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Costerton Biofilm Center (CBC) was 
established in March 2013 

Founder and Managing Director Michael Givskov 

In honour of Dr. John 
William (Bill) Costerton 
1934-2012 who coined 
the biofilm concept. 
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• Support from the Faculty of Health and Medical Science 
salaries (30 mill DKK) and rebuilding labs (20 mill DKK).  

• Support from Danish Research Councils, EU research Council, 
Capital Region of Denmark and a number of private 
foundations incl. Lundbeck-, Novonordisk-, Villum-, Svend 
Andersen-,German CF foundation, Danish CF foundation, 
American CF foundation and Industry contracts (150 mill DKK). 

 

What has fuelled CBC over a decade 

CBC is highly internationally acknowledged.  
Researchers with more than 3500 citations per year and 

H indexes above 100. 



Major collaborating institution since 2011 
Singapore Centre for Environmental Life 
Sciences Engineering  (SCELSE), the Asian 
biofilm centre. 
• CBC and SCELSE have published 95 collaborative 

papers Givskov is one of the founders whom, back 
in 2010 applied and received the Singaporean 10 
year NRF grant of 150 million SGD (~700 mill DKK). 

• Additional 5 years funding in place. 

• Givskov is Research Director for public Health and 
Medical Biofilms 

 

 

 



For billions of years, environmental bacteria 
have escaped annihilation by forming biofilms.  

How come study biofilms? 

Biofilm formation is a successful survival 
strategy: In this mode, bacteria resist a 

multitude of environmental stressors including 
antimicrobials and predation 

Shark bay, Western Oz 



• According to WHO and UN, antimicrobial resistant 
infections are rising to unmanageable levels in all 
parts of the world and is becoming a top global 
threat.  

• Infections that were previously treatable with 
antibiotics will become a question of life and death. 

• We will lose the safety-net antibiotics provide for 
people undergoing a wide range of modern medical 
procedures such as surgery, insertion of medical 
devices, and cancer therapy.  

 

AntiMicrobial Resistance 



Planktonic mode              Biofilm mode 
• survive the highest deliverable doses of 

antibiotics 

• resistant to the host defense systems 

• stimulate local inflammatory responses 
with progression of tissue degradation 

• hard to diagnose and hard to kill 

Bacteria in the biofilm-mode may cause 
severe and antimicrobial resistant infections. 

 

Colistin           (live-dead stain) Tetracycline 

Red is Dead 



Denmark experiences estimated 100.000 + 
biofilm related infections per year  

The recalcitrance of 
biofilm-based 
infections to 
antibiotic treatment 
is a major clinical and 
socioeconomic 
problem. 

 

 

 

 



• The aim is to understand the lifecycle of biofilms and 
their role in the development of chronic diseases and 
multi-resistant infections.  

• Identify novel antimicrobial targets and subsequently 
develop lead compounds that function by 
dismantling bacterial infections present in the high 
antimicrobial resistance mode. 

 

 

The Costerton Biofilm Center (CBC) 
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Biofilm matrix 

Bacterial cells 

EPS 
Proteins 

eDNA 
Virulence factors 

Toxins 

The matrix provides structural stability and protection 
but also cell physiology contributes to protection 

Biofilms are heterogenic, and consist of densely 
packed bacteria concealed in shielding biopolymers 



Biofilm 

Fazli et al. 2009 

 
Bjarnsholt et al. 2009 

Cystic fibrosis (CF) lung Chronic wound 

In cases where pathogenic bacteria form biofilms 
within the host, the infection may become chronic.  



Bacterial infection of the 
carotid artery in patients 
with atherosclerosis. 

P. aeruginosa infection in 
patient with a chronic leg 
ulcer. 

P. aeruginosa infection in 
lungs of CF patients 

DAPI and FISH 

Biofilm infections cause development of inflamation and 
tissue degradation 

In vitro biofilm aggregates 

Biofilms in chronic infections are 
5-100μm in diameter  

Lots of 
inflammatory 
cells 

Biofilm bacteria 



Biofilms are heterogeneously distributed 
in 3 dimensions 

6 3 

12 
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3 300±13% 

6 8200±8% 

9 800±10% 

12 15±5% 
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Adverse reactions to tissue fillers 
caused by biofilms 





• Nosocomial infections are the fourth leading cause of 
death in the U.S. with 2 million cases annually. 

• About 60–70% of nosocomial infections are caused 
by bacterial biofilms associated with some type of 
implanted medical device. 

 

AntiMicrobial Resistance 



• Multiple agencies have consistently identified a group of 
pathogens responsible for the majority of the nosocomial 
infections: Enterococcus faecium, Staphylococcus aureus, 
Klebsiella pneumoniae, Acinetobacter baumannii, 
Pseudomonas aeruginosa and Enterobacter spp., known as 
the ESKAPE pathogens capable of escaping the otherwise 
detrimental action of antibiotics.  

 

 

The bad guys! 



Biofilms are a high antimicrobial resistance 
mode 

• There seems to be a consensus that the preferred 
life-mode of environmental bacteria is as densely 
packed, slow growing microcolonies concealed in a 
protective matrix of biopolymers that are often 
attached to an inert surface. 

• Its still controversial whether this is true for all 
infecting pathogens. 

• In the biofilm life-mode, bacteria attain the highest 
levels of resistance to our present assortment of 
antibiotics and our immune system.  



An antibiotic is a substance that inhibits 
the growth of a microorganism.  

 
  

 

 

 

Antibiotic 

Growth inhibition or 
kill zone 

Growth inhibition 
selects for resistant 

variants of the 
exposed 

microorganism 



Resistance to an antibiotic develops due to mutations in the 
target, increased production of degradative enzymes, increased 
activity of efflux pumps or by horizontal transfer of resistance 
genes (encoding degradative enzymes). 

 

 

AntiMicrobial Resistance 

Targets Modes of action Transfer vehicle 

Plasmid 



• The mechanisms and targets that we know about today are 
likely to be the “tip of a massive iceberg” of resistance 
mechanisms and their corresponding genes 

• Knowledge about the molecular mechanisms which are 
involved in biofilm formation and biofilm-associated 
antimicrobial resistance of the ESKAPE pathogens is needed, 
in order to identify drug targets and develop anti-biofilm 
drugs that can eradicate the problematic infections they are 
causing. 

 

AntiMicrobial Resistance 



Neglecting the biofilm life-form has been a 
significant flaw in antibiotic discovery.  

 • A major shortcoming of most antibiotic discovery is that it aims to achieve 
growth inhibition of bacteria present in an unshielded state.  

• Biofilms predominantly consist of shielded cells in a non-growing state. 
This is one of the many reasons why conventional antibiotics don’t work 
on biofilm cells.  

 

MIC value 

Concentration of antibiotics 

Growth No growth 



P. aeruginosa infection in 
patient with chronic leg 

ulcer. 

P. aeruginosa infection in 
lungs of CF patient 

Patient samples, DAPI and Pseudomonas aeruginosa 
specific FISH 

Lots of 
inflammatory 
cells 

Biofilm 
bacteria 

How can biofilms resist neutrophils (PMN) and 
antibiotics? 



In vivo biofilm on implant attacked by neutrophils 



It has to do with two key biofilm controlling systems 
operating through signaling processes 

Quorum Sensing (QS) Cell-Cell Signaling 

Signals 



NO  (external dispersal signal) 

Internal c-di-GMP signaling: to 
be or not to be a biofilm 

High c-di-
GMP 

Low c-di-
GMP 



The Pseudomonas aeruginosa QS signaling system 

Expression of 200+ genes incl. those coding for 
virulence, iron acquisition, toxins and shielding are 

regulated by QS signaling 

Receptor 

Receptor 

Receptor 

Th
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n
tro

llers 



1. Synthetic chemical libraries  
2. Natural sources – extractions –purification- identification-resynthesis 
3. Cell-based fluorescent reporter of QS controlled gene expression 

Measures fluorescence from a bacterial culture 

QS on QS off 

How do we find QS inhibitors? 

QS controlled promoter 



Nature has developed chemistry against QS and biofilms 



15 years ago we published this chemical biology 
approach to block QS 

QS inhibitor/blocker 
controlled genes 

QS 
controlled genes 

 
+/- signals 

Furanone C-30 significantly reduces expression (> 5 fold) of 85% of the QS regulated 
P. aeruginosa genes, incl. genes encoding virulence factors and immune shielding 

 

1-5 mM AHL signals 

Gene chip 
transcriptomics 



With blocked QS, P. aeruginosa can’t cause disease 



For at ændre ”Enhedens 
navn” og ”Sted og dato”: 
 
Klik i menulinjen,  
vælg ”Indsæt” > 
”Sidehoved / Sidefod”. 
Indføj ”Sted og dato” i 
feltet for dato og 
”Enhedens navn” i 
Sidefod 

Byt billede: 
Ny slide og klik på 
ikon, indsæt billede 

All papers featured analysis of impact on 
global gene expression and in vivo 
validations of antimicrobial effects  



Furanone 30 eradicates P.aeruginosa pulmonary infection 
Three shots a day for three days 
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Furanone 30 does not kill 
bacteria! 

Clearly Furanone 30 displays antimicrobial properties 

 

How does it work as antimicrobial? 



The in vitro biofilm 
continuous-culture once flow-through system in 

combination with Confocal Laser Scanning Microscopy 
 
 

Biofilm 3D Image made with Imaris 



QS: ON 

QS: OFF 

P. aeruginosa biofilms exposed to freshly isolated neutrophils 

in vitro: lab. biofilm 



 P. aeruginosa biofilms resist freshly isolated neutrophils 

Biofilm 

PMN’s 

in vitro: lab. biofilm 



When QS is inhibited, the biofilm becomes 
eradicated by the neutrophils 

 

in vitro: lab. biofilm 



Bioassay guided fractionations and isolation procedures showed that 
the neutrophil kill was caused by QS controlled rhamnolipid production 

Microbiology. (2007) 153(Pt 5):1329-38. 



in vivo: mouse implant biofilm model 

Christensen, L. D., Moser, C., Jensen P.Ø., Rasmussen, T.B., Christophersen, L., Kjelleberg, S., Kumar, N., Høiby, N., 
Givskov, M and Bjarnsholt, T. (2007).The impact of Pseudomonas aeruginosa Quorum Sensing on biofilm 
persistence in an in vivo intraperitoneal foreign-body infection model. Microbiol. 153(Pt 7):2312-20. 

 van Gennip M, Christensen LD, Alhede M, Qvortrup K, Jensen PØ, Høiby N, Givskov M, Bjarnsholt T. 2012 
Interactions between Polymorphonuclear Leukocytes and Pseudomonas aeruginosa Biofilms on Silicone Implants In 
Vivo. Infect Immun. Aug;80(8):2601-7.  



Day 1, after insertion 

Neutrophils 

Biofilm 

Implant 

Neutrophils 



Biofilm 

Neutrophil 
Day 1, after insertion QS on 



Day 2, after insertion QS on 



Day 2, after insertion 

Dead neutrophil 

QS on 



Day 1, after insertion 

No rhamnolipis 
Nutrophils have cleared the implants 

QS off 



Implant model 

18 implants were sterile 



Blocking QS with QS 
inhibitors prevents 

formation of the 
rhamnolipid shield and 

restore proper 
antimicrobial action of the 

neutrophils 

We refer to this as the rhamnolipid shield 
 

Result: The biofilm disapears   

This is a novel antimicrobial principle 



Fur C-30 + Tobramycin Saline + Tobramycin 

QS blockage increases the antimicrobial 
efficacy of tobramycin on biofilms 

Live dead stain (red is dead) 



QS inhibitors revitalize aminoglycocide antibiotics 

 

How does it work? 



The eDNA 
offers structural stability and it binds tobramycin and gentamycin 

P. aeruginosa biofilms produce eDNA in a QS controlled manner 

Allesen-Holm M, Barken KB, Yang L, Klausen M, Webb JS, Kjelleberg S, Molin S, Givskov M, Tolker-Nielsen T. (2006) A 
characterization of DNA release in Pseudomonas aeruginosa cultures and biofilms. Mol Microbiol. 59(4):1114-28.  



Without exogenous DNA With exogenous DNA 

• Exogenously added DNA can be incorporated into already build 
biofilms 

DNA in 



4h 8h 

4h 8h 

+eDNA 

Tobramycin treatment (20 mg/ml) with out (upper panel) or with (lower panel) 
exogenously added DNA. 

 Lower panel, the medium irrigated to the flow-chambers was supplied with salmon DNA (40 mg/ml) after 2 days of cultivation. After 

2 more days, biofilms were continuously exposed to tobramycin (25 mg/ml) and PI.  

Tobra -
treatment 
time 

Tobra -
treatment 
time 

Live cells are green,  dead cells are red.  



Live and dead bacteria in tobramycin-treated P. aeruginosa biofilms 
that were grown with or without addition of lysed PMNs (corresponding 

to 104 PMNs/ml added to the medium after two days of cultivation) 

Chiang WC, Nilsson M, Jensen PO, Høiby N, Nielsen TE, Givskov M, Tolker-Nielsen T.  Extracellular 
DNA shields against aminoglycosides in Pseudomonas aeruginosa biofilms. Antimicrob Agents 
Chemother.  2013 

+eDNA 



We refer to this as the eDNA shield 
 

eDNA in sputum from CF lungs was 
reported to be around 2-20 mg/ml 



QS on 

Oxygen radicals, antimicrobial peptides (AMP),  
hydrolytic enzymes incl. metalloproteases 

PMN 

The signal (NO) upregulates QS 

Rhamnolipid shield 

eDNA shield increases 

QS signals turn on rhamno-produktion 



QS inhibitors block this cain of event 

eDNA? 
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Antimicrob Agents Chemother. 2012 May;56(5):2314-25. 

Process for the Manufacture of Ajoene Derivatives. Givskov, Michael Christian 
(Inventor); Bjarnsholt, Thomas (Inventor); Jakobsen, Tim Holm (Inventor); Christensen, 
Louise Dahl (Inventor);  Larsen, Thomas Ostenfeld (Inventor); Phipps, Richard Kerry 
(Inventor); Tanner, David Ackland (Inventor); Høiby, Niels (Inventor); Jensen, Peter 
Østrup (Inventor). IPC No.: A61K31/105.  

Patent No.: WO2012076016. Jun 14, 2012. 



Press release by  
American Society of Microbiology 



Financed by the Danish Strategic Research Council 
27.5 mill DKK Jan-2009 to Dec-2015.  

In 2013, Zaluvida licenses the patent for their anti-
microbial development program. The German 
Mukoviszidose  establishes the contact 

The “Tesla” of pharmaceutical companies 

 
Neem's lead candidate NX-AS-401 is a potential new treatment for chronic lung 
infections in patients with cystic fibrosis. 
 It is designed to help eradicate the Pseudomonas bacteria infections that are the key 
cause of death for cystic fibrosis patients. 
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Neem Biotech’s ongoing development of this compound, as well 
as the Orphan Drug Designation received from the FDA for this 
intervention have now been acknowledged at the Medilink UK 
Awards. 
 
I am now member of the Zaluvida SAB in antimicrobial 
development and provide my expertise in the preparation of 
NX-AS-401 for the upcoming Phase 1 and 2 clinical trials. 
 



Is it posible to dismantle biofilms 
by baterial dispersal? 



External dispersal signal NO 

Intracellular c-di-GMP signaling: to be or not to be a 
biofilm 

High c-di-GMP 

Low c-di-GMP 

Hypothesis: Chemical compounds can work as dispersal signals 

Disperse 
bacteria 

Build 
biofilms 

~ 15 pmol c-di-GMP /mg protein 



Bacterial infection in biofilm mode Disperse and expose bacteria 

Infection 
resolved 

Develop lead chemicals to dismantle 
bacterial infections in the high 
antimicrobial resistance mode 

Conventional antibiotics in concert with 
neutrophils kill the exposed bacteria 

Provide Proof of 
Concept 

Animal models of infection 

Antimicrobial that dismantle biofilm 

Antibiotic that kill 

Neutrophil 

Killed neutrophil 

• The new drugs will force the bacteria to disperse from the biofilm and into the planktonic 
state.  

• When the bacteria assume the non-shielded planktonic state, they can be eradicated by 
conventional antimicrobials.  

• Neutrophils are expected to contribute to killing of liberated bacteria.  
 

Our proposal to interventions based on dispersal 



Compound Storage: 10mM, DMSO, -20°C The HTS platform & chemical library are situated in a GMO 2 lab 
facility • Screening of live pathogens using 

cell-based reporter assays. 
• 50.000 chemical compounds 
• DK-Openscreen member 



Our screen for chemical dispersal signals is a live fluorescent 
GFP reporter of c-di-GMP levels in P. aeruginosa 

High c-di-GMP Low c-di-GMP 



Several potent c-di-GMP-reducing compound were 
identified by screening our 50.000 compounds library. 
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131 compounds showed c-di-
GMP reducing activity. 

Tandem MS validation 



Preventive effect of H6_335_P1 on formation of P. aeruginosa 
biofilms in flow through cells 

15/01/2019 69 

Untreated: 

Treatment: 
(25µM H6_335_P1) 

+24h +48h 

Presence of 25 mM (5.5 mg/ml) H6_335_P1 in the growth medium efficiently reduces 
biofilm formation. 

Medium flow in 

Medium flow out 

Medium + H6 flow in 

Medium flow out 



Dispersal effect of H6_335_P1 on established P. aeruginosa 
biofilms in flow through cells 

 
    

Treatment of 48h-old biofilms with 25µM (5.5 mg/ml) H6-35-P1 

Channel 1: + 4h of treatment Channel 2: + 4h of treatment Channel 3: + 4h of treatment 

Channel 1: before treatment Channel 2: before treatment Channel 3 : before treatment 

+ H6-35-P1 

Ch 1   2   3 



BifA (inner membrane) is required for H6_335_P1 induced biofilm 
prevention and dispersal.  

Purified BifA exhibits phosphodiesterase activity but no detectable diguanylate cyclase 
activity. 

c-di-GMP pGpG 

* 

* 

* NO induced PDE’s 



Mouse implant model treated with either placebo or 
H6_335_P1 1mg/g body weight  (5.5 mM) 

Treatment period from 24-28 hrs 
Treatment two shots 1mg/gbw 



Mouse implant model-proof of concept. Mice had silicone P. aeruginosa coated implants inserted in the intraperitoneal cavity. 
The biofilms were allowed to develop on the implants for 24 hours in the mice. The biofilms formed on the implants where first 
given either placebo, tobramycin (TOB, panel A), ciprofloxacin (CIP, panel B) or the H6 P1 drug, all administered as 
intraperitoneal injections (in the opposite site of the implant). Then subsequently after having experienced H6 P1´s biofilm 
dispersing effect for four hours, either tobramycin (H6 P1+TOB, panel A), or ciprofloxacin (H6 P1+CIP, panel B) were 
administered to the mice that had previously received the H6 P1 treatment. After two hours of additional antibiotic treatments, 
CFU enumeration of the removed implants demonstrated that combinatorial inventions with the non-antibiotic dispersal drug H6 
P1 followed by antibiotic treatments showed synergistic antimicrobial (lethal) effects with up to 100 fold reductions in bacterial 
load at the implant. Our results indicate that the significant reduction in the biofilm content from the H6 P1 treatments offers 
improved access to the subsequent administered antibiotics. Concentrations used: H6 P1 5ug/g mouse, tobramycin 30ug/g 
mouse, ciprofloxacin 10ug/g mouse. Every dot in the graphs represent enumeration from a single mouse implant. H6 P1 is 
abbreviation for  H6_335_P1. We expect that the efficiency of the combinatorial treatment can be improved further.   

A B 

In vivo H6 combinatorial treatments 

Tobramycin                                              Ciprofloxaxin 
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Infection 
proliferates 

Inflammation PMN 

Antibiotics 

Intervention strategies 

Antibiotic resistance 

Diagnose infection    Dismantle biofilm-Expose bacteria    Kill bacteria   
 

Biofilm 
Infection 

Shielding Tear down shielding 

Kill 
Block QS signaling 

Disperse bacteria 

Kill Modulate c-di-GMP 
signaling 

Infection 
resolved 

Infection 
resolved 

Chronic infection 



GFP signal CDy signal 

Fluorescent diagnostic probes for biofilm-specific macromolecules Diagnostic discovery 

Absorbance and emission spectra of BDN1 A2
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MergedBDN1 A2Detection of Pseudomonas aeruginosa biofilms with newly developed bioimaging probes by targeting Psl exopolysaccharide  

Jun-Young Kim, Srikanta Sahu, Louise Dahl Hultqvist,  Xu Wang, Liang Yang, Tim 
Tolker-Nielsen, Michael Givskov, Young-Tae Chang  

In vivo validation 

Patent scaffold 

Aims at 
• Biofilm specific diagnostics 
• PET scan tracer probes 
• Biofilm homing devices for “warheads” 



“Drug hunting at the Great Barrier Reef” 

 August 2004, a DTU-JCU joint expedition based at Orpheus 
Island 

400 Reef samples picked by SCUBA 

Among corals and sponges 100 samples showed QS inhibition. 
20 samples were active against our model bacterium P. aeruginosa 







The Indigo V expedition covered some of 

the most under-sampled and less 

characterized waters of the Indian Ocean 

Mauritius - Chagos Islands – Maldives 

September 2013 

Can meaningful oceanographic data be collected 

with the kind of narrowly focused, low-cost  

instrumentation that is easily mass produced and 

deployable. 

Blue-water activities 

Lauro FM, Senstius SJ, Cullen J, Neches R, Jensen RM, Brown MV, Darling AE, 
Givskov M, McDougald D, Hoeke R, Ostrowski M, Philip GK, Paulsen IT, Grzymski JJ. 
(2014) The common oceanographer: crowdsourcing the collection of 
oceanographic data. PLoS Biol. 12(9):e1001947 
 
Jeffries TC, Ostrowski M, Williams RB, Xie C, Jensen RM, Grzymski JJ, Senstius SJ, 
Givskov M, Hoeke R, Philip GK, Neches RY, Drautz-Moses DI, Chénard C, Paulsen IT, 
Lauro FM. (2015) Spatially extensive microbial biogeography of the Indian Ocean 
provides insights into the unique community structure of a pristine coral atoll. Sci 
Rep. 20;5:15383. 
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Thanks for your attention 


