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Abstract 
COVID-19 patients have often required prolonged endotracheal intubation, increasing the risk of developing ventilator-
associated pneumonia (VAP). A preventive strategy is proposed based on an endotracheal tube (ETT) modified by the 
in situ deposition of eucalyptus-mediated synthesized silver nanoparticles (AgNPs). The surfaces of the modified ETT were 
embedded with AgNPs of approximately 28 nm and presented a nanoscale roughness. Energy dispersive X-ray spectroscopy 
confirmed the presence of silver on and inside the coated ETT, which exhibited excellent antimicrobial activity against 
Gram-positive and Gram-negative bacteria, and fungi, including multidrug-resistant clinical isolates. Inhibition of planktonic 
growth and microbial adhesion ranged from 99 to 99.999% without cytotoxic effects on mammalian cells. Kinetic studies 
showed that microbial adhesion to the coated surface was inhibited within 2 h. Cell viability in biofilms supplemented with 
human tracheal mucus was reduced by up to 95%. In a porcine VAP model, the AgNPs-coated ETT prevented adhesion of 
Pseudomonas aeruginosa and completely inhibited bacterial invasion of lung tissue. The potential antimicrobial efficacy 
and safety of the coated ETT were established in a randomized control trial involving 47 veterinary patients. The microbial 
burden was significantly lower on the surface of the AgNPs-coated ETT than on the uncoated ETT (p < 0.05).

Key points
• Endotracheal tube surfaces were modified by coating with green-synthesized AgNPs
• P. aeruginosa burden of endotracheal tube and lung was reduced in a porcine model
• Effective antimicrobial activity and safety was demonstrated in a clinical trial
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Introduction

Ventilator-associated pneumonia (VAP) is the most com-
mon hospital-acquired infection in patients receiving 
mechanical ventilation. It remains a serious complication, 
especially in critically ill patients, as pneumonia increases 
the risk of death. VAP is associated with prolonged hos-
pitalization, increased health care costs, and high mor-
tality. During the COVID-19 pandemic, a large number 
of infected patients have needed endotracheal intubation 
and mechanical ventilation because of respiratory failure 
(Ippolito et al. 2021; Wu and McGoogan 2020). These 
patients have often required prolonged periods of intu-
bation, which has increased the risk of developing VAP 
(Chang et al. 2021; Giacobbe et al. 2021).

An initial and important step in VAP pathogenesis 
is microbial adhesion to the surface of the endotracheal 
tube (ETT). Adhered microorganisms can colonize the 
ETT surface within a few hours of intubation (Gorman 
et al. 1993), and the formation of a biofilm matrix fol-
lows. Biofilm can then become dislodged from the ETT 
surface and migrate to lung tissues, resulting in VAP 
(Adair et al. 1999; Feldman et al. 1999). Acinetobacter 
baumannii, Pseudomonas aeruginosa, and Staphylococ-
cus aureus are among the leading causes of VAP, and are 
often resistant to most available antibiotics (Bonell et al. 
2018). Therefore, the prevention of bacterial adhesion and 
biofilm formation has frequently been the aim of strategies 
to counter VAP pathogenesis. The surfaces of ETT can 
be modified with a biocidal coating that can be based on 
antibiotics, disinfectants, antimicrobial peptides, or metal 
coatings. The antimicrobial mechanisms of these active 
coatings may rely on the release of antibacterial agents or 
on physical disruption caused when pathogens come into 
contact with the ETT surface (Mas-Moruno et al. 2019).

Although several attempts at coating ETT surfaces have 
shown good antimicrobial activity in vitro, the efficacy of 
a coated ETT has rarely been reported for an animal model 
that closely reflects the primary pathogenic mechanisms 
of VAP in humans. A study that used ventilated dogs chal-
lenged with oral administration of P. aeruginosa found 
that the P. aeruginosa burden was significantly lower on 
the surfaces of a silver-coated ETT than an uncoated ETT, 
and that the improvement extended to lung tissue (Olson 
et al. 2002). A silver-coated ETT was also associated with 
delayed VAP onset in intubated patients (Kollef et  al. 
2008). However, ETT modified in this way have not gained 
widespread approval in clinical settings because the cost is 
about 50 times more than a conventional, unmodified ETT.

Silver nanoparticles (AgNPs) are attracting interest as 
antimicrobial agents because the small size of the mol-
ecule (1 to 100 nm) increases the surface area available 

for close interaction with bacterial cells. We previously 
developed a green-synthesized AgNPs-coated ETT using 
a layer-by-layer self-assembly method (Daengngam et al. 
2019) and an ETT coated using a dipping method with 
a polyamide/silver nanoparticle composite (Lethongkam 
et  al. 2020). These approaches provided good, broad-
spectrum antimicrobial activity with no cytotoxic effects 
on human lung epithelial cells. However, in clinical use, 
ETT are connected to mechanical ventilators to create a 
respiratory cycle for intubated patients, and the coatings 
required polymers to stabilize and retain the AgNPs on the 
surface of the ETT. The presence of polymers may reduce 
the lumen of the ETT and decrease the airflow, particularly 
in a small ETT. Moreover, long-term use can degrade the 
polymer layers and reduce the antimicrobial efficacy of 
coatings (Roosjen et al. 2006).

In this study, a novel AgNPs-coated ETT was produced in 
a green synthesis by directly infiltrating AgNPs into the ETT 
surface. The coating method did not require any intermedi-
ate polymer to capture AgNPs on the ETT surface. In vitro 
experiments in simulated biological conditions of VAP dem-
onstrated the excellent antimicrobial effectiveness of the 
AgNPs-coated ETT. In a preclinical study of a porcine VAP 
model, the coating prevented P. aeruginosa colonization of 
ETT surfaces and lung tissues. In a randomized controlled 
trial in a veterinary hospital, the bacterial burden on ETT 
surfaces was significantly reduced.

Materials and methods

Materials

Silver nitrate (99.9999%) was purchased from Sigma-Aldrich 
(St. Louis, MO, USA). Endotracheal tubes were from Covi-
dien (Mansfield, MA, USA). Microbial reference strains 
were from American Type Culture Collection (Manassas, 
VA, USA). Clinical isolates were supplied by Songklana-
garind Hospital, Hat Yai, Thailand (Ethical Approval No. 
REC 59–241–19–6). Culture media for microorganisms 
were from Becton, Dickinson, and Company (Sparks, MD, 
USA). Dulbecco’s Modified Eagle’s Medium (DMEM), fetal 
bovine serum, and trypan blue stain were purchased from 
Gibco Laboratories (Grand Island, NY, USA). Twenty-four-
well and 96-well cell culture plates were from SPL Life Sci-
ence (Gyeonggi-do, Republic of Korea). All other chemicals 
were purchased from Merck KGaA (Darmstadt, Germany) 
unless otherwise specified.

Coating process

ETT were first rinsed with deionized water and then 
immersed in silver salt solution. After incubation in darkness 

624 Applied Microbiology and Biotechnology (2023) 107:623–638



1 3

at different diffusion times (1–5  days), the tubes were 
washed twice with deionized water and placed in a solution 
of Eucalyptus camaldulensis extract for 24 h. The obtained 
AgNPs-coated ETT were removed from the extract, washed 
with deionized water, and air-dried.

Characterization of AgNPs‑coated ETT

The absorption spectra of AgNPs-coated ETT were 
recorded by UV–vis spectroscopy, scanning at wavelength 
range 350–400 nm. The presence of silver elements on the top 
surface and cross-sections of coated ETT was confirmed by 
observation of line scans from energy dispersive X-ray spec-
troscopy (EDX) (Quantax 70, Hitachi, Japan). The size distribu-
tion of AgNPs on coated surfaces was determined by analysis 
of electron micrographs taken at 150,000x magnification by a 
field emission-scanning electron microscope (FESEM) (Quanta 
400, FEI, Netherlands). The photographs were analyzed using 
ImageJ software. Surface roughness and topology of repre-
sentative areas of coated surfaces (5 × 5 μm) were examined 
using atomic force microscopy (AFM) (easyScan 2, Nanosurf, 
Switzerland) in non-contact mode. The crystalline structure 
of AgNPs-coated surfaces was identified by X-ray diffraction 
(XRD) analysis (PANalytical Empyrean, Netherlands).

Anti‑planktonic growth and antimicrobial adhesion

The anti-planktonic growth and antimicrobial adhesion 
properties of the AgNPs-coated ETT were tested against 
important pathogens causing VAP. The pathogens included 
Acinetobacter baumannii ATCC 19606, carbapenem-
resistant A. baumannii NPRCoE 1605090, Escherichia coli 
ATCC 25922, extended-spectrum β-lactamase-producing 
E. coli NPRCoE 1610011, Klebsiella pneumoniae ATCC 
700603, extended-spectrum β-lactamase-producing K. 
pneumoniae NPRCoE 1606111, Pseudomonas aeruginosa 
ATCC 27853, carbapenem-resistant P. aeruginosa NPRCoE 
1609014, Enterococcus faecalis ATCC 29212, E. faecalis 
NPRCoE 1607011, Staphylococcus aureus ATCC 25923, 
methicillin-resistant S. aureus 1608011, Candida albicans 
ATCC 90028, and C. albicans NPRCoE 1601030. Coated 
ETT segments were immersed in microbial suspensions and 
incubated at 37 °C for 24 h. The anti-planktonic properties 
of the coated ETT were evaluated by colony count of seri-
ally diluted microbial suspensions. To determine anti-adhe-
sion effects, ETT samples were removed from the cultures 
and washed twice with phosphate buffered saline (PBS) to 
remove non-adherent cells. Attached microorganisms were 
then extracted from ETT surfaces by placing the samples in 
0.9% saline solution, under sonication for 15 min, followed 
by vortexing for 1 min. The microbial cells in the solution 
were tenfold serially diluted and plated on agar. Colonies 
were counted after incubation at 37 °C for 24 h.

Preparation of human tracheal mucus

The antibiofilm activity of the AgNPs-coated ETT was 
tested in culture medium supplemented with human tra-
cheal mucus to simulate biological conditions. The mucus 
samples were collected from ETT using a method previ-
ously described (Muller et al. 2018; Rubin et al. 1990). 
Endotracheal tubes were collected from mechanically 
ventilated patients at the Critical Care Medicine Unit, 
Songklanagarind Hospital. The protocol was approved 
by the Human Research Ethics Committee, Faculty of 
Medicine, Prince of Songkla University (Protocol No. 
REC 64–341–19–6). After removing the ETT from the 
patient, approximately 10 cm of the distal portion of the 
ETT was sectioned and placed in a 50-mL centrifuge tube. 
Undiluted human tracheal mucus samples were collected 
by centrifugation. The samples were pooled and weighed 
before freeze-drying. The freeze-dried samples were steri-
lized before use by exposure to UV radiation for 1 h and 
re-hydrated with sterile buffer.

Antibiofilm activity

The effects of the coated ETT on biofilm formation were 
determined using the crystal violet assay. Pseudomonas 
aeruginosa, S. aureus, and C. albicans were chosen to 
represent Gram-negative and Gram-positive bacteria, and 
fungi, respectively. The AgNPs-coated ETT was chal-
lenged with  106 CFU/mL of P. aeruginosa ATCC 27853 
or S. aureus ATCC 25923 or C. albicans ATCC 90028 in 
culture medium supplemented with 0.005% v/v of human 
tracheal mucus. After incubation for 3 days, the coated sam-
ples were washed twice with PBS to remove unattached 
cells. Biofilm mass was determined after staining with 0.1% 
w/v crystal violet and incubation at room temperature for 
1 h. The excess crystal violet solution was washed out, and 
the remaining crystal violet on the ETT surface was dis-
solved with dimethyl sulfoxide before optical density was 
measured at 590 nm. Microbial cell viability in biofilms was 
quantified using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) reduction assay. The pres-
ence of microorganisms on material surfaces was observed 
under a fluorescence microscope after staining the materials 
with SYTO-9 green-fluorescent nucleic acid dye. Following 
3-day incubation in supplemented culture medium, the bio-
film architecture on material surfaces was observed under 
a scanning electron microscope (SEM). To prepare ETT 
samples for observation, they were rinsed twice with PBS, 
fixed with 2.5% glutaraldehyde for 6 h, and dehydrated in 
an alcohol series from 30 to 100% for 15 min each. The 
samples were then stabilized by critical point drying and 
coated with gold.
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Cytotoxicity test

The cytotoxicity of the AgNPs-coated ETT was deter-
mined according to the ISO 10993–5 protocol. First, fibro-
blast cell line L929 was incubated with an extract obtained 
by immersing and incubating the coated ETT in DMEM 
medium supplemented with tracheal mucus at 37 °C for 
3 days. L929 cells were cultured in the complete medium 
supplemented with tracheal mucus and incubated for 24 h 
at 37 °C in a humidified atmosphere of 5%  CO2. After the 
cells had reached 80–90% confluence, the growth medium 
was replaced with the extract and incubation continued for 
24 h. Cell viability after the treatment was determined using 
the trypan blue exclusion assay. Cell metabolic activity was 
examined using the MTT assay. Optical density was meas-
ured at 570 nm. The morphology of L292 cells was observed 
under an inverted microscope (10x magnification).

Assessment of AgNPs‑coated ETT in a porcine VAP 
model

An animal experiment was conducted in accordance with the 
Institutional Animal Care and Use Committee at Chulalong-
korn University, Thailand (Approval No. 1973017). Five 
healthy 10-week-old male pigs of mixed breed (Duroc × Lan-
drace × Yorkshire) weighing approximately 25 kg were used. 
The health of the animals was assessed daily leading up to 
the experiment. The pigs were sedated by intramuscular 
injection of 1 mg xylazine/kg combined with 3 mg tileta-
mine/zolazepam/kg and then anaesthetized via intravenous 
injection of 4–6 mg propofol/kg. Crystalloid fluid was given 
intravenously at 5 mL/kg/h to maintain circulation. Anesthe-
sia was maintained in the sternal recumbent position with a 
heat mat underneath the patient, using 1–3% isoflurane inha-
lation in 100% oxygen through the ETT. Ventilators were set 
up at a tidal volume of 10 mL/kg with inspiration–expiration 
time set at a ratio of 1:3. Vital parameters including oxygen 
saturation, blood pressure, end-tidal carbon dioxide, and 
electrocardiography were assessed every 15 min. Metabolic 
balance, including blood glucose, blood acid–base balance, 
lactic acid, and electrolytes (sodium and potassium), was 
monitored every 6 h along with indirect body fluid measure-
ments of pack cell volume and total protein. Kidney param-
eters (BUN and creatinine) and hepatic parameters (SGPT 
and ALP) were measured every 24 h.

Pigs were randomly blinded to be intubated either with an 
AgNPs-coated ETT (experimental group) or uncoated ETT 
(control group). Immediately after placement of the tube in 
the trachea, swabs were collected from the trachea, larynx, 
and buccal mucosa of each animal for enumeration of the nor-
mal microbiota baseline. To reflect the key pathogenic mech-
anisms of VAP in humans, pigs were challenged with P. aer-
uginosa PAO1 introduced into the oropharynx (Bassi et al.  

2014). After tracheal intubation, each animal was challenged 
with P. aeruginosa immediately and 4 h thereafter. For each 
challenge, 5 mL of approximately  106 CFU/mL of a log-
phase culture of P. aeruginosa were slowly instilled into the 
buccal pouch of the animals.

At the experimental end point (48 h), the animals were 
euthanized with potassium chloride given intravenously at 
1–2 mEq/kg. After that, the ETT was removed from the tra-
chea by tracheostomy to prevent contamination with oral 
bacteria. Three different segments (5-cm long) of the ETT, 
including the proximal third, the portion just proximal to the 
cuff, and the cuffed portion, were cut and placed in 0.85% 
saline solution. Attached cells were detached from ETT sur-
faces by sonication. Microbial cell solutions were plated on 
tryptic soy agar and MacConkey agar to enumerate numbers 
of total bacteria and P. aeruginosa, respectively. Five lung 
lobes (right upper lobe, right middle lobe, right lower lobe, 
left upper lobe, and left lower lobe) were removed from each 
animal for microbiological assessment. Each lung lobe tissue 
sample was weighed, aseptically prepared, and homogenized 
in sterile saline solution. Homogenized samples were seri-
ally diluted and spread-plated on tryptic soy agar and Mac-
Conkey agar.

A randomized controlled trial in veterinary patients

A pilot randomized controlled trial was conducted at the 
Veterinary Teaching Hospital, Prince of Songkla University, 
Thailand, to assess the antibacterial efficacy of the AgNPs-
coated ETT. The study involved 47 dogs of both sexes, of 
various ages, breeds, and weights, that were scheduled to 
undergo a variety of surgical procedures. Informed written 
consent from owners was obtained prior to animal enrol-
ment, and the study was approved by the Institutional Ani-
mal Care and Use Committee, Prince of Songkla University 
(Protocol No. 2560–05-062).

The physical status of the animals was assessed. The 
assessments included the results of a physical examina-
tion and laboratory data showing complete blood count and 
serum chemistry profiles. Food and water were withheld for 
8 h and 2 h respectively before surgery. All animals received 
standard premedication before anesthesia was induced. The 
animals were intubated with an AgNPs-coated ETT or an 
uncoated ETT in a procedure that was randomly blinded to 
the anesthesiologist. An inhalation anesthetic of isoflurane 
(Forane®, Baxter Healthcare Corporation, USA) was used 
in 100% oxygen through the ETT. Multi-vital sign param-
eters of body temperature, heart rate, respiratory rate, oxy-
gen saturation, blood pressure, and end tidal carbon dioxide 
were monitored every 5 min.

At the end of the surgery, ETT were extubated and asepti-
cally collected for quantitative microbiology. Collected ETT 
were cut into 3 sections, including the proximal, middle, and 
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distal parts. Each section was placed in a 50-mL centrifuge 
tube containing 30 mL of 0.85% saline solution. Microor-
ganisms on the surfaces of sections were extracted by soni-
cation for 15 min followed by vortexing for 1 min. Microbial 
cells in solution were serially diluted and plated on tryptic 
soy agar to enumerate the total microorganisms.

Results

Characterization

To enable the synthesized AgNPs to adhere to both inner 
and outer ETT surfaces and penetrate the tube material, E. 
camaldulensis extract was added as a reducing and stabiliz-
ing agent (Fig. 1A). The diffusion time used to coat the ETT 
with AgNPs changed the appearance of the ETT (Fig. 1B). 
The presence of AgNPs on the coated ETT was investigated 
by UV–vis spectroscopy. All spectra presented an absorption 
peak at ∼490 nm (Fig. S1). The inset in Fig. S1 displays the 
evolution of absorption peak intensity with diffusion time 
of silver ions.

EDX spectroscopy showed that the highest surface depo-
sition of AgNPs and deepest penetration (about 20 µm) 
were presented by the ETT immersed in silver solution for 
5 days (Fig. 2A). The results were consistent with the opti-
cal images of the cross-sections of various tube (Fig. 2B).

Since the ETT immersed in silver solution for 5 days 
had the most AgNPs embedded on the surface and inside 
the tube medium, it was selected for further investigation. 
The size and size distribution of AgNPs were revealed by 
SEM. Most AgNPs appeared in aggregations composed of 
smaller primary AgNPs (Fig. 3A). The size distribution 
of primary particle diameters was from about 10 to 60 nm 
(Fig. 3B). The mean size of AgNPs on the coated surface 
was 28 ± 9 nm. The surface topography of the AgNPs-coated 

ETT was examined using AFM. The average root-mean-
square roughness of the surface was 31 ± 8 nm with a peak-
to-valley distance of about 141 ± 55 nm (Fig. 3C). The XRD 
pattern of the AgNPs-coated ETT was generally similar to 
the pattern of the uncoated ETT (Fig. 3D).

Anti‑planktonic growth and antimicrobial adhesion

The antimicrobial activity of the AgNPs-coated ETT against 
VAP pathogens was evaluated by assessing the amount of 
planktonic growth and adhered microorganisms on the mate-
rial surfaces. Following 24 h incubation, compared with the 
uncoated ETT, the coating significantly reduced free-float-
ing organisms by 3.6–5.2 log CFU/mL for Gram-negative 
bacteria, 2.8–3.6 log CFU/mL for Gram-positive bacteria, 
and approximately 3.0 log CFU/mL for fungi (p < 0.05) 
(Fig. 4A and B). Moreover, significantly lower cell adhesion 
to the AgNPs-coated surface was observed in all the tested 
pathogens (p < 0.05). The reductions in numbers of adhered 
Gram-negative, Gram-positive bacteria, and fungi ranged 
from 2.0 to 4.3 log CFU/mL (Fig. 4C and D).

Kinetic adhesion

To better understand the antimicrobial effects of the 
AgNPs-coated ETT, the kinetic adhesion of pathogens to 
the material surface was investigated. The coating exhib-
ited strong activity against P. aeruginosa adhesion (Fig.5A). 
No increase in adhesion was detected on the coated sur-
face during 12-h exposure, while an increase of more than 
4 log CFU/mL was found on the uncoated ETT surface. A 
gradual increase in S. aureus adhesion to the uncoated ETT 
was observed (Fig. 5B) but numbers of S. aureus on the 
coated ETT were more than 2 log CFU/mL lower within 
4 h and remained almost unchanged over the following 20 h. 
The attachment of C. albicans to the AgNPs-coated surface 

Fig. 1  The diagram illustrates 
the endotracheal tube coating 
process based on the diffusion 
of silver ion precursors into 
the tube medium at both inner 
and outer surfaces, followed by 
immersion in a natural reducing 
agent (A). Photographs show 
the increasing color intensity 
of the AgNPs coating with 
increments of silver diffusion 
times (B)
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compared to the uncoated tube was inhibited by approxi-
mately 2 log CFU/mL from 6 h of incubation on throughout 
the test period (Fig.5C).

Antibiofilm formation

Biofilm biomass after treatment was quantified using the 
crystal violet assay. After incubation for 3 days, the bio-
film mass of each microorganism tested on the AgNPs-
coated ETT was significantly smaller than the mass 
of each robust biofilm observed on the uncoated ETT 
(p < 0.05). The biofilm formation of P. aeruginosa, S. 
aureus, and C. albicans was inhibited by 78, 76, and 66%, 
respectively (Fig. 6A). The viability of cells in biofilms 
was then determined via the MTT assay. The AgNPs-
coated ETT reduced the bioactivity of P. aeruginosa, S. 
aureus, and C. albicans by 93, 77, and 95%, respectively, 
compared with the uncoated ETT (Fig. 6B).

To confirm the presence of microorganisms on the 
material surface, biofilms were stained with SYTO-9, a 
green-fluorescent nucleic acid dye. Under the fluores-
cence microscope, the cell aggregation of P. aeruginosa 
in the presence of extracellular DNA was observed as 
a faint haze on the uncoated material. In contrast, no 
bacterial cells were detected on the AgNPs-coated ETT 
(Fig. 6C). Large numbers of aggregated S. aureus were 
observed on the uncoated ETT, but only a slight aggrega-
tion was established on the coated ETT. C. albicans was 
present on the uncoated surface while the fungal cells 
were unable to colonize the coated ETT.

Biofilm architectures were revealed by SEM. The results 
confirmed the antibiofilm properties of the AgNPs-coated ETT. 
The very small numbers of the tested microorganisms with no 
glycocalyx were observed on the coated surface. In contrast, the 
uncoated ETT allowed bacteria and fungi to attach to the sur-
face and establish biofilms. Large numbers of microorganisms 

Fig. 2  Energy dispersive X-ray 
spectroscopy of cross-sections 
of endotracheal tube demon-
strates the intensity of deposited 
Ag measured from the surface 
down to a depth of 30 µm (A). 
All data were collected from 
endotracheal tubes fabri-
cated with diffusion times of 
0–5 days. Optical images are of 
the corresponding tube cross-
sections (B). Impregnated silver 
is indicated by yellowish-brown 
areas while the green area 
indicates an absence of silver 
content
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Fig. 3  The surface of an 
endotracheal tube coated 
with AgNPs for 5 days was 
morphologically characterized. 
The SEM image shows the 
AgNP distribution on the coated 
surface (A). The histogram 
of the size distribution of the 
individual particles shows that 
the average diameter of AgNPs 
was 28 ± 9 nm (B). The coated 
surface was scanned by atomic 
force microscopy (C). XRD 
patterns are of a coated endotra-
cheal tube and an uncoated 
endotracheal tube (D)

Fig. 4  The antimicrobial activity of the AgNPs-coated endotra-
cheal tube was determined against pathogenic microorganisms after 
24 h incubation. Charts show planktonic growth of reference strains 
(A)  and clinical isolates  (B); and microbial adhesion of reference 

strains (C) and clinical isolates (D) to the endotracheal tube surface. 
The limit of detection was 100 CFU/mL. The values are means ± SD 
from three independent experiments performed in triplicate, p < 0.05
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and well-developed biofilm matrices were present on the 
uncoated ETT after co-incubation for 3 days (Fig. 6D).

Cytotoxicity

Any novel antimicrobial biomaterial presents a risk of 
cytotoxicity. To ensure the safety of the AgNPs-coated 

ETT, biocompatibility was tested using an indirect 
method. Fibroblast cells are commonly found in the 
human respiratory system and the L929 fibroblast cell 
line has been widely used in the ISO 10993 protocol to 
test for cytotoxicity of novel biomaterials. We obtained 
an AgNPs extract by immersing the coated ETT in 
DMEM medium for 3 days. The extract was inoculated 
into wells of a 96-well plate containing a confluent mon-
olayer of the L929 cell line and the plate was incubated 
for 24 h. Cell viability was determined using the trypan 
blue exclusion assay. The non-cytotoxicity of the extract 
on L929 cells was demonstrated with a cell viability of 
more than 80% (Fig. 7A). Similar results were obtained 
from an MTT metabolic activity assay (Fig. 7B). Under 
the light microscope, no significant change in cellular 
morphology was observed. Cells exhibited the typical 
spindle-like shape and oval flat nucleus of healthy L929 
cells (Fig. 7C).

Antibacterial activity of AgNPs‑coated ETT 
in porcine model

To demonstrate the efficacy of the AgNPs-coated ETT 
in vivo, a porcine model of VAP was set up, using P. aer-
uginosa to challenge the oropharynx. Prior to intubation, 
bacterial cultures taken from the buccal cavity and larynx 
showed that the pigs were colonized by normal microbiota, 
but free of P. aeruginosa (Table S1).

On day 2 post-intubation, P. aeruginosa was not 
recovered from proximal sections of the coated ETT 
from all animals. However, the inoculated organism was 
detected in the middle and distal parts of the coated ETT 
in one animal. In the control group, P. aeruginosa had 
colonized all parts of the uncoated ETT  (102 to  106 CFU/
cm2) (Table 1).

The P. aeruginosa burden in lung tissue samples taken at 
necropsy is shown in Table 2. No bacterial colonization of 
lung tissue was detected in animals intubated with the coated 
ETT. In contrast, lung tissues of animals in the control group 
were colonized. The average P. aeruginosa colonization in 
lung tissues of the control group was 6.6 ×  103 CFU/g. No 
differences in P. aeruginosa colonization were observed in 
different parts of lung tissues.

A randomized controlled trial

To establish the efficacy and safety of the AgNPs-coated 
ETT, a randomized clinical trial was conducted at the Vet-
erinary Teaching Hospital, Prince of Songkla University. 
Forty-seven intubated dogs were included in the study. 
The duration of intubation was not significantly different 
between the test group that was intubated with AgNPs-
coated ETT and the control group intubated with uncoated 

Fig. 5  Charts show kinetic adhesion of P. aeruginosa (A), S. aureus 
(B), and C. albicans (C) to the endotracheal tube surface. Cultures of 
 106 CFU/mL were incubated with endotracheal tube sections for 24 h. 
The limit of detection was 100 CFU/mL. The values are means ± SD 
from three independent experiments performed in triplicate
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Fig. 6  The effect of the AgNPs-coated endotracheal tube on biofilm 
formation was investigated following incubation for 72  h with P. 
aeruginosa, S. aureus, and C. albicans. Biofilm mass was quantified 
using the crystal violet assay (A). Microbial cell viability in biofilms 
was measured via the MTT assay (B). The presence of microbial cells 

on endotracheal tube surfaces was confirmed by fluorescent images 
(C). Biofilm architecture was observed under the scanning electron 
microscope (D). The values are means ± SD from three independent 
experiments performed in triplicate, p < 0.05. The representative pho-
tographs were taken from three independent examinations
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ETT. There was no report of adverse effects or evidence 
of toxicity. A significant difference was observed between 
the microbial burdens on different parts of AgNPs-coated 
ETT and uncoated ETT (p < 0.05). Within the test and 
control groups, higher numbers of microorganisms were 

present on the distal end of the ETT (Fig. 8A). The total 
number of microorganisms was significantly lower on 
the surfaces of AgNPs-coated ETT than uncoated ETT 
(1.5 ×  105 vs 1.0 ×  104  CFU/mL, p < 0.05) (Fig.  8B). 
The results demonstrated more than a 90% reduction of 

Fig. 7  The cytotoxicity of the AgNPs-coated endotracheal tube was 
assessed on L929 fibroblast cells following treatment for 24 h with an 
extract obtained by soaking the coated endotracheal tube in medium 
for 3  days. Cell viability was studied using the trypan blue exclu-
sion assay (A). Cell metabolic activity was determined via the MTT 

assay (B). Fibroblast cell morphology was observed under the optical 
microscope (10x magnification) (C). Cells treated with 5% DMSO 
were used as a positive control. The values indicate means ± SD from 
three independent experiments performed in triplicate. The represent-
ative photographs were taken from three independent examinations
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bacterial adhesion on the surfaces of the AgNPs-coated 
ETT.

Discussion

Several strategies to reduce the incidence of VAP have 
been studied. One of the most effective interventions is 
the use of biofilm-resistant ETT with modified surfaces 
to prevent the adhesion of microbial cells, a vital step 
in biofilm formation during VAP pathogenesis. Gener-
ally, antimicrobial coatings or surfaces can be classified 
as active or passive. Active coatings, or biocidal sur-
faces, are surfaces that kill microorganisms either with 
immobilized antimicrobial agents or by the release of an 
antimicrobial compound from the material surface to the 
environment. Passive coatings are surfaces that discour-
age microbial cell adhesion and prevent the attachment 
of cell debris and proteins. The presence of dead cells on 
antimicrobial surfaces can hinder the antimicrobial activ-
ity of the surfaces by facilitating microbial attachment 
and biofilm formation (Su et al. 2021). A robust biofilm 
was found to have more dead cells than a weak biofilm 
since dead bacterial cells represent a major source of 
extracellular DNA, one of the main components of bio-
film (Desai et al. 2019).

In this study, the antimicrobial and antifouling function-
alization of an ETT was successfully achieved by immers-
ing the ETT in silver solution for 5 days. The numbers of 
trials for depositing the biogenic AgNPs on ETT surfaces 
had been studied in order to select the most suitable condi-
tion giving the best physical properties for further biologi-
cal activity investigation. The formation and deposition 
of AgNPs on the tube surfaces changed the appearance of 
the transparent ETT, which became yellowish-brown when 
coated. Longer immersion times increased the impregna-
tion with AgNPs and the color became darker with time. 
The presence of AgNPs on the coated surfaces was con-
firmed by UV–vis spectroscopy. The absorption spectrum 
presented at ∼491 nm corresponded to the surface plasmon 
resonance of AgNPs (Rehan et al. 2020). The data points 
in Fig. S1 fitted well with the exponential function, indi-
cating the slowing rate of deposition as the silver loading 
was reaching saturation.

Broadened absorption spectra with a slight red shift may 
result from the presence of AgNPs aggregations (Ferrer et al. 
2012; Wang et al. 2019). The increase in absorbance con-
firmed that more AgNPs were deposited on the tube mate-
rial with immersion time (Rivero et al. 2011). EDX line 
scanning of cross-sections of ETT was used to determine 
the depth to which AgNPs diffused into the tube material. 
The AgNPs were highly concentrated near the surface of 
the coated ETT and the concentration decreased gradually 
into the tube material. When diffusion time was prolonged, 
larger amounts of AgNPs were observed on the surface of 
the ETT and the penetration of AgNPs into the material of 
the ETT increased.

The sizes of AgNPs on coated substrates can vary 
depending on the coating method and reducing agent 
used in the process. An in situ approach to developing 
polyurethane/silver-nanocomposites produced larger 
particles than an ex situ method, as the high tempera-
ture of the in situ process caused particle agglomeration 
(Triebel et al. 2011). A large particle size, ranging from 
50 to 800 nm, was observed on a catheter coated with 
AgNPs, using polydopamine as a reducing agent (Zhang 
et al. 2019). The particle size of synthesized AgNPs is an  

Table 1  Recovered Pseudomonas aeruginosa from different parts of 
endotracheal tube

a No Pseudomonas aeruginosa colonization was detected

Porcine No Recovered Pseudomonas 
aeruginosa (CFU/cm2)

Proximal Middle Distal

AgNPs-coated ETT 1 -a 8.2 ×  104 2.0 ×  105

2 - - -
3 - - -

Uncoated ETT 4 4.9 ×  103 3.7 ×  102 1.6 ×  105

5 3.3 ×  104 5.3 ×  104 3.7 ×  106

Table 2  Recovered Pseudomonas aeruginosa from pulmonary lobes

a No Pseudomonas aeruginosa colonization was detected

Porcine No Recovered Pseudomonas aeruginosa (CFU/g1)

Right upper lobe Right middle lobe Right lower lobe Left upper lobe Left lower lobe

AgNPs-coated ETT 1 -a - - - -
2 - - - - -
3 - - - - -

Uncoated ETT 4 5.2 ×  103 4.7 ×  103 3.1 ×  103 7.2 ×  103 4.0 ×  103

5 7.5 ×  103 3.1 ×  103 3.8 ×  103 7.9 ×  103 2.0 ×  104
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important consideration since the biological effects of 
nanoparticles are directly related to their size. Small 
AgNPs have demonstrated strong antimicrobial activities 
as they present a large surface area to bind with bacteria. 
The results of the present study agreed well with the find-
ing of our previous study that successfully synthesized 
small AgNPs of approximately 8.65 nm, using E. cama-
ldulensis leaf extract as a reducing and capping agent 
(Wunnoo et al. 2021). The process to synthesize AgNPs 
used in this study differed from the previous study in that 
there was no centrifugation step to remove excess silver 
and plant extract solution. Instead, the coated ETT were 

air-dried. Any remaining excess solutions could produce 
larger particles and aggregations of AgNPs on the coated 
surface, which may have resulted in the slight red shift of 
the absorption peak in the UV–vis spectra.

The nanostructured surface roughness of the coated 
ETT could be attributed to the continuous impregnation 
of nanoparticles on the material surface. Increased surface 
roughness was also observed by Zhang et al. (2021) after 
depositing AgNPs on a smooth substrate surface. Surface 
topography is considered one of the main factors involved 
in bacterial adhesion and biofilm formation. Materials with 
high surface roughness are generally less favorable for 
microbial cell attachment. Singh et al. (2011) found that a 
biomaterial surface with a root-mean-square roughness of 
32.2 nm showed little bacterial aggregation, while a thick 
biofilm formed on a surface with a root-mean-square rough-
ness of about 16.2 nm. However, some studies have reported 
that high surface roughness resulted in increased microbial 
adhesion (Yu et al. 2016). Surface microstructures could 
provide a large total surface area for bacterial cell attachment 
and promote microbial accumulation by protecting the cells 
from shear forces (Scheuerman et al. 1998). Conversely, a 
surface nanostructure that presents a large peak-to-valley 
distance and high peak density could present contact areas 
smaller than bacterial cells. As a result, surface area could 
be small and bacterial adhesion low (Wu et al. 2018).

The AgNPs-coated ETT was then analyzed by XRD to 
confirm the presence of silver on the material surface. The 
similarity between the patterns of the uncoated and AgNPs-
coated ETT could be due to the amorphous nature of the 
PVC-based ETT. However, by comparison with the pattern 
of the uncoated ETT, the peak intensity of the pattern of 
the coated ETT was lower; probably due to the coating of 
AgNPs on the ETT surface. LewisOscar et al. (2021) attrib-
uted peak patterns with 2θ of ∼32° and ∼46° to the presence 
of silver on the coated materials analyzed and XRD analysis 
indicated to Gurunathan et al. (2014) that AgNPs on the 
coated surface were crystalline with a face-centered cubic 
structure.

The pronounced antimicrobial activity of the AgNPs-
coated ETT against planktonic microorganisms was achieved 
by releasing AgNPs from the coated surface to directly kill 
pathogens in the surrounding environment. AgNPs can kill 
microorganisms via several mechanisms that have been 
described in many studies. Generally, smaller AgNPs are 
more effective because they will bind to a larger surface 
area of the microbial cell. They can then disturb membrane 
permeability, penetrate cells (Paosen et al. 2019), and inter-
act with DNA, causing cell death (Wintachai et al. 2019).

Interactions between microbial cells and substrates 
depend on surface physicochemical properties such as 
charge, polarity, and topography. When microorganisms 
that survive antimicrobial compounds are close to material 

Fig. 8  Microorganisms were isolated from uncoated and AgNPs-
coated endotracheal tubes collected from 47 mechanically ventilated 
dogs that underwent a variety of surgical interventions. Microorgan-
isms isolated from different parts of endotracheal tubes (A) and total 
numbers of microorganisms from endotracheal tube surfaces (B) were 
counted on tryptic soy agar. Boxes are 25th to 75th percentiles. Solid 
lines within the boxes represent the 50th percentile. Capped bars rep-
resent 10th and 90th percentiles, p < 0.05
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surfaces, the first important force that enables microbial 
attachment to the surfaces is Van Der Waals interaction (Rut-
ter 1980). Bacterial cells have an overall negative charge. In 
Gram-negative bacteria, the charge is due to the presence 
of lipopolysaccharides bacteria, and in Gram-positive bac-
teria, it is due to teichoic acid. The cell surfaces of C. albi-
cans also possess a negative charge from sialic acid, which 
determines its surface interactions (Soares et al. 2000). The 
AgNPs-coated ETT exhibited pronounced anti-adhesion 
activity toward both bacteria and the fungus. This activ-
ity could be attributed to the negatively charged embedded 
AgNPs (Wunnoo et al. 2021), which produced an overall 
negative charge on the ETT surface. The negative charges 
of the microbial cells and ETT surface repelled each other; 
therefore, the coating can potentially prevent the attachment 
of microorganisms by electrostatic repulsion. The AgNPs 
on the ETT surface demonstrated anti-planktonic activities 
by releasing silver ions and AgNPs to kill microbial cells in 
the surrounding solution, and could prevent microbial cell 
adhesion by electrostatic repulsion. Therefore, the AgNPs 
exhibited antimicrobial properties by acting as an active 
coating, and antifouling properties by acting as a passive 
coating.

Biofilm on an ETT surface represents a significant 
source of the microbial colonization responsible for VAP. 
Extracellular biofilm matrix can limit the antimicrobial 
mechanisms not just of antimicrobial compounds but also 
of host immune responses and the treatment of infections 
subsequently becomes more difficult. Therefore, the use of 
materials with antibiofilm properties is an ideal approach 
to reducing the incidence of device-associated infections. 
The antibiofilm activity of the proposed AgNPs-coated ETT 
against important VAP-associated pathogens was evalu-
ated over 72 h in the presence of human tracheal mucus. 
The AgNPs-coated ETT provided strong protection against 
microbial adhesion by inhibiting microbial cell attachment 
to the ETT surface. The differences in time required for pre-
venting microbial adherence to the coated surface of Gram-
negative, Gram-positive bacteria, and fungi are probably due 
to the differences in their cell structure. Thick peptidoglycan 
layers of Gram-positive bacterial cell wall may act as a bar-
rier to prevent penetration of the AgNPs through the cell, 
compared with Gram-negative bacteria which have thinner 
peptidoglycan. Candida albicans, a eucaryotic organism has 
more complex cell structure than bacteria. The complexity 
of fungal cell structure may play an important role in their 
sensitivity to the coated tubes (Wunnoo et al. 2021).

In VAP, the colonization of ETT surfaces by pathogens is 
likely associated with exposure to environmental mucus. In 
order to simulate this condition, antibiofilm activities were 
tested in culture medium supplemented with human tracheal 
mucus isolated from ETT used by hospital patients sup-
ported with mechanical ventilation. The presence of mucin, 

a major component of mucus, can modulate microbial patho-
genesis. Pseudomonas aeruginosa utilizes monosaccharides 
in mucin as binding sites and a carbon source (Hoffman et al. 
2020). The twitching motility and biofilm formation of P. 
aeruginosa was reported to be promoted in culture medium 
containing sputum (Diaz Iglesias and Van Bambeke 2020) 
and the antimicrobial effects of antibiotics may be hindered 
by the presence of mucus. Polycationic antimicrobial agents 
such as polymyxin and tobramycin were reported to lose 
their efficacy after binding with polyanionic glycoproteins 
of mucin present in sputum (Muller et al. 2018; Samad et al. 
2019).

The strong antibiofilm activity of the AgNPs-coated 
ETT was not affected by the presence of mucus. During this 
investigation, the antibiofilm property of the AgNPs-coated 
ETT was attributed to two types of activity. Pathogens were 
killed by contact with silver ions released from AgNPs or by 
AgNPs on the ETT, and bacterial adhesion was prevented by 
electrostatic repulsion. The study of antibiofilm activity in 
human tracheal mucus showed that the negatively charged 
phyto-mediated synthesized AgNPs could not bind to the 
glycoproteins present in mucus. Therefore, the maximum 
potential of the AgNPs-coated ETT to prevent biofilm for-
mation and kill microorganisms was unaffected and the high 
level of antipathogenic activity maintained.

The synthesis of the AgNPs was designed to improve 
antimicrobial effects and stability and reduce toxicity to 
human cells. Very recently, we demonstrated that AgNPs 
synthesized using E. camaldulensis as a reducing and 
capping agent produced small nanoparticles of approxi-
mately 8.65 nm. The synthesized AgNPs showed good 
antimicrobial activities with no cytotoxic effects on HeLa 
cells (Wunnoo et al. 2021). Green-synthesized AgNPs 
have been studied for applications in food packaging 
materials (Nwabor et al. 2020), and have been used as a 
coating agent on gloves to prevent microbial transmission 
(Paosen et al. 2021), and on sutures to prevent surgical 
site infections (Syukri et al. 2021).

According to the ISO 10993 protocol, a remaining viabil-
ity of treated cells higher than 70% indicates a non-cytotoxic 
agent. Taken together, the results suggest that the proposed 
AgNPs-coated ETT is a biocompatible material with no 
cytotoxic effects toward mammalian cells. The demonstrated 
potential of the AgNPs-coated ETT to inhibit microbial col-
onization and biofilm formation was further investigated in 
an animal model and clinical setting.

The antimicrobial efficacy of different antimicrobial-
coated ETT has been reported by a few studies that used 
animal models but rodents are widely used for these types 
of in vivo experiments. An ETT coated with sphingosine, 
an antimicrobial lipid, inhibited P. aeruginosa and S. aureus 
colonization by about  104 CFU/mL in mouse lung tissue 
after 45 min intubation (Seitz et al. 2019). A study using a 
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rabbit model demonstrated that after 16 h, a silver-coated 
ETT reduced the P. aeruginosa burden on the ETT sur-
face by approximately 3 log CFU/mL compared with an 
uncoated ETT (Rello et al. 2010). However, using small 
mammal models may not reproduce the pathophysiology of 
pneumonia in humans accurately enough since the experi-
ments are often performed without mechanical ventilatory 
support or an adequate intubation time (Mizgerd and Sker-
rett 2008). The efficacy of new biomaterials is increasingly 
investigated using larger animals such as sheep, dogs, pri-
mates, and pigs as they are closer to humans anatomically, 
physiologically, and genetically. Despite the limitations 
posed by the cost and availability of facilities, using a large 
animal model could represent an excellent approach to 
studying the performances of a novel antimicrobial-coated 
medical device to prevent an infectious disease. Pseu-
domonas aeruginosa was used as a representative strain to 
induce VAP in a porcine model because it is an opportun-
istic pathogen associated with several serious infections in 
humans. It can attach and rapidly form robust biofilms on 
various surfaces, including indwelling medical devices. In 
addition, VAP caused by P. aeruginosa has been associated 
with high mortality rates (Brewer et al. 1996). In the present 
study, although the presence of P. aeruginosa was observed 
in the middle and distal parts of the coated ETT, the micro-
organism was not detected in lung tissue. It may be that the 
AgNPs prevented bacterial cells from entering the lower 
respiratory tract. It also has to be said that individual host 
immunity plays an important role in defense mechanisms 
to eradicate microorganisms, and that immunocompromised 
patients are more likely to develop VAP (Lisboa et al. 2008; 
Rutter et al. 2011).

VAP is also a serious problem in animals that can result in 
high morbidity and mortality. It is a common complication 
when animals receive mechanical ventilation (Bruchim et al. 
2014; Fox et al. 2021; Rutter et al. 2011). The etiology of 
VAP in animals has implicated similar groups of microor-
ganisms to those that cause VAP in humans, P. aeruginosa, 
E. coli, Streptococcus sp., Enterococcus sp., K. pneumo-
niae, and Acinetobacter sp., and the treatment of infections 
is complicated by the multidrug resistance of most of the 
implicated pathogens (Fox et al. 2021; Rutter et al. 2011).

The highest bacterial burden on the surfaces of both 
uncoated and coated ETT was found at the distal end of 
the tube in our study of veterinary patients. This finding 
was consistent with the findings of several previous stud-
ies that reported larger amounts of biofilm around the cuff 
(Adair et al. 1999; Zur et al. 2004). After intubation, micro-
organisms accumulate rapidly at the distal end of the ETT, 
especially around the cuff. The microorganisms can easily 
become detach and migrate to lung tissue, causing VAP 
(Oikkonen and Aromaa 1997). The present study has pro-
posed an AgNPs-coated ETT that inhibited colonization of 

the ETT by pathogenic microorganisms and could reduce the 
risk of VAP. This is the first report of a novel antimicrobial-
coated ETT used in a preventive strategy to reduce the risk 
of VAP in veterinary patients. Further studies in clinical 
settings are needed to investigate the safety of the developed 
AgNPs-coated ETT and its efficacy in preventing VAP in 
human patients.

In summary, the novel antimicrobial-coated ETT exhib-
ited broad-spectrum antimicrobial activity against Gram-
positive and Gram-negative bacteria, and fungi, including 
multidrug-resistant clinical isolates. In vitro studies mim-
icking the micro-environment of human trachea demon-
strated that planktonic growth, microbial adhesion, and 
biofilm formation were reduced by the presence of the 
AgNPs-coated ETT. Supporting data from animal studies 
encourage further clinical trials to determine the potential 
of the modified device to prevent the occurrence of VAP 
in humans.
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