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a b s t r a c t 

Objectives: Staphylococcus aureus and Pseudomonas aeruginosa co-infections in patients with cystic fibro- 

sis (CF) are associated with disease severity. Their treatment is complicated by biofilm formation in the 

sticky mucus obstructing the airways. We investigated the activity of phages-antibiotics combinations 

using a dual species biofilm ( P. aeruginosa/S. aureus ) formed in artificial sputum medium. 

Methods: Biofilmswere incubated with broad-spectrum antibiotics (meropenem, ceftazidime, 

ciprofloxacin, tobramycin) combined with a cocktail of two (bacterio)phages (PSP3 and ISP) proven 

active via spot tests and double agar on P. aeruginosa PAO1 and S. aureus ATCC 25923. 

Results: At the highest tested concentrations (100 x MIC), antibiotics alone caused a 20–50% reduction 

in biomass and reduced S. aureus and P. aeruginosa CFU of 2.3 to 2.8 and 2.1 to 3.6 log10 , respectively. 

Phages alone reduced biofilm biomass by 23% and reduced P. aeruginosa CFU of 2.1 log10 , but did not 

affect S. aureus viability. Phages enhanced antibiotic effects on biomass and exhibited additive effects with 

antibiotics against P. aeruginosa , but not against S. aureus. Following inhibition of bacterial respiration by 

phages in planktonic cultures rationalised these observations by demonstrating that PSP3 was effective at 

multiplicities of infection (MOI) as low as 10−4 plaque forming units (PFU)/CFU on P. aeruginosa , but ISP, 

at higher MOI ( > 0.1) against S. aureus . 

Conclusion: Pre-screening inhibition of bacterial respiration by phages may assist in selecting those 

showing activity at sufficiently low titers to showcase anti-biofilm activity in this complex but clinically- 

relevant in vitro model of biofilm. 

© 2024 Elsevier Ltd and International Society of Antimicrobial Chemotherapy. All rights are reserved, 

including those for text and data mining, AI training, and similar technologies. 
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. Introduction 

Cystic fibrosis (CF) affects over 150,0 0 0 people worldwide, 

ostly of Caucasian descent [1] . It is caused by genetic mutations 

n the CFTR gene. Altered CFTR channel leads to disruption in salt 

nd water balance in mucosal epithelia, causing the thickening of 

ucus in the lungs. 
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imilar technologies. 
This sticky mucus promotes persistent bacterial infections, 

hich remain the main cause of morbidity and mortality in these 

atients [2] . Bacteria tend to form biofilms, that is, bacterial ag- 

regates where cells become metabolically inactive and are pro- 

ected by a self-produced extracellular matrix mainly consisting of 

olysaccharides, extracellular DNA and proteins, leading to antibi- 

tic tolerance. The predominant pathogens, Staphylococcus aureus 

nd Pseudomonas aeruginosa , co-infect more than 25% of the pa- 

ients [3] . S. aureus, highly prevalent in children and adolescents 

50–80%), contributes to airway inflammation and reduced lung 

unction, while P. aeruginosa, infecting 20–30% of children and up 

o 80% of adults, is a major cause of respiratory failures and death 
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https://doi.org/10.1016/j.ijantimicag.2024.107276
http://www.ScienceDirect.com
http://www.elsevier.com/locate/ijantimicag
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijantimicag.2024.107276&domain=pdf
mailto:francoise.vanbambeke@uclouvain.be
https://doi.org/10.1016/j.ijantimicag.2024.107276


Z. Wang, S. De Soir, A. Glorieux et al. International Journal of Antimicrobial Agents 64 (2024) 107276

Table 1 

MIC of antibiotics a in MHB-ca and concentrations reached in the lungs or in the sputum. 

MIC (mg/L) 

Lung (L) or sputum (S) concentration 

[route of administration] 

Antibiotics S. aureus ATCC 25923 P. aeruginosa PAO1 

Ciprofloxacin 8 0.25 3 mg/L (S) [oral] [25] 

57-260 mg/L (S) [inhaled] [26] 

Ceftazidime 0.5 2 2-7 mg/L (S) [IV] [27] 

Meropenem 0.03 1 10-20 mg/L (L) [IV] [28] 

Tobramycin 0.5 1 1000 μg/g (S) [inhaled] (SmPC) 

a EUCAST resistance breakpoints (R): > 8 mg/L for meropenem and ceftazidime against P. aeruginosa (no breakpoint set for β-lactams against S. aureus but ATCC 25923 is 

an MSSA and therefore considered as susceptible), > 0.5 and 1 mg/L for ciprofloxacin against S. aureus and P. aeruginosa , respectively, and > 2 mg/L against both species for 

tobramycin. 
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2] . Given the scarcity of effective antibiotics against biofilms, there 

s an urgent need for new treatment strategies. 

In this context, bacteriophages have emerged as potential an- 

ibiotic potentiators and biofilm disruptors [4] . Over the last two 

ecades, bacteriophages garnered renewed interest and proved 

onsistently safe. They have demonstrated lytic activity in the spu- 

um from infected patients with CF [5] , and synergistic interactions 

n combination with antibiotics, including in in-vitro models with 

F isolates [ 6–8 ] or in a few patients with CF [9] . 

In this study, we aim to assess a combination of antibiotics 

ith a bacteriophage cocktail consisting of two phages target- 

ng S. aureus (phage ISP) and P. aeruginosa (phage PSP3) on a 

nique dual species biofilm model, growing in artificial sputum 

edium (ASM + [10] ), reflecting a clinically relevant environment. 

elected for their broad host range [11 , 12] and demonstrated activ- 

ty against single-species biofilms [12 , 13] , these phages were com- 

ined with broad-spectrum antibiotics routinely used in patients 

ith CF. 

. Materials and methods 

.1. Bacteria, phages, and antibiotics 

The reference strains S. aureus ATCC 25923 and P. aeruginosa 

AO1 were used. Phage isolation and propagation techniques were 

escribed elsewhere [12] . Phage PSP3, active on P. aeruginosa (de 

ovo isolated at the Queen Astrid Military Hospital [12] ), and 

hage ISP, active on S. aureus (Eliava Institute, Tbilisi, Georgia [11] ) 

ere selected for their activity on these strains. Ciprofloxacin, cef- 

azidime, meropenem and tobramycin (potency: 89%, 72%, 92% 

nd 100%, respectively) were obtained from Bayer (Leverkusen, 

ermany), Panpharma (Luitré-Dompierre, France), Fresenius Kabi 

Schelle, Belgium) and Galephar (Marche-en-Famenne, Belgium), 

espectively, and selected as representative broad-spectrum antibi- 

tics active on both species. 

.2. Dual-species biofilms 

Dual species biofilms were formed in artificial sputum medium 

ASM + ; see [10] for composition) based on a previously published 

rotocol [14] . Briefly, S. aureus colonies from an overnight culture 

ere suspended in cation-adjusted Mueller Hinton Broth (MHB-ca; 

igma-Aldrich), adjusted to a turbidity of 2.6 McFarland units, and 

iluted to approximately 2.1 107 CFU/mL. Two hundred μL of this 

uspension were inoculated in 96-well plates, which were incu- 

ated at 37 °C for 2 h to allow bacterial adhesion. MHB-ca was then

eplaced with ASM + and plates were further incubated at 37 °C for 

4 h. The medium was removed and replaced with 20 μL of P. 

eruginosa suspension (from an overnight culture diluted in MHB- 

a to approx. 1.35 107 CFU/mL) and 180 μL ASM + . Biofilms were 

hen grown at 37 °C for 48 h with refreshment of the medium af- 

er 24 h, in order to obtain a mature, stable dual species biofilm. 
2

.3. Antibiotic and phage activity on planktonic bacteria 

MICs were determined in MHB-ca according to CLSI guidelines. 

hage activity was determined by spot assay and double agar as- 

ay [12] , and their effect on bacterial growth was determined in 

iquid culture in a 96-well plate reader OmniLog system (Biolog, 

ayward, CA), by following the change in colour intensity upon 

eduction of a tetrazolium dye as a proxy for bacterial respiration. 

 bacterial suspension in PBS was adjusted to an OD600nm 

of 0.5 

nd diluted 10-fold in lysogeny broth (LB) or in ASM + containing a 

00-fold diluted tetrazolium dye (average inoculum, 107 CFU/mL). 

ndividual phages were added at different Multiplicities of Infec- 

ion (MOI; PFU/CFU ratio) and colour intensity was read every 15 

in at 37 °C and converted to relative respiration units, with data 

nalysis performed using the Omnilog Data Analysis Software 1.7. 

.4. Antibiotic and phage activity on dual species biofilms 

ASM + medium from mature biofilms was removed and re- 

laced with ASM + containing individual antibiotics alone or com- 

ined with a cocktail containing PSP3 and ISP, each at 109 PFU/mL. 

fter 24 h of incubation at 37 °C, the medium was removed, and 

iofilms were washed once with PBS. To measure residual CFU, 

iofilms were disrupted by mechanical scratching, resuspended in 

00 μL of PBS, and sonicated (30 s at 60% amplitude; Q700; QSon- 

ca, Newton, CT) to release cells and disaggregate the biofilm struc- 

ure. Aliquots were serially diluted, and plated onto Mannitol Salt 

gar (MSA; peptone 5 g/L, NaCl 75 g/L, D-mannitol 10 g/L, agar 15 

/L) or Pseudomonas Isolation Agar (PIA; Sigma-Aldrich) to allow 

he selective counting of S. aureus and P. aeruginosa CFU, respec- 

ively. Residual biomass (which comprises cellular and noncellular 

ractions of biotic origin, as well as inorganic matter in the biofilm 

15] ) was measured after crystal violet staining [10] . 

.5. Statistical analysis 

Statistical analyses (2-way ANOVA with Tukey or Sidak post- 

oc tests) were performed with GraphPad Software (version 10.1.2; 

raphPad Software, San Diego, CA). 

. Results 

.1. Antibiotic susceptibility testing 

Table 1 shows the MICs of antibiotics against S. aureus ATCC 

5923 and P. aeruginosa PAO1. In subsequent experiments, antibi- 

tics were used at 1, 10, and 100 times the MIC of the least sus-

eptible isolate in this pair. 
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Fig. 1. Activity of antibiotics and phages against 48 h dual species biofilms formed by reference strains S. aureus ATCC 25923 and P. aeruginosa PAO1. Biofilms were incubated 

during 24 h in control conditions or with antibiotics at 1, 10, or 100 x MIC of the less susceptible strain in the pair (ciprofloxacin [CIP], ceftazidime [CAZ], meropenem [MEM], 

or tobramycin [TOB], a cocktail of phages ISP and PSP3 each at 109 PFU/mL or the combination of one antibiotic with the phage cocktail. The successive rows show the 

reduction in biomass expressed in percentage of the crystal violet OD570nm measured for non-treated biofilms (top), the reduction in viable counts of S. aureus (middle) or P. 

aeruginosa (bottom), both expressed in �log10 CFU from control. Control values were 1.4 ± 0.35 (biomass), 5.8 ± 0.7 log10 CFU/mL for S. aureus and 8.7 ± 0.3 log10 CFU/mL 

for P. aeruginosa. Statistics: Two-way ANOVA analysis with Tukey post-test. Comparison between antibiotic concentrations: data points with different letters are statistically 

different from one another (p < 0.05; small letters: antibiotic alone; caps letters: antibiotic + phages). Comparison between antibiotic alone and antibiotic + phage at a 

given antibiotic concentration: ns, not significant; ∗ , p < 0.05; ∗∗ , p < 0.01; ∗∗∗ , p < 0.001; ∗∗∗∗ , p < 0.0 0 01. Data are mean ± SD (N ≥3; n = 8). 
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.2. Activity of phages and antibiotics against dual species biofilms 

The kinetics of growth of the dual species biofilm illustrated in 

ig. S1 suggests a predominance of P. aeruginosa with respect to 

oth CFU counts and biomass. Fig. 1 shows the activity of individ- 

al antibiotics alone or combined with the phage cocktail against 

8 h dual species biofilms. 

Considering first the treatment effects on biomass, ceftazidime 

as ineffective, while meropenem reduced it by approx. 20% (at 

oncentrations ≥ 10 times MIC), and tobramycin and ciprofloxacin, 

f approx. 50% (at concentrations ≥ 10 and 1 time the MIC, 

espectively), with no improvement when their concentration 

as increased. Phages alone caused a 23% reduction in biomass. 

hage-antibiotic combinations were vastly more active than an- 

ibiotics or phages alone, with a drop of biomass of at least 

0% observed when phages were combined with ciprofloxacin 

t 1 time its MIC and with other antibiotics at 10 times their 

IC. 

Considering then the treatment effects on bacterial counts, all 

ntibiotics alone caused a concentration-dependent decrease in 

FU, which was significant for concentrations ≥ 1 time the MIC 

or ciprofloxacin but ≥ 10 times the MIC for the other antibiotics, 
b

3

gainst both strains. At the highest concentration tested, reduc- 

ions of S. aureus and P. aeruginosa CFU reached -2.8 and -3.5 log10 

or ciprofloxacin, -2.5 and -3.6 log10 for tobramycin, -2.3 and -3.1 

og10 for meropenem, and -2.3 and -2.1 log10 for ceftazidime, re- 

pectively. Phages alone were inactive on S. aureus but reduced 

. aeruginosa CFU by 2.1 log10 . In combination with antibiotics, 

o improvement was observed against S. aureus (except with to- 

ramycin at 10 times the MIC), but a globally additive effect was 

bserved against P. aeruginosa except with ciprofloxacin (at all con- 

entrations) and tobramycin (at 100 times the MIC), i.e., in condi- 

ions for which the antibiotic alone was already highly effective 

decrease of 3.5 log10 ). 

.3. Inhibition by phages of bacterial respiration in planktonic 

ultures 

As the phage cocktail improved antibiotic activity agains t P. 

eruginosa but not S. aureus despite an efficiency of plating close to 

 , we further characterised individual phage activity against plank- 

onic bacteria. To this effect, we followed the respiration rate of 

ach bacterium over time in the presence of individual phages in 

oth LB and ASM + . Both phages remained stable over time in both 
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Fig. 2. Activity of phages ISP and PSP3 against planktonic cultures of S. aureus ATCC 25923 (left) or P. aeruginosa PAO1 (right), respectively. Bacteria (initial inoculum: 107 

CFU/mL) were incubated during 24 h in control conditions or with phages at different MOI in LB (top) or ASM + (bottom) media. A negative control (phages in the absence 

of bacteria) and a positive control (bacteria in the absence of phages) were also included. Colour intensity was measured every 15 minutes to follow the reduction of a 

tetrazolium dye by metabolic active bacteria. Data are mean ± SD (n = 3). The arrow and box in each panel point to the lowest MOI for which an almost complete inhibition 

of bacterial respiration is observed for at least 12 h. 
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edia, and bacterial growth was slightly lower in ASM + vs. LB (Fig. 

2). In both media, phage ISP completely inhibited the respiration 

f S. aureus ATCC 25923 at a MOI > 0.1. Its activity decreased pro-

ressively with dilution and vanished at MOI of 10−5 . Phage PSP3 

otally prevented PAO1 respiration during 14 h at MOI ≥ 10−4 in 

B, but inhibition remained stable over 20 h in ASM + for MOI 10−5 

 Fig. 2 ). 

. Discussion 

Using a dual species biofilm cultivated in a highly viscous 

edium reminiscent of the conditions prevailing in the lungs of 

atients with CF [10] , we found that antibiotics exhibit some de- 

ree of activity, particularly when used at elevated concentrations, 

ot clinically achievable for drugs given by parenteral administra- 

ion ( Table 1 ). Interestingly, this activity is higher than that ob- 

erved in the corresponding mono-species biofilms [10 , 16] , as pre- 

iously described for broad-spectrum antibiotics in a much sim- 

ler dual species biofilm model [17] . When combined with a cock- 

ail comprising two phages respectively active on S. aureus and 

. aeruginosa, antibiotic activity was improved against P. aerugi- 

osa counts, and biomass was further reduced. The lack of effect 

gainst S. aureus was unexpected, considering that the phage ISP 

as active against S. aureus ATCC 25923 in double agar assay as 

ell as on planktonic cultures grown in ASM + , and showed ac- 

ivity against single species biofilms grown in much less complex 

edium [13] . 

One potential reason for decreased phage activity against 

iofilms may be attributed to the barrier effect of the mucoid en- 

ironment in the artificial sputum medium. To the best of our 

nowledge, phage activity against dual species biofilms in this 

edium has not been previously evaluated, and the influence of 

ucus on phage activity is still debated [9] . While one study indi- 
4

ates that a phage cocktail remains active against P. aeruginosa in 

F sputum samples [5] , there are no data for S. aureus. The pres-

nce of mucus is suggested to enhance phage proximity to bacte- 

ia and persistence at the infection site [18] , while intestinal mu- 

us has been reported to impair phage killing capacity [19] . We 

how here that phages remain stable and as active in ASM + as 

n conventional LB medium against planktonic bacteria. Interest- 

ngly, phage activity against S. aureus is hindered in human plasma 

hat promotes bacterial aggregation, masking phage surface recep- 

ors [20] , a phenomenon that may also occur in biofilms due to 

elf-aggregation of bacteria. 

Another factor contributing to reduced phage activity may 

herefore arise from the biofilm lifestyle, which confers antibiotic 

olerance due to decreased bacterial metabolism and the protec- 

ive matrix barrier. Phage activity against dual species biofilm is 

ot well-characterised, particularly in conditions resembling those 

ound in patients with CF. Many studies focus on P. aeruginosa 

sing CF isolates often cultivated in conventional culture media. 

artin et al. observed enhanced reduction in biomass and bac- 

erial counts with a combination of antibiotics and a four-phage 

ocktail [7] . In contrast, Fiscarelli et al. [8] rather found stimu- 

ation of pseudomonal biofilms exposed to either sub-inhibitory 

oncentrations of antibiotics or several phages but significant 

eduction of biomass in biofilms treated with phages and to- 

ramycin. Chang et al. [6] reported synergistic interactions be- 

ween phage PEV20 and ciprofloxacin against P. aeruginosa biofilms 

hereas phages alone were not active. Regarding staphylococci, 

tudies mainly relate to implant-related biofilm infections, where 

he matrix effect impedes phage activity, particularly against 

. epidermidis [21] . 

Studies on dual species biofilms indicate that synergy between 

ntibiotics and phages can occur, though not consistently, and is 

otably influenced by factors such as the concentrations of phages 
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nd antibiotics, their simultaneous or sequential administration, 

nd the frequency of phage applications over time [22] . Higher 

ynergy is observed when both active agents are present at subop- 

imal concentrations. In this context, it is worth mentioning that, 

n combination with phages, antibiotics at 1 time the MIC (i.e., 

asily clinically achievable concentrations; see Table 1 ) reduce P. 

eruginosa counts and biomass to an extent similar to that ob- 

erved for antibiotics alone at 100 times the MIC (i.e. suprather- 

peutic concentrations for drugs given IV or orally). This suggests 

he clinical potential of a combined treatment modality. 

Our phage cocktail achieved a 2 log10 CFU reduction for PAO1 

nly, along with a 20–25% reduction in biofilm biomass, and these 

ffects were markedly amplified when combined with antibiotics. 

f note, neither of these two phages produces depolymerases 

11 , 12] , that is, enzymes hydrolysing biofilm matrix polymers. A 

ecent review compiling all existing data on phage activity against 

iofilms [23] suggests that an increased burst size, phage inocu- 

um, and infection time lead to more significant biomass reduction, 

hich aligns with our findings. Conversely, CFU reduction is typi- 

ally observed with phages possessing smaller genomes that can 

eplicate more rapidly, a characteristic not met by our phages with 

enome sizes of 138,715 bp for ISP and 66,308 bp for PSP3 [11 , 12] .

In this context, assessing phage activity against planktonic cul- 

ures by continuous monitoring of bacterial respiration provides 

aluable insights. Previous research indicates that a disparity might 

e observed between phage activity measured by plaque assay and 

heir efficacy on biofilms [7] . We noticed that ISP requires a higher 

OI to prevent S. aureus ATCC 25923 growth in planktonic cul- 

ures compared to PSP3 against P. aeruginosa PAO1. Given that MOI 

anged from 10 0 0 to 10 at the time of phage addition to biofilms

109 PFU added to biofilms containing approx. 106 and 108 CFU/mL 

f S. aureus and P. aeruginosa, respectively), our findings suggest 

hat effective action on biofilms in ASM + requires phages to ex- 

ibit efficacy at considerably lower MOI against planktonic bacte- 

ia, emphasising the challenge of their low bioavailability in this 

omplex biofilm model. This also suggests that the concept of tol- 

rance in biofilms may extend to phages, not just antibiotics. Addi- 

ionally, it is worth noting that the use of phage PSP3 at low titers 

nd without simultaneous antibiotic was effective only for 14 h in 

B, possibly indicating resistance development when the phage is 

sed alone. 

Our study has some limitations. Firstly, we only used two 

trains and two phages, due to the complexity and labor-intensive 

ature of our biofilm model, which makes high-throughput screen- 

ng impractical. This also explains why we did not test various 

reatment application conditions, despite their potential impact on 

he results. Nevertheless, our data suggests that a future experi- 

ental strategy could involve pre-screening phage effect on bac- 

erial growth in planktonic cultures before biofilm testing. Lastly, 

e did not extensively examine the biofilm matrix composition or 

he phage’s ability to penetrate biofilms, as these complex analyses 

ould represent an independent undertaking beyond the scope of 

he present study. 

In a recent position paper [24] , the taskforce of the Antibac- 

erial Resistance Leadership Group (ARLG) underscored a series of 

nowledge gaps in the field of phage therapy. These include the 

ack of consensus on optimal evaluation methodologies to evalu- 

te phages or phage-antibiotic combinations to predict their clini- 

al efficacy, the need to characterise their activity against biofilms, 

r the necessity of considering how the environment at the site 

f infection may influence their activity. These considerations are 

rucial as we await data from well-conducted clinical trials. In 

his context, our study pioneers the evaluation of phage-antibiotic 

ombinations against relevant dual-species biofilms in an in-vitro 

odel relevant of CF. The established model and evaluation pro- 

ess can now be applied to clinical isolates, and the identified 
5

itfalls may guide further investigations to evaluate alternative 

hages or treatment protocols with optimised efficacy. 
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Figure S1 
Kinetics of formation of single species biofilms of S. aureus ATCC 25923 or Pseudomonas aeruginosa PAO1 
or of dual species biofilms including both strains in ASM+. S. aureus was inoculated at approx. 2.1 107 
CFU/mL in MHB-ca and allowed to adhere for 2 h at 37°C, in order to reach ≥ 106 CFU/mL of adhering 
bacteria (6.45 ± 0.5 106). MHB-ca was then replaced with ASM+ and plates were further incubated at 37°C 
with daily renewal of the medium. For dual species biofilms, P. aeruginosa suspension (at approx. 1.35 
106 CFU/mL in ASM+) was added 24 h after S. aureus.  
These conditions were optimized in order to reach stable bacterial counts and biomass in the dual species 
biofilms for both species over time with the strains used in this study.   
a-b: CFU counts for S. aureus and P. aeruginosa, respectively; c: biomass, evaluated by the absorbance of 
crystal violet.   
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Figure S2 
Comparison of CFU (bacteria) and (PFU (phages) over time of incubation in LB or ASM+.  
Bacterial growth after 24 h is significantly lower in ASM+ as compared to LB (2-way ANOVA with Sidak 
post-hoc test; n=3); no statistical difference observed for PFU number between both media (n=2).  
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