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Abstract: Bacterial biofilms are aggregates surrounded by extracellular polymeric substances

produced by bacteria, exhibiting significant resistance to antimicrobials and host immune

defense mechanisms. As a result, they become a crucial factor in the recalcitrance of bacterial

infections. Phages, as a class of viruses capable of specifically infecting and lysing bacteria,

have demonstrated immense potential in the prevention and treatment of biofilm-associated

infections. This review summarizes the efficacy, in vitro and in vivo research methods, and

mechanisms of phages, phage endolysins, and phage-antibiotic combinations in combating

biofilm-associated infections. Furthermore, it discusses the prospects and potential obstacles of

phages in this field, aiming to give insights into the development of more effective therapeutic

agents.
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Table 1 The effectiveness of bacteriophage-antibiotic combinations

Phage Antibiotic Pathogenic bacteria Results

T1245 Ceftazidime, colistin, Acinetobacter PAC significantly reduced bacterial density by up to

imipenem, and meropenem baumannii 80.0%, disrupted biofilm structure, and altered cell
morphology. Additionally, it notably decreased the
biomass and bacterial viability of 3-day-old
biofilms"

PH826 Ceftazidime and colistin Pseudomonas PAC reduced biofilm formation by more than

aeruginosa 80.0%%

Remus Vancomycin Saphylococcus aureus In comparison to the use of Remus or vancomycin
alone, PAC exhibited greater efficacy in reducing
bacterial load. Furthermore, when tested in vivo,
PAC achieved the highest survival rate™”

Klebsiella-specific ~ Imipenem Klebsiella pneumoniae  PAC demonstrates a marginal improvement in

phage efficacy compared to phage treatment alone,
potentially inhibiting the regrowth of bacteria
resistant to the phage to a certain extent®*!

StM171 Ampicillin, Senotrophomonas In most instances, StM171 augmented the inhibitory

chloramphenicol, maltophilia effect exerted by antibiotics®”!

levofloxacin, tetracycline,

and gentamicin
vB_SauM-A and
vB_SauM-D

Ciprofloxacin

vB_Eco4M-7 and
ECML-117

Rifampicin and
ciprofloxacin

Escherichia coli

Saphylococcus aureus PAC achieved a substantial reduction of 90.0% in
and Candida albicans

biofilm-specific activity for mono-species biofilms
and 69.0% for dual-species biofilms, outperforming
single phage or antibiotics alone!*®!

PAC effectively reduces the bacterial count and
biofilm density. Furthermore, under PAC treatment,
the efficiency of emergence of bacteria resistant to
phages and rifampicin was significantly

diminished”

PRI R AR AR L, S VA Wk B A A 4 T8
RARGEA Ty R [, 3 PR YA TR AR
v (colony-forming units, CFU) T % /B I 52 41
PRI 7175 35, AT WL Sz e Wk T A 0 A= ) 0 S )
R

T3 D7 T, B I A7 A K B A P R A B
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Table 2  The effectiveness of bacteriophages and endolysins in the prevention and treatment of
biofilm-associated infections in vivo
Model Phage or Pathogenic Antibiotic Result
endolysin bacteria
Zebrafish YC#06 Acinetobacter Antibiotic PAC significantly increased the survival rate of
infection model baumannii mixtures zebrafish®*!
(chloramphenicol,
imipenem, and
cefotaxime)
Galleria KP1801 Klebsiella None Bacteriophage significantly improved the survival
mellonella larvae pneumoniae rate of larvae. The number of intracellular bacteria
survival model in larvae showed a significant decrease while the
number of phage increased**
Zebrafish KpG Klebsiella Streptomycin Treatment of zebrafish muscle tissue with KpG
infection model pneumoniae phage and PAC showed a significant 77.7% and
97.2% decline in CFU/ml, respectively””!
Galleria dWL-3 Escherichia coli  Fosfomycin PAC can improve the survival rate of larvae®®®
mellonella
invertebrate
infection model
Caenorhabditis  Motto Pseudomonas None A 90% survival rate when treated with the phage
elegans aeruginosa at a multiplicity of infection of 10.0!'>
Mice infection vB_PaeP_PS28  Pseudomonas None After phage treatment, the mortality rate decreased
model aeruginosa significantly and the bacterial colonization in
organs was reduced!®”!
Galleria vB_SauM-D Saphylococcus ~ None Within 60 hours, the control group exhibited 100%
mellonella model aureus lethality, whereas the larvae treated with phage
displayed a survival rate of 86% after 120 hours™®
Spn mouse SP-CHAP Sreptococcus None The application of SP-CHAP resulted in a notable
nasopharyngeal  (endolysin) pneumoniae decrease in the colony-forming units of Spn,
colonization surpassing even the effectiveness of Cpl-1°"!
model
A mouse model NC5 (VersaTile  Sreptococcus Cloxacillin The high-dose combination therapy significantly
of Sreptococcus  engineered uberis reduced the hallmarks of mastitis in fast
uberis mastitis endolysin) responders, exhibiting a 13 000-fold reduction in

bacterial load, a 5.7-fold decrease in neutrophil

infiltration, and a 13.0-fold decrement in the key

pro-inflammatory chemokine IL-8*")
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The mechanism of bacteriophage in preventing and controlling biofilm-associated bacterial

Figure 1
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infections (by Figdraw). A: Phages break through physical barriers, including enzymatic degradation, utilizing
biofilm water channels for diffusion, and leveraging carrier bacteria to penetrate the biofilm. B: Phages
modulate bacterial quorum sensing systems. C: Phages intercept persistent bacteria. D: Phages overcome

bacterial RM and CRISPR-Cas defense systems.
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