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Abstract 22 

Objectives 23 

This study aimed to evaluate the efficacy of inhaled cationic antibiotics, including tobramycin 24 

(TOB) and colistin (CST), using an in vitro alginate bead model that simulates Pseudomonas 25 

aeruginosa lung biofilms. 26 

Methods  27 

Bioluminescent P. aeruginosa were encapsulated within alginate beads and dispersed in either 28 

Mueller-Hinton broth (MHB) or artificial sputum medium (ASM). The impact of bead size and 29 

culture medium on TOB and CST efficacy was assessed by monitoring bioluminescence kinetics, 30 

followed by colony-forming unit (CFU/mL) measurements. Antibiotic efficacy was quantified 31 

using a Hill inhibitory model to analyze variations in CFU/mL in response to TOB and CST 32 

concentrations. 33 

Results  34 

The TOB EC50 was found to be 8-fold higher when P. aeruginosa was encapsulated in larger 35 

beads (1200 µm) compared to smaller beads (60 µm). TOB efficacy further decreased twofold 36 

when larger beads were dispersed in ASM. In contrast, CST demonstrated superior efficacy, 37 

being four times more potent than TOB, with corresponding EC50 values of 20.5 ± 2.8 times MIC 38 

and 78.4 ± 10.2 times MIC, respectively. No change in MICs was observed for either antibiotic, 39 

even after exposing bacteria to 200 times the MIC. 40 

Conclusions 41 

This P. aeruginosa biofilm model highlights how alginate and mucus modulated the efficacy of 42 

TOB and CST, and suggested the superior efficacy of CST in eradicating pulmonary biofilms. 43 

 44 

 45 

 46 

Key words: Pseudomonas aeruginosa, biofilm, cationic antibiotic, pulmonary chronic infection.  47 
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1. Introduction  48 

Pseudomonas aeruginosa (P. aeruginosa) is the most prevalent microorganism in the airways 49 

of adults with cystic fibrosis (CF), detected in 70% of adults aged 25 years or older [1,2]. P. 50 

aeruginosa pulmonary infection is a major cause of mortality in this population. P. aeruginosa 51 

rapidly becomes persistent and is responsible for chronic lung infections after the onset of acute 52 

infections. This persistence is notably due to its ability to colonize mucus, where it forms 53 

aggregates in a polymer matrix to create biofilms [1,3]. These biofilms are communities of 54 

various P. aeruginosa phenotypes, with different metabolic levels and living in an extracellular 55 

polymer matrix composed mainly of polysaccharides, extracellular DNA (eDNA) and proteins 56 

[1,3,4]. Biofilms offer protection to bacteria against host defences and antibiotics (ATBs) due to 57 

the barrier effect of the extracellular matrix and to metabolic changes in bacterial populations 58 

[3]. Therefore, new treatment strategies for bacteria present in biofilms need to be developed, 59 

and in vitro models mimicking biofilms formed in vivo are required to evaluate these strategies. 60 

Most  knowledge on P. aeruginosa biofilms derives from in vitro studies of thick (up to 1000 61 

µm) and highly structured biofilms formed on abiotic surfaces, such as polystyrene microplates 62 

[1,2]. However, P. aeruginosa biofilms in the lungs of CF patients are structurally different and 63 

smaller than biofilms formed on abiotic surfaces [1]. In CF patients, P. aeruginosa biofilms are 64 

aggregates of 5-100 μm formed by bacteria confined in their polymeric matrix, themselves 65 

surrounded by the patients’ mucus. The polymer networks that make up these two hydrogels, 66 

the lung mucus and the biofilm matrix, reduce the efficacy of cationic ATBs such as tobramycin 67 

(TOB) and colistin (CST) by limiting their diffusion to bacteria inside the biofilm [3–5]. This drop 68 
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in efficacy poses a clinical problem, as these two ATBs, along with levofloxacin and aztreonam, 69 

are the main inhaled ATBs used to treat P. aeruginosa lung infections in CF patients.  70 

Moreover, as  chronic infection develops in these patients, new phenotypes of P. aeruginosa 71 

appear, with high prevalence of mucoid P. aeruginosa, which overexpresses alginate [6–8]. 72 

Alginate is a polyanionic polysaccharide that gives the colony a mucoid phenotype that is typical 73 

in ineradicable CF lung infection [9]. Alginate is also known to bind cationic ATBs, resulting in  74 

reduction in their diffusion rate or penetration into the biofilm [10–12]. 75 

To take into account the specificities of pulmonary P. aeruginosa biofilms, several models 76 

have been developed. One of the most frequently used models consists of embedding P. 77 

aeruginosa into agar or alginate beads [2,13–15]. These systems mimic the basic structure of a 78 

biofilm, while providing reproducible control over the composition of the system 79 

[17,20,21]. Other models have attempted to mimic the unattached lung biofilm of P. aeruginosa 80 

by growing them in a medium simulating pulmonary mucus or sputum [18–20], and suspended 81 

biofilm-like structures have been described in these media. These media contain DNA and 82 

mucins that can also interact with cationic ATBs [21–23], and may influence  P. 83 

aeruginosa biofilm development [24].  84 

In the present study, the combination of alginate bead model and artificial sputum medium 85 

(ASM), containing DNA and mucins, on the effects of the two major cationic ATBs, CST and TOB, 86 

on P. aeruginosa biofilm was evaluated. The impact of several parameters, including bead size 87 

and dispersion medium (ASM or cation-adjusted Muller-Hinton broth (MHB)), on the response 88 

of the two ATBs was evaluated. This evaluation was based on the bioluminescence kinetics 89 
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profiles of P. aeruginosa and the use of a Hill-type equation to describe changes in colony-90 

forming units as a function of ATB concentration.  91 
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2. Materials and methods 92 

a. Materials 93 

Experiments were performed with a bioluminescent P. aeruginosa strain PAO1::luxCDABE 94 

tagged by chromosomal integration of the luxCDEBA operon into the site attTn7, as described 95 

by Puja et al. [25]. Sodium alginate from brown algae, tobramycin base (TOB) and colistin sulfate 96 

salt (CST) were obtained from Sigma-Aldrich (Saint-Quentin-Fallavier, France). Muller-Hinton 97 

broth (MHB) and the Artificial Sputum Medium (ASM) were used for the culture of P. 98 

aeruginosa. ASM was composed of 5 g of mucin from pig stomach mucosa, 4 g of low molecular 99 

weight salmon sperm DNA, 1 L of sterile water, 5.9 mg of diethylene triamine penta-acetic acid 100 

(DTPA), 5 g of NaCl, 2.2 g of KCl, 1.81 g of Tris base, 5 g of casein hydrolysate, and 5 mL of egg 101 

yolk emulsion as described by Sriramulu Diraviam Dinesh [26]. All the compounds used in the 102 

article were purchased from Sigma-Aldrich. 103 

b. Preparation and characterization of alginate beads loaded with P. aeruginosa  104 

Fresh suspensions of the bioluminescent PAO1 strain prepared in MHB or ASM were 105 

cultured overnight at 37°C in an orbital shaker. These suspensions were washed twice with 0.9% 106 

w/v NaCl and adjusted to an OD600 of 0.6 (1.108 CFU/mL). One mL was centrifuged at 2800 g for 107 

4 min and the pellet was dispersed in one mL of MHB or ASM. Then, PAO1-loaded alginate 108 

beads were prepared from 9 mL of a 2% w/v sodium alginate solution mixed with 1 mL of PAO1 109 

suspension, using two different methods to produce beads depending on the desired size. 110 

At first, small-sized beads with a diameter of about 60 µm were produced using the method 111 

proposed by Torres et al. [15]. Briefly, the alginate-bacteria mix was emulsified for 5 minutes at 112 

600 rpm in 150 mL of paraffin oil supplemented by 0.01% w/v of sorbitan monostearate 113 

nonionic surfactant using a blade stirrer (Heidolph mechanical agitators, RZR 2021, Germany). 114 
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Then, 20 mL of 0.1 M TRIS-HCl buffer pH 7 containing 0.1 M CaCl2 was added dropwise to the 115 

emulsion and kept under stirring for 90 min to harden the beads. The beads were then 116 

centrifuged at 2800 g for 10 min and washed several times with 0.9% m/v of NaCl. The mCherry 117 

fluorescent PA01-loaded beads were characterized by confocal laser scanning microscopy 118 

(CLSM). Visualization was performed on an Olympus FluoView FV-3000 equipped with an IX83 119 

confocal laser scanning microscope (40x magnification). To study the fluorescence of the 120 

mCherry protein produced by PA01, samples were excited at 561 nm and emission was 121 

observed between 570 and 670 nm. For each condition, 40 to 50 stacks of horizontal plane 122 

images (1024×1024 pixels corresponding to 200×200 μm) with a z-step of 0.5 μm were acquired. 123 

Three-dimensional projections of the beads' interior were constructed using the Easy 3D 124 

function of the IMARIS software (Bitplane). Consistent segmentation parameters (particle size, 125 

absolute intensity, and absence of post-segmentation filters) were applied to all 3D constructs. 126 

A second method previously described by Bjarnsholt et al. [27] was used to produce larger 127 

beads, with a diameter of around 1200 µm. The alginate-bacteria mixture was poured into a 1 128 

mL repeating pipette (Eppendorf Multipette® plus, France), the tip of which was placed 1 cm 129 

above the surface of a sterile CaCl2 Tris-HCl buffer solution (0.05 M, pH=7) with stirring. Droplets 130 

of 2 μL of the mixture were released to produce beads that were cured for one hour in Tris-HCl, 131 

CaCl2. The beads were then washed with 0.9% NaCl. Their diameter was estimated with a 132 

microscope (Macroview olympus MVX10, France) by measuring between 50 to 100 beads.  133 

c. Time-luminescence kinetics 134 

To characterize the dynamics of the antimicrobial effects of CST and TOB against P. 135 

aeruginosa loaded in alginate beads, bioluminescence kinetics were measured in the presence 136 
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of different concentrations of ATB in the culture media (MHB or ASM). Twenty-four-hour-old 137 

alginate beads were dispersed in the growth medium to obtain a bioluminescence value of 138 

20,000 ± 10,000 RLU (Relative Light Unit), measured by a plate reader, allowing an increase or 139 

decrease in signal to be observed (Tecan, Austria Gmbh, Infinite 200® PRO).  After which, 100 μL 140 

of bead suspension was dispensed into  non-binding (to avoid adherent biofilm formation), 141 

white, 96-well microplates (Greiner bio-one, France), followed by 100 μL of concentrated ATB 142 

solution in MHB or ASM, leading to final concentrations of 0.25, 0.5, 1, 2, 5, 10, 25, 50, 100 and 143 

200 times the MIC of each ATB. The MICs of TOB and CST against PAO1, determined as 144 

described in paragraph “f”, were equal to 0.5 mg/L and 1 mg/L, respectively. The plates were 145 

sealed with a clear, gas-permeable, moisture barrier membrane, and luminescence was 146 

monitored every 30 min for 40 h using the plate reader Infinite® 200 PRO. Controls without ATB 147 

were utilized to assess the effect of the medium on bacterial growth. Controls without bacteria 148 

were used to verify the absence of contamination.  149 

d. Viable cell counts after time-luminescence kinetics.  150 

After 40 h of exposure to the ATB, the P. aeruginosa trapped in the beads were released by 151 

solubilizing the alginate as recommended by Bjarnsholt et al. [27]. Wells were washed with an 152 

aqueous solution containing 0.05 M of NaHCO3 and 0.02 M of citric acid and the final volume 153 

was adjusted to 1 mL. After shaking for 30 min, the solutions were serially diluted in 0.9% m/v 154 

NaCl and plated on MH agar. The plates were incubated at 37°C and numbers of CFU were 155 

counted after 24, 48 and 72 h. The total number of CFUs was used for data analysis and 156 

modelling. 157 

 158 
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 159 

e. Data analysis and modelling 160 

RStudio software version "1.2.1335" and the "ggplot2 version 3.10” package were used to 161 

plot the smoothed average luminescence values against time using a Generalized Additive 162 

Model (GAM) as the smoothing method. The shaded area around the mean value curve is the 163 

95% confidence level interval for the mean values predicted by the GAM smoothing model. 164 

The antibacterial effect of TOB and CST obtained under the different conditions tested 165 

(effect of bead size and dispersion medium) was studied by modelling the CFU/mL counted after 166 

40 hours of exposure to the ATBs as a function of their concentrations (C) expressed as 167 

multiples of MIC. The modeling was done using an inhibitory Hill equation (Equation 1): 168 

          
              

    
 

                        (Equation 1) 169 

In Equation 1, CFU0 refers to the mean CFU/mL measured in the absence of ATB. CFU∞ refers 170 

to the lowest mean CFU/mL value when the ATB concentration tends to infinity. EC50 is the ATB 171 

concentration needed to achieve 50% of CFU0 and ɣ is the slope factor (Hill coefficient) that 172 

measures the susceptibility of P. aeruginosa survival within the ATB concentration range. The 173 

predicted mean CFU/mL was evaluated for each ATB concentration based on the hypothesis 174 

that individual CFU/mL values were normally distributed around the mean value with a standard 175 

deviation. Parameters were evaluated using Rstan version 2.19.3, run under RStudio software, 176 

by performing Bayesian analysis of the data and using the following weakly informative prior 177 

distributions: the log of CFU0 is uniformly distributed between 5 and 10, EC50 is normally 178 

distributed between 0 and 100, and ɣ between 0 and 10. Simulations were run for six chains 179 
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with 1000 burn-in steps followed by 1000 Markov chain Monte Carlo (MCMC) steps. CFU/mL 180 

values below the limit of quantification (25 CFU/mL) were set at 1 CFU/mL for analysis. 181 

f. Change in MIC after exposure to antibiotics. 182 

To determine whether bacteria surviving exposure to high concentrations of ATB is the 183 

result of the development of a resistance mechanism, MIC measurements were made from 184 

colonies collected on agar plates that grew after 40 hours of ATB exposure. Colonies were 185 

suspended in MHB and the OD600 was adjusted to 0.6. The suspension was then diluted 100-fold 186 

in MHB to obtain 1.106 CFU/mL and 100 μL were distributed to the wells of a 96-well plate. 187 

Then, 100 μL of 2-fold concentrated ATB solution was added to obtain final concentrations of 188 

0.125, 0.25, 0.5, 1, 2, 4, 8, 16, 32, and 64 mg/L and 5.105 CFU/mL of P. aeruginosa. The plates 189 

were incubated at 37 °C in an orbital shaker (150 rpm, Advantage Lab, ALOS - 0.5) and OD600 was 190 

read after 18 h – 20 h using the Infinite® 200 PRO plate reader (Tecan, France).   191 
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3. Results 192 

a. Characterization of P. aeruginosa-loaded alginate beads 193 

 194 

Figure 1: Characterization of Small Alginate Beads. A) Bead size distribution as determined by 195 

laser diffraction. B) Confocal laser scanning microscopy micrograph of beads loaded with 196 

mCherry-expressing PAO1. C-D) Three-dimensional projections illustrating the internal 197 

structure of the beads. 198 
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Small beads were prepared by emulsifying a 2% alginate solution in paraffin oil, followed by 199 

gelation with the addition of a Ca2+ solution. The particle size distribution was characterized, 200 

showing a monodisperse profile with a median diameter of 60 µm (Fig. 1A). Bead structure and 201 

the distribution of PAO1 within the beads were visualized using confocal laser scanning 202 

microscopy (CLSM) with mCherry-expressing PAO1-loaded beads. The results showed that small 203 

PAO1 aggregates, each less than 10 µm in size, were dispersed within the structured, channeled 204 

beads, allowing fluid access throughout the beads (Fig. 1 B-D). P. aeruginosa was observed both 205 

as micro-aggregates within the beads and as planktonic cells capable of escaping from the 206 

beads.  207 

 208 

b. Effect of  bead size on tobramycin efficacy 209 

 210 
Figure 2. Bioluminescence kinetics of P. aeruginosa trapped in 60 or 1200 µm diameter 211 

alginate beads dispersed in MHB containing different concentrations of TOB (expressed in 212 
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number of times the MIC). For each well, the luminescence intensity was normalized to the 213 

value measured at time zero. The gray band around the curves is the 95% confidence level 214 

interval of the mean values predicted by the GAM smoothing model from 12 to 16 215 

experiments (n = 12-16). The red horizontal dashed line is the limit of accuracy of the plate 216 

reader. 217 

 218 

The first parameter investigated was effect of bead size on antibiotic efficacy. Luminescence 219 

kinetics of P. aeruginosa trapped in alginate beads of 60 and 1200 μm of average diameter 220 

dispersed in MHB containing various concentrations of TOB were recorded for 40 hours (Fig. 2). 221 

In the absence of TOB, the luminescence profiles obtained with both bead sizes initially showed 222 

an increase in signal to a maximum level, followed by a zero-order decrease for the rest of the 223 

time. The initial increase in luminescence was slower with large beads than with small beads, 224 

resulting in a 5-hour time lapse in reaching maximum luminescence (Fig. 2, first upper panel). 225 

Addition of TOB at a concentration below the MIC (MICTOB= 0.5 mg/L) had no effect on the 226 

luminescence kinetics with either type of bead. At TOB concentrations above the MIC and up to 227 

25 MIC, the initial increase in luminescence was replaced by a decline, of which the intensity 228 

increased progressively with TOB concentration. For TOB concentrations of 2 to 10 times the 229 

MIC, this decrease was more intense with small beads (60 µm) than with large ones (1200 µm). 230 

To further analyze the effect of bead size on TOB efficacy, the CFU/mL of P. aeruginosa present 231 

at the end of the 40-hour kinetics was measured (Figure 3 A and B). 232 

 233 

 234 

 235 

 236 

 237 
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 238 

 239 

 240 

       241 

Figure 3. Log10 CFU/mL of P. aeruginosa in function of TOB concentration measured after 40 h 242 

of exposure for A) P. aeruginosa trapped in 60 μm diameter beads dispersed in MHB, B) P. 243 

aeruginosa trapped in 1200 µm diameter beads dispersed in MHB, C) P. aeruginosa trapped in 244 

60 μm beads dispersed in ASM, and D) P. aeruginosa trapped in 1200 µm beads dispersed in 245 

ASM. The shaded areas are the 95% credible intervals around the predicted mean values 246 

(lines) obtained using the Hill equation (Eq. 1). All points below the limit of quantification (25 247 

CFU/mL) were set to 1 CFU/mL. 248 

 249 

60 µm beads  1200 µm beads 

AS

M 

MH

B 

C) D) 

A) B) 
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The number of CFU/mL present in the alginate beads after 40 hours of contact with various 250 

concentrations of TOB in MHB is presented in Fig. 3A for 60 µm beads and 2B for 1200 µm 251 

beads. For both bead sizes, the profiles showing log CFU/mL of P. aeruginosa versus TOB 252 

concentration in MHB exhibited a sigmoidal shape described by the Hill equation (Eq.1), with 253 

over 95% of the experimental points falling within the 95% credibility interval around the 254 

predicted mean values. Indeed, the mean values predicted by the model are centered between 255 

the individual points, and the 95% credible intervals represented by a grey area in Fig. 3 256 

encompass approximately 95% of the individual values. However, a steeper slope of the sigmoid 257 

curve was obtained for 1200 µm beads, showing a significant change in P. aeruginosa CFU/mL 258 

for TOB concentrations between 25 and 50 times the MIC (Fig. 3B). In addition, the EC50 value 259 

calculated for the 60 µm beads (4.1 ± 0.8 times MIC) was 8-fold lower than for the 1200 µm 260 

beads (32.5 ± 5.9 times MIC). Bacteria were still present in both types of bead in the presence of 261 

200 times the MIC in TOB (data not shown), but no change in MIC against this antibiotic, 262 

measured on colonies collected on plates used for CFU counting, was observed after exposure 263 

to these concentrations.   264 
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c. Effect of culture medium on tobramycin efficacy.  265 

 266 

Figure 4. Bioluminescence kinetics of P. aeruginosa trapped in beads of 1200 µm diameter 267 

dispersed in MHB or ASM containing various concentrations of TOB (expressed in number of 268 

times TOB MIC (0.5 mg/L)). For each well, luminescence intensity was normalized to the value 269 

measured at time zero. The gray band around the lines is the 95% confidence level interval of 270 

the mean values predicted from the GAM smoothing model from 12 to 16 experiments. The 271 

red dashed line is the limit of accuracy of the plate reader. 272 

The second parameter evaluated was the composition of the medium dispersing the 273 

alginate beads, replacing conventional MHB with a medium simulating the composition of lung 274 

mucus (ASM). Bioluminescence kinetics obtained with large beads dispersed in MHB or ASM 275 

containing different concentrations of TOB are shown in Fig. 4 for large beads and in Fig. S1 for 276 

smaller beads. TOB had virtually no effect on the luminescence profiles obtained in ASM for 277 

concentrations up to 2 times the MIC. For TOB concentrations between 5 and 10 MICs, the 278 

MHB ASM 
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luminescence measured in ASM was significantly higher than in MHB. Above 25 MICs, the 279 

luminescence recorded in ASM was less than or equal to that recorded in MHB. The effect of 280 

changing the medium on the luminescence kinetics recorded for small beads was similar to that 281 

observed for large beads (Figure S1: supplementary materials). 282 

The evolution of the concentration of P. aeruginosa capable of multiplying after 40 h of 283 

treatment as a function of the concentration of TOB in ASM is shown in Fig. 3C and Fig. 3D for 284 

small and large beads, respectively. In this medium, TOB was less efficient than in MHB, as 285 

indicated by the increase in EC50 values. For the small beads, EC50 increased 8 times between 286 

MHB (4.1 ± 0.8 times MIC) and ASM (32.5 ± 11.4 times MIC). It more than doubled in ASM (78.4 287 

 10.2 times MIC) compared to MHB (32.5  5.9 times MIC) for large beads.  EC50 was only 288 

doubled in ASM when the bead size increased from 60 to 1200 µm, while an 8-fold increase in 289 

the EC50 was observed in MHB for the same change in bead size (Fig. 3). Again, while the 290 

bacteria in the beads survived a TOB concentration 200 times the MIC, no change in MIC was 291 

observed for these bacteria.  292 
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d. Comparison between tobramycin and colistin efficacy  293 

294 

 295 
Figure 5. Upper panels: Bioluminescence kinetics of P. aeruginosa trapped in large alginate 296 

beads dispersed in ASM exposed to various CST or TOB concentrations (MICTOB = 0.5 mg/L, 297 

MICCOL = 1 mg/L). For each well, luminescence intensity was normalized to the value measured 298 

at time zero. The gray band around the lines is the 95% confidence level interval of the mean 299 
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values predicted from the GAM smoothing model (n = 12-16). The red dashed line is the limit 300 

of accuracy of the plate reader. Lower panel: Total bacterial concentration (Log10 CFU / mL) 301 

obtained after 40 h of exposure of P. aeruginosa trapped in 1200 µm diameter beads to 302 

various concentrations of CST. The shaded areas are the 95% credible intervals around the 303 

predicted mean values (lines) obtained using the Hill model (Eq. 1).  304 

 305 

To assess the effect of another type of cationic ATB, the efficacy of CST was evaluated using 306 

the large beads dispersed in ASM, i.e. under conditions where TOB was less effective. While TOB 307 

had no effect on luminescence profiles obtained at concentrations up to two times the MIC, CST 308 

induced the formation of a plateau after reaching maximum luminescence for concentrations 309 

ranging from 0.25 to two times the MIC (Fig. 5). At five times the MIC, CST and TOB had the 310 

same effect on luminescence profiles. From 10 times the MIC, CST induced a quick decrease in 311 

luminescence over 10 hours that was followed by a restart in light production. Above 25 times 312 

the MIC, luminescence decreased even more rapidly and intensely with CST to reach the limit of 313 

accuracy of the plate reader in less than 10 hours. In comparison, the luminescence produced 314 

by P. aeruginosa in contact with TOB decreased half as rapidly as with CST, reaching the plate 315 

reader’s accuracy limit only after 20 hours. 316 

The profile of the concentration of surviving P. aeruginosa relative to the concentration of 317 

CST is shown in the lower panel of Fig. 5. The data obtained with CST were also fitted with the 318 

Hill model (Eq. 1). The EC50 value obtained with CST was four times lower than that observed 319 

with TOB (20.5  2.8 times MIC for CST vs 78.4  10.2 times MIC for TOB, respectively). In 320 

addition, a steeper slope of the sigmoid curve was obtained with CST than with TOB, showing an 321 

“all or nothing” type effect of CST. Thus, a slight increase in the concentration of CST above the 322 

EC50 eliminates almost all bacteria.   323 
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4. Discussion 324 

In this study, alginate bead-based models of P. aeruginosa biofilms were used to assess the 325 

efficacy of two cationic ATBs conventionally administered as aerosols to treat chronic P. 326 

aeruginosa infections in CF patients. In CF lungs, P. aeruginosa biofilms are small bacterial 327 

aggregates, typically ranging from 5 to 50 µm in size [1]. We designed the experimental 328 

conditions to mirror these clinical observations by using a short biofilm development period (24 329 

hours), which produced aggregates approximately 10 µm in diameter, as measured by confocal 330 

laser scanning microscopy (CLSM). These dimensions are consistent with bacterial clusters 331 

observed both in CF patients and in prior alginate bead models  [13].  332 

a. Characterization of bioluminescent Pseudomonas-loaded alginate beads 333 

Most studies assess ATB efficacy at a single endpoint, often through techniques like crystal 334 

violet staining or metabolic activity assays. Such methods, however, do not account for the 335 

dynamic evolution of biofilms under antibiotic pressure. In contrast, the bioluminescence-based 336 

kinetics used here allowed us to monitor bacterial viability and metabolic activity continuously. 337 

This latter parameter depends on the availability of bacterial enzymes (luciferase, ATP synthase, 338 

etc.) and substrates (O2, sugars, etc.) in the culture medium [34,35]. The bioluminescence 339 

profiles observed in the absence of ATB (Fig. 2, panel "0"; Fig. 4, panel "0") resembled typical 340 

bacterial growth curves expressed in CFU/mL, with an exponential phase followed by a gradual 341 

decline, although a stationary phase was absent. This absence may indicate a stable bacterial 342 

count with reduced metabolic activity due to nutrient depletion, resulting in diminished light 343 

production, as previously reported [35]. 344 
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In the absence of ATB, increasing the bead size delayed the peak of bioluminescence in the 345 

kinetics. Smaller beads (60 µm) offer a higher surface area-to-volume ratio, promoting better 346 

diffusion of oxygen and nutrients, which facilitates bacterial growth and activity. Larger beads 347 

(1200 µm), by contrast, hinder diffusion, leading to slower bacterial growth while still reaching a 348 

comparable final bacterial load of approximately 5 x 108 CFU/mL after 40 hours of incubation 349 

(Fig. 3 and 5). 350 

b. Modulating tobramycin efficacy through bead size and culture medium 351 

composition. 352 

In the CF patients’ lungs, P. aeruginosa aggregates are confined in an alginate-based matrix 353 

and dispersed in the thick mucus of the patients. Both alginate-based matrix and mucus create 354 

barriers that can limit the diffusion of ATBs with stronger effect on cationic ones [4,11,28–31]. 355 

In CF patients, TOB is often used as an aerosol treatment during the early stages of lung 356 

infection, before chronic biofilm formation [32,33]. Thus, biofilm development frequently occurs 357 

under TOB selection pressure, a factor we replicated in this in vitro model. 358 

To test the influence of certain parameters of the P. aeruginosa lung biofilm model, the size 359 

of the alginate beads mimicking the biofilm matrix and the nature of the dispersion medium 360 

representing mucus were changed to assess their effect on the efficacy of TOB. While prior 361 

studies have explored these factors independently [13,16,29], our study is the first to 362 

manipulate them simultaneously to assess their combined impact on TOB effectiveness. Both 363 

increasing bead size from 60 to 1200 µm and replacing MHB with a mucus-like culture medium 364 

increased TOB's EC50 by a factor of 8, suggesting reduced antibiotic efficacy. When both 365 

conditions were altered, the EC50 increased 16-fold, indicating an additive effect. These results 366 

are in agreement with previous studies, which showed that alginate and mucus component 367 
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reduce TOB efficacy. Indeed, Cao et al [29] showed on an alginate bead biofilm model that the 368 

binding of TOB to a multitude of sites led to a pronounced delay in its diffusion into the biofilm. 369 

This slowing of the increase in free TOB concentration inside the beads could increase the 370 

probability of adaptation and survival of bacteria residing in biofilms [34,35]. Likewise, P. 371 

aeruginosa biofilms grown on glass surface coated with mucins, the glycoproteins present in 372 

mucus, establish large aggregates, and  increase tolerance to TOB compared to biofilms grown 373 

on glass coated with actin or DNA [24]. Several considerations may explain the reduced efficacy 374 

of TOB in the presence of mucus components. For example, several studies have shown that 375 

mucins can bind to TOB, reducing its immediate availability and diffusion through mucus [4,11]. 376 

Some studies also suggest that mucins have an effect on bacterial phenotype and promote 377 

biofilm formation as well as reducing  ATB diffusion [4,11,24]. In addition, it has been shown 378 

that the lipid composition in media mimicking CF mucus can influence the lipid composition of 379 

P. aeruginosa membranes, reducing their permeability to certain ATBs [36]. Extracellular DNA in 380 

mucus can also bind to TOB, further impeding its efficacy [22].  381 

c. Superior efficacy of colistin versus tobramycin in the lung biofilm model. 382 

All the parameters evaluated in this study showed that CST was more effective than TOB in 383 

controlling the concentration of P. aeruginosa in the lung biofilm model, particularly in larger 384 

beads dispersed in ASM. Indeed, in bioluminescence kinetics, the two ATBs had the same effect 385 

for concentrations up to 5 times their MIC, but from 25 MIC, CST was able to rapidly reduce the 386 

bioluminescence below the precision limit of the plate reader, while the effect of TOB was 387 

slower and less intense. In colony counts, CST was 4 times more effective than TOB relatively to 388 

their own MIC, as indicated by their respective EC50 values of 20.5 ± 2.8 times the MIC (Fig. 5) 389 
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and 78.4 ± 10.2 times the MIC (Fig. 3D). In addition, the effect of TOB was gradual around its 390 

EC50 value, while the effect of CST was closer to an “all or nothing” effect, as shown by the 391 

steeper slope obtained with CST on the graph showing the variation of log CFU versus log ATB 392 

concentration in Fig. 5. Indeed, the slope factor or Hill coefficient parameter that was used to 393 

describe the evolution of the P. aeruginosa concentration in function of ATBs concentration was 394 

very high for CST (>10), suggesting  high susceptibility of P. aeruginosa to CST once its 395 

appropriate concentration (EC50) is reached, similar to  stop and go behavior. 396 

 Hence, easier control of the bacterial population is expected with CST once its 397 

concentration slightly exceeds the EC50 value, with less chance of selecting resistant bacteria. A 398 

few previously published studies have compared the effect of CST and TOB on P. aeruginosa in 399 

the presence of mucus and the results may seem discordant. Some are in accordance with our 400 

results and show that CST effect was less impacted than TOB effect by the presence of mucins 401 

and alginate. Indeed, Muller et al. [4] found a significant reduction of TOB efficacy on P. 402 

aeruginosa biofilms grown in the presence of mucus compared with those grown in its absence 403 

while the influence of human mucus on CST efficacy was almost negligible. On the contrary, 404 

several studies have shown that components of mucus or sputum such as mucins reduce the 405 

effectiveness of CST and other polymyxins against P. aeruginosa, mainly due to their ability to 406 

bind to them [26,28,39–41].  407 

Interestingly, bioluminescence kinetics measured at CST concentrations below 5 MIC 408 

showed stable light production once the maximum value was reached, instead of the slow 409 

decrease observed in the absence of ATB or with TOB. This result suggests that low 410 

concentrations of CST stimulate bacterial metabolic activity. In this sense, previous studies have 411 
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suggested that colistin stimulates the tricarboxylic acid (TCA) cycle, which in turn leads to 412 

increased NADH production and enhanced respiration rates. [37,38]. This metabolic stimulation 413 

could explain the observed stability in light production at sub-inhibitory CST concentrations. 414 

 415 

5. Conclusion 416 

This study shows that Pseudomonas aeruginosa trapped in alginate, as occurs in the lung 417 

biofilms of CF patients, can persist even when exposed to high concentrations of TOB or CST 418 

without developing resistance to these antibiotics. This decrease in efficacy poses a clinical 419 

problem, as these two antibiotics are the main ATBs used by inhalation to treat Pseudomonas 420 

aeruginosa lung infections in these patients. The sensitivity of Pseudomonas aeruginosa 421 

incorporated in alginate beads can be adjusted by modifying bead size and dispersion medium, 422 

demonstrating the influence of alginate and mucus on the efficacy of these antibiotics. 423 

Bioluminescence measurements and colony counts show that CST is more effective than TOB on 424 

this in vitro model of Pseudomonas aeruginosa lung biofilms.  425 
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