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Abstract

Ventilator-associated pneumonia (VAP) is an unresolved problem in nosocomial settings,
remaining consistently associated with a lack of treatment, high mortality, and prolonged
hospital stay in mechanically ventilated patients. The endotracheal tube (ETT) is the major
culprit for VAP development owing to its early surface microbial colonization and biofilm
formation by multiple pathogens, both critical events for VAP pathogenesis and relapses. To
combat this matter, gradual research on antimicrobial ETT surface coating/modification
approaches has been made.

This review provides an overview of the relevance and implications of the ETT bioburden for
VAP pathogenesis and how technological research on antimicrobial materials for ETTs has
evolved. Firstly, certain main VAP attributes (definition/categorization; outcomes; economic
impact) were outlined, highlighting the issues in defining/diagnosing VAP that often difficult
VAP early- and late-onset differentiation, and that generate misinterpretations in VAP
surveillance and discrepant outcomes. The central role of the ETT microbial colonization and
subsequent biofilm formation as fundamental contributors to VAP pathogenesis was then
underscored, in parallel with the uncovering of the polymicrobial ecosystem of VAP-related
infections. Secondly, the latest technological developments (reported since 2002) on
materials able to endow the ETT surface with active antimicrobial and/or passive antifouling
properties were annotated, being further subject to critical scrutiny concerning their
potentialities and/or constraints in reducing ETT bicburden and the risk of VAP while
retaining/improving the safety of use. Taking those gaps/challenges into consideration, we
discussed potential avenues that may assist upcoming advances in the field to tackle VAP
rampant rates and improve patient care.

Keywords: antimicrobial coating; biofilm; endotracheal tube; pathogenesis; ventilator-
associated pneumonia
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1. Introduction

1.1 VAP definition and differentiation between early- and late-onset VAP

Ventilator-associated pneumonia (VAP) is a common complication that occurs in
critically ill individuals undergoing invasive tracheal intubation and prolonged mechanical
ventilation (MV) [1,2]. It remains the second most frequent hospital-acquired infection (HAI)
[3] and one of the most reported biomaterial-associated infections (BAIs). VAP, but also
catheter-associated urinary tract infection, surgical site infection, or central line-associated
bloodstream infection, are well-known for being associated with the use of indwelling
devices, that are critical to patient care and which have grown dramatically over the past 2-3
decades [4].

There is currently no gold standard, valid, reliable definition for VAP. It has been defined
as an infection of the pulmonary parenchyma, which develops at least 48h or longer after
using a ventilator [5]. Its primary symptoms overlap with those of a plethora of other medical
conditions, which difficult and makes diagnosis delayed or even missed [6-9]. Despite the
advances in microbiological technologies, the epidemiology and diagnostic criteria for VAP
are still controversial topics, often raising concerns regarding the interpretation of treatment,
prevention, diagnosis, and outcome studies.

VAP has been categorized into early- and late-onset VAP, according to the timing of MV
onset. However, there is widespread variation in defining the exact time that differentiates
both types of VAPs. The cut-off points of a range of 4-7 days onset have greatly varied [10-
12], even though international guidelines recently have recommended the cut-off of 5 days
after hospitalization [5,13,14]. Dissimilar-outcomes on the main attributes of each type of
VAP are often found across the studies (Table 1).

Table 1. Comparative overview of the main attributes of early- vs. late-onset VAP

Early-onset VAP Late-onset VAP Ref(s).
Time of 2-4 days post intubation/MV | > 5 days post intubation/MV | [5,13,14]
occurrence
MV days 14 23 [15-17]
ICU/Hospital 13-20/26.5 days 20-26.5/35.5 days [15-17]
length of stay
Incidence 11-16% 81-84% [16,18]
Hospital 16-23% 31-44% [15-17]
mortality rate
Microbial Antibiotic sensitive bacteria: | Antibiotic-resistant or MDR | [10,15,19
etiology e MSSA bacteria: ]

e Streptococcus e Pseudomonas aeruginosa

pneumoniae e MRSA

e Haemophilus influenzae e Acinetobacter spp.

e Kiebsiella pneumoniae e Enterobacter spp.

e Escherichia coli e VRE




e Proteus spp.
e Serratia spp.

Legend: MDR - multidrug-resistant; MRSA - methicillin-resistant S. aureus; MSSA - methicillin-sensitive S. aureus; VRE -
Vancomycin-resistant Enterococcus

Overall, late-onset VAP has been commonly associated with the worst prognosis and is
essentially caused by antibiotic- or multidrug-resistant (MDR) pathogens. It has also a
significantly longer duration of MV, length of stay in intensive care units (ICU), and higher
mortality than the early-onset VAP. The large discrepancies in VAP surveillance data
observed among different reports demonstrate how VAP criteria and definitions are poorly or
inconsistently documented [20,21]. VAP definition criteria have opportunely evolute, with
the National Healthcare Safety Network (NHSN) changing the way that VAP surveillance is
done [20,22]. The new NHSN surveillance algorithm for the ventilator-associated event
(VAE) was proposed in 2013 and several initiatives have provided effective strategies in
promoting adherence to these international recommendations. VAE embeds the following
definition tiers: ventilator-associated condition (VAC); infection-related ventilator-associated
complication (IVAC; a subset of VAC with infectious symptoms); and, possible and probable
VAP (PVAP; IVAC added to microbiological evidence of pneumonia). VAE was designed to
address the limitations of the subjective and variable longstanding VAP definitions,
constituting a useful tool in surveillance reports, but still restricted to public reporting,
benchmarking, and/or internal quality improvement, thus not addressing patient management
[23].

1.2 VAP variable outcomes

Studies have reported discrepant VAP incidence rates, potentially related to the different
interpretations of the VAP definition, limitations regarding the diagnostic methods, and use
of non-standardized microbiological sampling methodologies [24]. VAP incidence greatly
varies from 5 to 40%, based on the diagnostic criteria, type of healthcare unit, and studied
patient population [7,25]. In 2009, a report from the International Nosocomial Infection
Control Consortium presented a pooled density of 13.6 cases per 1000 ventilator days, which
included data from Latin America, Asia, Africa, and Europe [26]. In Northern US hospitals,
VAP rates are referred to as low as 1 to 2.5 episodes per 1000 ventilator days [27]. In turn,
much higher VAP rates are reported by the European centers. In a more recent study, which
enrolled patients from 27 ICUs in 9 European countries, VAP rates have been reported to be
18.3/1000 ventilator days [28]. On average, the incidence rate of VAP varies from 2.8 in the
United States (US) [27], 14.5 in Europe [29], and 22 episodes per 1000 ventilator days in
developing countries [30]. Contrary to the patient's age, which is not related to a high risk of
VAP, intubated patients with underlying clinical conditions (e.g., comorbidities; severity of
illness) are more likely to acquire VAP. For example, high incidence rates are reported in
cancer patients (24.5 cases per 1000 ventilator days) [31] or patients with traumatic injuries
(at a rate of 17.8%) [32]. Specific risk factors such as prolonged invasive MV, high incidence
of microaspiration and airway bacterial colonization, defective mucociliary clearance, and
altered local and general host immune defenses, all account for the increased VAP incidences
in intubated chronic obstructive pulmonary disease (COPD) patients. VAP incidence in
COPD patients ranges widely from 6.2% to 56% [33-37]. Also, a recent study has suggested
a higher risk of VAP occurring among coronavirus disease 2019 (COVID-19) patients
compared with the general ICU population (25.5 vs 15.4 cases per 1000 ventilator-days), with
a similar microbiological ecology and resistance pattern. VAP all-cause mortality has been
reported to be as high as 50%, and patients admitted to ICU are generally at increased risk for
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VAP, even though there is still considerable controversy regarding the attributable mortality
of VAP in ICU patients [38]. However, VAP in ICU remains a major unresolved clinical
issue, causing a longer duration of MV, prolonged stays in the ICU and hospital; increased
risk of disability and mortality (at a rate varying from 25% to 45%) [39,40], and increased
healthcare costs.

1.3 VAP economic burden

VAP imposes a significant worldwide economic impact, accounting for increased direct
healthcare costs in the US, ranging from $28-$33 billion per year [41], which represents
about 32% of the total HAI annual cost [42]. A study conducted by Kollef et al. reported
average costs of $99,598 for patients with VAP, against $59,770 for patients without VAP
[43]. Less costly is the economic impact of VAP in the European healthcare system, which is
estimated between €13 and 24 billion per year [44-46]. Recently, a detailed epidemiological
observational study of VAE involving about twenty thousand mechanically ventilated
patients has estimated hospitalization costs totaling $25,073 for VAEs, which corresponds to
more than twice those for non-VAE patients with at least 1 ventilator-day ($11,840), and
nearly to 1.5 times than those for non-VAE with at least 4 ventilator-days ($25,073 vs.
$18,298).

1.4 Endotracheal tube: a life-saving device vs. a conduit for VAP

The endotracheal tube (ETT) has become an indispensable medical device to support
airway patency (that is, an unobstructed or open airway) and deliver oxygen and inhaled
gasses to the lungs of mechanically ventilated patients. Endotracheal intubation is a life-
saving procedure, still potentially hazardous ini critically ill patients needing artificial
ventilation for a prolonged time. The process is invasive, and consists of placing the ETT
through the nose (nasotracheal intubation), but essentially through the mouth (orotracheal
intubation) into the trachea [47]. Though the duration of MV; bed positioning; enteral
feeding; witnessed aspiration; prior antibiotic therapy; and multiple comorbidities, may all
contribute to VAP [48], the ETT alone has been affirmed as an independent risk factor and
the major culprit for its development, contributing for up to 25-56% of the intubated patients
to contract VAP [40,49]. In other words, the risk of acquiring VAP increases by 6 to 20 folds
every time an ETT is placed in a patient [50,51].

The role of the ETT in VAP pathogenesis has become very prominent in the last decades
due to extensive research devoted to medical device-related infections and biofilms [52-54].
Generally made of flexible materials such as polyvinyl chloride (PVC) or silicone, the ETT
provides an ideal source for microbial colonization and biofilm proliferation on the ETT
surface [55], thereby increasing the patient’s opportunity of getting pneumonia. In healthy
individuals, lung protection is typically assured by the mucociliary clearance mechanism,
which is composed of a mucous layer, the airway surface liquid, and the cilia on the surface
of ciliated cells [56,57]. The presence of the ETT bypasses these clearance airway
mechanisms and, as consequence, microorganisms from the oropharynx can reach the distal
airways and colonize the ETT, only a few hours after its insertion [58,59]. This process may
occur at varying degrees in all intubated patients, ending with the deposition of mucus and
microbial secretions, a decline in airway patency, and sometimes with the ETT undergoing
complete occlusion after long-term intubation [60]. Contaminated secretions can, therefore,
reach the lungs via two major routes: around the ETT (microaspiration) and through the ETT
surface (microbial colonization followed by biofilm formation) [61]. Microaspiration
comprises the distal migration of microorganisms from secretions accumulated above the
ETT cuff. Specifically, the hydrophobic surface of PVC-ETTs provides ideal conditions for



microbial attachment and proliferation, ultimately resulting in persistent microbial
colonization over the entire external and internal ETT surfaces [62—64].

1.5 ETT biofilms

Biofilms have long been considered the dominant microbial lifestyle in nature. They are
well-organized, three-dimensional structured microbial communities adhered to surfaces, in
which microbial cells are surrounded by a self-produced polymeric matrix [65]. Biofilms are
of hard eradication, owing to their inherent tolerance to antimicrobial therapy and the
immune system responses, often resulting in persistent and recurrent infections [66]. About
80% of human infections are biofilm-related [67]. They represent one of the greatest current
challenges in nosocomial settings, paying for 1.7 million HAIs in the US and an annual
economic burden of approximately 11 billion US dollars [68]. Microorganisms can reach the
surface and establish biofilms on biomaterial surfaces of indwelling medical devices,
jeopardizing their clinical applicability and limiting the advancement of these systems [69].
This frequently implies the need for device withdrawal to achieve microbiological and
clinical healing.

Typically, the development of a biofilm is a multi-step and dyrnamic process that involves
several stages: initial cell attachment; aggregation; maturation, and dispersion. Following
initial attachment, and as biofilm formation progresses, the microbial cells inside the
consortia can produce an extracellular matrix of polymeric substances until achieving a
mature biofilm architecture. The cells within this mature biofilm can subsequently disperse,
leading to the colonization and infection of other sites. During biofilm formation, attachment
of different species may occur, resulting in a multi-layered multispecies biofilm [70].

The ETT acts as a reservoir for infecting microorganisms, providing them with an
optimal surface to adhere to and develop biofilm, which may occur in both its inner luminal
and outer surfaces [71]. The accumulation of tracheobronchial secretions at its distal end
creates a favorable environment, so that microorganisms coming from the surroundings, from
the upper airway, and eventually from the gastrointestinal tract, can migrate and undergo
multilayer aggregation along the ETT [72]. Microcolonies formation on the ETT surface,
combined with an injured host-defense system caused by the invasive endotracheal
intubation, significantly contribute to the development of the ETT biofilm and the consequent
spread of the infection [73]. Indeed, biofilm formation is an early and frequent phenomenon
occurring on ETT surfaces. Vandecandelaere and Coenye (2015) have proposed a model
elucidating how bacteria propagate and develop a multi-species biofilm at the distal end of
the ETT. In their model, the earliest stage of biofilm formation results from the leakage of
nasopharyngeal secretions enriched with non-pathogenic oral bacteria (mostly Streptococcus
spp.) around the cuff of the ETT. Following bacterial initial attachment and accumulation, the
next stage comprises streptococci coaggregation with several other commensal members of
the subgingival flora such as Veilonella spp. and Actinomyces spp., followed by the
recruitment of a variety of opportunistic oral species (e.g., Fusobacterium nucleatum;
Prevotella spp.). This may allow further nosocomial pathogens such as P. aeruginosa or S.
aureus, to persistently join to and interact with oral bacterial species within the pre-formed
biofilm, with harmful consequences leading to VAP development [73].

Additional factors such as the supine patient positioning, but also the shape, thickness,
and great permeability of the ETT cuff wall, alongside variations in the cuff pressure level
inside the trachea, are sufficient to allow deposited contaminated secretions to leak through
the folds formed by the cuff in contact with the trachea, migrating to the lower airways and
easily triggering pneumonia [74—76]. The ETT poses, therefore, a central role in VAP
pathogenesis, thus becoming a new ecosystem, while allowing microorganisms to colonize



and form resilient biofilms on its surface, and likely shaping lung ecology during invasive
MYV at a microbiome scale [77]. Biofilm forms quickly along the ETT, which may start
within a few hours after the ETT insertion, despite it particularly lining the internal distal
third of the ETT [63,78]. Portions of the biofilm can be easily dislodged during suctioning,
bronchoscopy, or simply by gravity, spreading into the lower airways, and invading the lungs
[79]. The ETT biofilm colonization was early evidenced, first by culture [80] and later,
through advanced assessment methods (e.g., scanning microscopy; quantitative polymerase
chain) [54,81]. Since then, increasing research has shown that ETT biofilm is an early and
recurrent event in intubated patients, and a great contributor to the pathogenesis, lack of
treatment, and relapses of VAP [52,53,73,78,82-84]. When settled on a surface such as the
one of the ETT, the biofilm becomes hard to treat by oral or systemic antibiotic therapy, a
consequence of its inherent recalcitrance nature [78]. These microorganisms have proved
significantly greater antibiotic resistance compared to their tracheal counterparts [85].
Overall, 10-5000 times more antibiotic doses are necessary to eliminate biofilm-associated
infections, compared with “free-living” bacteria [86,87].

1.6 Polymicrobial ETT biofilms

The original concept that the lower respiratory tract is considered sterile has been refuted
by mounting evidence, which has supported the presence of a distinct microbiome, either in
healthy subjects or in various respiratory disorders [88-90]1. Data have demonstrated that
ETT biofilms generally harbor multiple microbial pathogens, which makes VAP a
polymicrobial infection, with considerable inter-patient and intra-patient diversity [55].
Several prospective studies have allowed a broad look at the diverse microbial communities
in VAP, reporting distinct polymicrobial profiles and varied microbial causes [19,73,78,90].

Bacteria from the ESKAPE (Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp.) group
are frequently found in nosocomial environments. Of those, P. aeruginosa, A. baumannii, K.
pneumoniae, or S. aureus, play a dominant role in VAP etiology. Gram-negative bacterial
species generally account for 80% of the total isolates [91], and Gram-positive bacteria
represent 20-30% of VAP cases [92]. Typically, 25-40% of VAP episodes tend to be
polymicrobial [93-95], with a dominance of MDR P. aeruginosa, S. aureus, and K.
pneumoniae [96,97]. Taking into account that the ETT facilitates the straight communication
from the stomach and cropharyngeal cavities to the tracheobronchial area, it is not surprising
the presence of other microbial pathogens that can reach the lungs either after aspiration or by
direct inoculation into the airways [89-91]. Some authors showed that most VAP patients had
identical pathogens isolated from both the ETT biofilm and secretions from the lower
respiratory tract [54,85]. However, this does not imply that all microorganisms that reside in
the ETT biofilm may be directly involved in VAP [73]. In turn, an enrichment of pathogen
strains [27] and a fluctuation in the prevalence of detectable organisms within ETT biofilm
have served as strong indicators of VAP [71,98]. A link between the major pathogens isolated
from the ETT biofilms and the development of VAP has been demonstrated [54].
Hotterbeekx et al. examined the composition of ETT biofilms, stating that the highest chance
of survival was for VAP patients with a relative abundance of Pseudomonadaceae and
Staphylococcaceae were <4.6 % and <70.8 %, respectively. In its turn, in patients infected
with Pseudomonadaceae at rates greater than 4.6 %, the age of the patient (<66.5 years)
became the most relevant predictor of patient survival [99].

Alongside bacterial pathogens, viruses (e.g., Influenza and Cytomegalovirus) and fungi
(e.g., Candida spp. and Aspergillus spp.) also have been implicated as major causes of VAP,
however at lower incidences, playing a more important role in immunocompromised patients
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[92,100]. Polymicrobial communities, in which multi-kingdom species often appear, are
another worrying feature of biofilm-associated infections, by playing extensive ecological
roles in nosocomial infections, and substantially increasing the resistance and the burden of
VAP infections [95,101].

Unfortunately, there are still many hurdles that frequently limit and challenge VAP
diagnosis. There is often an unclear relationship between the dynamics of the microbiome
and the onset of the infection; the difficulty in differentiating colonization and infection in
clinical practice; the uncertainty about the ETT biofilm flora as the primary source of VAP or
just a concomitant infection; and the unawareness of the causative agent at the time of VAP
suspicion [102,103] are concerns that make VAP diagnosis complex. Besides, the gold
standard assessment methods used to identify VAP-associated pathogens rely on culture
analysis, which may misrepresent the real composition of ETT biofilms, generally
encompassing microorganisms difficult to culture or even unculturable (e.g., members of the
oral cavity) [71,104].

1.7 Aim of the Review

This review has a dual aim. First, it intends to outline the centrai role of ETT biofilm
(mostly polymicrobial) on VAP pathogenesis but also addresses the main attributes of and the
hurdles in defining and diagnosing VAP, which often leads to unfortunate misinterpretations
in VAP surveillance that result in variable clinical outcomes.

The second aim is to provide knowledge on how technological research on antimicrobial
materials designed for ETTs has evolved in the last years. Following up on a preceding report
reviewing biomaterial approaches to help prevent the ETT bioburden [2], this review
intended to give a more complete picture of the technological improvements in the design of
ETTs over the last two decades. We hereby gathered the most recent developments (reported
since 2002) on materials (that mean, coating or modification) able to endow the ETT surface
with active antimicrobial and/or passive antifouling properties, highlighting their
potentialities and/or constraints in reducing ETT bioburden and the risk of VAP while
retaining/improving the safety of use. Finally, we elucidate potential avenues that may assist
upcoming advances in the field to tackle VAP rampant rates and improve patient care.

2. Recent technological advances in antimicrobial materials for ETTs

Studies have reported that inadequate and excessive use of antibiotic (essentially of
broad-spectrum) therapy in ICU is associated with an increase in antibiotic resistance, biofilm
formation, and patient mortality [7,105,106]. The hurdles with diagnosing VAP coupled with
the urgent need of getting an effective treatment to combat VAP infections make prevention
of ETT microbial colonization the most reliable approach for staving off biofilm proliferation
and preventing VAP occurrence. Some useful interventions to prevent VAP have included
subglottic secretions aspiration (SSA) [107,108], control of ETT cuff pressure [109], or
change of the ETT surface material and/or shape [107,110] to provide a better seal and avoid
lung injury. However, their benefit in terms of diminishing the outcomes associated with
VAP (e.g., MV duration; mortality; cost-benefit ratio) remains unclear, limiting its
widespread use [111].

Antimicrobial coating materials are believed to offer new ideas to solve the problem of
microbial adhesion on device surfaces. Improvements in the design of the ETT have been
achieved in recent years [2] with many active (i.e., directly killing microbes on device
surfaces), passive (i.e., altering the surface composition and pattern to produce a
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contamination-resistant surface) and combinatorial approaches being developed to render
ETT with either active antimicrobial and/or passive antifouling properties. We hereby
propose to review the latest technological advances in the field, by gathering, sorting, and
annotating studies on ETT surface coatings/modifications published in the last two decades
(2002-2022) (Table 2). Reports covering active approaches: i) metal-based coatings; ii)
impregnation with antiseptics/antibiotics; iii) coatings based on bio-inspired antimicrobials;
passive approaches: iv) hydrophobic surfaces; v) micropatterned surfaces; vi) nano rough
surfaces; and finally combinatorial approaches involving both active and passive
technologies, were the further subject of critical scrutiny, in respect to their potentialities
and/or constraints in reducing ETT surface colonization/biofilm formation, safety, and ability
to reduce the risk of VAP. A summary of the findings is described next.

2.1 Active Materials

2.1.1 Metal-based antimicrobial materials

Among the wide variety of metals and metallic nanoparticles (NPs) with proven
antimicrobial properties, silver, zinc, selenium, and titanium oxide have been extensively
studied, in particular as antimicrobial coatings for ETTSs.

2.1.1.1 Silver-based antimicrobial coatings

Silver is the noble metal that has been most extensively studied (for at least 30 years),
being the only one that has been put through multiple clinical trials and that has reached
commercialization [112,113]. After its successful application on urinary catheters back in
1990, its potential has been also investigated for ETTs [114]. Silver establishes an ionic
binding with cell components in bacteria, allowing to alteration of many fundamental
bacterial processes [115,116] which include increased cell permeability; membrane
penetration; oxidative damage due to disruption of cell respiration; and changed protein
activity [2]. A wide variety of silver-related compounds, alloys, NPs, and materials have been
investigated as antimicrobial coatings for ETTs by their broad-spectrum mechanisms, either
actively incorporated in the biomaterial for combinatorial applications or the synthesis of
silver nanomaterials.

Hartmann et al. were the first to demonstrate that silver-coated ETTs were able to
significantly inhibit the growth of P. aeruginosa (a 2-log reduction after 50 h of incubation)
in a continuously ventilated oropharynx lung model [117]. In this approach, silver deposition
was used to modify the ETT. In a similar approach, but using an animal model, Olson et al.
challenged silver-coated ETTs for 3 days with P. aeruginosa, resulting in delayed bacterial
colonization on the inner lumen of the ETT, as compared to the unmodified ETT [118]. In the
latter case, silver ions were incorporated in a hydrogel covering the surface of the ETT.
Chemical modification of ETTs by a radio frequency-oxygen glow discharge plasma,
enhanced its reactivity towards the incorporation of sodium hydroxide and silver nitrate, thus
creating an ultra-hydrophobic surface. The modified ETT was able to completely inhibit the
adhesion of four strains of P. aeruginosa and prevented biofilm formation up to 72 h [119].
Despite these promising antimicrobial effects, the reaction times required for chemical
modification were too long (several weeks). Ramstedt et al. presented, then, a faster and
simpler method to attach silver ions to the ETT surface, applying silver nitrate instead of
sodium hydroxide, as has been previously reported [120]. Modified tubes inhibiting the
growth of P. aeruginosa and silver ions leaching were observed.

10



Most of the aforementioned studies relied on the release of silver ions, which generally
present a high level of cytotoxicity and remain active for short periods. Silver nanoparticles
(AgNPs) have increasingly emerged as a promising safe approach addressing such
limitations, by displaying enhanced antimicrobial efficacy against bacteria, viruses, and fungi
when incorporated into ETTs. The transformation of metals into nanoparticles (NPs) may be
advantageous over the use of bulky metals by its i) small sizes but enlarged surface area; ii)
altered morphology permitting intimate microbial-surface interaction; iii) precise application
when preparing medical devices, and iv) cost-effective synthesis procedures [2,121]. An
antimicrobial hydrogel obtained through the loading of AgNPs on polyvinyl alcohol (PVA)
was proposed to be used on the ETT [122]. Results showed that prepared coatings were
effective in reducing colonization of P. aeruginosa and S. aureus, compared to PVA alone.
Additionally, it showed no toxicity against human bronchial epithelial cells. More recently, a
green and facile fabrication technique to coat the surface of ETTs with AgNPs has been
reported in a polyelectrolyte multi-layered film, obtained using layer-by-layer deposition
[123]. The modified ETT exhibited a better antimicrobial activity towards P. aeruginosa and
S. aureus, as compared to a commercially available silver-coated ETT, and it showed no
toxicity against human lung epithelial cells. The antimicrobial activity of polyamide/AgNP
composite-coated ETTs was performed against single and polymicrobial cultures of both
VAP-related Gram-negative and Gram-positive bacteria, but also fungi. The results revealed
that coated ETTs demonstrated considerable antimicrobial outcomes on the growth of
planktonic P. aeruginosa and S. aureus populations; retaining their antimicrobial activity for
4 weeks. Also, biofilm formation by both bacteria was inhibited (4-6 log) after 72 h [64]. No
indication of toxicity assessment was reported in this study.

The aforementioned studies evidence the antimicrobial properties of silver biomaterials
in vitro and in vivo, but there is still controversy concerning silver-related toxicity, which has
been limitedly addressed. In regards to AgNPs, when rabbits were orally exposed to silver
nanoformulations for 28 days, nanosized granules were found in the basal lamina,
macrophages, and connective tissue of submucosa [124]. It has also been demonstrated that
when different-sized AgNPs were intravenously injected into rats, these were redistributed to
the liver, lung, heart, and. all other organs, showing a systemic distribution [125]. By contrast,
Jiang et al. reported no cytotoxic effect by dip-coated polyethylene ETTs with a solution of
silver-silicon dioxide using rabbits and a gold hamster in vivo model, no pyrogenic effect was
observed and hemolysis test showed biocompatibility with red blood cells [126]. Despite the
effort made to study these aspects, data regarding silver toxicity and effectiveness is still
limited and/or discrepant, which hinders drawing definitive conclusions about their safety and
clinical use.

In addition, scant data is reporting the effective reduction of secondary VAP outcomes
such as mortality rates, and ICU length of stay [112,127] by silver-coated ETTs. In 2015, an
ETT coating based on a combinatorial approach with a sub-micron layer of a noble metal
alloy (NMA) composed of silver-gold-palladium (“Bactiguard®” Infection Protection, BIP)
was reported by its clinical tolerability, safety, and performance during short-term intubation
(3-8 h) in a small sample size (29 patients) [128]. Later, a pilot study enrolled 300 ventilated
patients from different ICUs and hospital centers (n=9, Belgium), to test the impact of BIP
ETT in reducing VAP incidence, antibiotic consumption days, and tracheal colonization by
pathogenic bacteria [129]. Even though the length of ICU stays, MV duration, tracheostomy
rate, and hospital mortality were not significantly different among both NMA-coated and
non-coated groups, this study still provided evidence of the benefit of mixed noble metal
coating in preventing VAP, by reducing its incidence by 5.1%, the number of antibiotic days
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by 6.6% and tracheal pathogen colonization by 3.7% in the NMA-coated compared with non-
coated subglottic suctioning ETTs in the ICU patients. Another subsequent study that
involved a shorter number of ICU patients showed to reduce in the ventilation days from 5.03
+ 1.88 in the control group to 3.2 £ 0.78 in the intervention (NMA-coated) group, in addition
to a decreased incidence of VAP and ICU stays for ventilated patients [130]. The BIP ETT is
currently seeking FDA approval.

2.1.1.2 Zinc-based antimicrobial coatings

Zinc oxide (ZnO), a common antimicrobial metal agent applied in personal care products
(e.g., sunscreen or anti-dandruff shampoo) has been widely included in the design of novel
ETT coatings. NPs of zinc oxide (ZnO-NPs) have attracted interest specifically over the last
decade, likely due to their appealing properties, including high surface-to-volume ratio,
stability under diverse environmental conditions, and low costs associated with its production
[131]. Even though the complex and fully understood exact mechanism of antimicrobial
activity of ZnO-NPs, these nanostructures have proved enhanced broad-spectrum activity,
mostly against Gram-positive (e.g., Bacillus subtilis and S. aureus), but also Gram-negative
bacteria (e.g., P. aeruginosa and E. coli) [132,133], while non-toxic to human cells (Colon et
al., 2006). Despite the many studies evaluating the potential of surfaces incorporating ZnO-
NPs [134-136], only a few have examined its effect in particular for ETTSs.

Films of PVC, in which ZnO-NPs with about 60 nm diameter were incorporated at
increasing weight percentages (2%, 10%, 25%, and 50%), were further challenged with S.
aureus. Results showed that the highest concentration of ZnO-NPs in the PVC composite
surfaces led to 28% and 55% reductions in bacterial growth and biofilm formation after 24 h
and 72 h, respectively [137]. In a similar study, the incorporation of ZnO-NPs on PVC taken
from commercially available ETTs resulted in an 87% reduction in the biofilm formation of
S. aureus within 24 h [138]. Besides the clinical application in reducing the bioburden on
surfaces, the potential of ZnO-NPs has been also exploited for their antimicrobial properties
against foodborne contamination and food packaging [139,140]. Despite their widespread use
in a variety of settings, their adverse effects have been increasingly reported in both in vitro
and in vivo, requiring caution in their use. For instance, it has been shown that long-term
exposure of mice to a diet based on lower doses of ZnO-NPs caused minimal toxicological
effects, while higher doses resulted in developmental toxicity and alteration in the zinc
metabolism and biodistribution in these animals [141]. Also, ZnO-NPs may induce
pulmonary inflammation in endotracheally exposed mice [142].

2.1.1.3 Selenium-based antimicrobial coatings

Selenium, a nutrient element playing crucial roles in biological systems, has also been
pointed out for its antimicrobial properties. More specifically, selenium nanoparticles
(SeNPs) have proved anticancer [143], antioxidant [144], antibacterial and anti-biofilm
attributes [145,146], combined with low acute toxicity [146]. The potential of this strategy for
ETTs was evidenced by Tran and Webster [147]. The authors showed that PVVC medical
grade coated with SeNPs resulted in a better reduction in S. aureus colonization as compared
to a silver coating on PVC. It should be mentioned, however, that colonization was only
investigated for a period of 8 h [147]. Further research is required, therefore, to conclude its
application in the context of VAP.

2.1.1.4 Titanium-based antimicrobial coatings - Photodynamic therapy
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Photo-based antimicrobial coatings have been applied in the design of novel ETT
coatings. This kind of approach uses a photosensitizer that is activated by a specific
wavelength of light to create an active component that will induce antimicrobial effects [148].
Titanium dioxide (TiO,) is widely known for its photocatalytic properties, providing
excellent electronic configuration, stability, chemical inertness, commercial availability,
reduced cost, and biocompatibility [149]. Its use is based on its ability to cause oxidative
stress through the generation of reactive oxygen species (ROS), after being exposed to light
with wavelengths lower than 385 nm [150]. TiO, nanoparticles (TiO,-NPs) have proved to be
antimicrobial against both Gram-positive (e.g., S. aureus and Listeria monocytogenes) and
Gram-negative bacteria (e.g., P. aeruginosa, E. coli, and Pseudomonas fluorescens)
[151,152]. Recently, modified forms of TiO,-NPs have been explored to enhance TiO;
photocatalytic activity for antimicrobial applications under visible light [153]. Only a study
could be found applied directly for ETTs, using two types of NPs, standard anatase
commercially available TiO,, and N-doped TiO,, placed on the internal surface of segments
from commercially available ETTs [154]. Authors challenged these two approaches for 24 h
with P. aeruginosa and S. aureus. In the absence of light, no antimicrobial activity could be
found for both species. Under fluorescent light irradiation, on the other hand, bacterial
inactivation was observed. N-doped NPs were more effective against S. aureus, as compared
to commercial NPs and no differences were found for the inactivation obtained against P.
aeruginosa. Although TiO; exhibits photocatalytic antibacterial activity under ultraviolet
(UV) and visible light, the use of potentially harmful UV light is not comprehensively
recommendable in hospital environments. Recently, modified forms of TiO,-NPs capable of
showing photocatalytic antibacterial activity in the spectrum of visible light [155] are under
investigation. Unfortunately, adverse pulmonary effects in animals caused by TiO, have been
reported, which, along with allegations regarding its carcinogenic risk for humans, make
conclusions unclear for its NPs [156].

2.1.2 Coatings based on the impregnation of biocides

One of the first reported antimicrobial coating approaches comprised the straightforward
incorporation of biocidal compounds such as antibiotics or antiseptics into the bulk material
of the device, before injection molding or extrusion [157]. Of these, antibiotic impregnation
has been mostly applied in orthopedic practice, namely in antibiotic-loaded cement [158] and
the development of central venous catheters [159]. Although these strategies had the
advantage of using aiready approved compounds, which enhanced their commercialization
for some applications, concerns regarding the development of antimicrobial resistance
(AMR) resulted in the search for alternative compounds, such as antiseptics. Impregnation of
antiseptics has been mostly applied to the development of central venous catheters, but there
are also some in vitro studies on ETTs. Antiseptics used in the impregnation of ETTSs include
gendine, which is a combination of Gentian Violet with chlorhexidine, [160] alone or
combined with gardine, this latter resulting from a combination of brilliant green (antiseptic
dye) with chlorhexidine [127]; chlorhexidine alone [161]; and, hexetidine [162]. For instance,
gendine- and gardine/gendine-coated ETTs proved to prevent adhesion of methicillin-
resistant Staphylococcus aureus (MRSA), MDR Gram-negative bacteria and even fungal
species such as Candida albicans or Candida parapsilosis [127,160]. Furthermore, they
proved to be more efficient than the silver-coated ETTs, which were used for comparison
purposes. Of these, only gendine was inspected for its biocompatibility, showing no toxicity
against fibroblasts.

The design of antimicrobial materials based on soaking nature-based bactericidal
substances produced by living organisms such as essential oils (e.g., eugenol) to repel
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bacteria from medical device surfaces has also been investigated. Venkateswaran and others
have produced and trapped poly(lauryl acrylate) nanocapsules containing clove oil or its
major ingredient eugenol within 1 cm-pieces of a commercially available PVC-ETT, thus
creating an interpenetrating polymer network, which resulted in the slow-release of eugenol
driving to notable reductions in surface-bound K. pneumoniae and MRSA [163].

One suitable ETT coating approach results from mimicking human defense mechanisms.
Homeyer and colleagues employed nitric oxide (NO) to develop a NO-releasing PVC coating
(NORel-ETT) [164]. NO is an endogenous gas consistently released from the natural
endothelium, with potent antimicrobial activity [165,166] due to its adverse reactions on
microbial cell components. Incorporation of S-nitroso-N-acetylpenicillamine (SNAP), a
synthetic NO donor with promising antimicrobial properties [167,168], into an ETT, resulted
in a decreased build-up of the secretion on the ETT lumen and increased alveolar macrophage
activity. Also, bacterial proliferation was inhibited and the risk of infection decreased. The
impregnation of SNAP forms a hydrophobic polymer effectively releasing NO over 7 days
while keeping natural mechanical ETT properties preserved. Besides, the NORel-ETT could
significantly reduce P. aeruginosa infection over a 24 h period. Studies have shown that
sustained NO-releasing materials can support both active and passive approaches, as they can
be used combined with hydrophilic polymer topcoats, forming suitable and highly efficient
antifouling and antibacterial polymers for biomedical applications [169].

2.1.3 Coatings based on bio-inspired antimicrobials

2.1.3.1 Antimicrobial peptides-based antimicrobial coatings

Antimicrobial peptides (AMPs) play a significant protective role in the innate immune
system of most living organisms against invading pathogens [170]. As the first line of
defense, AMPs display important features appealing for their use as antimicrobials alternative
to antibiotics, including their immobilization on medical devices [171], cell selectivity (that
is, discrimination between host and microbial cells), prompt action mechanisms; wide-
spectrum antimicrobial activity, even against resistant and MDR strains, and low propensity
for AMR development [172]. In the past few years, certain AMPs (asioglossin-111) have been
applied in ETT coatings, with promise in preventing bacterial adhesion without in vitro
cytotoxicity against mammalian cells [173].

To overcome some limitations associated with AMPs, including proteolytic degradation,
concerns with hemolysis and cytotoxicity, de novo designed peptide sequences have been
developed [174,175], among which ceragenins have aroused a growing interest in the last few
years [176]. Ceragenins comprise a group of cholic acid derivatives with amine groups,
chemically modified to mimic the amphiphilic properties of AMPs [177]. Unlike AMPs,
ceragenins are not peptide-based, so insensitive to proteolytic activity and with ability to
exhibit a longer half-life in the body. Other advantages include the fact that ceragenins can be
readily synthesized on a large scale, making their preparation more cost-effective [178]. Of
particular interest is their antimicrobial activity against a wide range of microorganisms,
including MRSA [179], colistin-resistant Klebsiella pneumoniae [180], MDR P. aeruginosa
[181] and fluconazole-resistant C. albicans [182]. The great potential of ceragenins has been
recently explored for application in ETTs. The authors have proposed the incorporation of a
lead ceragenin, CSA-131, into a polyurethane-based hydrogel that was then dip-coated onto a
PVC-based ETT. The hydrogel provided a reservoir for the ceragenin and allowed its
sustained release. The eluting ceragenin prevented ETT microbial colonization by P.
aeruginosa, MRSA, K. pneumoniae, C. albicans, and Candida auris, and biofilm formation
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for several days. The duration of its antimicrobial activity was species-dependent, ranging
from 4 days for P. aeruginosa until a maximum of 16 days when challenged with C.
albicans. The modified ETT was also challenged against mixed-species biofilms of P.
aeruginosa with MRSA and with C. auris, being able to prevent their formation for up to 2
and 3 days, respectively. This study, also comprised a pre-clinical porcine model to
investigate the safety of modified ETT under MV for 24 h. No abnormalities in the
oropharyngeal area, trachea, or lungs were observed, as well as no inflammation was shown
by histological examination, as compared to the unmodified ETT. The great potential of this
study has led to seeking FDA approval.

2.1.3.2 Biosurfactants-based antimicrobial coatings

Other bio-inspired compounds investigated to prevent ETT microbial colonization have
been the biosurfactants (e.g., cholesterol, lecithin, sphingosine), which are microbial
compounds displaying pronounced surface and emulsifying activities [183]. Regarding their
potential for ETT functionalization, coating of PVC-ETTs with solutions of surfactants
containing different ratios of cholesterol and lecithin, resulted in more than 90% reduction of
S. aureus and P. aeruginosa adhesion, up to 8 h [184]. More recently, sphingosine coatings of
ETTs were reported to prevent the adhesion and biofilm formation by P. aeruginosa, A.
baumannii, and S. aureus up to 24 h [185]. This antimicrobial activity was similarly exhibited
in an in vivo model while no side effects on tracheal epithelial cells or inflammation could be
observed.

2.1.3.3 Bacteriophages-based antimicrobial coatings

Although still in its infancy, bacteriophages represent a novel, promising, and
challenging alternative to deal with the microbial invasion of device surfaces, namely on
ETTs. Among the main advantages of phage therapy, its low risk for host-microbiota injury,
its self-replication inside host cells, specificity for the host, and low expenditure [186] are
highlighted. A recent study reported a cocktail of two phages previously selected by anti-
biofilm screen testing, able to prevent P. aeruginosa settlement of the surface of ETTs using
a dynamic biofilm model [187]. Being challenged with different P. aeruginosa strains, the
phage cocktail-coated tubes promoted strain-dependent differences in bacterial colonization.
Scanning electron microscopy revealed alterations in biofilm structure, with consortia
forming tower-like structures, in addition to a reduction in biofilm cells (phage-coated vs.
non-coated tubes). A newer report showed considerable prevention (up to 3.2 log inhibition)
and even significant removal of biofilm to a maximum of 2.4 log by MDR P. aeruginosa
strains in 12 mm-long ETT segments exposed for pre- and post-treatments, respectively, with
lysates of two P. aeruginosa-specific designated ®JHS-PA1139 and ®SMK-PA1139 [188].

2.2 Passive Materials

Microbial adhesion to a surface is strongly dependent on its physicochemical properties,
including surface energy, wettability, charge, chemistry, roughness, and topography [189].
Alteration of any of these factors may stimulate or repress microbial adhesion, biofilm
formation, or biofouling. For instance, surfaces with mild wettability are more prone to cell
adhesion, as compared to extremely hydrophobic or hydrophilic surfaces [190]. The surface
free energy of the material plays a role in the reversibility of adhesion. When this parameter
IS positive, unfavorable adhesion occurs according to the thermodynamic principle [191].
This notion has steered researchers to engineer anti-biofouling materials for different
applications, encompassing medical devices, the food industry, or marine transportation
[119,192-197]. A few passive approaches proposing changes on the surface composition and
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pattern of ETT surfaces to prevent microbial establishment or absorption to ETT material
surfaces have included designing hydrophobic/hydrophilic, nanomodified, and
micropatterned surfaces. Some examples are described next.

2.2.1 Hydrophobic/hydrophilic surfaces

Understanding the relationship between the surface charge/hydrophobic attributes for
both microorganisms and materials is critical to recognize the potential for developing
biofouling on a material surface. The adhesion of bacteria to inert materials varies widely
owing to several physicochemical features that are known to influence cell attachment [198].
For instance, two studies relied on treating chemically PVC with oxygen plasma, yielding
hydrophilic surfaces that reduced P. aeruginosa adhesion by 70%, compared with the non-
treated control [195]. Also, a combination of solvent and non-solvent approach was used to
impart PVC surfaces with varied hydrophobicity, with water contact angles ranging from 80°
to 150° [199]. Surfaces with higher hydrophobicity, challenged with P. aeruginosa,
prevented its adhesion for 6 h, which resulted in a delayed biofilm formation, as compared to
unmodified PVC.

2.2.2 Nanomodified surfaces

The influence of surface topography on microbial adhesion and biofilm development has
been extensively investigated by engineering surfaces with geometries of ordered features,
and designed with unique roughness. Initial approaches reported were carried out by
mechanical roughness and polishing techniques, generating random texturized roughness
surfaces. Surface topography manipulation around nano-scale generates surfaces with
features <100 nm in one direction (referred to as nanomodified surfaces) [200] with the
potential to control bioburden on abiotic surfaces. Nanomaterials offer ideal surface
energetics owing to their considerably larger surface area when compared with conventional
nano-smooth surfaces, thereby promoting initial protein binding, crucial for mediating
bacterial primary attachment [201]. Therefore, these nanomodified surfaces” unique
properties still provide a solution to the persistent problems of VAP.

Nanoscale features have been created on PVC-based ETTs, through enzymatic
degradation by a lipase from the fungus Rhizopus arrhizus. Such modifications proved to
reduce the adhesion and biofilm formation by S. aureus [202,203] and P. aeruginosa
[199,204,205], but concerns over AMR, coating stability, and biocompatibility, have limited
the widespread use of these nanorough ETTSs.

Nano-rough surface topographies have also been used to create surfaces with enhanced
hydrophobicity - superhydrophobic surfaces -, thereby providing a unique water-repellent and
antifouling resistance attribute [2]. This kind of surface can be achieved by altering the
surface chemistry of the polymer by adding functional groups with low energy through
specific techniques [206—208]. Regarding an example referred to in section 2.2.1, Loo et al.
developed a combination of solvent (ethanol/methanol) and non-solvent approaches to impart
PVC surface with altered hydrophobicity, and improve the surface roughness and porous
network [199,209]. Surfaces with higher hydrophobicity (water contact angles varying from
80° to 150°) could prevent P. aeruginosa adhesion for 6 h, resulting in a delayed biofilm
formation (compared to unmodified PVC), indicating the suitability of this strategy to delay
the onset of VAP when applied to short-term ventilated patients.

2.2.3 Micropatterned surfaces
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Recently, micropatterning has been used to fabricate well-defined and reproducible
dimensioned and shaped microstructures [209]. Concerning alterations in the surface
patterning of ETTs, only two studies have been reported. Inspired by the topography of shark
skin, the Sharklet™ patterning creates a micropatterned surface mimicking the topography of
shark placoid scales to prevent microbial adhesion, with its potential being investigated for
several applications [210,211], including the modification of ETTs. As reported, a modified
ETT with this technology was challenged by members of the ESKAPE bacterial group,
including the top-five pathogens commonly associated with VAP: MRSA, P. aeruginosa, K.
pneumoniae, A. baumannii, and E. coli. Results showed that adhesion was inhibited for all
bacteria and that biofilm formation was impaired for MRSA and P. aeruginosa [212]. In
another study, it was demonstrated the ability of the Sharklet™ textured surface to reduce the
mucus occlusion of a PVC-ETT, when using a preclinical airway patency sheep model [213].
This technology is currently seeking FDA approval.

2.3 Combinatorial Active/Antibacterial and Passive/Anti-biofouling Materials

In clinical practice, a key weapon to cope with AMR has been antimicrobial combination
therapy. Combinatorial strategies applied in the design of novel ETT materials have been
advantageous to produce collective multifaceted attributes, including lowering antimicrobial
doses, preventing the emergence of resistance and antibacterial attachment, and achieving
biocompatibility [2,214]. Active and passive combinatorial strategies have been successfully
introduced in the design of ETT surfaces, endowing therm with both antibacterial and anti-
biofouling properties and acting together to fight ETT bioburden and reduce the risk of VAP.

Inspired by the evidence that certain metabolites, such as fructose, may increase the
efficacy of antibiotics [215], Durmus et al. combined the effect of nanoscale surface features
created by a fungal lipase with sugar metabolites to prevent biofilm formation on ETTs [202].
When surfaces with only nanoscale features were challenged for 24 h with S. aureus, a 45%
decrease in staphylococcal attachiment was observed, while PVC soaked with a solution of
fructose caused a 38% reduction. The combination of both strategies yielded a decrease of
60%, highlighting a synergistic effect of both.

Zeolites exhibiting well-defined channels and cavities able to host metal ions were also
applied and combined with different materials such as copper [216] or silver [217]. In the
latter example, composites incorporating silver, zeolites, and tyrosine coatings on ETTs were
tested against MDR A. baumannii for 24 h and showed that silver zeolite coating led to a
significant reduction of planktonic cells (74%) and also of immobilized cells (70%). Further
combination with tyrosine yielded similar results against planktonic cells but caused a 100%
reduction of immobilized cells [217].

As a bioactive polymer, chitosan (CS) possesses many active sites for complexation with
metal ions to be applied for certain antibacterial applications (e.g., wound dressing) [218—
220]. Likewise, CS-AgNPs have been exploited as promising nano-formulations for ETT
surfaces. A recent study showed a complex CS-AgNPs@PAAmM-Gelatin (PAAmM =
polyacrylamide) nanocomposite coating exhibiting excellent antibacterial and antifouling
activities while achieving good biocompatibility. Using a porcine mechanical ventilation
model, the strategy also allowed the prevention of occlusion and biofilm-related infection of
conventional PVC-ETTs, holding great promise in the clinic.

Another combinatorial strategy consists of using a hydrogel entrapped with nebulized
antimicrobial solutions to coat ETTSs. Jones and co-workers reported copolymers of
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hydroxyethyl methacrylate (HEMA): methacrylic acid (MAA) at varied ratios (100:0 to
70:30) and challenged with S. aureus and P. aeruginosa. Findings showed reliance of
antimicrobial persistence on the hydrogel composition, with the 70:30 HEMA: MAA
copolymer displaying >20 successive days of persistence against both bacteria. Unlike
gentamicin-treated HEMA PVC tubes, HEMA: MAA hydrogels-coated ETTs exposed for 20
min to a nebulized solution of gentamicin could prevent bacterial proliferation, therefore
making HEMA: MAA copolymers potentially useful ETT coatings for use in combination
with nebulized antibiotics and, hence, an auspicious strategy for VAP prevention [221].

Curcumin-functionalized ETTs and photodynamic action have been also used combined
and further applied in ETTs. In a recent study, Zangirolami et al. reported in vitro ETT's
functionalization with curcumin photosensitizer to avoid bacterial biofilm formation,
resulting in substantial photoinactivation (up to 95%) against Gram-negative (P. aeruginosa
and E. coli) and Gram-positive (S. aureus) bacteria when curcumin-functionalized ETTs were
used. Curcumin-ETT remains active after six photodynamic sessions every 24 h up to 6 days
with 23.76% of microbial reduction [222].

Other examples of reported combinatorial active and passive approaches are summarized
in Table 2.

3. A critical appraisal of the technological progress on antimicrobial materials for ETTs

The overall frequencies of deadly biomaterial-associated HAIs, of which VAP is part,
aggravated by the emergence and spread of microbial species no longer responding to
common antimicrobial medicines, leading to AMR, has led researchers to move efforts
toward alternative strategies to deal with the microbial contamination of indwelling medical
devices. Pertinent antimicrobial materials have been developed to render the surfaces of such
instruments with antimicrobial and antibiofilm activities, thereby aiming to reduce the risk of
developing persistent and serious infections. Taking advantage of the technological progress
over years and years of research, and having in mind the key role of ETT microbial
colonization on VAP pathogenesis [53], the development of innovative and robust
antimicrobial and/or anti-biofouling materials to improve ETT design is a promising way to
combat this matter.

This review compiles the most recent developments in antimicrobial materials for ETTs
(Table 2) (at the end of this document). A comprehensive picture of the findings can be found in
Fig. 1, allowing for a better understanding of the overall technological progress in the field. A
search on Pubmed allowed identifying 47 reports on materials for ETTs over the last twenty
years (2002-2022). Intriguingly, about 70% (33 reports) of all developments have been
published during the past decade (2012-). This eventually suggests that over the next
years/decade, it is more likely to expect rapid and meaningful advancements to occur in the
field. A general overview of Fig. 1A allows one to discern a consistent increase in the number
of published studies on the subject that ranged from 0 (in 2009) and 5 (in 2020 and 2022)
reports per year. This demonstrates that, even with significant technological change, the
difficulty in overcoming the hurdles associated with VAP (e.g., persistent colonization and
biofilm formation/MV duration/ICU length of stay/VVAP occurrence) makes this an evolving,
complex, and challenging matter. Active approaches, including materials exhibiting
bactericidal nature, are by far the most reported ones, representing 31 (66%) of all annotated
reports, followed by combinatorial active/passive (9/47, corresponding to 19.1%) and, lastly,
passive approaches (7/47, corresponding to 14.9%) (Fig. 1B).
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Fig.1. Overall progress on antimicrobial materials for ETTs over the last two decades
(2002-2022). (A) A number of reports on active, passive, and combinatorial
(active/antimicrobial plus passive/anti-biofouling) materials for ETTs annotated each year.
(B) General overview on the type of reported material applied to ETTSs, on the
coating/modification approach, on the used testing, and the percentage allocated for each.
Numbers in brackets refer to the no. of reports identified for each strategy.

Active strategies were ranked by metal-based ETT coatings (19 reports; 61.3%), where
silver endured as the most well-documented metal, counting 14 reports. ETTs impregnated
with biocidal agents and bio-inspired antimicrobials were reported to a lesser extent, both
embodying 6 (19.4%) published works, respectively. Although less representative than active
strategies, passive approaches encompassed nanomodified surfaces as the most reported ones
(4 reports), followed by the micropatterned (2 reports) and hydrophobic/hydrophilic surfaces
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(1 report), comparable to 57.1%, 28.6%, and 14.3%, respectively. Irrespective of
combinatorial active/passive approaches, the number of published studies (9; 19.1%)
particularly observed over the past few years highlights a notable growing interest by
researchers in merging active antimicrobial and passive anti-biofouling strategies for
biomaterial applications, namely for ETT modification surfaces. An overlook of these metrics
can be discerned in Fig. 1B.

Designing and implementing antimicrobial materials for improving medical device
surfaces [223,224] requires following safe-by-design criteria, including (but not limited to)
antimicrobial performance, biocompatibility evaluation, potential to induce AMR, and long-
term stability. The most likely strategy to attain these outcomes is by integrating
multidisciplinary expertise into the full developmental processes, thus ensuring that reliable
and robust testing or practice is efficiently employed [225]. A comprehensive analysis
allowed us to discern many gaps/challenges in the studies found and annotated in this review.

Of all tested approaches, silver antibacterial materials for ETTs have received greater
attention in the last decades, with the progress in their research reaching the clinical market in
the US (BIP ETT). Its widespread use, however, has been hindered by the relatively high cost
[226], in addition to the lack of a consensus about its safety, antimicrobial effectiveness, and
long-term stability. Environmental and health concerns have been raised regarding the
extensive application of silver [227], an important challenge that should be taken into
consideration. For instance, bacterial clinical isolates resistant to silver have been found in
sewage systems from healthcare facilities [228,229]. Furthermore, abundant leaching of
silver can give rise to systemic side effects [2]. The limited studies developed in vivo have
shown that toxicological issues found in silver-based products are extended to other metals
(e.g., zinc; titanium) prepared into NPs, highlighting the need for monitoring selection and
spread of metal-based resistant strains and more data to fully elucidate their resistance
mechanisms and conclude about their safety and clinical usefulness.

Worthy of note, most of the reported approaches have to be determined about
cytotoxicity. Only a few studies have evaluated in vitro biocompatibility of their ETT
materials, mostly against human lung/tracheal epithelial cells [122,123,160,173,230] but also
against mouse fibroblasts [160,230]. Toxicity remains an important factor when evaluating
any antimicrobial coating strategy. Its assessment against relevant human cells should be part
of any in vitro miodel to effectively predict the clinical outcome of these antimicrobial
strategies. It should be the first step, before going further to in vivo assays. The limited
studies on biocompatibility found suggest that the time and cost associated with such assays
represent another challenge that may be likely addressed with standardized cytotoxic
evaluation methods and conditions for the new materials, thus making comparisons possible
and helping ensure the best safe approach [2].

In addition to silver, the antimicrobial properties of other noble metals such as copper,
gold, titanium or zinc have long been recognized and applied [231]. With the recent research
advances in nanotechnology, it was possible to address some limitations associated with
bulky metals, namely their large size and the required high doses [232] by modifying them
into NPs exhibiting a high ratio of surface area to mass, high reactivity and sizes in the
nanometer range (1 to 100 nm), making them with unique physicochemical traits [233].
Metallic NPs have been the focus of interest for medical applications since they have been
identified as promising alternatives to antibiotics in the fight against AMR [234]. Although
the exact primary mechanisms that lead to the antimicrobial effects of metallic NPs are not
yet fully elucidated, three major pathways are described: cell wall and membrane damage,
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intracellular penetration, and oxidative stress [235]. Once inside the cell, metallic ions can act
as a catalytic cofactor on a wide range of cell enzymes, either generating or catalyzing the
production of ROS. If its production exceeds cell antioxidant capacity, oxidative stress will
be harmful, causing damage to proteins, lipids, and DNA [236]. It has been proposed that
these nonspecific mechanisms of antimicrobial activity hinder the development of resistance
by microorganisms [237]. However, despite the promising antimicrobial performance
demonstrated, the efficacy of nano-metal-based materials comes warranted with a varied
number of challenges: 1) shortage of detailed and precise toxicity information to be further
used in human treatment, therefore jeopardizing the rapid translation of the technology for the
clinic; 2) risk of metal accumulation in the body leading to heavy metal toxicity; 3)
propensity for inducing bacterial resistance 4) lack of antibiofilm testing or effectiveness in
reducing biofilm formation; 5) lack of evidence on decreasing MV duration, ICU length of
stay, thereby compromising its effectiveness in avoiding VAP occurrence.

An attractive and straightforward strategy to reduce the risk of VAP is impregnating
ETTs with biocides, a strategy that has shown satisfactory resulis in inhibiting the adhesion
of important VAP-associated pathogens while decreasing the risk of bacterial resistance by
the extensive use of existing antibiotics. Some studies have reported ETTs anchoring varied
antiseptics (e.g., chlorhexidine; gardine and gendine; hexetidine); however, the main
challenges are related to controlled release kinetics and the ever-rising concerns about the
development of AMR, which has led to the search for other antibiotic alternative compounds
with less propensity to induce drug-resistant strains. Furthermore, the environmental and
toxicity issues related to biocides, often in a dose-dependent manner, lead one to balance
between their antimicrobial efficacy and impact on effectively reducing the spread of AMR
among VAP pathogens and their related negative concerns [237].

The design of antimicrobial coatings based on natural compounds produced by living
organisms such as essential oils (e.g., eugenol), surfactants, AMPs, and bacteriophages has
developed effective strategies to prevent the colonization of their surfaces by pathogens
[238]. Regarding surfactants, most of their applications have been essentially focused on their
environmental applications, however, a few agents such as cholesterol, lecithin, or
sphingosine gather some properties appealing for applications in the medical field, including
lower toxicity, higher biodegradability, and efficacy at extreme temperatures and pH, in
addition to their antibacterial, antifungal and antiviral activities [239]. To overcome the
common contests associated with AMPs, regarding their expense and easy degradation by
proteases [240], a novel class of small molecules mimicking the properties of AMPs, has
been successfully proposed as a cost-effective solution for ETTs. Ceragenins have exhibited
promising broad-spectrum antimicrobial (including bacterial and fungal species), antibiofilm
activity, and low toxicological effect in vivo (pre-clinical porcine models) [241]. Also, an
efficient and relatively cost-effective strategy recently reported is the immobilization of
bacteriophages on surfaces [242—245], which has proved great potential for future avenues in
the fight against BAls. The use of phages, however, carries particular limitations, specifically
its sensitivity to moisture, deactivation under certain conditions [246], or reliance on the
application area [247]. Further investigations into ceragenins and bacteriophages would likely
provide the necessary assets to prevent VAP.

Optimizing surface properties to reduce the attractive forces between the microorganisms
and the surface material remains an alternative approach to the killing effect of the
antimicrobials, by promoting an anti-biofouling surface while avoiding microbial adhesion
and multiplication during the initial stage of contamination. This review showed that passive
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approaches have been the least reported, which can be partly explained by the fact that
manipulating surface chemistry is not as straightforward as thought, requiring specific
technological methodologies and more complex protocols. Initially, approaches relied on
applying mechanical roughness and polishing techniques to generate random texturized
roughness surfaces. More recently, photolithographic etching of the Sharklet™ micropattern
onto a silicone-made ETT resulted in anti-adhesive and antibiofilm properties against a
variety of VAP-associated pathogens (e.g., S. aureus, P. aeruginosa, K. pneumoniae, A.
baumannii and E. coli) [212], even decreasing the buildup of mucus inside the ETT, both in
vitro and in vivo [213]. A few studies reporting nanomodified surfaces have displayed
significant reductions in microbial growth [203-205] or even in biofilm development [199].
Despite the major developments in this field, the introduction of passive approaches in the
market is still below expectations, with only Sharklet™ technology seeking FDA approval.
Their widespread use has been hindered by concerns over structure stability and durability,
biocompatibility, AMR, or even relatively high-cost issues, as well as health and
environmental concerns due to the use of some chemicals such as fluorine [248].

A major cavity found in annotated ETT surface coating/modification approaches was
related to the implementation of in vivo (animal) testing. ETT coating approaches implicating
biocides impregnation, nanomodified, and hydrophobic/hydrophilic surfaces have not
evolved for animal models, as discerned by Fig. 1B. An important aspect when designing
antimicrobial materials is that the bridge from in vitro and in vivo (animal) testing to full-
scale clinical trials may be as straightforward as possible. For better understanding, efforts
should be undertaken to define, just in an early design stage, appropriate in vivo-like
conditions (e.g., pathogens; environment) as well as the pertinent and representative testing
models, so that any potential antimicrobial, health, and safety risks associated with the
material may be eliminated when moving from in vitro to clinical testing. Otherwise,
developed materials will debut or maybe never leave the workbench. Increased associated
costs and complex constraints are challenging to models in vivo. Besides, there are specific
difficulties associated with ETT placement and respective surrounding environments
(enlarged surface area; constantly challenging environment; physiological altered conditions)
that the novel materials were not designed to deal with. All these factors contribute to
facilitating the clinical translation of most ETT materials.

Even though all approaches were anticipated to control the ETT microbial adhesion, an
often-neglected point in most studies reporting ETT antimicrobial coatings is the VAP
polymicrobial etiology, despite it having been increasingly recognized. The most frequently
tested microorganism was P. aeruginosa (29 in 47 studies; 61.7%), followed by S. aureus (17
studies; 36.2%), MRSA and A. baumannii (8 studies for each; 17%), K. pneumoniae (5
studies; 10.6%), C. albicans (4 studies; 8.5%) and others with lesser frequencies. The first
reported strategies, regardless of the type of approach used, only tested one microorganism,
and the choice fell mainly between P. aeruginosa and S. aureus. More recently, proposed
strategies have increased the number of organisms tested, including more bacterial species
and even fungal species [64]. However, most of these strategies test these organisms
individually, not truly reflecting the polymicrobial nature of VAP. Even having the awareness
that VAP is often mediated by biofilms, only a very small number of studies addressing the
effectiveness of ETT coatings towards biofilms (15 in 47 studies; around 32%) and in
particular polymicrobial biofilms was uncovered. A unique study attending this latter matter
was found in 2018, evaluating the performance of an immobilized ceragenin in a
polyurethane-based hydrogel [241] against polymicrobial, including inter-kingdom (bacterial-
fungal) biofilms. Though the antimicrobial efficacy of the coated tubes was reduced in
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preventing mixed-species consortia for multiple days compared to their single-species
biofilms, ceragenin films remain an attractive approach for the prevention of microbial
colonization and subsequent biofilm formation on ETT surfaces, attaining significant
reductions (to up 7 log CFU/mL). Future research should, therefore, venture into improving
their ETT materials by providing a more holistic approach to the matter, taking into account a
collective representation of VAP pathogens, thus reducing the number of barriers, shortening
the path to proceed further to in vivo testing and ensuring success in patient care.

From the analysis of the main outcomes annotated in Table 2, it was also possible to
discern that most of the strategies reported a delay in microbial colonization and/or biofilm
formation, but they were not able to completely prevent these events. It is crucial, therefore,
to determine if these remaining bacteria can grow into a mature biofilm, eventually reaching
the lungs and thus leading to the establishment of VAP. It has been demonstrated that even a
low number of bacteria (10 CFU/mL) can trigger an infection [249,250]. A promising
solution to cope with this kind of result may contemplate the combination of such strategies
with other approaches. For instance, the combination of a silver-coated ETT with periodic
cleaning of mucus from the ETT’s internal surface in a sheep mechanically ventilated for 72
h, proved to reduce the accumulation of mucus and bacterial growth within the ETT [251].
However, when more recently, Pirrone et al. investigated a similar approach in a clinical trial,
and results showed that the periodic cleaning procedure was not so efficient in avoiding
bacterial colonization and lowering respiratory tract colonization, as compared to the standard
suctioning [252]. Authors suggested that other pathways may have contributed to pneumonia
establishment in addition to the inner surfaces of the ETT. Further research on this type of
approach is needed to better understand their benefits in effectively preventing VAP.

4. Concluding Remarks and Future Perspectives

There is notable progress, yet in steady expansion, in the development of antimicrobial
materials able to prevent microbial colonization on ETT surfaces, likely one of the most
knowledgeable and reliable approaches in the prevention of VAP. In the last decades, a few
passive approaches (surface composition and patterning alteration), but mostly active
(antiseptic release, metal coatings, ceragenin, surfactants, photo-based therapy, and
bacteriophages) and combinatorial approaches have been employed in the design of novel
materials for ETTs. Despite the research progress in this field, VAP remains a frequent and
deadly infection in patients admitted to ICU. Most of the reported studies present limitations,
making challenging the interpretation of results reported, thus requiring additional rigorous
randomized trials with larger population sizes to confirm those findings. Up until now, only
silver-coated ETTs have reached the market and are subjected to multiple clinical trials, but
concerns are raised by their cytotoxicity and stability. Most reported ETT antimicrobial
strategies remain in the preclinical stage, failing to proceed into the clinic (lately, prospective
trials have been the closest approach to testing the clinical application of ETT coatings). The
absence of standards for preclinical research and/or the high cost of moving from in
vitro/animal studies to clinical trials may impair achieving the leap from laboratory to clinical
practice. Also challenging is the shortage of in vitro models that can effectively predict long-
term in vivo antibacterial and antibiofilm performance. Suitable in vitro models are worth
further investigation, now tackling VAP as a polymicrobial biofilm-associated infection,
enlarging the studied microbial populations, however without dismissing the mostly
representative VAP pathogens, as well as their intricate interactions and associated elements
driving AMR in consortia. Taking the premise that biofilms are currently an emerging
battleground in the fight against VAP, it is believed that shifting the focus of researchers to
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this direction will assuredly help in the development and optimization of standard assessment
methods and will broaden market perspective with newly effective strategies reducing VAP
incidence and associated outcomes.

Still not dismissing the first aim of this review, the limitations of VAP diagnostic tools
and criteria may also lead to the report of current misleading outcomes in VAP rates. Until
the development of powerful tools to better diagnose VAP, more objective outcomes should
be considered when evaluating the potential of proposed approaches, such as duration of MV,
ICU length of stay, VAEs, antibiotic use, and mortality. For instance, although SSD has been
associated with lower VAP rates, it does not appear to reduce the time to remove the ETT,
ICU length of stay, prevent VAES, or lower mortality rates.
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Table 2. Antimicrobial materials reported for endotracheal tubes between 2002 and 2022

Type of | Approach(es) Source material | Antimicrobial Microorganism(s) Mode of Main Results/Remarks Ref.
designed compound/feature tested growth/Testing
material model
Active | Metal-based Commercially | Polyamide/AgNPs composite |- A. baumannii In vitro - Coated ETT resulted in a [64]
Material | coatings (Silver) |available ETT (including carbapenem- significant difference in reducing
resistant) both planktonic growth and
- C. albicans microbial adhesion of single and
- Enterococcus faecalis mixed-species cultures, compared
- P. aeruginosa with uncoated ETT.
(including carbapenem- - A time-kill assay demonstrated
resistant) rapid bactericidal effects of the
- K. pneumoniae coating on bacterial growth and
(including extended- cell adhesion to ETT surface.
spectrum b-lactamase - Biofilm formation by P.
producing strain) aeruginosa and S. aureus was
- MRSA inhibited (4-6 log) after 72 h.
- S. aureus - Broad-spectrum activity against
Gram-positive, and Gram-
negative bacteria as well as C.
albicans.
- Prolonged antimicrobial activity
(4 weeks).
Commercially | Silver ions - P. aeruginosa In vivo (dog - Delay (1.4 days) in bacterial [118]
available ETT model) colonization of ETT and reduced
number of attached bacteria.
- Reduced lung inflammation.
PVC Silver ions - P. aeruginosa In vitro - Complete reduction of initial [119]
bacterial adhesion.
- Reduced biofilm formation over
a prolonged period of time (72 h).
Commercially | Silver ions - P. aeruginosa In vitro - 2-log inhibition of bacterial [120]
available ETT attachment to the ETT, after
overnight challenge.
- Zone of inhibition, indicative of
silver release from the ETT.
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PVA hydrogel | AgNPs - P. aeruginosa In vitro - Reduction of biofilm formation | [122]
- S. aureus of both species, especially P.

aeruginosa (about 1 log after 18

h).

- No toxicity against lung

epithelial cells.
Commercially | AgNPs - P. aeruginosa In vitro - Inhibition of adhesion of both [123]
available ETT - S. aureus species to ETT (99,9%).

- No toxicity against human lung
epithelial cells.

- Better efficacy than a
commercially available silver-

coated ETT.
Polyethylene Silver-silicon dioxide - E. coli In vitro - Antimicrobial activity reduced | [126]
ETT In vivo (rabbit after contact (93,7%).
and golden - In rabbits, no pyrogenic effect

hamster model) | was observed and haemolysis test
showed biocompatibility with red
blood cells.

- In gold hamsters, no irritation of
oral mucosa was found.

Commercially | NMA of gold/silver/palladium | - Enterococci spp. In vivo (ICU - The BIP ETT was well tolerated | [128]
available ETT | (BIP ETT) - Haemophilus patients) and presented good clinical short-
parainfluenzae term performance (5 h), while
- Neisseria spp. presenting low level of bacterial
- Staphylococci colonization.
- Streptococcus
Commercially NMA of gold/silver/palladium | - Unknown In vivo (ICU - No significant reduction in ICU | [129]
available ETT [ (BIP ETT) patients) length of stay, MV duration,
tracheostomy rate and hospital
mortality.
- VAP incidence reduced by
5.1%.

- Number of antibiotic days
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reduced by 6.6%.

- Tracheal pathogen colonization
reduced by 3.7% in the NMA-
coated compared with non-coated
subglottic suctioning ETTs.
Commercially | NMA of gold/silver/palladium |- Unknown In vivo (ICU - No significant reduction in ICU | [130]
available ETT | (BIP ETT) patients) length of stay, MV duration,
tracheostomy rate and hospital
mortality.

- VAP incidence reduced by
15.3%.

- Mean MV duration reduced by
1.8 days.

Commercially | NMA of gold/silver/palladium | - Unknown In vivo (ICU - Reduction in the volume of [253]
available ETT | (BIP ETT) patients) secretions, incidence of purulent
secretions, fever, leukocytosis,
culture positive, and the onset of
VAP symptoms.

- Incidence of VAP reduced from
26% to 18% (intervention vs
control groups).

Commercially | Nanosilver (AgNPs)- - E. coli In vivo (rat - Potent antimicrobial and [254]
available ETT | polyurethane polymer - S. aureus model) antibiofilm proliferation
properties.

- Thickness and cell numbers of
biofilm formed by catheterization
48 and 72 h after rat operation
was significantly lower than that
in the control group.

Commercially | Silver sulfadiazine - P. aeruginosa In vitro - No bacterial adhesion up to 72 h | [255]
available ETT In vivo (sheep onETT.
model) - In sheep, after 24 h of

ventilation, no bacterial growth
was detected on the ETT,
ventilator tubing or lower
respiratory tract.
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Commercially | Silver ions - A. baumannii In vivo (ICU - Reduced colonization rates by [256]
available ETT - Enterobacteriaceae patients) patient (29%).
- H. influenzae - Delayed colonization on the
- P. aeruginosa inner tube surface (1.8 vs. 3.2
- S. aureus days in control device) and on the
- S. pneumoniae tube
- Streptococcus viridans - Reduced bacterial burden in
group tracheal aspirates.
- Other Non-
fermentative Gram-
negative bacilli
Metal-based Commercially | ZnO-NPs - S. aureus In vitro - Reduction of biofilm formation | [137]
coatings (ZnO) |available ETT (55%) after 72 h.
- After 24 h challenge,
membrane’s COmpromise was
observed after live/dead staining.
PVC taken from | ZnO-NPs - S. aureus In vitro - Reduction (87%) of biofilm [138]
a commercially formation after 24 h.
available ETT
Metal-based Commercially | TiO,-NPs (commercial and N- |- P. aeruginosa In vitro - Inhibition of bacterial growth [154]
coatings (TiO,) |available ETT | doped) - S. aureus under visible fluorescent light,
after 24 h.
- N-doped NPs more efficient
against S. aureus.
PVC medical lodine-modified TiO2 - E. coli In vitro - Photocatalytic activity able to [155]
grade In vivo (pig kill bacteria under visible light
model) irradiation after 30 min.
- Decrease of bacterial attachment
and biofilm formation after 72 h.
- Reduced inflammation of
tracheal and lung tissues in pigs,
after 72 h ventilation.
Metal-based PVC medical SeNPs - S. aureus In vitro - Bacterial colonization was [147]
coatings (Se) grade reduced by 80%.
- Better antimicrobial efficacy
than a silver-coated ETT.
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Biocides
impregnation

Commercially
available ETT

Gardine and Gendine

- A. baumannii

- C. albicans

- E. cloacae

- K. pneumoniae
- MRSA

- P. aeruginosa

In vitro

- Complete inhibition of the
adhesion of all species after 24h.
- Antimicrobial activity was
prolonged for 2 weeks against
MRSA.

- Better antimicrobial efficacy
than a silver-coated ETT.

[127]

Commercially
available ETT

Gendine

In vitro

- Antimicrobial activity evidenced
by an inhibition zone up to 3
weeks against all species.

- Complete inhibition of MRSA,
C. parapsilosis and E. coli after
24h.

- No toxicity against mouse
fibroblast cells.

[160]

PVvC

Hexetidine

- P.aeruginosa
- S. aureus

In vitro

- Reduction of P. aeruginosa
adhesion by 52%, after 7 days.

- Reduction of S. aureus adhesion
by 75%, after 7 days.

[162]

Commercially
available ETT

Poly(lauryl acrylate)-based
nanocapsules encapsulating
clove oil or eugenol

- K. pneumoniae
- MRSA

In vitro

- Both species were affected by
the antibacterial loaded
nanocapsules in a dose dependent
manner, with >50% inhibition at a
concentration of 0.625 mg mL—1
of eugenol or clove oil.

- The observed surface-binding
reduction of bacteria,
biocompatibility and slow release
of eugenol demonstrate the
potential of this strategy for
clinical applications.

[163]

PvC

NO (SNAP as NO donor)

- P. aeruginosa

In vitro

- NO release over a 7-day period
without altering the mechanical
properties of the ETT.

- Reduction of P. aeruginosa
adhesion by 92.72 £ 0.97% (1.5
log) compared with the control

[164]
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ETT, after 24 h.

Commercially
available ETT

Styrylbenzene-based (BCP3)

- MSSA and MRSA
- P. aeruginosa

In vitro

- A concentration-dependent
release of BCP3 was observed for
at least 31 days.

- After 24 h, functionalized
surfaces inhibited mainly the
growth of MSSA (a maximum of
95 %) and MRSA (a maximum of
80 %) and to a smaller extent P.
aeruginosa (maximum of 63 %).

- No cytotoxicity against L929
fibroblasts.

[230]

Bio-inspired
antimicrobials
(AMPs)

Commercially
available ETT

Lasioglossin-111

- S. epidermidis
- S. pneumoniae
- Pooled human
microbiome samples

In vitro

- Prolonged, linear peptide release
over 1 week.

- Inhibition of planktonic bacterial
growth and adhesion to tubes after
24h.

- No toxicity against
laryngotracheal fibroblasts or lung
epithelial cells.

[173]

Bio-inspired
antimicrobials
(Ceragenins)

Commercially
available ETT

Ceragenin CSA-131

- C. albicans

- C. auris

- K. pneumoniae
- MRSA

- P. aeruginosa

In vitro
In vivo (porcine
model)

- Prevention of the colonization of
ETT and biofilm formation for
several days (from 4 to 16 days),
depending on the species tested.

- Prevention of mixed biofilms
formation of MRSA/P.
aeruginosa and P. aeruginosa/C.
auris for up to 2 and 3 days.

- In pigs ventilated for 24 h, no
abnormalities were found in the
oropharyngeal area, trachea or
lungs.

- Histological analyses showed no
inflammation and CSA-131 could
not be detected in blood system.

[241]
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Bio-inspired Commercially Cholesterol and lecithin - P. aeruginosa In vitro - Reduction of bacterial adhesion | [184]
antimicrobials available ETT | (different ratios) - S. aureus by more than 90%, after 8h.
(Surfactants)
Commercially | Sphingosine - A. baumannii In vitro - Prevention of biofilm formation |[185]
available ETT - P. aeruginosa In vivo (mice) of all bacterial species after 24 h
- S. aureus in vitro.

- Prevention of bacterial
colonization in vivo.

- Coatings stable with no side
effects on tracheal epithelial cells
or inflammation.

Bio-inspired Commercially | Phage cocktail - P. aeruginosa In vitro - Antimicrobial action was strain | [187]
antimicrobials available ETT dependent.
(Phages) - Phages-coated tubes did not

promote substantial changes in
metabolic activity.

- Limited anti-biofilm effect after
testing the tubes in artificial
sputum medium up to 168 h.
Commercially | Phages ®JHS-PA1139 and - MDR P. aeruginosa | In vitro - Phage-coated ETT segments of | [188]
available ETT | ®SMK-PA1139 12 -mm in length inhibited
bacterial colonization by 1.2 log
up to 3.2 log comparing with non-
coated segments following 6 h
coating.

- Phage treatment of ETT
segments yielded 1.0 log up to 1.6
log reductions in MDR biofilms
for phage ®JHS and 1.6 log up to
2.4 log reductions for phage

DSMK.
Passive | Hydrophobic/ PVC Oxygen plasma treatment - P. aeruginosa In vitro - Reduction of the number of [195]
Materials | Hydrophilic adhered bacteria by 70%.

surfaces
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PVC Superhydrophobic surfaces - P. aeruginosa In vitro - No bacterial attachment in the [199]
first 6 h.
- Reduction of biofilm formation
after 24 h.
Nanomodified Commercially Nanoscale surface features - S. aureus In vitro - Reduction of 1.5 log of the total | [203]
surfaces available ETT | created by a fungal lipase number of adhered bacterial cells,
after 24 h.
Commercially Nanoscale surface features - P. aeruginosa In vitro - Reduction of 2.7 log of the total | [204]
available ETT created by a fungal lipase number of adhered bacterial cells,
after 24 h.
Commercially Nanoscale surface features - P. aeruginosa In vitro - Reduction of the number of [205]
available ETT created by a fungal lipase bacterial cells adhered by 40%,
after 24h.
Micropatterned | Silicon wafers Engineered micro-pattern of - A. baumannii In vitro - Reduction on the attachment of | [212]
surfaces surfaces using the Sharklet pattern | . E. coli all species (from 1 to 3 log).
design - K. pneumoniae - Reductions of MRSA and P.
- MRSA aeruginosa biofilms (67% and
- P. aeruginosa 58%).
Thermoplastic | Engineered micro-pattern of - P. aeruginosa In vitro - Reduction of biofilm [213]
polyurethane surfaces using the Sharklet pattern accumulation by 71%.
ETT design - Reduction of artificial mucus
accumulation.
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Combinatorial Materials

Commercially
available ETT

CS-AgNPs@PAAmM-Gelatin
composite (CS=chitosan;
PAAmM=polyacrylamide)

- P. aeruginosa
- S. aureus

In vitro (broncho-
lung model)

In vivo (porcine
MV model)

- Excellent antibacterial properties
in both in vitro and in vivo
models.

- Antibiofouling property by
decreasing lumen occlusion

- Good biocompatibility (tested
after 1, 4 and 7 days against
fibroblasts).

- Good stability, by keeping
antimicrobial performance to up
to 21 days.

- Coated ETTs could decrease in
vivo lumen occlusion by artificial
mucus for up to 97%.

[79]

Commercially
available ETT

Chlorhexidine and silver
carbonate

- A. baumannii
- Enterobacter
aerogenes

< MRSA

- P. aeruginosa
- S. aureus

In vitro

- Reduction of 4-6 log of bacterial
colonization of ETT, after 5 days,
using an airway model.

[161]

Commercially
available ETT

Nanoscale surface features
created by a fungal lipase and
Fructose

- S. aureus

In vitro

- Fructose coating alone caused a
reduction of 38% of bacterial
adhesion.

- Nanocoated surfaces alone
caused a reduction of 45% of
bacterial adhesion.

[202]

Commercially
available ETT

Copper and zeolite

- MDR A. baumannii

In vitro

- A maximum reduction of
immobilized cells of 14%, after
24 h.

- Antimicrobial efficacy was
lower than the silver coating.

[216]
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Commercially | Silver, zeolite and tyrosine - MDR A. baumannii In vitro - Combination of tyrosine to [217]
available ETT natural zeolite with silver
increased the antimicrobial
activity against immobilized cells
(from 2.5 to 2.8 log achieving
almost 100% reduction) after a
contact of 24 h.

- Combination of both strategies
caused a higher reduction of 60%
of bacterial adhesion, evidence of
a synergistic effect.

Commercially | Hydrogels of hydroxyethyl - P. aeruginosa In vitro - No bacterial adherence occurred | [221]
available ETT | methacrylate - S. aureus to gentamicin-containing
(HEMA):methacrylic acid HEMA:MAA copolymers.
(MAA) entrapped with - 70:30 HEMA:MAA hydrogel
nebulized gentamicin exhibited >20 days persistence
against S. aureus and P.
aeruginosa.

- Viable bacteria were not
observed on the gentamicin-
treated p(HEMA: MAA)
copolymers, whereas growth was
observed on gentamicin-treated

p(HEMA).
Commercially Curcumin and photodynamic - E. coli In vitro - After 24 h, the combined effect | [222]
available ETT  |action - P. aeruginosa of curcumin-functionalized ETT
- S. aureus and light application caused a

reduction of about 95%, 72% and
73 % on the adhesion and biofilm
formation of S. aureus, E. coli and
P. aeruginosa, respectively.

- Curcumin-ETT remains active
after six photodynamic sessions
every 24h up to 6 days with
23.76% of microbial reduction.
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Commercially | Antimicrobial lipid No inoculation with In vivo (pig - Pigs ventilated with coated tubes | [257]
available ETT | (octadecylamine), mucolytic exogenous bacteria model) were less hypoxic, had less
(N-acetylcysteine), and bacterial colonization of the lungs
antibiotics (doxycycline and and survived longer than pigs
levofloxacin) ventilated with uncoated tubes for
72 h.
Commercially | Combinations of silver, TiO, - P. aeruginosa In vitro - Combination of TiO,and silver | [258]
available ETT  |and Degussa (metallic alloy) - S. aureus reduced P. aeruginosa growth
after 24 h.
- Combination of Degussa with
TiO, reduced P. aeruginosa
growth up to 48 h.
- No reduction was found against
S. aureus up to 5 days.

Legend:

AgNPs - Silver nanoparticles;

BIP - Bactiguard®’Infection Protection;
ETT - Endotracheal tube;

HEMA:MAA - hydroxyethyl methacrylate: methacrylic acid
MDR - Multidrug resistant

MRSA - methicilin-resistant S. aureus;
MSSA - methicilin-sensitive S. aureus;
NMA - Noble metal alloy;

NO - Nitric oxide

NPs -nanoparticles;

PVA- polyvinyl alcohol;

PVC- polyvinyl chloride;

Se - Selenium;

SeNPs - Selenium nanoparticles;

SNAP - S -Nitroso-N- acetylpenicillamine
TiO2-NPs - Titanium dioxide nanoparticles;
ZnO-NPs - zinc oxide nanoparticles
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Statement of significance

The use of the endotracheal tube (ETT) in patients requiring mechanical ventilation is associated with the development of ventilator-associated
pneumonia (VAP). Its rapid surface colonization and biofilm formation are critical events for VAP pathogenesis and relapses. This review
provides a comprehensive overview on the relevance/implications of the ETT biofilm in VAP, and on how research on antimicrobial ETT
surface coating/modification technology has evolved over the last two decades. Despite significant technological advances, the limited number
of gathered reports (46), highlights difficulty in overcoming certain hurdles associated with VAP (e.g., persistent colonization/biofilm formation;
mechanical ventilation duration; hospital length of stay; VAP occurrence), which makes this an evolving, complex, and challenging matter.
Challenges and opportunities in the field are discussed.
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