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ARTICLE INFO ABSTRACT
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Objectives: Driveline infections are a major complication of ventricular assist device (VAD) therapy. A newly
introduced Carbothane driveline has preliminarily demonstrated anti-infective potential against driveline in-
fections. This study aimed to comprehensively assess the anti-biofilm capability of the Carbothane driveline and
explore its physicochemical characteristics.

Methods: We assessed the Carbothane driveline against biofilm formation of leading microorganisms causing
VAD driveline infections, including Staphylococcus aureus, Staphylococcus epidermidis, Pseudomonas aeruginosa and
Candida albicans, using novel in vitro biofilm assays mimicking different infection micro-environments. The
importance of physicochemical properties of the Carbothane driveline in microorganism-device interactions
were analyzed, particularly focusing on the surface chemistry. The role of micro-gaps in driveline tunnels on
biofilm migration was also examined.

Results: All organisms were able to attach to the smooth and velour sections of the Carbothane driveline. Early
microbial adherence, at least for S. aureus and S. epidermidis, did not proceed to the formation of mature biofilms
in a drip-flow biofilm reactor mimicking the driveline exit site environment. The presence of a driveline tunnel
however, promoted staphylococcal biofilm formation on the Carbothane driveline. Physicochemical analysis of
the Carbothane driveline revealed surface characteristics that may have contributed to its anti-biofilm activity,
such as the aliphatic nature of its surface. The presence of micro-gaps in the tunnel facilitated biofilm migration
of the studied bacterial species.

Conclusion: This study provides experimental evidence to support the anti-biofilm activity of the Carbothane
driveline and uncovered specific physicochemical features that may explain its ability to inhibit biofilm
formation.

Carbothane
Biofilms
Surface chemistry

1. Introduction

The application of mechanical circulatory support (MCS) such as
contemporary ventricular assist devices (VADs) has been an important
advance in the management of patients with end-stage heart disease [1,
2]. The need for a driveline from the pump to the controller and power
source confers a high risk for a VAD-associated infection [3]. There is a
spectrum of VAD-associated infections ranging from VAD-specific in-
fections such as driveline exit site infection, tunnel infection, pump

Abbreviations: VAD, Ventricular assist device.

pocket infection to VAD-related bloodstream infection, and it is likely
that the driveline is responsible for the initiation and persistence of these
infections [3]. The most common VAD-specific infections are driveline
exit site and tunnel infections (Fig. S1) [3,4]. Current antimicrobial
and/or surgical treatment strategies are suboptimal in curing driveline
infections, highlighting the importance of infection prevention. Widely
used preventative strategies include prophylactic peri-operative anti-
microbials, diligent wound care and hygiene, and at the time of im-
plantation, not allowing the velour section to project externally beyond
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the exit site [3]. The velour section of the driveline is designed to sta-
bilize the driveline in the subcutaneous tissue tunnel and to promote
tissue in-growth into the driveline. Despite the application of these
anti-infective strategies, infections still occur at a substantial rate of
10-20% annually [5,6]. Very recently, we examined infected drivelines
explanted from VAD patients undergoing heart transplant and found
that biofilms had migrated long distances up the driveline, with
micro-gaps within the driveline velour, implying incomplete tissue
integration and a likely pathway for biofilms to spread [7].

Biofilm formation has been proposed as the major cause of local
driveline infections [8-10]. A range of biofilm-producing microorgan-
isms have been specifically implicated in driveline infections, including
opportunistic bacteria such as Staphylococcus aureus, Pseudomonas aer-
uginosa, Staphylococcus epidermidis and the fungal pathogen, Candida
albicans [11,12]. Once a biofilm is established on the surface of drive-
lines, the embedded bacteria or fungi become extremely resistant to
antimicrobial treatments [7]. Our previous study examined the in-
teractions between microorganisms and the HeartWare VAD (HVAD)
Pellethane® driveline (Medtronic, Minneapolis, USA), and found a
predilection of different pathogens for different sections of the driveline.
Furthermore, the importance of the subcutaneous tunnel in biofilm
formation and migration on the driveline was shown [10].

A new Carbothane® driveline replacing the Pellethane® driveline
was incorporated into the HVAD system. Carbothane is a family of
medical-grade polycarbonate-based polyurethanes. It was claimed that
the Carbothane® driveline had increased durability and higher flexi-
bility when compared with the Pellethane driveline, and it was proposed
that the higher flexibility may allow for improved healing of the skin exit
site and consequentially lead to a reduction in driveline infections [13].
A preliminary clinical evaluation of the anti-infective performance of
the Carbothane driveline supported its infection-resistant potential,
however patient numbers were small [14]. In this study, we assessed the
anti-infective characteristics of the Carbothane driveline using our
established driveline-specific infection assays [10], and further charac-
terized the physicochemical features of the biomaterial that may be
associated with its antimicrobial properties. Knowledge gained from this
study may be applied to other medical devices for improved
anti-infective properties, such as for central venous catheters and per-
manent pacemakers.

2. Materials and methods
2.1. The Carbothane driveline and microorganisms

Carbothane drivelines were provided by Medtronic Australia. The
drivelines were prepared as described previously [10] and cut-outs of
~3 x 5 mm? were used to study the microorganism-driveline in-
teractions. Four biofilm-forming reference strains, representing the most
common microbial species causing VAD-associated infections, were
chosen for this study, including S. epidermidis RP62A (ATCC 35984),
S. aureus ATCC 25923, P. aeruginosa PAO1, and C. albicans SC5314 [3].

2.2. Early microbial adherence assay, drip-flow biofilm reactor assay and
tunnel-based biofilm assay

Three in vitro infection assays that mimic different phases and
infection micro-environments of driveline infections were adopted for
this study. These assays assess driveline pathogen-interactions during
the progression of a driveline infection from the skin exit site to deep
tissue tunnel and have been described in our previously published study
[10].

An early adherence assay was carried out to evaluate the initial
attachment of microorganisms to the smooth and velour sections of the
Carbothane driveline. A sterile and blank drug filter disk (6 mm) was
saturated with 25 pL of microbial suspensions prepared in Muller-
Hinton broth (MHB, for S. epidermidis, S. aureus and P. aeruginosa) to a
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density of OD600 = 0.1, or Roswell Park Memorial Institute medium
(RPMI-1640, for C. albicans) to a density of OD600 = 1.0. Cut-outs of
drivelines, including those from the smooth tube section and the velour
section were placed on the saturated filter disks, with convex surface
directly contacting the drug filter disk. Sufficient contact between mi-
crobial suspension and the driveline convex surface was ensured and
unnecessary contact between the microbial suspension and the concave
surface and the rough edge of driveline cut-out was cautiously avoided.
The set-up was then incubated at 37 °C in a humid chamber for 2 h. The
convex surface was washed three times with caution by touching drops
of phosphate buffered saline (PBS) in a sterile Petri dish.

A modified drip-flow biofilm reactor assay was set up to allow
adhered microorganisms to further grow into mature biofilms [10]. The
drip-flow biofilm reactor mimics the skin exit site environment by
providing very low shear force, continuous supplies of nutrient and
oxygen, and open space for dynamic biofilm growth [10,15]. Reactor
apparatus and incubation chambers were set up as described in our
previous publication [10] (also see Fig. S2). Driveline cut-outs with
attached microorganisms, prepared in the early microbial adherence
assay were placed on the top of absorbent pads in the biofilm incubation
chamber. 10% tryptic soy broth (TSB, BD Biosciences) as growth media,
were pumped through the system at a very low speed of 5
mL/h/channel. Biofilms were allowed to grow for 72 h at room tem-
perature. The samples were removed from the chamber and washed
three times with PBS.

In parallel, a tunnel-based interstitial biofilm assay was used to
examine microbial biofilm formation on drivelines in an environment
that mimics the subcutaneous tunnel, as previously described [10].
Driveline smooth tube or velour cut-outs with adhered microorganisms,
prepared as described in the early microbial adherence assay, were
incubated in an enclosed agar tunnel at 37 °C for 72 h.

Formation of adherent monolayers and biofilms in all three assays
was quantitatively and qualitatively assessed by colony-forming unit
enumeration and scanning electron microcopy [10]. These assays were
carried out in at least three biological replicates [10].

2.3. Biofilm migration

We have previously shown that microbial biofilms can migrate along
drivelines [10] and this may be facilitated by micro-gaps in the sur-
rounding tissue [7]. Here, biofilm migration along the surface of the
Carbothane driveline was assessed using a tunnel-based assay with and
without micro-gaps. Micro-gaps were prepared by cutting the bottom of
the agar tunnel longitudinally with sterile surgical blades (No. 24,
Swann-Morton, Sheffield, England). Formation and migration of visible
biofilms were monitored using an inverted widefield microscope (Leica
DMi8 Live Cell) for 72 h, at 24-h intervals. This assay was carried out in
six biological repeats.

2.4. Analysis of the physicochemical properties of the carbothane
driveline

X-ray photoelectron spectroscopy (XPS) was used to characterize the
surface composition of the driveline materials. XPS analysis was per-
formed using either an AXIS Ultra-DLD or an AXIS Nova spectrometer
(Kratos Analytical Ltd, U.K.) equipped with a monochromated Al-Ka X-
ray source at a power of 180 W (12 mA, 15 kV). An internal electron
flood gun was used to compensate for sample charging during irradia-
tion. All elements presented were identified from low-resolution survey
spectra (acquired at a pass energy of 160 eV). The atomic concentrations
of the detected elements were calculated using integral peak intensities
and the sensitivity factors supplied by the manufacturer. Extraction of
the possibly contaminating materials silicon and fluorine on the drive-
line surface in toluene was attempted and resulted in a reduction rather
than a complete removal of these elements from the surfaces. Detailed
analysis of the carbon high resolution spectra of the velour was carried
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out for the driveline smooth section; analysis of the velour proved to be
impossible because of differential sample charging, a common problem
when electrically non-conductive materials with a highly irregular
rough surface topography are analyzed by XPS.

To compensate for the insufficient specificity of XPS, attenuated total
reflection-Fourier transform infrared spectroscopy (ATR-FTIR) was
employed to further study the polymer chemistry of the smooth section
of the Carbothane driveline. ATR-FTIR spectra were recorded with a
Nicolet 6700 (Thermo Scientific, Waltham, Massachusetts, USA) in-
strument coupled to a diamond detector in order to gain more specific
information about chemical structures and functionalities present in the
samples. The spectra collected were averages of 64 scans recorded with a
resolution of 8 cm ™. Background spectra were blanked using air. The
data was processed using OMNIC software provided by the manufac-
turer. Contact angles were measured to characterize surface wettability
of the Carbothane driveline. Samples were cut to approximately 8 mm x
6 mm and mounted flat with the help of metal clamps. Static water
contact angles were measured across different samples, using an auto-
mated contact angle goniometer (KSV Instruments LTD). A droplet of
approximately 13 pL of ultrapure MilliQ water was used. Average con-
tact angles were calculated from 9 measurements, with each measure-
ment recording contact angles on both sides of the droplet. The stiffness
of the Carbothane driveline was tested by following the protocol from
Imamura et al. [16], and the flexure extension was kept at 5 mm. Three
repeats of two different sections of the smooth tube were measured.

2.5. Immobilization of biofilm extracellular polymer substance (EPS)
matrix to the carbothane driveline

Mature biofilms of S. aureus ATCC 25923 and S. epidermidis RP62A
were grown in 6-well plates with TSB and collected after washing three
times with PBS [17]. Biofilm EPS matrix was isolated using the method
by Taff et al. (2012) [18]. Cut-outs of the Carbothane driveline smooth
section were incubated with EPS suspensions in Eppendorf tubes for 24 h
at 37 °C. Biofilm EPS immobilized on the driveline surfaces were gently
washed with distilled water and stained with Alexa Fluor 555 conju-
gated Wheat Germ Agglutinin (WGA, 10 pg/mL, 1 h in the dark), fol-
lowed by imaging with a Leica SP5 confocal laser scanning microscope
(CLSM). The fluorescent intensity of immobilized EPS was analyzed with
Image J software (NIH, USA). This experiment was carried out in five
biological repeats. The Pellethane driveline smooth section cut-outs
were included for a comparison.

2.6. Evaluation of antibacterial effects of the carbothane material

For contact killing, the Carbothane driveline smooth section cut-outs
were exposed to staphylococcal suspensions of ~5 x 108 CFU/mL for 3
h, using the set-up described in the early adherence assay but allowing
more bacterial cells to be attached to the driveline surface. Live/dead
BacLight bacterial viability kit (L7007, Invitrogen) in combination with
CLSM [19] was used to examine the viability of staphylococcal cells
upon contact with the surface of the Carbothane driveline. For anti-
bacterial effects mediated by chemicals leached from the Carbothane
material, a conventional disk-diffusion susceptibility assay was used to
assess the inhibitory effect of the Carbothane driveline against S. aureus
and S. epidermidis [20], replacing the antibiotic disks with Carbothane
driveline smooth section cut-outs. Cut-outs of the Pellethane driveline
were used for comparative purposes.

2.7. Statistical analysis

To analyze differences in microbial adherence or biofilm formation
under different conditions, or EPS immobilization on different drive-
lines, one-way ANOVA tests or a non-parametric Mann-Whitney test
were performed with Minitab Statistical Software 16 for Windows
(Minitab Ltd., Coventry, UK) using a significance level of 0.05,
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depending on the data distribution.
3. Results
3.1. Early adherence of microorganisms to the carbothane driveline

An adherence assay mimicking early-stage microorganism-driveline
interactions at the driveline exit site was carried out using four microbial
pathogens of VAD driveline infections. After 2-h of incubation, viable
counts showed that both the smooth and velour sections of the driveline
allowed adherence of all microorganisms, with P. aeruginosa attaching to
both sections at a significantly greater density than the other species
(Fig. 1A). Qualitative SEM supported the viable count results and
showed that very few S. aureus, S. epidermidis and C. albicans cells
adhered to both sections of the Carbothane driveline in the 2-h incu-
bation period (Fig. 1B).

3.2. The Carbothane driveline resisted staphylococcal biofilm growth

To mimic the skin wound at the driveline exit site and determine
whether microorganisms attached to the Carbothane driveline could
further develop into mature biofilms in a dynamic environment, a drip-
flow biofilm reactor assay was used. After 72-h incubation, viable colony
counts were lower for S. aureus and S. epidermidis (Fig. 2A) compared to
that observed at the time of adherence (P < 0.05 for both bacteria)
(Fig. 1A), and only scant S. aureus or S. epidermidis cells were seen from
either the smooth or velour sections using SEM (Fig. 2B). In contrast,
significant numbers of biofilm cells of P. aeruginosa and C. albicans were
isolated from the Carbothane driveline after 72-h incubation in the drip-
flow biofilm reactor, especially the velour section with P. aeruginosa
(Fig. 2A). SEM imaging suggested that P. aeruginosa formed monolayer
biofilms on the smooth sections and multilayer biofilms on the velour,
whereas C. albicans grew into small-aggregate biofilms on both sections
(Fig. 2B).

3.3. A driveline tunnel promoted biofilm growth on the carbothane
driveline

Most VAD driveline infections can readily spread from the skin exit
site into the subcutaneous tissue tunnel, along the implanted driveline
[7]1. A tunnel-based, interstitial biofilm assay was carried out to re-assess
microorganism-driveline interactions after invading microorganisms
had moved into the subcutaneous tissue tunnel environment. The
presence of an agar tunnel significantly promoted biofilm formation of
S. aureus and S. epidermidis on both the smooth and velour sections of the
Carbothane driveline, reaching densities of 10%'%2%7° CFU/mm?
(Fig. 3). P. aeruginosa and C. albicans also formed substantial biofilms in
the tunnel, slightly higher than that formed in the drip-flow biofilm
reactor (Figs. 2A and 3).

3.4. The presence of micro-gaps in the tunnel facilitated biofilm migration
along the carbothane driveline

We have previously shown that extensive migration of biofilms oc-
curs along infected drivelines in patients with a VAD [7]. Imaging an-
alyses of explanted infected drivelines from patients showed the
presence of micro-gaps in the tissue around the driveline in the subcu-
taneous tunnel [7,10]. We hypothesized that these micro-gaps facili-
tated more extensive biofilm migration. Here, we assessed whether
micro-gaps had any impact on migration of microbial biofilms on the
Carbothane driveline using our tunnel-based interstitial biofilm assay.
S. aureus ATCC 25923, S. epidermidis RP62A and C. albicans SC5314 all
showed limited migration along the Carbothane driveline in a tightly
enclosed tunnel, with no migration observed for P. aeruginosa PAO1
(Fig. 4A). In contrast, the fabrication of micro-gaps at the
driveline-tunnel interface significantly promoted biofilm migration of
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Fig. 1. Early adherence of model microorganisms to different sections of the Carbothane driveline. The adherent growth was allowed for 2 h. A) Quantitative
analysis using viable counts, B) Qualitative analysis using scanning electron microscopy (SEM). The experiment was repeated in four biological repeats for viable
counts (A) and two biological repeats for SEM (B). Means =+ standard errors of the mean (SEM) were presented in Fig. 1A.
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Fig. 2. Biofilm formation of microorganisms on different sections of the Carbothane driveline in a drip-flow biofilm reactor. Biofilm growths were allowed for 72 h.
The experiment was biologically repeated four times for viable counts (A) and twice for SEM (B). Means + standard errors of the mean (SEM) were presented
in Fig. 2A.
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Fig. 3. Biofilm formation of microorganisms on different sections of the Car-
bothane driveline in a driveline tunnel. The experiment was biologically
repeated four times. Means =+ standard errors of the mean (SEM)
were presented.

S. aureus, S. epidermidis and P. aeruginosa (Fig. 4B and C), but not for
C. albicans SC5314 (Fig. 4A and B).

3.5. Physicochemical characteristics of the carbothane driveline

The surface chemistry of biomaterials, including the presence of
specific elements and their chemical state can influence their antimi-
crobial properties [21,22]. To investigate whether the physicochemical
features of the Carbothane driveline may explain some of its antimi-
crobial properties, we used a multi-modal approach of XPS and
ATR-FTIR spectroscopy to study the surface composition and polymer
chemistry of the driveline. Low energy resolution XPS provides quali-
tative and quantitative information on the elements present on the
biomaterial surface. XPS survey spectra obtained from the smooth and
velour sections of the Carbothane driveline indicated the presence of
oxygen, nitrogen and carbon as expected for a polyurethane (Table 1).
High levels of silicon (Si) and fluorine were also detected (Table 1). High
energy resolution XPS gives information on the chemical state and
bonding of those elements. The carbon high resolution spectra found a C
1s component with a binding energy of around 290.4 eV that could be
assigned to the carbonate group within the Carbothane polymer used for
the driveline smooth section (Fig. 5A) [23]. ATR-FTIR spectroscopy
confirmed the carbonate nature of the polyurethane constituting the
driveline smooth section and provided more detailed information of the
carbon chemical state (Fig. 5B). Absorptions at 1739, 1242, 955 and
791 em ™! were attributed to the presence of specific carbonate func-
tional groups. The peaks at 1739 and 1242 cm™! confirmed the
nonbonded carbonate carbonyl (C=0) and the carbonate oxygen
(C-0-C) groups, respectively [24]. Such infrared spectra suggested
aliphatic nature of the polymers used for the driveline smooth section
[25]; the ring structure of aliphatic polymers has been associated with
biomaterial resistance to bacterial attachment [26]. Other driveline
features and surface physicochemical characteristics possibly associated
with the low incidence of driveline infections were also examined. We
assessed surface wettability of the Carbothane driveline. Both smooth
and velour sections were highly hydrophobic, with the smooth section
surface having a contact angle of 106.8 + 4.4 and the velour surface
having a contact angle of 126.1 + 5.3. Outer diameters and bending
stiffness are known driveline-related factors that have been associated
with the occurrence of driveline infection in VAD patients. The Carbo-
thane driveline had an outer diameter of 4.7 mm. The bending stiffness
of the whole driveline unit was ~3.66 £ 0.08 N, with some variation
observed between different examination points, suggesting a rigidity
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similar to that of the silicone-based HeartMate II driveline (~4 N) [16,
271].

3.6. The resistance of the carbothane driveline to staphylococcal biofilm
EPS and contact killing of staphylococci may explain its anti-infective
potential

A productive interaction between EPS secreted by bacterial cells and
specific surface functional groups is a key determinant for staphylo-
coccal biofilm formation on biomaterials [21]. The Carbothane driveline
appeared not to support adherent staphylococcal cells to further grow
into mature biofilms in the drip-flow biofilm reactor. It was known that
both staphylococcal strains used in this study were able to produce
poly-B(1-6)-N-acetylglucosamine (PNAG)-based EPS under similar
growth conditions [10]. We speculated that the Carbothane driveline
smooth section had surface chemistry that rejected the interaction with
staphylococcal EPS; such an interaction was essential to anchor the EPS
on the driveline surface and further immobilize microcolonies and form
mature biofilms. We thus challenged the Carbothane driveline and its
predecessor Pellethane drivelines with EPS pre-isolated from mature
biofilms of S. aureus and S. epidermidis. Our CLSM assay using
PNAG-specific lectin WGA showed that a significantly larger amount of
staphylococcal EPS was immobilized to the smooth sections of the Pel-
lethane driveline than that of the Carbothane driveline (Fig. 6A).

In addition to the interaction between driveline materials and bio-
film EPS, we also investigated whether the surface of Carbothane
drivelines had direct antibacterial effect against staphylococci. CLSM in
combination with live/dead BacLight viability staining showed that a
substantial population of staphylococcal cells attached to the Carbo-
thane driveline smooth section cut-outs were killed upon 3-h contact
(red signals, Fig. 6B). Very few dead cells were observed on the surface
of Pellethane driveline smooth sections; non-specific binding between
Syto9 (nucleic acid stain for live cells) and the Pellethane driveline
however, made comparison with the Carbothane driveline infeasible
(Fig. S3). No chemical-leaching-mediated bacterial inhibition was
observed for either the Carbothane or the Pellethane driveline (Fig. S4).

4. Discussion

Advances in driveline design and manufacturing, such as reducing
driveline size, increasing driveline flexibility, external anchoring to
prevent traction injury and the addition of velour to the driveline, have
seen a significant decline in VAD-specific infections [3,16]. Changing
the driveline outer sheath from a Pellethane-based biomaterial to the
Carbothane-based biomaterial was a very recent intervention that has
been claimed to reduce the incidence of driveline infections [13,14,27].
A large-scale, multicenter clinical study would be essential but now
infeasible for an accurate assessment of the anti-infective performance
of the newly introduced Carbothane driveline as the HVAD has been
removed from the market. Despite the withdrawal of the HVAD system
we felt that a comprehensive in vitro investigation of the new Carbothane
material was relevant in the context of applications with other medical
devices.

The Carbothane driveline was assessed for its capability to support
early microbial adherence and biofilm formation using in vitro assays
that mimic different infection micro-environments and stages. Our re-
sults demonstrated that microbial pathogens readily adhered to the
Carbothane driveline materials. The initial adherence, at least for
S. aureus and S. epidermidis, however, failed to convert into mature
biofilms in a drip-flow biofilm reactor that mimics the driveline exit site
environment. This may explain the low incidence of exit site infections
associated with the Carbothane driveline recently reported by Rav-
ichandran et al. (2020) [14]. A comparison using our previous data of
the Pellethane driveline [10] and current results suggested an evident
difference between these two drivelines in supporting mature biofilm
growth. Unlike the Pellethane driveline, the Carbothane driveline
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Fig. 4. Biofilm migration at the Carbothane driveline-tunnel interface. Biofilm migration of four model microorganism in tightly enclosed tunnels (A) or tunnels with
micro-gaps (B) was quantitatively assessed by measuring migration distances at 24-h intervals using a wide-field microscope. (C) Overnight microscopic monitoring
of biofilm migration in driveline tunnels with or without micro-gaps for S. aureus and P. aeruginosa. The presence of micro-gaps in the driveline tunnel promoted
biofilm migration of both S. aureus and P. aeruginosa along the driveline surface. Blue lines with arrows indicate biofilm growths in the tunnel and the distance that
biofilms migrated from the left end of the tunnel to the right side. Six biological repeats were carried out and representative images (C) were presented. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 1
Elemental surface concentration of different Carbothane driveline components
as determined by X-ray photoelectron spectroscopy.

Atomic%

Smooth section (mean + SD) Velour (mean + SD)

Carbon 55.3 + 4.4 65.9 + 0.6
Fluorine 15.8 £ 6.1 26 +1.7
Oxygen 18.3 + 3.0 23.8 +1.7
Silicon 10.3 + 1.4 7.5+3.1
Nitrogen 0.3+0.1 0.3+0.0

*SD, Standard deviation.

smooth section, which is routinely placed at the exit site, failed to sus-
tain the low number of pre-attached staphylococcal cells under a
moderately dynamic condition.

It has been reported that the mechanical driveline features of

drivelines may have impacts on the incidence of driveline infections [16,
27]. There was no significant change in the outer diameter between the
Pellethane driveline and the Carbothane driveline. The Carbothane
driveline has a stiffness similar to what was reported for the 200 mm
distal section of the silicone-based HMII driveline [16]. Size and stiffness
of drivelines were thought to be linked to the risk of micro-trauma at the
exit site or in the tissue tunnel; smaller diameter and/or lower stiffness
of the driveline may allow better healing of driveline-related anatomic
sites and promote host defenses against driveline infections [14]. Our
drip-flow biofilm reactor assay however, only focused on the
microorganism-device interactions and pre-excluded the influence of
host-defenses on microbial biofilm formation. We thus reason the
anti-biofilm performance of the Carbothane driveline found in the
drip-flow biofilm reactor is only related to the surface characteristics of
the biomaterial.

It should also be noted that the biological response to medical de-
vices is determined by the entire history of its surface, including effects
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Fig. 5. High-resolution XPS spectra for the Carbonthane driveline sections. A) C 1s spectra of the smooth tube section, with fitted C 1s spectrum for one of the
analyzed samples. B) ATR-FTIR spectra of the convex surface of the smooth section of the Carbothane driveline.

of processing steps leading to oxidation, surface contamination resulting
from processing steps, sterilisation steps etc. Therefore, it should be
questioned whether the high resistance of the Carbothane driveline to
microbial biofilm formation is purely related to the surface chemistry of
the actual Carbothane or whether it is also (or exclusively) influenced by
the fluorine and/or silicon presence at the surface, as indicated by our
XPS. PDMS (silicone) is a preferred biomaterial for many microorgan-
isms to adhere and form biofilms. Its presence may compromise the anti-
infective efficacy of the driveline [10]. Whether surface fluorine plays
any role in the microorganism-driveline interaction needs further
investigation. High hydrophobicity of both smooth and velour sections
is another important surface characteristic of the Carbothane driveline
that has been reported to be able to prevent microbial adherence to
implanted medical devices [26].

It is a particularly interesting result that the Carbothane driveline did
not support the translation of adherent staphylococcal cells to mature
biofilms under a dynamic environment. Biofilm EPS is the major
mediator for the formation of microcolony/macrocolony biofilms [28,
29]. Our previous work using the Pellethane HVAD driveline and other
biomedical materials confirmed that the staphylococcal strains selected
for this study could readily produce biofilm EPS under similar envi-
ronmental conditions [10]. We thus speculated that the specific surface
chemistry of the Carbothane driveline, possibly the presence of aliphatic
function groups or fluorine, might have allowed single staphylococcal
cells to attach but prevented anchoring of the EPS and the build-up of
mature biofilms. Our CLSM study provided visual evidence to support
the lower capability of the new Carbothane, relative to the Pellethane
material, to allow staphylococcal biofilm EPS to attach on its surface.
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Fig. 6. A) Attachment of staphylococcal biofilm EPS to driveline smooth tubes. EPS of S. aureus ATCC 25923 and S. epidermidis RP62A biofilms was extracted, and the
soluble extract was incubated with either the Carbothane driveline or the Pellethane driveline smooth tubes for 24 h, followed by wheat germ agglutinin (WGA)
staining and confocal laser scanning microscopy. Relative integrated fluorescence intensity of immobilized EPS was measured by ImageJ. A significantly larger
amount of EPS was found to be immobilized to the Pellethane driveline smooth section than the Carbothane driveline (p = 0.021 for S. aureus, and p = 0.05 for
S. epidermidis). Experiments were carried out in five biological repeats. Error bars represent standard error of means. B) Live/dead staining of staphylococcal cells
attached to Carbothane driveline smooth sections. Green signals (Syto9) represent live cells and red signals (propidium iodide) represent dead cells. Images were
taken at a high magnification of 630x. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

The resistance of the Carbothane driveline to biofilm EPS deposition
may result in reduced biofilm formation and less biofilm-related in-
fections at the driveline exit site. In addition, partial bacterial killing
upon contact with the surface was observed for the Carbothane driveline
smooth section. This contact killing is possibly due to the presence of
fluorine in the surface of the Carbothane material [30] but future work is
required to systemically study the interaction between Carbothane
driveline materials, staphylococci, and different biofilm EPS in a quan-
titative manner.

Despite the anti-EPS-anchoring and antibacterial properties of the
Carbothane material, the presence of a driveline tunnel was able to
promote staphylococcal biofilm formation on the Carbothane driveline

surface. Biofilm formation of Staphylococcus spp. within the driveline
tunnel was supported by the presence of an interstitial space between
the driveline and the tissue tunnel that might trap the produced EPS in a
confined space, as well as micro-gaps in the velour. Beside microbial
early adherence and biofilm formation, biofilm migration in the tissue
tunnel is another concern as it is clinically associated with disease
severity [7]. Limited biofilm migration at the driveline-tunnel interface
was noticed when the tunnel was tightly sealed (this study and [10]). We
have previously revealed the presence of micro-gaps at the
driveline-tunnel interface in patients with a VAD and speculated that
these micro-gaps facilitated biofilm migration in the driveline tunnel to
deeper tissues [7]. Findings from this in vitro study validated our
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speculation of the role of micro-gaps in the spread of infections.

In conclusion, we experimentally studied the anti-infective perfor-
mance of the Carbothane driveline and analyzed multiple physico-
chemical features that might adversely affect microbial adherence and
biofilm formation. Although Medtronic has withdrawn the HVAD sys-
tem from the market, the strategy of using Carbothane as an anti-
infective biomaterial may be transferred to many other medical de-
vices, such as central venous catheters, ECMO cannulae, and peritoneal
dialysis catheters to combat problematic biofilm-related infections.
However, in each case it is essential to pay close attention to the
chemistry at the outermost device surface, as the entire processing his-
tory of a device, including contaminants will contribute to the biological
response.
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