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A significant part of human infections is frequently associated with the establishment of biofilms by
(opportunistic) pathogens. Due to the increasing number of untreatable biofilms, there is a rising need to
develop novel and effective strategies to prevent biofilm formation on surfaces in medical as well as in
technical areas. Bacterial initial attachment and adhesion to surfaces followed by biofilm formation is
highly influenced by the physical properties of the surfaces. Consequently, changing these properties or
applying different nanostructures is an attractive approach to prevent biofilm formation. Here we report
on the effect(s) of surface grown and anchored vertically aligned multi walled carbon nanotubes
(MWCNT), which have been made wettable by immersion through a graded ethanol series, on biofilm
formation of Klebsiella oxytoca, Pseudomonas aeruginosa, and Staphylococcus epidermidis. We evaluated
the biofilm formation under continuous flow conditions by confocal laser scanning microscopy and
scanning electron microscopy, and demonstrated significant inhibition of biofilm formation of all the
different pathogens by MWCNT of different lengths. Furthermore, the anti-adhesive effects of the MWCNT
increased with their overall length. The application potential of our findings on surface grown and
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anchored vertically aligned MWCNT may represent a suitable contact mechanics based approach to
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1. Introduction

Bacteria and archaea are able to adhere to abiotic as well as
biotic surfaces by means of their adhesins, cell-surface compo-
nents or appendages such as pili, fimbriae, flagella and slime;
subsequently establishing biofilms."”> These biofilms are highly
dynamic microbial communities adhered to a surface consisting of
one or more species often embedded in an extracellular matrix.>*
In general, the ability to develop biofilms on surfaces or interfaces
represents a predominant strategy of microorganisms to survive
conditions of nutrient-limitation.’

Besides numerous beneficial biofilms e.g. biofilms in the
environment degrading toxic compounds®’ or application of
biofilms in the treatment of wastewater,®° bacteria are also able
to form harmful biofilms e.g. those on technical equipment as
well as on medical devices and implants. Prominent examples
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prevent biofilm formation on medical devices or technical sensors operating in fluid environments.

are pathogenic bacteria such as Staphylococcus epidermidis and
Pseudomonas aeruginosa, which are frequently linked to
biofilm-associated infections.'®"® These harmful biofilms
represent a major challenge because the approaches to combat
them are limited. Currently, chemical compounds such as
disinfectants and antibiotics are mainly used to inhibit medically-
relevant biofilm formation. However, once organized in a bio-
film, microorganisms show significantly higher resistance to
disinfectants,'® antibiotics'* and host’s defense by the (innate)
immune system.'> Consequently, there is a lack of effective
substances and general strategies to inhibit biofilm formation
of disruptive or pathogenic bacteria on medical surfaces and
novel approaches are urgently required.

Biofilm formation generally comprises four developmental
steps—initial attachment, irreversible attachment, maturation,
and dispersion.'® The initial phase also called initiation or
adhesion phase is influenced by numerous factors including
physico-chemical properties of the surface, environmental
conditions and molecular interactions'” as well as bacterial
motility.® Due to the fact that initial adhesion of microorganisms
is crucially influenced by the properties of the respective surface,
changing chemical and physical properties of a surface provide an
encouraging strategy to inhibit biofilm formation. Consequently,
applying different nanostructures to the surface is a promising

This journal is © The Royal Society of Chemistry 2016
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approach to prevent adhesion and subsequent biofilm formation
on medical and technological devices. In this respect, carbon
nanotubes (CNT) are attractive nanostructures for such an
approach. CNT are allotropes of elemental carbon with a cylindrical
nanostructure forming well-ordered tubes and can be categorized
in single-walled carbon nanotubes (SWCNT), double walled
carbon nanotubes (DWCNT) and multi-walled carbon nanotubes
(MWCNT)."® Until today, analysing nanotubes with regard to
inhibitory effects on microorganisms mainly focused on evaluating
the effectiveness of randomly oriented CNT on planktonically grow-
ing microorganisms."®?” Only one study investigated the effects of
(non-aligned) randomly oriented CNT on biofilm formation of
Escherichia coli growing as small batch cultures in 96-well microtiter
plates. Here it was demonstrated that using this system the presence
of SWCNT was efficient to reduce biofilm formation.*®

To the best of our knowledge only one recent report
evaluated the effects of vertically aligned CNT.*® In that study,
bacterial adhesion on MWCNT treated with argon at 5 Pa (plasma
treatment) was evaluated during growth in batch cultures (24-well
microtiter plates). In contrast, the present work aimed to study the
effects of wettable vertically aligned MWCNT of two different
lengths on biofilm formation of various human opportunistic
pathogens using flow chambers with a continuous flow; a recent
setting representing conditions close to the natural environmental
situation e.g. in pipelines, tubes, and venous catheters.

2. Experimental section

2.1. Bacterial strains and growth conditions

The bacterial strains Klebsiella oxytoca M5a 1,>° Pseudomonas
aeruginosa PAO1,>" Staphylococcus epidermidis 1457°% and
K. pneumoniae spec. [kindly provided by Prof. Podschun (ESBL
No. 81, reference laboratory CAU Kiel)] were used as model
organisms for biofilm formation. Batch cultures of Klebsiella
oxytoca M5a 1 and K. pneumoniae spec. were grown over night
in LB (Luria-Bertani) medium?®? at 30 °C. Pseudomonas aeruginosa
PAO1 and Staphylococcus epidermidis 1457 were also grown over
night in LB medium but at their optimum temperature of 37 °C.

In order to evaluate biofilm formation, strains were grown in
flow chambers (see below) using strain specific media. The
P. aeruginosa and S. epidermidis biofilms were cultured in highly
diluted (1:33) Tryptonic Soya Broth (TSB).** In the case of the
Klebsiella strains, GC minimal medium®® (1% (v/v) glycerol and
0.3% (w/v) casamino acids) was used.

2.2. Growth parameters of carbon nanotubes

Vertically aligned MWCNT were grown by chemical vapor
deposition (CVD). First, 11.6 nm Al metal followed by 1.4 nm
Fe metal were deposited by e-beam evaporation on a silicon
substrate (boron doped (100) coated with a 600 nm layer of
silicon dioxide). After heating the substrate up to 850 °C in a
gas mixture of Ar/H, (40% H,, total flow 1400 sscm) in a tubular
furnace with a quartz tube (inner diameter 85 mm), CVD
synthesis was initiated by introducing 200 sscm ethylene and
420 ppm of water vapor. Growth and alignment of CNT of two
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different lengths (470 and 540 um) were controlled by variation
of the growth time. For further details of the growth process
and properties of the MWCNT arrays see.>®™3®

2.3. Biofilm formation in flow chambers

Coverslips without MWCNT, as control, and coverslips with the
MWCNT samples were inserted into the flow chambers and
sealed with polyvinylsiloxane (President Light Body, Colténe/
Whaledent AG, Altstitten Switzerland). The complete chambers
(total volume 1.3 ml) were attached to a peristaltic pump
(Ismatec ISM931C, Germany) and equilibrated with the respec-
tive medium for 2 h with a flow rate of 20 ml h™" or 30 ml h™*
depending on the microorganism (see below). The biofilm
assays of K. oxytoca M5al and K. pneumoniae isolate 81 were
performed in GC minimal medium (flow rate 20 ml h™") at
30 °C. P. aeruginosa PAO1 and S. epidermidis 1457 biofilms were
grown in highly diluted (1:33) TSB (flow rate of 30 ml h™") at
37 °C. Overnight cultures were adjusted to 1 x 10° cells per ml
for Klebsiella strains and to 3 x 10° cells per ml for S. epidermidis
and P. aeruginosa. After supplementing the flow chamber with
1.3 ml adjusted cultures and further incubation for 1 h without
medium flow, the K. prneumoniae isolate 81, P. aeruginosa PAO1
and S. epidermidis 1457 were cultivated for 20 h under contin-
uous flow conditions, whereas K. oxytoca M5al was grown in flow
chambers for 72 h. Subsequently all samples were stained,
visualized and microscopically analysed (see below).

2.4. Preparation of CNT samples for flow chamber assay

The samples of MWCNT of different length firmly attached to
the silicon substrate were fixed on coverslips (Menzel Glaeser,
Braunschweig, Germany) using polyvinylsiloxane (President
Light Body, Colténe/Whaledent AG, Altstitten Switzerland)
and inserted into the flow chambers. The samples were made
wettable prior the biofilm assays with ethanol of 100, 70, 50, 30
and 10% (vol/vol); each concentration was used for 20 min with
a flow of 20 ml h™* or 30 ml h™* and equilibrated with the respective
medium for 2 h with a flow rate of 20 ml h™" or 30 ml h™*
depending on the microorganism (see above).

2.5. Microscopy

The biofilms for confocal laser scanning microscopy (CLSM)
were stained with the FilmTracerTM LIVE/DEAD™ Biofilm
Viability Kit (Life Technologies, Darmstadt, Germany) accord-
ing to the manufacturer’s protocol and visualized using a LSM
700 microscope (Zeiss; Jena, Germany). Maximum biofilm
thickness was determined from the CLSM images by manually
evaluating the various levels within the sample. The biofilm
volume was determined by Image].*® Briefly, the fluorescence
intensity of each pixel was determined using the plugin 3D
object counter of Image] and integrated. 3D surface plots of the
biofilm were generated using the interactive 3D surface plot
plugin 2.32 of Image].

For scanning electron microscopy (SEM), the samples were
fixed in 2.5% glutaraldehyde overnight at 4 °C. After fixation,
the samples were dehydrated in 15, 25, 40, 55, 70, 85, 95 and
100% ethanol each for 20 min*® and critical point dried
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(Polaron CPD E3000 combined with Heater/chiller E4860). After-
wards the samples were sputter-coated with 5 nm gold/palladium
and the images captured using SEM S$-4800 (Hitachi).

2.6. Statistical analysis

Unpaired t-test was performed comparing thickness of the
biofilms developed on glass controls with those on the MWCNT.
Biofilm volume was compared respectively. Statistics were per-
formed with GraphPad Prism 6 software (GraphPad, San Diego,
CA, USA) with differences *P < 0.05 considered significant. The
respective P-values are summarized in the Tables S2 and S3 (ESIT).

3. Results and discussion

3.1. Bacterial biofilm formation on MWCNT

Vertically aligned multi walled carbon nanotubes MWCNT
(see Fig. 1) of two different lengths (470 and 540 pm) were
grown by a catalyst driven CVD process on silicon wafers (see
Experimental section). Different growth heights were obtained
by varying the growth time.*® The MWCNT within the arrays are
double to six-walled and their diameter is in the range between
6-20 nm.*” The respective inter tube distance is between 10 and
20 nm maximally.*"**> The growth on the silicon surface led to a
secure anchoring of the CNT and assured that they were not
detached and washed out of the flow chamber during the entire
experiment. This finding is especially relevant since shear
forces caused by surface drag might be rather strong under
such conditions. The obtained MWCNT have been made wet-
table (hydrophilic) as described in the Experimental section.
At first, biofilm formation of three opportunistic human
pathogens - S. epidermidis, P. aeruginosa and K. oxytoca — was
evaluated on hydrophilic 470 pum long MWCNT in flow chambers

Fig. 1
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under a continuous constant flow of the respective medium
(see Experimental section). Biofilms established after 20 h in
case of the coccus S. epidermidis (diameter 0.5-1.0 um) and the
rod-shaped P. aeruginosa (2-3 pum length and 0.5-0.7 pm
width) and 72 h in case of the rod-shaped K. oxytoca (2.5 pm
length and 0.5-0.7 pm width) were visualized and compared
to control biofilms established on the control surface using
two microscopic methods: Confocal laser scanning micro-
scopy (CLSM) and scanning electron microscopy (SEM). Eval-
uating various biofilm characteristics, we discovered that the
volume represents an adequate read-out and an important
characteristic of biofilms allowing the comparison of biofilm
formation and the evaluation of inhibitory effects on biofilm
formation. Thus, besides the thickness of the respective bio-
films, analysed by a surface plot, the volumes of the biofilms
were calculated based on the respective 3D CLSM data sets
(see Experimental procedures).

The established biofilms on MWCNT (470 um) showed
significant differences compared to the controls in all cases (see
Fig. 2). Biofilm formation of S. epidermidis was highly affected by
MWCNT, resulting in a significant volume reduction of down to
8% in comparison to control on glass (Fig. 2c and d). K oxytoca
biofilms were significantly reduced down to 26 + 10% of the
control volume (Fig. 2a and d), whereas in case of P. aeruginosa
only partial inhibition of biofilm formation was obtained, reducing
the volume down to 60 + 15% (Fig. 2b and d). Moreover, in
contrast to the compact mature biofilms established on glass,
biofilms formed on the MWCNT by P. aeruginosa and K. oxytoca
appeared structurally loose; whereas S. epidermidis developed only
individual small micro-colonies (see Fig. 2a-c CLSM images,
middle panel). SEM analysis after fixation of established biofilms
with glutaraldehyde confirmed the changes and strong reduction
of S. epidermidis and K. oxytoca biofilm formation on the MWCNT,

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Biofilm formation on MWCNT. Established biofilms of K. oxytoca (a), P. aeruginosa (b) and S. epidermidis (c) on MWCNT (470 um), and on glass as
a control were analyzed with SEM and CLSM (see Experimental section). (d) The biofilm characteristics thickness and volume were quantified with
Imaged. Means of at least four independent biological replicates are indicated.

while P. aeruginosa biofilm formation appeared to be only
marginally influenced (Fig. 2a-c, SEM images, left panel).

3.2. Characterization of biofilm formation on longer MWCNT

In a second similar experimental set-up, biofilm formation of
the three opportunistic human pathogens was evaluated on
540 pm long MWCNT. Evaluating the biofilm volume demonstrated
that in contrast to the shorter MWCNT, the biofilm formation of all
tested model organisms was highly affected on 540 um long

This journal is © The Royal Society of Chemistry 2016

MWCNT. CLSM analysis revealed significant reduction of K. oxytoca
and S. epidermidis biofilm volumes down to 2%, and reduction of
P. aeruginosa biofilm volume down to 13% (see Fig. 3d). The drastic
change in the overall structure of the biofilms was confirmed by
SEM (Fig. 3a—c, left panel).

3.3. Clinical isolate: reduced biofilm volume on MWCNT

The selected and evaluated strains of K. oxytoca, P. aeruginosa
and S. epidermidis represent type strains cultivated for a high
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Fig. 3 Biofilm formation on longer MWCNT. Established biofilms of K. oxytoca (a), P. aeruginosa (b) and S. epidermidis (c) on longer MWCNT (540 pm)
were analyzed. A control on glass was performed for all model organisms. The visualization was carried out with SEM and CLSM. The biofilm
characteristics (d) were quantified with ImageJ. Means of at least three biological replicates are indicated.

number of generations under laboratory conditions, and thus
might not completely reflect the physiology and biofilm for-
mation of pathogenic strains associated with the human host.
Consequently, a clinical isolate of K. pneumoniae was addition-
ally included in the present study, K. pneumoniae spec. isolated
from a urinary catheter (ESBL No. 81, reference laboratory
CAU Kiel, Prof. Dr Podschun). The biofilm formation of this
K. pneumoniae isolate on vertically aligned MWCNT (470 pm) in
the flow chamber demonstrated significant reduction of the
biofilm volume (down to 32%) compared to the control (Fig. 4).

5232 | J Mater. Chem. B, 2016, 4, 5228-5235

This finding is in agreement and in the same range of the
volume reduction obtained for the type strain K. oxytoca, and
thus proves that the biofilm formation of the clinical isolate is
equally influenced by MWCNT of 470 pm length.

Overall, these findings indicate a strong impact of the
vertically alighed MWCNT on biofilm formation of K. oxytoca,
P. aeruginosa, and S. epidermidis. Remarkably, Pantanella
et al*® demonstrated that coating surfaces by single-walled
CNT is apparently not suitable to inhibit biofilm formation of
Streptococcus mutans and P. aeruginosa. The absence of inhibitory

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 (a) Biofilm formation of a K. pneumoniae clinical isolate on MWCNT. The biofilm analyses of the MWCNT (470 um), were carried out with SEM and

CLSM. (b) Thickness and volume of the biofilms were quantified with ImageJ. Means of at least three independent biological replicates are indicated.

effects in that study may be explained by the fact that MWCNT
were firmly attached to the surface by their walls and therefore
presumably formed a rigid surface exposed to the environment.
Also Yick et al.”® who studied the effects of immobilized MWCNT
in 24 well plastic plates observed no effects on cell counts and
viability of P. aeruginosa due to the MWCNT presence. However,
unfortunately no direct evaluation of biofilm formation was per-
formed, despite the fact that the experimental set up in our study
differed considerably (flow conditions, wettability of MWCNT).

3.4. Inhibition of biofilm formation by nanotubes: possible
mechanisms

Currently, the effectiveness of CNT on microorganisms is
controversially discussed. Several reports described a strong
effect of CNT on bacterial planktonic cells. For instance, Rajavel
et al. demonstrated strong negative effects of randomly
oriented CNT on the growth of four bacterial species including
K. pneumoniae and P. aeruginosa.>>>® They observed a strong
relation to reactive oxidative species (ROS) production by the
CNT. Besides, partial penetration of the nanotubes into the
cells®? is speculated and discussed as a potential mechanism of
inhibition.>* Yick et al.*® also detected weak generation of ROS
during their study and assumed penetration into the cells as
the cause for reduced bacterial adhesion. Finally, Zhu et al.*®
recently reported that bacteria are able to compensate for those
CNT effects by increasing the membrane fluidity. However,
the overall mechanism for inhibition of planktonic cells is still
not clarified and highly debated.

In contrast to all previous studies, the present report aimed
for the first time to evaluate the impact of MWCNT of defined
and different lengths on bacterial biofilm formation under

This journal is © The Royal Society of Chemistry 2016

flow condition. In addition, instead of using randomly oriented
CNT, which have been shown to effect planktonic cells'®>>**
MWCNT were directly synthesized and anchored on a silicon
surface leading to immobilized vertically aligned MWCNT
arrays. Analysing the ratio between living and dead cells in
established biofilms by CLSM analysis after staining with syto9
and propidium iodide revealed a similar ratio under both
conditions - control surface (glass) and immobilized MWCNT -
or even higher relative amounts of living cells on the MWCNT
(see Table S1, ESIT). This finding strongly argues against toxic
effects of anchored MWCNT on the cells by e.g. ROS or CNT
penetration into the cells. The latter was further verified by SEM
images, revealing that cells adhered to the MWCNT were not
penetrated by the MWCNT. Those findings are in agreement
with previous studies using cortical neurons which showed that
neither the vertically aligned dense carbon nanotube networks
nor the respective biomaterials used during the generation of
the MWCNT showed toxic effects on neurons.*” Consequently,
we propose that toxic effects of MWCNT can be excluded as a
reason for the strong inhibition of biofilm formation observed
in our study.

On the other hand, the microtexture is discussed as a reason
for observed negative effects of nanostructures on cell adhesion.
Ma et al.*® incubated various fabricated fibrillar polypropylene
(PP) nanoarrays with two different algae species and detected
low cell adhesion when the interval of the PP fibers was smaller
than the cell size. While higher adhesion was detected, when the
interval of the fibers was larger than the cells. These results are
in agreement with the attachment point theory, which was
proposed as a mechanism for biofouling on microtextured
surfaces."” Since the microtexture of shorter and longer MWCNT

J. Mater. Chem. B, 2016, 4, 5228-5235 | 5233


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6tb00942e

Open Access Article. Published on 13 July 2016. Downloaded on 1/17/2026 10:23:40 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry B

used in this study is identical, the obtained different effects on
biofilm formation cannot be explained by the attachment point
theory.

Consequently, we propose that the anti-adhesive effect is
rather based on the mobility of MWCNT leading to an unstable
substrate affecting proper contact formation by bacterial cells.
The strong inhibitory effects on the biofilm formation drastically
increased with the length of the vertically aligned MWCNT.
These different effects due to size is in agreement with findings
studying the effects of non-immobilized nanotubes on bacterial
growth, which showed that the size of free nanotubes appears to
play a role for effecting planktonic bacteria (targeting growth and
viability).>>** Shorter vertically aligned MWCNT are more rigid
and only slightly move, if at all, due to the medium flow. The
longer MWCNT are more flexible and might oscillate preventing
bacterial settlement. Thus, the second discovery indicates that
besides strong anti-adhesive effects of MWCNT, the potentially
increased flexibility of longer MWCNT are not providing a static
surface for the bacterial adhesins and is additionally affecting
biofilm formation.

4. Conclusions

In summary, we evaluated K. pneumoniae, K. oxytoca, P. aeruginosa
and S. epidermidis biofilm formation on surface anchored
vertically aligned MWCNT of two different lengths using flow
chambers with continuous flow. This is the first study demon-
strating the strong impact of immobilized MWCNT on biofilm
formation of selected human pathogens in flow chambers;
moreover this inhibition considerably increased with the
length of MWCNT. Based on our findings, we propose that
the impact of long but still firmly attached CNT arranged in a
homogeneously ordered microscopic array of aligned MWCNT
might have a substantial impact for future medical applica-
tions. They might be able to avoid e.g. infections caused by
biofilms or contaminations of surfaces of technologically relevant
devices, such as flow sensors in a fluid environment rich on
bacteria due to their herein proven antibacterial behaviour.
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