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Abstract Long-term catheters remain a significant clini-
cal problem in urology due to the high rate of bacterial
colonization, infection, and encrustation. Minutes after
insertion of a catheter, depositions of host urinary com-
ponents onto the catheter surface form a conditioning film
actively supporting the bacterial adhesion process. We
investigated the possibility of reducing or avoiding the
buildup of these naturally forming conditioning films and
of preventing bacterial adhesion by applying different
current densities to platinum electrodes as a possible
catheter coating material. In this model we employed a
defined environment using artificial urine and Proteus
mirabilis. The film formation and desorption was analyzed
by highly mass sensitive quartz crystal microbalance and
surface sensitive atomic force microscopy. Further, we
performed bacterial staining to assess adherence, growth,
and survival on the electrodes with different current den-
sities. By applying alternating microcurrent densities on
platinum electrodes, we could produce a self regenerative
surface which actively removed the conditioning film and
significantly reduced bacterial adherence, growth, and
survival. The results of this study could easily be adapted
to a catheter design for clinical use.
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Introduction

Urogenital catheters, including Foley catheters and urethral
stents, are commonly used in patients with obstructive
diseases to secure urine flow. For short-term use, the newer
generation catheters offer good comfort with minimal
complications. However, in situations where long-term
catheters are needed, the rate of bacterial colonization,
infection and encrustation remains a significant clinical
problem. The foreign body serves as a bacterial reservoir,
which can then trigger severe urinary infections requiring
the administration of antibiotics and replacement of the
catheter. Approximately, half of the patients with long-
term indwelling catheters will suffer from complications of
encrustation and blockage by bacterial films over time
[1, 2]. A prospective observation of 467 patients with Foley
catheters in community care revealed 506 emergency
referrals in 6 months [2], mainly due to catheter blockage.
These procedures are a burden to the health care cost and
significantly affect the quality of life of the patients.
Despite the knowledge on adherence and growth of
bacteria, no stent material or surface coating completely
resists the adherence of bacteria. Upon insertion of a
prosthetic device in the urine tract, a conditioning film is
formed on the surface of the device. The film, composed of
proteins [3, 4], electrolytes, and other organic molecules
[5], is changing the device’s surface properties and may
provide receptor sites for bacterial adhesion [6]. Once the
bacteria adhere to the biofilm, cell division and coloniza-
tion starts and may lead to large coherent bacterial biofilms
and encrustation [7]. This can then lead to super infection
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by opportunistic bacteria and to a rapid expanding infection
often resistant to common antibiotics, especially if pre-
ceding antibiotic treatment has failed [8]. Biofilms offer an
optimal environment for bacterial growth, since there is no
immune response and the penetration of antibiotics is poor.

Many approaches to prevent biofilm formation and
consecutive encrustation of urogenital catheters have been
proposed with various outcomes [9-11]. Hydrophilic outer
layers or coating with antibacterial agents such as rifam-
picin/minocycline or silver-ions have been used to make
urethral catheters less attractive to bacterial colonization
[12]. While drug eluting catheters were able to reduce
bacterial growth, the formation of calcium phosphate
encrustation could not be inhibited [10, 11]. Further, the
use of long-term antibiotic agents is associated with the
development of resistant microorganisms.

Besides material research, other approaches tested were
electric current to increase the efficacy of antibiotics
against bacterial biofilms using high-frequency electric
fields [13]. In 1969, Pareilleux and coworkers [14] first
demonstrated the bactericidal effect of electric current. An
electrified drain to sterilize the field of postoperative
wound drainage was reported in 1993 [15, 16]. A newer
catheter device that would resist encrustation by Proteus
mirabilis biofilms required relatively high current that
could only be provided at the tip of the catheter, where the
fast corroding silver electrodes were located [17]. This
catheter increased the amount of silver ions in the urine and
was able to decrease the rate of encrustation significantly
[17].

In this research, another electricity based strategy was
applied to overcome the problem of bacterial adherence
and biofilm formation. We have recently reported that
eukaryotic cell migration and attachment can be prevented
by applying small electric currents to conductive metal and
metal oxide electrodes [18]. Either local electrochemical
reactions increasing H*, HCIO concentration, or altered
layer deposition have inhibited the adhesion and migration
of eukaryotic cells. By applying alternating small current
density to platinum electrodes, we could produce a self
regenerative surface which actively removed the condi-
tioning film and significantly reduced bacterial adherence.
The results of this study could easily be adapted to a
catheter design for clinical use.

Materials and methods
Overall study design
To investigate the possibility of reducing the buildup of

naturally forming conditioning films by applying different
current densities, we designed a platinum electrode chip in
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Fig. 1 Schematic representation of the custom built flow cell and
platinum electrodes to test bacterial adhesion and film formation.
a The glass substrate with six equal platinum electrodes on
a microscopy cover slide insulated by a photo resist layer. b Top
view of the flow cell with electrical spring contacts and silicone
O-ring to prevent any leakage. ¢ Side view of the flow cell with
mounted substrate and urine flow direction indicated by the red arrow

a flow chamber. The film formation and desorption in
artificial urine was analyzed by highly mass sensitive
quartz crystal microbalance and surface sensitive atomic
force microscopy (AFM). The dissolution behavior was
later tested by dipping the formed films on the QCM crystal
in acidic or basic solution. Finally, bacterial adherence,
growth, and survival were assessed using a defined envi-
ronment with Proteus mirabilis in artificial urine.

Platinum electrode chip and flow cell fabrication
procedure

The chip was designed to contain six equal electrode sur-
faces inside the flow chamber (Fig. 1a). The substrate was
fabricated using a glass microscopy cover slide that was
cleaned for 5 min with Piranha solution, a mixture of
H,SO,4 and H,0,, to remove organic residues from sub-
strates, then rinsed with H,O and blow dried with N,. The
slide was heated on a hot plate at 200°C for 20 min,
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immediately cooled down to room temperature and then
spin coated with ma-N400 photoresist (micro resist, Ger-
many) at 3,000 rpm for 30 s. The slide was then pre-baked
on a hot plate at 100°C for 2 min before exposing for 2 min
in a Karl Siiss X380 mask aligner through a polymer mask.
The photoresist was developed in ma-D533/S solution
(micro resist, Germany) for 30 s and rinsed in H,O. The
slide was etched in oxygen plasma for 3 min to remove any
polymer residues after the rinsing and to increase the
adhesion of the following metal layer. A thin film of tita-
nium (30 nm) and platinum (40 nm) were deposited sub-
sequently on the slide by physical vapor deposition (PVD)
(Pfeiffer Classic 500, Wetzler, Germany). After deposition,
the photoresist lift-off was performed in N-methyl-2-pyr-
rolidone (NMP) and the slide was cleaned with acetone,
isopropanol and blow dried with N,. A layer of S1818
photoresist (Shipley, USA) was spin coated over the elec-
trodes to insulate the electrode leads and present only
0.2 x 1 mm platinum surface to the artificial urine.

The flow chamber was custom-built, made of PMMA and
designed for hosting the chip substrate (Fig. 1b, c). Gold
spring contacts enabled a simple access from outside the flow
cell to the platinum electrodes. The flow chamber itself
was sealed liquid-tight by an O-ring and has the dimen-
sions width =10 mm (W), length = 15 mm, and
height = 0.1 mm (H). A peristaltic pump (IPC, ISMATEC,
Switzerland) was used to maintain a constant flow rate of
Q = 200 pl/min (shear rate = 6Q = WH? = 200/s). The
flow chamber was placed in an incubator at 37°C during the
experiment, while the urine reservoir was placed outside of
the incubator at room temperature. Selected currents were
applied by the Autolab potentiostat (Eco Chemie, The
Netherlands).

Artificial urine and bacteria

A concentrated (5 x) stock solution was prepared according
to Griffith et al. [19] and accordingly diluted in H,O before
starting the QCM-D experiment (see below). Before the flow
cell experiment, an aliquot of Proteus mirabilis was diluted
in 500 ml sterile artificial urine. The aliquot was made by
scratching the bacteria from the culture media and sus-
pending in 10 ml phosphate buffered saline (PBS), pH 7.4,
and stored in portions of 0.5 ml at —20°C. The density of
bacteria was determined by measuring the absorbance OD at
600 nm (McFarland Standard). The final concentration of
bacteria used in the experiments was of 2 x 10° CFU/ml.

Electrochemical quartz crystal microbalance
with dissipation monitoring (EC-QCM-D)

The film formation was studied under an applied current
using a QE 401 instrument with a QEM 401 electrochemical

cell with platinum coated crystal QSX 314 both purchased
from Q-Sense, Sweden. This instrument allows us to pre-
cisely quantify any mass adsorbed on the surface with a
theoretical detection limit of 0.5 ng/cm”. The crystals were
cleaned in 2% sodium dodecyl sulfate (SDS) for 30 min,
rinsed with H,O and blow dried with N,. The surface was
cleaned in the final step in UV/Oj; treatment (UVO Cleaner,
Jelight Inc., USA) for 30 min. After mounting the crystal in
the electrochemical cell (EC) of the QCM-D, artificial
urine was pumped through the heated EC cell (37°C) and
the selected current was applied by an Autolab potentiostat
(Eco Chemie, The Netherlands).

For flat, uniform and rigid films adsorbed on a QCM
crystal, the measured change in resonance frequency is
directly proportional to the adsorbed mass given by the
Sauerbrey relationship [20]. In our case, some deviation
from the Sauerbrey relationship was measured, due to the
visco-elastic nature of the adsorbed film and its water
content. By assuming a Voight model, using the 3rd, Sth,
7th, and 9th overtones according to Voinova et al. [21] and
the software package Q-Tools (Q-Sense, Sweden), it was
possible to calculate the “wet” mass uptake during the
current applications.

Atomic force microscopy

The formed layers from the QCM experiment were
investigated with AFM (NanoWizard BioAFM, JPK
Instruments, Germany) and Mikromasch CSC38/noAl
cantilevers (contact mode, set point = 0.2 V). All the
surfaces were analyzed in dry state. The surface roughness
was measured on five different areas with the dimension
2 x 2 pm, the Rrys value was calculated and given with
standard deviation in the corresponding AFM scan images.
After the AFM measurement, the formed films were
immersed subsequently in 1 M HCI and 1 M NaOH to test
the dissolution behavior.

Bacterial adherence and survival

The flow chamber was custom-built, made of PMMA and
designed for hosting the chip substrate. A peristaltic pump
(IPC, ISMATEC, Switzerland) was used to maintain a
constant flow rate of 200 pl/min. The flow chamber was
placed in an incubator at 37°C during the experiment,
while the urine reservoir was placed outside the incubator
at room temperature. Selected currents were applied by the
Autolab potentiostat (Eco Chemie, The Netherlands). After
the experimental time of 6 days, the cell viability and
substrate were simultaneously stained with 16 pg/ml fluo-
rescein diacetate (FDA) and 2 pg/ml propidium iodide (PI)
solved in PBS [22]. The flow cell was rinsed with the
staining solution for about 5 min before rinsing with PBS

@ Springer
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Fig. 2 Layer formation measured with QCM-D at different current
densities applied to a platinum electrode in artificial urine. a An
alternating current with a period of 4 s at I = 75 nA/mm? led to
desorption of material. No significant adsorption/desorption was
observed at I = 320 nA/mm? whereas I = 750 nA/mm* showed a
film formation of a transient film with a peak at 18 min before the film

and 10% formaldehyde in PBS for sample fixation. The
substrate was blow dried with N, and the electrode side
was embedded in O.C.T" Tissue Tek with a cover slide on
top. The pictures were taken with a Zeiss LSM510
microscope equipped with an oil 63x/1.4 NA M27 plan-
apochromat objective and EM-CCD camera from
Hamamatsu.

Results

Electrochemical quartz crystal microbalance
with dissipation monitoring (EC-QCM-D)

Different current densities were applied on the platinum
coated QCM crystals and the amount of deposited material
from artificial urine was monitored by the shift in the
resonance frequency (Fig. 2a). Using the approximate
values for the density (1,000 kg/m®) and the viscosity
(0.001 kg/ms) of artificial urine, a fitting procedure based
on the Voight model was applied and the wet mass incre-
ment of the adsorption process (0.1368 pg/Hz/cm?) was
determined. Using this value, the adsorbed wet mass of the
formed layer was calculated from the observed changes in
the resonance frequencies. The same fitting procedure was
used to estimate the layer formation for both anodic and
cathodic currents in Fig. 1. We applied an alternating
current (period 4 s) density of / = 75 nA/mm? for 1 h and
observed a slightly decreasing baseline (to A, wet
mass = —6 ug/cm®). Applying a current density of
I = 320 nA/mm* (Apaxwet mass < 0.1 ug/cmz), we did
not see any significant adsorption. However, if a current
density of I = 750 nA/mm? was applied, the formation of
a transient film with a peak A, wet mass = 74 pg/cm2
was observed after 18 min. Then, the film desorbed with
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desorbed with almost the same rate as it has been formed. b A
constant anodic current of / = 75 nA/mm? showed a film formation
reaching a plateau, while 7 = 750 nA/mm? showed a steeper and
continuous film formation. ¢ A constant cathodic current resulted in a
slight film formation only at the higher current density of
I = =750 nA/mm?

the same rate constantly as observed during formation.
Applying a constant anodic current of I = 75 nA/mm?>
showed a continuous film formation reaching a plateau at
AmaxWet mass = 27 pg/cm®. Switching off the current
(I = 0) did not change the layer thickness. Increasing the
current density to / = 750 nA/mm? resulted in a continu-
ous film formation with no plateau within the course of the
experiment. Applying a cathodic current density of
I = —75 nA/mm? showed no film formation, whereas a ten
times higher current density displayed a slight film for-
mation in the range of 6 pg/cm?.

Atomic force microscopy

The platinum coated QCM crystals were gently rinsed with
H,O and blow dried with N, after the measurements.
Macroscopically, the surfaces from the alternating and
cathodic current experiment were clean, whereas the sur-
face from the anodic current was covered with a bluish, oil-
like film. AFM revealed the lack of deposited residues on
the surface with applied alternating current densities
I =320 nA/mm> and = 750 nA/mm®, respectively
(Fig. 3b, c¢). The surface roughness after current became
even lower than that of the new untreated platinum coated
crystals (Fig. 3a). In contrast, the platinum surface after
anodic current treatment clearly showed the presence of a
film that started to delaminate from the surface (Fig. 3e)
and wile scanning, a small fragment of the film was
removed (Fig. 3e, square insert) indicating weak film
adhesion. The surface exposed after the film removal had a
surface roughness of Rgryms = 1.9 nm. Due to the small
delaminated area, only one 2 x 2 um region could be
measured inside the hole. Therefore, no standard deviation
is given. The roughness of the surrounding was also
Rrms = 1.9 nm £ 0.5. The film thickness was around
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=1.2+05nm °

Fig. 3 Atomic force microscopy images of the platinum coated QCM
crystal surface after applying different currents in artificial urine with
the corresponding Rrvs value and dimension bar of 5 pm. a Surface
of an untreated bare platinum crystal. b Surface after applying an
alternating anodic current of / = 320 nA/mm?, ¢ of I=75 and
750 nA/mmz, d cathodic current I = 75 and 750 nA/mm>. e The

50 nm in dry state (Fig. 3f and cross-section, Fig. 3g).
After cathodic treatment, the surface showed an increase in
surface roughness to Rgyms = 2.8 nm £ 1.4 nm (Fig. 3d).

Dissolution behavior

After the AFM measurement, the QCM crystals were
immersed in an acidic and a basic solution to test their
dissolution behavior. Surprisingly, a very thin film seemed
to tear off from the surface of the QCM crystal treated with
alternating current I = 750 nA/mm” when immersed in
acidic solution, while I = 320 nA/mm? did not show any
delamination of a layer. The anodic bluish, oil-like film
remained in acidic solutions, while it was immediately
dissolved in basic solutions. The cathodic QCM crystal
showed no change in either of the solutions.

Bacterial adherence and survival

The experiment with Proteus mirabilis containing artificial
urine was performed in a custom-built flow cell (Fig. 1)
sealed onto a glass substrate with six equal platinum
electrodes. Different currents (alternating current of
I =320 nA/mmz, anodic currents of / = 75 nA/mm? and
I = 750 nA/mm?) were applied under continuous urine
flow. After 6 days, the substrate surface was stained for
viable and dead cells (Fig. 4). Proteus mirabilis adhered to
the control electrode with no current applied (Fig. 4a).
Most of the cells were found alive (green, FDA positive)

2 3
[um]

anodic current / = 75 and 750 nA/mm? induced film formation,
which already started to delaminate, clearly visible in the image of the
magnified square area. f The crack surface has the same Rgys value
as measured on the formed film. g The cross-section height profile of
the crack inside the 50-nm thick film

and only a small fraction was dead (red, PI positive). On
the electrode with alternating current of I = 320 nA/mrnz,
only few dead bacteria and some impurities were observed
(Fig. 4b). On the electrode with a small anodic current of
I =75 nA/mm?” also only a few bacteria but a stronger
green background signal was observed. At higher current
density (i.e. I = 750 nA/mmz), a thick film started to
delaminate from the electrode. The presence of spots in the
image indicates that some bacteria might be incorporated in
the film but it was not possible to evaluate their vital status
due to the strong fluorescence of the film. The platinum
electrodes were not compromised by the applied currents
after 6 days and no corrosion artifacts were observed in
transmission light microscopy (images not shown).

Discussion

Decades after the introduction of the first catheters to
urology, long-term catheters remain to be a significant
clinical problem. Biofilm formation, infection, and
encrustation of catheters made from synthetic materials
require the use of antibiotics and often stent replacements.
Therefore, in this study, we have evaluated a novel
approach applying microcurrents to electrodes to minimize
biofilm formation and bacterial adherence.

First we developed a standardized in vitro model using a
custom-designed chip with six platinum electrodes and
flowing artificial urine. Among the different non-corrosive
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Fig. 4 Fluorescence
microscopy images of four
different study groups are
shown after staining with FDA
and PI to distinguish between
viable (green) and dead (red)
bacteria. Different current
densities were applied to the
platinum electrodes exposed for
6 days to artificial urine
containing Proteus mirabilis.

a No current / = 0 applied,

b alternating current

I =320 nA/mrnz, ¢ anodic
current I = 75 nA/mm?

d anodic current

I = 750 nA/mm?

materials that could be used as electrode surface, stainless
steel, gold, silver, and platinum are most common [23, 24].
For this feasibility study we decided to employ platinum
electrodes because of their inert chemical characteristics
[25]. In our model, the electrical power settings were set so
low that no cytotoxic effect is expected on the mucosa of
the ureter or urethra and the electrical energy applied is too
low to be sensed by patients. The current density, rather
than the potential, was kept constant to achieve a constant
electrochemical product turnover. We used Proteus mira-
bilis because it is the most common bacteria to colonize
catheter surfaces to form extensive biofilms leading to
encrustation [26, 27]. Furthermore, Proteus mirabilis pro-
duces urease, which significantly increases the local pH
levels by metabolizing urea to ammonia, thus inducing a
precipitation of calcium- and magnesium phosphate. In
principle, this strategy should be applicable to other bac-
teria causing urinary tract infections including Pseudomo-
nas aeruginosa, Klebsiella pneumoniae, and Serratia
[26, 27].

Applying alternating current to platinum surfaces
showed different reactions on the adsorption of material,
depending on the current densities; at low and moderate
current densities we observed no significant mass changes
on the platinum electrodes. Applying a high current den-
sity, we recorded an initial buildup of the film which was
reduced thereafter without a change in current settings.
This effect is probably due to weak interaction of the film
with the surface, leading to partial delamination which is
then averaged by the QCM and could not be observed in
the AFM analysis due to the limited scanning area
(100 x 100 pm).

Tests with anodic currents showed a continuous layer
formation on the platinum electrodes. Similar findings were
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made on indium tin oxide electrodes showing increased
adsorption of a polymer under an applied positive potential
as reported by Bearinger et al. [28]. Even continuous
adsorption of poly-(L-Lysine) under positive potential was
reported previously [29]. These results were counterintui-
tive since the molecule and the surface were both positively
charged and the reason for this observation is not yet clear.
The authors suggested that the molecules interact less
strongly with the surface when a potential is applied and
therefore, are structured more loosely, resulting in a higher
mass per area adsorption. In addition, the production of
HCIO, due to Faradaic reactions, might crosslink lysine
side chains of proteins leading to film formation on the
electrode surface and explain the observed continuous
adsorption [30].

The AFM analysis of the platinum QCM crystals
showed a slight increase of the surface roughness on the
formed film and within the delaminated area, indicating
some partial residues on the bottom surface. But the
highest surface roughness was measured after applying
cathodic currents, which electrochemically induced high
pH and might have caused precipitation of a layer of cal-
cium- and magnesium phosphate as indicated by the mass
uptake in the QCM data at the higher current density.

The dissolution behavior of the formed layer was tested
by dipping in acidic or basic solution. Delamination of a
barely visible film was seen when soaked in acidic solution
only. The interaction force must be weaker in the presence
of protons, indicating that the films must have been formed
at basic conditions. This can be explained by the different
standard reduction potentials necessary for the electrolysis
of water at the anode (1.23 V vs. NHE) and cathode
(—0.83 V vs. NHE) [31] and the symmetric current pulse
applied. More hydroxide was formed at lower potentials,



Urol Res (2011) 39:81-88

87

than protons. As expected, the layer formed at anodic
current was removed in basic solution.

These findings support the idea of using electric currents
to prevent bacterial adhesion to urinary catheters and stents
either by the electrochemical products due to Faradaic
reactions and/or by altering the surface characteristics of
the conditioning film. This technology could potentially be
useful for all inserted urologic devices including Folley
catheters, Double-J stents, Prostate Stents, and nephros-
tomy catheters. In order to apply microcurrent to the stents,
the surface will have to be rendered conductive. This can
be done by application of a conductive layer, e.g. silver or
platinum. Further, for internal application, a micro-battery
or an inductive device will be needed for energy delivery.

Our results on bacterial adherence and growth showed
significantly decreased bacterial adhesion after 6 days in
the case of application of alternating current (I = 320 nA/
mm?) and the expected layer formation at anodic currents,
which started to delaminate at the highest current density.
The film formation under applied electric currents is dif-
ferent compared to conditioning films formed under normal
conditions. As indicated by our results, the likelihood of
bacterial adhesion to such an altered surface might be
lower than under normal conditions and the electrochemi-
cal products H", OH™ generated on the electrode surface
create an unfavorable chemical gradient for bacterial col-
onization. Moreover, HCIO is a strong oxidizer with bac-
tericidal properties in the vicinity of the electrode, where
antibiotics usually cannot be applied in high enough con-
centrations [6] and H' is changing the urine’s pH to low
values, preventing calcium- and magnesium phosphate
precipitation. We did not observe any microscopic crystals
on the electrodes throughout the experimental time.

In conclusion, we were able to show that the micro-
current applied to a conducting surface is effective in
reducing bacterial growth in two ways. First, it can reduce
the formation of the conditioning layer making bacterial
adherence more difficult and secondly, by changing the
microenvironment, preventing bacterial adherence and
growth. This research can lead to a next generation of
catheters with lower rates of biofilm formation, infection
and encrustation.
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