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Introduction: Invasive medical devices are used in treating millions of patients each day.
Bacterial adherence to their surface is an early step in biofilm formation that may lead to infec-
tion, health complications, longer hospital stays, and death. Prevention of bacterial adherence
and biofilm development continues to be a major healthcare challenge. Accordingly, there is a
pressing need to improve the anti-microbial properties of medical devices.

Materials and Methods: Polydimethylsiloxane (PDMS) was doped with halloysite nanotubes
(HNTs), and the PDMS-HNT composite surfaces were coated with PDMS-b-polyethylene oxide
(PEO) and antibacterials. The composite material properties were examined using SEM, energy
dispersive spectroscopy, water contact angle measurements, tensile testing, UV-Vis spectroscopy,
and thermal gravimetric analysis. The antibacterial potential of the PDMS-HNT composites was
compared to commercial urinary catheters using cultures of £. coli and S. aureus. Fibrinogen
adsorption studies were also performed on the PDMS-HNT-PEO composites.

Results: HNT addition increased drug load during solvent swelling without reducing material
strength. The hydrophilic properties provided by PEO were maintained after HNT addition,
and the composites displayed protein-repelling properties. Additionally, composites showed
superiority over commercial catheters at inhibiting bacterial growth.

Conclusion: PDMS-HNT composites showed superiority regarding their efficacy at inhibiting
bacterial growth, in comparison to commercial antibacterial catheters. Our data suggest that
PDMS-HNT composites have potential as a coating material for anti-bacterial invasive devices
and in the prevention of institutional-acquired infections.
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Introduction

Invasive medical devices circumvent the normal defense mechanism of the skin or
mucous membranes and provide ideal environments where pathogens can proliferate
from the patient’s immune defenses.' In addition, these devices provide a convenient
vehicle for further microbial colonization or infection, transfer of pathogens from one
part of the body to another, from health care worker to patient, from patient to health
care worker, or from patient and health care worker to others.'*

A key causal factor in these infections is the surface adsorption of serum proteins.
Adsorbed serum proteins facilitate bacterial adhesion and proliferation on the surface
of the device leading to biofilm formation.>® A biofilm is a multicellular community
of microbes that forms on a solid surface or at a liquid—air interface.”® In a biofilm,
microbes are densely packed within a self-assembled extracellular matrix that provides
protection for resident bacteria from various environmental agents. In a very resistant
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biofilm, antibiotic resistance is higher, which increases bac-
terial pathogenicity®'? and is the major reason that biofilm
formation is responsible for a host of periprosthetic infec-
tions.>*!! The standard treatment for severe postimplant
infection is implant removal, the surrounding tissue cleaned
of infection, and then, a second invasive device is implanted.>¢
For dental and orthopedic implants, revision arthroplasties
and increased hospital stays can cost hundreds of thousands of
dollars for a single patient, additional postsurgical complica-
tions and pain, reduced immune response, significant lost time
from work, and altered and restricted lifestyles. Furthermore,
catheter-associated urinary tract infections alone are the most
common health care-associated infection worldwide and have
an estimated total cost in the USA that ranges from $340
million to $450 million annually.” Accordingly, there is a
pressing need to mitigate bacterial colonization by equipping
the surfaces of biomedical devices and implants with features
that alter surface chemistry and topography, thus generating a
surface that is unfavorable for bacterial attachment.**

There has been a considerable research effort target-
ing the prevention of postsurgical infection after device
insertion." !¢ The antimicrobial properties of antibiotics are
well documented in the scientific literature, as well as the
uses of silicones as catheter materials.’"'? Numerous attempts
have been made to fabricate antimicrobial/antifouling coat-
ings and composites for implantable medical devices, espe-
cially for the catheter market.'>!>"!> One approach to prevent
biofilm formation is to coat the surface with bactericidal/
bacteriostatic substances.!*!> Antibiotics have been employed
to impregnate catheters, and titanium implants have been
employed to prevent biofilm formation.'®!” Transitional met-
als incorporated into implant materials have been shown to
possess antimicrobial activity.!®!? It is theorized that transi-
tion metals disrupt respiration and electron transport systems
upon absorption into bacterial and fungal cells.'®2° Many
of these products, however, have not been fully effective in
clinical settings, and hospital-acquired infections derived
from implantable medical devices remain the leading cause
of long-term care infection.?'23

Various polymers have been studied as coatings for drug
delivery including the polyurethanes, polyvinyl alcohol, poly-
acrylic acid, polyamide, polyvinyl pyrrolidone, polylactide,
polyanhydrides, and polydimethylsiloxane (PDMS).2+26.67:68
PDMS is available commercially as a two-part kit with an
elastomer base and a cross-linking agent. It is used in a wide
range of biomedical applications as it possesses many attrac-
tive properties, including its ease of fabrication, hydrophobic
nature, physiological inertness, biocompatibility, low toxicity,

good thermal properties, and cross-linking capability.?’
PDMS and its hydrophobic nature, however, suffer from
serious biofouling problems due to protein adsorption, thus
limiting its practical use. A significant effort has been directed
toward the development of antifouling and antimicrobial
PDMS coatings using physical and chemical methods to
create a hydrophilic PDMS surface with an antifouling capa-
bility.?8-32 Physical methods modify protein adsorption onto
the PDMS surface via hydrophobic or electrostatic interac-
tions or surface activation using oxygen plasma, ozone, or
ultraviolet (UV) light.#?3! The duration of antifouling of
PDMS using physical modification is, however, temporary
with the duration varying with treatment, and the surface
undergoes hydrophobic recovery sometime after initial treat-
ment.3%334 In contrast, chemical modification of the PDMS
surface forms covalent bonds between a PDMS substrate and
coating materials, thus imparting stability and an antifouling
property of longer duration.?-728

The production of hydrophilic silicone coatings with
antibacterial and antibiofouling properties has great potential
for use in contact lenses, dialysis membranes, bladder and
central venous catheters, and so on.?*2® Halloysite nanotubes
(HNTs) are naturally occurring clay nanotubes mined from
abundant mineral deposits making it an easily accessible
nanomaterial. [28-30] HNT is structured as a two-layered
aluminosilicate and has a predominantly hollow nanotubular
structure in the submicron range.>>3¢ HNTs typically display
an inner diameter between 15 and 50 nm, an outer diameter
from 30 to 50 nm, and a length between 100 and 2000 nm. >’
HNTs also present a large surface area and can be loaded and
coated with a variety of materials, such as drugs, metals, and
biomacromolecules.*®**° HNTs provide sustained release of
loaded drugs, which increases the effectiveness of the drug
without increasing strength. Drugs of smaller molecular size
are trapped within the inner lumen of the HNT, and drugs
with a larger molecular size can attach to the outer surface.
Furthermore, the natural HNTs are much cheaper and more
accessible, when compared to carbon nanotubes, offering
great commercial potential.* HNTs have been shown to be
cytocompatible in several cell types (with concentrations up
to 0.1 mg/mL) including chondrocytes, dermal fibroblasts,
osteoblasts, and stem cells cultured on HNT nanofilms or
within HNT-hydrogel composites.**** All cell types prolifer-
ated and expressed specific marker proteins, showing that they
maintained their cellular phenotype. A recently completed
biocompatibility study in a rat dermal model showed that
HNTs do not provoke a local cytotoxic response or a host
immune response.*
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As HNTs have been shown to exhibit very low cytotox-
icity and high levels of biocompatibility, they represent an
ideal candidate for developing new drug delivery systems.

Here, we describe the fabrication of antibacterial and
hydrophilic medical-grade PDMS substrates infused with
the hydrophilic polyethylene oxide (PEO) and nitrofurantoin.
The fabrication of the PDMS-HNT nanocomposites used
bulk modification and solvent swelling/deswelling methods.
Nanocomposites coated with PEO—coblock (b)-PDMS were
studied with scanning electron microscopy (SEM) and water
contact angle measurements. Pore size, tensile strength,
thermal gravimetric analysis (TGA), and UV-visible spec-
troscopy were used to study implant material properties.
The silicone/HNT nanocomposite’s potential for bacterial
growth inhibition was assessed through an agar disc diffusion
assay and lysogeny broth (LB) tests against Escherichia coli.
The results showed that the addition of HNTs increased the
drug load during solvent swelling without reducing material
strength, and the hydrophilic properties provided by PEO
were also maintained. In addition, PDMS-HNT composites
were effective at inhibiting bacterial growth when compared
to commercial catheters.

Materials

PDMS-PEO, methyl-terminated (molecular weight [MW]
=600), was acquired from Polysciences Inc. (Warrington,
PA, USA), and liquid silicone rubber 40 — 10:1, implant-
grade, was purchased from Applied Silicone Corporation
(Santa Paula, CA, USA). Translucent silicone rubber AM
128T was purchased from AeroMarine Products (San Diego,
CA, USA). A rubber tensile die cutter was purchased from
Jinan Hensgrand Instrument Co. (Jinan, China). Antibacterial
intermittent catheters and silver-coated Foley catheter were
purchased from leading commercial antibacterial catheters.
Micro BCA Protein Assay Kit, 100-mm Mueller—Hinton
agar plates, and Mueller—Hinton liquid broth were purchased
from Thermo Fisher Scientific (Waltham, MA, USA).
Nitrofurantoin (Nitro; 100 mg) susceptibility test discs were
purchased from Becton Dickinson and Company (Franklin
Lakes, NJ, USA). Halloysite nanoclay, LB powder growth
medium, Mueller—Hinton broth and agar, Nitro crystalline,
E. coli ATCC®11775™ 1000 colony-forming units (CFUs),
Staphylococcus aureus ATCC 6538™ 50 CFUs, methylene
blue, chloroform (high-performance liquid chromatography
[HPLC]-grade), absolute ethanol, acetone (HPLC-grade),
and bovine fibrinogen (270% protein basis) were purchased
from Sigma-Aldrich (St. Louis, MO, USA).

Methods

Preparing PDMS—HNT composites

The fabrication of the PDMS-HNT nanocomposites was
done using bulk modification and solvent swelling/deswelling
methods. Medical-grade rubber polymers designed to meet
the US Food and Drug Administration and International
Organization for Standardization (ISO) 10993 biocompat-
ibility requirements with Good Manufacturing Practice-
based manufacturing and ISO 9001:2009-certified quality
systems to support regulatory submissions for Class IT and I11
medical devices were used for the nanocomposite fabrication.
Implant-grade silicone samples were thoroughly mixed with
HNTSs (10% wt./wt.) and with a platinum curing agent (10:1).
The uncured PDMS-HNT composites were poured into flat
polystyrene Petri dishes and stored in a refrigerator at <8°C
for 24 hours to remove trapped air. The samples were then
cured in an oven at 60°C for 24 hours and were cut into cir-
cular discs (0.60 mm diameter and 0.2 mm thickness) using a
sterile hole punch. A PDMS hydrophilic surface modification
method was adapted from the method of Dr Harshil Dhruv.*’#
The samples were submerged in chloroform for 24 hours to
remove residual cross-linker and unreacted monomers and
then dried in an oven at 60°C for 24 hours. Next, the samples
were placed in chloroform solutions with amphiphilic block
copolymer PDMS-b—PEO (0%—5% [V/V]) for 24 hours,
dried in an oven at 60°C for 24 hours, and then thoroughly
rinsed with ethanol and dried.

For antibacterial in vitro studies, the treated PDMS—HNT
composites were then placed in Nitro—acetone (5.1 mg/
mL) for 24 hours and air-dried (PDMS-HNT-PEO-Nitro)
to create a fully loaded PDMS substrate with an external
drug crystallization layer. For enhanced visualization of the
drug loading, PDMS and PDMS-HNT samples (200 mg)
were immersed in methylene blue—acetone (0.7 mg/mL,
[A=661 nm]) solutions for 24 hours and monitored with a
NanoDrop™ 2000c UV-Vis Spectrophotometer (Thermo
Fisher Scientific).

SEM

A Hitachi S-4800 field emission scanning electron micro-
scope (Chiyoda, Tokyo, Japan) was used to examine the nano-
composite surface topographies. PDMS-HNT composites
treated with PDMS-b—PEO (0%—5% [V/V]) were adhered to
a conductive adhesive tape and placed onto a stage for view-
ing. A gold sputter coating (4 nm) was applied to the surfaces
with a 208 HR Metal Sputter Coater by Cressington Scientific
Instruments (Watford, UK). Tensile-fractured PDMS and
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PDMS-HNT samples were also prepared for SEM viewing.
The prepared stages were placed into the sample chamber
and viewed with 1.0-2.0 kV. Energy-dispersive spectroscopy
(EDS) elemental data analysis was also used to monitor the
PDMS and PDMS-HNT composite surfaces.

Water contact angle measurements
OCA-15 plus by DataPhysics (San Jose, CA, USA) was
used to capture water contact angle images and contact angle
measurements; 1 uL of deionized water was pipetted onto
the controls, and experimental samples were then imaged
and measured at 20 and 200 seconds. Each contact angle
reported here was the mean of at least three independent
measurements.

Mechanical and thermal testing

Translucent PDMS and PDMS-10% HNT sheets were cut
with a barbell-shaped ISO die cutter in triplicates and exam-
ined with an ADMET tensile tester (Norwood, MA, USA).
Each sample placed in the testing clamps was stretched until
failure and the maximum strength peaks were recorded. In
addition, tensile fracture points of the samples were moni-
tored with SEM/EDS.

Cured PDMS and PDMS (1%—10% HNTs wt./wt.) discs
(0.60 mm diameter and 0.2 mm thickness) were analyzed by
TGA to determine the effect of HNT concentration on the
thermal degradation of PDMS using a Universal V4.5A (TA
Instruments, New Castle, DE, USA).

Surface protein adsorption

A NanoDrop 2000c Spectrophotometer (Thermo Fisher Sci-
entific) was used to monitor the protein adsorption properties
of the modified PDMS-HNT composites with bovine fibrino-
gen. All samples were preequilibrated in phosphate-buffered
saline (PBS; pH =7.4) for 24 hours. A bovine fibrinogen
solution was prepared in PBS (pH =7.4; 1 mg/mL), and the
samples were placed in the protein solution for 4 hours on a
rocker. The samples were then thoroughly washed with PBS
and sonicated in PBS (1% sodium dodecyl sulfate) solution
for 30 minutes to desorb protein from surfaces. The product
protocol for Micro BCA Protein Assay Kit was followed,
and absorbance was monitored for each set of samples in
triplicates.

Antibacterial testing

E. coli and S. aureus Vitroids™ were used to create 0.5
McFarland standard bacterial suspensions. Mueller—Hinton
agar plates and broth were used to validate the antibacterial

properties of PDMS-HNT-PEO—Nitro-loaded composites,
controls, and commercial antibacterial catheters. The samples
of each set were compared in triplicates after 24 hours of
incubation at 37°C. Bacterial zones of inhibition (ZOls) were
monitored with a digital caliper, and the optical densities
of the broths were monitored with a Genesys™ 20 Visible
Spectrophotometer (A=600 nm; Thermo Fisher Scientific).

Results

Surface morphology

SEM was used to study the surface morphology of unmodi-
fied and modified PDMS composites as a means for obtaining
topographical information about surface features. Unmodified
PDMS showed a fine granular surface that was uniform across
the surface. The addition of different concentrations of PDMS—
b—PEO into PDMS showed changes in surface roughness with
a gradual increase in the graininess of the surface with percent
increase in PEO addition (Figure 1). PDMS loaded with 10%
HNTs (wt./wt.) and coated with different concentrations of
PDMS-b-PEO also showed a gradual increase in surface
roughness for PDMS-HNT with the sequential addition
of PDMS-b-PEO concentrations during solvent swelling
although the surfaces had more coarse granules in contrast to
the appearance of unmodified PDMS (Figure 2).

Water contact angles >100° were observed for the
untreated PDMS and PDMS-HNT composites. The PDMS
and PDMS-HNT composites treated with PDMS-b—PEO
showed a significant reduction in contact angle measure-
ments, as contact angles for both versions reached <10°
(Figures 3 and 4). Previous studies and patents®®2” have
explored hydrophilic PDMS surface modifications; however,
no research has been conducted with the addition of HNTs.
These data confirmed that PDMS-HNT (up to 10% wt./
wt.) maintains its hydrophilic properties when treated with
PDMS-b-PEO.

Strength test and thermal properties

The PDMS- and HNT-loaded composites cut with ISO
rubber tensile die cutters showed similar maximum peak
loads >60 N when measured by ADMET tensile tests. The
PDMS-10% HNT average peak load was 6.98 kg, while the
normal PDMS average was 6.33 kg (Table 1). The HNT-
infused polymer demonstrated similar mechanical proper-
ties, suggesting a good dispersion of HNTs and slightly
enhanced mechanical properties. SEM and EDS was used
to study the tensile-fractured PDMS and PDMS—HNT sur-
faces. Under SEM, the normal PDMS showed very smooth
or clean fractures, while the PDMS—10% HNT showed rough
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Figure | SEM micrographs of PDMS coated with different concentrations of PDMS-b—PEO. (A) PDMS-0% PEO, (B) PDMS-1% PEO, (C) PDMS-2.5% PEO, and (D)
PDMS-5% PEO. Surface roughness appeared to increase with the sequential increase of PDMS-b—PEO concentrations.
Abbreviations: b, coblock; PDMS, polydimethylsiloxane; PEO, polyethylene oxide; SEM, scanning electron microscopy.

Figure 2 SEM micrographs of PDMS loaded with HNTs 10% (wt./wt.) and coated with different concentrations of PDMS—b—-PEO. (A) PDMS-HNT-0% PEO, (B) PDMS—
HNT-1% PEO, (C) PDMS-HNT-2.5% PEO, and (D) PDMS-HNT-5% PEO. Similar surface characteristics were observed with the HNT-loaded PDMS versions. Surface
roughness appeared to increase with the sequential addition of PDMS-b—PEO.

Abbreviations: b, coblock; HNT, halloysite nanotube; PDMS, polydimethylsiloxane; PEO, polyethylene oxide; SEM, scanning electron microscopy.
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20 seconds

PDMS

PDMS-PEO

200 seconds

Figure 3 Water contact angle images of treated and untreated PDMS. (A) 103.3° at 20 seconds on PDMS, (B) 97.7° at 200 seconds on PDMS, (C) 8.2° at 20 seconds on
PDMS-PEO, and (D) 3.9° at 200 seconds on PDMS-PEQ. Images displayed that the PEO additive significantly altered the PDMS surface wettability.

Abbreviations: PDMS, polydimethylsiloxane; PEO, polyethylene oxide.

20 seconds

PDMS-HNT

PDMS-HNT-PEO

200 seconds

Figure 4 Water contact angle images on treated and untreated PDMS loaded with 10% HNTs (wt./wt.). (A) 103.8° at 20 seconds on PDMS-HNT, (B) 90.8° at 200 seconds
on PDMS-HNT, (C) 15.8° at 20 seconds on PDMS-HNT-5% PEO, and (D) 8.7° at 200 seconds on PDMS-HNT-5% PEO. Hydrophilic properties were observed for the
PDMS-HNT-PEO composites and showed that wettability was maintained with the addition of HNTs.

Abbreviations: HNT, halloysite nanotube; PDMS, polydimethylsiloxane; PEO, polyethylene oxide.

Table | Peak loads measured during tensile test for PDMS and
PDMS—-10% HNT composites at 5 MPa

HNT concentration Peak load (Kg)
0% 6.33+1.30

10% 6.98 + 1.09

Note: Data represented as mean * SD.
Abbreviations: HNT, halloysite nanotube; PDMS, polydimethylsiloxane.

and jagged fracture patterns. The HNTs appeared to act as a
cross-linking “ceramic skeleton” for the PDMS (Figure 5).
EDS results showed an increase in the silica and the pres-
ence of aluminum, which was from the presence of HNTs
on the surface (Figure 6).

The results of the TGA indicated a relationship between
percent weight loss (weight %) versus temperature (°C)
at different concentrations of HNTs in the formulation. It
was concluded from the graphs (Figure 7A) that when the
concentration of HNTs was increased in the sample, thermal
degradation temperature was decreased and the rate of weight
loss was increased. Figure 7B indicates a relationship of the
rate of weight loss of the formulation containing different
concentrations of HNTs as a function of temperature. Further-
more, the dw/dt for the sample with 10% HNTSs was highest
which is 0.0015 at a temperature of 525°C while samples with
low concentration of HNTs (7.5%, 5%, 2.5%, 1% and 0%)
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Figure 5 SEM micrographs of tensile-fractured PDMS and PDMS-HNT surfaces. (A, B) PDMS, (C, D) PDMS-10% HNT. Different fracture patterns were noticed for PDMS
and PDMS-10% HNT. Normal PDMS appeared to fracture smoothly, while the HNT-loaded versions displayed rougher fracturing patterns.

Abbreviations: HNT, halloysite nanotube; PDMS, polydimethylsiloxane; SEM, scanning electron microscopy.
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Figure 6 Images of energy-dispersive spectroscopic elemental data analysis for (left) PDMS and (right) PDMS—10% HNT. Spectra showed an increase in silica content and

the presence of aluminum from the HNTSs.

Abbreviations: HNT, halloysite nanotube; PDMS, polydimethylsiloxane.
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Figure 7 (A)Thermal gravimetric analysis on PDMS and (B) PDMS with 1%—10% HNT addition.

Note: Thermal gravimetric analysis curves of formulation with different concentrations of HNTs with temperature (°C) at x-axis and the rate of weight loss (dw/dt) at y-axis.
Abbreviations: HNT, halloysite nanotube; PDMS, polydimethylsiloxane.
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suggesting that there is a decrease in the rate of weight loss
at different temperatures in descending order (Figure 7B).

Drug loading/coating and in vitro studies
Methylene blue, a model drug, was used to visualize drug
loading during solvent swelling. The PDMS-10% HNT
composites showed superior drug loading capability when
compared to the normal PDMS (Figure 8). This is the first
time that HNTs have been shown to increase the total drug
load content in cured polymers, during solvent swelling meth-
ods. PDMS-10% HNT composites could load over double
the amount of antibiotics and model drug content when
compared to normal PDMS. During solvent swelling with
drugs, the PDMS-HNT composites appeared to have higher
adsorption rates and were speculated to have increased the
PDMS average pore size. HNTs naturally display adsorptive
properties and appeared to have contributed to the increased
drug content loaded within the PDMS networks. In addition,
drug crystallization layers were formed on the surfaces dur-
ing the evaporation of the solvents. The fabrication process
allowed for a combination of an outer drug layer and fully
drug-infused polymer nanocomposite.

The PDMS-HNT-PEO composites were shown to reduce
fibrinogen adsorption when compared to normal implant-
grade PDMS. Micro BCA protein assays showed that total
protein content was reduced on the composite surfaces when
PDMS-b-PEO concentrations increased on the composite
surfaces (Table 2). The results showed that PDMS-HNT-PEO

0.6
0.4
0.4

0.3

Drug load (mg)

0.2

0.1

PDMS  PDMS-10% HNT

composites could reduce surface protein content and offer
additional drug loading/coating applications.

PDMS-HNT-PEO composites loaded and coated with
Nitro showed competitive antibacterial performance when
compared with commercial antibacterial urinary PDMS
catheters (Figures 10—12; Tables 3 and 4). The antibiotic- and
HNT-loaded PDMS substrates showed short-term in vitro
antibacterial properties against gram-negative and gram-
positive bacteria. For Mueller—Hinton agar assays, the 100%
PDMS catheters, silver catheter, and controls showed no
zone of inhibition against gram-negative bacteria (Figure 10;
Table 3). Mueller—Hinton broth tests showed that all samples
displayed some inhibitory effects on bacteria growth. PDMS—
HNT-PEO-Nitro and drug-coated catheters were shown to
be the most effective at inhibiting both bacteria types in both
agar and broth assays (Figures 9—12).

Table 2 Protein adsorption on PDMS and PDMS-10% HNT
composites. Total protein content assay (Micro BCA protein
assay). Reduction in surface-adsorbed fibrinogen was observed
with PEO-treated PDMS-HNT surfaces

Material Absorbance (562 nm)
PDMS 0.839+0.024
PDMS-HNT 0.992+0.047
PDMS-HNT-1% PEO 0.526+0.089
PDMS-HNT-2.5% PEO 0.492+0.052
PDMS-HNT-5% PEO 0.245+0.028

Note: Data represented as mean * SD.
Abbreviations: HNT, halloysite nanotube; PDMS, polydimethylsiloxane; PEO,
polyethylene oxide.

Figure 8 (A) Graph showing total drug load content for PDMS and PDMS—-10% HNT after solvent swelling. (B) Image of PDMS (left) and PDMS-10% HNT (right) after
solvent swelling in methylene blue—acetone solutions. This is the first time that HNTs have been shown to increase the total drug loading content in cured polymers using

a solvent swelling method.
Abbreviations: HNT, halloysite nanotube; PDMS, polydimethylsiloxane.
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Figure 9 Images of Mueller—Hinton agar disc diffusion assays against Escherichia coli at 24 hours. (A) antibacterial catheter, (B) silver-coated catheter, (C) PDMS-HNT-PEO-
nitrofurantoin, (D) 100% PDMS catheter, (E) PDMS-HNT-PEO, and (F) standard nitrofurantoin disc (100 mg).
Abbreviations: HNT, halloysite nanotube; PDMS, polydimethylsiloxane; PEO, polyethylene oxide.

Figure 10 Images of Mueller—Hinton agar disc diffusion assay against Staphylococcus aureus at 24 hours. (A) antibacterial catheter, (B) silver-coated catheter, (C) PDMS—
HNT-PEO-nitrofurantoin, (D) 100% PDMS catheter, (E) PDMS-HNT-PEQ, and (F) standard nitrofurantoin disc (100 mg).
Abbreviations: HNT, halloysite nanotube; PDMS, polydimethylsiloxane; PEO, polyethylene oxide.
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Figure 11 Images of Mueller—Hinton broth assays against Escherichia coli and
Staphylococcus aureus at 24 hours. (1) E. coli, (2) S. aureus: (Al) Broth, (BI) control
E. coli, (CI) 100% PDMS catheter, (DI) silver-coated catheter, (El) antibacterial
catheter, (FI) PDMS-HNT-PEO-nitrofurantoin, (A2) Broth, (B2) control S. aureus,
(C2) 100% PDMS catheter, (D2) silver-coated catheter, (E2) antibacterial catheter,
(F2) PDMS-HNT-PEO-nitrofurantoin.

Abbreviations: HNT, halloysite nanotube; PDMS, polydimethylsiloxane; PEO,
polyethylene oxide.

Table 3 Mueller—Hinton agar ZOIl results for commercial
catheters and PDMS-HNT-PEO-Nitro at 24 hrs

Material ZOIl (mm) ZOIl (mm)
Escherichia Coli Staphylococcus
aureus
Standard Nitro disc 19.730£1.219 20.16610.650
PDMS-HNT-PEO-Nitro 21.100+1.326 21.955+0.612
PDMS-HNT No ZOlI No ZOl
Antibacterial catheter 18.222+0.864 20.300+1.400
Silver catheter No ZOlI 7.322+2.100
100% PDMS catheter No ZOlI No ZOlI

Note: Data represented as mean * SD.
Abbreviations: HNT, halloysite nanotube; Nitro,
polydimethylsiloxane; PEO, polyethylene oxide; ZOlI, zone of inhibition.

nitrofurantoin; PDMS,

Table 4 Mueller—Hinton nutrient broth absorbance results for
commercial catheters and PDMS-HNT-PEO—-Nitro at 24 hours

Sample Absorbance Absorbance

(600 nm) (600 nm)

Escherichia coli  Staphylococcus aureus
Control E. coli 0.967+0.016 -
Control S. aureus - 0.923+0.011
Standard Nitro disc 0.001+0.001 0.047+0.009
PDMS-HNT-PEO-Nitro  0.002+0.001 0.009+0.015
PDMS-HNT 0.700+0.073 0.565+0.068
Antibacterial catheter 0.001+0.002 0.012+0.019
Silver catheter 0.798+0.151 0.657+0.074
100% PDMS catheter 0.873+0.020 0.763+0.032
Notes: Data represented as mean + SD. “~” indicates no data.
Abbreviations: HNT, halloysite nanotube; Nitro, nitrofurantoin; PDMS,

polydimethylsiloxane; PEO, polyethylene oxide.

Discussion
Catheter-associated urinary tract infection is among the more
common health care-associated infections associated with

PDMS-based medical devices and causes a major economic
burden for patients and hospitals.!> PDMS is widely used in
a variety of medical devices due to its biocompatibility, low
toxicity, optical transparency, elastomeric properties, ease
of fabrication, and low manufacturing costs.?®* PDMS has
proven to be a valuable biomaterial, but its hydrophobicity
limits its potential for use in biomedical applications, and
untreated PDMS can lead to protein adsorption on its surface,
leading to bacterial adhesion.!234%3 Bacterial adherence and
subsequent proliferation are an early step in biofilm forma-
tion, increased bacterial proliferation, colony formation, and
subsequent bacterial encapsulation within a biofilm. %! The
biofilm provides protection for resident bacteria from various
environment agents, increases bacterial pathogenicity, and is
directly responsible for a host of periprosthetic infections®!!
and virtually all urinary tract infections.'? For the patient,
this can cause additional complications including longer
hospital stays, additional surgeries, increased medical costs,
and perhaps death.5?

Surface modification of PDMS has included both physical
and chemical methods designed to render the PDMS surface
hydrophilic; however, most research has been directed toward
microfluidic or biosensor applications.**!>2 The fabrication
of antifouling PDMS surfaces was done typically using
hydrophobic or electrostatic interactions and surface activa-
tion by the physical treatment of oxygen plasma, ozone, or
UV light.262748 Other studies have used chemical methods to
form an antimicrobial surface including antibiotic and silver
absorption,>*** antibacterial coatings,’* peptide coatings,>
and copper impregnation.'® Most of these surface modifi-
cation methods fail to completely inhibit bacterial growth
due to their inability to provide a sustained antibacterial
effect.’® This is typically due to the release of antimicrobials
with short half-lives and antibiotic release that is less than
maximal, or the antibiotics quickly degrade in the implant
microenvironment. The rapid (and often excessive) release of
antimicrobials also raises a major health concern by assisting
in the growth and emergence of antibiotic-/fungal-resistant
microbial strains.'® There remains a critical need for a surface
modification technique for invasive medical devices which
creates a surface that is antifouling and possesses a sustained
antimicrobial capability.*8-5657

Toward this end, we fabricated a nanocomposite using
the solvent swelling/deswelling method, a dipping strategy
that uses polymers in water—solvent—antimicrobial agent
mixtures, and bulk modification methods. Through these
techniques, an antimicrobial agent and antibiofouling agents
were incorporated into the PDMS/HNT matrix. Modified
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and unmodified PDMS surfaces showed gradual changes in
surface roughness with increases in PEO and HNT contents.
PDMS-HNT composites also displayed protein-repelling
properties. Functionalizing silicone with PEO is a validated
method for imparting a hydrophilic domain.’® The use of
the b-polymer (PDMS—b—PEO 600 MW) may have allowed
the PEO chains to accumulate on the composite’s outermost
surface. PEO chains are easily hydrated, and the rubber—water
interfacial interactions may have been altered during process-
ing.*%* Covalent grafting of PEO to silicone surfaces has
been shown to provide a long-term chemical stability without
altering the bulk properties of the substrate.*%¢!

Water contact angle measurements confirmed the
hydrophilic properties of the PDMS—b—PEO coatings on
both PEO-PDMS and PDMS-10% HNT versions. Similar
patterns of wettability were observed for both antimicrobial
PEO-PDMS treated and untreated PEO-PDMS versions. The
results also showed that HNT addition increased drug load
during solvent swelling without reducing material strength
properties. This finding agrees with other studies that have
shown that the addition of HNTs to many polymers measur-
ably improves their material properties. Improved fracture
behavior, yield, and tensile strength of epoxy composites
were reported, and these improvements were with the dis-
sipation of the impact energy due to the embedded HNTs. 6263
Similar results were obtained on composites of HNTs with
styrene—butadiene rubber.®* The addition of 4% HNTs
increased the tensile strength of HNT—gelatin composites

PDMS

by 50%, while the elastic modulus increased threefold.® A
significant improvement in the thermal, tensile, and adhesive
properties of poly(methyl methacrylate) bone cements was
achieved after HNT addition, and the addition of 10% HNT
by weight effectively reduced polymerization temperature
to 40°C, thus reducing the potential of thermal necrosis for
surrounding bone tissue.®

We compared the bacterial growth inhibiting properties
of our composites with standard, commercial-grade PDMS
catheters. Silver-containing commercial-grade catheters
showed little ability to inhibit the growth of E. coli and
S. aureus, based on the results from the growth inhibition
studies. In comparison, our method showed to be effective
at inhibiting bacterial growth against both bacterial forms.

HNTs were added to PDMS by simple mixing, PEO and
drugs were added using solvent swelling methods, and the
resulting nanocomposite produced a material with antimicro-
bial or antibiofouling properties (Figure 13). The advantages
over existing coating systems are the amalgamation of the
materials infused and the effects associated, which include
antibacterial effects, antiprotein biofouling, and hydrophilic
properties. Commercial antibacterial materials have been pre-
viously studied with various microorganisms. The mean ZOlIs
reported for silver- and iodine-impregnated materials against
S. aureus and E. coli are comparable to PDMS-HNT com-
posites and hold potential in antimicrobial applications.® The
outer PEO—drug layer and drug-infused PDMS-HNT network
may offer a new strategy for the prevention of bacterial adher-

Biofilms form and proteins adhere

Reduced protein

Reduced bacteria

Figure 12 A graphic representation of untreated and treated PDMS surfaces and the biological effects in vitro.
Abbreviations: HNT, halloysite nanotube; PDMS, polydimethylsiloxane; PEO, polyethylene oxide.
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ence on catheters, offering HNT/rubber nanocomposites that
will offer a safe, long-lasting, and anti-infective implantable
medical device. In addition, the PDMS—b-PEO hydrophilic
nanocoatings may limit friction and prevent inflammation
associated with medical device insertion and use. Lengthier
inhibition and surface biofilm studies, plus additional in vivo
work, are still needed to fully validate these composites. Addi-
tional “‘green” polymer processing techniques may be explored
with HNT/polymers, such as supercritical carbon dioxide.
Processing polymer that melts with supercritical carbon
dioxide is a common method, which may act as an ecofriendly
processing alternative with controllable features, such as poros-
ity.®7° Overall, this study demonstrated some of the potential
medical applications and uses of HNTs as nano-additives for
polymer enhancement. This type of PDMS composite may
offer potential for the prevention of institutional-acquired
(hospital or nursing home) infections. Furthermore, this type
of nanocomposite polymer coating can be applied to existing
PDMS catheter surfaces with customized thicknesses or drug
formulations for a diverse set of applications.
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