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The infection of dental implants may cause severe inflammation of tissue and even bone degradation if not
treated. For titanium implants, a new, minimally invasive approach is the electrochemical removal of the biofilms
including the disinfection of the metal surface. In this project, several parameters, such as electrode potentials
and electrolyte compositions, were varied to understand the underlying mechanisms. Optimal electrolytes
contained iodide as well as lactic acid. Electrochemical experiments, such as cyclic voltammetry or measure-
ments of open circuit potentials, were performed in different cell set-ups to distinguish between different possi-
ble reactions. At the applied potentials of E < —1.4 V, the hydrogen evolution reaction dominated at the implant
surface, effectively lifting off the bacterial films. In addition, several disinfecting species are formed at the anode,
such as triiodide and hydrogen peroxide. Ex situ tests with model biofilms of E. coli clearly demonstrated the ef-
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fectiveness of the respective anolytes in killing the bacteria, as determined by the LIVE/DEAD™ assay.
Using optimized electrolysis parameters of 30 s at 7.0 V and 300 mA, a 14-day old wildtype biofilm could be
completely removed from dental implants in vitro.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

The success of dental implants as replacement for missing teeth is
lowered by the complications of peri-implant mucositis and peri-
implantitis [1,2]. Mucositis is defined as the reversible inflammation of
soft tissue surrounding dental implants, whereas peri-implantitis is
often described as irreversible inflammatory process that degenerates
connective tissue between bone and osseointegrated oral implants
and is often followed by the resorption of surrounding bone. Such se-
vere complications are caused by the colonization of different patho-
genic bacteria on the implant surface and their organization in
bacterial biofilms. In case of medical malpractice or omitted treatment
peri-implantitis can lead to complete disintegration of the implant
[3,4]. Recent methods to treat peri-implantitis [5,6,7] include mechani-
cal decontamination and local antiseptic or antibiotic treatment.
Implant surface treatments are scaling, laser decontamination and
photo-dynamic therapy, powder-blasting with biocompatible abra-
sives, chlorhexidine or hydrogen peroxide irrigation, or local application
of antibiotics [5,6,7]. Most of these debridement protocols for dental im-
plants have been derived from periodontology.
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A novel, minimally invasive approach [8,9,10] to remove and disin-
fect dental implants utilizes the fact that titanium is an electrically
conducting metal and the number of adherent microorganisms on den-
tal implants could be drastically reduced by electrolysis [11,12,13]. In
numerous case studies to verify the mode of action [14,15], the use of
chlorhexidine [16,17], citric acid [18], hydrogen peroxide [18], iodine
compounds [19,20,21,22], variation of the pH value [23], gas bubbles
[24], powder-blasting and mechanical debridement [25,26] to remove
biofilms from implant surfaces, were investigated. Chemical disinfec-
tants [27,28] or antibiotics affect mainly the permeation properties of
the cytoplasmic and external membranes of bacteria, e.g. by interactions
with phospholipids or by denaturation of specific proteins, by oxidation
of peptide links and structurally important compounds and, in the
case of iodine compounds, by blocking electron transport through
electrophilic reactions with enzymes of the respiratory chain of aerobic
microorganisms [15]. The in situ generation of disinfectants is well-
known for water disinfection [29,30,31] and was successfully
transferred to dental implant purification in recent proof-of-concept
studies [11-13,28,32-45] and by exploitation of the bioelectrical effect
[46,47,48]. Electrochemical treatment of dental implants combines the
antibacterial efficacy of bactericides, but with low free concentration
of toxic substances as they are only generated during electrolysis, with
the direct oxidation of bacterial enzymes and proteins. Especially results
from D. Ren et al. [49,50] demonstrated that pathogenic bacteria such
as Streptococcus mutans, Staphylocuccus aureus and Pseudomonas
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aeruginosa could be efficiently killed by low level direct current treat-
ment and/or in combination with antibiotics.

In this work we investigate the beneficial effect of electrochemical
removal of E. coli biofilms by the hydrogen evolution reaction (HER) at
titanium surfaces in combination with the in situ generation of a
disinfecting agent. Stable and effective electrolysis parameters that ful-
fill typical application specifications were identified [8,9,10]. The elec-
trolysis products were analyzed and quantified if applicable. The
electrochemistry of bare titanium surfaces in the used electrolytes was
investigated by cyclic voltammetry (CV), electrochemical impedance
spectroscopy (EIS) and monitoring of the open circuit potential, Egcp,
before and the open cell voltage, Ecyk, during electrolysis. In order to
test the disinfecting efficacy of the method, E. coli biofilms were
grown on different titanium surfaces and their removal under various
conditions was tested by the LIVE/DEAD™ assay via fluorescence mi-
croscopy and monitored by infrared absorption-reflection spectroscopy
(IRRAS). The morphologies of bare and modified titanium surfaces were
assessed with atomic force microscopy (AFM) and scanning electron
microscopy (SEM). Finally the developed method was used to remove
a mature wildtype biofilm completely from a commercial dental
implant.

2. Materials and methods
2.1. Chemicals and electrolytes

All chemicals were of analytical/Ph. Eur. grade and were used as re-
ceived (Sigma Aldrich, Merck, Alfa Aesar). Table 1 shows the concentra-
tion levels of electrolytes that were used. All solutions were prepared
from MilliQ water (Millipore) in measuring flasks.

2.2. Substrate preparation

Titanium substrates were fabricated using a conventional multi-
pocket electron beam evaporation chamber (Pfeiffer Vacuum 50 Clas-
sic) with a quartz crystal microbalance (QCM) thickness monitor and
Meissner cooling trap. Si(100) wafers (Active Business Company)
were placed on the sample holder disc and mounted 20 cm above the
source at the same level as the QCM element. Evaporation was con-
ducted at pressures below 10> hPa, while the sample holder was ro-
tated. A layer of 50 nm of titanium (99.999%, Alfa Aesar) was
evaporated with a rate of 0.5 A/s onto the wafers. Substrates were re-
moved after allowing the system to cool down to ambient temperature
and cut into 10 x 10 mm?, For surface modification the substrates were
stirred in concentrated HCl at RT overnight.

Table 1
Concentration levels of the investigated electrolytes; final volume 100.00 mL. KI - potas-
sium iodide, LA - p/1 lactic acid.

Solution  Chemicals M/gmol™! m/g n/mmol ¢/mmolL™!

A Potassium iodide (KI)  166.00 125 754 754

A" KI 166.00 125 754 754
p/L Lactic acid (LA) 90.08 057 6.3 63

B KI 166.00 6.26 377 377

B* KI 166.00 6.26 377 377
LA 90.08 029 32 32

C KI 166.00 125 754 754
\-Malic acid 134.09 058 43 43

D K 166.00 125 754 754
Ascorbic acid 176.13 086 49 49

E KI 166.00 125 754 754
Citric acid 192.13 121 63 63

F Sodium formate 68.01 25.0 368 3.68-10°
LA 90.08 126 139 139

G Sodium acetate 82.03 25.0 305 3.05.10°
LA 90.08 1.26 139 139

2.3. Surface morphology characterization

Samples for AFM and SEM were immersed in 25% glutaraldehyde
overnight, afterwards dipped ten times in 50% EtOH [51] and dried in a
vacuum desiccator for at least 2 h. Surface topography was acquired on
an atomic force microscope NT-MDT Solver Pro (NT-MDT) in semi-con-
tact mode with a silicon tip (HA_NC Etalon, spring constant 3.5 N/m)
and at different scanning areas at a scan rate of 1 Hz. The experi-
ments were conducted in air and at room temperature. Calibration
and testing of tip quality was achieved after each run by comparison
with TGS1 and TGT1 test patterns (NT-MDT). Morphology of the
samples was studied using a high-resolution scanning electron
microscope (Atomica Amray 1920ECO) at an acceleration voltage of
10-15 kV. Samples were sputtered with ~10 nm of gold when necessary
(Edwards Sputter Coater).

2.4. Infrared reflection-absorption spectroscopy

Acquisition of IR spectra of biofilms on Ti substrates was performed
with a Thermo Fisher Scientific Nicolet 6700 FT-IR spectrometer (HeNe
laser, \: 632.8 nm; IRRAS unit SmartSAGA, using p-polarized IR radia-
tion, incidence angle of 80° relative to the sample surface normal)
with a LN-cooled mercury-cadmium-telluride detector. The beam path
of the spectrometer was purged with dried and CO,-free air. For each
spectrum at least 4 x 256 scans were recorded from 650 cm™! to
4000 cm ™! with a resolution of 4 cm ™!, followed by a baseline correc-
tion and averaging afterwards. Background was a blank substrate. The
spectra were evaluated with the Thermo Fisher Omnic software (ver-
sion 8.0.380).

2.5. Electrolysis set-up and cell voltage

For electrolysis four custom-built cells were used, shown in Fig. S1.
Tests were conducted in all cell types. The electrodes for electrolysis
were a titanium dental implant (Straumann BL @ 4.1 mm, RC SLA™,
Grade 4, L: 11 mm), custom-built titanium disc electrodes (@ 3 mm)
or freshly prepared titanium substrates as cathode and a platinized tita-
nium rod (Custom-built, @ 4.0 mm, L: 10 mm) and Pt coils as anode.
Voltage was applied by a laboratory power supply (VoltcraftPlus
VSP1410HE) and the circuit inputs were checked before electrolysis
with a digital high precision multimeter (Fluke 87 True RMS). Standard
conditions were 7 V for 30 s with a current of 300 mA over a junction
between the titanium cathode and a platinized titanium anode (cell
type “Vert”). The electrolyses in cell types “Hor” and “HorSep” were
conducted at 37.0 °C unless stated otherwise. Temperature was con-
trolled by a Julabo FP40 thermostat with a Julabo HD controller. Cell
contents were homogenized after electrolysis; 5.00 mL per test were
sampled and stored in the dark at 4 °C. Each sampling point was tested
three times. The investigated electrolysis times were 10, 20, 30, 60 and
300 s at 300 mA. Open circuit potential as well as current measurements
during electrolysis were performed with Pt coil, Pt disc (@3 mm) and Pt
wire electrodes and a Vertex Potentiostat (Ivium Technologies) con-
trolled with the IviumSoft software (Version 2.587). Applied cell volt-
ages were 1, 3,5, 7, 9 and 11 V and the measured potentials were
recorded with the subprogram E,. monitor (interval: 0.1 s, run time:
150/300 s, eq, time: 20 s, potential range: 10 V). Electrolysis current
was monitored with the subprogram for amperometric detection
(Estare = 0.00V, interval time: 0.5 s, N samples: 300 pnts, eq. time: 20s,
current range: 1 A).

2.6. Electrochemistry

CV and EIS measurements were performed in custom-built three-
electrode electrochemical cell setups mentioned above using a Vertex
potentiostat (Ivium Technologies). Data acquisition and evaluation
were performed using IviumSoft (Version 2.587). The measurements
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were performed at room temperature. If the electrolytes were degassed
(mentioned in the text), a stream of Ar was passed at least for 30 min
through the solutions. The counter electrode was a coiled platinum
wire and the pseudo reference electrode was an Ag wire (Eag/ag+ =
0.023 V vs. Ag/AgCl, 3 M NaCl, ALS Electrochemistry). The stability of
this pseudo reference electrode is demonstrated in Fig. S2. Cylindrical
PDMS cells (poly(dimethylsiloxane), Sylgard 184, Dow Corning; inner
diameter: 5 mm, inner height: 5 mm, Ageo: 0.196 cm?) were used after
24 h of Soxleth extraction with ethanol. Titanium substrates were
used as working electrodes. For comparison specifically fabricated tita-
nium disc electrodes (@ 3 mm, PVDF isolation) with/without
sandblasted, acid-etched (SLA) surface finishing were also tested as
working electrodes.

2.7. Bacterial cultures and biofilm growth

Non-fimbriated E. coli K12 bacteria (JM101) [52] and E. coli-GFP
(HB101) [53] were purchased from New England BioLabs Inc. and
used as received. Small aliquots of bacteria (test cultures stored
at —80 °C) were cultured in a 50 mL Falcon tube that contained 20 mL
lysogeny broth (LB) [54] growth medium and in the case of E. coli-
GFP the strain-specific antibiotics, adjusted with phosphate buffer
solution (PBS, pH 7.6). The solution was incubated for 16 h at 37 °C
and 100 rpm until the exponential growth phase was reached
(ODggop = 0.5-1.5, checked every 4 h). These bacterial suspensions
(“overnight culture”) were used directly to graft biofilms onto tita-
nium samples. All of the samples (titanium thin film substrates and
disc electrodes) were heated up to 80 °C for 20 min to sanitize the
surfaces. The substrate samples, 10 x 10 mm?, were placed in sterile
12-well plates (Sarstedt), completely covered with 2.0 mL of LB me-
dium and 200 pL of the overnight culture (ODggo 0.5) and shaken at
37 °C and 100 rpm for 24 h. Titanium disc electrodes were posi-
tioned in 20 mL Falcon tubes, 5 mL LB medium and 500 L overnight
culture were added. These samples were shaken at 37 °C and 100 rpm
for 48 h.

Growth protocol for the wild type biofilm: 10 saliva samples were
obtained (5 male, 5 female test subjects), mixed and cultivated in a nu-
trition medium for 24 h [65]. From this culture 1.5 mL were placed to-
gether with dental implant screws into Falcon tubes, filled up with
fresh growth medium and biofilms were grown at 37 °C for 48 h, before
the growth medium was exchanged. This procedure was repeated for
14 days.

2.8. Viability assay

After a growth period of 24-48 h the samples were dipped ten times
in freshly prepared PBS solution to wash off non-adherent bacteria.
Thereafter the samples were either tested directly or were incubated
in the respective agent/electrolyte for another 12 h before testing. For
this, the titanium samples were then immersed in PBS solution and
stained with a 1:1 mixture of SYTO™ 9 and propidium iodide (PI) solu-
tions (BacLight™ cell viability kit, Thermo Fisher L7012) according to
supplier instructions. Afterwards the substrates were immediately
transferred to an epifluorescence microscope (Olympus BX51, Infinity
3 Analyzer, software Infinity Analyze 5.0) equipped with a metal halide
lamp, a 488 nm band filter for excitation, a 500 nm edge filter for
SYTO™ 9 and a 620 nm edge filter for PI detection and then the number
of adherent bacteria was counted. To limit the viability analysis to
fluorescent E. coli and to eliminate bias in the data analysis based on
fluorescence intensity, a normalization of the gamma value was per-
formed, before a threshold was put onto the respective color channel
(red/green) to generate a binary image. These images were segmented
and the surface-adherent bacteria were counted automatically using the
Fiji Image] (Version 1.51 g) package [55].

2.9. High-speed video recording

A Canon CMOS/DIGIC4-RGB digital camera (Powershot SX220HS,
Canon Deutschland GmbH, Krefeld) was connected to a MSZ 5600 ste-
reo microscope (A. Kriiss Optronic GmbH, Hamburg). The recording
setup is sketched in Fig. S3. Images of the electrolysis reaction at a
bare titanium dental implant and of the removal of a matured wild
type multi-species biofilm were captured at a rate of 240 images per
second. The size information on gas bubbles was determined by evalu-
ating the bubble sizes in singular high speed video photographs and
comparing it to the known diameter of the implant in the same photo-
graph. The average bubble diameter was gained by the sum of all found
diameters divided by the number of counted bubbles in the specific
photograph at a given point of time in the experiment.

2.10. Analysis of the electrolytes before and after electrolysis

The electrolytic solutions (catholyte, anolyte) were analyzed for pH,
ozone, hydrogen peroxide, iodine, organic reaction products and reac-
tive halogenides before and after electrolysis by pH meter, photometric
methods, ion chromatography and gas chromatography/mass spec-
trometry. The experimental details can be found in the supporting
information.

3. Results and discussion
3.1. Literature known electrode reactions

Electrolysis as a means for disinfection is advantageous, because it
permits the localized generation of active substances, the nature of
which in turn depends on the applied potential and current density. Par-
ticularly the electrolysis of aqueous solutions is well-known [29,31]:
Water is decomposed at the cathode to H, and OH™ [56,57] and at the
anode 0, and HT are generated (eq. (C1) and (A1)).

When other species, e.g. iodide and LA, are present, highly reactive
species [11,33,34,43] such as I,, HOI [58,59], H,0, [60], ozone and
hydroxyl radicals could be generated (eq. (C4)-(C8) as well as (A2)-
(A9) and (A15)). The electrochemical formation of such important dis-
infectants depends mainly on the applied current/voltage and on the
quality, composition and surface properties of the electrode material
[30]. Oxidative side reactions of inorganic ((A10), (A11)) [61] and or-
ganic ((A12), (A13)) electrolyte components are possible. For example
LA and generated iodine may undergo haloform reactions [62] (A13)
in alkaline environment, esterification [63,64] or other iodine-mediated
organic reactions [65].

3.2. Electrolysis at pure titanium electrodes and characterization of such
surfaces

Bare titanium electrodes and substrates were characterized by SEM,
AFM, IRRAS and electroanalytical techniques like measurement of open
circuit potential (Eocp) and cell voltage (Ecve) during electrolysis, CV and
EIS.

For electrochemical and microbiological studies titanium substrates
with a roughness (S,) of 0.5 nm were fabricated (Fig. 1a). To compare
the results with those of a SLA type dental implant surface, a small num-
ber of substrates were successfully etched with concentrated hydro-
chloric acid (7 mol/L) for 24 h (Fig. 1b). The roughness S, of these
substrates was significantly increased to 4.6 nm. As titanium films
with native oxide layers show excellent reflectivity for infrared light
as known from literature [66], IRRAS measurements could be performed
to characterize the adsorbates. Clean titanium substrates turned out to
be ideal background samples for the measurements with adherent
biofilms.

It is known from literature [67] that factors including surface charge
and surface energy, roughness and topography of the given implant
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Fig. 1. SEM images of bare titanium substrates (a, inset: AFM image ), acid-etched titanium substrate (b, inset: AFM image), titanium disc electrode before (c) and after electrolysis (d) in A*

for 30 s at 7V and 300 mA.

surface play a vital role in the bacterial adhesion process. Thus the above
mentioned material properties of the given titanium substrate or im-
plant will determine how biofilm forming bacteria will adhere to such
surfaces. In our study we tried to minimize the differences of titanium
thin films and implant bulk material in microstructure, crystalline ori-
entation and nature of the oxide films as well as hydrogen charging by
the appropriate preparation method. Further investigations are needed
to fully understand the influence of these material properties on bacte-
rial adhesion processes.

Starting from literature values [8,9,10] we optimized the electrol-
ysis conditions, details on this optimization will be reported
elsewhere. Electrolysis in undivided cells (types “Vert”, “Hor” and
“Sub”) was generally conducted by application of an external voltage
of 7 V for 30 s (typical current: 300 mA) between a titanium cathode
(dental implant, disc electrode or substrate) and a platinum anode.
For electrolyses in cell type “HorSep” the observed conditions were
approximately 2 V, 30 s where the sintered glass diaphragm and
the large distance between both electrodes led to a reduction of
applied potential. The investigation of electrode reactions was pri-
marily conducted with titanium disc electrodes, where insulating
nanoparticular residues were observed after electrolysis in A*
(Fig. 1c and d). We assume that these particles consist of polylactic
acid, which has been formed by radical or ionic chain growth poly-
merization (polycondensation) due to the redox chemistry at the
cathode. This residue was not analyzed further.

The monitoring of the electrolyses was accomplished by simulta-
neous measurement of the cell voltage (Ecyg) with two separate plati-
num electrodes (Fig. 2a) while the working electrode was polarized to
electrolysis potentials. Exemplarily an Ecyr measurement in cell types
“Vert” and “HorSep” (Fig. 2b) as well as the corresponding photographs
at the specific moments during the electrolysis are shown in Fig. 2c.
From the beginning of the electrolysis a vigorous gas evolution was ob-
served at the cathode in all electrolytes. The formed gas was hydrogen
as tested by mass spectrometry and Knallgas test. The detachment of
hydrogen bubbles was observed as a massive drop in Ecyg followed by

a steep rise to the former potential level (Fig. 2b, phase II, grey box,
indicated by an arrow in Fig. 2¢). Overall the potential curve decayed
after such bubble detachment events to a gas film/solution
equilibrium until the cathode surface was completely occupied by
gas molecules (Fig. 2b,c, phase I to IIl). During this period a reddish,
brown precipitate was formed at the anode that dissolved immedi-
ately after formation (phase III, yellow box in Fig. 2b). By CV and
spectrophotometry of the electrolyte afterwards, it could be demon-
strated that iodine/triiodide respectively polyiodide was formed
[69,70,71,72]. When chunks of the polyiodide separated from the
electrode surface (pink box in Fig. 2b, chunks indicated by an
arrow in phase IV in Fig. 2c), the recorded potential increased as
fresh iodide ions diffused towards the now temporarily available
anode surface and further oxidation reactions occurred. After the
electrolysis was terminated, the potential obeyed an exponential
decay law with T = (14 + 4) s until the OCP value before electrolysis
was reached again (Fig. 2b,c, phase V to VI, red solid line) correlated
to the diffusion of formed species along the concentration gradient
from one electrode to the other.

To gain deeper insight into the HER at the dental implant
cathode surface high-speed video analysis of the electrolysis was
performed. From single photographs it was evident that the HER
starts preferentially on the edges of the thread of the implant
screw (Fig. S4). For the grooves less reactivity was observed. The
formed gas bubbles increase in average size from a diameter of
initially 270 pm to 515 um after 30 s of electrolysis and detached
from the implant surface at various moments and with statistically
distributed dimensions.

3.3. Electrode reactions at titanium cathodes

The main competing reactions at such titanium cathodes in aqueous
solutions are the hydrogen evolution reaction (HER, (C1)) [73,74] and
the rather sluggish oxygen reduction reaction (ORR, (C2)-(C8))
[54,75-83]. The latter can be understood by the four electron pathway
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Fig. 2. a) Schematic representation of the electrolysis cell “HorSep” with titanium test specimen (left) and Pt anode (right), two Pt electrodes for measurement of Ecyg; b) Cell voltage
measurement during electrolysis in A%, cell type “HorSep”, 37 °C, time program: 30 s OCP, 30 s electrolysis at 11 V, 30 s rest to OCP. The monitored phases are: I) cell in equilibrium
state, II) massive hydrogen evolution at the cathode with voltage spikes during gas bubble separation, III) polyiodide formation phase, cell voltage nearly constant, IV) separation of
polyiodide chunks, V) voltage drop according to diffusional exponential decay of current, VI) cell in new equilibrium state; c¢) Corresponding photographs of the electrolysis in cell
type “Vert”. When the reaction is stopped after 30 s, the gas evolution drops and the reaction products at the anode diffuse rapidly to the cathode (V-VI). Scale bar (shown in

photograph I): 4 mm.

in alkaline media according to Parkinson et al. [84] and Clark et al. [85]
or by the two electron pathway in neutral and acidic solutions, including
the generation of hydrogen peroxide ((C6), (C7)), published by
Clechet et al. [86]. Starting from the known ORR signal at —1.45V
vs. Ag/AgCl (Fig. 3a), easily obtained in O,-saturated 0.1 M
tetra n butyl ammonium hexafluoridophosphate (TBAHFP) solution
in DCM on platinum working electrodes and in good agreement
with reported values [87], we tested titanium substrates and disc
electrodes for the ORR.

In solution A (Fig. 3b,c) we observed the ORR signal at —0.75 V vs.
Ag/Ag* that corresponded fairly to known values at pH 5-6 [54].
When LA was present the signal was broadened and due to the lower
pH value the ORR onset was shifted to more anodic potentials (Fig.
3d), starting at —0.60 V vs. Ag/Ag™ [54]. On the contrary, the HER was
shifted to cathodic potentials with LA containing electrolytes (Fig. 3d),
which was also expected from literature [54,70,71] because of the low-
ering of the pH value and influencing the local oxide environment.
Torresi et al. [71] attributed shifts of the HER on titanium/titanium diox-
ide film electrodes to two processes that simultaneously take place: i)
the film dissolution by reduction of TiO, oxide films to oxy-hydroxy
species of Ti(Ill), ii) the film loading with hydrogen species. Observed
shifts occur without changes of the kinetics of the HER but with an in-
crease of “specific activity” of the surface (either by titanium hydride
formation or hydrogen absorption in the oxide [71]). Therefore we con-
clude that the HER in electrolytes containing KI and LA starts at —1.4V
(degassed) to —1.05 V (ambient or O, saturated) vs. Ag/Ag™ and de-
pends on the surface composition and preferred adherents on the native
titanium oxide film. As in pure KI electrolytes, no shift of the HER was
recognized (Fig. 3¢), the change in potential onset must be due to the
presence of LA. As already mentioned, the variation of the pH at the

electrode could be responsible for this [54,70,71]. So at electrolysis po-
tentials below —1.4 V vs. Ag/Ag™, i.e. absolute voltages larger than 1.4
V at the cathode, the ORR occurs besides the HER at titanium dental im-
plants, but with slower kinetics [54].

3.4. Disinfection impact of electrolyte components or electrolyzed
electrolytes

In this study a common approach to generate disinfectants was
adapted [11,29,30,31] to kill bacteria adhering to dental implant sur-
faces. At the cathode hydrogen is formed and in unbuffered solutions,
the pH will rise due to the formation of hydroxide ions. So the electrol-
ysis of aqueous solutions relates to a change of pH value. Therefore
quantitative pH measurements with a pH-sensitive electrode revealed
a drastic increase of pH at the cathode after electrolysis of KI solutions
A and B (Table 3), which was expected by equations (C1), (C2), (C7)
and (C8) (Table 2). At the anode no gas evolution was observed during
the electrolysis and the pH value remained on the same level after-
wards, i.e. reactions (A1), (AG), (A7), (A9), (A10), (A11), (A13) and (A
15) (Table 2) are rather unlikely — especially the oxygen evolution
overpotential was not reached, so A1 might be excluded. When -
hydroxycarboxylic acids were present (A*, B*, C, D) the pH of the elec-
trolyte was buffered in the acidic region at the cathode as well as at
the anode. The reactions (C3) and (C4) (Table 2) may be favored at
low pH. Hydrogen peroxide formed only at the anode. When LA was
present, the testing method yielded false positive results by reaction
of the LA and of the formed iodine with the indicative reagent dye
(blind test not shown).

It is known from literature [88] that the formation of ozone must be
detected at lower temperature due to the decreased stability of ozone at
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Fig. 3. a) Oxygen reduction reaction (ORR) in 0.1 M BuyNPFs in Ar-purged (black), ambient (blue) and O,-purged dichloromethane (red), Pt-WE, Pt-CE, RE: Ag/AgCl, v = 100 mV/s, 5th
cycle; b) ORR in Ar-purged (black), ambient (blue) and O,-purged solutions (red) of A at Ti-WE, Pt-CE, Ag-RE, v = 25 mV/s, 5th cycle. Hydrogen evolution reaction (HER) at titanium
electrodes in 754 mM KI electrolytes without (c) and with 63 mM lactic acid (d). CV measurements of Ar-purged (black) and O,-purged solutions (red); WE: Ti, CE: Pt, RE: Ag, v =
100 mV/s, 5th cycle. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

elevated temperatures (Table 2). Therefore the electrolyses were
conducted at 4 °C and the reagents, washing solutions and the cuvettes
were cooled to 4 °C. The complete analysis was conducted at low tem-
perature and electrolyzed samples were transferred immediately to
the temperature-controlled measurement set-up. For the investigated
electrolytes after 30 s of electrolysis, the found ozone quantities were
below the limit of detection (LOD) of 6 g /L.

Ion chromatography results for the electrolytes A and A* are shown
in Fig. S5. In the case of a pure KI solution the major product was

Table 2

triiodide formed by the generation of [; and indicated by a retention
time shift due to an increase of the m/z ratio of the specific ion. Another
peak at ty = 4.88 min was attributed to naturally occurring iodine spe-
cies such as OI"and 103" in aqueous solutions in the specific pH region
[59,89,90]. For A* it was found that the concentration of LA after the
electrolysis did not change significantly. The chromatograms for the
electrolyzed samples further revealed no additional ionic compounds.
The analysis of organic iodine species of electrolyzed samples of A* by
gas chromatography coupled to mass spectrometry (GC-MS) showed

Probable electrode reactions in aqueous solutions that contain iodide and lactic acid or other a-hydroxycarboxylic acids as found in literature [11,29,31,54-58,60-63].

Reactions at cathode

Reactions at anode

2H,0+2e = Hy+20H™
0, +4e” +2H,0 - 40H™
0,4+ 4H" +4e - 2H,0

0, +2H" +2e” > H,0,

0, +e™ + Hy0 — OH™ + HOy
HO5* + 2 H,0 — OHe + H,0;,
H,0, 4+ e~ — OHe + OH™

OHe + e~ — OH™

Bl AN N Xelal
I ELEZ

(A1) 2H,0—-0,+4H" +4e”

(A2) 200 5L, +2e”

(A3) L+ S5

(A4) 200 -2 +2e”

(A5) 2k =1

(A6) I + H,0 — [~ + OH+ + H*

(A7) H,0 - OHe + H + e~

(A8) 2 OH+ — H,0,

(A9) I, + H,0 - HOl + HY + 1~

(A10) 3L, +3H,0-1037 +51" +6H"
(A11) 105 +17 +6H" = I, + 3H,0
(A12) 2R-COOH +21~ —2R-CO0™ + 1, + H,
(A13) IL+20H —»1 +I0 +Hy,0

(H3C)R'CH-OH + [0~ — (HsC)R'C=0 + [~ + H,0
(HsC)RC=0 + 2L, + 2 OH -
HCly + RCO0™ + 2 H,0 + I~

(A14) R-COO™ = Re + CO, + e~

(A15) 0, +H,0— 05+ 2H" +2e”
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Table 3

Analytical data on electrolytes after electrolysis in “HorSep” (37.0 °C, 7V, 30 s, 300 mA);
An - anolyte, Cat - catholyte, RX - reactive halogene species (103, HOI, I; LOQ; 35 ppm).
Values in parentheses are before electrolysis. Found concentrations of ozone, hydrogen
peroxide, iodine and reactive halogenides in parts per million [ppm]. Ozone concentration
was determined at 4 °C, LOD: 6 pg/L [85].

# pH 03/ppm Hy0o/ppm  Lh/gL~" RX/ppm
An Cat An Cat An  Cat Bulk An Cat

A 6.25(6.10) 11.10(6.30) <LOD <LOD 25 0 13 99 <LOQ

A* 2.18(220) 231(229) <LOD <LOD >25 >25 10 288 63

B 6.46(6.38) 11.06 (6.50) <LOD <LOD 5 0 8 50 <LOQ

B* 2.33(237) 257(238) <LOD <LOD =>25 =>25 8 113 55

no evidence for typical disinfection by-products (Fig. S6) like trihalo-
methanes, haloacetic acids or halogenated a-hydroxycarboxylic acids
[86,91] - so equations (A12) and (A13) (Table 2) can be ruled out.

In halide-ion containing electrolytes, reactive halogene species (RX)
with high disinfecting potential are formed at the anode (Table 3). The
formation of RX is depending on electrode surface properties and elec-
trolysis parameters [30]. Therefore we investigated catholyte and
anolyte of KI electrolytes with/without LA after different durations of
electrolysis at 7 V, 300 mA, with the so-called DPD method [92]. From
the results (Fig. 4) four conclusions were drawn: i) RX formed only at
the anode, ii) with increasing electrolysis duration the amount of
formed RX increased with saturation behavior, iii) the formation kinet-
ics were found to be dependent on electrolyte concentration, iv) when
LA was present, the formation of RX was accelerated in the first 60 s,
thereafter the final RX concentrations were almost at the same level.

To quantify the amount of formed iodine, spectrophotometry in the
UV/vis wavelength regime was used (Fig. S7). From Fig. 4 it was evident
that the iodine concentration at the anode increased with electrolysis
time and reacts with iodide to form triiodide which absorbs UV irradia-
tion at 287 nm and 352 nm [93,94]. The later wavelength can be used to
determine the amount of generated iodine (Table 3). UV spectra re-
vealed that if LA was present the solution formed triiodide immediately
when exposed to sunlight (data not shown; solution got more yellowish
over time), even without electrolysis and the amount of generated I3
was reduced in the presence of LA. The first phenomenon was attributed
to the better solubility of I,/I3” in organic than in aqueous phases [95].
The later one suggested immediate reactions of formed iodine with

800
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Fig. 4. Determined RX concentrations via DPD photometry at different electrolysis times;
concentration at anode (full spheres), cathode (empty circles); conditions: cell type
“HorSep”, Ti-cathode, Pt-anode, 7 V, 300 mA, 37 °C, solutions: A (black), A* (red), B*
(blue). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

LA. The amount of formed iodine by electrolysis increased linearly
with the concentration of iodide in the used electrolyte.

Overall as no ozone, hydroxyl radicals and hydrogen peroxide were
detected at the cathode and the CV clearly showed the ORR, the main re-
actions taking place at the cathode were identified as (C1)-(C3) - main
reactions being the HER and the ORR occurring probably through a “4
e pathway” [54]. On the anode side a massive iodine/triiodide forma-
tion was observed and minor quantities of iodate and hydrogen perox-
ide were found. This indicates that reactions (A2)-(A5), (A8) and (A10)
take place to some extent. For the given cell and electrode geometries
the overpotential for the oxygen evolution reaction A1l was too large,
and no oxygen formation was observed. In the case of LA addition no
changes after electrolysis in terms of concentration were determined,
rendering (A12) and (A13) unlikely.

The analysis of electrolysis products revealed as major products io-
dine/triiodide, hydrogen (which leaves the system as gaseous com-
pound), hydroxide ions (for the unbuffered cases) and hydrogen
peroxide. In the next step, the viability of E. coli biofilms grown on tita-
nium surface was tested against the used electrolytes before and after
electrolysis and against synthetic solutions containing the endpoint
concentrations of the quantified active substances (Fig. 5).

Viability was tested by incubation of the biofilms for 12 h in the test
solution, followed by the LIVE/DEAD™ assay with a fluorescence micro-
scope; extreme cases are exemplified in Fig. 5a-c. For the native electro-
lytes A, A*, B and B* no significant killing activity was observed which
was also true for phosphate buffer solutions with varying pH value (2,
6,7.6,11) and LA solutions (63 mM, 32 mM). Treatment with PBS solu-
tions as well as the LA and concentrated iodate solutions resulted in a
detachment of bacteria within the test period (Fig. 5d). Hydrogen per-
oxide and Lugol's iodine killed many bacteria, but the incubation time
was too short to have a significant effect. When electrolyzed anolytic
and catholytic solutions of the electrolytes A, A*, B and B* were tested
(Fig. 5e-f), i) the anodically formed species killed significantly more
bacteria than the cathodic products, ii) the bactericidal effect increased
with increasing electrolysis voltage, iii) bacterial detachment was ob-
served for both, catholyte and anolyte, solutions. No clear correlation
of the ionic strength of the electrolytes with the efficacy of the solutions
was observed. The relatively high amount of dead microorganisms in
electrolyzed anolyte/catholyte solutions suggested that further reactive,
oxidative species such as hydroxyl radicals might be present.

3.5. Electrochemical removal of E. coli biofilms from titanium surfaces and
dental implants

Oral implants are at risk of becoming colonized by biofilms that
cause inflammation of their supporting tissues. Failing implants are as-
sociated with microbial colonization. To model these, biofilms were
grown from E. coli overnight cultures (ODgqgo 0.5) in LB medium on all
electrode types at 37 °C while shaking at 100 rpm for 24 h. The gener-
ated films were quite stable and could be prepared [96] for SEM and
AFM to investigate the morphology and size of the bacteria on the tita-
nium substrates (Fig. S8). The general dimensions of single, non-
corrupted E. coli bacteria were found to be: length 1.5-2 um, width 1-
1.5 pm, height 400-550 nm - which was consistent with published
values [97]. The removal of these biofilms by the electrochemical ap-
proach was monitored by IRRAS, high-speed video analysis and fluores-
cence microscopy.

As mentioned in Chapter 3.2, flat titanium surfaces with native oxide
layers are very well suited for IRRAS studies. Indeed, when E. coli
biofilms were grown on titanium surfaces, bands characteristic for cel-
lular and extracellular matrix components [98,99] became visible (Fig.
6, red). Of these, the 3297 cm ™! band was attributed to adenine, cyto-
sine and H-bonded OH groups. The three bands at 1662, 1542 and
1243 cm ™}, respectively, can be assigned to amide vibrations and are
related to cell proteins and a-helical and R-pleated sheet structures,
which absorb most efficiently at 1655-1637 cm ' [95,96]. The
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Fig. 5.a)—c) Fluorescence microscopy images of viability assay of E. coli biofilms with blind test solutions (upper row: viable bacteria [green], lower row: dead bacteria [red]), scale bar: 50

um; a) E. coli biofilm on bare Ti substrates, b) E. coli biofilm on Ti after 12 h treatment with electrolyzed A* anolyte, €) E. coli biofilm on Ti after 12 h treatment with electrolyzed B catholyte;
d-f) Cell viability fraction of bacterial biofilm measured from LIVE/DEAD™ assay after treatment for 12 h with blind test solutions, viable bacteria (green), dead bacteria (red), e) after 12 h
treatment with anolytes obtained after electrolysis of various electrolytes at 3 V (left), 7V (middle) and 10 V (right), f) after 12 h treatment with catholytes obtained after electrolysis of
various electrolytes at 3 V (left), 7 V (middle) and 10 V (right). All electrolyses were carried out at 37 °C in cell type “HorSep”. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 6. [RRA spectra of bare titanium (black) and E. coli biofilms on Ti substrates; before
(red, dashed) and after 30 s of electrolysis in A* at 3 V (blue, dotted-dashed) and 7 V
(green, dotted). Background was a plain titanium substrate. Band assignment can be
found in supporting information (Table S1). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

stretching and bending vibrations of\\ CH, and\\ CHj of fatty acids and
carbohydrates [95,96] were found at 2967 cm ™}, 2923 cm ™!, 1451 cm™
Tand 1388 cm™!, respectively. Glycopeptidal carbonyl groups andP_ O
stretching were responsible for the strong signal at 1081 cm ™! [95,96].
When the samples were electrolyzed for 30 s in solution A*, the corre-
sponding bands were reduced successively with increased electrolysis
cell voltage which related well to the observation of macroscopic re-
moval of the biofilms (Fig. 6).

Furthermore the success of removal of as-grown E. coli biofilms was
tested by LIVE/DEAD™ assay (Figs. S9-S12). For low cell voltages and
an electrolysis time of 30 s, a huge difference between electrolytes
with/without LA was obvious. In A the amount of viable cells decreased
with open cell voltage and viable bacteria were reduced by one order
of magnitude at 7 V (Fig. 7a and d). In solution A* an increased detach-
ment of biofilms was observed at lower cell voltages as for solution A
and the total reduction at 7V and 10V cell voltage was two orders of
magnitude (Fig. 7b and e). We also studied the effect of electrolysis
time at 7V, 300 mA and observed a complete disinfection (reduction of
viable bacteria by 5 orders of magnitude) after 60 s and that prolonging
the electrolysis did not reduce the number of viable bacteria significantly
(Fig. 7c and f). The electrolysis was also possible with different
hydroxycarboxylic acids, but not as efficient as with LA (data not shown).

Finally the successful removal of mature wild type, multi-species
biofilms from a titanium dental implant was studied by video analysis
(Fig. 8). For the growth of the biofilm, ten saliva samples (5 male, 5 fe-
male test subjects) were combined, cultivated and then grown onto
the substrates at 37 °C for 14 days. A Straumann type dental implant
screw, overgrown by such a multi-species biofilm is shown in the first
image of Fig. 8. The red circle in this image signifies a particular large
chunk located in the trench of the thread. The electrolysis was then
filmed with 240 frames per second and the respective images show
the efficient removal of biofilm fragments by hydrogen evolution at
the titanium cathode. Due to the high-speed filming conditions, the
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Fig. 7. a)-c): Cell viability fraction of bacterial biofilm on Ti substrates measured from LIVE/DEAD assay after electrolysis in different electrolytes and at various voltages and electrolysis
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legend, the reader is referred to the web version of this article.)

fate of the chunk could be followed in detail. At the end of the proce-
dure, the implant remains completely clean (Fig. 8, last image).

4. Conclusions

In this study, we could show that the electrochemical cleaning and
disinfection of titanium surfaces is viable, if suitable conditions, such
as electrode potentials and electrolyte compositions, are optimized. To
study the involved phenomena and chemical species, different model
electrodes and electrochemical set-ups were employed.

The electrochemical reactions at titanium electrodes were investi-
gated by CV and OCP measurements at resting and electrolysis potential.
There exist two competing reactions, namely the ORR (—1.0V<E< —
0.5V) and the HER (E < —1.4 V) of which the later dominates at lower
potentials. The ORR reduces the local oxygen supply which might lead
to a drastic reduction of aerobic bacteria, though the majority of biofilms
was removed mechanically by the hydrogen bubbles generated at the
cathode during electrolysis. Analyses of the composition of the electro-
lytes before and after electrolysis showed that the main products at the
cathode were hydrogen and hydroxide ions, while the formation of
ozone or hydrogen peroxide was not observed. lodine in the form of
triiodide and hydrogen peroxide were the major components formed
at the anode. The solution's pH was stabilized, the iodine formation ac-
celerated and the ORR shifted to more anodic potentials (while the HER
potential was lowered) when lactic acid was present in the electrolyte.

00:44:00

01:05:08

Blind testing of the bactericidal effect of the found electrolysis product
revealed that iodine and hydrogen peroxide were the main disinfec-
tants. Therefore the efficacy of solutions containing lactic acid was
reached at lower cell voltages compared to electrolytes without lactic
acid. Lactic acid did not show bactericidal effects on its own.

With this knowledge at hand, E. coli biofilms were grown onto
model titanium electrodes for two days, and then polarized cathodically
in iodide-containing electrolytes and the residual fraction of adherent
bacteria quantified by IRRAS and fluorescence microscopy. If the polar-
ization potential was —0.5 or —1.0 V (vs. Ag/Ag™) the viable bacteria
were reduced drastically though the disinfection was incomplete. The
efficiency of the biofilm removal from titanium surfaces was signifi-
cantly improved by decreasing the potential E< —1.4V (vs. Ag/Ag™"),
by using a buffered solution with a-hydroxycarboxylic acids (mainly
lactic acid) and by elongation of the electrolysis time. The final electrol-
ysis parameters of 30 s at 7.0 V and 300 mA were sufficient to remove
successfully 14-day old wildtype biofilms from dental implants in vitro.
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Fig. 8. Selected images of the electrochemical removal of a mature wild type biofilm from a titanium cathode (Straumann SLA implant) in solution A*, 7 V/300 mA. First image shows
electrode with biofilm before electrolysis, last image shows electrode after electrolysis. Scale bar: 4 mm. A red circle indicates the removal of a macroscopic chunk of biofilm. More
images can be found in Fig. S13. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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