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Abstract: This review article examines current advances in phage therapy and
nanotechnology as promising approaches to combating infections associated with medical
implants. The article analyzes the results of experimental and clinical studies on the use of
bacteriophages for the selective destruction of antibiotic-resistant microorganisms that form
biofilms on the surface of implantable devices. Particular attention is paid to the use of
nanomaterials and nanocoatings with antimicrobial properties, as well as combined technologies
for delivering bacteriophages using nanoparticles and biocompatible carriers. This paper
summarizes data on the mechanisms of action, advantages, and limitations of innovative
approaches, as well as prospects for their implementation in clinical practice. It is demonstrated
that the combination of phage therapy and nanotechnology opens new possibilities for the
prevention and treatment of implant-associated infections in the face of growing antibiotic
resistance.
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PAT'OTEPAIINA U HAHOTEXHOJIOT'MM B BOPBBE C UH®EKIIUAMU
MEJUIUHCKUX UMIIVIAHTATOB

AHHOTAIIUA: B 0030pHOH cTaThe paccMaTpuBalOTCS COBPEMEHHBIE JOCTHXKEHUS B
oOnacty (Qarorepaiud M HAHOTEXHOJOIMM KakK IEpPCIEKTUBHBIX HaIpaBieHUH OOpbOBl ¢
UHQEKIUSIMHA, ACCOIMHPOBAHHBIMA C MEAMIMHCKAMHU UMILIaHTaTamMu. [IpoaHamm3upoBaHbI
pe3y/bTaThl SKCIEPUMEHTAIBHBIX U KIMHUYECKUX HCCIIE0BAaHUM, MOCBAIEHHBIX TPUMEHEHHIO
6akrepuodaros IS CEJIEKTUBHOI'O YHUUTOXKEHHUS AHTUOMOTHUKOPE3UCTEHTHBIX
MHUKPOOPIaHU3MOB, (OPMHUPYIOIUX OUOIIEHKH Ha MMOBEPXHOCTH UMILIAHTUPYEMBIX YCTPOICTB.
Oco0oe BHUMaHHE YAEJIEHO MCIOJb30BAaHUIO HAHOMATEPUAJIOB UM  HAHOINOKPBITUH C
AHTUMUKPOOHBIMM  CBOMCTBaMH, a TaKKe KOMOMHHUPOBAaHHBIM TEXHOJOIMSIM JIOCTAaBKU
6akTeprnodaros ¢ MOMOIILI0 HAHOYACTHIl U ONOCOBMECTUMBIX HOcuTene. O00O0IIeHb! TaHHbIE O
MeXaHU3Max JEeHCTBH, IPEUMYIIECTBAX U OrPAaHUYEHUSIX MHHOBAIIMOHHBIX MOJIXO/0B, a TaKXe
NEepCIeKTUBaX WX BHEAPEHUS B KIMHUYECKYIO HpakTuKy. IlokasaHo, 4TO coueraHue
(arorepanuu W HAHOTEXHOJIOTHUI OTKPBIBA€T HOBBIE BO3MOXHOCTH JUISI NPOPHUIAKTUKH U
Je4eHus MMIUIaHTaT-aCCOLMMPOBAHHBIX UHpEKIIA B YCIIOBUSX pacTyuieit
AHTHUOMOTHUKOPE3UCTEHTHOCTH.

KawueBble ciaoBa: Qarorepanus, Oaktepuodarn, HAHOTEXHOJOTHUH, MEIUIUHCKHUE
UMIUIAHTAThl, OWOIUIEHKH, aHTHOMOTHKOPE3UCTEHTHOCTh, HAHOYACTUIB, AHTUMHKpPOOHBIC
HOKPBITHUS, UH()EKIMOHHBIA KOHTPOJIb, OMOMETUITNHCKHE TEXHOJIOTHH.

RELEVANCE: Implant-associated infections remain one of the most serious
complications of modern reconstructive and implant surgery, significantly increasing patient
morbidity, healthcare costs, and the risk of repeated surgical interventions. Despite advances in
aseptic techniques and antimicrobial therapy, bacterial colonization of implant surfaces and
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subsequent biofilm formation continue to present major clinical challenges. Biofilm-associated
microorganisms exhibit markedly increased resistance to antibiotics and host immune defenses,
making conventional antimicrobial treatment frequently ineffective [1].

The global spread of antimicrobial resistance has further intensified the search for
innovative therapeutic strategies capable of preventing and eliminating implant-related infections.
Among the most promising approaches, bacteriophage therapy has attracted considerable
attention because of its ability to selectively lyse pathogenic bacteria, including multidrug-
resistant strains, while preserving the normal microbiota [2]. At the same time, rapid progress in
nanotechnology has enabled the development of advanced antimicrobial coatings, nanoparticle-
based drug delivery systems, and bioactive implant surfaces that inhibit bacterial adhesion and
biofilm formation.

Recent experimental studies suggest that combining bacteriophages with nanomaterials may
substantially enhance antimicrobial efficacy by improving phage stability, controlled release, and
targeted delivery directly to infected implant surfaces [3]. Such synergistic approaches have the
potential to overcome limitations of conventional antibiotic therapy and reduce the incidence of
chronic implant-associated infections.

Therefore, systematizing current evidence on phage therapy and nanotechnology in the
management of implant-related infections is highly relevant for the development of innovative
preventive and therapeutic strategies aimed at improving long-term outcomes in modern implant
medicine.

MATERIALS AND METHODS: This review was conducted using a narrative-
analytical approach aimed at summarizing contemporary scientific evidence on the application of
bacteriophage therapy and nanotechnology in the prevention and treatment of medical implant-
associated infections. A comprehensive literature search was performed using international
scientific databases, including PubMed, Scopus, Web of Science, Google Scholar, and
ScienceDirect. The search strategy incorporated combinations of the keywords “bacteriophage
therapy,” “phage therapy,” ‘“nanotechnology,” “medical implants,” “implant-associated
infection,” “biofilm,” “antimicrobial nanoparticles,” and “drug delivery systems.”

Peer-reviewed experimental studies, clinical investigations, systematic reviews, meta-
analyses, and international guidelines published predominantly during the last 15 years were
included in the analysis. Preference was given to studies evaluating antibacterial efficacy against
biofilm-forming microorganisms, mechanisms of bacteriophage—nanomaterial interaction, and
innovative implant surface modifications. Publications unrelated to implant-associated infections
or lacking methodological clarity were excluded.

The selected literature was analyzed using comparative and thematic approaches. Particular
attention was paid to antimicrobial activity, biofilm inhibition, bacteriophage delivery
technologies, nanoparticle-based therapeutic systems, biocompatibility, and clinical applicability.
The collected data were systematically evaluated to identify current trends, therapeutic
advantages, existing limitations, and future perspectives for integrating phage therapy and
nanotechnology into modern implant medicine [1-3].

RESULTS AND DISCUSSION: Analysis of contemporary scientific literature
demonstrates that implant-associated infections remain one of the leading causes of implant
failure across orthopedic, dental, cardiovascular, and reconstructive surgery. Epidemiological
studies estimate that these infections occur in approximately 1-2% of primary joint replacements
and up to 5-10% of revision procedures, while the incidence may exceed 20% in high-risk
patients with diabetes mellitus or immunosuppression [4]. The formation of bacterial biofilms on
implant surfaces is recognized as the principal mechanism underlying persistent infection and
antibiotic resistance. Within mature biofilms, bacterial susceptibility to antimicrobial agents may
decrease by 100-1000-fold compared with planktonic cells, making conventional antibiotic
therapy insufficient in many clinical situations [5].
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Recent experimental investigations have highlighted bacteriophage therapy as a promising
alternative strategy for targeting biofilm-associated pathogens. Lytic bacteriophages demonstrate
high specificity toward bacterial hosts and effectively infect multidrug-resistant strains of
Staphylococcus aureus, Staphylococcus epidermidis, Pseudomonas aeruginosa, and Escherichia
coli, which are among the most common microorganisms responsible for implant-related
infections [6]. In vitro studies report biofilm biomass reductions ranging from 50% to 90%
following phage treatment, depending on phage concentration and exposure duration. Several
animal studies have further demonstrated significant reductions in bacterial load and
inflammatory responses following local bacteriophage administration around infected implants.

Parallel advances in nanotechnology have expanded opportunities for preventing microbial
adhesion and improving antimicrobial delivery. Silver nanoparticles, zinc oxide nanoparticles,
titanium dioxide nanocoatings, and chitosan-based nanomaterials exhibit broad-spectrum
antibacterial activity through disruption of bacterial membranes, oxidative stress induction, and
inhibition of biofilm formation [7]. Laboratory investigations indicate that nanoparticle-modified
implant surfaces may reduce bacterial adhesion by 60-80% while maintaining favorable
biocompatibility with surrounding tissues.

Increasing attention has been directed toward combined phage—nanotechnology systems
designed to enhance therapeutic efficacy. Nanoparticles and hydrogel-based nanocarriers provide
controlled bacteriophage release, improve phage stability under physiological conditions, and
facilitate prolonged antimicrobial activity at the implant surface [8]. Experimental studies
suggest that encapsulated bacteriophages retain infectivity for extended periods and demonstrate
greater penetration into mature biofilms than free phage preparations. Such synergistic systems
simultaneously disrupt the extracellular biofilm matrix and promote direct bacterial lysis,
offering a novel strategy for overcoming biofilm-associated antimicrobial resistance.

The accumulated evidence indicates that integration of bacteriophage therapy with
nanotechnology represents a highly promising direction in implant medicine. These approaches
not only improve antibacterial effectiveness but also reduce dependence on conventional
antibiotics, potentially limiting the emergence of antimicrobial resistance and improving long-
term implant survival [4-9].

Further analysis of recent investigations demonstrates that the success of phage therapy in
implant-associated infections depends largely on the characteristics of the bacterial biofilm and
the method of bacteriophage delivery. Mature biofilms are composed of extracellular polymeric
substances that limit the penetration of antimicrobial agents and protect bacterial cells from host
immune responses. Several experimental studies have shown that bacteriophages are capable of
producing depolymerase enzymes that degrade the extracellular matrix, thereby facilitating
deeper penetration into biofilm structures and increasing bacterial susceptibility to antimicrobial
treatment [4]. In laboratory models, phage-induced degradation of biofilms has been associated
with reductions in viable bacterial counts exceeding 3—5 logarithmic units after repeated
exposure.

Combination therapy involving bacteriophages and antibiotics has also attracted
considerable scientific interest. Experimental evidence suggests that simultaneous administration
of bacteriophages with conventional antibiotics produces synergistic antibacterial effects,
particularly against methicillin-resistant Staphylococcus aureus (MRSA) and multidrug-resistant
Pseudomonas aeruginosa [5]. In several in vitro studies, bacterial eradication rates exceeded
those achieved with either therapy alone, while lower antibiotic concentrations were sufficient to
inhibit bacterial growth. Such findings indicate that phage-antibiotic combinations may
contribute to reducing antimicrobial consumption and limiting further development of bacterial
resistance.

Nanotechnology offers additional opportunities for optimizing implant protection through
the development of functional surface coatings. Nanostructured titanium surfaces, biodegradable
polymer coatings, and antimicrobial hydrogels have demonstrated the ability to reduce bacterial
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adhesion while simultaneously promoting osteoblast proliferation and tissue integration [6]. The
dual capacity to prevent infection and enhance osseointegration is particularly valuable in
orthopedic and dental implantology, where implant stability directly influences long-term
clinical outcomes.

Recent advances in smart nanomaterials have enabled the creation of responsive delivery
systems capable of releasing antimicrobial agents only in the presence of bacterial colonization
or local inflammatory changes. pH-sensitive nanoparticles and enzyme-responsive hydrogels
have shown promising experimental results by providing localized bacteriophage release directly
at infected implant surfaces while minimizing systemic exposure [7]. Such targeted delivery
systems may reduce adverse effects and improve therapeutic precision compared with
conventional systemic antibiotic therapy.

Despite these encouraging findings, several limitations remain before widespread clinical
implementation can be achieved. Variability in bacteriophage specificity, potential development
of bacterial phage resistance, manufacturing standardization, regulatory approval, and long-term
biosafety require further investigation [8]. In addition, large multicenter randomized clinical
trials evaluating phage—nanotechnology combinations in implant-associated infections remain
limited, and most available evidence originates from experimental animal models or small
clinical case series.

Nevertheless, the rapid development of bioengineering, nanomedicine, and precision
antimicrobial technologies provides a strong scientific foundation for future therapeutic
innovations. The integration of bacteriophages with nanocarriers, antimicrobial coatings, and
intelligent biomaterials may fundamentally transform the prevention and management of
implant-associated infections, offering personalized and highly effective alternatives to
conventional antibiotic-based strategies in modern surgery and regenerative medicine [9].

Recent developments in biomaterials science and nanomedicine have considerably
expanded the potential clinical applications of bacteriophage-based technologies for implant-
associated infections. Current investigations increasingly focus on multifunctional implant
coatings capable of simultaneously preventing bacterial colonization, promoting tissue
regeneration, and delivering targeted antimicrobial therapy. Experimental studies demonstrate
that bioactive nanostructured surfaces incorporating bacteriophages, silver nanoparticles, or
antimicrobial peptides significantly reduce initial bacterial adhesion during the first 24—48 hours
after implantation, a period considered critical for biofilm establishment [4].

An important advantage of bacteriophage therapy is its highly selective mechanism of
action. Unlike broad-spectrum antibiotics, bacteriophages specifically target pathogenic bacteria
without disrupting the normal microbiota surrounding implant tissues. Several experimental
models have shown preservation of commensal bacterial populations while achieving substantial
reductions in pathogenic biofilm-forming microorganisms, thereby reducing the risk of
secondary opportunistic infections and microbial dysbiosis [5]. This selectivity represents a
significant benefit in long-term implant management, where preservation of local microbial
balance may contribute to improved tissue healing and immune regulation.

The emergence of biodegradable nanocarriers has further enhanced therapeutic possibilities
by enabling sustained and localized bacteriophage delivery. Polymeric nanoparticles, liposomal
carriers, and hydrogel matrices provide controlled release profiles that maintain therapeutic
phage concentrations at implant surfaces for prolonged periods. Laboratory investigations have
demonstrated that controlled-release systems may extend bacteriophage activity for several days
while protecting viral particles from enzymatic degradation and environmental inactivation [6].
Such prolonged antimicrobial activity may reduce the need for repeated administration and
improve patient compliance.

Another promising direction involves the integration of nanotechnology with advanced
manufacturing techniques, including three-dimensional printing and surface nanoengineering.
Customized implants coated with bacteriophage-loaded biomaterials can be designed according
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to patient-specific anatomical and microbiological characteristics. Preliminary experimental
studies indicate that personalized antimicrobial coatings reduce bacterial colonization while
preserving mechanical properties and biocompatibility of implant materials [7]. Although these
technologies remain at an early stage of development, they illustrate the future potential of
precision implant medicine.

Artificial intelligence and computational modeling are also emerging as valuable tools for
optimizing phage selection and nanoparticle design. Machine learning algorithms can predict
bacteriophage-host interactions, identify effective phage cocktails, and simulate nanoparticle
release kinetics, potentially accelerating the development of individualized therapeutic systems
[8]. These computational approaches may improve treatment efficacy while reducing
development costs and laboratory testing time.

Despite substantial scientific progress, important challenges remain before routine clinical
implementation can be achieved. Standardization of bacteriophage production, quality control,
regulatory approval, large-scale manufacturing, and long-term biosafety assessment require
international consensus and further clinical investigation. In addition, the diversity of bacterial
strains and the dynamic evolution of microbial resistance necessitate continuous updating of
bacteriophage libraries and personalized therapeutic protocols [9].

Overall, the accumulated evidence suggests that the combination of bacteriophage therapy
and nanotechnology represents one of the most innovative directions in modern antimicrobial
medicine. By integrating targeted biological activity with advanced biomaterial engineering,
these technologies offer promising opportunities for preventing and treating implant-associated
infections, reducing antibiotic dependence, improving implant survival, and advancing
personalized approaches in regenerative and reconstructive surgery.

CONCLUSIONS: The analysis of contemporary scientific evidence demonstrates that
implant-associated infections remain a major challenge in modern medicine due to the increasing
prevalence of biofilm-forming and multidrug-resistant microorganisms. Conventional antibiotic
therapy often fails to achieve complete eradication of bacteria colonizing implant surfaces,
highlighting the urgent need for innovative antimicrobial strategies capable of overcoming
biofilm-mediated resistance and improving long-term implant survival.

The reviewed literature indicates that bacteriophage therapy represents a highly promising
biological approach for the selective elimination of pathogenic bacteria responsible for implant-
related infections. The ability of lytic bacteriophages to penetrate biofilms, replicate at the site of
infection, and specifically target bacterial pathogens provides important advantages over
traditional antimicrobial agents while preserving the normal microbiota. At the same time,
advances in nanotechnology have enabled the development of bioactive implant coatings,
nanoparticle-based drug delivery systems, and intelligent biomaterials capable of preventing
bacterial adhesion and providing sustained antimicrobial activity.

Particularly encouraging results have been obtained through the integration of
bacteriophage therapy with nanotechnology-based delivery platforms. Nanocarriers improve
phage stability, protect viral particles from environmental degradation, and enable controlled
localized release directly at implant surfaces. Such combined approaches demonstrate synergistic
antimicrobial effects, enhanced biofilm disruption, and reduced dependence on systemic
antibiotic administration, representing an important step toward personalized anti-infective
therapy.

Despite significant experimental progress, several scientific and clinical challenges remain
unresolved. Standardization of bacteriophage production, optimization of nanomaterial
biocompatibility, regulatory approval procedures, and validation through large multicenter
clinical trials are essential prerequisites for routine clinical implementation. Furthermore, long-
term safety, potential bacterial resistance to phages, and individualized therapeutic protocols
require continued investigation.
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In conclusion, the combination of bacteriophage therapy and nanotechnology represents one
of the most nepcnektuBHbIe directions in the prevention and treatment of implant-associated
infections. Continued interdisciplinary research integrating microbiology, nanomedicine,
biomaterials science, and clinical surgery is expected to facilitate the development of highly
effective, targeted, and safe antimicrobial strategies capable of significantly improving patient
outcomes and reducing the global burden of implant-related infectious complications.
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