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Abstract 23 

Biofilm-residing bacteria embedded in an extracellular matrix are protected from diverse 24 

physico-chemical insults. In addition to the general recalcitrance of biofilm-bacteria, high 25 

bacterial loads in biofilm-associated infections significantly diminishes the efficacy of 26 

antimicrobials due to a low per-cell antibiotic concentration. Accordingly, present antimicrobial 27 

treatment protocols, that have been established to serve the eradication of acute infections, fail 28 

to clear biofilm-associated chronic infections. In the present study, we applied automated 29 

confocal microscopy on Pseudomonas aeruginosa to monitor dynamic killing of biofilm-grown 30 

bacteria by tobramycin and colistin in real-time. We revealed that the time required for 31 

surviving bacteria to repopulate the biofilm could be taken as measure for effectiveness of the 32 

antimicrobial treatment. It depends on the: i) nature and concentration of the antibiotic, ii) 33 

duration of antibiotic treatment; iii) application as mono or combination therapy and iv) time 34 

intervals of drug administration. The vicious cycle of killing and repopulation of biofilm 35 

bacteria could also be broken in an in vivo model system by applying successive antibiotic 36 

dosages with time intervals that do not allow full reconstitution of the biofilm communities. 37 

Treatment regimens that consider the important aspects of antimicrobial killing kinetics bear 38 

the potential to improve control of biofilm regrowth. This is an important and underestimated 39 

factor that is bound to ensure sustainable treatment success of chronic infections. 40 

 41 

 42 

  43 
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Introduction 44 

Biofilm formation is widely found in natural environments and is considered an adaptation of 45 

microbes to hostile habitats. Protected in their own matrix, the bacteria efficiently withstand 46 

physical and chemical stressors of their natural surroundings. Due to the ongoing progress of 47 

medical sciences, more and more indwelling devices for medical treatment as well as foreign 48 

body implants are used in humans. Biofilm-associated infections are a major complication 49 

associated with their use. Once a bacterial biofilm infection is established, it becomes very 50 

difficult, if not impossible, to eradicate it (1, 2). Biofilm infections are not necessarily associated 51 

with foreign bodies only. Chronic wound infections, chronic obstructive pulmonary diseases, 52 

endocarditis, chronic infections of the middle ear and the sinuses as well as infections of the 53 

lungs of cystic fibrosis (CF) patients are all due to bacteria residing in biofilms (3). Such 54 

chronically infected patients may carry very high bacterial loads (up to 109 cells ml-1) associated 55 

with ongoing inflammation and changes in the structure and function of the affected organs (4–56 

6). These infections therefore largely determine morbidity and mortality of the patients.  57 

In this context, an exceedingly problematic Gram-negative pathogen is Pseudomonas 58 

aeruginosa. This opportunistic pathogen has emerged as one of the most important pathogens 59 

involved in acute nosocomial infections (7). It also plays a dominant role as the causative agent 60 

of chronic biofilm-associated infections, especially in the lungs of patients suffering from cystic 61 

fibrosis (1, 8–10).  62 

A number of factors may explain biofilm-dependent bacterial survival despite intensified 63 

antibiotic treatment (11). These include i) restricted penetration of antimicrobials into a biofilm 64 

(12–14), ii) decreased growth rate of bacteria in biofilms (13, 15), iii) biofilm-specific 65 

expression of possible resistance and stress response genes (16–24), iv) metabolic heterogeneity 66 

(20, 25) as well as v) the evolution of persister cells (26, 27). However, there also appears to be 67 
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a functional relationship between the density of bacteria and the pharmacodynamics of 68 

antibiotics. Substantial inoculum effects can be observed on the efficacy of antibiotics under 69 

high cell density conditions (28). This density effect is primarily associated with a decrease in 70 

antibiotic concentration per-cell and can partly be explained by the production of extracellular 71 

enzymes that degrade antimicrobials. Albeit it is debated whether the inoculum effect plays a 72 

role in vivo, standard protocols for antibiotic treatment fail to clear high density biofilm-73 

associated infections.  74 

One way to counteract this inoculum effect is to increase dosages of the antimicrobials as is 75 

done in inhalative antimicrobial therapy for the treatment of e.g. CF lung infections. Colistin or 76 

tobramycin aerosol inhalation is generally well tolerated and commonly applied, also in 77 

combination (29). More recently, aztreonam and levofloxacin have become available as 78 

aerosols and further antimicrobials may be characterized that could be developed into inhalative 79 

drugs (30, 31). Nevertheless, treatment schedules have largely been developed based on 80 

pharmacokinetics and pharmacodynamics of antibiotic activity against planktonic bacterial 81 

cells. Whether these schedules are equally well applicable for the treatment of chronic biofilm-82 

associated infections, is currently unknown. 83 

First results on pharmacodynamics within biofilms have been described (32, 33). In the present 84 

study, we applied automated confocal laser scanning microscopy to monitor the dynamics of 85 

various concentrations of two inhalative antibiotics, colistin and tobramycin, on the killing of 86 

P. aeruginosa biofilm cells in flow chambers in real-time. We extended these studies to an in 87 

vivo biofilm system, which we have recently established. It consists of a transplantable 88 

subcutaneous tumor which the bacteria efficiently target und colonize. Within two days, the 89 

bacteria produce mature biofilms, which protect them from antibiotics. Apparently, for the 90 

bacteria this niche is very similar to the niche they colonize in the cystic fibrosis lung of human 91 
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patients. We can conclude this from their gene expression profile, which is almost identical to 92 

the profile of bacteria isolated from cystic fibrosis lungs (34–36).  93 

Our results suggest that treatment regimens should consider the important aspects of 94 

antimicrobial killing kinetics which exhibit substantial inter-antibiotic variation. Not only the 95 

choice of the antibiotic but also their specific combinations, concentrations and especially the 96 

timing of application are of profound importance to enhance efficacy. Optimized treatment 97 

schemata, which are adapted to the conditions of high-cell density infections, promise to 98 

increase the efficiency of antibiotic treatment strategies that target chronic biofilm-associated 99 

infections. 100 

 101 

Results 102 

Killing of biofilm-grown cells depends on the nature and concentration of the antibiotic 103 

Besides genetic determinants of resistance, structured bacterial communities of biofilms are 104 

known to exhibit tolerance against various antimicrobials. Here, we evaluated the dynamics of 105 

antibiotic killing of biofilm-grown cells as well as the distribution of killing zones within the 106 

biofilm population over the course of treatment. By using established automated, time-lapse 107 

confocal laser scanning microscopy, we monitored the activity of two commonly used 108 

antimicrobials with different mode of actions on biofilm-grown GFP-tagged P. aeruginosa. We 109 

tested colistin, disrupting the outer membrane, and tobramycin, a well-known translational 110 

inhibitor. The biofilms were allowed to establish in flow chambers under continuous flow 111 

conditions and the antibiotic activity was monitored by following up-take of propidium iodide, 112 

which is not permeant to live cells and thus proved to be a reliable indicator of cell death (37–113 

40). In Fig. 1 established biofilms were subjected to antimicrobial treatment by adding 114 
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tobramycin or colistin to the flow medium at concentrations corresponding to 10-20 times of 115 

the minimal inhibitory concentration (MIC) (TOB-MIC: 1 µg ml-1, CST-MIC: 0.5 µg ml-1). In 116 

addition, 70 % ethanol was used as killing control. After 4 h treatment, supply was changed to 117 

normal medium, which fully replaced the antibiotic containing medium within approx. 120 118 

minutes. Time-lapse microscopy clearly demonstrates that colistin (10 µg ml-1) kills the 119 

biofilm-grown cells almost immediately and almost as fast as ethanol (Fig. 1, Video S1C/F). 120 

Kinetics of cell death appears to reflect antibiotic penetration of the biofilm when treated with 121 

higher concentrations (CST 10 µg ml-1 and 25 µg ml-1). Outer layers of bacteria in the biofilm 122 

are killed first, followed by a progression of killing as the antibiotic proceeds into deeper layers 123 

(Video S1F/G). In contrast, killing of biofilm cells by high tobramycin concentrations (TOB 20 124 

µg ml-1 and 50 µg ml-1) is significantly delayed (Fig. 1, Video S1I/J). Furthermore, differences 125 

in the distribution of the killing zones can be observed. Tobramycin-mediated killing appears 126 

to occur most effectively in the periphery of the biofilms and to a much lesser extend in the 127 

deeper layers. A more detailed image analysis (Fig. 1C, Table S1) revealed that the overall 128 

effectiveness of killing was comparable for both antibiotics. Approximately 90 % killing was 129 

achieved, determined as percentage increase in propidium iodide stained red biovolume.  130 

We also observed for both antibiotics that an increase in concentration led to an earlier onset of 131 

killing and higher maximum killing rates. In addition, maximum killing was achieved earlier 132 

(Fig. 2, Video S1 F vs. G, I vs. J). This could be observed for both, biofilms treated for 4 h 133 

(Figs. 2A and 2B, Video S1 F/G/I/J) and continuously (Figs. 2C, 2D, Video S1 L/M/O/P). When 134 

the antibiotic concentration versus teff5 (time to effectively kill 5 % of the biofilm population) is 135 

plotted for colistin and tobramycin, high colistin concentrations (25 µg ml-1) reached the teff5 136 

after 2.3 h which is close to the 1.3 h needed for 70 % ethanol to reach maximum (Figs. 1C and 137 

3A). In contrast, even high concentrations of tobramycin were not able to kill 5 % of the biofilm 138 

bacterial population faster than 6 h (Figs. 2B, 2D and 3A). Low concentrations (approx. MIC 139 
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level) were only tested in continuous treatment within the given time intervals. Here, the teff5 140 

values were hardly reached by colistin (0.5 µg ml-1) or not reached at all by tobramycin 141 

(2 µg ml-1). Apparently, such concentrations are insufficient to kill biofilm bacteria efficiently. 142 

In conclusion, the lower the antibiotic concentration is, the longer it takes to kill 5 % of the 143 

bacteria in the biofilm. This is true for both antibiotics and only when an antibiotic 144 

concentration above the MIC is applied.  145 

 146 

Surviving bacteria repopulate biofilms very efficiently 147 

As soon as the administration of antibiotics is discontinued, surviving bacteria start to 148 

repopulate the biofilm structures in the flow chambers (Video S2). For instance, in a biofilm 149 

that had been treated 4 h with 10 µg ml-1 colistin, repopulation begins already after 18 h (Video 150 

S1F). Thereby, the repopulating clusters of biofilm bacteria grow very fast reaching doubling 151 

times of less than 60 min (Table S1). Interestingly, this is as fast as the initial growth rates of 152 

biofilm microcolonies within the flow cells (55-60 min, data not shown). Detailed information 153 

about image analysis including start of killing and regrowth is provided in Table S1 and Video 154 

S2. 155 

It has been reported that regrowth in colistin-treated biofilms was mainly found close to the 156 

substratum (39). Here, we observed that regrowth after 1 h colistin treatment (10 µg ml-1) 157 

appears more or less randomly in the vertical axis of the biofilm (Fig. S1). However, regrowth 158 

after the combined treatment with colistin (10 µg ml-1) and tobramycin (20 µg ml-1) for 1 h was 159 

only observed close to the substratum and at later time points.  160 

The interval between the time point when the antibiotic starts to kill and the time point when 161 

regrowth becomes visible was defined as the Biofilm-Active Interval (BAI). As demonstrated 162 

in Fig. 3B, the BAI increases with increasing concentrations of either of the two antibiotics. 163 
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This indicates that effective killing delays regrowth of the biofilm bacteria. When the two 164 

antibiotics colistin and tobramycin were combined to kill biofilm bacteria, regrowth was further 165 

delayed. Thus, administration of antibiotic combinations showed a longer BAI than the sum of 166 

the single drugs (Fig. 3B). This indicates that the two drugs exhibit synergistic anti-biofilm 167 

activities.  168 

Of note, when biofilms were treated for 4 h with low antibiotic concentrations (CST 2.5 µg ml-169 

1 / TOB 5 µg ml-1), killing was slower and less pronounced in comparison to higher 170 

concentrations (Video S1E and H). Moreover, in parallel to the inwards proceeding killing, 171 

(re)growth of biofilm cells took place at the biofilm top layer (Video S1E and H). This might 172 

be due to the washout of the antibiotics. Interestingly, colistin-treated bacterial cells also grew 173 

on the surface layer despite continuous treatment with 2.5 µg ml-1 (Video S1K) which was not 174 

observed for continuous treatment with 5 µg ml-1 tobramycin (Video S1N). Apparently, the 175 

colistin-treated cells at the top layers face conditions, which allow them to adapt to the activity 176 

of colistin. They grow despite antibiotic concentrations that exceed the MIC. The detailed 177 

killing and regrowth pattern can be seen in Fig. S2 and Video S3. Importantly, the bacteria, 178 

growing in the presence of the antibiotic did not exhibit mutations conferring resistance. When 179 

re-streaked, bacteria showed the same susceptibility to colistin as control samples (data not 180 

shown).  181 

 182 

Expanding the exposure time to antibiotics delays regrowth 183 

We also exposed the P. aeruginosa biofilms continuously to the antimicrobial agents (Figs. 2C 184 

and 2D, Video S1K-P). Killing dynamics of the biofilm cells under such conditions compared 185 

very well with the 4 h exposure to the same concentration of the antibiotic as long as the 186 

concentration was clearly higher than the MIC (>10x) (Figs. 2 and S2,Video S1 F/G vs. L/M 187 
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(CST) and I/J vs. O/P (TOB)). On the other hand, treatment with antibiotic concentration close 188 

to the MIC (1 µg ml-1 colistin) killed biofilm bacteria only when given continuously. In that 189 

case, almost no killing was observed when exposure time was reduced to 4 h (Table S1). In 190 

addition, we could show that when exposure time of the biofilm cells to the antibiotics was 191 

shortened from 4 h to 1 h, bacterial regrowth in biofilms also started earlier (Fig. S3A and B, 192 

Video S1A/D). Detailed information about killing and regrowth parameters of all experiments 193 

are found in TableS1. 194 

 195 

Colistin plays a dominant role in the tobramycin/colistin combinations  196 

The effect of combinations of colistin and tobramycin given continuously at various 197 

concentrations is shown in Fig. S3C. Apparently, an increase in the concentration of colistin, 198 

acting on the membrane directly has greater effects on the activity of the antibiotics than an 199 

increase of tobramycin concentrations. Killing was more advanced i.e. faster with a steeper 200 

slope of the death curve when 10 µg ml-1 instead of 2.5 µg ml-1 colistin was combined with 201 

5 µg ml-1 of tobramycin. In contrast, no change in the killing curve was observed when the 202 

concentration of tobramycin was raised to 50 µg ml-1 and colistin was kept at 2.5 µg ml-1 or 203 

10 µg ml-1, respectively (Fig. S3C).  204 

In addition, the killing activity of colistin is not influenced by pretreatment with tobramycin. 205 

When we exposed the biofilm bacteria, which have been pre-treated for 1 h with tobramycin 206 

(once, twice or three times using a 12 h interval), to colistin, the fast and effective killing by 207 

colistin was not altered by prior treatment. This highlights the strong killing potential of 208 

biofilm-residing P. aeruginosa by colistin (Fig. S3D). 209 

 210 
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Shortening the time-interval between effective treatment doses delays biofilm regrowth 211 

With the aim to mimic therapeutic treatment regimens used in the clinic, we tested the effects 212 

of repeated exposures to one or a combination of the two antibiotics. Hence, we exposed 213 

established biofilms for 1 h to antibiotics and repeated the exposure every 12 h over the course 214 

of two days (in total four applications). We had shown before that regrowth of biofilms that had 215 

been treated with a combination of colistin (10 µg ml-1) and tobramycin (20 µg ml-1) does not 216 

occur before 9 h (Fig. 3B). We therefore also tested an 8 h interval in order to evaluate whether 217 

avoidance of regrowth of the biofilm population between the treatments is critical for long-term 218 

success of antibiotic-mediated killing of biofilm bacteria. As observed before, the application 219 

of colistin is killing the biofilm very efficiently and fast in both, the 8 h and the 12 h interval 220 

(Fig. 4, Video S4B/E). However, the strong regrowth of surviving bacteria in the interval 221 

between the treatments also resulted in a very fast repopulation of the biofilm. Similarly, in 222 

tobramycin-treated biofilms fast repopulation was observed in the 12 h regimen due to slower 223 

killing and incomplete penetration of the drug (Video S4D), the latter also visible in the 8 h 224 

interval (Video S4A).  225 

The combination of both antibiotics is clearly the most efficient strategy to kill biofilm bacteria 226 

as seen in Fig. 4 and Video S4C/F. Nevertheless, such treatment at a 12 h interval was not 227 

sufficient to abolish bacterial regrowth. After 24 h, clusters of bacteria start to re-populate the 228 

biofilm (Video S4F).  229 

This can, however, be prevented when the time interval of antibiotic exposure is shortened to 230 

8 h. We did not detect regrowth anymore (Video S4C). Thus, shortening the time intervals 231 

between two antibiotic administrations might allow complete clearance of the infection because 232 

regrowth of biofilm bacteria is suppressed. 233 

 234 
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Surviving bacteria repopulate biofilms very efficiently in an in vivo biofilm model 235 

The results of our in vitro studies revealed that the time surviving bacteria require to repopulate 236 

biofilms following antibiotic exposure is dependent on the overall concentration of the 237 

antibiotic, the duration of antibiotic treatment, mono or combination treatment and – if given 238 

as a bolus – on the time intervals at which the drug is administered. The time of regrowth, thus, 239 

is a good measure for the effectiveness of antimicrobial therapy. Since modifications of 240 

treatment regimens could also have a major impact on antibiotic effectiveness in a clinical 241 

situation, we wanted to evaluate whether regrowth of surviving bacteria is also occurring in 242 

vivo. We therefore used our previously established murine tumor model for biofilm infections. 243 

Mice bearing CT26 tumors colonized with biofilm-residing P. aeruginosa were treated intra-244 

tumorally with both antibiotics. Mice were sacrificed 6 h and 24 h after antibiotic exposure and 245 

CFU numbers in the tumors were determined by plating tumor homogenates. As demonstrated 246 

in Fig. S4, despite the fact that the bacteria grew within biofilm structures in the tumor tissue 247 

(34, 35), high antibiotic concentrations of both drugs significantly reduced the bacterial load at 248 

the six’ hour time point. However, when the mice were scarified 24 h after treatment, the CFU 249 

counts were comparable to that of the untreated controls. This clearly demonstrates that 250 

surviving bacteria are capable to efficiently repopulate the tumor tissue, similar to what had 251 

been observed in vitro. 252 

 253 

Shortening the time-interval between effective treatment doses reduces bacterial burden 254 

in the in vivo biofilm model 255 

A fast repopulation of biofilm by the bacteria was observed in the murine tumors after the 256 

termination of antibiotic treatment (Fig. S4). Therefore, we wondered whether the data obtained 257 

in vitro could be confirmed in toto in our in vivo model. Tumor bearing mice were infected with 258 
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P. aeruginosa. This leads to stable biofilm formation within two days post infection. These 259 

mice were then treated with a combination of colistin and tobramycin. We had demonstrated 260 

before that monotherapies with such antibiotics independent of the application interval led to 261 

inferior antimicrobial activity compared to combination therapies (34). When the animals 262 

bearing tumors colonized by biofilm producing bacteria received the mixture of antibiotics in 263 

four doses at a 12 h time interval, a significant reduction of bacterial load was observed at 2.5 264 

mg kg-1, which was even more pronounced at 5 mg kg-1 (Fig. 5). However, when the application 265 

regimen was altered to four applications with 8 h intervals, the antibiotic effect was strongly 266 

increased at both concentrations. At 5 mg kg-1, CFU counts were almost reduced to the detection 267 

limit. Thus, as predicted from the in vitro data when antibiotics were repeatedly administered 268 

at time intervals that interfere with regrowth of biofilm bacteria, efficacy of combination 269 

therapy can be strongly enhanced. Possibly complete clearance may be achieved with this 270 

treatment regimen. 271 

 272 

Discussion 273 

Despite intensified antimicrobial treatment, eradication of chronic persistent infections is 274 

almost impossible nowadays (1, 2). The urgent medical need for new therapy options against 275 

biofilm-associated infections spurred global research to uncover the mechanisms of biofilm 276 

formation and antimicrobial tolerance. However, we are only at the very beginning to 277 

understand biofilm recalcitrance. In addition, although initial results using small molecules with 278 

anti-biofilm activity have been published (31, 41–44), currently no anti-biofilm compound is in 279 

clinical use.  280 
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This emphasizes the need to optimize current antimicrobial therapies for the treatment of 281 

chronic biofilm-associated infections. However, most established antimicrobial treatment 282 

protocols only consider the collective contribution of pharmacokinetics and pharmacodynamics 283 

of antibiotics for the treatment of planktonic bacteria, responsible for acute infections. Whether 284 

such treatment schemes are equally well applicable to bacteria residing within biofilms at very 285 

high cell densities is under debate (6, 45). It appears that  PK/PD values for the treatment of 286 

biofilm infections differ (46, 47) and thus, that concentrations, combinations and dosing 287 

intervals have to be optimized for the treatment of biofilm infections. 288 

In this study, we took advantage of recent technological advancements in time-lapse imaging. 289 

Very precise automatic x, y and z focusing has become possible and thus enables comparability 290 

of several samples in a single experiment over extended time intervals. The spatial organization 291 

of complex biofilm systems as well as the spatiotemporal relationships of the bacterial cells that 292 

constitute the biofilm can now be analyzed in great detail and real-time. This is of particular 293 

interest when it comes to monitoring the dynamic effect of antibiotic killing of biofilm bacteria. 294 

Dynamic monitoring of the death and regrowth kinetics of biofilm cells can lead to more precise 295 

conclusions. For example, it has been repeatedly described that colistin treatment results in 296 

effective killing of cells in the inner parts of the biofilm, while the surrounding cells at the 297 

biofilm surface layer are less affected (20, 25, 39, 48). Now, by dynamic monitoring of the 298 

death and regrowth kinetics we are able to extend this interpretation. The profile observed is 299 

not due to preferential killing of metabolic inactive bacteria in the inner parts of the biofilm 300 

since high concentrations of colistin efficiently kill bacteria in the outer layers of the biofilm as 301 

well. However, bacteria at the surface layers apparently face conditions, which allow them to 302 

tolerate colistin even when present at concentrations above the MIC. Thereby, these bacteria 303 

actively repopulate the surface of the biofilm and, thus, quickly build a new surface population. 304 

The gradual increase of antibiotic concentration within the flow cell until the final peak 305 
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concentration is reached (90 minutes) might facilitate the adaptation process. Interestingly, 306 

Chua and colleagues demonstrated that colistin-tolerant subpopulations migrate from lower 307 

parts of the biofilm to the upper parts via type IV pili driven motility (39) and thus contribute 308 

to the repopulation at the surface.   309 

Bacterial adaptation to increased colistin concentrations has been described before. It appears 310 

to involve increased expression of various two-component systems including PhoP-PhoQ, 311 

PmrA-PmrB and ParR-ParSas well as the MexAB-oprM-efflux pump (25, 39, 49–52). All of 312 

them have an impact on LPS modifications. 313 

Previous studies had demonstrated synergy of the two antibiotics colistin and tobramycin on P. 314 

aeruginosa biofilm-residing cells (53, 54). In addition, Pamp and colleagues combined colistin 315 

with tetracycline and ciprofloxacin (25). They could show that tetracycline and ciprofloxacin 316 

that target the metabolically active bacteria and colistin that targets less active biofilm cells 317 

complemented each other in terms of spatial killing profiles. Indeed, monitoring the dynamic 318 

killing patterns in the present work confirmed that the activity of colistin efficiently killed 319 

metabolically inactive cells in the center of the biofilms. In addition, tobramycin prevented the 320 

adaptive resistance of the metabolically more active cells on the top layers of the biofilm 321 

towards colistin. Thus, it inhibited repopulation of the biofilm top layer, which most likely 322 

explains the synergistic effect against P. aeruginosa biofilms.  323 

 324 

Studying the dynamics of spatiotemporal killing patterns of different antimicrobials provides 325 

important information, which may help to design new synergistic drug combinations. Here, it 326 

is essential to answer the question i) which antibiotics, ii) at which concentrations and iii) which 327 

combinations have to be employed to obtain the best effect on the reduction of the biofilm 328 

populations. However, as has to be concluded from our study now, it is equally important to 329 
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prevent regrowth of the biofilm bacteria. Indeed, the most effective antibiotic therapy would be 330 

worthless when surviving bacteria fully reconstitute the biofilm population during the treatment 331 

intervals.  332 

It appears that for a successful reduction of the bacterial load in chronically infected CF patients 333 

the timing of the antibiotic therapy as well as the time point of termination will be very critical. 334 

Otherwise, due to the incomplete reduction of the biofilm biomass, surviving bacteria will find 335 

optimal conditions and very rapidly reconstitute the population until a balanced biomass is 336 

reached again.  337 

The more efficient an antimicrobial therapy is the more space it leaves for surviving bacteria to 338 

re-populate the empty niche. A similar fast repopulation of the biofilms might be the reason 339 

why in the clinic colistin treatment, despite being more effective in killing of biofilm cells 340 

(demonstrated here and before (37)) is not superior to an inhalative therapy with tobramycin 341 

(55–57). One might even argue that repeated killing and fast regrowth of the bacteria leaves 342 

bacterial debris that may trigger a strong inflammatory response contributing to tissue 343 

destruction. Indeed, it was previously shown that the supernatant of repopulating biofilm 344 

aggregates is more cytotoxic to macrophages (39).  345 

Importantly, not only fast regrowth of bacterial biofilm populations was observed after effective 346 

killing, but we also demonstrated that shortening the treatment intervals between two antibiotic 347 

doses reduced the overall bacterial burden in both, our in vitro and in vivo model systems. Thus, 348 

if treatment intervals are short enough to interfere with full reconstitution of the biofilm 349 

population, the overall burden can be reduced in an additive or even synergistic manner. In the 350 

present study, the reduction from a 12 h to an 8 h treatment interval was sufficient to reduce the 351 

overall bacterial load in the murine tumors and might even lead to a complete clearance of the 352 

biofilm infection. However, reduction of the overall bacterial burden was not only dependent 353 
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on the application interval. In addition, an increase of the overall dose of the combination of 354 

the two antibiotics improved the efficacy.  355 

One could argue that under conditions of shortened application intervals, antibiotics simply 356 

accumulate and the increased efficacy is due to a raised concentration. However, we find this 357 

highly unlikely. It is well established that the antibiotics are rapidly cleared from circulation 358 

and tissues (46, 47, 58). Thus, timing of the individual doses appears to be the most critical 359 

factor and seems to depend on the effectiveness of the individual doses as they determine when 360 

the biofilm population starts to regrow. Under these circumstances, it might be even 361 

conceivable that time intervals between individual treatment doses are handled dynamically 362 

and might be extended with every cycle of antibiotic administration. Due to the gradual 363 

reduction of the bacterial load, the per-cell antibiotic concentration will increase with every 364 

cycle of antibiotic administration. Thus, regrowth should be progressively delayed.  365 

Instead of embarking on a never-ending Sisyphean task of killing and regrowth of biofilm-366 

associated bacteria, new strategies to break this vicious cycle are essentially required. In the 367 

future, fine-tuned time-lapse microscopy combined with in silico model building (59) might 368 

prove to become a very valuable tool that serves to optimize antibiotic therapy of chronic 369 

biofilm-associated infections. The in silico approach will allow the prediction of various 370 

combinations and applications of different antibiotics applied at different time intervals to 371 

maximize efficacy. Such in silico and subsequently in vitro optimized protocols should then 372 

lead to favorable outcomes in the in vivo model (35). This is prone to pave the way for 373 

successful antibiotic therapies, which would involve repeated antibiotic administration and 374 

clearance of the bacterial population in a step-wise manner.  375 

 376 
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Material and Methods 377 

Biofilm cultivation and treatment 378 

Biofilms of a chromosomally GFP-tagged PA14 strain were cultivated in FAB medium with 379 

citrate (0.3 mM) at 30° C (inoculum: 5*107 cells ml-1) as previously described using modified 380 

6 channel flow cells (µ-Slide VI0.4, ibidi, Germany) (60). After 30 minutes settling time, flow 381 

was started at a constant rate (~3.3 ml h-1 per channel) using a peristaltic pump (205S, Watson 382 

Marlow, United Kingdom). After 48 h of incubation, biofilms were treated for 1 h, 4 h or 383 

continuously with medium containing tobramycin (sulfate salt) [TOB] (Sigma-Aldrich, 384 

Germany) and colistin (sulfate) [CST] (Carl Roth, Germany) at various concentrations and 385 

combinations as specified above. To add the antibiotics, the pump was paused, reflow stopped 386 

by clamps and the tubes and bubble traps upstream of the clamps emptied and refilled with FAB 387 

minimal medium containing antibiotics. Clamps were removed and the flow was restarted. Due 388 

to the distance between bubble trap and flow cell (tube length approx. 175 cm), antibiotic 389 

containing FAB medium reached the flow cell about 15-20 minutes after restart. Pumping dyes 390 

(crystal violet and methylene blue) through the system, we measured optical density (OD) of 391 

the flow through and could detect that both dyes reached their maximum concentration (= OD 392 

of stock concentration) in the flow cell approx. 90 minutes after flow restart. For the dilution of 393 

dyes after switch back to FAB only medium (washing off period) more time was needed 394 

(approx. 120 minutes) due to the bubble trap volume (data not shown). Accordingly, both drugs 395 

could be detected in the flow-through at the same time (Fig. S5). However, while tobramycin 396 

concentrations were found unchanged compared to the input, the concentration of colistin 397 

decreased to approximately one third in the flow through. This indicates that colistin was most 398 

likely absorbed by the bacterial material. As killing control, 70 % Ethanol (EtOH) was used. 399 

Propidium iodide (PI) was constantly supplied in the medium at a final concentration of 6.7 µM 400 
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to monitor bacterial killing. All experiments have been performed at least in duplicates. Images 401 

were taken at two positions within the flow cell. 402 

 403 

Image acquisition via automated microscopy 404 

Established biofilms were monitored by confocal laser scanning microscopy (CLSM) using an 405 

inverted Leica SP8 System (Leica Microsystems, Germany). Settings for fluorescence signal 406 

detection: GFP, excitation 488 nm (multi-argon laser) and emission between 500-550 nm, PI, 407 

excitation 561 nm and emission between 650-720 nm. Scanning of each individual position was 408 

repeated every 25 minutes. The first stack/image series was acquired at the time of the flow 409 

start (between 0-25 minutes, dependent on chamber position). Z-stacks were acquired for a total 410 

height of 57 µm with a step size of 3 µm by the use of a 40x/NA 1.1 water immersion objective. 411 

Two positions per lane (technical replicate) were imaged at a distance of 1 mm within the first 412 

third of the lane.  413 

 414 

Image analysis 415 

Acquired image stacks were processed with the software Developer XD (Definiens) and Imaris 416 

(version 7.6, Bitplane). A customized solution in the Developer software similar to the known 417 

biofilm quantification tool PHLIP (61) was used to determine specific parameters for the 418 

stained biofilm describing the structure and the fluorescent ratios of both, dyes as well as 419 

maximum intensity projections. In detail, automated image thresholding with fixed settings was 420 

applied for each stack after empty image removal to determine biophysical parameters, as well 421 

as ratios of red, green and overlapping events within the Developer software. The increase in 422 

red biovolume proportion over time was used as readout for antibiotic killing (values >90 % 423 

did correlate with nearly full killing). As shown before, the increase in red biovolume correlates 424 
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with the amount of dead cells (determined via CFU counts (38)). Curve sketching was divided 425 

into two main sections to separately analyze the killing (initial increase of red biovolume 426 

proportion determined with the Definiens software) and the regrowth interval (increase of 427 

strong GFP signals due to bacterial growth determined via calculated isosurfaces of regrowth 428 

clusters within in the biofilm population with the Imaris software). A correction factor to 429 

compensate signal bleaching could not be used since the decline in fluorescent intensities was 430 

different for both fluorophores (due to fixed thresholds), not constant over time and sample 431 

dependent (changes in intensity during killing and regrowth was different for each sample and 432 

was dependent on the antibiotic / antibiotic concentration used). As result, a constant intensity 433 

reduction leads to an overall drop in the red biovolume proportion (see for example Fig. 1, 434 

isopropanol control).  435 

Imaris was used to visualize 3D reconstruction of the biofilms and to prepare video / time-series 436 

sequences. Furthermore, Imaris was used to calculate the increase of isosurface volumes over 437 

time to indirectly determine the doubling time of regrowth clusters and microcolonies as well 438 

as to determine the center of homogeneous mass in z-direction. Excel and Graphpad Prism were 439 

used to perform nonlinear regression of the sigmoid killing curves. Video processing was 440 

achieved with the software VSDC Free Video Editor (Flash-Integro LLC). 441 

 442 

In vivo tumor mouse model 443 

Experiments were performed as described previously (34). In brief, eight-week old female 444 

BALB/c mice (Janvier, Germany) were injected intradermally with 5x105 of CT26 (colon 445 

carcinoma) or F1A11 (fibrosarcoma) murine tumor cells. Mice bearing tumors of 150-200 mm3 446 

diameter were infected intravenously (i.v.) with 5x106 P. aeruginosa PA14. After 48 h, 447 

bacterial biofilms have been established within the tumor (35, 36). Thus, mice were treated 448 
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either i.v. or locally (Intra-tumoral application) with desired antibiotics concentrations at given 449 

time intervals. At the end of treatment, the mice were euthanized by CO2 asphyxiation and 450 

sacrificed to isolate the tumors. These tumors were homogenized in 0.1 % (v/v) Triton X-451 

100/PBS using gentle MACS™ M-tubes and a dissociator from Miltenyi Biotec. The samples 452 

were serially diluted and plated on Luria-Bertani (LB) agar plates containing ampicillin (0.1 453 

mg ml-1).  454 

 455 

Ethics Statement 456 
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Figure legends 657 

Fig. 1. Killing-dynamics of P. aeruginosa biofilm cells. Biofilms were cultivated for 48 h and 658 

treated with 10 µg ml-1 colistin, 20 µg ml-1 tobramycin or with 70 % EtOH (killing control) for 659 

a period of 4 h. First image series was acquired at the time of the flow start. The maximum 660 

antibiotic concentration was reached after approx. 90 minutes. Following a 4 h administration 661 

of the drug, the antibiotics were washed off the system within approx. 2 h. (A) Maximum 662 

intensity projections of untreated control (first row), colistin-treated (second row), tobramycin-663 

treated (third row) and ethanol-treated biofilms (fourth row) at given time intervals are shown. 664 

Green: GFP fluorescence, red: PI fluorescence. Scale bar: 50 µm. (B) Increase of the relative 665 

red biovolume (PI signal) over time and (C) relevant parameters describing the killing curve: 666 

teff5, teff50: time point, when 5 % respectively 50 % of the biofilm cells are killed, slope of the 667 

sigmoidal curve and maximal killing rate. Data are mean +- standard deviation of two positions 668 

in two independent experiments. 669 

 670 

Fig. 2. Antibiotic concentration-dependent increase of the red (dead) biovolume of 671 

biofilms. Biofilms were cultivated for 48 h and exposed to different concentrations of (A, C) 672 

colistin and (B, D) tobramycin for 4 h (A, B) and continuously (C, D). Data are mean +- 673 

standard deviation of two positions in two independent experiments. Data of biofilms treated 674 

for 4 h with 10 µg ml-1 colistin respectively 20 µg ml-1 tobramycin have already been shown in 675 

Fig. 1. 676 

 677 

Fig. 3. Concentration and time-dependent time point of killing and regrowth. (A) 678 

Relationship between antibiotic concentration and the time to kill 5 % of the biofilm population 679 

(teff5). Dotted, horizontal line represents teff5 of the killing control ethanol. Asterisks indicate 680 
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data of one single experiment (see S1 Table). (B) Biofilm-Active Interval (time interval 681 

between the time point when the antibiotic starts to kill and the time point when regrowth 682 

becomes visible) of 48 h-old PA14 biofilms treated for 1 h and 4 h with tobramycin (TOB) 683 

and/or colistin (CST) at the indicated concentrations (in µg ml-1). Asterisks: For CST 2.5 µg 684 

ml-1 and TOB 5 µg ml-1 (4 h treatment), a BAI could not be determined for all experiments. 685 

Data are mean +- standard deviation of two positions in two independent experiments. 686 

 687 

Fig. 4. Killing dynamics of 48 h-old biofilms treated over a period of 48 hours. The biofilms 688 

have been exposed four times for 1 h to 10 µg ml-1 colistin, 20 µg ml-1 tobramycin or a 689 

combination of both. Two treatment intervals were tested: the first set was treated every 8 h and 690 

the second set every 12 h. Representative maximum intensity projections of biofilms before 691 

treatment and 1 h after the time points of antibiotic addition are shown. Green: GFP 692 

fluorescence, red: PI fluorescence. Scale bar 50 µm.  693 

 694 

Fig. 5. In vivo killing is dependent on treatment interval. The mice have been treated with a 695 

combination of 2.5 mg kg-1 colistin and 2.5 mg kg-1 tobramycin (squares) respectively 5 mg kg-696 

1 colistin and 5 mg kg-1 tobramycin (triangles). In total, four doses have been injected 697 

intravenously either every 8 h or every 12 h. CFUs counts per gram homogenized tumor tissue 698 

are shown. Single antibiotics were less effective than combinatorial treatment (34). Number of 699 

mice per group: n = 5. 700 

 701 

 on O
ctober 19, 2018 by guest

http://aac.asm
.org/

D
ow

nloaded from
 

http://aac.asm.org/


 on O
ctober 19, 2018 by guest

http://aac.asm
.org/

D
ow

nloaded from
 

http://aac.asm.org/


 on O
ctober 19, 2018 by guest

http://aac.asm
.org/

D
ow

nloaded from
 

http://aac.asm.org/


 on O
ctober 19, 2018 by guest

http://aac.asm
.org/

D
ow

nloaded from
 

http://aac.asm.org/


 on O
ctober 19, 2018 by guest

http://aac.asm
.org/

D
ow

nloaded from
 

http://aac.asm.org/


 on O
ctober 19, 2018 by guest

http://aac.asm
.org/

D
ow

nloaded from
 

http://aac.asm.org/

