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Biofilm: a «sticky» microbial consortium

 Biofilm is generally known as community (consortium) of microbes, 
established in a three-dimensional structure, that can be attached - to 
abiotic (prosthetic devices) or biotic (epithelia) surfaces – or floating

 In these aggregates, bacteria are physically joined together and they 
produce an extracellular matrix that contains many different types of 
extracellular polymeric substances (EPS) including exopolysaccharides, 
extracellular DNA (eDNA), RNA, proteins, and lipids1-3

P. aeruginosa biofilm (Pompilio et al, DMID 2016)



Clinical relevance of biofilm

 Bacteria in biofilms are inherently more 
resistant - up to 1.000 times - to various 
antimicrobials (antibiotics and disinfectants) 
and to the host immune response than their 
planktonic counterparts.4,5

 This leads to chronic infection which 
threatens many lives worldwide.4

Microscopic investigations of numerous 
chronic infections have in fact revealed that 
bacteria are physically aggregated in biofilm.

Lebeaux et al, Microbiol Mol Biol Rev. 2014:510

The major hallmarks of in vivo biofilms are thus a coherent cluster of aggregated bacteria 
embedded in a matrix, which tolerate the host defense and high concentrations of 

antimicrobial agents even over longer times



Reduced susceptibility to antibiotics
Antimicrobial tolerance of biofilms

Related to biofilm mode of growth, tolerance reverts after biofilm-to-planktonic transition
Multifactorial, since it is attributed to:

 limited penetration of the antibiotics through biofilm6,7

 antibiotic electric interaction with EPS/e-DNA (i.e. aminoglycosides) or                                                                                         
enzymatic inactivation (i.e. β-lactamases)

 differential growth rates and nutrient gradients within the biofilm8-11

 the outer layers, aerobic and metabolically active, are susceptible contrarily to the inner ones, slowly grew 
under anaerobic and nutrient-deficient conditions

 horizontal gene transfer12

 cell spatial contiguity favors effective horizontal gene transfer between bacteria
 presence of «persisters»13,14

 low fraction (<0.1%) of differentiated dormant cells; also resistant to antibiotics killing non-growing cells
 expression of biofilm-specific genes15

 ndvB in P. aeruginosa encodes periplasmic glucans sequestring tobramycin
 upregulation of efflux pumps
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Increased smeD expression during
planktonic-to-biofilm transition, both under 

«standard» and «CF-like» conditions
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Multidrug efflux pump SmeDEF overexpression during planktonic-to-biofilm transition causes                         
increased resistance of S. maltophilia biofilm to levofloxacin



Reduced susceptibility to antibiotics
Antimicrobial resistance of biofilms

Not related to the biofilm mode of growth (also maintained by planktonic cells following disruption), 
resistance is due to mutations:

 acquisition of chromosomal mutations, causing:16

 upregulation of efflux pump system

 derepression of enzymes (i.e. AmpC β-lactamase)

 permeability changes

 altered antibiotic targets (PBPs)

 accumulation of mutations can be facilitated by hypermutator microorganims:17-20

 100- to 1000-fold increased mutation rate, due to defects in DNA repair or error avoidance systems 
(MMRS, GO system, prevention of oxidative damage produced by ROS)

 antibiotic therapy also selects for hypermutators

 highly prevalent in chronic respiratory infections: isolated in 30-60% of CF patients, acute-to-chronic
transition leads to increased prevalence (0 to 65%) (P. aeruginosa, S. maltophilia)



Hypermutation plays an important role in development, 
adaptation and diversification of S. maltophilia population 

causing chronic infections in CF lung



Standard AST is
not useful for 

biofilm-related
infections

 Pathogen susceptibility to antibiotics is typically evaluated on 
planktonic cells, as recommended by several international 
guidelines (EUCAST, CLSI)

 However, successful treatment of chronic infections usually requires 
eradication of the bacterial pathogens growing in a biofilm showing 
increased tolerance/resistance to antibiotics vs. planktonic 
counterparts21-30

 Therefore, antibiotic concentrations used in standard ASTs, although
effective against planktonic bacteria in vitro, are not predictive of 
the concentrations required to eradicate biofilm-related infections, 
thus leading to treatment failure and consequent chronicization31-34

 Nevertheless, the current lack of standardization of the methods, 
parameters and interpretation of results limits the application of the 
obtained data to the clinical setting, including the comparison of 
different treatment strategies

It is necessary to search for dedicated laboratory technologies to 
accurately assess the susceptibility of biofilms to antibiotics during 

diagnostic testing
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Commonly employed models for biofilm investigation

In vitro biofilm models are basically classifiable in two types:35,36

CLOSED (“batch culture” based) models:
 microorganisms with relatively fast growth rate are provided 

with limited amounts of nutrients within an enclosed container
 simple, reproducible, and applicable in high-throughput analysis
 easily implemented into a microbiology laboratory’s routine

OPEN (”continuous culture” based) models:
 microorganisms with controlled growth rate are provided with 

nutrients via continuous media flow 
 useful for in-depth study of biofilm formation since they try to 

replicate in vivo conditions through the control of nutrient 
delivery, flow, and temperature
 difficult to implement in a classic diagnostic workflow



“Batch culture” based models for biofilm AST
Calgary biofilm device

 Biofilm formation is assayed - with either rocking or no movement - at the coverlid, onto 
pegs that fit into the wells of a microtiter plate containing growth medium and bacteria37

 The peg lids are then rinsed and placed onto flat-bottomed microtiter plates, where they are 
incubated (18-20h, 37°C) in the presence of different antibiotic concentrations37

 The peg lids are rinsed, placed into antibiotic-free medium in a flat-bottomed microtiter 
plate (biofilm recovery plate) where biofilm is detached by light centrifugation/sonication37

 Biofilm measurement:38-42

 OD650 measured before and after 6h-incubation at 37°C. Adequate biofilm growth for 
the positive control wells is defined as a mean OD650 difference of ≥0.05

 viable cell count, quantitative PCR, and tetrazolium salts

 Used for biofilm AST, including evaluation of food-related antimicrobials, and to compare 
efficacies of multiple antibiotic combinations against CF P. aeruginosa biofilm43-52

 Standardized device, also ideal for HTP screening of new anti-biofilm compounds



“Batch culture” based models for biofilm AST 
BioFilm® ring test

 It allows for the measurement of the adhesion, the initial step of biofilm, in modified 96-well polystyrene 
microtiter plates by use of magnetic microbeads and a scanning plate reader53

 Biofilm-associated adherence is determined when beads remain scattered after the application of a magnetic 
field; in contrast, beads are immobilized in the center of the well bottom in the presence of planktonic cells54,55

 Published studies on biofilm formation by nontypeable H. influenzae strains (COPD, otitis media, pneumoniae), S. 
aureus and S. epidermidis (acute and chronic osteomyelitis, infectious arthritis), and P. aeruginosa CF strains56-58

 A recent extension of BRT is Antibiofilmogram®, which was tested for susceptibility profile testing of bone and 
joint infection-related S. aureus and P. aeruginosa CF biofilms59,60



“Continuous culture” based models for biofilm AST
Flow cell models
 Biofilm formation allowed in a capillar, onto coupon or glass slide
 They enable a non-destructive, real-time, microscopic observation of the 

antibiotic effect against biofilm:61-64

 live/dead staining with fluorochromes
 structural parameters measured by COMSTAT software (i.e. biomass, 

average and maximum thickness, roughness coefficient,…) 
 Viability can also be determined by cell viable count after detaching biofilms by 

washing the channels with glass beads in NaCl65

 Completely autoclavable and re-useable
 Particularly indicated for biofilm-associated wound infections: “Gram-negative 

shift”, observed in wound infections,66-69 occurs only under flow conditions






“Continuous culture” based models for biofilm AST
Microfluidic systems

 The smaller volumes used in microfluidic devices, along with the 
ability to produce multiple concentration gradients provided a faster, 
cheaper and reliable alternative to current ASTs70-78

 Microfluidics-based devices, including BioFlux device, are fully 
integrated platforms consisting of modified 96-well plates with laminar 
flow chambers, a shear-flow control system, an imaging system, and 
advanced software for data collection and analysis78

 Activity of antibiotic evaluated by image analysis78 or fluorescence 
(using GFP-tagged bacteria or Live/Dead staining)70-75

 Used to assess susceptibility of biofilm by P. aeruginosa, E. coli75-77

 While robust and promising, these models require expensive 
equipment and genetically modified bacteria or selective labels



“Continuous culture” based models for biofilm AST 
CDC biofilm reactor
 Biofilms develop on rotating coupons suspended from the lid 

and immersed in growth medium.

 Antimicrobial agents can be added to the bulk fluid phase, 
simultaneously exposing all coupons.

 Sampling achieved by removing coupon holder at desired times.

 Coupons are sonicated, and then vigorously vortexed to dislodge 
and disperse the cells from the biofilm.

 Biofilm measurement by plate counting or CLSM staining.78,79

 Standardized device, indicated for modeling prosthesis-related 
biofilms, due to high flexibility in choosing material and the 
presence of high shear stress






“Continuous culture” based models for biofilm AST
Drip flow biofilm reactor

 It consists of completely separate parallel channels, each one with an individual lid 
to keep the aseptic conditions during the sampling process.

 Each channel contains a coupon that may be made of a variety of materials.

 The medium enters in each chamber through a 21-gauge needle inserted in the lid 
septum, then runs down the length of the coupons (low shear) that is maintained at 
an angle of 10°.

 Several studies used the DFBR to assess the efficacy of disinfection strategies for 
biofilm control.80-83

 Standardized, it is suitable to mimic low shear stress situations and the biofilm 
growth occurs at the air/liquid interface (CF lungs, teeth biofilms and wounds).84-86



When an 
alternative (biofilm) 

susceptibility
testing is

«justified»?

Alternative susceptibility testing is justified only if the 
following requirements can be met: 

1. the results cannot be predicted on the basis of 
current microbiological characterization

2. the results can be interpreted in a way that provides 
clinical benefit



Quantifying the antibiotic activity on biofilms
Pharmacodynamic parameters

Macia et al, Clin Microbiol Infect 2014

planktonic cells eradication

biofilm eradication



1. Biofilm AST cannot be predicted by conventional AST

Use of biofilm susceptibility assays has shown that 
antimicrobial susceptibility based on biofilm growth 
differs significantly from that based on planktonic one:
 Biofilm-PD parameters were found to be 100 to 1000 

times higher than planktonic-ones87-89. Further:90-93

 time-dependent killing of β-lactams
 concentration- or dose-dependent killing for 

ciprofloxacin, colistin and tobramycin
 site-dependent killing: against metabolically

active outer layers (ciprofloxacin, beta-lactams, 
tobramycin), or quiescent inner layers (colistin)

 The adoption of biofilm AST leds to substantially 
different simulated regimens compared with 
conventional testing (i.e. CF patients)94

Macia et al, Clin Microbiol Infect 2014

Moskowitz et al, J Antimicrob Chemother 2005



When an 
alternative (biofilm) 

susceptibility
testing is

«justified»?

Alternative susceptibility testing is justified only if the 
following requirements can be met: 

1. the results cannot be predicted on the basis of 
current microbiological characterization

2. the results can be interpreted in a way that 
provides clinical benefit



PK/PD parameters for biofilm-related treatment decisions
What is a “significant reduction” for medically relevant biofilms?

 Deciphering what may be a “target reference” there are two sides of the fence to consider when posing 
questions around the performance standards of an agent that cites claims on “effectiveness” or “efficacy”:

1. there is a regulatory perspective that looks to determine a “target reference” based on standardized 
approaches using statistical attributes

2. how well in vitro results translate to clinical efficacy and if this target reference correlates to improvements 
in clinical symptoms and resolution of chronic infections

 Although clinical isolate comparisons using biofilm susceptibility testing have been restricted to a very small 
number of species (mainly P. aeruginosa, E. coli, S. epidermidis, S. aureus), it has been suggested that treatment 
decisions should be based on MBIC or MBEC values95

 However, currently there is contrasting/insufficient evidence on what would be a potential target value:

 MBIC does not predict clinical success of treatment for catheter-related BSIs due to enterococci96

 MBEC does not demonstrate superiority of treatment based on biofilm AST over conventional AST in two 
randomized controlled clinical trials addressing treatment of P. aeruginosa infections in CF patients97



2. Biofilm susceptibility antibiotic testing is
not a better predictor of clinical response

 A recent systematic review compared biofilm AST-driven therapy to 
conventional AST-driven therapy in the treatment of P. aeruginosa
infection in CF patients.97

 The searches identified two multicentre, randomized, double-blind 
controlled clinical trials.

 Selected outcomes: FEV (L and % predicted), Time to next exacerbation, 
Adverse events, Sputum density, Quality of life.

 MBIC values assessed by Calgary biofilm device.

 There was no difference in any of the selected outcomes between the two 
groups in either trial.

The current evidence is insufficient to recommend choosing antibiotics based on biofilm AST      
rather than conventional AST in the treatment of biofilm-related infections



Why are in vitro tests NOT predictive of the in vivo situation?
Physicochemical and biological factors
Most of our knowledge regarding biofilm derives from in vitro assays, although most in vitro models are poorly 
representative of the “environment” observed at the infection site

Biofilm features IN VIVO98-104 IN VITRO

Test medium sputum, saliva, urine, blood commonly used media (e.g. TSB, ca-MHB)

Flow type mostly dynamic mostly static

Exposure to nutrients not always exposed to a continuous flow of 
fresh media or suspended in static liquid continuous

Exposure to antibiotics indirectly reached by antibiotics direct

Adhesion to a surface not always; biofilm can be embedded in tissue
or sited between implant and tissue mostly

Organization can be nonattached, relatively small, aggregates «mushroom-like» structure

Atmosphere mostly hypoxic or anoxic mostly aerobic

Etiology often polymicrobial mostly monomicrobial

Host response inflammatory response elicited not considered

Microbial diversity can be high underestimated (isolates selected for 
prevalence or specific morphotypes)



In vitro testing of antimicrobial susceptibility of biofilm
The importance to choose a reliable model
The selection of the model system can have a profound influence on the results. 
For example, CF P. aeruginosa biofilm grown under “CF-like” conditions is:

more susceptible to colistin
(acidic pH, anaerobic conditions)

more resistant to tobramycin 
(artificial sputum medium)



In vitro testing of antimicrobial susceptibility of biofilm
Choosing a reliable model

Biofilm-related
infection In vitro models Surface preconditioninga Medium

prostheses - CDC biofilm reactor
- Robbins device

- urine (urinary catheters)
- blood components (fibrin, 
laminin, collagen), serum, 
plasma (CVC, hip prostheses) 

- saline, artificial saliva 
(ventilators)

- urine (urinary catheters)
- blood or serum (CVC, hip prostheses) 
- artificial saliva (ventilators)

wound
- flow cellb
- Duckworth biofilm modelc
- drip flow biofilm reactor

NAd
- collagen, fibronectin 
- serum, plasma, whole blood; saline105,106

- simulated wound fluid107

CF lung - drip flow biofilm reactor
- alginate bead108 NA - artificial sputum medium109

a Preconditioning of the device is needed when it is expected to be exposed to a clinical environment prior to contacting microbes.
b Flow cell allows for “Gram-negative shift”.
c Duckworth model might be used as the test dressing can be applied directly on top of the biofilm, akin to the treatment of a real wound.
d NA, not applicable



Bridging the gap 
between in vitro and 
in vivo biofilms 
Choosing a reliable
model

Models are often chosen based on their simplicity, ability to reflect 
growth conditions of the bacterial species tested, preferences of 
the investigators and resources available.

However, other criteria should be considered. Among those:

 Biofilm should grow under environmental conditions 
similar to the infection site:
 surface, growth (synthetic) medium, shear stress, pH, 

temperature, O2 level
 host immune response remains difficult to reproduce

 Surface conditioning is needed when substratum is 
expected to be exposed to a clinical environment prior to 
contacting microorganisms

 The method should allow minimal sample handling to 
reduce contamination or to avoid alteration of biofilm 
structure during the testing



Summing up
Although both scientific and medical communities have the awareness of the role of biofilms in human health and 
disease, we are not further along in the battle against biofilm-associated infections:

 (minimal) data correlating in vitro results to clinical outcomes indicate that biofilm AST are not representative of 
the clinical efficacy

 clinicians find difficult to understand how in vitro methods translate to something of clinical relevance

To let the biofilm be included as part of the clinician’s decision-making in terms of infection management we need:

 a standardized laboratory diagnosis of biofilm-related infection: clinicians need to start asking if the patient has 
a chronic biofilm or an acute infection

 a standardized ad simple-to-use biofilm assay highly predictive of in vivo outcome: current in vitro tests are 
not predicting how the antibiotic will perform clinically

 an appropriate outcome, so clinicians understand the “effectiveness” of a drug, whether biofilm was reduced (if 
so, by how much?) or even eradicated; importantly, any reductions or killing of a biofilm should be associated 
with a reduction of infective symptoms and improved patient outcome



Bridging the gap 
between in vitro and 
in vivo biofilms 
Future strategies

 to “humanize” in vitro models so that they accurately 
reproduce the conditions observed in vivo, making them 
compatible with routine clinical microbiology laboratory 
practice

 to standardize the procedures, parameters and 
breakpoints (i.e. MBIC, MBEC) to applicate the obtained 
data to the clinical setting, including the comparison of 
different treatment strategies

 to perform in vitro studies comparing biofilm AST-driven
therapy to conventional AST-driven therapy in the 
treatment of biofilm-related infections

 more in vivo studies and clinical trials based on biofilm 
AST-driven therapy



Thanks a lot for your attention !
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Bridging the gap 
between in vitro and in 
vivo biofilms 
Searching for AST 
platforms beyond the 
commonplace ones

 Thermo-reversible polymers
 Chip calorimetry
 Microfluidic-electrochemical coupled system
 Alginate bead
 Duckworth biofilm device

… and many others …



New models for biofilm AST
Poloxamer thermo-reversible matrix

 Poloxamer 407 is a nontoxic, inert, di-block copolymer of polyoxypropylene
and polyoxyethylene.

 The key feature of poloxamers is their thermo-reversible properties: liquid at 
< 15°C, they become a semisolid gel at higher temperatures.

 Microorganisms cultured in a semi-solid poloxamer matrix form
microcolonies exhibiting a biofilm phenotype with increased tolerance to 
disinfectants, antimicrobials and silver-containing wound dressings.95-99

 Antibiotic efficacy measured by fluorescence (Syto9) or viable cell count.

ADVANTAGES:
 Easy and improved biofilm recovery after

poloxamer liquefaction by “flash cooling”
 Biofilm not attached to a surface (e.g. CF lung 

infections, chronic wound)



New models for biofilm AST 
Chip calorimetry

 It detects microorganisms via their metabolic heat and can be applied 
for the real-time monitoring of biofilm activity.

 A flow-through system is needed to avoid bias due to planktonic cells.

 A recently developed chip-calorimeter has been validated for P. 
putida biofilm AST, against ATP content and cell viable count.100,101

 The main component is a silicon chip, with a thermo-sensitive 
membrane containing 118 BiSb/Sb thermocouples, that converts the 
heat bacteria-generated into a voltage signal.

 Short thermal equilibration times (12 sec).

 Ongoing development of multichannel chip-calorimetry 
(measurement of separated samples with one calorimeter) or 
calorimetric reading of microtiter plates.

ADVANTAGES:
 not required biofilm disruption or recultivation (long-term real-time monitoring)
 small size (high flexibility, low medium consumption)
 informative about antibiotic mechanism of action



New models for biofilm AST 
Microfluidic-electrochemical coupled system

 A cheaper and easier method of determining the relative amount of live cells in a biofilm under 
exposure to antibiotics can be achieved by monitoring the electrochemical response of the system.

 P. aeruginosa produces the blue electro-active molecule pyocyanin (PYO), a potential marker of cell 
viability and virulence.110,111 PYO is able to undergo reversible redox (exchange of electrons) 
reactions, and its presence can be measured with standard electrochemical techniques.112,113

ADVANTAGES:
 an electrochemical sensor 

might be used for monitoring 
the status of infections in vivo
while antibiotic treatment.



New models for biofilm AST 
Alginate bead system

 Biofilm growth into alginate beads incorporating the alternative electron acceptor NO3-
into the beads, to mimic P. aeruginosa anaerobic growth.

 Spatially structured aggregates similar to those seen in CF lungs and chronic wounds:114,115

 separated by a secondary matrix and not attached to a surface
 steep O2 concentration gradients in the alginate beads
 alginate-encapsulated bacteria are less metabolically active
 tolerance toward tobramycin is dependent on the physiological growth stage of P. 

aeruginosa rather than on transport limitation

ADVANTAGES:
 Biofilm embedded in a double 

matrix
 Biofilm formation under reduced 

O2 level



“Continuous culture” based models for biofilm AST
Duckworth biofilm device

 Single part instrument, consists of individual channels.119

 Biofilms can be cultured on cellulose (MF-Millipore; cellulose 
acetate/cellulose nitrate) disks for recovery and enumeration, or on glass 
coverslips for microscopic analysis. 

 Advantages: re-usable (sterilizable), technical expertise not required, no 
cross contamination, can be 3D-printed in a variety of materials, throughput, 
multi-sample analysis.

 Particularly indicated for chronic wound biofilms which are typically not 
submerged but grow at the air-liquid interface of the wound bed, being 
“fed” from beneath by wound exudate. This approach also allows for the 
application of wound dressings.



New models for biofilm AST
Collagen gel matrix-based model

Simulated Wound Fluid (SWF): 50% Fetal Bovine Serum + 50% 
Peptone Water in 0.1% sterile saline (Werthén et al., 2010)
Collagen gel matrix: bovine collagen type I + SWF + l NaOH 0.1 M



“Continuous culture” based models for biofilm AST
Robbins device

 It consists of a pipe with several threaded holes where coupons are mounted on the end of screws placed 
into the liquid stream.

 The coupons are aligned parallel to the fluid flow and can be removed independently.

 Artifacts due to the handling of the samples, entry effects are common (a stabilization length is required to 
allow direct comparison of the biofilm obtained in different coupons).

 Advantages: it can sustain continued biofilm growth for several weeks or more without interruption.62,63

 Mainly used for testing the antibiotic susceptibility of oral biofilm (S. sanguis, P. gingivalis, S. mutans),64-67

and also on central venous catheters68 and voice prostheses.69



Laboratory model to assess AST of biofilm
BEST™(Biofilm Eradication Surface Testing)

• It is a batch culture based model in which catheter segments are attached to a custom designed lid that exposes only the coated sides to the 
challenge fluids. 

• This method minimizes the handling of test and control samples, as well as significantly reducing contamination incidences. In addition, it is a 
high throughput assay, as it is designed to handle 6–12 samples at a time.
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