (DC12. OV/370‐02PM) and the filter in

the pump was sterilized before attaching it to the system. The

airflow rate was measured and altered by a valve control

flowmeter (LZM6 air gas flow meter with control valve, ABS,

China). The syringe pump (Chemyx Fusion 200) provided a

continuous media (Cation‐adjusted Mueller Hinton Broth

[CaMHB], BD Biosciences, Australia) supply in the bottom

channel, and the used air and media were collected in waste

reservoirs.

2.2.2 | LLI dynamic culture

Two experimental design configurations were used on LLI model to study

the effects of hydrodynamic flow‐induced shear stresses associated with

different flow rates on biofilm development. Figure 2b,c illustrates the

experimental setup for biofilms cultured with a low flow rate using a

syringe pump (Chemyx Fusion 200) and high flow rate, using a peristaltic

pump (Model ISM931A, ISMATEC), respectively.

The assembled microfluidic device was connected to the

pump and waste reservoir using Tygong tubing (1.59 mm OD

x 0.51 mm ID, Darwin Microfluidics). In the top bacteria inocula-

tion inlet channel, a 22 G blunt needle (Livingstone, Australia)

with ends closed was inserted into the tube. The cap of the waste

reservoir contained two openings, one for inserting effluent

tubes, and the other was connected to a sterile filter to maintain

atmospheric pressure in the bottle and to ascertain a sterilized

environment. The end of all tubings connected to the waste

container was positioned on the same level as the flow channel to

maintain consistent pressure in parallel replicates and to minimize

pressure differences between the top and bottom channels.

2.3 | System sterilization

All components in the system were sterilized using an autoclave

(121°C/20 min) and assembled aseptically in the biosafety

cabinet. Before inoculation, 70% ethanol was pumped into the

device at a rate of 0.5 ml/min (8 × 10−9 m3/s) for an hour to clean

the channels. The channels in the device were subsequently

rinsed with sterile water for another hour. To ascertain that the

device was completely sterilized, the flow system was run with

sterile CaMHB for 5 min before inoculation, and 100 µl of

effluent media was collected from the waste reservoir and plated

onto the LB agar plate. To reuse the device, the setup was

disassembled after the experiment. All the components were

soaked in bleach for 20 min before rinsing with sterile water and

sonicated in sterile water for 480 s. All the components were then

autoclaved again before the next experiment.

2.4 | Device inoculation

Pseudomonas aeruginosa (PAO1, ATCC 15692, AmericanType Culture

Collection [ATCC]) from frozen stocks were grown on agar plates for

16−18 h at 37°C. The liquid pre‐culture was prepared by transferring

one PAO1 colony into 1ml of CaMHB, incubated for 16−18 h at

37°C, and shaken at 200 rotations per minute (RPM). The overnight

pre‐culture was diluted 1:30 v/v in fresh media, incubated for 2 h at

37°C, and shaken at 200 RPM to make inoculum with OD600 = 0.4.

The consistency of the inoculum size was verified by viable colony

forming units (CFU) counts. Before inoculation, the tube for air or

liquid flow connected to the top channel was closed with a clamp

to avoid contamination, and then a 100 μl inoculum was injected

into the top channel through the inoculation needle using a syringe.

After inoculation, the entire platform was placed in the incubator

at 37°C for 2 h to allow planktonic bacteria to attach to the

membrane.

2.5 | The flow rate in biofilm culture

2.5.1 | Biofilm culture on ALI

After bacteria attachment, the inoculum in the top channel was

pushed out of the channel by air injected from the inoculation

inlet to develop biofilm on the ALI. The tube connected to the

other inlet clamped during the inoculation was released to allow

airflow through the channel. ALI biofilms were cultured using two

different setups: (1) τw = 0 Pa condition—air in the top channel

was stagnant; (2) τw ≈ 0.3 Pa condition—airflow rate of 30 ml/min

(5 × 10−7 m3/s) was generated in the top channel. In both the

setups, media was infused in the bottom channel at a flow rate of

50 μl/h (1.4 × 10−11 m3/s).

Flow in the channel was laminar when the associated shear

stress, τw ≈ 0.3 Pa and this is determined by the Reynold number with

the following equation (Beirao Da Veiga, 2008),

R
UD

e =
ρ

μ
,

h
(1)

where ρ is the density (Kg/m3), U is the flow rate (m/s), μ is the

dynamic viscosity (μair = 1.66 × 10−5 Pa·s, μwater = 1.0 × 10−3 Pa·s),
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Dh is the hydraulic diameter (m). Re was determined as 117 and

11 for the airflow and liquid flow respectively. The mechanical

shear stresses at the flow channel walls were calculated using the

following equation (Beirao Da Veiga, 2008),

τ
Q

πD
=
32 μ

.
h

wall 3 (2)

Where Q is the flow rate in the channel (m3/s), μ is dynamic

viscosity (Pa·s), Dh is the hydraulic diameter of the channel

F IGURE 1 (a) Schematic components and assembly of reversible bonding dual‐chamber biofilm microreactor; (b) schematic diagram of the
design and layout of polydimethylsiloxane flow chambers

F IGURE 2 Schematic representing the main
components of the adaptable microfluidic biofilm
culture system. Schematic of air–liquid interfaces
dynamic culture system set up (a); schematic of
liquid–liquid interfaces dynamic culture system
set up for low flow rate (b) and high flow rate (c)
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(m) (for rectangular channel, D =h
ab

a b

4

2( + )
, a is the width, b is the

height).

2.5.2 | Biofilm culture on LLI

The biofilms on LLI were also cultured under dynamic flow conditions

and the flow rate in the LLI model was determined such that the

mechanical shear stress induced by the liquid flow rate matches the

airflow rate, and this was achieved to enable a meaningful comparison

of biofilms developed on the ALI and LLI. In the case with negligible

shear stress (τw ≈ 0), the top and bottom channels were infused with

phosphate‐buffered saline (PBS, Sigma Aldrich) and CaMHB media,

respectively, at a rate of 50μl/h (1.4 × 10−11m3/s). In the case with

τw ≈ 0.3 Pa, the corresponding flow rate is 0.5ml/min (8.3 × 10−9m3/s).

CaMHB (20ml) was added into the media reservoir and circulated

in the bottom channel, and PBS was pumped into the top channel

and collected in the waste reservoir. To minimize mass transport

across the membrane due to the pressure difference between the two

liquid channels, an identical flow rate was maintained in the two

channels.

The platform was placed in the incubator at 37°C for biofilm

formation for 48 h.

2.6 | Biofilm viable cell number count

The viable bacteria cell number was analyzed at the end of the

experiments using colony forming unit (CFU) count. After 48 h

culture, membranes containing biofilm samples were picked up from

the device, rinsed with 1ml sterile PBS, and then transferred to a

tube containing 1ml of sterile PBS for 280 s sonication at 47 kHz and

1.8W/cm2 to dissolve biofilm bacteria in solutions. Ten‐fold serial

dilutions of the solution contained rinsed off biofilm bacteria, and the

PBS sonicated bacteria suspensions were performed in sterile PBS,

plated on LB agar plates, and incubated at 37°C for 16–18 h. Viable

colony counts were calculated using the following equation:

N
CFU/ml =

× 10

10
,

D− (3)

where N represents the colony number and D represents the number

of 1:10 dilutions. The biofilm viability experiments were repeated

three times using different batches of inoculum and three samples

were collected in each batch.

2.7 | Imaging of biofilm

2.7.1 | Scanning electron microscopy

The biofilms were visualized using scanning electron microscopy

(SEM, JEOL, JMC‐6000 NeoScope™ Benchtop SEM) at 15 kV. To

obtain the SEM images, the devices were disassembled, and

membranes were gently rinsed with sterilized water before fixing

them in formaldehyde solution in PBS (4% v/v) for 90min. After

fixation, the membranes were rinsed with water and air‐dried at 37°C

for 1 h. The membranes were sputter‐coated with gold for 2min

using a Smart Coater (JEOL) before imaging.

2.7.2 | Confocal laser scanning microscopy

For confocal imaging, the biofilm samples were first stained with

FilmTracer™ LIVE/DEAD® (Thermo Fisher Scientific). Next, the

images were obtained with a confocal laser scanning microscope

(CLSM, Olympus FluoView, inverted FV 3000RS IX83). Before

staining, membranes containing biofilm samples were aseptically

transferred to a Petri dish and then gently rinsed with 100 µl sterile

water followed by staining with 100 µl LIVE/DEAD solution

prepared according to the manufacturer instruction for 25 min at

37°C in the dark. Excess dye was removed by rinsing the

sample with sterile water. The biofilms were then fixed with

100 µl PFA solution (4% v/v in PBS) for 40 min and rinsed with

100 µl sterile water before mounting them on a glass slide for

CLSM imaging. The image was acquired using 488 and 660 nm

incident light with a 100× magnification oil immersion objective.

The z‐stack images were taken with a step of 1 μm with

1024 × 1024 pixels' resolution.

The 3D reconstruction and orthogonal sections of the

fluorescence‐stained biofilm samples obtained from CLSM z‐stack

images was obtained using ImageJ software. Biofilm volume was

measured using the vortex counter plugin of Image J. The live cells

(green) and dead cells (red) were measured separately using the

designated color channel. The sum of these two volumes was

considered the total volume of biofilm. The thickness of the biofilm

sample was measured at 10 locations in both y‐z and x‐z projection

images of orthogonal view of the z‐stack image. The averaged

thickness and the corresponding standard deviations of the biofilm

samples were analyzed from the measurements.

2.8 | Permeability measurement

To investigate the permeability of the biofilms, sodium fluorescein

(Na‐Flu), a fluorescent probe, was used according to the setup

depicted in Figure 3. The end of the outlet tubing in the top and

bottom channels was placed 3 cm higher and the same level as the

flow cell, respectively. The mechanical pressure at the inlet of the

two channels was the same, given that the geometry of the channels

and flow rates in the two channels was identical. Thus, the difference

in height between the ends of the tubing creates a pressure

difference (ΔP = ρgΔh) between the top and bottom channel, and

this is likely to drive the flu‐Na solution from the top channel to the

bottom channel through the biofilm pores. After 48 h of culture,

fluorescein sodium (flu‐Na) (Sigma Aldrich) solution in PBS (2.5 mg/

ml) and pre‐warmed PBS were infused into the top channel and the
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bottom channel, respectively, at 100 μl/h and the effluent from the

outlet were reserved in the Elfen tubes. Samples of 20 μl effluent

from the bottom channel were collected at 15min, 30min, 1 h, 2 h,

and 4 h. The collected samples were diluted with PBS at a 1:100

volumetric ratio before they were transferred into a black 96‐well

plate (Corning). The fluorescence intensity was measured by

SpectraMax M2 plate reader (Molecular Devices) at excitation and

emission wavelengths of 485 and 538 nm, respectively. A linear

calibration curve (R2 = 0.999) was obtained between 0.00625 and

12.5 μg/ml concentrations. The apparent permeability coefficient

(Papp, cm/s) was calculated using the following equation (Gholizadeh

et al., 2021):

P
dQ

dt C A
=

∙ ∙
,app

0
(4)

where dQ/dt (μg/s) is the mass flux of the Na‐Flu, C0 (μg/ml) is the

initial concentration of flu‐Na in the donor compartment, and A (cm2)

is the surface area of the membrane. The permeability assessments

were performed on two technical replicates and repeated twice with

different bacteria inoculums.

2.9 | Antibiotic susceptibility test

Ciprofloxacin (CIP) is a broad‐spectrum antibiotic effective against

PAO1 (Brazas & Hancock, 2005) and was used as the model antibiotic

in this study. For effective treatment, antimicrobial molecules must

diffuse through the biofilm matrix to reach the encased cells. The EPS

matrix presents a diffusional barrier for these molecules to kill the

bacteria and affects the molecule transport rate (Donlan &

Costerton, 2002; Stewart, 2003). To assess the susceptibility of the

different biofilm treated with different concentrations of CIP, a stock

solution of CIP was prepared in PBS, and working solutions 50, 200,

800, and 1600 μg/ml were freshly prepared by diluting the stock in

culture media. The antibiotic solution was injected into the bottom

channel using a syringe, and the 48 h‐old biofilm was exposed to

antibiotics for 6 h at 37°C. The viable cell number was determined

after treatment according to the procedure described in Section 2.6.

The test was repeated six times (2 technical replicates × 3 biological

replicates) for each antibiotic solution concentration.

2.10 | Statistical analysis

Statistical analyses were performed comparing: (1) static versus

dynamic continuous nutrient supply (τw = 0 Pa), (2) low (τw = 0 Pa)

versus high (τw = 0.3 Pa) shear stresses and (3) ALI vs LLI of the same

flow conditions. Data are expressed as mean ± standard deviation

(SD). The significance of the difference was determined by a t‐test.

Data sets with a p‐value less than 0.05 were considered significantly

different. All the statistical analysis was performed using Graphpad

Prism 7.0. Data of static culture are obtained from Ye et al. (2022).

3 | RESULTS

3.1 | Biofilm viable cell number

The total viable cell number determined by the sum of the bacteria

detached from the membrane during rinsing (rinsed) and sonication

(sonicated) is represented in Figure 4. Compared to the biofilms

cultured under static flow (nutrient‐limited) conditions (Ye

et al., 2022), the CFUs number with continuous nutrient supply

was higher by at least 10‐fold in both biofilms formed on ALI or LLI.

Under continuous nutrient supply, the mechanical shear stress

induced by airflow in the ALI did not show an effect on the average

CFUs. However, in LLI culture, the hydrodynamic shear stress

(τw = 0.3 Pa) significantly reduced the viable CFUs compared to the

shear stress‐free condition (τw = 0 Pa). In addition, with limited

nutrient supply (static culture), no significant differences were shown

between ALI and LLI biofilm. When LLI biofilms were cultured under

continuous nutrient supply, the viable cell number was significantly

lower than ALI biofilms. The above suggests the mechanisms in which

biofilms uptake nutrients are different when grown on ALI and LLI,

with airflow induced shear stress and liquid flow having a different

impact on biofilm development.

3.2 | Biofilm adhesive strength

The adhesive strength of biofilms is defined as their resistance to

detach by external forces (Ohashi & Harada, 1994; Rutter et al., 1984).

F IGURE 3 (a) Schematic diagram and optical image of the permeability test setup. Flu‐Na solution in phosphate‐buffered saline (PBS)
(2.5 mg/ml) and prewarmed PBS are infused into the top channel and the bottom (acceptor) channel at 100 µl/h, respectively. A 3 cm height
difference (Δh) maintained between two outlets creates a constant pressure difference between two chambers (ΔP = PT‐out‐PB‐out = ρg Δh) to
drive Flu‐Na diffusion. PT‐out: pressure at the end of the top channel tube; PB‐out: pressure at the end of the bottom channel tube. (b) Photo of
the actual experimental setup

1488 | ZHANG ET AL.



In this study, the adhesive strength of biofilm was analyzed by

investigating its resistance to physical disruption, including gentle

rinse and strong sonication. The endpoint biofilm samples were

gentle rinsed and sonicated. The number of CFUs detached in each

step was plated and counted for analysis. The proportion of bacteria

number obtained from the rinsing solution to the total bacteria

number detached from the membrane (rinsed + sonicated) was

compared and shown in Figure 5. Results show that less than 20%

of all biofilms were detached from the membrane through rinsing,

with the majority of the biofilm detaching by sonication further

highlighting the resistant nature of biofilms. ALI biofilm cultured with

continuous nutrient supply (τw = 0 Pa) showed a decreased resistance

to rinsing compared to the biofilm cultured in static flow (nutrient‐

limited) condition, and this was demonstrated by the higher

percentage of rinsed‐off bacteria (20%) than biofilm cultured under

static conditions (10%). In addition, the mechanical shear stress

induced by airflow (τw = 0.3 Pa) had no significant impact on ALI

biofilm's adhesion strength compared to the biofilm cultured with no

shear stress impact (τw = 0 Pa). On the other hand, for biofilm

cultured on LLI, the adhesive strength of biofilm developed with

continuous nutrient supply had no significant change compared to

the biofilm developed with limited nutrient supply. Moreover, under

continuous nutrient supply, shear force induced by liquid flow

(τw = 0.3 Pa) had no significant impact on biofilm's adhesive strength.

Comparing the biofilm formed on the different interfaces under the

same nutrient supply conditions, LLI biofilm showed significant lower

adhesive strength compared to ALI biofilm only for the static culture

condition.

3.3 | Biofilm morphology

SEM images (Figure 6) show that biofilms cultured with continuous

broth supply generally constitute a dense and compacted multilayer

structure, suggesting that the bacteria had multiplied successfully and

was tightly bonded. It can be observed that the surface of ALI

biofilms cultured in dynamic flow conditions was smooth and

homogenous (Figure 6a,b). However, LLI biofilms display remarkably

different surface morphology when cultured under different dynamic

flow conditions (Figure 6a). Mechanical shear stress appears to

produce LLI biofilms with a more rippled surface (Figure 6c). More

specifically, an increase in mechanical shear stresses (τw = 0.3 Pa) in

the LLI culture appears to produce a more heterogeneous biofilm

showing notable ridges and dome‐shaped structures (Figure 6d).

These morphology differences were also displayed in CLSM images

(Figure 7). These results demonstrate that the impact of mechanical

shear stress is likely greater on the LLI biofilm surface than on the ALI

biofilm for the range of flow rates and mechanical shear stresses

conducted in this study.

The biofilm average thickness, volume, and live‐cell spatial

distribution analyzed from the CLSM images are shown in Figure 8.

Analysis showed that ALI biofilm developed with continuous nutrient

supply and under negligible shear stress (τw = 0 Pa) was four times

thicker than the ALI biofilm developed under static flow (nutrient‐

limited) conditions. On the other hand, the LLI biofilm with negligible

shear stress (τw = 0 Pa) was two times thicker than the LLI biofilm

developed under static flow (nutrient‐limited) conditions. It was also

twofold thinner than the ALI biofilm culture with negligible shear

stress (τw = 0 Pa). Higher mechanical shear stress (τw = 0.3 Pa) had

obvious and different effects on the thickness of ALI and LLI biofilms.

F IGURE 4 The number of viable cells in biofilm samples counted
after 48 h culture under various growth conditions (static, negligible
shear stress, τw = 0.3 Pa). N = 18, mean ± SD. The significant
difference is shown for the indicated comparison (*p < 0.05;
**p < 0.01; ***p < 0.001; ****p < 0.0001; ns, no statistical significance).
ALI, air–liquid interfaces; LLI, liquid–liquid interfaces

F IGURE 5 The proportion of colony forming units (CFU) number
obtained from rinsing solution to the sum of the CFU number
obtained from rinsing and sonication solution (N = 18, mean ± SD).
The significant difference is shown for the indicated comparison
(*p < 0.05; ns, no statistical significance. ALI, air–liquid interfaces; LLI,
liquid–liquid interfaces
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In the ALI biofilm, mechanical shear stress (τw = 0.3 Pa) resulted in a

biofilm of 30 μm, 25% thinner than the ALI biofilm developed under

negligible shear stress (τw = 0 Pa). On the other hand, the LLI

biofilm developed under hydrodynamic shear stress (τw = 0.3 Pa)

was only 5% thinner than the LLI biofilm cultured under negligible

shear stress (τw = 0 Pa) and 45% thinner than the ALI biofilm

(τw = 0.3 Pa). Hence, ALI biofilms were significantly thicker than LLI

biofilms when cultured under the same nutrient condition, with ALI

being significantly affected by the increase in shear stresses than the

LLI biofilm.

The volume of bacteria (live and dead) encased in the biofilm

structure was measured and compared in Figure 8b. It showed that

most of the bacteria (up to 90%) were alive in all conditions. The

continuous supply of nutrients is likely to have accelerated biofilm

proliferation, and this is represented by a significantly larger bacteria

volume than the biofilm cultured in static flow (nutrient‐limited)

conditions. Bacteria volume is directly related to the bacteria number

and the larger the CFU number, the larger the bacteria volume.

Hence, bacteria volume is expected to correspond with CFU

measurements such that larger bacteria volume should be associated

F IGURE 6 Representative scanning electron microscopy images of biofilms cultured on air–liquid interfaces and liquid–liquid interfaces
under different shear force conditions. ALI, air–liquid interfaces; LLI, liquid–liquid interfaces
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with a higher CFU number. Our CFU count results (Figure 4) and

bacteria volume (Figure 8b) measured from CLSM images agree with

each other.

Figure 8c shows the spatial distribution of live cells across the biofilm

thickness from the side attaching the membrane to the biofilm surface.

The live‐cell distribution is represented by the proportion of live‐cell

volume to total bacteria volume. The results showed that the trend of

live‐cell changes across the biofilm thickness was similar for the ALI

biofilms cultured under static flow and dynamic but negligible shear stress

(τw=0Pa) conditions. ALI biofilms cultured under these conditions had

the largest live‐cell proportion (≈100%) of the membrane surface. The

number of live cells reduced exponentially as a function of the biofilm

thickness and was only ~20% at the outer surface of the biofilm.

Mechanical shear stress (τw=0.3Pa) appeared to have an obvious effect

by changing the profile of the live cells across the biofilm thickness. The

higher mechanical shear stresses produced a pseudo constant live‐cell

distribution of ~80% between 0.2 and 0.8 of the normalized biofilm

thickness measured from the membrane attaching side. The live cells

proportion decreased from 75% at 0.95 of the normalized biofilm

thickness to 45% close to the biofilm's surface.

F IGURE 7 Representative confocal laser scanning microscope images of biofilms cultured on air–liquid interfaces and liquid–liquid
interfaces under different dynamic conditions. Images are displayed by orthogonal view and 3D‐reconstruction view of the z‐stack image
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The effects of mechanical shear stress on the LLI biofilm are more

complex, demonstrating that environmental conditions significantly

impact the biofilm developmental process. The results showed that for

LLI biofilms cultured in static flow (nutrient‐limited) conditions, the live

bacteria distribution profile was 10% at the membrane side but 50% at

the external surface of the biofilm. It is highly plausible that the low

adhesive strength of the LLI biofilm cultured under static flow (nutrient‐

limited) conditions were related to the fact that it had the smallest

proportion of live‐bacteria on the membrane side. The opposite behavior

was observed for ALI biofilms cultured under the same static conditions

that showed a decreasing viability across the thickness of the biofilm. On

the other hand, LLI biofilms under dynamic conditions with induced

negligible shear stress was sufficient to change the live‐cell distribution

profile completely. With dynamic flow conditions (τw=0Pa), the

proportion of live cells is 90% at the membrane side, 20% at 0.9 of the

normalized biofilm thickness and 45% at the biofilm's surface. An increase

in mechanical shear stress (τw=0.3 Pa) also had an apparent effect on the

proportion of live cell distribution profiles. The live‐cell proportion at the

biofilm's surface was higher at 90% and twofold higher than the LLI

biofilm cultured with negligible shear stress. The above results are likely

related to the changes in mass transfer at the interfaces of two‐phase

shear‐flow due to differences in hydrodynamic forces, and extended

work using computational fluid dynamics is useful to elucidate the

intricate mechanisms underpinning the processes.

3.4 | Biofilm permeability

Figure 9 shows the Papp of determined for empty membrane (control) and

membrane with biofilms attached using the Na‐Flu assay. Compared to

the empty porous membrane, biofilm formation reduced its permeability

by at least 50%. Both ALI and LLI biofilms developed under continuous

nutrient supply conditions with negligible shear stress (τw=0Pa) had

lower permeability than those developed under static (nutrient‐limited)

conditions, and the differences were significantly larger for the ALI biofilm

than the LLI Biofilm. Inducing higher mechanical shear stresses (τw=0.3

Pa) by increasing the flow rates reduced the permeability significantly in

the ALI biofilms but not significantly in the LLI biofilm. Under continuous

nutrient supply conditions, the LLI biofilm's permeability was at least

twofold higher than the ALI biofilms. The results indicate that mechanical

shear stress is likely able to affect biofilm permeability, given the wide

range of permeability measurements obtained from the biofilm cultured

in different environmental conditions and interfaces explored in this

study.

3.5 | Antibiotic susceptibility test and minimum
biofilm eradication concentration measurements

The percentage of bacteria after antibiotic treatment compared to

the control group is shown in Figure 10. Compared to biofilm

(a) (b) (c)

F IGURE 8 Comparison of (a) averaged thickness; (b) biofilm bacteria volume; (c) live cell distribution across the biofilm layer (N=6, mean ±SD). The
significant difference is shown for the indicated comparison (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; ns, no statistical significance)

F IGURE 9 The permeability coefficient determined the
membrane without biofilm (control) and the membrane with the
biofilm cultured on air–liquid interfaces (ALI) and liquid–liquid
interfaces (LLI) under 48 h static and dynamic conditions using the
Flu‐Na paracellular permeability marker (N = 4, mean ± SD). The
significant difference is shown for the indicated comparison
(*p < 0.05; ****p < 0.0001; ns, no statistical significance)
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cultured in static (nutrient‐limited) conditions, generally, the percent-

age of live bacteria was 10–100 times higher for the biofilm cultured

with continuous nutrient supply after exposure to the same antibiotic

concentration. The percentage of survived bacteria of all the biofilms

cultured under dynamic flow conditions dropped steadily when

antibiotics concentration increased from 50 to 800 μg/ml but was

unchanged when the antibiotic concentration increased further from

800 to 1600 μg/ml. However, biofilms cultured under static flow

(nutrient‐limited) conditions showed a gradual and consistent drop in

the surviving bacteria with increased antibiotic concentration. These

results indicate that biofilm cultured with continuous nutrient supply

is more resistant to antibiotics compared to static culture. In dynamic

ALI culture, the shear stress (τw = 0.3 Pa) induced by airflow had no

significant impact on ALI biofilm's antibiotic susceptivity. However, in

LLI dynamic culture, hydrodynamic shear stress (τw = 0.3 Pa) pro-

duced biofilm with increased antibiotic resistance compared to

biofilm cultured under negligible stress conditions (τw = 0 Pa). In

addition, no significant differences were shown between the biofilm

cultured on ALI and LLI under the same nutrient and shear stress

conditions.

The minimum biofilm eradication concentration (MBEC) is

commonly defined as the lowest concentration of an antimicrobial

substance needed to eradicate 99.9% of biofilm‐embedded bacteria

(3 log10 reductions in CFU/ml) compared to growth controls in the

same conditions (Barry, 1999; Thieme et al., 2019). Based on this

definition, the MBEC for biofilm cultured under static flow condition

was 200 μg/ml. This value is greater for the dynamic cultured biofilm,

which is 1600 μg/ml.

4 | DISCUSSION

Understanding how biofilm properties may be affected by different

environmental conditions such as determining the effects of airflow

and hydrodynamic flow‐induced shear forces on biofilm growth is

important to inform the development of effective biofilm eradication

strategies. To the best of the authors' knowledge, this study presents

the first comparison of ALI and LLI biofilms cultured using flow

conditions associated with mechanical shear stresses of the same

magnitude. While the superficial appearances of biofilms cultured

under different conditions appear similar under visual inspection,

results from the analysis provide clear evidence that biofilm's

developmental process and structure is dramatically different when

cultured on ALI and LLI, with dynamic flow conditions having

significant effects on various aspects of biofilms' properties and

especially on the permeability, morphology, and proportion of live

cells distribution profile across the biofilm thickness. Furthermore,

compared to LLI biofilms subjected to hydrodynamic forces, this

study shows that ALI biofilms exposed to dynamic airflow result in

thicker, denser, but less permeable biofilm with more homogenous

surfaces.

4.1 | Nutrient‐related biofilm developed on ALI
and LLI (static culture vs. dynamic culture τw = 0 Pa)

Using a dual‐channel microfluidic device, biofilms were cultured

under static flow or dynamic flow conditions and replicated a nutrient

F IGURE 10 Comparison of biofilm eradication effect of ciprofloxacin (50, 200, 800, and 1600 μg/ml) for 6 h exposure on 48 h‐old biofilms
cultured under different conditions. Antibiotic exposure was performed from the basal chamber (N = 6, mean ± SD). The red dash line indicates
the MBEC level. The significant difference is shown for the indicated comparison (*p < 0.05; **p < 0.01; ns, no statistical significance). ALI,
air–liquid interfaces; LLI, liquid–liquid interfaces; MBEC, minimum biofilm eradication concentration
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limiting environment (Ye et al., 2022) or an environment where

nutrients are supplied continuously. As demonstrated in this study,

the distinct difference in biofilm's physical properties obtained from

these two different culture methods (static vs. dynamic flow) shows

that nutrient supply plays an important role in biofilm growth. While

several existing studies have reported the effect of nutrients and

showed how high nutrient concentration promotes biofilm growth

(Cunningham et al., 1991; Liu et al., 2019; Stoodley et al., 1998;

Vandevivere & Baveye, 1992), our study shows further that with

continuous nutrient supply, bacteria proliferated within 48 h, and this

time frame is sufficient to form significantly thicker and denser

biofilms with lower permeability that has higher antibiotic tolerance

compared to the biofilms cultivated under nutrient‐limited condi-

tions. Such information is not only useful to estimate the time of

biofilm establishments in an ALI and LLI environment but it can also

be used to predict biofilm properties, including their susceptibility to

eradication for a given antibiotic concentration. Liu et al. (2019)

demonstrated that biofilm cultured on SLI with high nutrient

concentration has weak adhesive strength. However, our study

shows that ALI biofilms cultured under continuous nutrient supply

has reduced adhesive strength, but this is not observed in LLI

biofilms. The above may be related to the difference in nutrient

transportation mechanisms associated with different interfaces. Our

results further show that biofilms developed with continuous nutrient

supply are 10–100 times more resistant to antibiotics than those

cultured under limited nutrient conditions. In addition, the MBEC for

continuously nurtured biofilm is 8 times higher than mal‐nourished

biofilm. This is because biofilm cultured with continuous nutrient

supply produced more EPS content that effectively protects encased

cells against the antimicrobials.

4.2 | Interface‐related effects—ALI biofilms versus
LLI biofilms

Under dynamic conditions, the biofilms formed on ALI and LLI

developed remarkably different structures with LLI biofilms produc-

ing significantly lower viable bacteria numbers. The differences are

due to the different environmental impacts on the biofilm‐forming

process when growing on different interfaces. In ALI, the matured

biofilm exposed to the air is less likely to be detached from the

developed biofilm structure. However, detachment is facilitated in LLI

since bacteria can move more freely in the liquid submerged

environment. Thus, the LLI biofilm structure is constantly changing

in the fluid environment resulting in more heterogeneous structures

and fewer bacterial cell numbers compared to ALI biofilm.

Differences in biofilm's permeability and live‐cell distribution

between the ALI and LLI biofilms are likely related to differences in

mass transfer mechanisms across the interfaces. In this study, the

dual‐channel microfluidic device is separated by a hydrophilic porous

and permeable membrane. The pressure in the channel induced by

airflow is lower than the membrane's bubble point (Hydrophilic

Polyester Track Etch PETE Membranes Specification, 2016), which

means that air is unlikely to pass through the membrane to the

channel containing the media. It has been well recognized that biofilm

structures are interspersed with water channels for nutrient transport

and waste expel (Costerton, 1995; Stoodley et al., 1994). Yang et al.'s

study (Yang & Lewandowski, 1995) suggest that in these heteroge-

neous distributions of internal water channels, transportation of

nutrients in the channels are likely driven by a convective term in

addition to molecular diffusion. In this study, the top and bottom

channel in the microfluidic device is connected by the membrane

pores. Hence, it is not difficult to envisage that the transportation of

nutrients via molecular diffusion and convection is facilitated in the

LLI experimental configuration and less in the gas‐liquid configura-

tion. This may explain why LLI biofilm develops as a more permeable

and porous structure, with presumably larger water channels.

Another plausible evidence supporting this hypothesis is that the

live bacteria proportion is constant across the LLI biofilm thickness in

continuous media supply, further supporting the concept that the LLI

biofilm is saturated with media, facilitating larger mass transport

across the membrane and the biofilm compared to the ALI biofilm.

The biofilm growth on ALI and LLI showed no significant difference in

antibiotic susceptibility. Given the obvious change in live‐cell

distribution and differences in physical properties of the biofilms,

the reason for this is unclear and could be related to the mechanisms

of actions in the antimicrobials, such as their limited ability to

eradicate certain constituents of the biofilm. This is supported by the

observation that the trend of continuous improvement in biofilm

eradication with higher antimicrobial concentration is only observed

for biofilms cultured in nutrient‐limited conditions. These results

suggest that MBEC of an antibiotic should be tested by first

considering the number of nutrients supplied to the biofilms of

interest during the drug development phase given that the improper

management of biofilms through the use of inadequate antimicrobial

may lead to super‐resistant bacteria (Stewart, 2002).

4.3 | Mechanical shear stress‐related biofilm

This study shows that mechanical shear stress has a significant

impact on biofilm growth and its properties. It does not significantly

affect bacteria count in ALI but results in significantly lower CFU

counts in an LLI biofilm culture. Mechanical shear stress also appears

to have a significant impact on biofilm thickness, density, permeabil-

ity, and the proportion of live‐cell distribution across the biofilm.

Previous studies demonstrated that biofilms exposed to hydro-

dynamic shear forces are thin, have heterogeneous structures

(Stoodley et al., 1998; Vieira et al., 1993), and have high adhesive

strength (Chen et al., 1998). Our findings show that they not only

correspond well with the existing work, but we further show that

such properties are also associated with significantly lower perme-

ability across the LLI biofilm. Furthermore, Hassanpourfard et al.

(2016) demonstrated that hydrodynamic stresses could detach

portions of biofilm, leading to extended water channels in developed

structures. Hence, it is plausible that the lower permeability observed
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in our LLI biofilm at the higher shear stress is related to the distortion

of water channels, which has increased mass transport resistance.

Mechanical shear stress is ubiquitous in biological processes,

with airflow in human lungs being a common example. During

respiration, shear stresses in a representative Horsfield genera-

tion 10 region (the generation number commonly used in a

symmetrical dichotomously branching system) (Horsfield &

Cumming, 1968) ranges from −4 × 10−3 to 4 × 10−3 cmH2O

(0–0.4 Pa) (Nucci et al., 2003). The impact of airflow‐induced

shear stress of this magnitude is investigated in our study. We

show that biofilms developed under such conditions are different

from biofilms exposed to hydrodynamic shear stress of the same

magnitude. The increase in airflow induced shear stress produced

biofilms that are thinner, denser, and less permeable compared to

their controls cultured under shear stress negligible conditions.

The increase in shear stress is also associated with changes in

live‐cell distribution across the biofilm thickness, especially at the

outer surface, and this may be related to the biofilm being

exposed to more oxygen from the higher airflow rate. It is also

interesting to note that biofilm shows more homogenous planar

morphology when developed under the influence of airflow. In

addition, there is no significant difference in the resistance of ALI

biofilms against antimicrobials, at least based on the range of

shear stress investigated in this study. The effect of higher

mechanical shear stress on LLI biofilms is distinctively different

from the ALI biofilms. This can be readily observed in the viable

CFU counts, live bacteria distribution across the biofilm and

biofilm's antibiotic susceptibility. Higher hydrodynamic shear

stress appears to reduce viable cell number, homogenize the

distribution of live cells across the biofilm, and increase antibiotic

resistance. While there appear to be insignificant changes in

biofilm volume with increased hydrodynamic shear stress,

extended studies to delineate the potential effects for a wider

range of shear stress magnitude (e.g., in orders of magnitude)

comprehensively and as a function of culturing time is warranted

to improve knowledge of the mechanisms of biofilm growth in a

dynamic environment.

While biofilms have been widely studied, how these microorgan-

isms thrive in dynamic mechanical environments remains unclear.

Being able to understand the impact of mechanical forces and,

specifically, how they may change the properties of biofilm over time

would be extremely useful for a wide range of engineering

applications from the perspective of developing novel products to

control, monitor their growth. The above knowledge will also pave

the way to enable the development of effective eradication strategies

to treat biofilms.

4.4 | Limitations

Despite the new findings obtained from this study, there are

several inherent limitations in the experimental study design.

First, the impact of mechanical shear stress has been investigated

within the same order of magnitude. As discussed, future work is

warranted to explore the effects and implications for a wider

range of mechanical shear stress. Second, high shear flow LLI

biofilm cultured using a high flow rate was achieved using a

peristaltic pump because the syringe pump was unable to handle

the large volume of liquid associated with the high flow rate

cases. However, it is important to note that the concern where

the peristaltic pump may have supplied a higher level of nutrient

due to recirculation of the CaMHB media is negligible given that

the volume of nutrients that biofilm is exposed to during its

course of growth is constant (determined by the volume of the

bottom flow chamber), and the change of the media concentra-

tion is negligible considering the small volume of biofilm sample.

Third, the flow rate provided by the peristaltic pump is pulsatile,

which is not constant compared to the airflow provided by the

syringe pump. However, implications of this are likely minor as

the frequency of pulsation is high. However, in‐depth studies

exploring the effects of pulsatile flow conditions are warranted as

they are useful to shed light on how such dynamic flow condition

alters biofilm properties common in infectious lung diseases. In

addition, EPS plays an important role in biofilm surface adhesion.

Unfortunately, the properties of the EPS and quantifying whether

they are loose or dense have not been thoroughly investigated as

it was not defined as a study's scope in this current work. Future

work to include the investigation of these changes may shed

more insights on biofilm growth behavior. Finally, different

bacterial strains are likely to exhibit different growth trends in a

given environmental condition. So far, we have studied PAO1,

and further plans are currently underway to investigate the

growth properties of other strains such as Escherichia coli,

Staphylococcus aureus in biofilm formation. It would also be

interesting to further study their co‐growth behavior, which is

ubiquitous in nature and represents how biofilm usually grows

and thrive realistically.

5 | CONCLUSIONS

The dual‐channel microfluidic platform developed to investigate biofilm

development in this study has been demonstrated as a successful in vitro

tool to emulate biofilm growth in a realistic physiobiological environment.

Discoveries from this study support the need to develop innovative

approaches to characterize biofilms and their phenotypes longitudinally

based on their physical properties, such as cell density, thickness,

permeability, and mechanical properties, an approach that could

potentially enhance our overall understanding of biofilms.
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