
R E V I EW

Antimicrobial Coating: Tracheal Tube Application
Xuemeng Chen 1, Xiaomei Ling2, Gaowang Liu1, Jinfang Xiao1

1Department of Anesthesiology, Nanfang Hospital, Southern Medical University, Guangzhou, Guangdong, People’s Republic of China; 2Department of
Anesthesiology, Guangdong Provincial People’s Hospital, Guangdong Academy of Medical Sciences, Guangzhou, Guangdong, People’s Republic of
China

Correspondence: Jinfang Xiao, Department of Anaesthesiology, Nanfang Hospital, Southern Medical University, Jingxi Street, Guangzhou, 510515,
Guangdong, People’s Republic of China, Tel +86 198 6518 2069, Email jinfangxiao100@163.com

Abstract: Ventilator-associated pneumonia (VAP) is a common and serious nosocomial infection in mechanically ventilated patients,
increasing mortality, prolonging the patient length of stay, and increasing costs. In recent years, extensive studies on ventilator-
associated pneumonia have shown that tracheal intubation plays an essential role in the pathogenesis of VAP, with the primary
mechanism being the rapid colonization of the tracheal intubation surface by microbiota. Antibiotics do not combat microbial airway
colonization, and antimicrobial coating materials offer new ideas to solve this problem. This paper reviews the current research
progress on the role of endotracheal tube (ET) biofilms in the pathogenesis of VAP and antimicrobial coating materials.
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Introduction
Tracheal intubation is an important measure to establish an artificial airway and ensure the unobstructed airway, the
body’s oxygen demand, and carbon dioxide excretion. It is a necessary technique for endotracheal anesthesia cardio-
pulmonary resuscitation or respiratory therapy. Tracheal tubes have become an essential and crucial medical device in
clinical medical practice. VAP is defined as in-hospital pneumonia that occurs 48 hours after a patient is mechanically
ventilated through an ET or tracheostomy tube. VAP occurs in 25–56% of all mechanically ventilated patients and has
a 25–45% morbidity and mortality rate.1 Clinical data show that mechanically ventilated patients for more than 48h have
a 16–60% probability of developing VAP, significantly increased morbidity and mortality.2 Also, VAP may cause multi-
drug resistant bacterial infections in Intensive Care Unit (ICU) patients, which aggravates the healthcare costs for patients
and hospitals.3 The formation of ET biofilm is a significant cause of VAP. Current studies have shown that antimicrobial
materials for tracheal tubes have potent antimicrobial effects. This paper reviews the current research progress of the
mechanisms of ET biofilm formation, drug resistance, and antimicrobial coating materials.

Biofilm Formation
Eighty percent of human bacterial infections are associated with biofilms. Tracheal tubes provide an ideal opportunity for
bacterial adhesion and biofilm formation. In 1967, microbial colonization on ET was the first discovered.4 In 1986,
microbial films on the surface of ET were observed for the first time under a microscope.5

Studies have confirmed that microbial film formation includes five stages: adhesion, aggregation, growth and
maturation, and dispersion (Figure 1).6 Microorganisms form biofilms by adhering to biological surfaces (endothelial
damage, necrotic tissue, mucosa) or non-biological surfaces (intravenous catheters, catheters, tracheal tubes).7 After
microorganisms adhere to specific locations, they can directly induce tissue necrosis, further promoting adhesion. At the
same time, the surface on which microorganisms colonize The physicochemical properties of the microbial colonization
surface can also affect microbial adhesion, the negatively charged hydrophobic particles carried by bacteria will change
as biofilm formation progresses.8
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Biofilms typically contain a variety of interacting species and their environments. Biofilms are specialized microbial
aggregates that depend on solid surfaces and extracellular products such as extracellular polymers (EPS). EPS matrices
consist of a mixture of biopolymers.7 However, the mixture varies depending on the environment, broth cultures produce
different matrices than microbial colonization of microsurfaces, and biofilms differ in vivo and in vitro conditions. In
addition, microorganisms can also produce EPS to enhance microbial colony colonization adhesion.9 Subsequently,
microorganisms undergo multilayer aggregation, and microcolonies are formed as a result of bacterial aggregation. In the
process of biofilm maturation, some channels that allow nutrients and signal molecules to pass are formed, which
promotes the orderly aggregation and differentiation of cells according to their metabolic state.10 Studies have confirmed
that the biofilm comprises multiple layers of cells, and the cells in the outer biofilm exhibit active metabolism. On the
contrary, the cells of the deep biofilm can enter a dormant and persistent state, slowing down the metabolism and making
the maturation and shedding of the biofilm a cycle.11 In the late stages of biofilm maturation, the biofilm thickens, the
interior gradually develops an anaerobic environment, and the exterior begins to separate and enter the dispersion phase.
Notably, biofilms may also disperse when there is a nutrient imbalance.12 Isolated bacteria or groups of bacteria can
spread as septic plugs and may colonize new sites, producing new biofilms and leading to infection.12

Biofilm-Mediated Mechanisms of Antimicrobial Drug Resistance
Polysaccharide-Protein Complexes
The polysaccharide-protein complex can be found in both Gram-positive and Gram-negative bacteria and is an integral
part of the biofilm. Electrostatic and hydrogen bonds are established between this complex and the abiotic surface, which
may contribute to the formation of mature biofilms. With the development of the biofilm, the composition of glycopro-
teins and polysaccharides varies. Moreover, the biofilm supports the survival of the pathogen under unfavorable
conditions. The polysaccharide-protein complexes support antibiotic resistance and different units of antimicrobial
drugs. It is both an attachment for exoenzymes and an outer layer structure to obtain antimicrobial compounds, which
can provide substrates to attenuate the antimicrobial effect after the degradation of fungicides.13

Enzymes
β-lactamases in the biofilm matrix degrade antibacterial drugs and reduce their bactericidal effect. A study investigated
that mature Pseudomonas aeruginosa biofilms were more resistant to ceftazidime and meropenem than non-maturing
biofilms, probably due to the gradual increase in β-lactamase levels biofilm maturation.13 In addition, enzymes with drug
resistance are present in the microbiota of biofilms. Glucosyltransferase (ndvB) is a Pseudomonas aeruginosa biofilm-
specific antibiotic resistance gene that functions in forming biofilms without defects and in altering microbial suscept-
ibility by screening for random transposon mutants.14 Clinical reports have shown that ndvB-derived glucan can be

Figure 1 Biofilm formation. (A) Adherence: Planktonic bacteria adhere to the surface of tracheal ducts. (B) Aggregation: Microorganisms undergo multilayer aggregation to
form microcolonies. (C) Maturation: Channels form in the biofilm structure, allowing for the gradient transfer of nutrients and signaling molecules and facilitating the
organized aggregation and differentiation of cells based on their metabolic state. (D) Dispersion: After maturation, the biofilm thickens and the interior forms an anaerobic
environment, while the outer layer may begin to separate.
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detected in the blood of patients with Pseudomonas aeruginosa infection.15 In the case of the biofilm-based model of
infection with slow-killing nematodes, cyclic glucans are vital for biofilm persistence.16

Physiological Heterogeneity, Hypoxia, and Reduced Growth Rate
Physiological heterogeneity is characterized by differences in gene expression, metabolic activity, and phenotype
(including antimicrobial drug tolerance) of cells located in different regions of the biofilm. Heterogeneity arises due to
a gradient of oxygen and other nutrients within the biofilm. Studies have shown an oxygen gradient between the various
cell layers of the biofilm of each species. This oxygen gradient arises because most nutrients have been consumed when
they penetrate the deep biofilm, leaving the deep biofilm in a hypoxic environment where the cells in this zone have little
metabolic activity and are in a quiescent state. At the same time, antibiotics are usually effective against fast-growing
cells, and the slow growth rate of the biofilm enhances resistance to antibiotics.17

Population Induction and the Efflux Pump
Population sensing affects the heterogeneous structure of cells. In a convenient nutrient supply and suitable environment,
population sensing plays a crucial role in cell migration, thereby influencing the resistance of biofilms to antimicrobial
drugs. A study found that the quorum-sensing regulatory molecule 2-heptyl-4-hydroxyquinoline-N-oxide (HQNO)
inhibits the cytochrome BC1 complex in the electron transport chain, leading to Reactive Oxygen Species (ROS)
accumulation and a decrease in membrane potential, ultimately leading to cellular autolysis, which helps to explain
the population-sensing function in Pseudomonas aeruginosa biofilms.18 Autolysis leads to the release of eDNA and
promotes antibiotic tolerance in the biofilm. Thus, the Pseudomonas aeruginosa population sensing contributes eDNA to
the matrix through autolysis, thereby enhancing biofilm tolerance.

Bacterial efflux pumps can be divided into several superfamilies. Members of the Resistance-Nodulation-Division
(RND) family have been most studied for bacterial biofilm resistance or biofilm formation, consisting of inner membrane
proteins, periplasmic membrane fusion proteins, and outer membrane proteins.19 This complex spans the Gram-negative
cell envelope and allows efficient translocation of a wide range of molecules. Bacteria use specific membrane-associated
proteins to excrete large amounts of compounds from the cytoplasm. In combination with the reduced influx or enzymatic
degradation of these compounds, the efflux pump is responsible for keeping the cytoplasmic concentration of certain
antimicrobial compounds below a critical threshold.20

Genetic Profile
Bacteria can extract eDNA from the biofilm matrix and may also achieve horizontal gene transfer through intercellular
transfer plasmids bound in the biofilm. Increased transcription of antibiotic resistance genes loaded with plasmids
contributes to increased copy number in biofilms, indicating that resistance genes have a protective effect on biofilms.21

Integrons consist of genetic elements consisting of integration sites, promoters, and genes encoding integrases, where
the role of integrases is to facilitate gene excision and integration. The current study found that integrons are present that
frequently encode antibiotic resistance determinants clusters and are involved in transmitting resistance genes between
bacteria in the clinical setting.22 In addition, integrase expression is upregulated in biofilms through a strict response, and
the frequency of excision of antibiotic resistance genes is increased.23

Previously, resistance in biofilms was thought to be phenotypic and not due to genetic changes. However, it has been
shown that microbial cells in biofilms mutate at a higher rate than scattered microbial cells and that these high-intensity
mutations result in increased biofilm resistance to antibiotics. For example, highly mutated Pseudomonas aeruginosa
with defective methyl mismatch repair or oxidative DNA repair systems are typically more resistant to antibiotics than
strains with intact DNA repair mechanisms.24 Similarly, the frequency of mucin and rifampicin resistance mutations is
higher in biofilms compared to planktonic cells.25
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Progress in Research on Antimicrobial Materials for Tracheal Tubes
Active Antimicrobial Coatings
The most common antimicrobial coating method is to add antimicrobial materials directly. The polymer forms a matrix
on the coating surface through covalent or ionic bonding to achieve the antimicrobial effect.26 The most common
antimicrobial materials are phages, enzymes, nitric oxide (NO), antimicrobial peptides (AMPs), photoactivators,
liposomes.27 Free fatty acids or natural lipophilic components from human tissues can be formulated into solid lipid
nanoparticles.28 They produced them as coatings containing the non-toxic chemicals lauric and oleic acids, which acted
on bacteria through various mechanisms at the nanoscale, including damaging bacteria leading to DNA release and
reducing the adhesion of dead bacteria down to approximately 1%. In addition, the research found that incorporated the
NO donor S-nitroso-N-acetyl penicillamine (SNAP) into endotracheal tubes by solvent swelling, and the impregnation of
SNAP provided seven days of NO release without altering the mechanical properties of the ETs.29 At the same time,
NORel-ETs successfully reduced bacterial infection by Pseudomonas aeruginosa, a common pathogen in VAP. In
addition, researchers observed a significant reduction of biofilms by phages, especially for multi-drug resistant
strains.30 In the study, two phages were selected as cocktail components considering anti-biofilm screening, and the
ability of the cocktail to prevent settlement on the surface of tracheal tubes was tested in a dynamic biofilm model.30

However, simple antimicrobial coatings may be prone to delamination during use, thus compromising the antimicrobial
effect, and the development of new active antimicrobial coatings has received extensive attention. In terms of surface
modification of ET catheters, In terms of surface modification of ET catheters, observed the antimicrobial effect of the
Nantong ET topology combined with sugar metabolites. After 24 hours, the presence of fructose on the surface of the nano-
lenses reduced the number of planktonic Staphylococcus aureus in solution and biofilm formation on the surface.31 In
addition, it was found that a Polyvinyl chloride (PVC) (HEMA: MAA) copolymer consisting of an 80:20 or 70:30
hydroxyethyl methacrylate (HEMA): methacrylic acid (MAA) ratio could be used as a tracheal tube coating in combination
with clinical nebulization with gentamicin for the prevention of ventilator-associated pneumonia.32 A study developed poly
(lauryl acrylate) nanocapsules containing eugenol (4-allyl-2-methoxy phenol) nanocapsules mediated by the slow release of
natural antimicrobial agents to enhance the performance of the repellent polymer coating and entrap it in an interpenetrating
network designed to repel bacteria.33 When applied to catheters and tracheal tubes, this hemocompatible system allowed for
the slow release of eugenol, resulting in a significant reduction in surface-bound Klebsiella pneumoniae and methicillin-
resistant Staphylococcus aureus (MRSA). Furthermore, When blended a conventional biomedical grade polyurethane,
Tecoflex, with 10wt% UP-C12-50-T to alter the surface properties of the polyurethane fundamentally and with biocompat-
ibility, the model coating with a certain level of P-C12-50 combines a high antimicrobial effect with low toxicity to human
cells.34 While developing new antimicrobial materials, sphingosine and phytosphingosine coatings be stable in vivo and non-
toxic to airway epithelial cells without inducing an inflammatory response, and such antimicrobial coatings are effective
against Staphylococcus aureus, Acinetobacter baumannii, and Pseudomonas aeruginosa.35 A novel styrene-based antimi-
crobial agent (BCP3) also showed significant growth inhibition against Staphylococcus aureus and Pseudomonas aerugi-
nosa, with a more substantial effect on Staphylococcus aureus.36 BCP3 showed no cytotoxicity against mammalian (L929)
fibroblasts.36 In addition, a covalent construction of polyhexamethylene biguanide (PHMB) as an efficient bactericidal
coating on silicone rubber (SR) could kill 100% of Staphylococcus aureus cells within one hour with an initial density of less
than 1.18×105 CFU/cm2 without affecting the cytocompatibility of the substrate.37 At the same time, the coating drama-
tically increases the mechanical properties of the SR substrate due to the additional cross-linking introduced by the coating.37

The synergistic anti-biofilm activity of citral and thymol was recently demonstrated, and without altering the growth and
metabolic viability of methicillin-resistant Staphylococcus aureus, the anti-biofilm activity of the coating was unaffected by
plasma modulation. In addition, the anti-biofilm coating was non-hemolytic and non-toxic to peripheral blood mononuclear
cells.38

Silver and Silver Nanoparticles
Silver ions alter fundamental processes by interacting strongly with bacterial cellular components. It is capable of causing
effects including disruption of cellular proteins, disruption of cell signaling, increased cell membrane permeability,
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generation of free radicals, and ultimately bacterial cell death.39 In an animal model of mechanical ventilation, tracheal
cannulae coated with antimicrobial silver showed delayed and reduced bacterial colonisation.40 New antimicrobial
tracheal cannulae coated with nanosilver/polyurethane had more potent antimicrobial and anti-biofilm proliferation
properties.41 In a prospective randomized clinical trial using silver sulfadiazine (SSD)-coated ET, it was demonstrated
that SSD-ET could be safely used to prevent bacterial colonization of the ET surface in patients intubated for up to 24
hours.42 A multicentre prospective study found a 36% reduction in the relative risk of VAP in patients intubated with
a silver-plated tube but did not show a reduction in mechanical ventilation time, ICU length of stays, or mortality.43

However, a meta-analysis showed that silver-coated ETs effectively reduced VAP risk and in-hospital mortality in
patients requiring mechanical ventilation for 24 hours or longer, particularly during the first ten days of mechanical
ventilation, compared with standard uncoated ETs.44

Although much research has been conducted on silver antibacterial materials, the biocompatibility and mechanical
properties need to be further investigated. We know that silver ions are usually deposited on the surface or mesopores by
physical adsorption or ion exchange. It was found that Pseudomonas aeruginosa adhered less to nanorough PVC than
conventional PVC using a vortex method to remove biofilms and bacteria.45 Whereas, by modifying the PVC surface
using a combination of solvents (tetrahydrofuran) and non-solvents (ethanol and methanol), the superhydrophobic PVC
surface prepared, the initial attachment time of Pseudomonas aeruginosa PAO1 was delayed to 18 and 24 h,
respectively.46 In addition, silver nanolayers of different thicknesses were sputtered on polyimide PI and sputtered
with Gram-negative and Gram-positive bacterial strains. The antibacterial properties of the sputtered and annealed
samples were investigated, and the inhibition of bacterial strains increased significantly after annealing.47 Prepared silica-
based Ag+ coatings usable on ET by combining the composites SiO2/c-KH-570 and SiO2/KH-570/MTES with poly-
ethylene (PE) through a sol-gel process. Antimicrobial tests showed that the composite antimicrobial coatings inhibited
Escherichia coli by 93.5%, with no significant increase in antimicrobial activity when the Ag concentration was higher
than 2.6%.48 Recently, a study found that a novel polyamide with a good hydrophilic/hydrophobic molecular balance was
used to embed green reduced silver nanoparticles (AgNPs) in composite coated ETs.49 Compared with the uncoated ET,
the coating inhibited the adhesion and growth of bacterial flora on the ET surface, providing a rapid bactericidal effect,
especially for Pseudomonas aeruginosa and Staphylococcus aureus.

Currently, silver nanoparticles are increasingly favored for the preparation of ET. Therefore, the cytotoxicity and
deposition of silver nanomaterials in vital organs are of significant concern. Researchers believe that an essential
mechanism for the cytotoxicity of AgNP is the release of metal ions upon entry of metal nanomaterials into the
organism, which dissolves in the cells, causing metal overload and ultimately activating reactive oxygen species.50–52

AgNP has significant size-dependent toxicity, and the intensity of toxicity correlates with the rate of intracellular Ag
release.53 Therefore, the bio-mediated synthesis of NPs may be a better option. Synthesized Ag NPs using hydrogel
beads based on k-Carrageenan as antimicrobial agents found to be effective against Staphylococcus aureus, methicillin-
resistant Staphylococcus aureus, Pseudomonas aeruginosa, and Escherichia coli.54 Recently, researchers formed swollen
polyelectrolytes by in situ reductions of AgNPs by deposition on aqueous LbL Antimicrobial and biofilm-protected ETs
were prepared in pre-coated layers of the matrix.55 The whole fabrication process was from the green chemistry
perspective and included all fabrication using an aqueous medium, a natural reducing agent of lemon eucalyptus leaf
extract, and a biocompatible polyelectrolyte material for the encapsulation of AgNPs. The coating was uniformly
distributed over the surface of the bend, the surface of the film, and the interior of the catheter. The encapsulated ET
inhibited the adhesion of Staphylococcus aureus and Gram-negative Pseudomonas aeruginosa by 99.9% and 99.99%,
respectively (p<0.05). In addition, a new ETT coated with a sub-micron layer of noble metal alloy (NMA) of gold, silver,
and palladium does not significantly release metals into the body, causing Bactiguard infection protection (BIP). Clinical
studies have found a delayed onset of VAP and a trend toward decreased antibiotic use in the group of patients coated
with NMA compared to controls.56

Notably, the accumulation of mucus can reduce the antimicrobial activity of silver-coated ETs by isolating bacterial
colonization from the silver surface. One study wanted to enhance the antimicrobial performance of silver-coated ETs by
regular removal of airway secretions. Still, the regular removal of airway secretions did not reduce bacterial colonization
of ETs compared to standard aspiration, nor did it reduce airway colonization.57
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Antimicrobial Metal and Composite ET Coatings
In addition to silver, selenium, and zinc and their oxides, among others, are incorporated into or coated on polymer
surfaces. Selenium (Se) acts as an antimicrobial agent because, unlike silver, it is a trace element (55–70 mg per day) and
is necessary for the production of the endogenous antioxidant selenoprotein. The antimicrobial activity of selenium is
attributed to the catalytic oxidation of intracellular sulfhydryl groups, which induces apoptosis.58 Selenium nanoparticles
(SeNP) deposited in large amounts on PVC and that SeNP coatings had better antimicrobial activity against
Staphylococcus aureus compared to silver-plated PVC-ETs.59 ZnO nanoparticles also could further enhance their
antimicrobial properties.60 While developing the antibacterial properties of metal nanomaterials, the cytotoxicity of the
materials cannot be ignored. It is currently believed that metal oxide nanoparticle-induced toxicity is related to the
nanoparticles’ nature (size, surface area, shape, crystallinity) and their corresponding ability to induce ROS. SeNPs
promote intracellular ROS production, and the amount of intracellular ROS production is highly correlated with the
diameter of SeNPs.61 Cytotoxicity of silicon dioxide is related to ROS, and the intensity of toxicity is related to its size.62

ZnO nanoparticles are less toxic than other metal oxides and are also associated with ROS induction.63,64 Therefore, the
search for new green materials is more applicable to biomedicine. Recently, in a study, an environmentally friendly and
harmless ZnO nanoparticle biosynthesized by Escherichia coli was identified. The biosynthetic ZnO NPs showed
antibacterial and anti-biofilm activity in combination with antibiotics. They can be used against multidrug-resistant
bacteria and coated on medical materials.65 Attempts have been made to develop composite ET coatings combining
metals with other biomaterials, A hybrid coating based on dextran grafted to a substrate and embedded with AgNPs was
present.66 In terms of its antimicrobial activity, DEX-Ag2 is more resistant to bacterial adhesion than DEX-Ag5, which in
turn is better than dextran and silicon. D-tyrosine has been found to penetrate bacterial cell membranes to exchange with
D-alanine within the membrane, thereby reducing the affinity between the bacteria and the biofilm matrix, and can be
achieved by adding 1–15 wt% Ag to PVC ET, zeolite, and antifouling D-tyrosine coatings to achieve the antibacterial
effect.67 In addition, it was found that used the precursor methyltrimethoxysilane (MTMS) to form a superhydrophobic
surface on the samples by preparing different silica sols through alkali hydrolysis, which significantly reduced the
adhesion of bacteria.68 For clinical studies, compared the grade of biofilm formation on ETs made of uncoated PVC,
silica-coated PVC, and metal-coated PVC after > 24 hours of mechanical ventilation in critically ill patients. The study
demonstrated that the formation of high-grade biofilm on ETs was associated with VAP development. Silica-coated and
precious metal-coated PVC ETs were independently associated with a reduction in high-grade biofilm formation
compared to uncoated PVC ETs.69

Photocatalytic Antibacterial Materials
Methylene blue (MB) is a photosensitizer that can effectively destroy microorganisms. Microorganisms can absorb
methylene blue under excitation of 664 nm, proton transfer produces reactive radicals, as well as molecular oxygen and
single linear state oxygen formed by MB, and these oxidized radicals cause cell damage. The study demonstrated that in
the Clinical tracheal intubation model, sprayed MB solutions were tested in the trachea, and photoactivation was induced
using optical fibers passing. The results showed a 1-log reduction in bacterial colonization of MB-ETs in the absence of
light and a 3-log reduction in bacterial colonization of MB-ETs after light exposure.70

Activation of TiO2 as a photoactivated compound for photocatalysts at approximately 385 nm leads to the production
of electron holes that are detrimental to bacterial ROS.71 Researchers found that both silver-containing sol-gel TiO2 and
silver-containing Degussa TiO2 weakened the growth of Pseudomonas aeruginosa but had no effect on Staphylococcus
aureus colonization showed no effect.72 Subsequently, it was confirmed that the silver-mounted titanium dioxide (TiO2)
antimicrobial-coated endotracheal tube had good antimicrobial properties and correlated with the concentration of the
antimicrobial agent, showing a strong antimicrobial effect when the antimicrobial concentration was above 1.0% and
bacteria were almost completely killed in the soaking solution.73 Also, in mechanical ventilation animal studies, the Ag-
TiO2 antimicrobial-coated endotracheal tube oral mucosa irritation test was confirmed to be negative, which met the
national standard for the biological evaluation of medical devices.74 In further studies, the activation wavelength of
iodine-modified TiO2 (I-TiO2) was shifted to visible light to observe its photocatalytic antibacterial properties.75 Also,
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I-TiO2 PVC was designed to resist Escherichia coli attack in an in vitro antimicrobial test. Ultimately, the study
confirmed that the iodine-modified titanium dioxide (I-TiO2) PVC-ETs antimicrobial coating prevents bacterial growth
and bacterial damage to tissues. Furthermore, comparing TiO2 tracheal catheters with nitrogen-modified TiO2, both
inhibited bacterial growth under visible fluorescence.76 However, compared to TiO2, N-TiO2 showed higher antibacter-
ial activity against Staphylococcus aureus and did not significantly improve the sensitivity of Pseudomonas aeruginosa,
but the photocatalytic efficiency was species-dependent, and N-doping could improve its broad-spectrum application.77

In addition, TiO2 also has certain antibacterial properties against fungi. The study confirmed that the Ag-TiO2
antibacterial coated tracheal catheter showed a gradual decrease in the number of fungal colonies on the Schachter
plate as the concentration of Ag-TiO2 continued to increase, while the inhibition rate gradually increased, indicating that
the test catheter had a significant inhibitory effect on fungal growth in a concentration-dependent manner. 0.8% was the
Ag-TiO2 0.8% is the critical concentration of Ag-TiO2, and the inhibition effect is not obvious below this concentration.
The test results show that the test catheter has a similar inhibitory ability to sensitive and resistant fungi, which may be
related to the mechanism of Ag-TiO2 and fungal inhibition, through the photocatalytic generation of free radicals can
destroy the cell wall, and then enter the inner cell to destroy the inner membrane and various components leading to cell
death.78

Photodynamic therapy is a non-invasive alternative to microbial inactivation, which combines light with photosensi-
tive molecules to produce reactive oxygen species, which in turn causes bacterial death. Researchers used the photo-
sensitizer (PS) curcumin, a light source of 450 nm LED, to determine its bactericidal effect on ET biofilms. The highest
microbial inactivation was observed at 1.25 mg/mL curcumin, 2 h of PS incubation, and 50 J/cm2, with a 70% reduction
in biofilm.79 Furthermore, under blue light activation (450 nm), curcumin-functionalized tracheids (ETT-curc) exhibited
substantial photodynamic inactivation against Escherichia coli, Staphylococcus aureus, and Pseudomonas aeruginosa,
and no degradation or leaching of ETT-curc occurred over a range of pH values.80 Then a study combined molecular
oxygen, a non-toxic PS, and light at the appropriate wavelength, resulting in the formation of cytotoxic reactive oxygen
species.81 The prevention of secondary infections achieved during the use of photosensitizer-enabled tracheal catheters
provides the basis for what may become a greater clinical approach to the treatment of respiratory infections.

Antimicrobial Peptides
AMPs, as endogenous polyamines, can display nonspecific spectral antimicrobial activity by interacting with negatively
charged microbial cell membranes. Researchers achieved their antimicrobial effects by synthesizing a class of small
molecules, nonpeptides (ceragenins), that mimic the properties of AMPs.82 Ceragenins exhibit broad-spectrum anti-
bacterial and antifungal properties that can inhibit endotoxins from reducing inflammation and exhibit good antidegrada-
tion properties, all of which are suitable for studying antimicrobial coatings on ET. Next, incorporated ceragenin CSA-
131 into polyurethane hydrogels dip-coated on PVC ET and studied CSA-131 using Pseudomonas aeruginosa, MRSA,
Klebsiella pneumoniae, Candida albicans, and Staphylococcus aureus. The antimicrobial properties of PVC ETs with
CSA-131 applied as an antimicrobial coating on ETs showed a significant reduction in biofilm formation and
inflammation.82 Another study compared ceragenin CSA-131-coated ETs and uncoated ETs. This study showed that
biofilm formation was significantly reduced in coated ETs. Notably, the difference in Staphylococcus aureus was not
statistically significant.83 Therefore, a more in-depth study of ceragenins and other AMPs to prevent and reduce VAP and
other intubation-related complications is warranted (Table 1).

Prospects and Challenges
VAP is a common hospital-acquired infection in mechanically ventilated patients. Microbial colonization of the ET
surface is one of the leading causes of VAP. Biofilm-based infections are difficult to eradicate, and bacterial biofilms
significantly increase morbidity and mortality in patients with VAP. This paper discusses the many mechanisms of
biofilm resistance, such as biofilm heterogeneity and nutrient limitation, that have been shown to contribute to enhanced
biofilm resistance and resistance to antibiotics. At the same time, studies have confirmed that the underlying mechanisms
of antibiotic resistance and tolerance in biofilms have a genetic basis in many cases. However, many questions about
biofilm resistance remain to be answered. Ideally, different pathogens have different biofilm-specific antibiotic resistance
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mechanisms, which will facilitate the development of therapeutic approaches that are targeted to disrupt these pathogen-
specific mechanisms.

The fact that systemic antibiotic use has little effect on airway colonization has led to a growing number of
researchers exploring antimicrobial coated tracheal catheters as a method of preventing VAP. As discussed in this
paper, numerous antimicrobial materials are now widely studied, such as silver nanoparticles, antimicrobial metal,
composite ET coatings, and photocatalytic antimicrobial materials, showing excellent antimicrobial properties. The
high cost of moving from in vitro and animal studies to clinical trials has led most studies to stay in the preclinical
stage. Recently, however, researchers have begun to conduct relevant prospective trials to test the clinical use of
antimicrobial materials. Clinically, numerous factors influence the development and persistence of ET biofilm, the
duration of treatment of the patient’s disease, catheter contamination during tracheal intubation, the depth of tracheal
intubation depending on age and gender, the effect of physiological contact between the tracheal tube and the lower
airway on airflow, and the movement of tissue secretions caused by the adjustment of air sac inflation and deflation.
However, we believe that considering these relevant factors and developing refined experimental protocols will help
overcome these challenges. Furthermore, achieving the leap from observing the antimicrobial properties of antimicrobial
polymers against a single species forming biofilms to developing antimicrobial ETs against complex VAP infections and
designing more refined representatives of VAP pathogens in test models is a subsequent direction for researchers.
Therefore, the development and optimization of standard assessment methods regarding biofilm antimicrobial properties
and cytotoxicity are key to comparing materials already researched and developed with new materials under develop-
ment, which will help facilitate subsequent experiments.

In conclusion, further research on larger populations is needed to better characterize the microorganisms associated
with biofilms. A more in-depth exploration of the complex factors affecting antibiotic resistance in biofilms will provide
us with new ideas to reduce VAP incidence. Antimicrobial surface coatings or modified antimicrobial coatings have been
applied to ET and will continue to be researched and developed to develop a broader market prospect. Antimicrobial

Table 1 Antibacterial Coated Tracheal Tubes: Progress

Antibacterial Coated Classification References

Active antimicrobial coatings
Organic Polymers [28,29,31–34]

Bacteriophage [30]

Sphingosine [35]
New antibacterial agents [36–38]

Silver and silver nanoparticles [39–57]

Antimicrobial metal and composite ET coating
Selenium (Se) [58,59,61]

ZnO [60,63–65]
Nanosilica/Silicon [62,68,69]

Metal complexes [67]

Photocatalytic antibacterial materials
Methylene blue (MB) [70]

Titanium dioxide (TiO2) [71–78]

Photodynamic [79–81]
Antimicrobial peptides [82,83]

Abbreviations: VAP, ventilator-associated pneumonia; ET, endotracheal tube;
ETs, endotracheal tubes; EPS, extracellular polymers; HQNO, 2-heptyl-4-hydro-
xyquinoline-N-oxide; ROS, Reactive Oxygen Species; RND, Resistance-Nodulation
-Division; NO, nitric oxide; AMPs, Antimicrobial peptides; SNAP, S-nitroso-
N-acetyl penicillamine; PVC, Polyvinyl chloride; PHMB, polyhexamethylene bigua-
nide; SR, silicone rubber; MRSA, methicillin-resistant Staphylococcus aureus; SSD,
silver sulfadiazine; PE, polyethylene; AgNPs, silver nanoparticles; SeNP, selenium
nanoparticles; MTMS, methyltrimethoxysilane; MB, methylene blue; PS,
photosensitizer.
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materials are mainly divided into passive and active materials. Passive approaches can reduce bacterial adhesion, and
reduce the likelihood of biofilm formation, which is more beneficial than the potential problems of dosing or leaching of
some active antimicrobial materials. Ideally, either combination of passive and active materials approaches is superior,
providing limitation of bacterial adhesion and simultaneous provision of biocidal activity. Once successful materials have
been developed, their application in a clinical setting could help reduce the microbial load on ET surfaces and the
resulting potential complications and mortality caused by VAP.
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