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ABSTRACT: Pathogenic bacterial biofilms can be life threatening, greatly decrease patients’ quality of life and are a substantial 
burden on the healthcare system. Current methods for evaluation of antibacterial treatments in clinics and in vitro systems used in 
drug development and screening either do not facilitate biofilm formation or are cumbersome to operate, need large reagent volumes 
and are costly, limiting their usability. To address these issues, this work presents the development of a robust in vitro cell culture 
platform compatible with confocal microscopy. The platform shaped as a compact disc, facilitates long-term bacterial culture without 
external pumps and tubing and can be operated for several days without additional liquid handling. As an example, Pseudomonas 
aeruginosa biofilm is grown from single cells and it is shown that: 1) the platform delivers reproducible and reliable results; 2) growth 
is dependent on flow rate and growth medium composition; and 3) efficacy of antibiotic treatment depends on the formed biofilm. 
This platform enables biofilm growth, quantification and treatment as in a conventional flow setup, while decreasing the application 
barrier of lab-on-chip systems. It provides an easy-to-use, affordable option for end users working with cell culturing in relation to 
e.g. diagnostics and drug screening. 

Since the introduction of antibiotics for treatment of bacterial 
infections, microbes have developed resistance to antimicrobial 
agents with an alarming rate 1,2 and, antibiotic resistance be-
came one of the biggest threats to global health 3. It is clear that 
there is a high demand for new drugs, novel therapeutic ap-
proaches 4 and for reliable, robust and easy-to-use in vitro anti-
biotic susceptibility testing, both for the screening of new drugs 
and for clinical diagnostics. Additionally, the in vitro systems 
need to better reflect the lifestyle of bacteria in a human host, 
considering that bacterial biofilms, which are often representa-
tive for bacterial growth in patients, have 10-1000 fold higher 
tolerance towards antimicrobial agents than the same bacteria 
in a planktonic stage 5–7. Moreover, according to the US Na-
tional Institutes of Health, the majority of infections are associ-
ated with biofilms 7, which  are aggregations of microorganisms 
often found on implants 8, catheters 9 and on natural surfaces 
such as inside ears 10, in lungs 11 and in chronic wounds 12. 

Traditionally, in clinical settings, bacteria are cultivated in 
vitro in static systems (e.g. culture dishes), in which antibiotic 
susceptibility is determined using diffusion discs to estimate the 
minimum inhibitory concentration of the drugs 13,14. These 
methods have defined protocols and standard procedures, but 
they do not mimic in vivo conditions. Although, there is no 
standard protocol for biofilm growth, there are a number of 

methods which facilitate biofilm formation 15,16.  The relevancy 
of bacterial biofilms and the finding that bacteria can form bio-
film 17, when grown under flow conditions with constant supply 
of oxygen, nutrients and removal of waste products, led to the 
development of various  perfusion culture systems over the last 
decade 18–20. 

Although, growing bacteria under flow condition has several 
advantages, some of these systems rely on relatively bulky and 
expensive pumps for liquid movement and need tubing, to in-
terface to a fluidic or microfluidic chip 21,22. Tubing and con-
nectors increase the dead volume in the final system, resulting 
in relatively high volumes (up to few l). Additionally, microbial 
growth in these accessory parts can seriously disturb the central 
part of the biofilm, which is the de facto target of investigation. 

Among the in vitro fluidic platforms, microfluidic systems 
have an additional benefit, since they require low (few ml) op-
erational volumes, when working with flow rates in the range 
from 50 nl/min to 2 µl/min 19,23. These systems have success-
fully  been used to investigate biofilm growth under varying 
flow rates and shear stress 24, in the presence of signalling mol-
ecules 23, in various microfluidic geometries 25, and when ex-
posed to antibiotic treatment 22. There are also commercial 
products, which provide the possibility for in flow culture (e.g. 
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bioreactors) 26 and systems that enable biofilm growth in micro-
fluidics 27,28. However they are rather bulky, rely on pumps and 
have a relatively high running cost (e.g. ~ 250 USD/plate for 
the BioFlux 1000Z™) 28. 

Centrifugal microfluidics or lab-on-a-disc (LoD) systems are 
interesting alternatives to conventional fluidic platforms, since 
they are compact, tubing-free, low cost, can be portable, and 
only use small reagent volumes (from µl to a few ml) 29. In LoD, 
the liquid flow is controlled by centrifugal forces, enabled by a 
small spindle motor. By avoiding the use of pumps and tubing, 
it is possible to significantly decrease the introduction of bub-
bles in the system, and therefor bubble traps, which are com-
monly present in other fluidic systems 21, are not needed. Addi-
tionally, there are various methods to integrate multiple opera-
tional units such as filtration, metering, mixing, and valving to 
enable implementation of complex chemical and biological as-
says 30,31. LoD systems have been used for a wide range of ap-
plications including diagnostics 32,33, food analysis 34, sample 
pre-treatment 35 and cell handling 36. There are only few reports 
on application of centrifugal microfluidics for studying cells 
and living organisms. For instance the effect of gravitational 
forces was studied on LoD, using the nematode Caenorhabditis 
elegans, to investigate the basis of stress respond in space 37. 
Additionally, centrifugal microfluidics was used for cell trap-
ping and analysis 38,39. 

To the best of our knowledge, there are no reports on long-
term culture of bacteria or studies of antibiotic treatment in bio-
films on discs. Long-term culture is particularly relevant in the 

case of P. aeruginosa, since it has been shown that a mature 
biofilm is developed after few days of cultivation, (3-4 days), in 
flow 40. 

In this work, we developed and optimized a compact, easy-
to-operate centrifugal microfluidic platform for bacterial cul-
ture, which enables the formation of biofilms, similar to the 
ones present in infected chronic wounds, implants or in the 
lungs of cystic fibrosis patients (Figure 1). The Bacterial-Cul-
ture-on-disc (BCoD) device allows culture for multiple days 
(from 1 up to 7 days) depending on the flow rates (2 to 0.3 
µl/min) without the need of additional liquid handling. This in 
vitro LoD unit was successfully used for the evaluation of the 
effects of flow rate and growth medium composition on P. ae-
ruginosa biofilm formation.  

The centrifugal platform proved to be robust, reliable and 
provided results similar to data obtained with a conventional 
fluidic platform and reported in literature, while having a sig-
nificantly lower degree of technical complexity then the com-
monly used fluidic devices. The presented compact disc format 
microfluidic device  has the potential to decrease severe appli-
cation barriers, the so-called ‘chip-in-the-lab’ paradigm 41,42, of 
microfluidic technologies and become an indispensable tool for 
end-users (e.g. biologist, clinicians, pharmaceutical scientist). 
Additionally, due to the low volume of reagents required, this 
device would be highly relevant in the initial phase of drug 
screening, as well as for diagnostic purposes. 

 

 1. Schematic representation of the presence of biofilms in the lung, ear, on implant and in wound in the human body under patholog-
ical condition (left), the reproduction of P. aeruginosa biofilm in the centrifugal microfluidic system (middle) and the compact disc shaped 
lab-on-a-disc platform (right). 

EXPERIMENTAL SECTION 
Chemicals and bacterial culture  

Overnight cultures of P. aeruginosa 43, PAO1, were prepared 
in Luria Bertani (LB) medium at 37 °C, obtaining final concen-
trations of approximately 4 x 107 cells/ml (OD600 of 0.05). LB 
contained 10 g/l bacto-tryptone, 5 g/l yeast extract and 5 g/l so-
dium chloride solubilized in deionized water and sterilized by 
autoclaving at 121 °C for 15min. The PAO1 strain was genet-
ically modified by introducing a gene encoding green fluores-
cent protein (GFP) in the chromosome at a neutral side using 
Tn7 tagging 44, making the bacteria fluoresce green under the 

microscope when exposed to a 488 nm light source. The mini-
mal glucose medium (MM) for bacterial growth, (made in the 
lab), was composed of 1 mM magnesium chloride, 0.1 mM cal-
cium chloride, 10000 times diluted trace metals§, 10 times di-
luted A10§§ and 0.3 mM glucose 45. To prepare 250 ml of arti-
ficial sputum medium (ASM), (made in the lab), 1 g of DNA 
from fish sperm and 1.25 g of mucin from porcine stomach 
(type II) were dissolved in two separate bottles filled with 62.5 
ml of sterile water overnight at 150 rpm, 30°C. As a next step 
the dissolved DNA from fish sperm and mucin solutions were 
mixed together in a new bottle. 25 ml of essential and non (ex-
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cept l-cysteine and l-tyrosine) essential amino acids stock solu-
tion 2.5 mg/ml, 6.25 ml of l-cysteine (dissolved in 0.5 M potas-
sium hydroxide) and l-tyrosine (dissolved in sterile water) stock 
solution 10 mg/ml, 5 ml of ASM salts (diethylenetriaminepent-
aacetic acid (DTPA) 59 µg/ml, NaCl 50 mg/ml, KCl 22 mg/ml) 
and 1.25 ml egg yolk were added and mixed with the DNA and 
the mucin. The final solution was sterilized using a filtration 
technique with a filter of 0.22 µm pore size.  

Propidium iodide (Sigma-Aldrich, Merck Denmark A/S, 
Hellerup, Denmark) was introduced in the platform to detect 
cells with a damaged membrane potential, indicating cell death. 
Ciprofloxacin hydrochloride (CIP), (Fagron, Uitgeest, The 
Netherlands) with a final concentration of 4 µg/ml (10 µM) was 
used for treatment of the bacterial biofilms. Sodium hydroxide 
(EMSURE®, Merck KGaA, Darmstadt, Germany) 500 mM 
was used for disc sterilization. 
Sterilization of the BCoD 

The chambers and channels of the BCoD were filled with 0.5 
M sodium hydroxide 46 using a syringe. After 20min, the so-
dium hydroxide was removed and the platform was rinsed thor-
oughly with sterile distilled water and with autoclaved medium, 
paying particular attention to remove all excess sodium hydrox-
ide from the cell chamber. Additionally, the disc was rinsed 
with autoclaved medium three times using a spin stand. The 
sterilization process and mounting of autoclaved filters and lu-
ers on the BCoD took place in a sterile bench. Subsequently, the 
inoculated disc was placed on the spin stand (rotation was 
achieved with a spindle motor, RE 35, Maxon motor AG, Sach-
seln, Switzerland) in a 37°C incubation room. Also during the 
sterilization process and later for cell culture, in order to in-
crease throughput, discs were stacked on the spin stand as 
shown in Figure S1a. 
Inoculation of bacteria 

Inoculation of bacteria in the sterilized disc was achieved by 
addition of 40 µl overnight culture of P. aeruginosa diluted to 
OD=0.05 though the inoculation opening situated in close prox-
imity to the cell culture chamber (Figure 2 iii). During inocula-
tion, the inlet reservoir opening was closed to avoid bacteria oc-
clusion in the serpentine channel and potentially entering the 
medium reservoir. To allow the bacteria to adhere in the culture 
chamber, the flow was stopped for 1h, after which a given flow 
(rotation) was set.  
Antibiotic treatment 

The bacteria were cultured for 72h before antibiotic treat-
ment. Propidium iodide was used to identify cells with compro-
mised membrane, dead cells, in the biofilm 47. Two µl of pro-
pidium iodide (20 mM) were introduced in the inlet reservoir 
together with culture medium. Ciprofloxacin with a final con-
centration of 4 µg/ml (10 µM) was introduced after 72h in the 
inlet reservoir. The antibiotic was added with the help of a pi-
pette through the loading opening, in order to avoid creating a 
pressure on the biofilm. 
Data collection and analysis 

Microscopic monitoring of bacterial biofilms and effect of 
treatment were completed using an upright Leica (Leica SP5 
CLSM, Leica Microsystems, Mannheim, Germany) equipped 
with an argon/krypton laser and detectors and filter sets for sim-
ultaneous monitoring of GFP (excitation: 488 nm, emission: 

493–558 nm) for live cell imaging and propidium iodide (exci-
tation: 543 nm, emission: 558–700 nm) for dead cell staining. 
Images were obtained using a 50x water objective (numerical 
aperture 0.75). Two biological replicates were used with eight-
een technical replicates in each experiment, by collecting im-
ages from different sections of the culture chamber. The confo-
cal images were treated using IMARIS software (Bitplane AG). 
The collected images served as input to calculate the bacterial 
biomass using Comstat (Comstat, Technical University of Den-
mark). 48 Origin 2018b (OriginLab Corp, Northampton, USA) 
was used to analyze and display the data. 

RESULTS AND DISCUSSION 
Fabrication, operation and characterization of the BCoD 

The LoD device (Figure 1, 2a) was designed using Solid-
works 2017 (Dassault Systémes, Vélizy-Villacoublay, France). 
It consists of eight layers; 4 poly(methyl methacrylate) 
(PMMA), 3 pressure sensitive double adhesive tape (PSA) and 
1 glass. The disc has a 100 mm outer and a 15.35 mm inner 
diameter. The LoD was assembled from two layers of 0.60 mm 
thick PMMA (Axxicon Moulds, Eindhoven, The Netherlands), 
one layer of 5 mm thick PMMA (Nordisk plast, Randers, Den-
mark) and two layers 0.15 mm thick PSA (ARcare® 90106, Ad-
hesive Research, Limerick, Ireland) (Figure S1b). In order to 
maximize the volume of the cell chamber (55 µl) a layer of 
PMMA (20 x 20 mm, 0.60 mm thick) was fixed using PSA on 
the PMMA disc layer. A 0.15 mm cover glass (Gerhard Menzel 
B.V.&Co.KG, Braunschweig, Germany) was chosen to close 
the cell chamber (Figure S1b) in order to have an optimal im-
aging for confocal scanning laser microscopy. The PMMA lay-
ers were fabricated using laser ablation technique (Epilog Mini 
18 30 W system, Epilog, USA) except for channels and culture 
chamber which were manufactured with micromilling (Mini-
Mill/3, Minitech Machinery Corp, GA, US). PMMA layers, 
were cleaned with sonication in ultrapure water and ethanol, 
then assembled with the PSA layers using a bonding press (PW 
10 H, P/O/Weber, Germany), with a force of 10 KN for 1 min. 
The cover glass (Figure S1b), was separately glued using a sil-
icone glue (Super Clear Silicone, Versachem, Hartford, Con-
necticut, USA) and dried overnight. The shape of the channel 
was designed to enable good mixing of nutrients 49, while the 
culture chamber’s (2 mm deep with a total volume of 55 mm3) 
oval shape, without sharp edges, helps to avoid trapping of air 
bubbles (Figure 2a, b). Inlet and outlet channels (0.3 mm deep) 
were placed at the bottom of the culture chamber to provide suf-
ficient space for biofilm growth and to allow continuous perfu-
sion of nutrients. The straight outlet channel facilitates passage 
of waste and potentially detaching bacterial clusters (Figure 
2b). A diluted bacterial culture was inoculated using a syringe 
needle (Hounisen Laboratorieudstyr A/S, Jystrup, Denmark), 
though an inoculation channel (Figure 2c iii). Filters with a 3 
mm diameter membrane and a pore size of 0.20 µm 
(CHROMAFIL®, Macherey-Nagel, Düren, Germany), were 
used to maintain a sterile environment in the disc while main-
taining an oxygen flow in the platform through the pores (Fig-
ure 2a). Luer connectors were fabricated in cyclic olefin-copol-
ymer (TOPAS grade 5013L-10,  Advanced Polymers GmbH, 
Frankfurt-Höchst, Germany), using injection molding (Victory 
Tech 80/ 45, Engel, Schwertberg, Austria) and fixed in the vent-
ing and loading openings, facilitating the introduction of sterile 
filters (Figure S1a). 
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Figure 2. (a) Main operational units on the BCoD. (b) Schematic of the experimental set-up, with the BCoD combined with a spindle motor 
and the optical detection unit; close ups of the cell culture chamber connected to the inlet and outlet reservoir and representation of the 
biofilm formed in the culture chamber. (c) Fluidic operation carried out with the BCoD platform. Priming of the cell culture chamber (i) 
meniscus formation at 2 Hz and stabilization of flow at 0.63 Hz (0.3 µl/min), or 0.70 Hz (1 µl/min) Hz (ii). Addition of bacteria in the cell 
chamber (iii) and initiation of flow for long-term culturing (iv). (d) Linear dependency between rotational speed and flow rate in the BCoD. 

After sterilization and placing the BCoD on the spin stand 
(Figure S1a), the inlet reservoir was filled with culture medium 
(3 ml) and the rotational frequency was set to 2 Hz for a few 
seconds to prime the cell culture chamber and to create the front 
of the liquid, meniscus (Figure 2c i-ii, Video S1), followed by 

2h rotation at 0.63 Hz (0.3 µl/min) or 0.70 Hz (1 µl/min) to sta-
bilize the flow. After these steps the rotation of the disc was 
stopped, and bacteria were inoculated into the cell chamber 
(Figure 2c iii, Video S1). After 1h in static condition, the disc 
was spun with a rotational frequency to achieve the required 
flow rate (Figure 2c iv, Video S1). The flow rate was kept con-
stant throughout the experiment if not otherwise specified. Dur-
ing rotation the nutrients are perfused through the culture cham-
ber and the waste products flow in the outlet reservoir (Figure 
2c, Video S1). 
Effect of shear stress, adhesion time, carbon source and 
flow rate on bacterial growth and biofilm formation 

Effect of shear stress and adhesion time 
Since it has been shown that shear stress influences bacterial 

cell growth 50, we evaluated the shear stress caused by the liquid 
flow as well as the centrifugal forces during rotation. 
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In COMSOL (COMSOL Multiphysics 5.3a, Stockholm, 
Sweden), computational fluid dynamics (CFD) simulations 
were used to calculate the fluid flow through the culture cham-
ber in three spatial dimensions, in order to determine the result-
ing shear stress at the top of the perfusion chamber, where the 
formation of the bacterial biofilm is monitored. The numerical 
simulations are based on the mass conservation equation and 
the Navier-Stokes momentum equation (Supporting Infor-
mation, S1).  

As shown in Figure 3a and b, the maximum wall shear stress 
is established in the cell chamber just after the inlet and just 
before the outlet. This is caused by the sudden expansion and 
contraction of the geometry, causing the flow velocity to locally 
increase and to have higher values in the central part of the cell 
chamber. The calculated maximum shear stress in the center is 
approximately an order of magnitude higher than the average 
shear stress in the cell culture chamber, while the highest calcu-
lated shear stress at 2 µl/min (0.8 Hz) is 0.6 mPa. A study by 
Park et al. 51 showed that growth of P. aeruginosa was unaf-
fected at shear stresses up to 17 mPa. Based on our calculations, 
the bacteria growing in the cell culture chamber are exposed to 
lower shear stresses. We therefore conclude that the flow rate, 
used to operate the platform, will not adversely affect the bac-
terial cells nor the biofilm formation. 

Additionally we found that the centrifugal forces are negligi-
ble at the operational flow rates of the BCoD (Figure S3) and 
the flow in the centrifugal culture platform has a significant im-
pact on the nutrient supply due to the convective transport (Sup-
porting Information, S2). 

 

Figure 3. (a) Simulated average and maximum wall shear stress in 
the bacterial culture chamber. (b) Flow velocity profile in the cell 
chamber at 1 µl/min flow rate.  

Effect of carbon source concentration 
Considering that nutrient composition as well as the rate of 

nutrient and oxygen delivery affect the bacterial growth and 
biofilm formation 52, we further investigated the effect of carbon 
source concentration, flow rate, and culture medium composi-
tion (MM vs. ASM) on biofilm formation.  

Since it has been shown that the type and quality of carbon 
source (such as glucose) 53 has an impact on biofilm growth, we 
initially cultured P. aeruginosa at 0.3 µl/min flow rate in MM 
and evaluated the effect of glucose concentration on biofilm for-
mation. The flow rate was chosen from the linear part of the 
calibration curve (Figure 2d), considering that flow rates from 
50 nl/min to 2 µl/min are commonly used in microfluidic sys-
tems for bacterial growth 19,23. 

In Figure 4a and b growth of P. aeruginosa for up to 24h in 
MM with various glucose concentrations is presented. Biomass 
development after 6h was independent of the concentration of 
glucose when assessing the effect of a 10 times (3 mM) and a 
100 times (30 mM) increase in glucose concentration in MM 
compared to the commonly used 21 one (0.3 mM). The effect of 
carbon source on biomass was only visible after 24h. Here, the 
biomass increased when the glucose concentration was in-
creased 10 and 100 times. At high concentration of glucose, es-
pecially at 30 mM, bacteria divided and created only a mono-
layer of cells attached to the surface (Figure 4b). An explanation 
for this observation could be that increasing the glucose con-
centration up to 100 fold reached a saturation level.  

This means that bacteria reached their maximum uptake of 
glucose. We also observed that biofilm formation and bacterial 
clusters were only found in in certain region (mostly in the 
edges) of the chamber, while most of bacteria were still in 
planktonic phase (Figure 4b). Considering that the increase in 
glucose concentration in MM did not had clear effect on the 
spreading and growth of biofilm in the culture chamber, we 
looked at the effect of flow rate 54.  

Effect of flow rate and different culture medium 
Figure 4c, d shows the changes in biomass during 72h using 

two different flow rates, low (0.3 µl/min) and high (1 µl/min) 
with MM and 1µl/min in the case of ASM. In MM, at 1 µl/min, 
the biomass was higher already after 6h (2.9 ± 0.6 µm3/mm2) 
compared to 0.3 µl/min (1.1 ± 0.32 µm3/µm2), possibly reflect-
ing more available nutrients and oxygen at the higher flow rate 
(Figure 4c). It is worth to mention that at 1 µl/min flow rate, 
already at 24h, it was possible to observe a multi-layered bio-
film in some parts of the cell chamber (Figure 4c). There is also 
a clear difference in the biofilm growth profile when comparing 
the flow rates (Figure 4c, d). Although, the effect of flow rate 
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had an impact of biofilm growth, in the case of MM, the clusters 
and biofilm were mostly developed in close proximity of the 
edges of the culture chamber, which could be due to lower flow 
velocity profile near the wall of the cell chamber (Figure 3). 
Similar observations, have been already reported, when work-
ing with various culture media 55,56. 

Commonly, bacteria are cultured in minimal glucose medium 
45, but it has been shown that the ASM composition better mim-
ics the in vivo like conditions 57. Since for an in vitro biofilm 
assays, it is very important that the biofilm growth is reproduc-
ible and preferably uniform throughout the culture chamber we 
also studies the effect of ASM on biofilm growth. Previously, 
ASM has been used when studying biofilm formation in static 
systems 58.  

However, it is scarcely implemented in fluidic or microflu-
idic systems, since is rather expensive and cumbersome to pre-
pare. Initially, when working with ASM in the BCoD, we found 
that with a pure as well as a 10 times diluted ASM (diluted in 

MM without the addition of glucose), that after the initial adhe-
sion to the glass surface, P. aeruginosa detaches and mostly 
grows in mucin present in the medium. Only few, rather large, 
clusters remain attached to the surface of the glass (Figure S5). 
However, in 100 times diluted ASM, the bacteria attached to 
the glass surface and formed biofilm throughout the culture 
chamber. As the optical detection and biomass quantification 
method used in this work, relies on attached bacteria forming 
biofilm on the glass surface, if not otherwise specified, we 
worked with 100 times diluted ASM. 

Since with MM and 1 µl/min, we achieved the most uniform 
biofilm with the highest biomass (6.1 ± 1.5 µm3/µm2), we eval-
uated the effect of ASM on biofilm growth at the same flow 
rate. In Figure 4c, when looking at the biomass growth at 1 µl/ 
min. It can be noticed, in the case of ASM, that there is more 
biomass starting from 24h (5.1 ± 1.2 µm3/µm2), and based on 
our experimental results, P. aeruginosa spreads more homoge-
neously, covering the whole culture chamber (Figure 4d). 

 

Figure 4. (a) Average biomass growth at 0.3 μl/min in MM at different glucose concentrations. Standard deviations were calculated based 
on n=9. (b) Representative images of bacterial growth observed with confocal microscope at different time points at the same location in the 
cell chamber. (c) Average biomass growth as function of time at 0.3 μl/min, 1 μl/min flow rate with MM and 1μl/min flow rate with 100 
times diluted ASM . Standard deviations were calculated based on n=18. (d) Representative confocal images of bacterial growth observed 
with confocal microscope at different time points at the same location in the cell chamber. 

We next studied the efficacy of antibiotic treatment of bio-
films in relation to what has been reported previously 59. CIP is 
a commonly implemented antibiotic for treatment of P. aeru-
ginosa infections 60, and is therefore also used in this study. In 
all our experiments the bacterial biofilm was grown for 72h, to 
form a mature biofilm 40, followed by CIP treatment for 24h. 

Effect of treatment using MM and different flow rates 
When P. aeruginosa was grown in MM with a flow rate of 

0.3 µl/min, 80 ± 5.1% – 90 ± 9.0% of the bacteria were live at 
72h, whereas additional 24h perfusion with CIP killed 78 ± 
14.9% of the bacteria (Figure 5a). In contrast, only 48 ± 10.4% 
of the cells died when perfused with CIP at the higher flow rate 
(1 µl/min, Figure 5b). The higher antibiotic efficacy at the low 
flow rate is also evident in the confocal images presented in 
Figure 5c and d. It is possible that the difference in cell death 
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after CIP treatment is due to the difference in biomass, which 
was 3.7 ± 1.2 µm3/µm2 and 6.1 ± 1.5 µm3/µm2 at 72h for 0.3 
µl/min and 1 µl/min flow rate. 

 

Figure 5. Biomass (a, b) and representative confocal images (c, d) of live (green) and dead (red) bacterial cells at 0.3 μl/min (a, c) at 1 μl/min 
(b, d) before treatment at 72h and after 24h antibiotic treatment at 96h in MM. Standard deviations were calculated based on n=18. 

Effect of treatment using ASM 

 

Figure 6. Biomass (a) and representative confocal images (b) of 
live (green) and dead (red) bacterial cells at 1 μl/min before treat-
ment at 72h and after 24h antibiotic treatment at 96h using 100 

times diluted ASM as culture medium. Standard deviations were 
calculated based on n=18. 

Comparison with conventional flow systems 
For comparison, we also carried out experiments with an al-

ready well-established in vitro flow system 20 (Figure S6) used 
in several studies for bacterial growth and antibiotic efficacy 
evaluation 21.  We used the same experimental conditions (cul-
ture medium (MM), cell type, CIP concentration), except the 
flow rate. We found that in the flow system the biomass at 72h 
was higher (15.4 ± 4 µm3/µm2 at 200 µl/min vs. 6.1 ± 1.5 
µm3/µm2 at 1 µl/min) than in the BCoD, probably due to the 
higher flow rate. However, after treatment the amount of dead 
biomass was comparable, 78 ± 14.9% (Figure 5) vs 89 ± 1.64% 
(Figure 7). 

 

Figure 7. Biomass (a) and representative confocal images (b) of 
live (green) and dead (red) bacterial cells at 200 μl/min in the flow 
system before treatment at 72h and after 24h antibiotic treatment at 
96h in MM. Standard deviations were calculated based on n=6. 
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The low standard deviation presented in the conventional 
flow system is attributed to the area where the images were col-
lected. As explained in Supporting Information, confocal im-
ages were taken only at the inlet of the chip, while in the BCoD 
images were taken throughout the entire cell chamber leading 
to higher stand deviation. 

When comparing the growth of biomass in other fluidic and 
microfluidic systems, where P. aeruginosa (PAO1) was studies 
using the same biomass analysis method (Comstat), we found 
that biomass between 5 µm3/µm2 and 12.5 µm3/µm2 was ob-
tained at 3 days with similar flow rates using a rich medium 63,64. 
The reported biomass is similar to the one obtained in the BCoD 
platform at 3 days, namely 6.1 ± 1.5 µm3/µm2 at 1 µl/min with 
MM and 7.7 ± 1.8 µm3/µm2 at 1µl/min flow with ASM. The 
growth and treatment of PAO1 biofilm with CIP was also 
shown in microfluidics using a BioFlux device 22. Benoit et al. 
reported that after growing the bacteria for 8h at 1.1 µl/min flow 
rate, and overnight treatment with CIP, resulted in biofilm erad-
ication already at 0.1 µg/ml CIP concentration. The effect of 
treatment was estimated using a plate reader, measuring fluo-
rescence signal form the green fluorescent protein tagged bac-
teria and propidium iodide. The biofilm eradication at the rela-
tively low CIP concentration might indicate that after 8h the 
biofilm was not fully mature 22,40. 

The results obtained with the BCoD (Figure 5, 6), clearly 
show that it is not possible to achieve 100% biofilm eradication 
of mature biofilms after 72h growth. This is in accordance with 
previously obtained findings 65, which showed that bacterial 
biofilm and in particular those developed by P. aeruginosa are 
tolerant to treatment with even high concentrations of antibiot-
ics. As observed earlier P. aeruginosa can be eradicated with 
0.125 µg/ml of ciprofloxacin for planktonic phase, however 
when it forms biofilm it becomes up to 10-1000 times more tol-
erant to antibiotic treatment, in fact 4 µg/ml are needed in order 
to reach the minimal biofilm inhibitory concentration 66. 

CONCLUSIONS 
We have developed a portable centrifugal microfluidic plat-

form for bacterial culture and biofilm formation, which can be 
used with conventional confocal scanning laser microscopy. 
The presented BCoD is the first centrifugal platform where 
long-term bacterial culture, biofilm formation and antibiotic 
treatment have been realized.  

We show that P. aeruginosa forms biofilms in the centrifugal 
microfluidic platform, which respond to conditions of varying 
flow rates, concentrations of carbon source and medium com-
position. We also show that antibiotic treatment efficacy 
strongly depends on growth condition in the biofilm.  

Compared to other microfluidic systems, the BCoD is signif-
icantly easier to handle and to operate, without the need for ex-
ternal pumps and tubing for connections and interfacing. This 
in vitro platform requires considerably lower volumes of rea-
gents, an important feature when developing and screening for 
new antibiotics. Additionally, the low operation volumes ena-
bles working with ASM, which better mimic the in vivo like 
conditions, commonly not used in fluidic systems, due to high 
costs because of large volumes.  

Most importantly, the platform delivers results similar to 
tried and tested conventional platforms and is useful for repro-
ducible semi-high-throughput culturing and testing.  

Furthermore, the BCoD has the potential for multiplexing by 
integration of additional culture units and stacking of the discs. 

In the future, we will explore the BCoD for fundamental stud-
ies of biofilm behavior, as well as for screening of different bio-
film eradication strategies in clinical isolates.  

Our results suggest that the developed LoD system has the 
potential to be implemented as a general in vitro platform for 
studying bacterial biofilms, for tests of novel antimicrobial 
drugs, and for diagnostic purposes in clinical settings. Moreo-
ver, future optical detection units can be integrated in this plat-
form. 
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Notes 

§ 10.000 x Trace metals: CaSO4*2H2O (200 mg/L), 
FeSO4*7H2O (200 mg/L), MnSO4*H2O (20 mg/L), 
CuSO4*5H2O (20 mg/L), ZnSO4*7H2O (20 mg/L), 
CoSO4*7H2O (10 mg/L), NaMoO4 * H2O (5 mg/L), H3BO3 (5 
mg/L). Suspended in deionized water and autoclaved. 

§§ A10: (NH4)2SO4 (20 g/L), Na2HPO4 (60 g/L), KH2PO4 (30 
g/L), NaCl (30 g/L). Suspended in deionized water and adjusted to 
pH 6.4 ± 0.1. 
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