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Abstract: This narrative review aims to discuss the potential of phage therapy as an alternative to antibiotic therapy, with a particular em-
phasis on its potential applications in dentistry.

Despite historical fluctuations, phage therapy is gaining increasing acceptance and becoming more widespread in the treatment of mul-
tidrug-resistant (MDR) infections. Contemporarily, phage therapy has become a prevalent treatment modality for bacterial infections of
the digestive system in countries such as Georgia. In clinical trials, it has been used to treat wounds, bone and blood infections. In theory,
it can be used in any instance of bacterial infection, including within the oral cavity. There are numerous methods of administration, and
the therapy itself is regarded as both safe and effective, particularly in cases where antibiotics are ineffective, such as in the development
of biofilms or infections by MDR bacteria.

Despite the lack of ample clinical studies evaluating the effectiveness of this therapy in dentistry, a growing body of evidence suggests its
potential use in restorative dentistry, endodontics, periodontology, as well as oral and maxillofacial surgery.

To determine whether phage therapy can be considered a viable alternative or to assess its effectiveness when used in combination with
antibiotic therapy, further regulations and research are warranted.

1. Introduction. 2. Discovery and development of phage therapy. 3. The characterization of phages. 4. Methods of phage administration.
4.1. Phage clearance. 5. Safety of phage therapy. 5.1. Safety comparison of phages and antibiotics. 6. The legal regulation of phage therapy.
7. Biofilm penetration by phages. 8. Examples of phage prophylaxis and concept of phage prophylaxis in dental surgery. 9. Phage therapy
in clinical trials. 10. Use of phage therapy in dentistry and oral surgery. 10.1. Phage therapy in restorative dentistry and endodontics. 10.2.
Phage therapy in periodontics. 10.3. Phage therapy in oral and maxillofacial surgery. 11. Bacterial phage resistance? - the arms race be-
tween phage and bacteria. 12. Combined antibiotic and phage therapy. 13. Conclusions
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1.Introduction Nowadays, humanity stands on the verge of the

post-antibiotic era (Kwon and Powderly 2021), with

Bacteriophages are a group of viruses that can ad-
here to bacteria, inject their genome into the bacteri-
al cell, and eventually induce bacterial lysis (Naureen
et al. 2020). Their discovery dates to the beginning of
the 20" century, and their clinical implementation in
the treatment of bacterial infections was tested shortly
after. However, due to the introduction and develop-
ment of antibiotic therapy, phage therapy was greatly
abandoned by Western science (Marongiu et al. 2022).

a desperate need to find alternatives to treat infection
of multidrug-resistant (MDR) bacteria, mostly be-
longing to the ESKAPE group (Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acine-
tobacter baumannii, Pseudomonas aeruginosa, and En-
terobacter sp.). Contemporary scientific data indicate
that the emergence of antibiotic resistance in bacterial
pathogens is a growing concern for global health (Ven-
tola 2015; Frieri et al. 2017; Hofstee et al. 2020; Man-
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cuso et al. 2021). There is a risk that bacteria causing
infections that have been treatable with antibiotics will
become resistant to these drugs within the next few de-
cades. This imminent threat has prompted a response
from the scientific community in diverse fields, with
researchers undertaking efforts to identify novel, more
efficacious antibiotics (Miethke et al. 2021).

There is a need to find alternative solutions that
could mitigate the impact of this looming crisis. One
of these is bacteriophage therapy, also known as phage
therapy (PT). This approach traces its origins to the
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early 20th century, yet it has only recently garnered
significant attention (Figure 1). The concept involves

the use of carefully selected bacteriophages to combat
pathogenic bacteria (Sawa et al. 2024).

This narrative review examines the potential of
phage therapy, which can be utilized to both prevent
and treat bacterial infections, particularly in dental
settings. It revises forms of its administration, analyses
the results of published clinical trials, and discusses its
safety and potential risks.
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Figure 1. The number of papers retrieved from PubMed using the keyword ‘phage therapy’ that were published between 1946

and 2024 shows a significant increase in research in recent years.

2. Discovery and development of PT

Many scientists have observed bacteriophage activ-
ity since the late 19th century. However, the first to un-
derstand that they were dealing with a new organism,
rather than, for example, an enzyme, was the French
Canadian microbiologist Félix d’Hérelle (Marongiu
et al. 2022). In 1915, during World War I, he investi-
gated the outbreak of severe haemorrhagic dysentery
among French troops. He made filtrates of faeces that
were free from bacteria. Then, he spread them on the
agar cultures of Shigella spp strains collected from sick
soldiers. He observed blank spots that he later named
plaques. Two years later, in 1917, he presented his find-
ings during a meeting of the Academy of Sciences, and
he proposed the name “bacteriophage” from bacteria
and the Greek word phage, which translates as “to eat”
(Chanishvili 2012). He realized the importance of his
discovery, so after conducting small animal trials and
testing phages for safety on himself, he proceeded to

clinical trials on humans, initiating what is now known
as PT (Marongiu et al. 2022).

In 1919, three young brothers with symptoms of
dysentery were admitted to the hospital where Félix
d’Hérelle worked. Their sister had died of this disease
a day before. One day after the introduction of phage
therapy, they fully recovered. He later treated in a simi-
lar way cholera with positive results, which encouraged
other researchers to test the therapy. For example, Brit-
ish Lieutenant Colonel John Morison used phage ther-
apy as a prophylaxis for cholera in the Indian region
of Naogaon (now Bangladesh). He allegedly adminis-
tered phages to 530,000 people, which resulted in zero
cases of cholera in that region between 1925 and 1935.
In contrast, during the same period in the neighbour-
ing region, 1,500 people died of the disease (Summers
1993).

Despite many clinical successes, there were voic-
es in the scientific community that d’Hérelle and his
colleagues conducted experiments that did not meet
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scientific standards and, therefore, did not provide a
factual basis for using this form of therapy. Notably, he
was accused of lacking controlled conditions and sta-
tistical significance in his results. In connection with
the above, the scientific community at the time did not
accept PT as an effective treatment method and contin-
ued to rely on preventive measures, such as improved
hygiene and vaccinations (Summers 1993).

In 1930, two American physicians, E. D. Crutch-
field and B. E. Stout, conducted a study on 57 patients
with staphylococcal wound infections using phage
therapy, achieving a success rate of over 90% (Crutch-
field and Stout 1930). This result encouraged d’Hérelle
to bring his discovery to the market and start mass
production. However, over time, it became apparent
that the effectiveness of these phage preparations was
significantly lower than initially reported in prelimi-
nary studies, which discouraged pharmaceutical com-
panies, patients, and scientists alike. The decrease in
efficacy was caused by several factors, including poor
storage conditions of the preparations, their short shelf
life, the use of mercury as a preservative, the failure to
inactivate them by gastrointestinal substances, and the
implementation of phage therapy to treat viral infec-
tions (Ho 2001; Marongiu et al. 2022).

The subsequent introduction of the first antibiotics
(penicillin and sulfanilamide), which was then con-
sidered a breakthrough in contrast to bacteriophages
where each phage affected only one type of bacterium,
led to a further decline in the popularity of PT in the
West (Marongiu et al. 2022).

During d’Hérelle work at the Institute Pasteur in
Paris, he met Georgian bacteriologist Georgiy Eliava.
Eliava was fascinated by d’'Hérelle’s discoveries, and in
1923, he founded the Institute of Bacteriology in Tbili-
si, the capital of Georgia. It received massive support
from the authorities of the Soviet Union, who wanted
to catch up with the West, also in the field of bacteri-
ology. Unfortunately, in 1937, during the Great Purge,
Eliava was declared an enemy of the people and then
shot. This fact led the USSR to lose a scientist recog-
nized in the West (Marongiu et al. 2022). Despite this,
the Soviets continued to develop and use phage ther-
apy (Summers 2001). The Iron Curtain after World
War II hindered the flow of scientific knowledge and
strengthened the belief of phages as a communist med-
icine among Western scientists (Summers 2012).

Further controversy was also caused by d’'Herell’s
views, which some scientists even described as heresy.

He claimed that phages, which naturally exist in the
human microbiota, are responsible for the body’s im-
munity and that phages can spread just like pathogens
they are supposed to kill, so one should not pay too
much attention to personal hygiene. He argued that
contamination with faeces can paradoxically contrib-
ute to the improvement of the patient’s condition be-
cause, in this way, one receives new portions of phages
(Fruciano and Bourne 2007).

In 1946, at St. Mary’s Hospital in London, the same
hospital where penicillin was discovered, E Himmel-
weit presented the concept of therapy based on the
joint administration of phages and penicillin. The as-
sumption was that this would lead to a reduction in the
emergence of penicillin-resistant strains. The prelimi-
nary results of the research were auspicious, which was
probably due to the different effects of penicillin and
phages on bacteria. Unfortunately, this principle was
not widely accepted in the scientific community (Mac-
Neal et al. 1946; Fruciano and Bourne 2007).

It is estimated that in the process of finding new an-
tibiotics, only five of the 5,000 to 10,000 molecules test-
ed make it through to the first stage of testing, but only
one of these is approved for use in humans. Given the
enormous costs and complexity of developing new an-
tibiotics, as well as the increasing multi-drug resistance
of bacteria, the scientific world is seeking alternatives.
Today, more than 100 years after d’Herell’s discovery,
PT is being rediscovered and increasingly tested; how-
ever, scientists agree that it needs to be standardized,
and more clinical studies are warranted (Gordillo Al-
tamirano and Barr 2019; Suh et al. 2022).

3.The characterization of phages

Phages, as representatives of viruses, are unable to
function and replicate outside the host organism. They
are the most abundant organisms on Earth, and in
addition to bacteria, it has been proven that they can
occur inside archaea and even eukaryotes (Lehti et al.
2017; Naureen et al. 2020). The reproductive cycles of
bacteria and phages are closely linked; however, each
cycle produces between 100 and 200 new phages but
only two daughter bacterial cells. This phenomenon
suggests that there would be a significant dispropor-
tion in the number of bacteria or even their disappear-
ance, but this does not occur. To understand this, it is
essential to have a comprehensive understanding of
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phage biology and its impact on bacteria (Naureen et
al. 2020).

Bacteriophages have a complex structure, particu-
larly when compared to simpler viruses, such as those
with only a capsid and genetic material. It consists of
DNA or RNA, single or double-stranded, enclosed in
a protein capsid that occurs in three forms: head with
tail, head without tail, and filamentous form (Naureen
et al. 2020). Tailed phages (collected in the Caudovir-

1.Head
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3.Tail Fibers/Spikes

4.Base plate

Myovirus

icetes class) are the most common group, previously
represented as the families Myoviridae, Siphoviridae,
and Podoviridae (Figure 2). However, the predominant
feature they exhibited was morphology; presently, the
emphasis is on classification based on the genome.
Despite this, attention is drawn to the importance of
morphological similarities. Hence, the terms myovi-
rus, siphovirus and podovirus remain in use (Turner
et al. 2023).
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Figure 2. The diagram illustrates a simplified representation of the structural composi-
tion of different types of tailed phages class (Caudoviricetes): 1. Head - a protein structure,
often icosahedral in shape, containing the phage’s genetic material (single or double strand
of DNA or RNA); 2. Tail - a tubular structure used by the phage to inject its genetic materi-
al into the host cell; 3. Tail fibres or spikes - enable the phage to recognize and attach to the
appropriate receptors on the surface of the bacterial cell and determine the specificity of
the bacteriophage to a particular bacterium; 4. Base plate - anchors the tail fibres and binds
them to the surface of the bacterium, enabling the infection to begin. Graphic design was

based on Nobrega et al. (2018).

There are four different phage life cycles: lytic, ly-
sogenic, pseudo-lysogenic and chronic. Only lytic
phages are currently considered the most suitable for
treating humans (Figure 3) (Lin et al. 2017). First, the
phage must attach to the bacterial cell wall by recog-
nizing its specific receptor on the bacterial surface.
Some phages possess the ability to produce specific en-
zymes, such as hydrolases, which can degrade the poly-
saccharide envelope of a bacterium, thereby exposing
the appropriate receptors (Wittebole et al. 2014). After
attaching to the cell wall, the phage creates a hole in

it through which it injects its genetic material into a
bacterium while the protein capsid remains outside.
In the case of lytic phages, the bacterial ability to re-
produce viral proteins and genetic material is exploited
downstream. Phage assembly is followed by lysis of the
bacterial cell and the release of new viral particles. The
amount of viruses released depends on several factors,
including the type of virus, the type of bacterium, and
environmental conditions (Wittebole et al. 2014; Nau-
reen et al. 2020).
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Figure 3. Diagram illustrating the Iytic cycle of a bacteriophage, highlighting its mechanism of bacterial cell destruction

- a key process in phage therapy: 1. Attachment; 2. Penetration; 3. Biosynthesis; 4. Replication and maturation; 5. Lysis.
Graphic design based on Adesanya et al. (2020).

4. Methods of phage administration

The specificity of phage therapy predicated on the
necessity to administer a particular phage to combat
a specific bacterium and the brief duration of phage
activity within the body necessitate the development
of novel methodologies for phage administration to
patients. In addition to oral or intravenous administra-
tion, there are also inhalation, implantation of bioma-
terials, intraperitoneal, intramuscular, subcutaneous,
intranasal, endotracheal, rectal, intrauterine, vaginal
or transdermal routes of administration (Dgbrowska
2019; Rotman et al. 2020). It had been suspected that
phages might be rendered ineffective by the presence
of low gastric acid pH, which required their adminis-
tration in conjunction with acid-neutralizing medica-
tions. However, subsequent research has demonstrated
that the co-administration of these drugs with phages
results in no alteration to their efficacy (Dabrowska
2019). The oral route of administration is efficacious
in treating gastrointestinal diseases (Qadir et al. 2018;
Dabrowska 2019). For instance, a study was conduct-
ed on the treatment of Clostridioides difficile infection
using phage therapy in an animal model, resulting in

a reduction in C. difficile colonization and a delay in
the onset of symptoms (Nale et al. 2016). However, the
oral route of administration is the least effective for
systemic penetration of phages. It is essential to note
that increasing the administered dose of phages re-
sults in enhanced systemic penetration. A systematic
analysis has demonstrated the superiority of parenteral
administration, whether intravenous (IV), intramus-
cular (IM), or intraperitoneal (IP) over oral dosing
(Dabrowska 2019).

Regarding IV administration, Speck and Smithy-
man, in their work on the safety of intravenous phage
therapy, have described the use of highly specific phage
cocktails in treating rhinosinusitis caused by Staphy-
lococcus aureus. Furthermore, they discussed a poten-
tial application of phage therapy in the management
of acute infective endocarditis (Speck and Smithyman
2016). This condition may be caused by bacteraemia
following oral surgery (e.g. tooth extraction) in a high-
risk patient.

Recent studies on the intramuscular (IM) admin-
istration of phages are lacking; however, a significant
number of such studies have been documented in the
Soviet scientific literature. For instance, in the treat-
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ment of typhoid fever, patients were divided into three
groups: intramuscular (IM), oral, and combined intra-
muscular and oral administration. The most unfavour-
able outcomes were observed for oral administration,
while significantly superior outcomes were demon-
strated in other groups (Chanishvili 2012).

To date, no studies on IP administration have
been conducted in humans. However, animal research
demonstrated the efficacy of this route of administra-
tion, surpassing the effectiveness of phage inhalation,
for instance, in the treatment of pneumonia caused by
Burkholderia cenocepacia (Carmody et al. 2010).

Following systemic administration, phages can
reach virtually all tissues and organs of the body, in-
cluding, but not limited to, skeletal muscle, heart, bone
marrow, salivary glands, kidneys, and even the brain
and bones (Dgbrowska 2019). However, oral adminis-
tration may be ineffective due to the poor penetration
of phages into the circulation, and intravenous admin-
istration appears to be significantly more efficacious
(Dabrowska 2019; Vila et al. 2024).

Regarding oral diseases, the most efficacious treat-
ment may be rinsing the affected area with a phage
solution or the local application of a slow-releasing hy-
drogel, which enables the appropriate concentration of
phages within the oral cavity.

4.1 Phage clearance

The primary organs responsible for the uptake of
bacteriophages from the bloodstream are the liver and
spleen, with the macrophages present in these organs
playing a specific role in this process. Animal research
has demonstrated that phages are filtered and reach
their highest concentrations in the spleen; however,
the fastest inactivation occurs in the liver via Kupffer
cells (Inchley 1969). The renal excretion of phages in
the urine is minimal, likely attributable to their mor-
phology, as they are too large to be filtered by the kid-
neys. The dosage of phages, as well as their type (size)
and route of administration, seem to be all significant
factors. No renal clearance was observed with subcu-
taneous administration as opposed to intraperitoneal
injection (Dgbrowska 2019).

There are several ways to delay phage clearance,
such as increasing the dose or inactivating the comple-
ment system; however, the most promising approach
appears to be encapsulation of the phage particles, as
seen in the case of phages against Klebsiella pneumo-
niae, which have been enclosed in a liposomal shell. It
has been demonstrated that this procedure results in a
prolonged retention of phages within the body, even in
the absence of the targeted bacteria (Singla et al. 2015).
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Numerous technological methodologies have been
developed to extend the shelf life of phages and delay
their removal from the body through stabilization and
encapsulation techniques. The most widely employed
techniques are those involving freeze drying, spray
freeze drying and spray drying. Freeze-drying, also
known as lyophilization, is a process that can be cate-
gorized into two distinct stages. The liquid containing
the phages is subjected to a freezing process at a very
low temperature, after which it is dried and ground
to yield a powder which may be used for inhalation.
Spray freeze drying is based on a similar principle. The
process involves exposing a spray containing phages
to liquid nitrogen, resulting in the production of a po-
rous phage powder. This method has been shown to
induce a lower degree of thermal stress in the phages
compared to the spray drying process, which involves
spraying a suspension containing phages into a cham-
ber filled with hot, dry gas. The water evaporates rap-
idly, leaving the phages in a powdered state. It should
be noted, however, that numerous alternative meth-
ods are available (Malik et al. 2017). In terms of phage
storage, maintaining a temperature of 4°C has been
demonstrated to be an efficient method for prolonging
shelf life (Xu et al. 2023).

5. Safety of phage therapy

It is widely accepted that PT is safe and has no
severe side effects (Uyttebroek et al. 2022; Kim et al.
2024; Palma and Qi 2024). The safety of phage therapy
stems from the specificity of the phage, which can tar-
get a particular bacterial cell exclusively. This selectivi-
ty distinguishes it from antibiotics, which can affect the
host microbiota. The specificity of phage action also
means that pathological bacteria acquire phage resis-
tance much less frequently than with antibiotics. While
it is acknowledged that phage administration can elicit
an immune response, to date, there is no evidence that
phages are capable of directly attacking human cells. In
the presence of compatible bacterial cells, phages can
replicate; otherwise, they tend to self-regulate (Uytte-
broek et al. 2022).

A substantial body of scientific research (Uytte-
broek et al. 2022; Kim et al. 2024; Palma and Qi 2024)
has demonstrated the safety of phage therapy in treat-
ing patients. No severe adverse reactions have been
reported; however, some authors have noted inade-
quate standardization of safety studies (Chung et al.
2023). However, it is acknowledged that there exists a
risk of toxic shock precipitated by the release of bac-
terial endotoxins following phage-induced bacterial
lysis (de Tejada et al. 2015; Aslam et al. 2019). A 2017
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study provides a notable example. It documented the
case of a 2-year-old child infected with multidrug-re-
sistant Pseudomonas aeruginosa, complicated by sep-
sis. The patient exhibited a chronic medical condition
characterized by DiGeorge syndrome, a complex con-
genital heart defect involving an interrupted type B
aortic arch, and an allergy to antibiotics, among oth-
er co-morbidities. The presence of both allergies and
infection with MDR P. aeruginosa led researchers to
consider bacteriophage therapy as a potential treat-
ment. The child was administered two bacteriophages,
resulting in the resolution of the sepsis. However, this
intervention led to an exacerbation of the underlying
heart failure, most likely attributable to the release of
endotoxins following bacterial degradation (Duplessis
etal. 2018).

Despite extensive research conducted over sever-
al decades on phage administration and its potential
adverse effects, no documented cases of anaphylactic
shock have been reported in patients receiving phage
therapy (Speck and Smithyman 2016; Doub et al. 2020;
Chung et al. 2023).

The safety of PT in children has been well-docu-
mented (Howard-Jones et al. 2022). To the best of our
knowledge, there are no reports on the safety of phage
therapy in pregnancy.

5.1 Safety comparison of phages and antibiotics

It is now widely acknowledged that the gut micro-
biota plays a pivotal role in the optimal functioning of
the human body (Khalil et al. 2024). The use of antibi-
otics can result in a substantial reduction of beneficial
microflora within the gastrointestinal tract, thereby
promoting the proliferation of multidrug-resistant
(MDR) Clostridioides difficile or the yeast Candida al-
bicans. Recent studies have shown that phages have a
minimal impact on the intestinal microflora, mainly
due to their specificity (Chung et al. 2023).

In addition to the adverse effects of antibiotics on
the human microbiota, their use can cause many, often
severe, complications like pseudomembranous colitis.
Other serious complications may also arise, including
ototoxic effects of macrolides and aminoglycosides,
liver damage, encephalopathy, or anaphylactic shock,
among numerous others (Cunha 2001). In contrast,
most studies on PT report no adverse effects. However,
some authors do note the occurrence of some minor
side effects, including redness, inflammation, fever
and hypotension. To provide an accurate assessment
of possible side effects, further research is warranted,
along with the systematization and regulation of PT in
its entirety.
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6. The legal regulation of phage therapy

The issue of the absence of appropriate legal regula-
tions is raised in this work and numerous other studies
on phages. As stated in the historical introduction, PT
was utilized on a broader scale in the Union of Sovi-
et Socialist Republics (USSR) following World War
I1, with a particular emphasis on Georgia Republic. It
was also used in Poland. Following Poland’s accession
to the European Union in 2004, this therapy has be-
come more comprehensive and systematic. Nowadays,
it is considered an experimental treatment based on
the Act on the Professions of Physician and Dentist,
the Constitution of the Republic of Poland, as well as
EU regulations, such as Directive 2005/28/EC, and the
European Medicines Agency. PT is exclusively admin-
istered by the Phage Therapy Unit, a constituent of the
Hirszfeld Institute of Immunology and Experimental
Therapy (Yang et al. 2023).

In contrast, in countries such as Georgia and Rus-
sia, the regulatory landscape is significantly different,
with phage preparations, including ‘Intestiphage’ and
‘Pyophage; available for purchase without a prescrip-
tion. Regarding Georgia, the prescription-only provi-
sion for personalized phage medicines is permitted in
designated pharmacies. However, these products have
not been recognized by Western regulatory authorities
(Yang et al. 2023).

7. Biofilm penetration by phages

Many species of bacteria form a biofilm, a complex
environment composed of polysaccharides, proteins,
and lipids that are designed to protect the bacteria
from external factors. In practical terms, biofilms can
effectively block antibiotic access to bacterial cells,
making the treatment of infections significantly more
challenging (Yuan et al. 2019).

There are numerous reports of bacteriophages’ ef-
fectiveness in penetrating the bacterial biofilms of bac-
teria such as P. aeruginosa or Streptococcus suis. How-
ever, these studies indicate the need for further trials
and the potential possibility of antibiotic-phage com-
bination therapy (Hanlon et al. 2001; Meng et al. 2011;
Yuan et al. 2019).

Bacterial biofilms, which pose a serious clinical
challenge due to their ability to block access to anti-
biotics, are present in many parts of the body, such as
the oral cavity (Rath et al. 2021), intestines (Jandl et
al. 2024), and the female reproductive tract (Obuobi
and Skalko-Basnet, 2024). A mixture of aerobic and
anaerobic bacterial strains generally constitutes it. As
previously outlined, the capacity of phages to penetrate
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deeply into biofilms offers a promising prospect for the
effective management of the bacteria that form these
structures, potentially in conjunction with or as an al-
ternative to antibiotics (Figure 4).

Although phages isolated from the oral cavity have
not yet been used clinically, they have shown prom-
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ising results in vitro. The SMHBZS8 phage is a prime
example, as it has been demonstrated to be efficacious
in combating both planktonic and biofilm cultures of
Streptococcus mutans. This phage has the potential for
practical use in future clinical trials (Zhu et al. 2025).

Live bacteria

I

i W Dead bacteria o

Phage cocktail

Figure 4. The biofilm in the oral cavity can lead to oral infections such as dental caries, gingivitis, or periodontal disease,

and a carefully selected phage cocktail may have a potential effect on biofilm degradation.

8. Examples of phage prophylaxis and the concept of
phage prophylaxis in oral surgery

For PT to be considered a complete alternative to
antibiotic therapy, it would also need to be used as part
of the prevention of bacterial infections. Broad-spec-
trum antibiotics, such as amoxicillin, are often admin-
istered to patients to prevent infection. Preventive ac-
tion is challenging with phages due to their specificity;
however, it is possible to create specific cocktails con-
sisting of multiple different phages that are suitable for
the groups of bacteria most likely to cause infections
in a given area. The finding that encapsulated phages
exhibit prolonged persistence within the human body
(Singla et al. 2015; Malik et al. 2017) may provide a
rationale for exploring the potential of phages in pre-
venting bacterial infections. However, further research
is necessary to test this hypothesis. A promising ex-
ample of the prophylactic use of phage therapy is the
study by Yu-Huai Ho et al,, in which phage against A.
baumannii carbapenem-resistant (CRAB) was aerosol-
ized in intensive care units. This study demonstrated
a reduction in the incidence of CRAB from 8.57 per
1,000 patient days in the hospital to 5.11 per 1,000 pa-
tient days (Ho et al. 2016). Another similar study was

conducted by Chun-Chieh Tseng et al. in a unit with
patients undergoing extracorporeal membrane oxy-
genation (ECMO). As before, an aerosol was used, this
time containing a cocktail of four phages against the
bacteria most commonly causing nosocomial infec-
tions in ECMO patients: A. baumannii, K. pneumoniae,
P aeruginosa and Stenotrophomonas maltophilia. As a
result, no ECMO patient whose environment was de-
contaminated with phage aerosol became infected with
any of the four target bacteria (Tseng et al. 2025).

The utilization of phages for prophylactic pur-
poses in the domains of oral and general surgery is a
matter of considerable complexity. The term “antibi-
otic prophylaxis” may refer to the administration of
a broad-spectrum antibiotic to a patient at high risk
of infective endocarditis prior to a dental procedure,
such as tooth extraction. However, it is worth noting
that phages require the presence of bacteria to be active
and to carry out their life cycles. Consequently, these
measures should be administered during or even af-
ter the procedure, in which case there is no question
of prophylaxis. Advancements in phage encapsulation
methodologies have the potential to extend the dura-
tion of phage presence in the body and delay clearance,
thereby enabling the prophylactic use of phages prior
to scheduled surgical interventions (Singla et al. 2015).
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9. PT in clinical trials

Currently, one of the most popular methods of
phage therapy (PT) is what can be described as profiled
or even personalized PT. It is based on sampling the
causative strain and selecting the appropriate phages
for clinical administration. This method is most suit-
able for patients with intractable or recurrent infec-
tions caused by antibiotic-resistant bacteria. The fol-
lowing are examples of such use.

A patient with a spinal abscess caused by
multi-drug-resistant P. aeruginosa underwent surgery
during which the abscess was drained and a person-
alized cocktail of three bacteriophages, specifically
prepared for the procedure, was administered into the
abscess cavity along with a bicarbonate solution. At
the same time, an antibiotic (cefiderocol) was admin-
istered intravenously. The pre-existing back pain dis-
appeared after the operation, but there was diarrhoea
associated with C. difficile. For the second surgery, re-
lated to the screw-in osteosynthesis implants, phages
and antibiotics were again administered. In the months
that followed, the patient experienced no pain or ad-
verse effects (Ferry et al. 2022).

Another promising example of the use of person-
alized phage therapy is that of a 30-year-old female
victim of the 2016 Brussels airport terrorist attack.

Gastrointestinal tract

Wounds
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The patient suffered severe injuries, including to her
left thigh. The left thigh wound was found to be in-
fected with pan-drug resistant (PDR) K. pneumoniae.
Antibiotic treatment was implemented, which led to
numerous side effects without eradicating the infec-
tion. After exhausting other treatment options, PT was
administered 702 days after the accident. Phages were
administered locally through a catheter left over from
a previous procedure. They were given for 6 days along
with a general course of antibiotics. There was a dra-
matic improvement in the patient’s condition, with the
permanent eradication of the K. pneumoniae infection
(Eskenazi et al. 2022).

A retrospective observational analysis of 100 cas-
es of personalized PT for difficult-to-treat infections
showed that this therapy is most effective when com-
bined with antibiotics. Without co-administration of
antibiotics, bacterial eradication by phages alone was
70% less likely to occur. These examples imply that, in
some cases, antibiotics and phage therapy can be syn-

ergistic (Pirnay et al. 2024).

The potential of PT to treat bacterial infections in
any organ or tissue in the body is a promising avenue
for further research (Figure 5).

Bones and joints

Figure 5. The diagram indicating the possible areas of PT use: oral cavity (Khalifa et al. 2016; Guo et al. 2024), blood (Gorski et al. 2017),
bones and joints (Peng et al. 2024), wounds (Jault et al. 2019), gastrointestinal tract (Nale et al. 2016) and respiratory system (Abedon 2015).
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10. The use of phage therapy in dentistry and oral
surgery

In the oral cavity, bacteria pose a significant chal-
lenge, given their role in the development of various
conditions, including dental caries, pulp inflamma-
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tion, periodontal disease, abscesses, peri-implantitis,
and bone necrosis. This comprehensive list illustrates
the diverse array of oral issues that can arise from bac-
terial infection (Figure 6). Antibiotics are frequently
employed in the treatment of these; however, PT has
the potential to either complement or replace them.

Figure 6. Examples of potential applications of PT in dentistry: 1. Osteonecrosis; 2. Necessity of endodontic re-treatment; 3. Peri-

odontal treatment; 4. Periimplantitis.

10.1 Phage therapy in restorative dentistry and end-
odontics

The potential of phages to penetrate biofilms and
tissues, their specificity of action, and the increasing
antibiotic resistance of bacteria have led to the emer-
gence of phage therapy (PT) as a promising tool in den-
tistry (Zhu et al. 2025).

Regarding restorative dentistry and caries treat-
ment, the objective is to prevent or inhibit tooth decay
by limiting the growth of pathogens responsible, such
as S. mutans. In vitro and in vivo animal studies have
demonstrated the efficacy of SMHBZ8 phage against
the specified bacterium. This finding suggests that the
phage could be utilized in future human treatments
(Wolfoviz-Zilberman et al. 2021)). Concerning the
endodontic treatment, particularly in cases of re-treat-
ment, a frequently detected and profoundly problem-
atic Enterococcus faecalis has been identified. In vitro
studies on extracted human teeth have demonstrated

the efficacy of phages in eradicating E. faecalis from
root canals, particularly when combined with 0.5%
sodium hypochlorite (NaOCIl) rinsing, resulting in
an 84% reduction in biofilm mass. This result is com-
parable to that obtained with the use of NaOClI at a
concentration of 5.25%, which is potentially toxic to
periapical and surrounding tissues. That result suggests
that a lower concentration of NaOCI could be equally
effective. Further research, including human trials, is
necessary (Khalifa et al. 2016; Tinoco et al. 2017; Basak
Erol et al. 2024).

10.2 Phage therapy in periodontics

Socransky’s seminal work (Socransky et al. 1998)
described the bacteria present in the oral cavity in the
form of complexes, among them a red complex con-
taining the bacteria most virulent in the periodontium,
namely Porphyromonas gingivalis, Tannerella forsyth-
ia, and Treponema denticola. In contrast to the latter
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two, to date, no bacteriophage with lysogenic activity
against P. gingivalis has been identified. The identifi-
cation and description of phages active against other
bacteria responsible for periodontitis has been success-
fully achieved. Among these are Fusobacterium nuclea-
tum, Aggregatibacter actinomycetemcomitans (the dis-
covered phage is specific only against one serotype of
this strain), Actinomyces naeslundii and E. faecalis (of-
ten present in deep periodontal pockets). Further re-
search is needed to determine the potential application
of phages in the treatment of periodontitis in humans
(Pazhouhnia et al. 2022; Guo et al. 2024).

Although no lytic phage has yet been identified
against highly problematic P. gingivalis, it has been
demonstrated that there is a relationship between P
gingivalis and Streptococcus gordonii, where the latter,
as the pioneer colonizer, must create the appropriate
conditions for P. gingivalis to attach to by creating
specific binding sites and later to form its biofilm.
One study implementing the phage ®SG005 targeted
against S. gordonii revealed a promising significant re-
duction in P. gingivalis abundance of over 99% (Wu et
al. 2024). Another in vitro study revealed phage pep-
tides capable of stimulating non-neoplastic prolifera-
tion of mucosal epithelial cells. This approach has the
potential to be developed into a future treatment for
oral mucosal healing, similar to the use of phages to
heal skin wounds (Li et al. 2013).

However, it is important to note that phages may
not necessarily have an exclusively positive effect on
the periodontium. In patients diagnosed with peri-
odontitis, the Siphoviridae_29632 phage was isolated,
with a significantly higher prevalence observed in pa-
tients with periodontal disease compared to healthy
individuals. This observation raises the suspicion that
the virus may create favourable conditions for the de-
velopment of periodontal disease; however, there is a
lack of compelling evidence to substantiate this hy-
pothesis. Further research is warranted to ascertain the
potential correlation between this phage and the de-
velopment of periodontal disease (Zhang et al. 2019).

10.3 Phage therapy in oral and maxillofacial surgery

There is great potential for the use of PT in oral and
maxillofacial surgery. Phages have been demonstrated
to be a safe and effective treatment option for bone and
joint infections. Their ability to penetrate bacterial bio-
films makes them an ideal choice for treating chronic
infections. The effectiveness of treating bone infec-
tions using phage therapy (PT) has been demonstrat-
ed through both the administration of phage cocktails
and individualized therapy. There are high hopes for
their development (Clarke et al. 2020).

105

To date, no research has been conducted on the
use of phage therapy in the treatment of periimplanti-
tis. Recent systematic reviews and meta-analyses have
demonstrated that Staphylococcus epidermidis, E. nu-
cleatum, T. denticola, T. forsythia, P. intermedia and P.
gingivalis are predominantly implicated in the devel-
opment of peri-implantitis (Sdndulescu et al. 2023).
The efficacy of phage therapies has been demonstrated
against E nucleatum, T. denticola, T. forsythia and S.
epidermidis (Strancar et al. 2023; Guo et al. 2024). Re-
garding P. gingivalis, a reduction in titre has been ob-
served (Wu et al. 2024), but no effective phage against
this bacterium has yet been identified. Moreover, there
are reports of the capacity of phages to adhere to zir-
conia, which engenders considerable optimism for the
prospective treatment of periimplantitis with these
microbes (Hashimoto et al. 2011). Consequently, the
prospect of formulating a phage cocktail that is effica-
cious in treating periimplantitis is conceivable; howev-
er, conducting clinical trials is imperative to validate
this hypothesis.

It has been demonstrated that bacteria such as P
gingivalis, F. nucleatum, and T. denticola can influence
the development of oral squamous cell carcinoma
(OSCC) by stimulating epithelial cell proliferation, in-
hibiting apoptosis, and modulating the inflammatory
microenvironment. This dysbiosis is considered to rep-
resent a specific link between periodontal disease and
OSCC. This may necessitate the implementation of PT
against the aforementioned bacteria (Guo et al. 2024).

Animal studies also demonstrated that oral immu-
nization with phage MS2-L2 VLPs can protect against
infection with highly oncogenic types of HPV associ-
ated with head and neck cancers (mostly against HPV-
16, -35, -39 and -58). This may offer the possibility of
creating phage vaccines against oral malignancy (Zhai
etal. 2019).

It is also evident that phages have the potential to
be utilized in cancer therapy in various ways. It has
been demonstrated that suitably modified phages can
function as specific transporters of imaging agents or
even drugs directly into cancer cells, thereby facili-
tating rapid diagnosis and treatment (Easwaran et al.
2024; Cao et al. 2025).

PT has been extensively employed in the treatment
of osteomyelitis (Kishor et al. 2016; Onsea et al. 2019;
Cobb et al. 2020; Simner et al. 2022). This condition
is typically caused by a Staphylococcus aureus infec-
tion, which can take place via three primary routes.
Haematogenous (most common in children), through
infected adjacent tissues, but also trauma (including
surgical) as well as vascular or neurological insuffi-
ciency (e.g. in the course of diabetes) (Birt et al. 2016;
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Hofstee et al. 2020). A particular instance that poses a
unique challenge in oral surgery is medication-related
osteonecrosis of the jaw. Antiresorptive drugs, such as
bisphosphonates or denosumab, used in the treatment
of osteoporosis, have been shown to inhibit osteoclast
activity and, consequently, bone remodelling. In cases
involving surgical oral intervention in patients treat-
ed with antiresorptive drugs, a potential risk of os-
teonecrosis exists, which is often further complicated
by the occurrence of bacterial infections such as with
Actinomyces spp. (Ibrahim et al. 2022). Consequently,
these conditions could be treated with phage therapy.
However, to date, there have been no documented cas-
es of phage therapy utilization in the field of oral and
maxillofacial surgery for the management of this in-
fectious inflammation. Actinomyces spp. bacteria occur
naturally in the oral cavity but can become pathogenic
bacteria under favourable conditions. Bacteria of this
genus are found in oral abscesses, often infect necrot-
ic bone tissue and are responsible for actinomycosis
(mainly A. israeli) (Ibrahim et al. 2022). To date, phag-
es have been developed that mainly target A. naeslun-
dii. Thus, further research is needed (Szafranski et al.
2017).

To date, no studies have been conducted which
describe the use of phages in the treatment of acute
osteomyelitis. The process of identifying bacteria and
finding a specific phage is often time-consuming, and
bacterial biofilms in acute osteomyelitis are less devel-
oped than in chronic disease. This supports the greater
likelihood of success with antibiotic treatment. How-
ever, PT may also be considered, although this meth-
od is typically used to treat chronic inflammations
that demonstrate resistance to conventional treatment
methods (Suh et al., 2023). This observation does not
imply the inefficiency of PT in addressing acute in-
flammations; instead, it highlights the absence of stud-
ies specifically designed to investigate its effectiveness
in such contexts. Consequently, there is a need for fur-
ther research on this topic in the future.

Tuberculosis and actinomycosis are among the
bacterial diseases that pose clinical challenges to oral
surgeons. In the case of tuberculosis, treatment with
phage therapy is complicated by the fact that the patho-
gen lives intracellularly in macrophages, which signifi-
cantly reduces the availability of phages to the bacteria.
In the later stages of the disease, significant amounts of
bacteria are present in the extracellular environment,
allowing phages to be effective, as demonstrated in vi-
tro. Interestingly, studies have shown that some phages
attack a wide range of Mycobacterium tuberculosis iso-
lates, an unusual observation among phages (Guerre-
ro-Bustamante et al. 2021).
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11. Bacterial phage resistance? - the arms race be-
tween phage and bacteria

Bacteria and phages have coexisted for centuries,
and we know that bacteria developed mechanisms that
allow them to avoid phages. Bacterial defence against
phages occurs at several stages of the phage reproduc-
tive cycle. These include modification of the bacterial
surface to prevent phage adhesion, prevention of phage
DNA entry and replication, cleavage of the phage ge-
nome, CRISPR-Cas systems, or abortive infection (Abi
system), which involves the suicidal death of a bacteri-
um attacked by a phage before its duplication occurs.
Comprehension of these mechanisms may play a cru-
cial role in counteracting the acquisition of phage re-
sistance by bacteria (Hampton et al. 2020; Safari et al.
2020; Teklemariam et al. 2023).

However, unlike antibiotics, phages do not remain
passive in the face of increasing bacterial resistance;
instead, they produce systems that allow them to con-
tinue attacking bacteria. They adapt to new receptors
on the bacterial surface, create anti-restriction modi-
fication systems, produce mutations that bypass CRIS-
PR-Cas, or even create genes that counter the CRIS-
PR-Cas system (Hampton et al. 2020; Safari et al. 2020;
Teklemariam et al. 2023).

From a clinical perspective, it is noteworthy that
phage administration in the form of a phage cocktail,
rather than phage monotherapy, appears to be an effec-
tive method for preventing the development of bacteri-
al resistance (Chan et al. 2013).

12. Combined antibiotic and phage therapy

As demonstrated by the following case report, the
combination of antibiotic and phage therapy has been
successfully implemented in several instances. The re-
port details the treatment of a patient who, following
a motorcycle accident, developed an infection of the
tibia caused by multidrug-resistant Acinetobacter bau-
mannii and Klebsiella pneumoniae. In the absence of
effective antibiotic treatment, the patient was at risk of
losing his limb. However, combined phage and anti-
biotic therapy resulted in rapid healing and complete
eradication of the bacteria from the infected site. No
adverse effects of the therapy were observed (Nir-Paz
etal. 2019).

Combined antibiotic and phage therapy has been
demonstrated to yield significant and interesting re-
sults. The available research suggests that combining
both forms of therapy increases and/or prolongs the
effective action of the antibiotic. It has been hypoth-
esized that phage infection exerts selective pressure



PHAGE THERAPY AS AN ALTERNATIVE TO ANTIBIOTICS: HARNESSING PHAGES IN ORAL MEDICINE

on bacteria, causing them to mutate and reduce the
expression of factors related to toxicity, antibiotic re-
sistance, and growth inhibition. Consequently, even if
a bacterial strain develops resistance to phages, it be-
comes less toxic and more susceptible to antibiotics (Li
et al. 2021; Diallo and Dublanchet 2022).

Further research is needed into this phenomenon.
In addition, assigning specific phages to specific anti-
biotics and developing a sequence for administering
them to patients must be undertaken, so that treatment
is as effective and safe as possible (Diallo and Dublan-
chet 2022).

13. Conclusions

According to the World Health Organization, by
2050, approximately 10 million people worldwide may
die annually due to the multidrug-resistant bacterial
infections (de Kraker et al. 2016). This predicament
underscores the need for the development of novel an-
tibiotics or alternative therapeutic modalities.

Considering the studies presented in this review,
it seems probable that PT may become a viable alter-
native to antibiotic therapy in the future, or at least a
support for it.

In principle, its application is feasible in any medi-
cal discipline where bacterial infections are a problem,
including dentistry, where it can potentially be used in
caries prevention, re-endodontic treatment, peri-im-
plantitis, periodontitis or even osteomyelitis.

PT has been demonstrated to have considerable po-
tential; however, numerous challenges must be over-
come before it can be implemented on a large scale
clinically. These include the necessity for additional
clinical trials, long-term observational studies on effi-
cacy and safety, and the establishment of appropriate
and uniform regulations, including phage adminis-
tration regimens similar to those employed for other
drugs. It is also necessary to reduce production costs
and extend their shelf life.

The renaissance of phage therapy, or its rediscovery,
evokes optimism for the future and the ongoing effec-
tive combat against bacterial diseases.

ORCID
Filip Pospiszyl https://orcid.org/0000-0002-1305-103X
Monika Brzychczy-Wloch https://orcid.org/0000-0002-7415-0154
Anna Morys https://orcid.org/0009-0008-4733-4776
Tomasz Kaczmarzyk https://orcid.org/0000-0003-3024-9926

Conflict of interest

The authors do not report any financial or personal connections
with other persons or organizations, which might negatively affect
the contents of this publication and/or claim authorship rights to
this publication.

10.

1

—

12.

13.

14.

15.

107
References
. Abedon ST.: Phage therapy of pulmonary infec-
tions.  Bacteriophage  5(1), 1020260 (2015) DOL

10.1080/21597081.2015.1020260

Adesanya O, Oduselu T, Akin-Ajani O, Adewumi OM, Ade-
mowo OG.: An exegesis of bacteriophage therapy: An emerging
player in the fight against anti-microbial resistance. AIMS Mi-
crobiol. 6(3), 204-230 (2020) DOI:10.3934/microbiol.2020014
Aslam S, Courtwright AM, Koval C, Lehman SM, Morales S,
Furr C-LL, Rosas F, Brownstein MJ, Fackler JR, Sisson BM,
et al.: Early clinical experience of bacteriophage therapy in 3
lung transplant recipients. Am J Transplant. 19(9), 2631-2639
(2019) DOI:10.1111/ajt.15503.

Basak Erol H, Kaskatepe B, Gocmen D, Ziraman FG.: The
treatment of Enterococcus faecalis related root canal bio-
films with phage therapy. Microb Pathog. 197, 107081 (2024)
DOI:10.1016/j.micpath.2024.107081

Birt MC, Anderson DW, Toby EB, Wang J.: Osteomyelitis: Re-
cent advances in pathophysiology and therapeutic strategies. ]
Orthop. 14(1), 45-52 (2016) DOI:10.1016/j.jor.2016.10.004
Cao X, Yu T, Sun Z, Chen M, Xie W, Pang Q, Deng H.: En-
gineered phages in anti-infection and anti-tumor fields: A re-
view. Microb Pathog. 198, 107052 (2025) DOI:10.1016/j.mic-
path.2024.107052

Carmody LA, Gill JJ, Summer EJ, Sajjan US, Gonzalez CF,
Young RE, LiPuma JJ.: Efficacy of bacteriophage therapy in a
model of Burkholderia cenocepacia pulmonary infection. J In-
fect Dis. 201(2), 264 (2010) DOI:10.1086/649227

Chan BK, Abedon, Stephen T, and Loc-Carrillo C. 2013. Phage
Cocktails and the Future of Phage Therapy. Future Microbiol.
8(6):769-783. doi:10.2217/fmb.13.47

Chanishvili N. 2012. Chapter 1 - Phage Therapy—History from
Twort and d’'Herelle Through Soviet Experience to Current
Approaches. In: Lobocka M, Szybalski W, editors. Advances in
Virus Research. Vol. 83. Academic Press. (Bacteriophages, Part
B). p. 3-40 [accessed 2025 Feb 21] https://www.sciencedirect.
com/science/article/pii/B9780123944382000013

Chung KM, Nang SC, Tang SS.: The Safety of Bacteriophag-
es in Treatment of Diseases Caused by Multidrug-Resistant
Bacteria. Pharmaceuticals. 16(10), 1347 (2023) DOI:10.3390/
ph16101347

. Clarke AL, De Soir S, Jones JD.: The Safety and Efficacy of Phage

Therapy for Bone and Joint Infections: A Systematic Review.
Antibiotics 9(11), 795 (2020) DOI:10.3390/antibiotics9110795
Cobb LH, McCabe EM, Priddy LB.: Therapeutics and delivery
vehicles for local treatment of osteomyelitis. J Orthop Res Off
Publ Orthop Res Soc. 38(10), 2091-2103 (2020) DOI:10.1002/
jor.24689

Crutchfield ED, Stout BE: Treatment of staphylococcic in-
fections of the skin by the bacteriophage. Arch Derma-
tol Syphilol. 22(6), 1010-1021 (1930) DOI:10.1001/arch-
derm.1930.01440180056005

Cunha BA.: Antibiotic side effects. Med Clin North Am. 85(1),
149-185 (2001) DOI:10.1016/S0025-7125(05)70309-6
Dabrowska K.: Phage therapy: What factors shape phage
pharmacokinetics and bioavailability? Systematic and critical
review. Med Res Rev. 39(5), 2000-2025 (2019) DOI:10.1002/
med.21572


https://orcid.org/0000-0002-1305-103X%20
https://orcid.org/0000-0002-7415-0154
https://orcid.org/0009-0008-4733-4776
https://orcid.org/0000-0003-3024-9926

108

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Diallo K, Dublanchet A.: Benefits of Combined Phage-Antibi-
otic Therapy for the Control of Antibiotic-Resistant Bacteria: A
Literature Review. Antibiotics 11(7), 839 (2022) DOI:10.3390/
antibiotics11070839.

Doub JB, Ng VY, Johnson AJ, Slomka M, Fackler J, Horne
B, Brownstein MJ, Henry M, Malagon F, Biswas B.: Salvage
Bacteriophage Therapy for a Chronic MRSA Prosthetic Joint
Infection. Antibiotics 9(5), 241 (2020) DOI:10.3390/antibiot-
ics9050241

Duplessis C, Biswas B, Hanisch B, Perkins M, Henry M, Qui-
nones J, Wolfe D, Estrella L, Hamilton T.: Refractory Pseu-
domonas Bacteremia in a 2-Year-Old Sterilized by Bacterio-
phage Therapy. ] Pediatr Infect Dis Soc. 7(3), 253-256 (2018)
DOI:10.1093/jpids/pix056

Easwaran M, Abdelrahman F, Madasamy S, Venkidasamy B.:
Phage-delivered melittin for oral squamous cell Carcinoma:
A potential therapeutic agent. Int Immunopharmacol. 134,
112163 (2024) DOI:10.1016/j.intimp.2024.112163

Eskenazi A, Lood C, Wubbolts J, Hites M, Balarjishvili N, Lesh-
kasheli L, Askilashvili L, Kvachadze L, van Noort V, Wagemans
J, et al.: Combination of pre-adapted bacteriophage therapy and
antibiotics for treatment of fracture-related infection due to
pandrug-resistant Klebsiella pneumoniae. Nat Commun. 13(1),
302 (2022) DOI:10.1038/s41467-021-27656-2

Ferry T, Kolenda C, Laurent F, Leboucher G, Merabischvilli M,
Djebara S, Gustave C-A, Perpoint T, Barrey C, Pirnay J-P, et
al.: Personalized bacteriophage therapy to treat pandrug-resis-
tant spinal Pseudomonas aeruginosa infection. Nat Commun.
13(1), 4239 (2022) DOI:10.1038/s41467-022-31837-9

Frieri M, Kumar K, Boutin A.: Antibiotic resistance. | In-
fect Public Health. 10(4), 369-378 (2017) DOI:10.1016/j.
jiph.2016.08.007

Fruciano DE, Bourne S.: Phage as an Antimicrobial Agent:
D’herelle’s Heretical Theories and Their Role in the Decline of
Phage Prophylaxis in the West. Can J Infect Dis Med Microbiol.
18(1), 976850 (2007) DOI:10.1155/2007/976850

Gordillo Altamirano FL, Barr JJ.: Phage Therapy in the Pos-
tantibiotic Era. Clin Microbiol Rev. 32(2), e00066-18 (2019)
DOI:10.1128/cmr.00066-18

Gorski A, Jonczyk-Matysiak E, Lusiak-Szelachowska M,
Miedzybrodzki R, Weber-Dabrowska B, Borysowski J.: The
Potential of Phage Therapy in Sepsis. Front Immunol. 8, 1783
(2017) DOI:10.3389/fimmu.2017.01783

Guerrero-Bustamante CA, Dedrick RM, Garlena RA, Russell
DA, Hatfull GE: Toward a Phage Cocktail for Tuberculosis:
Susceptibility and Tuberculocidal Action of Mycobacterio-
phages against Diverse Mycobacterium tuberculosis Strains.
mBio. 12(3), €00973-21 (2021) DOI1:10.1128/mbio.00973-21
Guo X, Wang X, ShiJ, Ren J, Zeng ], Li ], Li Y.: A review and
new perspective on oral bacteriophages: manifestations in the
ecology of oral diseases. ] Oral Microbiol. 16(1), 2344272 (2024)
DOI:10.1080/20002297.2024.2344272

Hampton HG, Watson BNJ, Fineran PC.: The arms race be-
tween bacteria and their phage foes. Nature. 577(7790), 327-
336 (2020) DOI:10.1038/s41586-019-1894-8

Hanlon GW, Denyer SP, Olliff CJ, Ibrahim LJ.: Reduction in
Exopolysaccharide Viscosity as an Aid to Bacteriophage Pen-
etration through Pseudomonas aeruginosa Biofilms. Appl

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

FILIP POSPISZYL, MONIKA BRZYCHCZY-WLOCH, ANNA MORYS, TOMASZ KACZMARZYK

Environ Microbiol. 67(6), 2746-2753 (2001) DOI:10.1128/
AEM.67.6.2746-2753.2001

Hashimoto K, Yoshinari M, Matsuzaka K, Shiba K, Inoue T.:
Identification of peptide motif that binds to the surface of
zirconia. Dent Mater ]. 30(6), 935-940 (2011) DOI:10.4012/
dmj.2011-161

Ho K.: Bacteriophage Therapy for Bacterial Infections: Rekin-
dling a Memory from the Pre-Antibiotics Era. Perspect Biol
Med. 44(1), 1-16 (2001)

Ho Y-H, Tseng C-C, Wang L-S, Chen Y-T, Ho G-J, Lin T-Y,
Wang L-Y, Chen L-K.: Application of Bacteriophage-contain-
ing Aerosol against Nosocomial Transmission of Carbapen-
em-Resistant Acinetobacter baumannii in an Intensive Care
Unit. PLOS ONE. 11(12), 0168380 (2016) DOI:10.1371/jour-
nal.pone.0168380

Hofstee MI, Muthukrishnan G, Atkins GJ, Riool M, Thompson
K, Morgenstern M, Stoddart M]J, Richards RG, Zaat SAJ, Mori-
arty TE: Current Concepts of Osteomyelitis: From Patholog-
ic Mechanisms to Advanced Research Methods. Am ] Pathol.
190(6), 1151-1163 (020) DOI:10.1016/j.ajpath.2020.02.007
Howard-Jones AR, Iredell JR, Khatami A.: Phage therapy in
pediatrics: the way forward for difficult-to-treat infections? Ex-
pert Rev Anti Infect Ther. 20(4), 487-491 (2020) DOI:10.1080/
14787210.2022.1990755

Ibrahim N, Apandi NIM, Shuhardi SA, Ramli R.: Actinomyces
sp. Presence in the Bone Specimens of Patients with Osteone-
crosis of the Jaw: The Histopathological Analysis and Clinical
Implication. Antibiotics 11(8), 1067 (2022) DOI:10.3390/anti-
biotics11081067

Inchley CJ.: The activity of mouse Kupffer cells following intra-
venous injection of T4 bacteriophage. Clin Exp Immunol. 5(2),
173-187 (1969)

Jandl B, Dighe S, Baumgartner M, Makristathis A, Gasche C,
Muttenthaler M.: Gastrointestinal Biofilms: Endoscopic De-
tection, Disease Relevance, and Therapeutic Strategies. Gas-
troenterology 167(6), 1098-1112.e5 (2024) DOI:10.1053/j.gas-
tro.2024.04.032

Jault P, Leclerc T, Jennes S, Pirnay JP, Que Y-A, Resch G, Rous-
seau AF, Ravat F, Carsin H, Le Floch R, et al.: Efficacy and tol-
erability of a cocktail of bacteriophages to treat burn wounds
infected by Pseudomonas aeruginosa (PhagoBurn): a ran-
domised, controlled, double-blind phase 1/2 trial. Lancet Infect
Dis. 19(1), 35-45 (2019) DOIL:10.1016/S1473-3099(18)30482-1
Khalifa L, Shlezinger M, Beyth S, Houri-Haddad Y, Coppen-
hagen-Glazer S, Beyth N, Hazan R.: Phage therapy against En-
terococcus faecalis in dental root canals. ] Oral Microbiol. 8,
32157 (2016) DOI:10.3402/jom.v8.32157

Khalil M, Di Ciaula A, Mahdi L, Jaber N, Di Palo DM, Gra-
ziani A, Bafty G, Portincasa P.: Unraveling the Role of the Hu-
man Gut Microbiome in Health and Diseases. Microorganisms
12(11), 2333 (2024) DOI:10.3390/microorganisms12112333
Kim P, Sanchez AM, Penke TJR, Tuson HH, Kime JC, McK-
ee RW, Slone WL, Conley NR, McMillan L], Prybol CJ, et al.:
Safety, pharmacokinetics, and pharmacodynamics of LBP-
ECO01, a CRISPR-Cas3-enhanced bacteriophage cocktail, in
uncomplicated urinary tract infections due to Escherichia coli
(ELIMINATE): the randomised, open-label, first part of a two-
part phase 2 trial. Lancet Infect Dis. 24(12), 1319-1332 (2024)
DOI:10.1016/S1473-3099(24)00424-9



42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

PHAGE THERAPY AS AN ALTERNATIVE TO ANTIBIOTICS: HARNESSING PHAGES IN ORAL MEDICINE

Kishor C, Mishra RR, Saraf SK, Kumar M, Srivastav AK, Nath
G.: Phage therapy of staphylococcal chronic osteomyelitis in
experimental animal model. Indian ] Med Res. 143(1), 87-94
(2016) DOI:10.4103/0971-5916.178615

de Kraker MEA, Stewardson AJ, Harbarth S.: Will 10 Million
People Die a Year due to Antimicrobial Resistance by 20502
PLoS Med. 13(11), 1002184 (2016) DOI:10.1371/journal.
pmed.1002184

Kwon JH, Powderly WG.: The post-antibiotic era is here. Sci-
ence 373(6554), 471-471 (2021) DOI:10.1126/science.abl5997
Lehti TA, Pajunen MI, Skog MS, Finne J.: Internalization of a
polysialic acid-binding Escherichia coli bacteriophage into eu-
karyotic neuroblastoma cells. Nat Commun. 8(1), 1915 (2017)
DOI:10.1038/541467-017-02057-3

Li G-J, Jiang D-Y, Zong X, Xu X.: Keratinocyte growth factor
phage model peptides can promote human oral mucosal epithe-
lial cell proliferation. Oral Surg Oral Med Oral Pathol Oral Ra-
diol. 116(2), €92-e97 (2013) DOI:10.1016/j.0000.2011.12.014
Li X, He Y, Wang Z, Wei J, Hu T, Si J, Tao G, Zhang L, Xie L,
Abdalla AE, et al.: A combination therapy of Phages and Anti-
biotics: Two is better than one. Int | Biol Sci. 17(13), 3573-3582
(2021) DOI:10.7150/ijbs.60551

Lin DM, Koskella B, Lin HC.: Phage therapy: An alternative
to antibiotics in the age of multi-drug resistance. World J Gas-
trointest Pharmacol Ther. 8(3), 162-173 (2017) DOI:10.4292/
wjgpt.v8.i3.162

MacNEAL WJ, Filak L, Blevins A.: Conjoined action of penicil-
lin and bacteriophages. ] Lab Clin Med. 31, 974-981 (1946)
Malik DJ, Sokolov IJ, Vinner GK, Mancuso F, Cinquerrui S,
Vladisavljevic GT, Clokie MR]J, Garton NJ, Stapley AGE, Kir-
pichnikova A.: Formulation, stabilisation and encapsulation of
bacteriophage for phage therapy. Adv Colloid Interface Sci. 249,
100-133 (2017) DOI:10.1016/j.cis.2017.05.014

Mancuso G, Midiri A, Gerace E, Biondo C.: Bacterial Antibiot-
ic Resistance: The Most Critical Pathogens. Pathogens 10(10),
1310 (2021) DOI:10.3390/pathogens10101310

Marongiu L, Burkard M, Lauer UM, Hoelzle LE, Venturelli S.:
Reassessment of Historical Clinical Trials Supports the Effec-
tiveness of Phage Therapy. Clin Microbiol Rev. 35(4), €0006222
(2022) DOI:10.1128/cmr.00062-22

Meng Xiangpeng, Shi Y, Ji W, Meng Xueling, Zhang J, Wang
H, Lu C, Sun ], Yan Y.: Application of a Bacteriophage Lysin
To Disrupt Biofilms Formed by the Animal Pathogen Strepto-
coccus suis. Appl Environ Microbiol. 77(23), 8272-8279 (2011)
DOI:10.1128/AEM.05151-11

Miethke M, Pieroni M, Weber T, Bronstrup M, Hammann P,
Halby L, Arimondo PB, Glaser P, Aigle B, Bode HB, et al.: To-
wards the sustainable discovery and development of new an-
tibiotics. Nat Rev Chem. 5(10), 726-749 (2021) DOI:10.1038/
$41570-021-00313-1

Nale JY, Spencer J, Hargreaves KR, Buckley AM, Trzepinski P,
Douce GR, Clokie MR].: Bacteriophage Combinations Signifi-
cantly Reduce Clostridium difficile Growth In Vitro and Prolif-
eration In Vivo. Antimicrob Agents Chemother. 60(2), 968-981
(2016) DOI:10.1128/aac.01774-15

Naureen Z, Dautaj A, Anpilogov K, Camilleri G, Dhuli K, Tanzi
B, Maltese PE, Cristofoli F, Antoni LD, Beccari T, et al.: Bac-
teriophages presence in nature and their role in the natural

57.

58.

59.

60.

61.

62.

63.

64

65.

66.

67.

68.

109

selection of bacterial populations. Acta Biomed Atenei Parm.
91(13-S), €2020024-€2020024 (2020) DOI:10.23750/abm.
v91i13-S.10819

Nir-Paz R, Gelman D, Khouri A, Sisson BM, Fackler ], Alka-
lay-Oren S, Khalifa L, Rimon A, Yerushalmy O, Bader R, et al.:
Successful Treatment of Antibiotic-resistant, Poly-microbial
Bone Infection With Bacteriophages and Antibiotics Combina-
tion. Clin Infect Dis. 69(11), 2015-2018 ( 2019) DOI:10.1093/
cid/ciz222

Nobrega FL, Vlot M, de Jonge PA, Dreesens LL, Beaumont
HJE, Lavigne R, Dutilh BE, Brouns SJJ.: Targeting mechanisms
of tailed bacteriophages. Nat Rev Microbiol. 16(12), 760-773
(2018) DOI:10.1038/s41579-018-0070-8

Obuobi S, Skalko-Basnet N.: Understanding vaginal biofilms:
The first step in harnessing antimicrobial nanomedicine. J
Controlled Release. 376, 1190-1208 (2024) DOI:10.1016/j.jcon-
rel.2024.10.064

Onsea J, Soentjens P, Djebara S, Merabishvili M, Depypere M,
Spriet I, De Munter P, Debaveye Y, Nijs S, Vanderschot P, et
al.: Bacteriophage Application for Difficult-to-treat Muscu-
loskeletal Infections: Development of a Standardized Multi-
disciplinary Treatment Protocol. Viruses 11(10), 891 (2019)
DOI:10.3390/v11100891

Palma M, Qi B.: Advancing Phage Therapy: A Comprehensive
Review of the Safety, Efficacy, and Future Prospects for the Tar-
geted Treatment of Bacterial Infections. Infect Dis Rep. 16(6),
1127-1181 (2024) DOI:10.3390/idr16060092

Pazhouhnia S, Bouzari M, Arbabzadeh-Zavareh E.: Isolation,
characterization and complete genome analysis of a novel bac-
teriophage vB_EfaS-SRH2 against Enterococcus faecalis iso-
lated from periodontitis patients. Sci Rep. 12(1), 13268 (2022)
DOI:10.1038/s41598-022-16939-0

Peng Jiaze, Guo C, Yang C, Zhang L, Yang F, Huang X, Yu Y,
Zhang T, Peng Jiachen.: Phage therapy for bone and joint in-
fections: A comprehensive exploration of challenges, dynamics,
and therapeutic prospects. J Glob Antimicrob Resist. 39, 12-21
(2024) DOI:10.1016/j.jgar.2024.07.007

. Phage Targeting Streptococcus mutans In Vitro and In Vivo as

a Caries-Preventive Modality. [accessed 2025 May 25]. https://
www.mdpi.com/2079-6382/10/8/1015

Pirnay J-P, Djebara S, Steurs G, Griselain ], Cochez C, De Soir
S, Glonti T, Spiessens A, Vanden Berghe E, Green S, et al.: Per-
sonalized bacteriophage therapy outcomes for 100 consecutive
cases: a multicentre, multinational, retrospective observation-
al study. Nat Microbiol. 9(6), 1434-1453 (2024) DOI:10.1038/
§41564-024-01705-x

Qadir MI, Mobeen T, Masood A.: Phage therapy: progress in
pharmacokinetics. Braz ] Pharm Sci. 54, €17093 (2018) DOI:
https://doi.org/10.1590/s2175-97902018000117093

Rath S, Bal SCB, Dubey D.: Oral Biofilm: Development Mech-
anism, Multidrug Resistance, and Their Effective Management
with Novel Techniques. Rambam Maimonides Med J. 12(1),
€0004 (2021) DOI:10.5041/RMM].10428

Rotman SG, Sumrall E, Ziadlou R, Grijpma DW, Richards RG,
Eglin D, Moriarty TE: Local Bacteriophage Delivery for Treat-
ment and Prevention of Bacterial Infections. [accessed 2025 Jun
9] Front Microbiol. 11 (2020) DOI:10.3389/fmicb.2020.538060



110

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

https://www.frontiersin.org/journals/microbiology/arti-
cles/10.3389/fmicb.2020.538060/full.

Safari F, Sharifi ,Mehrdad, Farajnia ,Safar, Akbari ,Bahman,
Karimi Baba Ahmadi ,Mohammad, Negahdaripour ,Manica,
and Ghasemi Y.: The interaction of phages and bacteria: the
co-evolutionary arms race. Crit Rev Biotechnol. 40(2), 119-137
(2020) DOI:10.1080/07388551.2019.1674774

Sandulescu M, Sirbu VD, Popovici IA.: Bacterial species asso-
ciated with peri-implant disease - a literature review. Germs.
13(4), 352-361 (2023) DOI:10.18683/germs.2023.1405

Sawa T, Moriyama K, Kinoshita M.: Current status of bacterio-
phage therapy for severe bacterial infections. ] Intensive Care.
12(1), 44 (2024) DOI:10.1186/s40560-024-00759-7

Simner PJ, Cherian J, Suh GA, Bergman Y, Beisken S, Fackler J,
Lee M, Hopkins RJ, Tamma PD.: Combination of phage ther-
apy and cefiderocol to successfully treat Pseudomonas aerugi-
nosa cranial osteomyelitis. JAC-Antimicrob Resist. 4(3), dlac046
(2022) DOI:10.1093/jacamr/dlac046

Singla S, Harjai K, Katare OP, Chhibber S.: Bacteriophage-Load-
ed Nanostructured Lipid Carrier: Improved Pharmacokinetics
Mediates Effective Resolution of Klebsiella pneumoniae-In-
duced Lobar Pneumonia. J Infect Dis. 212(2), 325-334 (2015)
DOI:10.1093/infdis/jiv029

Socransky SS, Haffajee AD, Cugini MA, Smith C, Kent RL.:
Microbial complexes in subgingival plaque. J Clin Periodon-
tol. 25(2), 134-144 (1998) DOI:10.1111/j.1600-051x.1998.
tb02419.x

Speck P, Smithyman A.: Safety and efficacy of phage therapy
via the intravenous route. FEMS Microbiol Lett. 363(3), fnv242
(2016) DOI:10.1093/femsle/fnv242

Strancar V, Marus$i¢ M, Tusar J, Pracek N, Kolenc M, Suster
K, Horvat S, Janez N, Peterka M.: Isolation and in vitro char-
acterization of novel S. epidermidis phages for therapeutic
applications. Front Cell Infect Microbiol. 13, 1169135 (2023)
DOI:10.3389/fcimb.2023.1169135

Suh GA, Ferry T, Abdel MP.: Phage Therapy as a Novel Ther-
apeutic for the Treatment of Bone and Joint Infections. Clin
Infect Dis. 77(Supplement_5), S$407-S415 (2023) DOI:10.1093/
cid/ciad533

Suh GA, Lodise TP, Tamma PD, Knisely JM, Alexander J,
Aslam S, Barton KD, Bizzell E, Totten KMC, Campbell JL, et al.:
Considerations for the Use of Phage Therapy in Clinical Prac-
tice. Antimicrob Agents Chemother. 66(3), €02071-21 (2022)
DOI:10.1128/aac.02071-21

SUMMERS WC.: Cholera and Plague in India: The Bacterio-
phage Inquiry of 1927-1936. ] Hist Med Allied Sci. 48(3), 275-
301 (1993) DOI:10.1093/jhmas/48.3.275

Summers WC.: Bacteriophage Therapy. Annu Rev Microbiol.
55,437-451 (2001) DOI:10.1146/annurev.micro.55.1.437
Summers WC.: The strange history of phage therapy. Bacterio-
phage 2(2), 130-133 (2012) DOI:10.4161/bact.20757
Szafranski SP, Winkel A, Stiesch M.: The use of bacteriophag-
es to biocontrol oral biofilms. J Biotechnol. 250, 29-44 (2017)
DOI:10.1016/j.jbiotec.2017.01.002

de Tejada GM, Heinbockel L, Ferrer-Espada R, Heine H, Al-
exander C, Barcena-Varela S, Goldmann T, Correa W, Wi-
esmiiller K-H, Gisch N, et al.: Lipoproteins/peptides are sep-
sis-inducing toxins from bacteria that can be neutralized by

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

FILIP POSPISZYL, MONIKA BRZYCHCZY-WLOCH, ANNA MORYS, TOMASZ KACZMARZYK

synthetic anti-endotoxin peptides. Sci Rep. 5(1), 14292 (2015)
DOI:10.1038/srep14292

Teklemariam AD, Al-Hindi RR, Qadri I, Alharbi MG, Rama-
dan WS, Ayubu J, Al-Hejin AM, Hakim Raghad F, Hakim FF,
Hakim Rahad F, et al.: The Battle between Bacteria and Bacte-
riophages: A Conundrum to Their Immune System. Antibiotics
12(2), 381 (2023) DOI:10.3390/antibiotics12020381

Tinoco JM, Liss N, Zhang H, Nissan R, Gordon W, Tinoco E,
Sassone L, Stevens R.: Antibacterial effect of genetically-en-
gineered bacteriophage ¢Ef11/¢pFL1C(A36)PnisA on den-
tin infected with antibiotic-resistant Enterococcus faecalis.
Arch Oral Biol. 82, 166-170 (2017) DOI:10.1016/j.archoral-
bi0.2017.06.005

Tseng C-C, Chen L-K, Chu H-T, Chen Y-T, Jiang H-L, Yang
H-H, Chang C-C, Debangana S, Ponge L-M, Li M-X, et al.: Pro-
phylactic phage aerosols for nosocomial infection control in an
extracorporeal membrane oxygenation unit: A 4-year prospec-
tive study of temporospatially designed phage cocktails. Int J
Antimicrob Agents. 65(2), 107413 (2025) DOI:10.1016/j.ijanti-
micag.2024.107413

Turner D, Shkoporov AN, Lood C, Millard AD, Dutilh BE, Al-
fenas-Zerbini P, van Zyl L], Aziz RK, Oksanen HM, Poranen
MM, et al.: Abolishment of morphology-based taxa and change
to binomial species names: 2022 taxonomy update of the ICTV
bacterial viruses subcommittee. Arch Virol. 168(2), 74 (2023)
DOI:10.1007/500705-022-05694-2

Uyttebroek S, Chen B, Onsea ], Ruythooren F, Debaveye Y,
Devolder D, Spriet I, Depypere M, Wagemans J, Lavigne R,
et al.: Safety and efficacy of phage therapy in difficult-to-treat
infections: a systematic review. Lancet Infect Dis. 22(8), e208-
€220 (2022) DOI:10.1016/51473-3099(21)00612-5

Ventola CL.: The antibiotic resistance crisis: part 1: causes and
threats. Pharm Ther. 40(4), 277-283 (2015)

Vila MMDC, Balcao LMN, Balcao VM.: Phage Delivery Strat-
egies for Biocontrolling Human, Animal, and Plant Bacterial
Infections: State of the Art. Pharmaceutics 16(3), 374 (2024)
DOI:10.3390/pharmaceutics16030374

Wittebole X, De Roock S, Opal SM.: A historical overview of
bacteriophage therapy as an alternative to antibiotics for the
treatment of bacterial pathogens. Virulence 5(1), 226-235
(2014) DOI :10.4161/viru.25991

Wolfoviz-Zilberman A, Kraitman R, Hazan R, Friedman M,
Houri-Haddad Y, Beyth N.: Phage Targeting Streptococcus mu-
tans In Vitro and In Vivo as a Caries-Preventive Modality. An-
tibiotics 10(8), 1015 (2021) DOI:10.3390/antibiotics10081015
Wau C, Fujiki ], Mathieu J, Schwarz C, Cornell C, Alvarez PJJ.:
Phage-based biocontrol of Porphyromonas gingivalis through
indirect targeting. Appl Environ Microbiol. 90(10), €00951-24
(2024) DOI:10.1128/aem.00951-24

Xu Z, Ding Z, Zhang Y, Liu X, Wang Q, Shao S, Liu Q.: Shelf-life
prediction and storage stability of Aeromonas bacteriophage
vB_AsM_ZHE. Virus Res. 323, 198997 (2023) DOI:10.1016/j.
virusres.2022.198997

Yang Q, Le S, Zhu T, Wu N.: Regulations of phage therapy across
the world. Front Microbiol. 14, 1250848 (2023) DOI:10.3389/
fmicb.2023.1250848

Yuan Y, Qu K, Tan D, Li X, Wang L, Cong C, Xiu Z, Xu Y.
Isolation and characterization of a bacteriophage and its poten-



97.

PHAGE THERAPY AS AN ALTERNATIVE TO ANTIBIOTICS: HARNESSING PHAGES IN ORAL MEDICINE 111

tial to disrupt multi-drug resistant Pseudomonas aeruginosa
biofilms. Microb Pathog. 128, 329-336 (2019) DOI:10.1016/j.
micpath.2019.01.032

Zhai L, Yadav R, Kunda NK, Anderson D, Bruckner E, Mill-
er EK, Basu R, Muttil P, Tumban E.: Oral immunization with
bacteriophage MS2-L2 VLPs protects against oral and genital
infection with multiple HPV types associated with head & neck
cancers and cervical cancer. Antiviral Res. 166, 56-65 (2019)
DOI:10.1016/j.antiviral.2019.03.012

98. Zhang Y, Shan T-L, Li E Yu T, Chen X, Deng X-T, Delwart E,
Feng X-P.: A novel phage from periodontal pockets associated
with chronic periodontitis. Virus Genes 55(3), 381-393 (2019)
DOI:10.1007/s11262-019-01658-y

99. Zhu M, Hao C, Zou T, Jiang S, Wu B.: Phage therapy as an alter-
native strategy for oral bacterial infections: a systematic review.
BMC Oral Health 25(1), 44 (2025) doi:10.1186/512903-024-
05399-9



