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Abstract Objective: Coated medical
devices have been shown to reduce
catheter-related infections. We coated
endotracheal tubes (ETT) with sil-
ver sulfadiazine (SSD), and tested
them in a clinical study to assess
the feasibility, safety, and efficacy
of preventing bacterial colonization.
Design: A prospective, randomized
clinical trial, phase I-II. Setting:
Academic intensive care unit (ICU).
Farticipants: Forty-six adult pa-
tients expected to need 12-24 h of
intubation were randomized into
two groups. Interventions: Patients
were randomized to be intubated
with a standard non-coated ETT

(St-ETT, n=23; control group), or
with a SSD-coated ETT (SSD-ETT,
n=23). Measurements and results:
Coating with SSD prevented bacterial
colonization of the ETT (frequency of
colonization: SSD-ETT 0/23, St-ETT
8/23; p < 0.01). No organized bac-
terial biofilm could be identified on
the lumen of any ETT; however, SSD
was associated with a thinner mucus
layer (in the SSD-ETT secretion
deposits ranged from 0 to 200 pm; in
the St-ETT deposits ranged between
50 and 700 wm). No difference was
observed between the two groups in
the tracheobronchial brush samples
(frequency of colonization: SSD-ETT
0723, St-ETT 2/23; p=0.48). No
adverse reactions were observed
with the implementation of the novel
device. Conclusion: SSD-ETT can
be safely used in preventing bacterial
colonization and narrowing of the
ETT in patients intubated for up to
24 h (mean intubation time 16 h).

Keywords Endotracheal tube -
Mechanical ventilation - Bacterial
biofilm - Ventilator-associated pneu-
monia - Silver sulfadiazine



Introduction

Ventilator-associated pneumonia (VAP) represents one of
the most common nosocomial infection in patients intu-
bated and mechanical ventilated [1, 2]. The endotracheal
tube (ETT) appears to be an independent risk factor for
VAP [3-5]. After a few hours of intubation and mechani-
cal ventilation (MV), polyvinylchloride ETT become col-
onized by bacteria, which often organize in a thick biofilm,
representing a large reservoir of microorganisms that can
enter the lungs and cause pneumonia [6-9].

In a previous study in sheep, we coated the internal sur-
face of the ETT with a thin layer of silver sulfadiazine and
chlorhexidine in polyurethane, and bacterial growth was
reduced in the lower respiratory tract, ETT, and the entire
ventilator circuit for 24 h [10].

A public health notice from the US Food and Drugs
Administration regarding potential hypersensitivity re-
actions to chlorhexidine-impregnated medical devices
encouraged us to investigate other materials [11]. We con-
structed several ETT coatings, and we tested efficacy and
safety of those tubes in vitro and in animal studies [12].
ETT coated with silver sulfadiazine in polyurethane
(SSD-ETT) proved to be effective in preventing bacterial
colonization [13].

Therefore, we evaluated, in a randomized clinical in-
vestigation, the safety and effectiveness of SSD-ETT in
preventing bacterial colonization of the lumen of the ETT
in patients requiring mechanical ventilation for up to 24 h.

Materials and methods
Phase I-II randomized clinical trial

A randomized controlled clinical trial was carried out
at the Department of Perioperative and Critical Care
Medicine of the Ospedale San Gerardo, University of
Milano-Bicocca, Monza, Italy and was approved by the
institutional review boards of San Gerardo Hospital and
the NHLBI. The Italian Ministry of Health also gave its
approval.

Endpoints

The primary goal of this clinical study was to establish
whether coating ETT with silver sulfadiazine reduces bac-
terial colonization and biofilm formation within the ETT in
patients intubated and mechanically ventilated for 12-24 h.

The secondary endpoint was the reduction of bacterial
colonization in the trachea and bronchi.

Safety of the coated ETT

The safety of the coated ETT was strictly monitored,
including any difficulty or failure during the intubation
period.

In the literature creams based on silver sulfadiazine
have been reported to possibly cause transient leukope-
nia, mainly involving mature neutrophils [14-25]. How-
ever, this appears to be a self-limited phenomenon that
does not increase the incidence of infectious complications
or affect final outcome. Leukopenia was never observed
when devices impregnated with silver sulfadiazine were
used (intravenous catheters, urinary catheters). Hemolytic
anemia in a GOPDH-deficient patient was reported [26], as
well as other rare adverse events such as (a) hypersensitiv-
ity reactions [27], (b) allergic contact dermatitis [28, 29],
(c) erythema multiforme [30], (d) localized and systemic
argyria [31-34], and (e) Clostridium difficile-induced toxic
megacolon [35]. All these possible side effects were mon-
itored during the hospital stay.

Entry criteria, randomization and sampling

Forty-six patients undergoing cardiac surgery were
screened using the following eligibility criteria: (a) age
greater than 18 years; (b) expected need of intubation
and ventilation support for 12-24 h; (c) intubation with
adult-size ETT (7.5 or 8.0 mm ID); (d) informed consent
obtained from the patient.

Patients were randomized into two study groups using
a computer-generated algorithm. Patients assigned to the
control group were intubated with a St-ETT. Patients as-
signed to the study group were intubated and mechanically
ventilated with a SSD-ETT (Fig. 1).

Both groups of patients were kept supine in the operat-
ing room, while in the intensive care unit (ICU), the head
of the bed was raised 30° if the patients was hemodynam-
ically stable. Patients all received the same perioperative
care, including antibiotic prophylaxis according to the
American Heart Association guidelines for cardiac bypass
surgery patients, intestinal bleeding prophylaxis (40 mg
omeprazole twice a day) and continuous measurements
of heart rate, blood pressure, central venous pressure,
O, saturation, end-tidal CO;, body temperature, airway
pressure and urinary output.

In addition, we recorded the duration of intubation
and of ICU stay, incidence of pneumonia, mortality, and
adverse events. Microbiology samples were collected
from patients at four separate times. First, in the operating
room immediately prior to intubation, a sample of oropha-
ryngeal secretions was collected for standard bacterial
count. Second, immediately post endotracheal intubation,
a sample of secretions was collected by inserting a short
catheter into the endotracheal tube and brushing the
lumen of the tube for standard bacterial count. Third,
immediately prior to extubation, a protected brush sample
of tracheobronchial secretions was obtained by fiberoptic
bronchoscopy. Finally, after extubation, ETT secretions
were collected from the ETT lumen for quantitative
bacteriological analysis. A section of the distal ETT was



Fig.1 Forty-six cardiac surgery
patients were randomized into
two study groups using
acomputer algorithm. Patients
assigned to the control group
received intubation with
astandard, uncoated ETT
(St-ETT). Patients assigned to
the study group were intubated
and mechanically ventilated with
an ETT internally coated with
silver sulfadiazine (SSD-ETT)

23 patients intubated with a SSD coated ETT

Setting: ANESTHESIA

46 patients expected to remain intubated for 12-24 hours

Randomization
(based on computer algorithm)

O\

23 patients intubated with a standard ETT

Before intubation:

At intubation:

sample from the ORO-PHARYNGEAL secretions for standard microbiology count (cfu/g)

sample from the ETT lumen for standard microbiology count (cfu/g)

Just before extubation: sample from the ETT lumen for standard microbiology count (cfu/g)
sample from the TRACHEA for standard microbiolgy count (cfu/g)

After extubation:

Open sterilely the ETT:

1. Take the mucus sample from middle part of the ETT for light microscopy
2. Slce the ETT at 27-28 cm from the ETT connector piece for SCLM
3. Slice the ETT at 27-28 cm from the ETT connector piece for SEM

cut (28-29 cm from the ETT connector piece), immersed
and fixed in 2.5% glutaraldehyde solution, stored at
4°C and sent for scanning electron microscopy to the
Laboratoire de Microscopie Electronique, University of
Reims, INSERM ERM 0203, Reims, France. The ETT
was also cut from 27-28 cm from the ETT connector piece
and immersed in 4% formalin for biofilm fixation, stored
at 4°C, and sent for confocal laser microscopy to the
Center for Biofilm Engineering, Montana State University,
Bozeman, MT, USA.

Pneumonia was defined as new, persistent or progres-
sive infiltrate(s) on chest X-ray(s) consistent with pneu-
monia, along with at least two of the three following signs:
(1) temperature >38.0°C or <35.0°C; (2) leukocyte count
> lO,OOO/mm3 or < 4,500/mm3; or (3) macroscopic ap-
pearance of purulent sputum or tracheal secretions. The
diagnosis of pneumonia was confirmed by the presence of
> 10*CFU/ml of bacteria on bronchial alveolar lavage.

ETT coating procedure

The coating procedure was described in detail previ-
ously [13]. In summary, we prepared a dispersion of
53 g of silver sulfadiazine and 22.5g of polyurethane
(BioSpan) in 210ml of N, N-dimethylacetamide. We
inserted a standard 8-mm ETT into a hollow transparent
acrylic tube to keep the ETT straight. With the plastic
tube positioned vertically, we immersed the ETT tip into
the dispersion, rapidly aspirated the dispersion up to the
level of the connector piece, and then let the ETT drain
for 2—4 s. We then placed the transparent plastic tube with

the ETT horizontally into a rotating device, through which
a stream of air was gently passed to dry the dispersion.
After 12h, the coated ETT was removed and sterilized
with ethylene oxide gas. Lumina of the SSD-ETT and
St-ETT are shown in Fig. 2.

Microscopy: scanning electron microscopy and confocal
laser microscopy

Scanning electron microscopy

The ETT sections in 2.5% glutaraldehyde solution were
dehydrated in graded alcohol. We then used 50%—-50%
hexamethyldisilazane (HMDS; EM Sciences, Fort Wash-
ington, PA, USA), and in the end 100% HMDS and
air-dried. The samples were sputter-coated (MED 010,
Balzers Union) with 15 nm of gold and examined using
a Hitachi S-4500 scanning electron microscope equipped
with a cold cathode field emission gun at an accelerating
voltage of 1.0kV. All images were recordings using the
secondary electron detector. Micrographs were recorded
on a PC using PCI quartz cards.

Confocal laser microscopy

The ETT samples were stained with BacLight Live/Dead
for 2 h, rinsed with water, then imaged with confocal mi-
croscopy using a 20 x 0.4 NA objective. The cross section
and the internal coating of the specimen were viewed with
a laser scanning confocal microscope.



Fig.2 Confocal scanning laser
microscopy. a, b New (never-used)
standard commercially available
8-mm-ID ETT: a lumen of a St-ETT;
b cross section of a St-ETT. Note the
porosity of the polyvinyl chloride.

¢, d Cross section of new (never-used)
ETT coated with silver sulfadiazine
dispersion in polyurethane. Note the
granular features of the dispersion.
Thickness of coating is approximately
40 pm

Statistical analysis

The sample size of 23 subjects per study arm was chosen to
assure 90% power with a =0.05 (two-sided) to detect dif-
ferences in bacterial colonization of the endotracheal tube.
We used the Wilcoxon (Mann—Whitney) rank sum test for
group comparisons of continuous variables. Fisher’s ex-
act test was used for the analysis of categorical variables.
A p value < 0.05 was considered statistically significant.
All tests were two-sided. We performed all analyses with
the Stata statistical package (Stata Corporation, College
Station, TX; release 8.0).

Table1 Characteristics of and
recorded events in 46 patients
mechanically ventilated for
12-24 h: St-ETT (n=23) vs.
SSD-ETT (n =23)

Age, years, mean = SD

Sex, F/M

Height, cm, mean £ SD
Weight, kg, mean + SD

Body mass index, mean £ SD
EuroSCORE, mean & SD

Length of intubation, h, mean & SD

ICU days, mean + SD
Atelectasis, events/total
Pneumonia, events/total

Numer of adverse events,* events/total

Number of deaths, events/total

Results

Demographics, clinical results, safety

Forty-six patients met the criteria and were random-
ized and enrolled in this clinical trial; no patient was
subsequently excluded, and none withdrew consent.
Twenty-three patients were intubated with a standard
ETT (n=23; St-ETT group, control group), and 23 with
a coated SSD-ETT (n=23; SDD-ETT group, study group)
(Fig. 1). The two study groups had similar baseline char-
acteristics, lengths of intubation, ICU stay, and incidences

St-ETT SSD-ETT p value
70.0+8.7 66+ 11.0 0.34*
5/18 8/15 0.26**
166 £9.2 167.1+7.7 0.81*
71.3+12.3 70.8+16.0 0.76*
25.6£3.0 252443 0.37*
4.1+24 4.0+22 0.93*
15.7£3.6 16.4+£3.9 0.57*
1.3£0.8 1.7£1.6 0.51*
0/23 2/23 0.49**
1/23 0/23 1.00**
0/23 0/23 1.00**
0/23 0/23 1.00**

4 Adverse reactions monitored were as follows: death, anaphylaxis, bronchospasm, glottis edema at the
extubation, use of cortisone/antihistaminic drugs, argyria, erythema multiforme, blood during the as-
piration maneuver, leukopenia, anemia, electrolyte changes, hyperthermia, pseudomembranous colitis,

nephrotoxicity.

* Wilcoxon (Mann—Whitney) rank sum test; ** Fisher’s exact test



Table 2 Microscopy and
bacteriology results: St-ETT vs.

St-ETT lumen SSD-ETT lumen

SSD-ETT n=23 n=23 p value
SEM-CSLM
thickness of secretion layer, min min—max, pm 100, 50-300 0, 0-50
thickness of secretion layer, max min—-max, pum 550, 120-700 50, 5-200
well-defined biofilm architecture 0 0 1.00*
presence of bacteria 11 3 0.01*
presence of red cells 6 2 0.14*
presence of white cells 10 1 <0.01*
Bacteriology
tracheobronchial brush
number of colonized samples, n =23 2 0 0.48*
median, cfu/ml 0 0
range, cfu/ml 0-2.0 x 10° 0-0 0.15**
white cells presence, n =23 3 3 1.00*
ETT
number of colonized samples, n =23 8 0 <0.01*
median, cfu/ml 0 0
range, cfu/ml 0-1.0 x 107 0-0 <0.01*
white cells presence, n =23 13 2 <0.01**

* Fisher’s exact test; ** Wilcoxon (Mann—Whitney) rank sum test

Fig.3 a, b Confocal scanning laser
microscopy: micrographs of the lumen
of the ETT at extubation stained with
BacLight Live/Dead and imaged with
CSLM. a St-ETT sample: cross section
is 746 pm thick at its maximum.

b SSD-ETT sample: cross section is
64 um thick. ¢, d Scanning electron
microscopy. ¢ Lumen of St-ETT
showing diplococci, macrophages, and
epithelial cells on the amorphous
deposits. d Lumen of a SSD-ETT. Note
absence of any deposit; only athin layer
of silver sulfadiazine can be seen

of post-surgery atelectasis and nosocomial pneumonia
(Table 1). No adverse events related to the use of silver
sulfadiazine were observed during the period of intubation
or at any time during the hospital stay (Table 1).

Bacteriology

Prior to anesthesia in the operative room, commensal bac-
teria colonized all patients’ oropharyngeal secretions with
no difference between the two groups. Upon intubation,
ETT brushing were sterile in all samples of both groups.
At the time of extubation, 8 (35%) out of 23 St-ETT
were colonized with a bacterial growth ranging between 0

and 1.0x 107 cfu/ml. None of the SSD-ETT was colonized
at extubation (0%; p < 0.01).

In the SSD-ETT group no tracheobronchial brush sam-
ple was colonized, while two tracheobronchial brushes of
the St-ETT group (two patients) were colonized (p = 0.48)
(Table 2). Both patients with colonized tracheobronchial
brush also had ETT samples colonized with the same bac-
terial species (a-hemolytic Streptococcus spp. in one case,
Branhamella catarrhalis in the other). Two days after ex-
tubation, the patient with Branhamella catarrhalis in the
tracheobronchial brush developed hospital-acquired pneu-
monia; sputum was positive for Branhamella catarrhalis.
The pneumonia was treated with antibiotics, and the pa-
tient recovered.



The most common aerobic bacteria found in the
oral secretions, lumen of the ETT and tracheobronchial
brush included: Acinetobacter, Branhamella catarrhalis,
Haemophilus spp., Neisseria spp., and a-hemolytic
Streptococcus spp.

Microscopy

Both groups demonstrated accumulation of biological ma-
terial within the ETT ranging from O to 200 pum in the SSD-
ETT group and from 50 to 700 wm in St-ETT (Table 2,
Fig. 3). No organized biofilm could be documented in any
tube; rather, it was common to observe accumulation of se-
cretions with epithelial cells, white and red cells, and bac-
teria (Table 2).

Discussion

In an in-vitro study, we observed that SSD-ETT have
bactericidal properties against Pseudomonas aeruginosa,
preventing biofilm formation on the ETT lumen [13]. In
sheep intubated and mechanically ventilated, the SSD-
ETT was associated with decreased bacterial colonization
of the ETT, ventilator circuit, and the lower respiratory
tract [13].

This randomized phase I-II clinical trial on cardiac-
surgery patients mechanically ventilated for 12-24h
demonstrated that the SSD-ETT was: (1) safely imple-
mented, (2) easy to manage, and (3) decreased signif-
icantly the bacterial colonization of the ETT lumen
compared to St-ETT.

Medical devices such as intravenous catheters coated
with antiseptics or antibiotics have been previously
shown to prevent hospital-acquired infections [36, 37].
In this clinical trial, we did not use antibiotics to coat
the ETT, in order to avoid increasing dissemination of
multiresistant bacteria. In previous laboratory studies [10,
12, 13], we fabricated ten bacteriostatic and bacterici-
dal ETT coatings: (1) chlorhexidine in polyurethane,
(2) silver sulfadiazine in polyurethane, (3) silver sul-
fadiazine and chlorhexidine in polyurethane, (4) silver
sulfadiazine and carbon in polyurethane, (5) silver sulfadi-
azine chlorhexidine and carbon in polyurethane, (6) silver
in polyurethane, (7) silver and carbon in polyurethane,
(8) silver—platinum in polyurethane, (9) silver—platinum
and carbon in polyurethane, and (10) rose bengal for
UV light. All of them showed prolonged bacteriostatic
and bactericidal effects in vitro and in animal studies.
However, we decided to use the silver sulfadiazine in
polyurethane coating for this clinical trial because this
particular coating is very smooth and resistant to torque
and does not require extra care (e. g. UV light), and SSD
is already widely and safely used in the clinical setting
(e.g. cream preparation, intravenous catheters, urinary

catheters, prostheses). Moreover, a recent multicenter
study showed that silver-based coating of ETT delayed
tracheal aspirate colonization and decreased the bacterial
burden of the ETT [38]. A larger clinical trial is now
assessing whether such coated ETT may reduce the
incidence of VAP.

Our study presents some limitations. First, the study
was limited to a 24-h period. While pneumonia can also
occur in postoperative patients ventilated for a brief pe-
riod of time, VAP is defined as pneumonia occurring more
than 48 h after endotracheal intubation and initiation of
mechanical ventilation [3, 4]. However, our main goal was
to prevent bacterial colonization of the ETT, rather than
decrease the incidence of VAP. Future studies should eval-
uate the clinical outcomes of patients with prolonged MV
intubated with antiseptic-coated ETT.

Second, the pathogenesis of VAP is multifactorial
[3, 4]. Bacteria can enter the lungs through inhalation
(through the tube), aspiration (around the cuff), hematoge-
nous spread, and contiguous spread. Thus, preventing
bacterial colonization of the ETT might not translate into
prevention of VAP. However, previous studies showed
that after a few hours of artificial ventilation, colonies
of bacteria stick/grow and flourish on the wall of the
endotracheal tube [6-9]. These bacteria can be a cause of
pneumonia, by (1) aerosolization through the inspiratory
gas flow during artificial ventilation, (2) movement of
bacteria growing in the lumen of the endotracheal tube
into the lungs, or (3) physical translocation of bacteria
from the tube into the lungs through the use of a suction
catheter. Although ETT are known to form biofilms and
to be a large reservoir of microorganisms, preventive
strategies are lacking in the clinical setting. The SSD
coating proved to prevent colonization of the ETT.

Moreover, in this study we focused on biofilm pre-
vention; however, it might be possible that large amounts
of tracheal secretions can still accumulate in the ETT,
representing a possible cache for bacteria in patients
mechanically ventilated for a prolonged period of time.
In their study, Villafane et al. [39] showed that significant
alterations in inner ETT configuration occurred in patients
ventilated for more than 48 h and suggested that in-vivo
monitoring of the lumen of the ETT might be clinically
beneficial. This observation is even more important if
translated to coated ETT. The antibacterial coating should
be in the proximity of the pathogens to prevent colo-
nization. In our experience, the selection of an effective
and safe coating is just as important as the complete
removal of mucus from the lumen of the ETT [40, 41].
Unlike prostheses or intravenous and urinary catheters,
ETT are exposed to constant large amounts of secretions,
especially in patients ventilated for prolonged periods.
Unfortunately, the standard methods for cleaning ETT via
a small, flexible, plastic suction catheter do not remove
all secretions. In order to improve the care of intubated
and mechanically ventilated patients, coating of the



ETT should be combined with novel methods to remove

secretions from the ETT.

Conclusion

ETT internally coated with silver sulfadiazine in poly-
urethane can be easily and safely used in intubated pa-
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