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A B S T R A C T

Biofilms are complex microbial communities that exhibit increased tolerance to antibiotics, posing significant 
challenges in treating chronic infections and highlighting the need for more accurate and personalized diagnostic 
approaches, as well as simple and accessible platforms for growing biofilms under controlled flow conditions that 
better mimic in vivo environments. The XpertBiofilm is a novel platform designed to reproduce dynamic flow 
conditions by applying controlled shear stress, enabling a more realistic simulation of biofilm formation while 
allowing straightforward downstream analysis. Using this platform, we demonstrated a direct relationship be
tween shear stress and biofilm biomass formation in Pseudomonas aeruginosa. Moreover, the XpertBiofilm was 
successfully validated for diagnostic applications using both clinical P. aeruginosa strains and direct sputum 
samples from cystic fibrosis patients, accurately reflecting their known susceptibility profiles and supporting the 
platform’s potential to enable better patient treatment selection. Overall, the XpertBiofilm provides a reliable, 
user-friendly, and physiologically relevant platform for studying biofilms and evaluating therapeutic strategies, 
offering strong potential for both basic research and personalized clinical diagnostics.

1. Introduction

Biofilms develop when bacteria stick to a surface or to each other and 
produce an extracellular matrix that embeds them [1,2]. This matrix, 
which varies among different biofilm types, consists of polysaccharides, 
lipids, proteins, and extracellular DNA (eDNA) [3], acting as a barrier 
that shields from antibiotics and the immune system. As a result, bac
teria in biofilms are naturally more resistant to antibiotics than their 
free-floating, planktonic counterparts, a phenomenon called tolerance, 
which contributes to the chronic nature of biofilm infections [4]. Besides 
the inherent and passive antibiotic resistance of biofilms, antimicrobial 
resistance (AMR) in bacteria is currently increasing worldwide, posing a 
serious public health threat due to the misuse and overuse of antibiotics 
[5]. Today, roughly 60–80% of bacterial infections are caused by 

biofilms [6,7]. This, combined with the rise of AMR, emphasizes the 
urgent need to find better and more personalized treatments for biofilm 
infections and to enhance the effectiveness of existing antibiofilm 
therapies [8].

Several devices have been designed to grow biofilms in vitro for 
research purposes and for testing potential antibiofilm treatments 
[9− 11]. These systems aim to replicate the environmental conditions 
that biofilms encounter and can be classified as static or dynamic, 
depending on how the culture media are supplied to the biofilm. In static 
systems, the medium remains stationary, limiting nutrient availability. 
In contrast, dynamic systems continuously provide fresh media main
taining steady nutrient availability, while removing planktonic cells that 
do not form and develop a biofilm [10,12,13]. In some dynamic models, 
biofilms are formed on coupons, enabling growth on different surface 
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materials. Known examples of these coupon-based systems include the 
CDC Biofilm Reactor® [14], the Drip Flow Biofilm Reactor® [15], the 
Bio-inLine® Biofilm Reactor [16] and the Coupon Evaluation Flow Cell 
(BioSurface Technologies, USA).

Additionally, in dynamic systems, flowing media expose biofilm cells 
to shear stress, as it naturally occurs in the body [17]. This shear stress, a 
frictional force acting parallel to the biofilm surface, is known to influ
ence biofilm formation [18]. Therefore, biofilms grown under shear 
stress tend to adhere better, develop a stronger extracellular matrix [19]
and exhibit increased antibiotic tolerance [20,21]. Specifically, Pseu
domonas aeruginosa, an opportunistic pathogen that commonly forms 
biofilms in chronic conditions such as chronic obstructive pulmonary 
disease (COPD), cystic fibrosis (CF), or chronic wound infections [22], 
shows enhanced adhesion to the substrate when forming biofilms under 
certain shear stress levels [23− 25]. However, the exact role of shear 
stress remains poorly understood, as some studies report varying effects 
across species and conditions [18,26− 30].

These biofilm dynamic systems that can mimic shear stress within 
the body could accurately reproduce in vivo biofilm conditions and thus 
better predict antibiotic resistance [31]. However, they are less 
commonly used than static models due to their technical complexity, 
especially in a clinical setting. Analyzing biofilm parameters in these 
dynamic systems usually requires confocal microscopy and specialized 
personnel, making the process tedious, complicated, and difficult to be 
implemented in routine laboratories.

To address these challenges, the XpertBiofilm platform was designed 
to simulate physiologically relevant shear stress conditions in a 
straightforward way. The XpertBiofilm provides a quick, simple, and 
cost-effective method to grow and analyze biofilms without needing 
specialized equipment or highly trained personnel. By fine-tuning the 
shear stress conditions, the system produces uniform and reproducible 
bacterial biofilms, and results show that biofilm formation increases 
proportionally with higher shear stress. Additionally, the XpertBiofilm 
system has been validated using bacterial clinical isolates and sputum 
samples from CF patients with an easy and effective method for 
measuring antibiotic susceptibility, eliminating the need for advanced 
microscopy techniques or complex equipment. In summary, the Xpert
Biofilm offers a reliable, user-friendly, and straightforward platform to 
grow biofilms and evaluate the effectiveness of potential personalized 
treatments for biofilm infections.

2. Materials and methods

2.1. Bacterial strains

Pseudomonas aeruginosa PAO1 wild type (CECT 4122, ATCC 15692) 
and P. aeruginosa PAO1 expressing green fluorescence protein (eGFP) 
[11] are laboratory strains susceptible to ciprofloxacin (MIC <

0.5 µg/mL). P. aeruginosa PAET1 is a clinical strain resistant to cipro
floxacin (MIC 1–2 µg/mL), isolated from a CF patient with a chronic 
infection [32], and P. aeruginosa PA166 is an extensively drug-resistant 
(XDR) strain [32] resistant to ciprofloxacin (MIC >10 µg/mL). All strains 
were grown in Luria Bertani broth (LB) (Scharlab S.L., Spain) at 37 ºC 
with agitation until reaching an optical density (OD550 nm) of 0.1 (lag 
phase), then used to inoculate the setup for static or continuous biofilm 
formation.

2.2. Clinical sputum samples

Sputum samples from CF patients were collected at the Microbiology 
Department of Hospital Universitari Vall d’Hebron, where its antibiotic 
sensitivity in planktonic conditions was determined. Sputum I was 
classified as ciprofloxacin-susceptible and ampicillin-resistant, whereas 
sputum II was determined ciprofloxacin-resistant and ampicillin- 
susceptible. Ethical approval for human sample collection and 
handling was granted by the Clinical Research Ethics Committee 

(Comitè Ètic d’Investigació Clínica, CEIC) under approval number PR 
(AG)275/2019. To process the samples, 20 µL of sputum was dissolved 
in 800 µL of 0.1% DTT in PBS 1X (Thermo Scientific, USA). The sputum 
was then incubated at 37 ºC with agitation for 1 h and vortexed for at 
least 2 min before inoculation into the system.

2.3. Device fabrication

The different prototypes, including the XpertBiofilm, were fabricated 
from polycarbonate stock using a Genos L200E-M CNC milling system 
(Okuma, Germany) at Centre CIM, Universitat Politècnica de Catalunya 
(CIM UPC, Spain). Precision drilling was used to create the openings 
required for fluidic access.

2.4. Shear stress quantification

The shear stress distribution in the different prototypes, including 
the XpertBiofilm was simulated using the finite element method with 
COMSOL Multiphysics 6.2 software. The culture medium was modeled 
as an incompressible Newtonian fluid with the same physical properties 
as water. No-slip boundary conditions were applied to the walls. The 
inlet was set to a fully developed, steady flow. To optimize the reliability 
of the simulation, an appropriate mesh was used in the model.

2.5. Static biofilm formation and treatment in a 24-well plate

Coupons (12 mm diameter round cover glasses) (Epredia, 
Netherlands) were placed vertically in each of the wells of a 24-well 
plate (SPL Life Sciences Co.,Ltd, Korea) and held in place using a piece 
of silicone (area of 1 cm2, thickness: 1.5 mm ± 0.3 mm) (Merefsa, 
Spain). Wells were filled with 1 mL of the bacterial culture supple
mented with 0.2% glucose (Thermo Scientific, USA). After 72 h at 37 ºC, 
mature biofilms were washed twice with 1 mL of phosphate-buffered 
saline (PBS) (Fisher Scientific, Spain) and treated with different con
centrations of ciprofloxacin (Cayman Chemical, USA) for 5 h.

2.6. Continuous biofilm formation and treatment inside the different 
prototypes

The dynamic biofilm formation setup consisted of a fresh medium 
reservoir connected to a high-precision Ismatec IPC16 ISM933 multi
channel peristaltic pump (Ismatec, Switzerland). From the pump, 
1.5 mm diameter Tygon tubing (E− 3603, dD BioLab, Spain) directed the 
medium into each prototype, which was subsequently connected to a 
waste collection bottle. To prevent air bubble introduction into the 
system, bubble traps (DTU, Denmark) were installed upstream of the 
device.

For biofilm growth, coupons (12 mm diameter round cover glasses) 
(Epredia, Netherlands) were placed inside each prototype. The assem
bled setup was sterilized by circulating 0.5% (v/v) sodium hypochlorite 
through the tubing and prototypes, followed by rinsing with sterile 
water. LB broth medium supplemented with 0.2% glucose was then 
pumped through the device with the peristaltic pump as previously 
described [11]. Bacterial cultures or patient-derived sputum samples 
were inoculated into the system using a 26 G needle (Terumo Europe, 
Belgium). In the Prototype 2 and 3 (XpertBiofilm), inoculation was 
performed through the dedicated injection port (WHEATON® COM
PLETEPak Stopper, Sigma-Aldrich, USA) whereas in Prototype 1 inoc
ulation was carried out directly into the Tygon tubing. After bacterial 
inoculation, the flow was paused for 2 h to allow bacterial attachment to 
the coupon. After this attachment period, continuous flow was initiated 
at the desired rate (2.5, 10, 25, 45 or 100 µL/min) and maintained for 
72 h at room temperature (RT) (22–24 ºC) in a in a room with 
temperature-controlled environment to allow the development of 
mature biofilms. Ciprofloxacin (Cayman Chemical, USA) and ampicillin 
(Sigma-Aldrich, USA) treatments were introduced into the system in the 
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same manner as the bacteria, and flow was halted during the 16-hour 
treatment.

2.7. Biofilm quantification with microscopy

To determine the biofilm biomass and thickness of the P. aeruginosa 
PAO1 expressing eGFP by microscopy, the coupon where the biofilm 
formed was visualized under a confocal microscope (Zeiss LSM 800, 
Germany) with a 488 nm laser. FIJI, ImageJ, and COMSTAT2 software 
were used for biomass calculation.

2.8. Biofilm quantification with dyes

Coupons (12 mm diameter round cover glasses) (Epredia, 
Netherlands)) containing the biofilm were transferred to a 48-well plate 
(Nunclon, Thermo Fisher Scientific, USA), and the biofilm was stained 
with 300 µL of different dyes, then incubated in the dark for one hour at 
37 ◦C. Fluorescence readings were taken using the Spark Multimode 
Microplate Reader (Tecan, Switzerland). Fluorescein diacetate (FDA) 
(Sigma-Aldrich, USA) was used at 8 µg/mL in PBS and measured at 490/ 
526 nm for excitation and emission. Resazurin (PrestoBlue® Cell 
viability reagent, Thermo Fisher Scientific, USA) was diluted 1:10 in PBS 
according to the manufacturer’s guidelines, and fluorescence was 
measured at 560/590 nm (excitation/emission). DAPI dilactate (Thermo 
Fisher Scientific, USA) was used at 300 nM, with fluorescence measured 
at 358/461 nm (excitation/emission). The LIVE/DEAD™ kit was tested 
with Syto9 at 5 µM and Propidium iodide at 30 µM (BacLight™, Life 
Technologies, USA), with fluorescence measured at 480/500 nm and 
490/635 nm (excitation/emission), respectively. Fluorescence mea
surements were acquired using dye-specific gain settings. For each flu
orophore, the gain was optimized using the untreated control and 
subsequently kept constant for all experiments with the same 
fluorophore.

2.9. Biofilm quantification with CFU counting

To quantify the CFU forming the biofilm, bacteria were detached 
from the coupon (cover glasses) by sonicating them for 5 min in 500 µL 
of PBS + 5% TWEEN® 20 (Sigma-Aldrich, USA) and vortexing for 30 s at 
high speed. Serial dilutions were prepared and plated on LB agar 
(Scharlab S.L., Spain) and incubated at 37 ◦C to count the colonies 
formed.

2.10. Statistical analysis

Results were statistically analyzed and plotted using GraphPad Prism 
10.6.1. The specific statistical tests applied are indicated in the corre
sponding figure legends.

3. Results

3.1. The XpertBiofilm enables biofilm growth under shear stress and 
straightforward biofilm analysis

Previous work in our laboratory with dynamic biofilm devices, such 
as flow cells [33− 35] and the FlowShear TriCell [36], highlighted the 
need for a user-friendly platform to analyze biofilms. Our aim in this 
work was to design a platform that preserved the advantages of these 
established systems while improving practicality and broadening us
ability. Specifically, we sought to develop a chamber in which biofilms 
could develop on a removable coupon, enabling both standard micro
scopy and straightforward quantitative biofilm analysis without 
requiring specialized equipment or advanced technical expertise, while 
also minimizing culture medium consumption in each biofilm 
experiment.

Building on our previous microfluidic biofilm device development 

[11] and drawing on design features from established and widely used 
coupon-based systems [14− 16], we aimed to incorporate the most ad
vantageous aspects of these platforms, while addressing their major 
limitations. These include the large volumes of medium typically 
required [37], the heterogeneous shear-stress profiles they generate 
[19], and the inability to treat individual coupons independently [38]. 
In addition, in our experience, many of these systems offer limited 
accessibility to the growth surface, restrict options for inoculation or 
treatment, and rely almost exclusively on confocal microscopy for 
downstream analysis. Together, these factors complicate reproducible 
biofilm formation and hinder antibiotic susceptibility testing.

Motivated by these constraints, we designed a first prototype 
(Fig. 1a, Prototype 1 and Fig. S1a), consisting of a compact growth 
chamber that allowed insertion of a removable circular coupon. This 
design aimed to maintain controlled shear stress during biofilm growth 
while improving usability, reducing medium consumption, and enabling 
flexible downstream analysis, including both microscopy and plate- 
reader–based assays. Biofilm formation inside this prototype was first 
evaluated at two standard flow rates (45 and 100 µL/min) and quanti
fied using confocal microscopy with a P. aeruginosa PAO1 laboratory 
strain encoding a constitutive green fluorescent protein (eGFP). In this 
first version, the resulting biofilms grew homogeneously, with biomass 
values of 10.19 and 16.18 µm2/µm3 at flow rates of 45 and 100 µL/min, 
respectively (Fig. 1a, Prototype 1). However, an important limitation 
remained unresolved, since the growth chamber was not easily acces
sible, as it was sealed with a cover glass fixed with liquid silicone [39], 
which limited accessibility and ease of use.

To address this limitation, a second prototype was developed with 
improved accessibility of the growth chamber, incorporating a screw 
cap for sealing and facilitating coupon access (Fig. 1a, Prototype 2 and 
Fig. S1b). Nevertheless, this design yielded poor biofilm formation, 
especially at the lowest flow rate (45 µL/min), where a non- 
homogeneous biofilm with biomass below 1 µm3/µm2 was observed 
(Fig. 1a, Prototype 2). Increasing the flow rate to 100 µL/min modestly 
improved biofilm biomass (6.55 µm3/µm2). These results suggested that 
flow dynamics may have influenced biofilm development, since shear 
stress (τ) increases directly with flow rate (Q), as described in the 
following equation:

τ = (6•μ•Q)/(h2•w)                                                                            

where (μ) is the viscosity of the growth media and (h) and (w) are the 
height and the width of the chamber, respectively.

Thus, computational fluid dynamics simulations using COMSOL 
Multiphysics were performed to analyze the shear stress formed inside 
each biofilm growth chamber (see Materials and Methods). The analyses 
revealed that the increased chamber height (h) required by the screw- 
cap design led to an overall 10-fold reduction in shear stress (from 
0.12 to 0.01 mPa) (Fig. 1a, Prototype 2 vs. Prototype 1), which likely 
explains the impaired biofilm formation observed at lower flow rates. 
Consequently, a third prototype was developed to optimize the chamber 
height and restore adequate shear stress levels (Fig. 1a, Prototype 3 and 
Fig. S1c). Simulations of this version indicated higher shear stress values 
(0.42 and 0.90 mPa at 45 and 100 µL/min, respectively), and biofilm 
formation remained robust, with increased biomass values of 20.22 and 
38.34 µm2/µm3 at 45 and 100 µL/min, respectively (Fig. 1a, Prototype 
3). This optimized prototype version was selected as the final design and 
designated as the XpertBiofilm.

Thus, in the Prototype 3 design (XpertBiofilm), the growth chamber 
allows the insertion of a 12-mm-diameter coupon onto which the biofilm 
forms (Fig. 1b and Fig. S1c). Importantly, these coupons can be fabri
cated from a wide range of materials, including plastic, silicone, tita
nium, hydroxyapatite, or glass, making the device versatile for studying 
biofilm formation on clinically relevant surfaces. The device also in
cludes strategically placed apertures for inlet and outlet tubing, enabling 
continuous media flow. Thus, the inlet tubing connects to a bottle of 
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Fig. 1. Prototype optimization and system setup. a) Features of the different prototypes, together with biofilm biomass values (µm3/µm2) obtained from 
P. aeruginosa PAO1 eGFP biofilms grown in each prototype at two flow rates (45 and 100 µL/min). Values represent the mean ± standard deviation (SD) from three 
independent biological replicates. For each prototype and flow rate, shear stress simulations and mean shear stress values within the growth chamber are shown, 
generated using COMSOL Multiphysics. Color scale for shear stress is displayed on the right (in mPa). Detailed measurements and design specifications for each 
prototype are provided in Supplementary Figure 1. b) Three-dimensional rendering, photograph, and detailed cross-sectional view of the Prototype 3 (XpertBiofilm). 
Detailed measurements and design specifications are provided in Supplementary Figure 1. c) Schematic overview of the system setup and workflow for biofilm 
growth and analysis in Prototype 3 (XpertBiofilm).
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fresh culture medium, while the outlet tubing brings waste medium into 
a separate container (Fig. 1c and Fig. S2). For practical usability, the 
XpertBiofilm also includes an injection port (Fig. 1b), accessible with a 
standard needle, allowing easy inoculation of bacterial cultures as well 
as administration of antimicrobial treatments or other supplements.

Following the setup scheme in Fig. 1c, once the bacteria are inocu
lated, fresh culture medium is pumped into the growth chamber at the 
desired flow rate using a peristaltic pump. This setup maintains a 
continuous flow of medium, which supplies nutrients and generates 
shear stress on the biofilm. Inside the growth chamber, the biofilm 
grows on the coupon under a consistent shear stress determined by the 
selected flow rate. The flowing media also removes planktonic bacteria 
that do not form part of the biofilm, directing them to the waste 
container (Fig. 1c and Fig. S2).

Once the biofilm is formed on the coupon (typically after ~3 days, 
depending on the microorganism), it can be analyzed using various 
methods. The removable coupon design enables high-resolution visu
alization using confocal or other advanced microscopy techniques. 
Moreover, the round coupon can also be placed directly into a 48-well 
microplate for straightforward biofilm quantification using indirect 
staining in a microplate reader (see Materials and Methods and Fig. 1c).

3.2. The XpertBiofilm achieves consistent biofilm formation and provides 
insight into shear stress-biomass dynamics

Continuous flow is a crucial feature of dynamic biofilm systems, as it 

directly influences nutrient availability and shear stress. Since shear 
stress proved to be a critical factor influencing biofilm formation during 
the prototype optimization phase (Fig. 1a), its role in promoting biofilm 
growth was further investigated. The XpertBiofilm device was tested at 
increasing flow rates (2.5, 10, 25, 45 and 100 µL/min), and biofilm 
biomass and thickness were quantified using standard confocal micro
scopy, as previously described [11,33− 36]. Both parameters increased 
with the flow rate, reaching an average biomass of 38.34 ± 5.98 
µm3/µm2 and a thickness of 55.32 ± 14.89 µm at the highest flow rate 
(100 µL/min) (Fig. 2a). To better understand this relationship, shear 
stress levels inside the growth chamber were computationally simulated 
across the same flow rates using COMSOL Multiphysics, and the calcu
lated values were then correlated with the experimentally measured 
biomass (Fig. 2b). The analysis revealed a strong positive and significant 
correlation (p < 0.0001 and R2 = 0.91), indicating that higher shear 
stress contributes directly to increased biofilm biomass. This finding 
highlights the importance of controlling the flow rate in the growth 
chamber design and, consequently, the shear stress in dynamic-flow 
devices, as these parameters play a crucial role in optimizing biofilm 
development.

To complete the system optimization, the optimal flow rate for 
achieving homogeneous and reproducible biofilm formation in the 
XpertBiofilm was determined by assessing variability in biomass and 
thickness across biological replicates using both standard deviation (SD) 
and coefficient of variation (CV). Since the lowest variability in both 
biomass and thickness was consistently observed at 45 µL/min (Fig. 2a), 

Fig. 2. Effect of flow rate and shear stress on biofilm development in the XpertBiofilm a) Representative confocal microscopy images (sum and orthogonal 
views) of biofilms formed under different flow rates, obtained from at least three independent biological experiments. Mean ± standard deviation (SD) values for 
biofilm biomass and thickness, along with their coefficients of variation (CV) are shown alongside with the average shear stress values inside the growth chamber for 
each condition. b) Correlation between average shear stress in the growth chamber and biofilm biomass, using the values obtained in a). Correlation is represented as 
min–max plots and analyzed by simple linear regression (R2 = 0.91 and p-value < 0.0001, red line). Computational simulations of shear stress distribution inside the 
growth chamber at the different flow rates, with the corresponding color scale in mPa, are shown. Average shear stress values in a) and shear stress simulations in b) 
were generated using COMSOL Multiphysics 6.2.
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this flow rate was chosen as optimal flow for reproducible biofilm for
mation while maintaining reasonable medium consumption throughout 
the experiment.

To further confirm the robustness of the system, homogeneity was 
also assessed within a single biofilm at the optimized flow rate of 45 µL/ 
min. Different regions of the same P. aeruginosa PAO1 biofilm were 
imaged, and their biomass and thickness were quantified. As shown in 
Fig. 3, the biofilm formed was homogeneous across different areas of the 
same coupon, with CV values of only 8.73% for biomass and 12.23% for 
thickness (Fig. 3b and c), demonstrating consistent biofilm formation 
within the coupon. Together, these results demonstrate that the Xpert
Biofilm platform not only supports robust biofilm growth at optimized 
flow rates but also ensures reproducible and homogeneous biofilm 
development.

3.3. Optimization of straightforward biofilm analysis and antimicrobial 
assessment

Following optimization of the device architecture and flow condi
tions, we next focused on refining the biofilm analysis. As shown in 
Fig. 1c, the XpertBiofilm provides a versatile platform for downstream 
analyses. Because the coupon on which the biofilm develops can be 
easily removed, biofilms can be examined either by confocal microscopy 
(as shown in Fig. 1a, 2a and 3a) or by rapid, indirect quantitative 
measurements of biofilm biomass using a microplate reader. This latter 
approach offers a simple and accessible method that could be imple
mented in clinical laboratories or hospitals, as it does not require 
advanced microscopy imaging or specialized image analysis software (e. 
g., ImageJ, COMSTAT or BiofilmQ). To enable this simplified workflow, 
however, it was necessary to identify and optimize a fluorescence-based 
staining method capable of reliably quantifying biofilm biomass growth 
and viability before its integration into the XpertBiofilm platform.

Several fluorescent dyes have been reported in the literature for 
biofilm biomass quantification [40]. In this work, some of these dyes 
were evaluated to identify the most suitable option for the XpertBiofilm 
platform. For this assessment, P. aeruginosa biofilms were grown stati
cally on 12 mm round glass coupons placed vertically in a 24-well plate, 
to maximize biofilm formation at the air-liquid interface (see Materials 
and Methods and Fig. 4a). As a proof of concept for antibiotic treatment, 
after 72 h of incubation, the biofilms were treated with 10 µg/mL cip
rofloxacin for 5 h. Following treatment, coupons were gently rinsed with 
PBS to remove detached or dead bacteria from the biofilm and then 
transferred to a new microtiter plate for fluorescence measurements in a 
microplate reader using dye-appropriate excitation/emission parame
ters (see Materials and Methods and Fig. 4a).

Four different fluorescent dyes were evaluated: two enzymatic dyes 
(Fluorescein Diacetate (FDA) and resazurin) and two DNA-staining dyes 
(DAPI and the LIVE/DEAD™ kit (SYTO9 and PI)). As expected, each 
fluorophore yielded different relative fluorescence unit (RFU) values 

and therefore required dye-specific gain settings (see Materials and 
Methods and Supplementary Table 1). Nevertheless, for all dyes, cip
rofloxacin treatment reduced the normalized RFU values compared with 
non-treated coupons, reflecting a decrease in biofilm biomass. This RFU 
reduction was more pronounced with the enzymatic dyes FDA and 
resazurin (Fig. 4b, yellow and purple bars), compared to the non- 
enzymatic dyes DAPI and the LIVE/DEAD™ kit (Fig. 4b, blue and 
green-red bars). Among the enzymatic dyes, FDA showed the most 
pronounced RFU reduction (Fig. 4b, yellow bars); however, its high 
variability reduced statistical significance, making it less sensitive to 
treatment than the other enzymatic dye resazurin, which showed more 
consistent and reproducible results (Fig. 4b, purple bars).

To verify that the observed fluorescence reduction after ciprofloxa
cin treatment corresponded to a reduction in biofilm biomass, bacteria 
were recovered from the treated and non-treated coupons and plated 
onto LB agar for colony-forming unit (CFU) quantification (see Materials 
and Methods). This analysis confirmed a significant reduction of more 
than 4 logs of viable bacteria in the biofilm treated with 10 µg/mL of 
ciprofloxacin (Supplementary Table 2), validating the fluorescent 
reduction seen in Fig. 4b.

The three dyes showing significant fluorescence differences between 
treated and non-treated biofilms (FDA, resazurin and DAPI) (Fig. 4b, 
yellow, purple and blue bars) were subsequently tested across a range of 
ciprofloxacin concentrations to establish their response curves and 
sensitivity, using the same statically grown biofilms (Fig. 4c-e). Among 
them, the enzymatic dye resazurin displayed the clearest and most 
consistent dose-dependent response (Fig. 4d), identifying it as the most 
suitable dye for assessing biofilm susceptibility to antibiotics. Therefore, 
resazurin was selected for subsequent antimicrobial testing within the 
XpertBiofilm continuous-flow system.

3.4. XpertBiofilm allows direct antibiotic susceptibility testing of biofilms 
from bacterial clinical isolates and patient samples

With the system conditions fully optimized in terms of growth 
chamber design, experimental setup, flow rate and fluorescence-based 
quantification analysis method, the XpertBiofilm platform was vali
dated for its usability in assessing antibiotic susceptibility in biofilms. 
Validation was performed using both reference and clinical P. aeruginosa 
isolates, as well as samples from chronically infected patients, specif
ically CF sputum samples directly inoculated into the XpertBiofilm 
platform (Fig. 5a).

In both conditions, using bacterial isolates or CF sputum samples, 
biofilms were developed on a glass coupon inside the XpertBiofilm 
platform under a continuous flow (45 µL/min) for 72 h, followed by a 
16-hour antibiotic treatment (Fig. 5a). Each condition was tested in 
three independent experiments, and biofilm quantification was per
formed using the enzymatic dye resazurin, previously identified as the 
most robust fluorescent readout (Fig. 4). Fluorescence was measured by 

Fig. 3. Homogeneity within a single biofilm in the XpertBiofilm platform: a) Confocal microscopy images (sum and orthogonal views) of P. aeruginosa PAO1 
eGFP biofilms formed in different regions of the same coupon at 45 µL/min for 72 h at RT. b) and c) Quantified biofilm biomass and thickness for each region, and the 
corresponding coefficients of variation (CV) values. Created with BioRender.com.
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Fig. 4. Validation of fluorescent dyes in biofilms grown under static conditions in a 24-well plate: a) Schematic illustration of the workflow. b) Percentage of 
Relative Fluorescence Units (RFU) of the non-treated biofilm (solid bars) and the biofilm treated with 10 µg/mL of ciprofloxacin (stripped bars) dyed with Fluorescein 
Diacetate (FDA, yellow bars), resazurin (purple bars), DAPI (blue bars) and the LIVE/DEAD™ kit (Syto9, green bars and Propidium Iodide, PI, red bars). c-e) 
Percentage of Relative Fluorescence Units (RFU) of the biofilm treated with increasing concentrations of ciprofloxacin (Cpx) and dyed with Fluorescein Diacetate 
(FDA), resazurin, and DAPI. Data are presented as mean values and SD from three independent biological experiments. Data was compared with a Student Unpaired t- 
test in the b) and c) graphs and with a one-way ANOVA analysis with a Tukey’s multiple tests in the c-e) graphs (*, p-value < 0.05; **, p-value < 0.01; ***, p-value <
0.001, ns, not significant). Created with Biorender.com.
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removing the coupon and reading the signal in a standard microplate 
reader (see Materials and Methods) (Fig. 5a).

For strain-based validation, three P. aeruginosa strains with distinct 
resistance profiles were tested: the laboratory strain PAO1, the chronic 
CF clinical isolate PAET1, and PA166, an extensively drug-resistant 
(XDR) strain from an acute infection (see Materials and Methods). As 
expected, the biofilm formed by the ciprofloxacin-susceptible PAO1 
strain was significantly reduced with the antibiotic treatment (Fig. 5b). 
In contrast, the PAET1 strain biofilm, which has an intermediate resis
tance level (10-fold higher MIC than PAO1), exhibited a mild, non- 
significant increase in fluorescence, corresponding to an slight in
crease in biofilm biomass, suggesting that the ciprofloxacin concentra
tion used was sub-optimal for this strain [41]. Meanwhile, the biofilm 
produced by the XDR strain PA166, known to be highly resistant to 
ciprofloxacin, showed no significant response to the treatment but a 
higher variability (Fig. 5b). These results demonstrate that the Xpert
Biofilm provides a reliable and accessible platform for antibiotic sus
ceptibility testing in biofilms, without the need for specialized imaging 

equipment.
To validate clinical applicability, two CF sputum samples with pre

viously characterized antibiotic susceptibility profiles (see Materials and 
Methods) were directly inoculated into the XpertBiofilm and cultured 
under the same conditions (see Materials and Methods and Fig. 5a). The 
resulting biofilms were treated with ampicillin, ciprofloxacin, or left 
untreated. The biofilm formed from sputum sample I, which was resis
tant to ampicillin and sensitive to ciprofloxacin, showed a reduction in 
fluorescence only after ciprofloxacin treatment. Conversely, sputum 
sample II, which was sensitive to ampicillin and resistant to ciproflox
acin, responded only to ampicillin treatment (Fig. 5c). This demon
strates the XpertBiofilm’s clinical relevance and its potential as a 
practical tool for directly assessing the antibiotic susceptibility of bio
films in a routine clinical practice for a specific patient.

4. Discussion

The XpertBiofilm was designed as a simple, versatile and 

Fig. 5. XpertBiofilm validation with clinical strains and CF sputum samples: a) Schematic illustration of the workflow. b-c) Percentage of Relative Fluorescence 
Units (RFU) of biofilms grown in the XpertBiofilm from P. aeruginosa strains (b) and CF sputum samples (c), treated with 100 µg/mL of ciprofloxacin (Cpx) or 
ampicillin (Amp) and dyed with resazurin. Data represent the mean and SD from three independent experiments. Data was compared with a Student Unpaired t-test 
in the b) graph and with a one-way ANOVA analysis with a Tukey’s multiple tests in the c) (*, p-value < 0.05; **, p-value < 0.01; ns, not significant). PAO1: P. 
aeruginosa PAO1 lab strain; PAET1: P. aeruginosa chronic clinical isolate; PA166: P. aeruginosa acute clinical isolate; XDR: extensively drug-resistant strain; Cpx S: 
Ciprofloxacin sensitive; Cpx R: Ciprofloxacin resistant; XDR: extensively drug-resistant strain; Amp S: Ampicillin sensitive; Amp R: Ampicillin resistant. Created with 
Biorender.com.
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physiologically relevant platform for growing and analyzing biofilms 
under controlled flow conditions. After some prototype optimization 
(Fig. 1a), the final device was engineered with an optimized growth 
chamber geometry that ensures stable flow and uniform shear stress 
distribution, critical parameters for achieving homogeneous biofilm 
development. Moreover, it allows for the easy insertion and removal of 
coupons made of different substrates (Fig. 1b and Fig. S1c). This 
versatility enables biofilm growth on a wide range of materials, such as 
plastic, silicone, titanium, hydroxyapatite or glass, beyond others, 
making the platform ideal for studying biofilm formation across a wide 
range of bacterial or fungal species. This parameter is especially 
important, as the diverse physicochemical properties of each material 
affect bacterial attachment and biofilm development in species-specific 
ways [42− 44]. Thus, the XpertBiofilm can be used to evaluate 
biofilm-resistant surfaces or materials designed to inhibit bacterial 
colonization, making it a valuable tool for new antibiofilm strategies 
[45,46]. Importantly, biofilms formed in the XpertBiofilm exhibited 
high homogeneity both across biological replicates at different flow 
rates (especially at 45 µL/min) and also across the entire coupon surface 
(Fig. 2a and 3), reducing spatial variability and enhancing the reliability 
of antibiotic susceptibility measurements.

A key step in optimizing the functionality of the XpertBiofilm was 
hydrodynamic improvement. Early prototypes of the device employed 
different sealing mechanisms, which altered internal flow patterns 
(Fig. 1a, Prototype 2), resulting in biofilm biomass values below those 
typically reported for P. aeruginosa biofilms grown under dynamic 
conditions [11,47,48]. Thus, after some computational fluid dynamics 
analysis, it was found that an increased chamber height significantly 
reduced shear stress, which explains the impaired biofilm development 
in Prototype 2. Restoring the appropriate chamber height by modifying 
the chamber size corrected the issue, yielding higher shear stress values 
and producing more robust biofilms (Fig. 1a, XpertBiofilm (Prototype 
3)).

Computational fluid dynamics simulations further demonstrated a 
strong positive correlation between shear stress and biofilm biomass 
formation (Fig. 2b), highlighting the critical role of shear stress in pro
moting biofilm formation. This positive correlation aligns with several 
previous studies, in which increased shear stress has been shown to 
strengthen surface adhesin-mediated adhesion [49] and enhance biofilm 
growth [17,27,50− 53]. Moreover, some bacteria can sense shear stress 
and modulate their gene expression to improve bacterial fitness [54]. 
Notably, P. aeruginosa, the organism used in this study, responds to shear 
stress by activating biofilm-related genes [55]. However, it’s essential to 
consider the variability in bacterial strains and, therefore, the shear 
stresses applied. Some studies have also shown that low shear stress 
actually promotes biofilm formation [18,28,56], because up to a certain 
shear stress rate, there is inhibition of the biofilm development [26,57, 
58]. Altogether, these findings highlight that the effect of shear stress on 
biofilm formation is highly dependent on its magnitude and the bio
logical context, emphasizing the need to define the optimal shear stress 
range for each bacterium and model system.

In particular, within the lung environment, shear stress generated by 
mucus transport is a key factor in pathogen clearance, with shear stress 
values around 0.8 dynes/cm2 (80 mPa) [59]. Moreover, under healthy 
conditions, coughing can generate shear stresses as high as 1700 
dynes/cm2 (170 Pa) to eliminate bacteria [60]. However, in CF disease, 
where P. aeruginosa biofilms are a major cause of morbidity and mor
tality, shear stress is believed to be lower due to the thick and viscous 
sputum that hampers pathogen cleaning [61]. This suggests that while 
the CF lung environment has enough shear stress to facilitate robust 
biofilm formation, it lacks the necessary force to remove the attached 
bacteria and prevent chronic infections. The XpertBiofilm allows precise 
control over shear stress levels to mimic these in vivo conditions. 
Notably, the optimal shear stress range identified for homogeneous 
biofilm formation inside the XpertBiofilm was approximately 
10–300 times lower than that associated with healthy conditions, 

supporting its utility for modeling the CF lung environment and gener
ating robust biofilms for testing.

In further optimizing the system to make it suitable for use beyond 
specialized biofilm research laboratories, biofilm quantification and 
antibiotic testing workflows were simplified. Conventional dynamic 
systems like flow cells often depend on confocal microscopy for the 
analysis, requiring specialized equipment, technical expertise, and 
complex data processing [62,63]. Although confocal microscopy is 
invaluable for in-depth studies [3,64], it is impractical for routine 
antibiotic susceptibility testing in clinical settings. The XpertBiofilm 
eliminates this dependency by enabling a more accessible, streamlined 
workflow: the biofilm is grown on a detachable coupon that can be 
transferred to a standard microplate reader for analysis using fluorescent 
dye-based assays. Among the various dyes reported for biofilm quanti
fication [10,65], four were evaluated to be used in the XpertBiofilm: two 
enzymatic dyes, (FDA and resazurin) along with two DNA-staining dyes 
(DAPI and the LIVE/DEAD viability kit) (Fig. 4). Above all, within the 
conditions tested, resazurin showed the clearest and most consistent 
dose-dependent response, making it the most suitable option to use with 
XpertBiofilm (Fig. 4). This result aligns with previous reports, as this 
enzymatic dye showed good correlation with colony-forming units 
(CFUs) in biofilms [12,65,66]. This approach not only simplifies analysis 
but also provides functional information about biofilm viability, unlike 
crystal violet staining, which cannot distinguish between live and dead 
cells [67]. Moreover, XpertBiofilm can be readily adapted in the future 
to newly developed dyes for biofilm biomass assessment.

Finally, the XpertBiofilm was validated as a functional platform for 
antibiotic susceptibility testing in both laboratory and clinical contexts. 
This was demonstrated using three different P. aeruginosa strains and 
two sputum samples from patients suffering from CF with known anti
biotic susceptibility profiles. After treatment with an antibiotic, a sig
nificant reduction in biofilm biomass was observed in antibiotic- 
susceptible strains or in sputum samples, whereas no significant ef
fects were observed in the resistant strains. These results were fully 
consistent with the known susceptibility profiles, further confirming the 
reliability and clinical relevance of the XpertBiofilm system. Impor
tantly, the XpertBiofilm also supported direct biofilm formation from 
patient-derived CF sputum samples, enabling ex vivo modeling of bio
film infections without prior bacterial isolation. This capability high
lights the system’s clinical relevance and its potential as a rapid, 
practical tool for guiding clinicians for antibiotic selection in chronic 
infections and personalizing treatment.

5. Conclusion

In this work, we developed the XpertBiofilm, a biofilm growth 
platform that enables controlled investigation of biofilm development 
under defined hydrodynamic conditions. By modulating shear stress, we 
demonstrate that this parameter plays a key role in governing 
P. aeruginosa biofilm formation. The XpertBiofilm combines physiolog
ical relevance with experimental accessibility, supporting multiple 
substrates for biofilm growth as well as both microscopy and straight
forward fluorescence-based analysis. Moreover, the successful valida
tion of the XpertBiofilm using both P. aeruginosa clinical strains and CF- 
patient-derived sputum samples demonstrates its versatility as a plat
form for studying biofilm biology and evaluating antimicrobial treat
ments under conditions that closely mimic real infections.
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