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Abstract: Although different strategies to control biofilm formation on endotracheal tubes have
been proposed, there are scarce scientific data on applying phages for both removing and prevent-
ing Pseudomonas aeruginosa biofilms on the device surface. Here, the anti-biofilm capacity of five
bacteriophages was evaluated by a high content screening assay. We observed that biofilms were
significantly reduced after phage treatment, especially in multidrug-resistant strains. Considering
the anti-biofilm screens, two phages were selected as cocktail components, and the cocktail’s ability
to prevent colonization of the endotracheal tube surface was tested in a dynamic biofilm model.
Phage-coated tubes were challenged with different P. aeruginosa strains. The biofilm growth was
monitored from 24 to 168 h by colony forming unit counting, metabolic activity assessment, and
biofilm morphology observation. The phage cocktail promoted differences of bacterial colonization;
nonetheless, the action was strain dependent. Phage cocktail coating did not promote substantial
changes in metabolic activity. Scanning electron microscopy revealed a higher concentration of
biofilm cells in control, while tower-like structures could be observed on phage cocktail-coated tubes.
These results demonstrate that with the development of new coating strategies, phage therapy has
potential in controlling the endotracheal tube-associated biofilm.

Keywords: bacteriophage; biofilm; Pseudomonas aeruginosa; endotracheal tube

1. Introduction

Ventilator-associated pneumonia (VAP) is a serious concern in critically ill patients
occurring within the 48 h period following endotracheal intubation. The current COVID-19
pandemic is a predisposing factor for VAP, since it often requires mechanical ventilation,
thus increasing the incidence and relevance of this infection [1]. VAP frequently involves
high morbidity and excessive healthcare costs, and its incidence increases with the duration
of ventilation [2–4]. The role of the endotracheal tube-associated biofilms in VAP etiology
has been largely discussed. Commonly, biofilms on the device surface appear rapidly after
intubation, promote a global covering of the internal side, and remain attached even after
suctioning [2,5]. These biofilms represent a persistent source of pathogenic bacteria that
can invade the lower airways, colonizing the lungs and causing VAP [6].

Strategies for biofilm growth inhibition on the endotracheal tube (ET) surface involve
mainly suction systems [7], mucus shavers [8], and antimicrobial coatings [9–12]. Regarding
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biofilm removal, well-established strategies were not previously described in scientific
literature, and direct administration of aerosolized antibiotics [13], cationic peptides [14],
and ionized gas [15] have been suggested to control mature biofilm. Nonetheless, the
available methods for both inhibiting and removing biofilm are not widely effective in
controlling the microorganism layers on the ET surface, and innovative approaches to treat
or prevent this contamination source should be investigated.

Even though the ET colonization is polymicrobial, the aerobic nosocomial bacterium
Pseudomonas aeruginosa has been suggested to play a dominant role in the infection eti-
ology [5,16,17]. In addition, P. aeruginosa has shown an enhanced ability to form huge
biofilms and to develop antibiotic resistance, which in turn can be considered factors
that ensure persistent infection [18,19]. Efforts have been made to reduce complications
associated with P. aeruginosa colonization in artificial airways; nonetheless, none of them
seem to be largely effective [3,20,21].

Considering the successful use of phage therapy in the treatment of P. aeruginosa
acute respiratory infection in animal models [22], the use of phages is a promising and
challenging alternative to deal with the ET-associated biofilms, mainly those formed by
antibiotic-resistant strains. The advantages of using phage therapy involve low damage
to the host microbiota, ability to self-replicate in the presence of host cells, host specificity,
rapid selection and characterization, and low cost [23]. Aiming at treating acute infections
caused by nosocomial pathogens, Aleshkin et al. reported that intragastric administration of
a phage cocktail in patients with mechanical ventilation promoted an important reduction
in bacterial burden [24]. Furthermore, the anti-biofilm activity of recently characterized
new phages was demonstrated in vitro in an ET-associated P. aeruginosa biofilm model [25].
The authors demonstrated an extensive lytic activity with multidrug-resistant P. aeruginosa
biofilm, suggesting that the new phages might be considered as good candidates for
therapeutic studies [25]. Although encouraging results have revealed the anti-biofilm effect
of the phage therapy, the action of immobilized phages on the ET surface, to control biofilm
development, is unclear.

Along these lines, it is essential to clarify whether phages could be used for both
controlling and preventing ET-associated P. aeruginosa biofilm. In the present study, anti-
biofilm activity of five recently characterized phages was evaluated by a high content
screening assay. Subsequently, two phages were selected as cocktail components and
applied as a preventive strategy to inhibit bacteria colonization in a dynamic biofilm model
simulating endotracheal intubation. The null hypothesis of this study was that there is no
difference in P. aeruginosa biofilm when challenged with bacteriophages.

2. Results
2.1. Screening Phages for Anti-Biofilm Activity

An initial screening was performed to select phages with stronger anti-biofilm activity.
Biofilm-covered areas showed a significant reduction after phage treatment in 4/15 P. aerug-
inosa strains (Table S1), in which three were classified previously as multidrug-resistant [25].
Biofilm areas of four other P. aeruginosa strains were lower, but the difference was not signif-
icant. Even though phage infectivity had been previously determined, seven P. aeruginosa
strains were not affected by the phage treatment. The analysis of the biofilm-covered areas
indicated a statistically significant difference (p < 0.05) between phage-treated and control;
however, statistically significant differences were not observed among the five different
phages (Figure 1A). Therefore, based on the broader lytic spectrum of the phages with
multidrug-resistant strains; the efficiency of plating and genomic differences, reported by
Oliveira et al. [25]; and the anti-biofilm activity presented here (Figure 1B–G), the phages
vB_PaeM_USP_2 and vB_PaeM_USP_18 were selected to compose a cocktail in the assays
involving dynamic biofilm growth on the ET surface.
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Figure 1. (A) Biofilm-covered areas, expressed in µm2, after phage treatment. Comparisons were conducted among groups 
by means of multiple comparisons considering strains and bacteriophages in a generalized linear model with Bonferroni 
correction. AB Different capital letters indicate statistically significant differences (p < 0.05). (B–G) Representative fluores-
cent images of P. aeruginosa illustrate the control group (B) and the action of phages vB_PaeM_USP_1 (C), vB_PaeM_USP_2 
(D), vB_PaeM_USP_3 (E), vB_PaeM_USP_18 (F), and vB_PaeM_USP_25 (G). Scale bar = 50 µm. 

2.2. Replication of ET Adsorbed Phage During Biofilm Growth 
The phage cocktail that was adsorbed to the ET clearly showed the ability to replicate, 

since the number of phage particles increased over time. The initial log 3 phage population 
(0 h) was able to replicate in the presence of the biofilm cells, increasing to log 6 at 24 h 
and log 8 at 48 h. After 48 up to 168 h, phage concentration remained almost constant 
without variations among the strains (Figure 2A–C). 

Figure 1. (A) Biofilm-covered areas, expressed in µm2, after phage treatment. Comparisons were conducted among groups
by means of multiple comparisons considering strains and bacteriophages in a generalized linear model with Bonferroni
correction. AB Different capital letters indicate statistically significant differences (p < 0.05). (B–G) Representative fluorescent
images of P. aeruginosa illustrate the control group (B) and the action of phages vB_PaeM_USP_1 (C), vB_PaeM_USP_2 (D),
vB_PaeM_USP_3 (E), vB_PaeM_USP_18 (F), and vB_PaeM_USP_25 (G). Scale bar = 50 µm.

2.2. Replication of ET Adsorbed Phage During Biofilm Growth

The phage cocktail that was adsorbed to the ET clearly showed the ability to replicate,
since the number of phage particles increased over time. The initial log 3 phage population
(0 h) was able to replicate in the presence of the biofilm cells, increasing to log 6 at 24 h and
log 8 at 48 h. After 48 up to 168 h, phage concentration remained almost constant without
variations among the strains (Figure 2A–C).
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Figure 2. Phage cocktail presence on tube surfaces over 24 to 168 h of dynamic biofilm growth. (A) P. aeruginosa ATCC 
27853; (B) P. aeruginosa ATCC 2110; (C) P. aeruginosa ATCC 2112. 
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The in vivo contamination of an ET was mimicked using a continuous biofilm model 

system. Biofilm growth rates on non-coated tubes were similar among the three strains. 
However, on phage-coated tubes, a different growth pattern among the strains was ob-
served (Table S2). This outcome indicated that the cocktail’s action was strain dependent. 
Regarding metabolic activity, phage cocktail coating did not promote substantial changes 
in the biofilm response. Generally, the absorbance values were lower at early stages and 
higher in late stages of cultivation time (Figures 3B, 4B and 5B; Table S3). 

Comparing the CFU values, P. aeruginosa ATCC 27853 (Figure 3A) showed a signifi-
cant reduction of the microbial load on phage cocktail-coated tubes at 24 (1.8 log; p < 0.001) 
and 120 h (0.9 log; p = 0.035) of treatment. Even though the CFU values at 48, 72, and 96 h 
of treatment indicated a slight biofilm reduction on phage cocktail-coated tubes (ranging 
from 0.1 to 0.6 log), the microbial load did not significantly differ from non-phage coated 
tubes. 

In comparison to control, P. aeruginosa ATCC 27853 had higher metabolic activity on 
phage cocktail-coated tubes at 72 h and lower at 168 h of culture (Figure 3B). 
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Bonferroni correction. * indicates statistically significant difference at each time point (p < 0.05). 

Regarding P. aeruginosa ATCC 2110, significant reduction of the microbial load was 
observed only at 48 h (1 log; p = 0.004) of treatment (Figure 4A). The strain exhibited lower 
metabolic activity on phage cocktail-coated tubes at 72 h of culture in comparison to non-
coated tubes (Figure 4B). 

Figure 2. Phage cocktail presence on tube surfaces over 24 to 168 h of dynamic biofilm growth. (A) P. aeruginosa ATCC
27853; (B) P. aeruginosa ATCC 2110; (C) P. aeruginosa ATCC 2112.

2.3. Phage Cocktail Effect on P. aeruginosa Biofilms

The in vivo contamination of an ET was mimicked using a continuous biofilm model
system. Biofilm growth rates on non-coated tubes were similar among the three strains.
However, on phage-coated tubes, a different growth pattern among the strains was ob-
served (Table S2). This outcome indicated that the cocktail’s action was strain dependent.
Regarding metabolic activity, phage cocktail coating did not promote substantial changes
in the biofilm response. Generally, the absorbance values were lower at early stages and
higher in late stages of cultivation time (Figures 3B, 4B and 5B; Table S3).
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Figure 3. Biofilm growth (A) and metabolic activity (B) of P. aeruginosa ATCC 27853 over 24 to 168 h of dynamic biofilm
growth on non-coated and phage cocktail-coated tubes. Comparisons were conducted among groups, at each time point,
by means of multiple comparisons considering strains and phage cocktail treatment in a generalized linear model with
Bonferroni correction. * indicates statistically significant difference at each time point (p < 0.05).

Comparing the CFU values, P. aeruginosa ATCC 27853 (Figure 3A) showed a significant
reduction of the microbial load on phage cocktail-coated tubes at 24 (1.8 log; p < 0.001) and
120 h (0.9 log; p = 0.035) of treatment. Even though the CFU values at 48, 72, and 96 h of
treatment indicated a slight biofilm reduction on phage cocktail-coated tubes (ranging from
0.1 to 0.6 log), the microbial load did not significantly differ from non-phage coated tubes.

In comparison to control, P. aeruginosa ATCC 27853 had higher metabolic activity on
phage cocktail-coated tubes at 72 h and lower at 168 h of culture (Figure 3B).

Regarding P. aeruginosa ATCC 2110, significant reduction of the microbial load was
observed only at 48 h (1 log; p = 0.004) of treatment (Figure 4A). The strain exhibited
lower metabolic activity on phage cocktail-coated tubes at 72 h of culture in comparison to
non-coated tubes (Figure 4B).
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SEM representative biofilm images of P. aeruginosa ATCC 2112 for all the cultivation 
times are shown in Figure 6. The microscopy images of phage cocktail-coated tubes were 
morphologically distinct from non-phage coated ones. A higher concentration of biofilm 
cells was noticed covering the tube surface in the control, while tower-like structures 
could be observed on phage cocktail-coated tubes. In the control tubes, the biofilm grew 
like a homogeneous layer, while on coated tubes the highest number of cells was observed 
in the clusters. In addition, on control tubes an extracellular polymeric matrix covered the 
entire biofilm layer. On phage cocktail-coated tubes, the extracellular polymeric matrix 
was detected as merely covering the tower-like structures, while in the surrounding areas 
less matrix and fewer isolated bacteria could be observed during the entire cultivation 
time.

Figure 4. Biofilm growth (A) and metabolic activity (B) of P. aeruginosa ATCC 2110 over 24 to 168 h of dynamic biofilm
growth on non-coated and phage cocktail-coated tubes. Comparisons were conducted among groups, at each time point,
by means of multiple comparisons considering strains and phage cocktail treatment in a generalized linear model with
Bonferroni correction. * indicates statistically significant difference at each time point (p < 0.05).

The reduction of P. aeruginosa ATCC 2112 on phage cocktail-coated tubes ranged from
1.1 to 1.8 log (Figure 5A) during the entire treatment period (p ≤ 0.001). Nonetheless,
no difference was observed in the evaluation of the metabolic activity (Figure 5B).
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Figure 5. Biofilm growth (A) and metabolic activity (B) of P. aeruginosa ATCC 2112 over 24 to 168 h of dynamic biofilm
growth on non-coated and phage cocktail-coated tubes. Comparisons were conducted among groups, at each time point,
by means of multiple comparisons considering strains and phage cocktail treatment in a generalized linear model with
Bonferroni correction. * indicates statistically significant difference at each time point (p < 0.05).

SEM representative biofilm images of P. aeruginosa ATCC 2112 for all the cultivation
times are shown in Figure 6. The microscopy images of phage cocktail-coated tubes were
morphologically distinct from non-phage coated ones. A higher concentration of biofilm
cells was noticed covering the tube surface in the control, while tower-like structures could
be observed on phage cocktail-coated tubes. In the control tubes, the biofilm grew like a
homogeneous layer, while on coated tubes the highest number of cells was observed in
the clusters. In addition, on control tubes an extracellular polymeric matrix covered the
entire biofilm layer. On phage cocktail-coated tubes, the extracellular polymeric matrix was
detected as merely covering the tower-like structures, while in the surrounding areas less
matrix and fewer isolated bacteria could be observed during the entire cultivation time.
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3. Discussion

In the current study, we assessed whether a phage treatment could efficiently reduce
ET-associated biofilm. Firstly, the action of five different phages in a mature biofilm was
evaluated. Subsequently, considering the lytic spectrum with multidrug-resistant strains,
anti-biofilm screenings, and different efficiency of plating (EOP), two phages were selected
as cocktail components and were applied as a strategy to prevent bacterial colonization
and biofilm formation. Based on the results, the null hypothesis was rejected, since there
were statistical differences for P. aeruginosa ET-associated biofilms.

According to biofilm-covered areas, our results demonstrated that phages applied
solely exhibited effective anti-biofilm activity against a variety of P. aeruginosa strains.
Nonetheless, biofilm-covered areas of seven P. aeruginosa strains remained unaffected when
challenged with phages. Such an observation is in line with another in vitro study that
showed varying degrees of biofilm disruption after phage treatment [22] and may be
explained by the following reasons: (I) The efficiency of plating of the evaluated phages
on five of these strains was considered low according to previously reported data [25]; (II)
The antiviral mechanisms developed by the bacteria against phage adsorption, infection,
and replication. The bacterial resistance systems have been extensively discussed in the
scientific literature [26,27]; (III) Both treatment period and phage dosing might have been
insufficient. According to Abedon, elimination of biofilms using phage therapy can require
long treatment periods as well as repeated dosing [28]. Here, a single dose and treatment
time was evaluated; and (IV) Staining methods and imaging tools have been considered
useful for quantitative assessment and spatial structure visualization of biofilm; however,
they can also result in misinterpretation of data due to laser penetration, absorption of
the dye into the biomass, and auto-fluorescence [29,30]. LIVE/DEAD staining comprises
two types of fluorescent stains, which differ in ability to penetrate viable and non-viable
bacterial cells [31]. Here, the biofilm-covered areas were calculated according to total image
fluorescence. It is known that cell concentration in biofilms can be distributed differently
according to their thickness. Our image series may not have precisely recorded the biofilm
density, which could in part explain unapparent anti-biofilm effects. Since agar plate counts
detect all cultivable cells, the conflicting phage anti-biofilm results, reported by Oliveira
et al., could be explained by the method used. The authors demonstrated superior phage
anti-biofilm activity, against the same strains, by using colony forming unit counts [25].
Therefore, we consider that additional quantitative methods involving the determination
of the number of viable cells by agar plate counts, flow-based cell counting, and assessment
of biofilm dry mass or total protein content could lead to efficient determination of the
biofilm density.

After describing the phage isolated action, a cocktail composed of vB_PaeM_USP_2
and vB_PaeM_USP_18 was investigated as an additional strategy for biofilm control on the
ET surface. We hypothesized that surface coating using multiple phage strains prevents
bacterial colonization considering that these two phages have different EOP, distinct lytic
spectra with multidrug-resistant strains, and considerable genetic differences that could
potentially lead them to bind to different receptors [32].

Efforts have been made to propose methods for phage coating in medical devices [33–
35]. For indwelling urological devices, the phage-coating is usually obtained by physical
adsorption [33,36] and hydrogel conjugation [34,37,38]. The ETs used in this study were
manufactured from reinforced polyvinyl chloride (PVC), and the scientific literature de-
scribes neither phage immobilization on PVC surfaces nor on other devices designed for
mechanical ventilation. In this sense, we allowed physical adsorption of 1 × 107 PFU/cm2

to create an antimicrobial surface. After 24 h, the phage immobilized on the tube surface
was 1 × 103 PFU/cm2. The physical adsorption did not promote a large phage immobi-
lization on the ET surface. We consider that the limited anti-biofilm effect, observed in
the cocktail-coated tubes, was possibly due to the reduced phage attachment. It might be
expected that by maximizing the density of the phages on the ET surface, an enhanced
capacity to control P. aeruginosa growth would be reached. Even though the physical
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adsorption comprises a simple and cost-effective method for phage immobilization, the
low coverage seems to be unsuitable for producing a largely anti-biofilm effect. In this
sense, different studies have been proposed aiming at the development of functionalized
surfaces to immobilize phages efficiently. For instance, Wang, Sauvageau, and Elias ex-
hibited that on the plasma-treated polyhydroxyalkanoate surface, the immobilization of
phage T4 was greater than on the non-treated surface [39]. Therefore, investigation of
different technologies for attaching phages to PVC surfaces, as well as phages displaying
plastic-binding peptides, should be performed to ensure a high phage concentration on the
ET surface.

Although an initial high phage titer was not immobilized on the tube surface, in the
presence of bacterial strains an increasing concentration was observed after 48 h of treat-
ment, which confirmed the phages’ ability to replicate and compensate for the initial low
dose [40]. Additionally, the 1 × 103 PFU/cm2 was able to produce differences of bacte-
rial colonization. According to mean differences at each specific time point, P. aeruginosa
ATCC 27853 and P. aeruginosa ATCC 2112 showed evident reduction of biofilm growth
on phage cocktail-coated tubes in the early stages of biofilm formation. This result can be
related to the biofilm formation stage and the amount of extracellular exopolysaccharide
matrix. The scientific literature has shown that inefficiency in phage penetration in mature
biofilms is an important factor affecting the tolerance to phages [28]. The initial reduction
in biofilm growth could be correlated both to the exponential increase of phage titer and
thinner extracellular matrix layer. After 48 h, the constant titer of phages supports the idea
that the thicker extracellular matrix could have hindered phage adsorption. On the other
hand, a similar pattern was not observed for P. aeruginosa ATCC 2112, which exhibited
a reduction of biofilm growth during the entire cultivation time. This distinct response
can be associated with the metabolic activity of P. aeruginosa ATCC 2112. In comparison to
P. aeruginosa ATCC 27853 and P. aeruginosa ATCC 2110, XTT assay revealed high absorbance
values for P. aeruginosa ATCC 2112. As phages require metabolically active hosts to repli-
cate [41], the cocktail could have more effectively infected this strain. In general, the lowest
metabolic activity was observed for P. aeruginosa ATCC 2110, which exhibited reduction in
biofilm growth only at 48 h. Taken together, these findings suggest that P. aeruginosa ATCC
2110 exhibits antiviral mechanisms that result in a phage-insensitive phenotype. Blocking
of phage receptors, production of competitive inhibitors, prevention of bacteriophage
DNA entry, slicing of bacteriophage nucleic acids, CRISPR/cas system activation, and
abortive infection mechanisms are well-known bacterial resistance systems against phage
infection [26,27].

The synthetic sputum medium used promotes the formation of P. aeruginosa aggregates
with sizes similar to those observed in human cystic fibrosis lung tissue [42]. Here, however,
coated and non-coated ETs had differences regarding distribution of aggregates. We suggest
two different reasons to explain the formation of P. aeruginosa aggregates. First, on coated
tubes, the formation of large bacterial aggregates, observed in SEM images, seemed to be
a protection mechanism against phage invasion as it became more evident in the mature
biofilms when phages reached the highest titer. Second, we speculate that this phenomenon
may be caused not by the overgrowth of bacteria in some regions but by the lysis of cells
by the phage cocktail causing holes on the biofilm. Structures similar to those observed
here were also reported by Henriksen et al., who classified them as a defense strategy
against phage infection [43]. According to the authors, the continuous phage exposure
affected the biofilm growth by stimulating the formation of a highly organized and spatially
heterogeneous structure.

Our results did not provide evidence regarding the different phage infection behavior
of antibiotic sensitive and resistant strains. Phages have the demonstrated ability to infect
both sensitive and multidrug-resistant P. aeruginosa. Loc-Carrillo and Abedon pointed out
that resistance mechanisms against antibiotics do not affect phage infection [23]. Our results
corroborate the author’s statement and indicate that phage therapy could be applied as an
auxiliary method to treat infections caused by resistant bacteria. Moreover, recombinant
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phage-encoded enzymes could be applied directly to the tube surface as an alternative to
direct phage usage.

The relevance of the present study highlights the urgent need to investigate new
therapeutic strategies to control P. aeruginosa biofilms on the ET surface. The intubation
period through an ET for ≥ 8 days represents a risk factor for VAP occurrences [4]. Here,
we demonstrated that phage therapy can reduce bacterial bioburden on the ET surface
and therefore might contribute to reducing VAP episodes. Nonetheless, in view of the
discrepant titers applied to both strategies in the study, biofilm treatment and biofilm
prevention, we were unable to determine whether the phages would be more efficient in
the treatment or prophylaxis of P. aeruginosa biofilms. Indeed, challenges and limitations of
phage therapy are evident, and the scientific literature has reported that the therapeutic or
prophylactic use of phages is dependent on the application area. For instance, in the food
industry, prophylactic phage administration represents a promising sustainable solution to
control pathogenic bacteria and reduce the massive use of antibiotics. In this field, phages
are mainly used during food production, sanitization, and preservation [44]. For both
animal and human infection treatment, the therapeutic use of phages and phage-encoded
enzymes, alone or in combination with antibiotics, has aroused a growing interest in their
potential use against multidrug-resistant bacteria, and different routes of administration
and dosage effect have been suggested [45]. In order to reduce biofilm growth on im-
plantable medical devices, we consider that immobilization of phages or phage-encoded
products, as preventive agents, might decrease colonization more effectively than using
them for biofilm removal. Thus, some issues remain and should be addressed in future
studies. Experimental ventilator-associated pneumonia models and preclinical assessment
would be useful to clarify if the biofilm removal/inhibition promoted by phages could
prevent or reduce the severity of the VAP.

4. Materials and Methods
4.1. Bacterial Strains, Growth Conditions, and Bacteriophages

All bacterial strains used in this study are listed in Table 1. Bacteria were thawed and
routinely grown in tryptic soy broth (TSB; BD Difco, Sparks, MN, USA) at 37 ◦C with agita-
tion. After achieving the exponential growth phase, the culture was centrifuged (4200× g, 5
min) and washed twice in phosphate buffered saline (PBS), pH 7.4. The bacteria inoculum
was prepared considering its optical density (OD625 nm) measured in a spectrophotometer
(Thermo Scientific, Waltham, MA, USA).

Table 1. Bacterial strains used in the study.

Isolates Source Antibiotic Resistance * Reference

P. aeruginosa_Mi_1 † Blood S [25]
P. aeruginosa_Mi_2 † Sputum S [25]
P. aeruginosa_Mi_6 † Urine S [25]
P. aeruginosa_Mi_7 † Sputum S [25]

P. aeruginosa_Ba_164 † Prosthetic biofilm S [25]
P. aeruginosa_Ba_168 † Prosthetic biofilm S [25]
P. aeruginosa_Ba_169 † Prosthetic biofilm S [25]
P. aeruginosa_Trac_20 † Tracheal secretion S [25]
P. aeruginosa_Trac_23 † Tracheal secretion S [25]
P. aeruginosa_Ren_1 † Saliva S [25]

P. aeruginosa_ATCC 27853 ‡ Blood S [25]
P. aeruginosa_ATCC 2108 ‡ Sputum AMK, CFZ, CTX, GEN, IMP, TGC [25]
P. aeruginosa_ATCC 2110 ‡ Sputum AMP, CFZ, CTX, FOX, NIT, TGC, SXT [25]

P. aeruginosa_ATCC 2112 ‡ Sputum AMC, AMP, CFZ, CPD, CRO, CTX, CXM, FOX,
NIT, SXT, TET, TGC, [25]

P. aeruginosa_ATCC 2113 ‡ Sputum AMP, AMC, CFZ, CTX, NIT, SAM, SXT [25]
† Human Exposome and Infectious Diseases Network collection. ‡ American Type Culture Collection. * S: Susceptible to all antimicrobial
agents tested; AMC: amoxicillin-clavulanic acid; AMK: amikacin; AMP: ampicillin; CFZ: cefazolin; CPD: cefpodoxime; CRO: ceftriaxone;
CTX: cefotaxime; CXM: cefuroxime; FOX: cefoxitin; GEN: gentamicin; IMP: imipenem; NIT: nitrofurantoin; SAM: ampicillin-sulbactam;
SXT: trimethoprim-sulfamethoxazole; TET: tetracycline; TGC: tigecycline.
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Five bacteriophages were used in this study: vB_PaeM_USP_1, vB_PaeM_USP_2,
vB_PaeM_USP_3, vB_PaeM_USP_18, and vB_PaeM_USP_25. The isolation, characteriza-
tion, and assessment of the lytic spectrum of the bacteriophages was described previously
by Oliveira et al. [25].

4.2. Screening Phages for Anti-Biofilm Activity

The anti-biofilm activity of the bacteriophages was utilized against 10 clinical isolates
and five strains from the American Type Culture Collection (ATCC; Table 1). Two hundred
microliters of TSB containing standardized bacteria suspension (107 colony forming units
per milliliter—CFU/mL) was cultured (37 ◦C, 75 rpm) in black 96-well plates with a flat
glass bottom (Corning, New York, NY, USA). After 24 h, half of the culture medium
was removed, and the biofilm was supplied with freshly prepared culture medium, then
plates were incubated for another 24 h. The culture medium was then discarded, and
200 µL of sterile TSB supplemented with 108 plaque forming units per milliliter (PFU/mL)
of bacteriophages were added to each well (6 × 105 PFU/mm2). Culture medium without
bacteriophages was used as a control. The plates were incubated for 24 h at 37 ◦C and 75 rpm.

To evaluate the anti-biofilm activity of the bacteriophages, the culture medium was
discarded, and the wells were rinsed with 200 µL of PBS. The biofilm was stained for
15 min, protected from light, with LIVE/DEAD™ Biofilm Viability Kit (Molecular Probes,
California, CA, USA) according to the manufacturer’s protocol. Afterwards, the plates were
scanned, and images were randomly collected (considering peripheral and central regions)
with an Operetta CLS High-Content imaging system (PerkinElmer Waltham, MA, USA)
at 40× magnification with 15 fields of view/well. The biofilm-covered areas (µm2) were
then analyzed using Harmony High Content Imaging and Analysis Software (PerkinElmer,
Version 4.8, MA, USA). The assay was conducted in triplicate.

4.3. Phage Cocktail Pretreatment of Endotracheal Tube Surfaces

Under sterile conditions, the two ends of the ET (8.5 mm diameter, 300 mm length;
Rüsh, Meridian, MS, USA) were removed to allow its connection to the tubing of the dy-
namic biofilm system. A phage cocktail containing 4 × 107 (PFU/mL) of vB_PaeM_USP_2
and vB_PaeM_USP_18 was prepared in elution buffer (SM) (1 M Tris HCl pH 7.5, Sigma-
Aldrich, Saint Louis, MO, USA; 8 mM MgSO4, Sigma-Aldrich; 100 mM NaCl, Dinâmica,
Indaiatuba, SP, Brazil; 0.002% (w/v) gelatin, Dinâmica). Seventeen milliliters of the suspen-
sion was added to the inner part of the tube. Then, the extremities were sealed, and the
device was maintained under static conditions for 24 h at room temperature. This step was
employed to allow phage adsorption to the ET surface. Afterwards, the suspension was
discarded, and the tube was rinsed with SM buffer in order to remove unbound phages [33].
Two fragments of 1 cm2 were removed from the tube to assess the presence of bacterio-
phages, and the flow system was mounted under sterile conditions, as demonstrated
in Figure 7.

4.4. Developing Biofilms on Endotracheal Tube Pretreated with the Phage Cocktail

Three P. aeruginosa strains (ATCC 27853, ATCC 2110, and ATCC 2112) were selected for
this assay. The strains ATCC 2110 (resistant to ampicillin, cefazolin, cefotaxime, cefoxitin,
nitrofurantoin, trimethoprim-sulfamethoxazole, and tetracycline) and ATCC 2112 (resistant
to amoxicillin-clavulanic acid, ampicillin, cefazolin, cefpodoxime, ceftriaxone, cefotaxime,
cefuroxime, cefoxitin, nitrofurantoin, trimethoprim-sulfamethoxazole tetracycline, and
tigecycline) were chosen due to their multidrug-resistant characteristics. The strain ATCC
27853 was selected due to the absence of antibiotic resistance. Each strain was evaluated
solely in triplicate.

To simulate in vivo conditions, SCFM2 artificial sputum medium (4 g DNA salmon
sperm, GoldBio, St Louis, MO, USA; 5 g swine stomach mucin, Sigma-Aldrich; 5 g casamino
acids, Difco; 5.9 mg diethylenetriamine pentaacetic acid, Sigma-Aldrich; 5 g NaCl, Dynamic;
2.2 g KCl, Dynamic; 5 mL egg yolk emulsion; and 1000 mL distilled water, pH = 6.9) that
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mimics a cystic fibrosis model was employed [42]. After connecting to the flow system,
phage cocktail-coated and non-coated tubes were supplied with a continuous flow of
SCFM2 culture medium inoculated with 1 × 105 CFU/mL of P. aeruginosa strains for 24 h.
After 24 up to 168 h, the system was supplied with sterile SCFM2 culture medium without
recirculation [33].
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4.5. Analysis of the Phage Cocktail Effect on P. aeruginosa Biofilms

The phage cocktail’s ability to prevent ET colonization was determined by means of
biofilm growth rates (CFU/cm2), metabolic activity of the biofilm (XTT), and scanning
electron microscopy (SEM) at 24, 48, 72, 96, 120, 144, and 168 h under dynamic conditions.
Therefore, at each time point, two fragments of 1 cm2 of each tube (n = 3) were removed
for CFU counts (n = 6) and XTT assessment (n = 6). For biofilm morphology evaluation
(SEM), one representative fragment was processed. The CFU and XTT methodology were
performed as described previously by Oliveira et al. [25].

For CFU quantification, each fragment was transferred to a tube containing 10 mL
of phosphate buffered saline (PBS). The tubes were vortexed for 60 s, sonicated (200 W,
40 kHz; Altsonic, Clean 9CA, Ribeirão Preto, SP, Brazil) for 20 min and vortexed again
for 2 min to ensure detachment of all aggregated biofilm. Ten-fold dilution aliquots were
seeded in tryptic soy agar (BD Difco) and incubated at 37 ◦C for 24 h. The number of
colonies was registered and expressed as log10CFU/cm2.

For the evaluation of metabolic activity, the strains were transferred to 24-well plates
containing: 948 µL PBS supplemented with 100 mM glucose (Sigma-Aldrich), 240 µL XTT
1 mg/mL (Sigma-Aldrich), and 12 µL 0.4 mM menadione (Sigma-Aldrich). The plates
were incubated, protected from light at 37 ◦C for 2 h, and the OD492 nm of the resulting
solution was measured in triplicate. The mean of the readings was calculated subtracting
the background absorbance.

For SEM analysis, the fragments were fixed with 2.5% glutaraldehyde (v/v) for 24 h
and then dehydrated in a graded ethanol series (30%, 50%, 70%, 90%, and 100% (v/v)).
After chemical drying using hexamethyldisilazane (Sigma-Aldrich), the specimens were
mounted on an aluminum specimen holder and gold coated. The surface morphology of
the biofilms was examined at a magnification of 3000× under high vacuum with a scanning
electron microscope (EVO 10, CARL ZEISS, Jena, Germany).

4.6. Replication of ET Adsorbed Phage During Biofilm Growth

The replication (infection ability) of phages from the cocktail that were adsorbed on
the ET surface was confirmed, at all the time points (from 0 to 168 h), by double-layer-agar
plating (tryptic soy agar soft (0.8% agar)—TSAS; BD Difco) [46]. In brief, the suspension
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employed for CFU quantification was centrifuged and diluted in SM buffer (100–10−6).
Ten microliters were dropped onto a TSAS medium, with P. aeruginosa lawns, and incubated
at 37 ◦C for 24 h. After the incubation period, the phage titer (PFU/mL) was determined
by the number of phage plaques observable on the TSAS.

4.7. Statistical Analysis

The adherence of the data to normal distribution (Shapiro–Wilk test) and homoge-
neous variance (Levene test) was tested. The data set did not exhibit normal distribution
and were analyzed by multiple comparisons considering strains and bacteriophages, at spe-
cific time points, in a generalized linear model with Bonferroni correction. Comparisons
among time points were not conducted in view of significantly phenotypic changes in
biofilm growth. The statistical tests were performed through the IBM SPSS Statistics 25.0
software (IBM Corp Armonk, NY, USA). The significance level was set to 0.05.

5. Conclusions

This study is the first step toward enhancing our understanding of biofilm growth
in phage-coated ETs. The observed reduction depicts a favorable result but is not enough,
suggesting that phages may be used not as an alternative but as a complementary strategy
to control biofilms on ET, which can be improved with a better immobilization method.
Since this low number of adherent phages caused significant changes in treatment, even bet-
ter results are expected with an increased immobilization method. Furthermore, special
attention should be paid to the potential development of phage resistance mechanisms,
since over time phage treatment favors phage-insensitive phenotype development.

Supplementary Materials: The following are available online at https://www.mdpi.com/2079-6
382/10/1/78/s1, Table S1: Biofilm-covered areas (µm2) of Pseudomonas aeruginosa strains after 24 h
in the presence of five different bacteriophages. Table S2: Colony forming units (log10CFU/cm2) of
different Pseudomonas aeruginosa strains after 24, 48, 72, 96, 120, 144, and 168 h of culture in continuous
flow, on the surface of endotracheal tubes, in the presence and absence of bacteriophage cocktail.
Table S3: Metabolic activity (absorbance at 492 nm) of different Pseudomonas aeruginosa strains after
24, 48, 72, 96, 120, 144, and 168 h of culture in continuous flow, on the surface of endotracheal tubes,
in the presence and absence of bacteriophage cocktail.

Author Contributions: Conceptualization, V.C.O. and E.W.; data curation, C.H.S.-L., H.F.O.P. and
D.A.; formal analysis, A.P.M. and P.R.S.H.; funding acquisition, E.W.; investigation, V.C.O.; method-
ology, V.C.O. and A.P.M.; project administration, E.W.; supervision, E.W.; validation, L.D.R.M. and
S.B.S.; visualization, L.D.R.M. and S.B.S.; writing—original draft, V.C.O.; writing—review and edit-
ing, E.W., C.H.S.-L., H.F.O.P., L.D.R.M. and S.B.S. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the São Paulo Research Foundation (FAPESP) under the
grants 2018/09757-0, 2019/13271-9 and 2020/03405-5, as well as the National Council for Scientific
and Technological Development (CNPq) under the grant 405622/2018-0.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Francois, B.; Laterre, P.-F.; Luyt, C.-E.; Chastre, J. The challenge of ventilator-associated pneumonia diagnosis in COVID-19

patients. Crit. Care 2020, 24, 289. [CrossRef] [PubMed]
2. Fernández-Barat, L.; Torres, A. Biofilms in ventilator-associated pneumonia. Futur. Microbiol. 2016, 11, 1599–1610. [CrossRef]

[PubMed]
3. Diaconu, O.; Siriopol, I.; Polos, anu, L.I.; Grigoras, , I. Endotracheal Tube Biofilm and its Impact on the Pathogenesis of Ventilator-

Associated Pneumonia. J. Crit. Care Med. 2018, 4, 50–55. [CrossRef] [PubMed]
4. De Souza, P.R.; De Andrade, D.; Cabral, D.B.; Watanabe, E. Endotracheal tube biofilm and ventilator-associated pneumonia with

mechanical ventilation. Microsc. Res. Tech. 2014, 77, 305–312. [CrossRef] [PubMed]
5. Danin, P.-É.; Girou, E.; Legrand, P.; Louis, B.; Fodil, R.; Christov, C.; Devaquet, J.; Isabey, D.; Brochard, L. Description and

Microbiology of Endotracheal Tube Biofilm in Mechanically Ventilated Subjects. Respir. Care 2014, 60, 21–29. [CrossRef] [PubMed]

https://www.mdpi.com/2079-6382/10/1/78/s1
https://www.mdpi.com/2079-6382/10/1/78/s1
http://doi.org/10.1186/s13054-020-03013-2
http://www.ncbi.nlm.nih.gov/pubmed/32503590
http://doi.org/10.2217/fmb-2016-0040
http://www.ncbi.nlm.nih.gov/pubmed/27831764
http://doi.org/10.2478/jccm-2018-0011
http://www.ncbi.nlm.nih.gov/pubmed/30581995
http://doi.org/10.1002/jemt.22344
http://www.ncbi.nlm.nih.gov/pubmed/24519948
http://doi.org/10.4187/respcare.02722
http://www.ncbi.nlm.nih.gov/pubmed/25371399


Antibiotics 2021, 10, 78 13 of 14

6. Bassi, G.L.; Fernandez-Barat, L.; Saucedo, L.; Giunta, V.; Martí, J.D.; Ranzani, O.T.; Xiol, E.A.; Rigol, M.; Roca, I.; Muñoz, L.; et al.
Endotracheal tube biofilm translocation in the lateral Trendelenburg position. Crit. Care 2015, 19, 12–59. [CrossRef] [PubMed]

7. Coppadoro, A.; Bellani, G.; Bronco, A.; Lucchini, A.; Bramati, S.; Zambelli, V.; Marcolin, R.; Pesenti, A. The use of a novel cleaning
closed suction system reduces the volume of secretions within the endotracheal tube as assessed by micro-computed tomography:
A randomized clinical trial. Ann. Intensiv. Care 2015, 5, 1–8. [CrossRef]

8. Berra, L.; Coppadoro, A.; Bittner, E.A.; Kolobow, T.; Laquerriere, P.; Pohlmann, J.R.; Bramati, S.; Moss, J.; Pesenti, A. A clinical
assessment of the Mucus Shaver: A device to keep the endotracheal tube free from secretions. Crit. Care Med. 2012, 40, 119–124.
[CrossRef]

9. Berra, L.; De Marchi, L.; Yu, Z.-X.; Laquerriere, P.; Baccarelli, A.; Kolobow, T. Endotracheal Tubes Coated with Antiseptics
Decrease Bacterial Colonization of the Ventilator Circuits, Lungs, and Endotracheal Tube. Anesthesiology 2004, 100, 1446–1456.
[CrossRef]

10. Kollef, M.H.; Afessa, B.; Anzueto, A.; Veremakis, C.; Kerr, K.M.; Margolis, B.D.; Craven, D.E.; Roberts, P.R.; Arroliga, A.C.;
Hubmayr, R.D.; et al. Silver-Coated Endotracheal Tubes and Incidence of Ventilator-Associated Pneumonia: The NASCENT
randomized trial. JAMA 2008, 300, 805–813. [CrossRef]

11. Tokmaji, G.; Vermeulen, H.; Müller, M.C.A.; Kwakman, P.H.S.; Schultz, M.J.; Zaat, S.A.J. Silver-coated endotracheal tubes for
prevention of ventilator-associated pneumonia in critically ill patients. Cochrane Database Syst. Rev. 2015, 8, CD009201. [CrossRef]
[PubMed]

12. Ozcelik, B.; Pasic, P.; Sangwan, P.; Be, C.L.; Glattauer, V.; Thissen, H.; Boulos, R.A. Evaluation of the Novel Antimicrobial BCP3 in
a Coating for Endotracheal Tubes. ACS Omega 2020, 5, 10288–10296. [CrossRef] [PubMed]

13. Adair, C.; Gorman, S.P.; Byers, L.; Jones, D.; Feron, B.; Crowe, M.; Webb, H.; McCarthy, G.; Milligan, K. Eradication of endotracheal
tube biofilm by nebulised gentamicin. Intensiv. Care Med. 2002, 28, 426–431. [CrossRef] [PubMed]

14. Guillon, A.; Fouquenet, D.; Morello, E.; Henry, C.O.; Georgeault, S.; Si-Tahar, M.; Hervé, V. Treatment ofPseudomonas aerug-
inosaBiofilm Present in Endotracheal Tubes by Poly-L-Lysine. Antimicrob. Agents Chemother. 2018, 62, 00564-18. [CrossRef]
[PubMed]

15. Ibis, F.; Ercan, U.K. Inactivation of biofilms in endotracheal tube by cold atmospheric plasma treatment for control and prevention
of ventilator-associated pneumonia. Plasma Process. Polym. 2020, 17, e2000065. [CrossRef]

16. Vandecandelaere, I.; Matthijs, N.; Van Nieuwerburgh, F.; Deforce, D.; Vosters, P.; De Bus, L.; Nelis, H.J.; Depuydt, P.; Coenye, T.
Assessment of Microbial Diversity in Biofilms Recovered from Endotracheal Tubes Using Culture Dependent and Independent
Approaches. PLoS ONE 2012, 7, e38401. [CrossRef] [PubMed]

17. Bardes, J.M.; Waters, C.; Motlagh, H.; Wilson, A. The prevalence of oral flora in the biofilm microbiota of the endotracheal tube.
Am. Surg. 2016, 82, 403–406. [CrossRef]

18. Boucher, H.W.; Talbot, G.H.; Bradley, J.S.; Edwards, J.E.; Gilbert, D.; Rice, L.B.; Scheld, M.; Spellberg, B.; Bartlett, J. Bad Bugs,
No Drugs: No ESKAPE! An Update from the Infectious Diseases Society of America. Clin. Infect. Dis. 2009, 48, 1–12. [CrossRef]

19. Moradali, M.F.; Ghods, S.; Rehm, B.H. Pseudomonas aeruginosa Lifestyle: A Paradigm for Adaptation, Survival, and Persistence.
Front. Cell. Infect. Microbiol. 2017, 7, 39. [CrossRef]

20. Otterbeck, A.; Hanslin, K.; Lantz, E.L.; Larsson, A.; Stålberg, J.; Lipcsey, M. Inhalation of specific anti-Pseudomonas aeruginosa
IgY antibodies transiently decreases P. aeruginosa colonization of the airway in mechanically ventilated piglets. Intensiv. Care
Med. Exp. 2019, 7, 21. [CrossRef]

21. Dexter, A.M.; Scott, J.B. Airway Management and Ventilator-Associated Events. Respir. Care 2019, 64, 986–993. [CrossRef]
[PubMed]

22. Forti, F.; Roach, D.R.; Cafora, M.; Pasini, M.E.; Horner, D.S.; Fiscarelli, E.V.; Rossitto, M.; Cariani, L.; Briani, F.; Debarbieux, L.; et al.
Design of a Broad-Range Bacteriophage Cocktail That ReducesPseudomonas aeruginosaBiofilms and Treats Acute Infections in
Two Animal Models. Antimicrob. Agents Chemother. 2018, 62, 02573-17. [CrossRef] [PubMed]

23. Loc-Carrillo, C.; Abedon, S.T. Pros and cons of phage therapy. Bacteriophage 2011, 1, 111–114. [CrossRef] [PubMed]
24. Aleshkin, A.V.; Ershova, O.N.; Volozhantsev, N.V.; Svetoch, E.A.; Popova, A.V.; Rubalskii, E.O.; Borzilov, A.I.; Aleshkin, V.A.;

Afanas’Ev, S.S.; Karaulov, A.V.; et al. Phagebiotics in treatment and prophylaxis of healthcare-associated infections. Bacteriophage
2016, 6, e1251379. [CrossRef] [PubMed]

25. Oliveira, V.C.; Bim, F.L.; Monteiro, R.M.; Macedo, A.P.; Santos, E.S.; Silva-Lovato, C.H.; Paranhos, H.F.O.; Melo, L.D.R.; Santos,
S.B.; Watanabe, E. Identification and Characterization of New Bacteriophages to Control Multidrug-Resistant Pseudomonas
aeruginosa Biofilm on Endotracheal Tubes. Front. Microbiol. 2020, 11, 580779. [CrossRef]

26. Labrie, S.J.; Samson, J.E.; Moineau, S. Bacteriophage resistance mechanisms. Nat. Rev. Genet. 2010, 8, 317–327. [CrossRef]
[PubMed]

27. Seed, K.D. Battling Phages: How Bacteria Defend against Viral Attack. PLOS Pathog. 2015, 11, e1004847. [CrossRef]
28. Abedon, S.T. Bacteriophage exploitation of bacterial biofilms: Phage preference for less mature targets? FEMS Microbiol. Lett.

2016, 363, fnv246. [CrossRef]
29. Azeredo, J.; Azevedo, N.F.; Briandet, R.; Cerca, N.; Coenye, T.; Costa, A.R.; Desvaux, M.; Di Bonaventura, G.; Hébraud, M.;

Jaglic, Z.; et al. Critical review on biofilm methods. Crit. Rev. Microbiol. 2017, 43, 313–351. [CrossRef]

http://doi.org/10.1186/s13054-015-0785-0
http://www.ncbi.nlm.nih.gov/pubmed/25887536
http://doi.org/10.1186/s13613-015-0101-9
http://doi.org/10.1097/CCM.0b013e31822e9fe3
http://doi.org/10.1097/00000542-200406000-00017
http://doi.org/10.1001/jama.300.7.805
http://doi.org/10.1002/14651858.CD009201.pub2
http://www.ncbi.nlm.nih.gov/pubmed/26266942
http://doi.org/10.1021/acsomega.9b04178
http://www.ncbi.nlm.nih.gov/pubmed/32426585
http://doi.org/10.1007/s00134-002-1223-8
http://www.ncbi.nlm.nih.gov/pubmed/11967596
http://doi.org/10.1128/AAC.00564-18
http://www.ncbi.nlm.nih.gov/pubmed/30104272
http://doi.org/10.1002/ppap.202000065
http://doi.org/10.1371/journal.pone.0038401
http://www.ncbi.nlm.nih.gov/pubmed/22693635
http://doi.org/10.1177/000313481608200513
http://doi.org/10.1086/595011
http://doi.org/10.3389/fcimb.2017.00039
http://doi.org/10.1186/s40635-019-0246-1
http://doi.org/10.4187/respcare.07107
http://www.ncbi.nlm.nih.gov/pubmed/31346073
http://doi.org/10.1128/AAC.02573-17
http://www.ncbi.nlm.nih.gov/pubmed/29555626
http://doi.org/10.4161/bact.1.2.14590
http://www.ncbi.nlm.nih.gov/pubmed/22334867
http://doi.org/10.1080/21597081.2016.1251379
http://www.ncbi.nlm.nih.gov/pubmed/28090384
http://doi.org/10.3389/fmicb.2020.580779
http://doi.org/10.1038/nrmicro2315
http://www.ncbi.nlm.nih.gov/pubmed/20348932
http://doi.org/10.1371/journal.ppat.1004847
http://doi.org/10.1093/femsle/fnv246
http://doi.org/10.1080/1040841X.2016.1208146


Antibiotics 2021, 10, 78 14 of 14

30. Magana, M.; Sereti, C.; Ioannidis, A.; Mitchell, C.A.; Ball, A.R.; Magiorkinis, E.; Chatzipanagiotou, M.S.; Hamblin, M.R.;
Hadjifrangiskou, M.; Tegos, G.P. Options and Limitations in Clinical Investigation of Bacterial Biofilms. Clin. Microbiol. Rev. 2018,
31, e00084-16. [CrossRef]

31. Chan, B.K.; Abedon, S.T.; Loc-Carrillo, C. Phage cocktails and the future of phage therapy. Futur. Microbiol. 2013, 8, 769–783.
[CrossRef] [PubMed]

32. Cademartiri, R.; Anany, H.; Gross, I.; Bhayani, R.; Griffiths, M.; Brook, M.A. Immobilization of bacteriophages on modified silica
particles. Biomaterials 2010, 31, 1904–1910. [CrossRef]

33. Melo, L.D.R.; Veiga, P.; Cerca, N.; Kropinski, A.M.; Almeida, C.; Azeredo, J.; Sillankorva, S. Development of a Phage Cocktail to
Control Proteus mirabilis Catheter-associated Urinary Tract Infections. Front. Microbiol. 2016, 7, 1024. [CrossRef]

34. Milo, S.; Hathaway, H.; Nzakizwanayo, J.; Alves, D.R.; Esteban, P.P.; Jones, B.V.; Jenkins, A.T.A. Prevention of encrustation and
blockage of urinary catheters by Proteus mirabilis via pH-triggered release of bacteriophage. J. Mater. Chem. B 2017, 5, 5403–5411.
[CrossRef] [PubMed]

35. Leppänen, M.; Maasilta, I.J.; Sundberg, L.-R. Antibacterial Efficiency of Surface-Immobilized Flavobacterium-Infecting Bacterio-
phage. ACS Appl. Bio Mater. 2019, 2, 4720–4727. [CrossRef]

36. Hosseinidoust, Z.; Van De Ven, T.G.M.; Tufenkji, N. Bacterial Capture Efficiency and Antimicrobial Activity of Phage-
Functionalized Model Surfaces. Langmuir 2011, 27, 5472–5480. [CrossRef]

37. Fu, W.; Forster, T.; Mayer, O.; Curtin, J.J.; Lehman, S.M.; Donlan, R.M. Bacteriophage Cocktail for the Prevention of Biofilm
Formation by Pseudomonas aeruginosa on Catheters in an In Vitro Model System. Antimicrob. Agents Chemother. 2009, 54, 397–404.
[CrossRef] [PubMed]

38. Lehman, S.M.; Donlan, R. Bacteriophage-Mediated Control of a Two-Species Biofilm Formed by Microorganisms Causing
Catheter-Associated Urinary Tract Infections in anIn VitroUrinary Catheter Model. Antimicrob. Agents Chemother. 2014, 59,
1127–1137. [CrossRef]

39. Wang, C.; Sauvageau, D.; Elias, A.L. Immobilization of Active Bacteriophages on Polyhydroxyalkanoate Surfaces. ACS Appl.
Mater. Interfaces 2016, 8, 1128–1138. [CrossRef]

40. Nilsson, A.S. Pharmacological limitations of phage therapy. Upsala J. Med Sci. 2019, 124, 218–227. [CrossRef]
41. Pearl, S.; Gabay, C.; Kishony, R.; Oppenheim, A.; Balaban, N.Q. Nongenetic Individuality in the Host–Phage Interaction. PLoS

Biol. 2008, 6, e120. [CrossRef] [PubMed]
42. Darch, S.E.; Kragh, K.N.; Abbott, E.A.; Bjarnsholt, T.; Bull, J.J.; Whiteley, M. Phage Inhibit Pathogen Dissemination by Targeting

Bacterial Migrants in a Chronic Infection Model. mBio 2017, 8, e00240-17. [CrossRef] [PubMed]
43. Henriksen, K.; Rørbo, N.; Rybtke, M.L.; Martinet, M.G.; Tolker-Nielsen, T.; Høiby, N.; Middelboe, M.; Ciofu, O.P. aeruginosa flow-

cell biofilms are enhanced by repeated phage treatments but can be eradicated by phage–ciprofloxacin combination. Pathog. Dis.
2019, 77, ftz011. [CrossRef] [PubMed]

44. Połaska, M.; Sokołowska, B. Bacteriophages—a new hope or a huge problem in the food industry. AIMS Microbiol. 2019, 5,
324–346. [CrossRef]
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