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Abstract: Ventilator-associated pneumonia (VAP) is a serious and costly clinical problem.
Specifically, receiving mechanical ventilation for over 24 hours increases the risk of VAP and
is associated with high morbidity, mortality, and medical costs. Cost-effective endotracheal
tubes (ETTs) that are resistant to bacterial infections could help prevent this problem. The
objective of this study was to determine differences in the growth of Staphylococcus aureus on
nanomodified and unmodified polyvinyl chloride (PVC) ETTs under dynamic airway conditions
simulating a ventilated patient. PVC ETTs were modified to have nanometer surface features by
soaking them in Rhizopus arrhisus, a fungal lipase. Twenty-four-hour experiments (supported
by computational models) showed that airflow conditions within the ETT influenced both the
location and the concentration of bacterial growth on the ETTs, especially within areas of tube
curvature. More importantly, experiments revealed a 1.5 log reduction in the total number of
S. aureus on the novel nanomodified ETTs compared with the conventional ETTs after 24 hours
of airflow. This dynamic study showed that lipase etching can create nanorough surface features
on PVC ETTs that suppress S. aureus growth, and thus may provide clinicians with an effective
and inexpensive tool to combat VAP.

Keywords: biofilm, laminar flow, ventilator-associated pneumonia, nanotechnology,
endotracheal tubes, S. aureus

Introduction

The prevention of ventilator-associated pneumonia (VAP) is of great importance
in modern medicine. VAP is the second most common hospital-acquired infection
among pediatric intensive care units and results in increased mortality, morbidity,
and medical costs.'? VAP is particularly difficult to diagnose in pediatric patients,
leading to delays in targeted treatment.** It also increases hospital stays by an aver-
age of 8.7 days and can increase hospital costs by up to $51,157.2 The two pathogens
most commonly associated with VAP in pediatrics are Pseudomonas aeruginosa and
Staphylococcus aureus.’

One of the main sources of bacterial colonization within the airway is the endotracheal
tube (ETT). ETTs are of special concern because these tubes provide a direct conduit
from the outside environment to the lungs.® A key problem for inhibiting bacterial
growth on ETTs occurs when bacteria exude an exopolysaccharide, which adheres
bacteria together. Bacteria in this type of extracellular matrix (known as a biofilm) are
especially resistant to both antibiotics and the immune system of the patient.” Ventilation
through such colonized ETTs, or even condensation of humidified air, can break off
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portions of the biofilm, bringing bacteria deeper into the lungs
and spurring growth on other areas of the tube.®

The unique properties of nanomodified surfaces (or sur-
faces with features <100 nm in one direction)’ could provide
a solution to the persistent problems of VAP.*'> Micro- and
nanoscale building blocks form the foundation for cells and
tissues within the human body.'® Nanomaterials have unique
surface energetics due to their significantly greater surface
area compared with conventional nanosmooth materials.
Such changes in surface energy undoubtedly influence initial
protein interactions that are important for mediating bacterial
adhesion.!” One of the first steps within the process of cell
adhesion is the association between proteins adsorbed on
implant surfaces and cell membrane receptors. The large sur-
face to volume ratio characteristics of nanomaterials have been
shown to affect this association to inhibit bacteria attachment
and promote nonbacterial cell (such as osteoblasts, smooth
muscle cells, endothelial cells, chondrocytes) adhesion.!*!
The type, concentration, conformation, and bioactivity of
proteins adsorbed onto a material depends on its surface
chemistry, hydrophilicity, charge, topography, roughness, and
energy, all of which can be influenced by nanotechnology.”
Surface properties, including roughness, stiffness, and topog-
raphy, also affect bacterial adhesion and may play an important
role in the initial stages of biofilm formation.”*** Reducing
bacterial adhesion and biofilm formation on the surface of an
ETT could reduce further colonization of the ETT.

Moreover, previous studies on VAP have concentrated
on biofilm formation in straight, adult ETTs under static
conditions. However, fluid and air within curved tubes, like
ETTs, display unique secondary flows.?® Biofilms can alter
their structural properties in response to fluid effects (such
as shear stress or vortical flows), both resisting detachment
and facilitating further colonization.?>*"-

The objective of this in vitro study was to fabricate and
test nanomodified ETTs (without the use of antibacterials),
under simulated dynamic airflow conditions of the respiratory
system, in order to determine their antimicrobial effective-
ness. To achieve this, both experimental and computational
analyses were performed.

Materials and methods

Nanomodification of ETTs

The first type of antibacterial ETT prepared for analysis
within our system was a polyvinyl chloride (PVC) ETT
(Sheridan®, Teflex Medical, Arlington Heights, IL) with nano-
roughened surfaces. These tubes were transformed to have
nanofeatures using lipases from the fungi Rhizopus arrhisus

(Sigma-Aldrich, St Louis, MO), which enzymatically degrade
the PVC material. The procedure included exposing the PVC
tubing to a 0.1% mass solution of R. arrhisus lipase dissolved
in a potassium phosphate buffer at 37°C. The samples were
gently agitated for a total of 48 hours, and the lipase medium
was changed every 24 hours.

The activity of the R. arrhisus lipase used in the experi-
ment was 10.5 U/g, where one unit was defined as the amount
of enzyme that catalyzed the release of 1 umoL of oleic
acid per minute at pH 7.4 and 40°C. ETTs placed within the
system were modified on both the inner and outer surfaces.
ETTs were sterilized using ethylene oxide exposure in a
16-hour sterilization cycle.

Material characterization

Each of the samples was coated with a gold palladium
mixture to increase conductivity for scanning electron
microscopy (SEM) (LEO 1530VP FE-4800 Field-Emission
SEM, Carl Zeiss SMT, Peabody, MA) in order to visually
assess nanometer surface features. Nanoroughness was also
assessed using an atomic force microscope (AFM) (XE-100,
Park Systems, Santa Clara, CA) under tapping mode using
a 10 nm AFM tip (PPP-NCHR, Park Systems) with a scan
rate of 0.5 Hz. The roughness of each of the surfaces was
quantified by an AFM using root mean square roughness.
Contact angle data were assessed to determine surface hydro-
phobicity (EasyDrop DSA20S, Kruss, Hamburg, Germany).
Characterization of the elemental composition of the nano-
modified and control ETTs was also conducted by x-ray
photoelectron spectroscopy (XPS) (5500 Multitechnique
Surface Analyzer, Perkin Elmer, Waltham, MA).

As proteins mediate bacteria attachment, a BCA Protein
Assay Kit (Thermo Scientific, Rockford, IL) was used to
quantify the total amount of protein adsorbed on the samples.
This was accomplished by soaking sterilized ETT tube pieces
in trypticase soy broth (TSB) medium for 10 hours. This TSB
medium was then tested to determine the total amount of pro-
tein in each sample. Additionally, to test protein adsorption on
the surfaces of the tube, ETT pieces were then removed from
the TSB medium and resuspended in phosphate buffered saline
with RIPA buffer, which removes adsorbed proteins. The total
amount of proteins in the supernatant was then tested using the
BCA assay following manufacturer’s instructions.

Bacteria dynamic testing in a bench-top

airway model
Nanomodified ETTs were tested in a custom-made bench-
top model airway adapted from the general design of
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Hartmann et al.” This model airway can be seen in Figure 1.
ETTs with a 3.5 mm internal diameter were placed in the
system. The boxes were then filled with sterile TSB medium
and placed in a water bath that was maintained at 37°C.
An ETT was connected to an Infant Star 950 ventilator
(Puritan Bennett, Covidien, Mansfield, MA), with posi-
tive end-expiratory pressure of 1 cmH,O and fraction of
inspired oxygen (FiO,) of 0.5. A total of 480 mL of TSB
was inoculated with 10* colony-forming units (CFUs)/mL
of S. aureus (ATCC #25923). This bacterial medium was
then circulated into the oropharynx box over the duration of
a 24-hour test, using a peristaltic pump. Sterilization tests
were performed routinely to detect any cross-contamination.
For each run, an ETT was added to the sterilized oropharynx
and lung boxes.

In addition, at the end of each trial, ETTs were cut into
ten 1.5 cm pieces. These tubes were either stained with
crystal violet and analyzed for optical density using a spec-
trophotometer (Spectramax 340PC384, Molecular Devices,
Sunnyvale, CA) or processed using a vortex protocol to
determine the number of CFUs. The vortex protocol con-
sisted of adding the ETT pieces to 2 mL of TSB medium
and vortexing the ETTs for 1 minute at 3000 rpm (Digital
Vortex Mixer, Fisher Scientific, Pittsburgh, PA). The super-
natant was then serially diluted and plated. Colony counts
were performed to determine the number of bacteria on each
area of the tube.

Airflow analysis

To fully understand the dynamic airflow conditions within
this system that may influence bacteria functions, further
analysis of the fluid effects of ETT orientation was conducted
by graphing the curved tubes by hand, and then was reas-
sessed by analyzing the curvature of the three-dimensional

Figure | Model of the endotracheal tube (ETT) system used in this study.”
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model in SolidWorks (2010, Dassault Systémes, Vélizy-
Villacoublay, France). Jarreau et al*® reported that the mean
range of ETT curvature diameters from magnetic resonance
imaging scans were 8—18 cm with a <16% variation in
pressure between these extremes. Both of the studied curves
present in the ETT, which can be seen in Figure 2,3 were
within these parameters. The radius of curvature (R ) of the
first curve measured about 18 cm, whereas the R of the
second curve was 9 cm.

To evaluate the Navier—Stokes equations for the curved
ETTs, the secondary axial motion of the fluid within the
tube bends must be taken into account. Using the veloc-
ity measured from the ventilator (6.93 m/s), the Reynolds
number was evaluated with the following equation where &
is the mean average velocity, D is the diameter of the tube,
and v is the kinematic viscosity of air. Within the ETTs, the
Reynolds number was found to be 1455, which placed the
flow in the system in the laminar range.

_ub (1)
Vv

Re

Due to the unique conditions within the system, further
calculations were needed. Flow in curved tubes is much
more stable than that of a straight pipe; thus, the transition
from laminar to turbulent has been shown to be much higher
than the usual value of 2300, sometimes by even a factor
of 2 or more.** To better evaluate the computational model,
the critical Reynold’s number was calculated according to
the following formula proposed in Jarreau et al, where D
is the diameter of the tube and R _is the radius of curvature.*
The critical Reynolds number is 5668.
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Figure 2 Diagram of endotracheal tube (ETT) curvature.’'

The approximations for the fluid model also assumed
quasistatic flow in the ETT. To determine whether this
approximation was appropriate, the Womersley parameter
was calculated for the ETT.

g2 |® 3)
2\ v

Where d is the diameter of the tube, @ is angular velocity
(2nf [rad/s]) where f is the frequency of the ventilator in
Hz, and v is the kinematic viscosity of air. If o < 16, the
flow can be approximated as quasisteady.’® The Womersley
parameter for the ETTs in the lung box system was 0.16.
The final part of the present airflow analysis of the ETT
consisted of the creation of a three-dimensional computa-
tional model. A finite element model of the exact curvature
of the ETTs was created using COMSOL Multiphysics
(v4.0a, COMSOL Group, Burlington, MA). Airflow through
the ETT was considered to be laminar, Newtonian, and
incompressible. The unsteady, three-dimensional form of
the Navier—Stokes equations was then solved using the
finite element method. For this flow model, the boundary
conditions prescribed over the domain were as follows:
(1) on the solid wall of the tube a no slip condition was
applied; (2) an absolute pressure of 1 atm was assumed at
the outlet, as is common within the clinical setting; and (3)
finally, the inlet pressure for a pressure-limited, constant
flow ventilator was represented using a square wave, as
seen in the literature.’® The upper limit of the square wave

Second curve

was the positive inspiratory pressure minus the positive
end-expiratory pressure, whereas the lower limit was 1 atm.
Each peak was exactly 0.416 seconds wide, the inspiratory
time of the ventilator.

The initial conditions for the model were as follows: (1)
the initial inlet velocity was set at 0 m/s and (2) the initial
inlet pressure was set at 1 atm.

To gain a better understanding of the bacterial disper-
sion within the system, a Lagrangian particle tracing model
was performed using COMSOL Multiphysics, where all
particles were assumed to be a single bacterium. Both
drag and gravitational force were included in this one-way
fluid particle coupling, and the particles (bacterium) were
considered to move with the flow in the tube. The diameter
of each particle (bacterium) was taken as 1 um,** whereas
the mass was taken as 1 pg.3* All particles that touched the
wall of the tube were considered trapped, and no reflection
occurred within this model. Particles were released at the
inlet of the ETT.

Residence time of the particles was calculated from
particle position and velocity data found in COMSOL Mul-
tiphysics. Multiple simulations were performed, with each
simulation containing at least three breathing cycles.

Statistical analysis

All experiments in the system were performed three times
(N = 3), and the results were reported as mean * standard
error of the mean. Analysis of variance statistical analysis
was performed on all results.
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Figure 3 Scanning electron microscopy images of nanomodified and untreated polyvinyl chloride endotracheal tubes. (A) Nano-R: mag x20 K. (B) Untreated: mag x30 K.

Nano-R was modified with Rhizopus arrhisus.
Note: Scale bars =2 pum.

Results

Material characterization

PVC ETTs cut and submersed in the lipase solution R. arrhisus
showed visible nanofeatures (Figure 3). In contrast, control
untreated PVC ETTs did not show any nanofeatures.

AFM analysis of the nanomodified ETTs confirmed SEM
analysis (Figure 4). The average root mean square roughness
of the ETTs nanomodified with R. arrhisus was 12.5 nm
compared with a value of 2.2 nm for the untreated PVC tubes;
AFM scans were 5 x 5 um for this analysis. XPS data can be
seen in Figure 5 for the nanomodified tubes. This showed no
change in chemical composition of the ETTs modified with
Nano-R compared with untreated ETTs.

Surface energy analysis for the nanomodified PVC was
also performed and can be seen in Figure 6. Results showed
a water contact angle of 84.4° for the unmodified PVC and an
angle of 68.9° for the R. arrhisus-treated (Nano-R) samples.
Thus, Nano-R possessed increased hydrophilicity.

The BCA assay showed an increased amount of protein
adsorption on the nanomodified (Nano-R) samples compared

with the untreated PVC (Figure 7), corresponding to the
increased hydrophilicity of these surfaces.

Dynamic testing in a bench-top model

For the present analysis, 24-hour studies performed in a
dynamic airflow chamber showed a marked difference in
biofilm formation on the different areas of the unmodified
ETTs (Figures 8 and 9). Areas of ETT curvature, such as
at the entrance to the mouth and the connection between
the oropharynx and the larynx, were correlated with larger
amounts of biofilm formation. Crystal violet staining revealed
round patches in these regions. Most importantly, CFUs
were significantly smaller (up to a 1.5 log reduction) on the
nanomodified ETTs than on control ETTs, all achieved again
without the use of pharmaceutical drugs.

Fluid analysis

Computational model results seen in Figure 10 showed skew-
ing of the air velocity profile at both curves in the ETTs (b and
¢), with consequent variations in the wall shear rates along the

50.0 nm

26.0
0.0

50um 4.0 3.0

Figure 4 Atomic force microscopy images of polyvinyl chloride endotracheal tubes treated with (A) 0.1% Rhizopus arrhisus solution (Nano-R) for 48 hours compared with

(B) untreated polyvinyl chloride samples.
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Figure 5 X-ray photoelectron spectroscopy of nanomodified and untreated
polyvinyl chloride (PVC) endotracheal tubes (Nano-R). Nano-R was modified with
Rhizopus arrhisus.

ETT. A correlation coefficient between shear and bacterial
density of about 0.37 was found for both treated and untreated
ETTs. This suggests that factors other than changes in shear
stress (such as bacteria residence time, secondary velocity,
and interactions with the wall) are important to understand
differences in bacterial distribution along the ETTs.

To further investigate these effects, an associated
Lagrangian particle analysis was performed, the results of
which can be seen in Figures 11 and 12, where the final

particle (bacterium) location is graphed with bacteria
distribution. A weak correlation coefficient of 0.50 was
found for the untreated ETTs and 0.52 for the nanomodified
ETTs. This suggests that some other factor than the velocity
flow field and forces on the bacteria in the curved portions
of the tube plays a dominant role in determining bacterial
distribution. These effects will be further investigated in
future tests.

Discussion

Similar to previous static studies,!®*¢ results from this
study showed significant reductions in the number of
CFUs on the nanomodified ETTs. The difference between
crystal violet and colony counts was thought to be a result
of a combination of increased extracellular polymeric
material on the nanomodified surfaces and the reaction of
the nanomodified surfaces with the crystal violet dye. To
mitigate these effects, optical density values from ETTs
modified with Nano-R and stained with crystal violet
were subtracted from the bacteria-cultured ETTs stained
with crystal violet. Both the results of the optical density
tests and the values of the modified ETT blanks can be
seen in Figure 8.

Notably, the dynamic values for biofilm density along
many areas of the ETT were substantially less than the values
obtained in previous static studies'® on the same samples,
thus illustrating the importance of the dynamic analysis of
ETTs. This reduction in the number of bacteria seen on the
ETTs under dynamic flow could be due to the morphological
changes of the biofilm in response to shear stress. Physical

Untreated

Nano-R

Sample pictures

Water contact angle

84.4

68.9

Figure 6 Increased hydrophilicity of nanomodified polyvinyl chloride endotracheal tubes (Nano-R) compared with controls. Nano-R was modified with Rhizopus arrhisus.
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Figure 7 Increased total protein adsorption on nanomodified polyvinyl chloride (PVC) endotracheal tubes (Nano-R) compared with controls. Nano-R was modified with

Rhizopus arrhisus.

Notes: Data = mean * scanning electron microscopy; N = 3; *P < 0.0l compared with untreated.
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Figure 8 Dynamic lung system results for untreated tubes versus nanomodified polyvinyl chloride endotracheal tubes (ETTs): crystal violet stain; N = 3 (x-axis
length = longitudinal ETT length); blank = sterile ETTs soaked in trypticase soy broth medium.
Notes: Error bars * Istandard error; *P < 0.05 compared with untreated ETTs at the same time points.
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Figure 9 Dynamic lung system results for untreated versus nanomodified versus nanomodified polyvinyl chloride endotracheal tubes (ETTs): colony counts of Staphylococcus aureus;
Notes: N = 3 (x-axis length = longitudinal ETT length); error bars  Istandard error; *P < 0.05 and **P < 0.0 compared with untreated ETTs at the same time points.
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Note: Results show a correlation of shear stress to increased bacteria function for the first curve but not the second curve.

Abbreviations: CFU, colony-forming unit; ETT, endotracheal tube.

properties of biofilms (such as cell density) have been shown  which can vary widely based upon diameter and flow
to be affected by fluid shear.’” High shear forces have been  rate but are between 0.0294 Pa and 0.1961 Pa in the
shown to favor the creation of tight, rounded microcolonies  trachea.®
of bacteria.*® This data, coupled with the evidence of hydro- However, shear stress appears to be only one of a
dynamic effects on biofilm formation from the literature, number of contributing factors to bacterial location and
suggested that an in-depth analysis of the forces onthe ETTs  growth in the ETT. A slightly clearer association was seen
is needed. between particle location and bacterial numbers found
Results of the computational model showed that areas  in the experimental model; however, this still does not
of low wall shear (0.20 Pa) along the lower wall of the  fully explain the mechanism of bacterial distribution in
endotracheal tube did correspond to experimental areas  the system. This could be due to the limitations of the
of high bacterial density. These values were compared  field emission microscopy model, which does not take
with literature values for shear stress in the healthy lung, into account interactions between bacteria, differences
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Figure |1 Field emission microscopy (FEM) model. Particle distribution versus bacterial density.
Note: Results show increased particle (representing bacteria) residence time in both curves of the endotracheal tube (ETT).
Abbreviation: CFU, colony-forming unit.
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Figure 12 Field emission microscopy (FEM) model. Particle distribution versus bacterial density.

Abbreviations: CFU, colony-forming unit; ETT, endotracheal tube.

in particle (bacteria) size, or interactions with the ETT
walls. As in the static studies, the mechanism for the
reduction on the nanomodified ETTs is unclear but is
thought to be associated with reduced adhesion of the
bacteria to the surface. This reduction could be due
to altered initial protein interactions from TSB or to
surface energy changes, both of which can affect bacte-
rial adhesion.’ These mechanisms all require further
analysis. Thus, future efforts will concentrate on the
creation of a larger continuum model to better analyze
transport of bacteria, residence time within the ETT, and
bacterial interactions with the wall, all in an effort to
fully understand spatial locations of bacteria functions
on ETTs and the observed decreased bacteria functions
on the nanomodified ETTs.

Conclusion
This study showed that chemical etching techniques can
create nanorough surface features on PVC ETTs to suppress
S. aureus growth. Compared with previous static studies,’
the present dynamic study showed a much greater decrease
in bacteria function on nanomodified ETTs compared with
unmodified ETTs. In addition, dynamic airflow conditions
had an effect on both the concentration and location of
bacterial growth spatially on the ETTs. A more accurate
understanding of the areas of biofilm formation within the
ETT could not only lead to better sampling and diagnosis of
VAP but also improve clinical procedures such as suctioning
and cleaning of ETTs.

In vitro modeling of nanomodified ETTs under dynamic
conditions may further provide useful insights into their
antimicrobial effectiveness. The differences recorded along

the length of the tube suggest that flow and continuous
contamination play a significant role in bacterial colonization.
This provides further evidence that static testing may not
reveal the important interactions at the surface of such devices
in vivo. The results of both the static and dynamic experiments
suggest that nanomodified tubes, as created here, could
provide clinicians with an effective and inexpensive tool to
combat hospital-acquired infections like VAP and should be
studied in greater depth. Importantly, the nanomodified tubes
decreased S. aureus growth by only changing the degree of
nanofeatures, not by altering chemistry or using antibiotics.
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